Curriculum Vitae
Timothy J Meeker, M.S., B.S.
Ph.D. Candidate, Department of Neural & Pain Sciences
University of Maryland School of Dentistry
Date July 6, 2017
Contact Information
Business Address:

Business Phone:
Fax:
Email:

Department of Neural & Pain Sciences
650 W. Baltimore St., 8 South
Baltimore, MD 21230
(410) 706-7003
(410) 706-0865
tmeeker@umaryland.edu; meekertj@hotmail.com

Education
2006 B.S., Biological Sciences, University of Cincinnati
2012 M.S., Biological Sciences, University of Cincinnati, Thesis Advisor – Stephen J. Keller
“Live Yeast Cell Derivative leads to rapid phosphorylation of Epidermal Growth Factor
Receptor”
2017 Ph.D., Neuroscience, University of Maryland, Baltimore, Thesis Advisor – Joel D.
Greenspan (Dissertation Defense July 21,2017) “Non-invasive motor cortex neuromodulation
reduces secondary hyperalgesia and enhances activation of the descending pain inhibitory
system”
Research Experience
04/2010 – 07/2017 Graduate Research Assistant, Joel D. Greenspan, University of Maryland,
Baltimore Department of Neural and Pain Sciences. Duties and skills: Designed and executed a
randomized double-blind device trial in a human model of prolonged acute pain producing
symptoms resembling neuropathic pain, designed and carried out experiments fully
characterizing capsaicin-heat pain model, wrote grants, wrote manuscripts, analyzed resting
state, block design and event-related design functional MRI data, advanced novel methods for
group analysis of resting state fMRI data using cross-correlated permutation-stabilized
independent components analysis, analyzed fMRI data using: CONN, SPM, AFNI, FSL,
analyzed structural MRI data using Freesurfer and Tract-Based Spatial Statistics, co-wrote
investigational manual detailing standard operating protocol for multi-center quantitative sensory
testing, genetic and neuroimaging study in human subjects, basic Matlab programming, tsch and
bash shell programming, R programming, extensive Institutional Review Board interaction
experience, experience crafting legal and ethical arguments to get experimental approval for
novel human investigational device
01/2010 – 04/2010 Graduate Research Assistant, Asaf Keller, University of Maryland, Baltimore
Department of Anatomy and Neurobiology. Duties: Rat and mouse surgical preparation and in

vivo neurophysiological recording from neurons in brainstem and thalamus by stereotactic
procedure
10/2009 – 12/2009 Graduate Research Assistant, Joel D. Greenspan, University of Maryland,
Baltimore Department of Neural and Pain Sciences. Duties: Functional magnetic resonance
imaging data analysis using Analysis of Functional NeuroImages, tsch shell programming,
UNIX command line operation
02/2009 – 08/2009 Graduate Research Assistant, Susan G Dorsey, University of Maryland,
Baltimore, Department of Pain and Translational Symptom Science. Duties: Mouse colony
maintenance, mouse strain phenotyping, mouse nocifensive behavioral testing, protein analysis
by chemiluminescent western blotting, phosphoprotein analysis
08/2006 – 06/2008 Graduate Research Assistant, Stephen J Keller, University of Cincinnati,
Department of Biological Sciences. Duties: A431 cell culture maintenance, protein analysis by
chemiluminescent western blotting, phosphoprotein analysis, cell signaling pathway analysis of
natural product, molecular target identification
09/2005 – 06/2006 Undergraduate Research Assistant, Joseph F. Clark, University of Cincinnati,
Department of Neurology. Duties: Manuscript preparation, analysis of mitochondrial respiration
and oxidation using isolated mitochondria with oxygen electrodes and stepwise enzyme complex
inhibition
06/2005 – 09/2005 Lab Technician, Michal Polak, University of Cincinnati, Department of
Biological Sciences. Duties: Drosophila culture maintenance, drosophila sexing and phenotyping
Employment History
09/2008 – Present

Graduate Research Assistant, University of Maryland, Baltimore, Ph.D.
Program in Neuroscience

08/2006 – 06/2008

Graduate Research Assistant, University of Cincinnati, Master’s
Biological Sciences Department.

