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O

AbstrJt: m—
Backgro rpose: Many patients with chronic pain report hypersensitivity not only to
noxious st igdput also to other modalities including innocuous touch, sound, and light,
possibly dwferences in the processing of these stimuli. The goal of this study was to
characteri ional connectivity (FC) differences between subjects with
temporom! ar disorders (TMD) and pain-free controls during a visual functional
magnetic 5s0nance imaging (fMRI) task that included an unpleasant, strobing visual
stimulus. thesized the TMD cohort would exhibit maladaptations in brain networks

consistent with"Multisensory hypersensitivities observed in TMD patients.

Methods: ilot study included 16 subjects, 10 with TMD and 6 pain-free controls.
haracterized using self-reported questionnaires. Visual task-based fMRI

data was c¢gllected on a 3T MR scanner and used to determine differences in FC via group

f

independe onent analysis.

Results:

O

d to controls, subjects with TMD exhibited abnormally increased FC

between tRe default mode network and lateral prefrontal areas involved in attention and

g

executi , and impaired FC between the fronto-parietal network and higher order

{

visual pro reas.

U

Conclusions: Thg results indicate maladaptation of brain functional networks, likely due to

isensory integration, default mode network function, and visual attention,

likely engendered by chronic pain mechanisms.
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Introduction

ChronicpJH major public health challenge, exacerbated to some extent by the lack of
effective t esearch has identified peripheral and centralized, or nociplastic,
contribgtigmronic pain, including temporomandibular disorders (TMD)."? TMD has a
lifetime pbe of ~10-12% and is one of many chronic overlapping pain conditions

including algia and irritable bowel syndrome, however, much less is known about

S

central pa cgssing in TMD compared to other conditions. Nociplastic pain mechanisms

1,4,5

can inclu es in brain structure, function, and metabolite concentrations.

MU

Additiona emonstration of hypersensitivity to non-somatosensory stimuli in chronic pain

9

suggests t ce of generalized, central mechanisms of sensory amplification.®

T nisms underlying discomfort evoked by non-somatosensory stimuli in

a

10-16 Dyifferences in visual-

TMD despite reports of multisensory hypersensitivity.
evoked funct connectivity (FC) and brain activation have been observed in other pain

conditions’ " and may explain the multisensory sensitivity in TMD.'® Visual stimulation is

not an irrif@nt for all TMD patients, but it is likely more unpleasant in a subset of individuals

[

with noci s opposed to peripheral nociceptive) pain. Therefore, the goal of this pilot

0

study was tify differences in the brain networks of TMD patients, compared to pain-

h

free contrdls, during an unpleasant visual functional magnetic resonance imaging (fMRI)

L

paradi sual checkerboard stimulus) to uncover possible nociplastic pain-

associated mechdhisms which would not be evoked by noxious stimulation of a painful site.

Ul

Metho

A

Study Design and Subjects
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This study was approved by the local Institutional Review Board. All subjects provided

written informed consent prior to participation. Patients with painful and clinically diagnosed

T

TMD were ﬁited from Oral and Maxillofacial Surgery/Hospital Dentistry. Pain-free

controls d from the local community and were healthy without history of

chronic pes. Exclusion criteria for both cohorts were severe physical impairments (e.g.,
bilateral agaputagion); medical conditions (e.g., autoimmune diseases, cancer); severe
psychiatric ses; opioid, tobacco, or hormone use; or pregnancy. One subject was

excluded o ghallenges with data acquisition and poor image quality. The final cohort

consisted (Ejjects with TMD (9 female), 18-49 years old (mean + standard deviation

(SD) =32 ﬁars), and 6 female pain-free healthy controls (HC), 19-51 years old (31 £ 12

years). Su mpleted pain questionnaires followed by MRI acquired either the same or
followingm
Clinical Pai ics and Visual Unpleasantness

The American College of Rheumatology's 2011 Preliminary Diagnostic Criteria for
Fibromya!i'a, which includes symptom severity and widespread pain index (WPI) subscales,
was adming " with higher scores (range 0-31)' indicating likely nociplastic pain. The
current T ptoms questionnaire from the TMD research diagnostic criteria (RDC;
2002) wasWised to assess current face pain.”’ The short form of the brief pain inventory (BPI)
was usew pain severity and interference. The Pennebaker Inventory of Limbic
LanguidnessEJ was used to measure somatic awareness or hypervigilance.”'