09/2005 – 06/2006 Undergrad Research Assistant, Joseph F. Clark, Mitochondria Respiration
06/2005 – 09/2005 Lab Technician, Michal Polak, Drosophila Evolutionary Biology
06/2003 – 08/2003 Contributor, CityBeat, Cincinnati’s Alternative News Weekly
08/2002 – 06/2003 News Editor, The News Record, University of Cincinnati Student
Newspaper, full broadsheet issued 3 times per week; circulation: 30,000.
11/2001 – 06/2002 Chief Reporter, The News Record, University of Cincinnati Student
Newspaper
Other Skills
Foreign Languages:

Spanish, German, French (all working knowledge)

Professional Society Membership
2010-present Student Member, American Pain Society
2011-present Student Member, Organization for Human Brain Mapping
2011-present Student Member, Society for Neuroscience
Reviewer (ad hoc)
 Journal of Pain (co-reviewer with Joel Greenspan)
 Pain (co-reviewer with Joel Greenspan)
Honors And Awards
2004-2005
2008-2010
2010-2012

McNair Post-Baccalaureate Achievement Program, UC Chapter Charter Member
NIH Training Grant Program in Neuroscience T32-NS063391-6
Grant PI: Margaret McCarthy
NIH Training Grant Training Program in Oral and Craniofacial Biology T32DE007309
Grant PI: Sharon Gordon

Institutional Service
2011-2012 Graduate Student Association: Dental School Representative
Teaching Service
Undergraduate Student Teaching
2004 - 2006 Peer Tutoring
09/2006 – 12/2006 Teacher’s Assistant; Sophomore Genetics, University of Cincinnati
&
30 Undergraduate Students 3 contact hrs/week
09/2007 – 12/2007 Course Master: Charlotte Paquin
01/2007 – 03/2007 Teacher’s Assistant; Cell Structure and Function, University of Cincinnati
&
30 Undergraduate Students 3 contact hrs/week
01/2008 – 03/2008 Course Master: Katherine Tepperman
03/2007 – 06/2007 Teacher’s Assistant; Freshman Biology Lab, University of Cincinnati
&
25 Undergraduate Students 6 contact hrs/week
06/2007 – 09/2007 Course Master: Susan Dunford
03/2008 – 06/2008 Teacher’s Assistant; Anatomy & Physiology Lab, University of Cincinnati
25 Undergraduate Students 6 contact hrs/week
Course Master: Mary Fox

Publications
Peer-reviewed journal articles
1. Clark JF, Doepke A, Filosa JA, Wardle RL, Lu A, Meeker TJ, Pyne-Geithman GJ
(2006). N-acetylaspartate as a reservoir for glutamate. Medical Hypotheses 67(3): 506512.
Manuscripts in preparation
1. Meeker TJ, Veldhuijzen DS, Keaser M, Gullapalli RP, Greenspan JD. Ovulation is
associated with increased neural network connectivity and reduced gray matter volume in
the healthy female brain.
2. Meeker TJ, Keaser ML, Greenspan JD. Anodal motor cortex transcranial direct current
stimulation selectively reduces psychophysical measures of central sensitization.*
3. Meeker TJ, Keaser ML, Khan SA, Schmid AC, Gullapalli RP, Dorsey SG, Greenspan
JD, Seminowicz DA. Prolonged tonic pain in healthy humans disrupts intrinsic brain
networks implicated in pain modulation.*
4. Meeker TJ, Keaser ML, Khan SA, Gullapalli RP, Greenspan JD, Seminowicz DA.
Redirection of somatomotor and salience resting state networks during persistent pain.
5. Meeker TJ, Keaser ML, Khan SA, Gullapalli RP, Seminowicz DA, Greenspan JD.
Anodal motor cortex transcranial direct current stimulation reverses effects of central
sensitization within the descending pain modulatory network and disrupts cerebral pain
processing.*
6. Meeker TJ, Keaser ML, Khan SA, Gullapalli RP, Seminowicz DA, Greenspan JD. M1targeted anodal tDCS leads to disruption of functional connectivity within specific
regions of the descending pain modulatory network during prolonged tonic pain. *
* - chapter in dissertation.
Non-peer reviewed articles
1. Meeker, T (2014). Paper: Representation of Aversive Prediction Errors in the Human
Periaqueductal Gray. Journal Club Forum. Pain Research Forum (17 Nov 2014).
http://www.painresearchforum.org/forums/journal-club/47510-paper-representationaversive-prediction-errors-human-periaqueductal-gray.
Abstracts
1. Burrowes S, Sours C, Meeker T, Greenspan J, Gullapalli R, Seminowicz D (2016).