Immediatel the visual scan, participants were asked to rate the perceived

unpleasa f the visual stimulus on a scale from 0 to 100, where 0 means “not at all

unpleasant” and 100 means “the most unpleasant sensation imaginable.” Mann-Whitney U
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tests were used to compare age, clinical pain metrics, and perceived visual unpleasantness

between groups

MR Data Q

MR data \ss acqulred on a 3 T whole-body MR scanner (Signa Discovery MR750, GE

Healthcar o, IL) with a 32-channel head coil. T1-weighted images were acquired
using a spgdlent recalled echo sequence (repetition time (TR)=650 ms, echo time
(TE)=3.7 ngle 8°, voxel size=1.0x1.0x0.8 mm’, field of view (FOV)=256x256
mm?, 166 @NIRI data were acquired using a multiband gradient echo pulse sequence
(TR—IZOOﬁ 30 ms, flip angle=70°, FOV=210x210 mm®, 2.4 mm x 2.4 mm in-plane

resolution mm thick slices, multiband acceleration factor=3). The visual paradigm

included f 20 s “on” (8 Hz flashing checkerboard) and “off” (static crosshair)
blocks (ki This same paradigm was used in Harte et al. (2016) to elicit unpleasantness

and measure activity in fibromyalgia patients.”’

MR Data se—processing

Functiona@re pre-processed using SPM 12 employing well-established pipelines.*>*

The fMRI v time-series were temporally shifted to account for differences in slice
acquisitios;'mes: and 3D volumes were registered to a base volume. This data was then
correctwiolo gical noise (respiratory and cardiac) with the well-established
RETROICEthique, and spatially normalized to the MNI-152 template. Outlier
identificatio performed by flagging acquisitions with fMRI time-series signal variation
>5 SDs o -to-frame displacement >0.9 mm. First quartile, third quartile, and maximum

motion across all subjects and scans were 0.17, 0.28, and 0.57 mm, respectively.
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Group Independent Component Analysis

The preprocessed fMRI data from all subjects were spatially smoothed with an isotropic

Gaussian !1 WHM=6 mm) for independent component analysis (ICA) analysis. Group

ICA (GIC ormed on temporally concatenated data from all subjects (TMD and
N . 26 oo - .

HC) usmgshe well-established GIFT software.”” This ICA algorithm decomposes the

concatena@l time-series data into group-level ICs, which are composed of maps

(componen gth expressed as t-scores), and their corresponding IC time-courses. The

ICA deco itidn maximizes the independence between the spatial maps of different ICs,

while not consf5ring the form of the time-courses. Subject-level ICs corresponding to the

group ICs tained through the ICA back-projection technique.”® The group-level GICA
spatial m visually examined for artifactual components representing draining veins,
physiologme, ventricular signal, or motion, using a well-established approach.*”* The
non-arti constitute different brain functional networks. Voxel-wise maps of group
differences 1 o ICA-derived brain functional networks were obtained with independent-

samples t-tests on corresponding spatial maps. These group t-test results were clustered, and
the family&ise error rate (FWER)-controlled significance (o) was computed for the given
cluster de reshold t-score (p < 0.05) using Monte Carlo (MC) simulations of the

process of 1 generation. Simulations were controlled for the estimated spatial

h

autoco ction (SACF) of regression residuals, intensity thresholding, masking, and

cluster 29,30

L

on using 3dClustSim program in AFNI.