Cerebral grey matter changes associated with posttraumatic headache in mild traumatic
brain injury patients: a longitudinal MRI study. American Pain Society 35th Annual
Meeting, May 11-14, 2016, Austin, TX, USA.
2. Payano Sosa JS, Khan SA, Meeker TJ, Meiller TF, Seminowicz DA (2015).
Hypothalamic functional connectivity in ongoing pain in healthy subjects and
spontaneous pain in burning mouth syndrome patients. Neuroscience 2015, Society for
Neuroscience, October 17-21, 2015, Chicago, IL, USA.

3. Schmid AC, Meeker TJ, Zhu S, Seminowicz DA, Dorsey SG, Greenspan JD (2015).

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

Brush allodynia susceptibility is related to baseline heat pain sensitivity, regional blood
flow differences, and sensitization-induced heat allodynia and mechanical hyperalgesia.
Neuroscience 2015, Society for Neuroscience, October 17-21, 2015, Chicago, IL, USA.
Meeker TJ, Keaser ML, Greenspan JD (2014). Transcranial direct current stimulation
specifically reduces the area of secondary hyperalgesia induced by the capsaicin-heat
pain model. Neuroscience 2014, Society for Neuroscience, November 15-19, 2014,
Washington, DC, USA.
Moayedi M, Meeker TJ, Keaser ML, Seminowicz DA (2014). The frontal polar cortex
may encode the cognitive load of pain. Neuroscience 2014, Society for Neuroscience,
November 15-19, 2014, Washington, DC, USA.
Meeker TJ, Keaser ML, Khan SA, Gullapalli RP, Greenspan JD, Seminowicz DA
(2014). Persistent warm disrupts while painful stimulation enhances functional
connectivity within the somatomotor network in the healthy human brain. 15th World
Congress on Pain, International Association for the Study of Pain, October 6-11, 2014,
Buenos Aires, Argentina.
Meeker TJ, Keaser ML, Khan SA, Gullapalli RP, Greenspan JD, Seminowicz DA
(2014). ICA within a framework allowing correlation of psychological states: The case of
the DMN in pain. 20th annual meeting of the Organization for Human Brain Mapping
June 8-12, 2014, Hamburg, Hamburg, Germany.
Meeker TJ, Khan S, Keaser ML, Gullapalli RP, Greenspan JD, Seminowicz DA (2013).
Persistent Pain: Independent component analysis of brains at rest reveals cingulate-insula
network. 19th annual meeting of the Organization for Human Brain Mapping June 16-20,
2013, Seattle, WA, USA.
Meeker TJ, Keaser ML, Seminowicz DA, Greenspan JD (2013). Separable mechanisms
of mechanical and thermal hyperalgesia in a high concentration capsaicin heat pain
model. 4th International Congress on Neuropathic Pain (NeuPSIG) May 23-26, 2013,
Toronto, Ontario, Canada.
Meeker TJ, Veldhuijzen DS, Keaser M, Gullapalli RP, Greenspan JD (2013). Ovulation
is associated with increased functional connectivity in amygdala and attention networks
in the healthy female brain. Society for Brain Mapping and Therapeutics, May 12-14,
2013, Baltimore, MD, USA.
Meeker TJ, Khan SA, Keaser ML, Gullapalli RP, Greenspan JD, Seminowicz DA
(2012). Widespread disruption of the default mode and dorsal attention resting state
networks during persistent pain. Neuroscience 2012, Society for Neuroscience, October
13-17, 2012, New Orleans, LA, USA.
Meeker TJ, Veldhuijzen DS, Keaser M, Gullapalli RP, Greenspan JD (2012). Ovulation
is associated with increased neural network connectivity and reduced gray matter volume
in the healthy female brain. Organization for the Study of Sex Differences 2012 Annual
Meeting, June 7-9, 2012, Baltimore, MD, USA.
Meeker TJ, Veldhuijzen DS, Keaser M, Gullapalli RP, Greenspan JD (2011). Significant
variation of resting state connectivity across the menstrual cycle of healthy women.
Neuroscience 2011, Society for Neuroscience, November 12-16, 2011, Washington, D.C,
USA.
Meeker TJ, Veldhuijzen DS, Keaser M, Gullapalli RP, Greenspan JD (2011). Effects of
menstrual cycle phase on task-directed attention during pain processing. 17th annual

meeting of the Organization for Human Brain Mapping June 26-30, 2011, Quebec City,
Canada.
Invited Presentations
Local
1. Meeker TJ, 'Widespread disruption of the default mode and dorsal attention resting brain
networks during persistent pain,' Johns Hopkins - University of Maryland Pain
Workshop, Mountcastle Auditorium Johns Hopkins University October 31, 2012.