U

Results

A

Comparis linical pain metrics and age are presented in Table 1. Current face pain,
symptom severity, WPI, fibromyalgia-ness, PILL, and BPI were all significantly higher in the

TMD cohort compared to HC (p < .05). Despite perceived visual unpleasantness being
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somewhat higher in TMD patients (mean = 43.5) than in controls (mean = 26.2), this
difference was not statistically significant in our sample [Z(16) =-1.21, p =.23].

Gro A yielded 11 artifact-free ICs including those belonging to the default mode
network (&and right frontoparietal networks, fronto-striatal network, and social
cognitic’n m (Table 2). The DMN IC exhibited significant (o < 0.05) abnormally
increased B tomgight ventrolateral and dorsolateral prefrontal cortices in subjects with TMD
comparedmiigure 2, Table 3). The TMD cohort exhibited reduced DMN FC with left
occipitote alfinferior temporal cortex (Table 3). Subjects with TMD showed reduced FC

between left fromgoparietal network (attention and executive function) and higher order visual

processinﬁ including the extrastriate body area and lateral occipital complex in the

left hemis bjects with TMD also exhibited abnormally increased FC between the

fronto-strork and cerebellum, and decreased FC between fronto-striatal network and
supple tor area compared to HC. Additionally, the social cognition network
exhibited abgglly increased FC to inferior frontal and middle frontal cortices in subjects
with TMD compared to HC.

L

O

Sensorx hg;rsensitivity 1s emerging as a key feature of nociplastic pain, which may drive

clinicalwny chronic overlapping pain conditions.>"*** In this study, group ICA

Discussio

analysis of an uni easant visual stimulus task during an fMRI paradigm revealed increased
DMN FC to involved in attention, including dorsolateral and ventrolateral prefrontal
cortices 1 atients, possibly indicating increased attention to stimuli in TMD,
consistent with prior work in chronic pain ** **. Stronger activation of DMN regions

associated with attention and salience were previously observed during a Stroop task in TMD
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compared to controls.>> The DMN is typically suppressed during attention and executive
functions, supporting the hypothesis that DMN-associated dysfunction may relate to pain
modulation ed, DMN alterations have been associated with both chronic pain and pain-
evoked ac Ithy individuals.*® *® Resting-state DMN alterations have been reported
followi:g mogical treatment in TMD, suggesting that DMN-associated changes may
span rest, task-ayoked activation, and treatment response.’’ The prefrontal cortex (PFC), in
particular,gved in executive function. Changes in grey matter, brain metabolites, and
FC in the We been reported in subjects with TMD as well as chronic back pain,

41 . . . .
3841 Furthermore, transcranial direct current stimulation

myofascial pain,fand fibromyalgia.
and repetiti cranial magnetic stimulation targeting the dorsolateral PFC have shown
some pro -

WMserved reduced FC in TMD compared to HC between the fronto-parietal

function network and higher-order visual processing areas, and between

the cognitive ol network and supplementary motor area. Motor dysfunction has been
in TMD, including increased motor cortex activation.” Alterations in executive

function ag attention may be the result of pain hypervigilance or rumination.**** A recent

review pr idence for attentional bias to somatosensory stimuli in individuals with
chronic pain, —and pain rumination has been positively associated with FC in the medial PFC
and other regions in TMD.*! While more work is warranted, a growing body of

literaturw chronic pain is associated with widespread brain changes that may affect

multisensory proissing, attention, and executive function.