Abstract
Non-invasive Motor Cortex Neuromodulation Reduces Secondary Hyperalgesia and Enhances
Activation of the Descending Pain Inhibitory System
Timothy J. Meeker, Doctor of Philosophy, 2017
Dissertation Directed by: Dr. Joel D. Greenspan, Ph.D., Professor and Chair, Department of
Neural and Pain Sciences
Studies have demonstrated analgesic effects of motor cortex (M1) stimulation for several chronic
pain disorders such as neuropathic pain and syndromes involving central sensitization. Central
sensitization is an important factor in neuropathic pain, clinically manifested as hyperalgesia and
allodynia beyond any apparent injury. We predicted M1 transcranial direct current stimulation
(tDCS) would mitigate secondary hyperalgesia, with little or no effect on primary hyperalgesia.
We used a capsaicin-heat pain (C-HP) model to elicit heat allodynia and secondary mechanical
hyperalgesia in pain-free subjects. In an assessor and subject blind randomized sham-controlled
trial, we found anodal M tDCS decreased the intensity and area of pinprick hyperalgesia more
than cathodal or sham tDCS with a small to moderate effect size. In contrast, we found no
difference among treatments on pain ratings during heat allodynia. These findings confirmed our
predictions and support the hypothesis that M1-targeted neuromodulation diminishes central
sensitization. To elucidate the mechanism driving analgesia, we repeated application of the C-HP
model during anodal, cathodal or sham tDCS in an assessor-blind randomized controlled trial
while capturing neurophysiological correlates using functional magnetic resonance imaging
(fMRI). We hypothesized M1 anodal tDCS would enhance engagement of a descending pain
modulatory (DPM) network in response to mechanical pain compared to cathodal or sham tDCS.
Anodal tDCS normalized effects of central sensitization on mechanical pain responses in the

DPM network. Anodal tDCS disrupted the normal covariation of mechanical pain processing
with subjective pain intensity and blunted the effect of sensitization in primary somatosensory
cortex. There were treatment associated differences in functional connectivity (FC) within the
DPM network. We found M1 to PAG FC was significantly greater during pain after anodal
versus cathodal tDCS. Differences in FC between pain and control states for anodal tDCS
included disrupted FC between PAG and sensory regions in the parietal lobe as well as the
rostral ventral medulla. No disruptions in FC between control and pain state were found after
cathodal or sham stimulation. These results support the hypothesis that analgesia via M1
neuromodulation occurs through modulation of activity in the DPM network even at the earliest
stages of therapy.
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Chapter 1: Nociceptive processing, neuroimaging and neuromodulation of pain processing for
discovery and treatment1
Abstract:
In this chapter, we review the afferent neural pathways which transmit nociceptive signals,
which warn the body of potentially injurious stimuli. These signals travel rostrally through the
spinal cord, primarily through the spinothalamic tract, to termination zones in the thalamus and
brainstem. At this juncture, nociceptive signals in human subjects are projected to regions of the
cerebral cortex including the cingulate, insular, parietal, and frontal cortices which mediate
conscious awareness of painful stimuli. In the past three decades, electroencephalography (EEG),
magnetoencephalography (MEG), positron emission tomography (PET), and function magnetic
resonance imaging (fMRI) as well as rare instances of intracerebral electrocorticography have
revealed the details of the neural events that are evoked by painful stimuli. A widespread
dynamic network, not a single brain region, subserves the processing of painful stimuli in its
various facets. Subsequent to conscious perception, a network of opioid receptor rich brain
regions including the perigenual anterior cingulate cortex and the periaqueductal gray, called the
descending pain modulatory (DPM) network, modulates the perception of pain.
In the second part of this chapter, we detail the development of epidural motor cortex stimulation
(EMCS) as well as its non-invasive counterparts, repetitive transcranial magnetic stimulation
(rTMS) and transcranial direct current stimulation (tDCS), and their application to pain
management. We detail evidence supporting the hypothesis that neuromodulation of the motor
cortex achieves its analgesic effects by tapping into the DPM network. Additionally, we provide
an in-depth overview of the recent literature exploring the efficacy of EMCS and noninvasive
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neuromodulation directed at a variety of cortical targets with the purpose of achieving analgesic
effects in chronic pain populations. We also review the literature regarding the use of noninvasive neuromodulation in healthy subjects to modulate normal pain processing. Finally, we
provide an overview of the rationale for the studies detailed in the present dissertation.