As a pd@Pstudy, we acknowledge limitations of sample size and primarily female
paﬂicipﬁe studies will expand these initial results to larger cohorts, additional
sensory stimuli, and structural and metabolic changes to evaluate the central mechanisms

associated with multisensory hypersensitivity in TMD. Larger studies will also enable the use
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of additional correlations with factors that could affect FC including clinical pain intensity

and duration of TMD. We expect these and similar results from brain neuroimaging studies

{

rip

may be use elp differentiate pain mechanisms in TMD towards more personalized and

tailored tr
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Tables
Table 1. Group-wise comparisons of clinical pain metrics between healthy pain-free controls
and sub temporomandibular disorders (TMD).
Parameter” 3 Healthy Controls TMD Subjects U’ p
(n=06) (n=10)
Current <’1§ 0.0 (0.0)* 2.0(1.3) 6.0 .005
Symptom severity 1.6 (1.1) 523.2) 6.5 .022

scale
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Wide-sp% 0.5 (0.5) 51339 1.5 .002
Index (WP
Fibromyal 2.2(1.5) 10.3 (6.9) 2.0 .005

PennebakerLy 8.0 (5.2) 16.1 (7.6) 105 .033

of Limbic

C

Languidness

S

(PILL)
Brief Pain Invento 0.5(1.2) 4.8 (2.1 2.0 .004

(BPI)

Nnu

*Values are as the mean (standard deviation). bNon—parametric Mann-Whitney

U test-statisfic. ues correspond to group-wise comparisons.

d

Table 2: rain Functional Networks Activated

Author M

Default mode

Higher order visual processing
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Right frontoparietal

Left frontoparietal

Somatoset and pain processing

S ensorimﬁ

Fronto-Striata

ntion

Anterior

Posterior ‘:1 ’
Social coﬁ

Table 33 s exhibiting significant differences in functional connectivity (family-wise
error rafe corrected a < 0.05) to specific resting state networks (group independent
components) during the visual functional magnetic resonance imaging paradigm between
subjects v&& temPoromandibular disorders (TMD) and healthy controls (HC). Regions were

identified uging brain atlases in AFNI. Cluster-level a are obtained with the assumption the
spatial aution function is Gaussian (see Methods).

TMD vs H gions Cluster peak  Cluster size  Cluster detection Cluster level
z-statistic (2x2x2 mm®  threshold p- FWE rate a
voxels) values

I Default mode network

TMD > HC ight 3.86 4688 <0.05 <0.05
misphere:

rsal lateral
and ventral-
ateral pre-

ntal cortex

TMD < HC Left occipito- -3.26 4296 <0.05 <0.05
temporal cortex

11
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Left fronto-parietal network

TMD > HC Right posterior ~ 4.21 6532 <0.05 <0.05
Hrietal cortex
TMD <H ft extrastriate  -4.22 5048 <0.05 <0.05
dy area and
ateral occipital
- ”! mplex
Cognitive control network
TMD > H(Onterior 3.83 3776 <0.05 <0.05
erebellar
Uy
TMD <HC upplementary  -4.18 3928 <0.05 <0.05
itor area
Social cognition
TMD > H(S Right inferior 4.458 7632 <0.05 <0.05

rontal and
ddle frontal

g

or Ma

Figure an e Legends

Auth
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Figure I:h)aradigm used during fMRI. The visual task paradigm included six “on-off”

cycles. Thggonfblock (left image) displayed an 8 Hz flashing checkered visual task for 20
seconds fi y an “off” block (right image) displaying a blue screen with a yellow
n

crosshair m fer for 20 scconds,
-
C
q
=
. -
O
L
e
-
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Figure&niﬁcam (cluster-level family-wise error rate a < .05) differences in

functio ivity to the default mode network during the entire visual fMRI paradigm
between sulsy ith temporomandibular disorders (TMD) and healthy control (HC) groups.
I-sample t-test re§ults for (middle) TMD and (bottom) HC groups. The color bar represents t-

test z-scores. lf locations are in MNI coordinates (L = left; A = anterior; P = posterior).

14
This article is protected by copyright. All rights reserved.



References

1. Harper, D.E., Schrepf, A. & Clauw, D.J. Pain Mechanisms and Centralized Pain in

Tempor@ar Disorders. J Dent Res 95, 1102-1108 (2016).
2. Scholz, J. Mechanisms of chronic pain. Mo/ Pain 10, O15-O15 (2014).

3. M dii, D., et al. Research diagnostic criteria for temporomandibular disorders: a
systematiclieviesw ofaxis I epidemiologic findings. Oral Surg Oral Med Oral Pathol Oral
Radiol En 112, 453-462 (2011).

4, !L@, 0.C., Nicol, A.L. & Christianson, J.A. Potential Mechanisms Underlying
Centraliz wmand Emerging Therapeutic Interventions. Front Cell Neurosci 12 (2018).

chronic tefpororflandibular pain. Scand J Pain 18, 351-361 (2018).
6. Ho ., et al. Perceived intensity and unpleasantness of cutaneous and auditory

stimuli: awmn of the generalized hypervigilance hypothesis. Pain 141, 215-221

5. Ha@, et al. Spectroscopic differences in posterior insula in patients with

(2009).
7. Harte, S’E., et al. Pharmacologic attenuation of cross-modal sensory augmentation

within the pain insula. Pain 157, 1933-1945 (2016).
8. Gej .E., et al. A psychophysical study of auditory and pressure sensitivity in

patients with fibromyalgia and healthy controls. J Pain 9, 417-422 (2008).

0. ccik, M.J., et al. Cortical mechanisms of visual hypersensitivity in women at risk
for chroni icpain. Pain (2021).

10. Green J.D., et al. Pain Sensitivity and Autonomic Factors Associated With
Developnmién MD: The OPPERA Prospective Cohort Study. J Pain 14, T63-T74.e66
(2013).

11. . & Clauw, D.J. Central pain mechanisms in chronic pain states — Maybe it

ead. Best Pract Res Clin Rheumatol 25, 141-154 (2011).

., et al. Sensory sensitivity and symptom severity represent unique

chronic pain: a MAPP Research Network study. Pain 159, 2002-2011 (2018).
13. en Brink, A.F., Proulx, M.J. & Bultitude, J.H. Validation of the Leiden Visual
Sensitivity Scale and Visual Discomfort Scale in Chronic Pain Conditions. Perception 50,
399-417 (A021).

14. Te 5> A.F. & Bultitude, J.H. Visual Sensitivity in Complex Regional Pain
Syndrome gf@®Rjbromyalgia: An Online Study. Perception, 3010066211072641 (2022).

15. L, M., et al. Towards a neurophysiological signature for fibromyalgia. Pain
158, 34-47(20%7).

6. M L M.E,, et al. A possible neural mechanism for photosensitivity in chronic
pain. Pain®57, 868-878 (2016).

17. J., Iwabuchi, S.J., Drabek, M.M., Reckziegel, D. & Auer, D.P. Altered
conneclH right anterior insula drives the pain connectome changes in chronic knee

osteoarthriti i 159, 929-938 (2018).
18. Shen, W. et al. Visual network alterations in brain functional connectivity in chronic

low back esting state functional connectivity and machine learning study.
Neurolmage 2, 101775 (2019).
19. F., et al. Fibromyalgia criteria and severity scales for clinical and

studies: a modification of the ACR Preliminary Diagnostic Criteria for
Fibromyalgia. eumatol 38, 1113-1122 (2011).

20.  Dworkin, S.F. & LeResche, L. Research diagnostic criteria for temporomandibular
disorders: review, criteria, examinations and specifications, critique. J Craniomandib Disord
6, 301-355 (1992).

21. J., P. The psychology of physical symptoms (Springer-Verlag, New York, 1982).

15
This article is protected by copyright. All rights reserved.



22. Glasser, M.F,, ef al. The minimal preprocessing pipelines for the Human Connectome
Project. Neuroimage 80, 105-124 (2013).