Pain perception and the physiology of nociception: How do we get to where we feel?
Pain is an unpleasant sensory and emotional experience associated with actual or potential tissue
damage or described in terms of such damage [670]. This review of pain perception and
physiology will be limited to pain perception in humans and the physiology of pain and
nociception in humans and primates. Where extensive gaps in our knowledge persist reference
will be made to the animal literature. Beyond the scope of this review are such diverse and
important topics including epidemiology of pain, genetic influences on pain, the diverse cellular
and molecular mechanisms which ensure the proper transduction of nociceptive signals, and the
essential mechanisms underlying synaptic plasticity [57,119,684,849,1032]. Since pain is a
subjective experience, pain itself must be studied in humans capable of reporting their subjective
experience. In contrast, nociceptive physiology is studied in numerous species of animal
including primates.
Somatic sensory stimuli with the potential to cause pain are termed noxious or nociceptive
stimuli. First order primary afferent fibers are present in the skin of mammals, have their cell
bodies in the dorsal root ganglia and project to the spinal dorsal horn [1060]. Nociceptive stimuli
are of sufficient intensity to activate slowly conducting thinly myelinated nerve fibers, termed Adelta fibers, and unmyelinated nerve fibers, termed C fibers at a high enough frequency to cause
pain in humans [2,1012]. These and other studies of human nociceptive primary afferent
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nociceptors have demonstrated that many A-delta and C fibers respond to both painful heat and
mechanical stimuli (AMH and CMH), and for C fibers chemical (CMI for Cmechanoinsensitive) stimuli such as mustard oil and capsaicin [388,540]. Therefore, many Cfibers are classified as polymodal nociceptors in the human, while insufficient data exist to make
this classification for A-delta fibers, which are properly termed A mechanoheat (AMH)
nociceptors. However, it is likely that AMH nociceptors in the human respond to chemical
stimuli in addition to mechanical and heat stimuli, as substantial evidence supports in cats and
rodents, since Davis and colleagues demonstrated polymodal A-delta fibers in primates and the
molecular receptors for signaling of algesic chemicals, such as mustard oil, have been
demonstrated in small and medium diameter neurons in humans [2,14,225].
The cell bodies of the primary afferent neurons which signal pain are located in the dorsal root
ganglia of the spinal cord and enter the spinal cord through the dorsal root entry zone and
Lissauer’s tract, which can be operatively ablated to alleviate pain [714,1060]. Once the axons of
primary afferent neurons have entered the dorsal horn, they synapse on spinal dorsal horn (SDH)
cells in laminae of Rexed I and V for Aδ and laminae I and II for C fiber afferents [1060]. The
nociresponsive cells within the SDH can be divided into wide dynamic range (WDR) cells,
which respond to both non-noxious and noxious stimuli, and high threshold (HT) or nociceptive
specific (NS) cells which respond exclusively to noxious stimuli. It is believed that WDR cells
code best for the intensity characteristics of pain since their activity often linearly correlates with
stimulus intensity and human perceptual intensity of pain as well as detection latency encoding
during a minimal difference paradigm [256,637]. Though HT cells do not correlate as well with
the intensity or detection of intensity differences, it would be preliminary to conclude that their
involvement in pain detection and discrimination is non-existent. It is perfectly possible, since
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only the simple correlation structure of each class of neurons was explored in these studies, that
HT cells (and therefore their projection targets) improve discrimination in an additive manner.
Several encoding schemes can logically be envisioned which would be inclusive rather than
divisive since these neurons are clearly responding to nociceptive stimuli in a highly selective
manner.
There are four principal ascending pathways for nociresponsive cells within the SDH, which
alternatively and in conjunction support the sensory-discriminative, motivational-affective and
cognitive-appraisal aspects of pain [667]. The pathways include the spinothalamic tract (STT),
spinoreticular tract, the spinomesencephalic tract and the spinohypothalamic tract. The principal
pathway supporting the sensory-discriminative aspect of pain, the spinothalamic tract, travels in
the anterolateral quadrant of the white matter of the spinal cord. [647,1058,1060,1063]. Neurons
in spinal laminae I, IV, V and VI project to the ventroposterior lateral nucleus in the monkey
[1064]. This nucleus is historically known as the ventrobasal nucleus and is commonly known as
the ventrocaudal nucleus in man [736]. Several studies have shown the projection targets of the