23. Gopinath, K., Krishnamurthy, V., Cabanban, R. & Crosson, B.A. Hubs of

Antico igigitl High-Resolution Resting-State Functional Connectivity Network

ArchitecturggBzain Connect 5, 267-275 (2015).
24. A S.A., et al. A comprehensive data-driven analysis framework for detecting

impairmesy ggfunction networks with resting state fMRI in HIV-infected individuals
on cART. LNewravirol 27, 239-248 (2021).

25. Glgver, G.H., Li, T.Q. & Ress, D. Image-based method for retrospective correction of
physiologLon effects in fMRI: RETROICOR. Magn Reson Med 44, 162-167 (2000).
26. CalgouriyV.D., Adali, T., Pearlson, G.D. & Pekar, J.J. A method for making group
inference@nctional MRI data using independent component analysis. Hum Brain
Mapp 14, 1 (2001).

27. Allgh A, et al. A baseline for the multivariate comparison of resting-state
networks.%st Neurosci 5,2 (2011).

28. Cetin, M.S., ef al. Thalamus and posterior temporal lobe show greater inter-network
connectivat and across sensory paradigms in schizophrenia. Neuroimage 97, 117-126
(2014).

29. Cox Equitable Thresholding and Clustering: A Novel Method for Functional
Magnetic Resonance Imaging Clustering in AFNI. Brain Connect 9, 529-538 (2019).

30. Gapi ., Krishnamurthy, V. & Sathian, K. Accounting for Non-Gaussian
Sources of Spatial Correlation in Parametric Functional Magnetic Resonance Imaging
Paradigm; siting Cluster-Based Inferences. Brain Connect 8, 1-9 (2018).

31.  FitaghQglgs, M.A., ef al. Nociplastic pain: towards an understanding of prevalent pain
conditi 397, 2098-2110 (2021).

32. mgper, W, Fillingim, R.B., Williams, D.A., Smith, S.B. & Slade, G.D. Overlapping
Chronic Pai itions: Implications for Diagnosis and Classification. J Pain 17, T93-T107
(2016)

Tracey, I. & Bushnell, M.C. How neuroimaging studies have challenged us to rethink:
1s chromc ain a disease? J Pain 10, 1113-1120 (2009).
%mure C. & Bushnell, M.C. Mood influences supraspinal pain processing
separate ention. J Neurosci 29, 705-715 (2009).
Weg Fogel, 1., ef al. Abnormal cortical activity in patients with
temporo & ar disorder evoked by cognitive and emotional tasks. Pain 152, 384-396
(201 1)

> Z., et al. Disruption of default mode network dynamics in acute and chronic
uroimage Clin 17, 222-231 (2018).
t al. Functional Magnetic Resonance Connectivity in Patients With
r Joint Disorders. Front Neurol 12 (2021).
38. @) , Stohler, C.S. & Herr, D.R. Role of the Prefrontal Cortex in Pain
Processmg Mol urobiol 56, 1137-1166 (2019).
, et al. Gray Matter Brain Alterations in Temporomandibular Disorder
Tested inaP tlon Cohort and Three Clinical Samples. J Pain 22, 739-747 (2021).
et al. The neuro-pathophysiology of temporomandibular disorders-related
pam a sy ic review of structural and functional MRI studies. J Headache Pain 21, 78
(2020)
Kucyi, A., et al. Enhanced Medial Prefrontal-Default Mode Network Functional
Connect1v1ty in Chronic Pain and Its Association with Pain Rumination. J Neurosci 34, 3969-
3975 (2014).

16
This article is protected by copyright. All rights reserved.



42.  Michael, E.S. & Burns, J.W. Catastrophizing and pain sensitivity among chronic pain
patients: Moderating effects of sensory and affect focus. Ann Behav Med 27, 185-194 (2004).
43, Broadbent, P., Liossi, C. & Schoth, D.E. Attentional bias to somatosensory stimuli in
chroni ights: a systematic review and meta-analysis. Pain 162, 332-352 (2021).

t

Author Manuscrip

17
This article is protected by copyright. All rights reserved.