spinothalamic tract, which include in the primate bilateral ventroposterior lateral nuclei (VPL),
the ventral lateral oralis, central lateral (CL), centromedian (CM), parafascicular (PF), medial
dorsal (MD) and suprageniculate nuclei of the thalamus as well as the posterior complex,
possibly including a medial and caudal portion of the ventroposterior also known as anterior
pulvinar (ventrocaudal portae in man), potentially overlapping or synonymous with ventromedial
posterior (VMpo) [86,736,1060]. Receptive fields of STT neurons are small and their firing rate
grades linearly with stimulus intensity, which leads to similar response patterns and receptive
fields in the VPL [187,476,479,789]. In contrast, medially projecting STT neurons project to the
CM, CL, and MD thalamus and have large, sometimes whole-body, receptive fields and more
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binary stimulus-response characteristics, and a majority of cells recorded have been classified
HT neurons [156,350]. Recent studies do not support the hypothesis that VMpo is a separate
nuclei, specifically and exclusively receiving direct lamina I projections. This study
demonstrated, by dual electrode collision studies in the macaque monkey, that the few lamina I
projection targets in the possible region of VMpo actually project to posterior thalamic nuclei
[222].
The spinoreticular (SRT) pathway travels in the ventrolateral quadrant of the spinal cord. The
cells of origin for this tract are primarily located in SDH laminae V, VII and VIII, and there
appear to be more projection cells from the cervical levels than from the lumbar or thoracic
levels of the spinal cord [481,482]. Targets of these projection neurons include contralateral and
ipsilateral medulla oblongata centralis, lateral reticular nucleus, nucleus reticularis
gigantocellularis, nucleus reticularis pontis including the caudalis and oralis portions, nucleus
paragigantocellularis dorsalis and lateralis portions and the nucleus subcoeruleus [85,1060].
About eight percent of SRT cells and fifteen percent of STT cells project to both the reticular
nuclei and thalamus, almost exclusively contralaterally [482]. While some SRT cells respond
preferentially to innocuous mechanical stimuli, most cells preferentially respond to noxious
stimuli; and electrical stimulation of the reticular formation frequently modulated the responses
of these HT cells [381]. Additional electrical and pharmacological stimulation studies have
demonstrated a clear role for some of these structures in the descending pain modulatory system
including the lateral reticular nucleus, nucleus reticularis gigantocellularis, nucleus
paragigantocellularis, and nucleus subcoeruleus [351,448,970].
The spinomesencephalic tract can be divided into the 1) spinotectal tract projecting to the
superior colliculus, 2) the spinoannular tract projecting to the periaqueductal gray (PAG) and the
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3) spinoparabrachial tract projecting to the parabrachial nucleus (PB) [1060]. The superior
colliculus is most conspicuously involved in orientation to nociceptive stimuli and has cells with
a nociceptive specific response profile [825,826,955]. The cells of origin in the primate SDH
projecting to the ventrolateral PAG in the spinoannular tract are located in contralateral spinal
laminae I, III, IV, V, VII and X. Some cells in primates demonstrate dual projections from spinal
laminae I, V, VII and X to the PAG and VPL of the thalamus [1102]. The ventrolateral PAG has
numerous functions including hyporeactivity, quiescence, bradycardia and hypotension; but it’s
most prominent role in pain research is modulation, either exacerbation or amelioration of
nociceptive signaling [600]. The spinoparabrachial tract projects from the cell bodies in the
dorsal horn to the PB nucleus and caudal medullary reticular nucleus [1029]. The PB nucleus
sends projections to the thalamic parafascicular nucleus which sends reciprocating projections to
the anterior midcingulate cortex [1029]. Cells in the PB nucleus also project to the amygdala and
hypothalamus. Another important spinomesencephalic tract target in pain modulation is the
nucleus cuneiformis which projects to the nucleus raphe magnus and nucleus magnocellularis
bilaterally [1085,1100].
Finally, the spinohypothalamic tract (SHT) sends projecting neurons from the spinal cord, often
travelling through the thalamus, to the hypothalamus, frequently bilaterally, with branches to the
pons, posterior thalamus, cuneiform nucleus, PF nucleus, and superior colliculus [216,470,1110].
SHT neurons can also project collateral branches into regions such as the PAG, pons, the several
reticular nuclei, inferior and superior colliculus and nucleus cuneiformis [517]. A large
proportion of SHT neurons respond preferentially to noxious stimuli, and both WDR, which
respond at increasing frequencies to increasing stimulus intensity, and HT neurons are found
[138,217,1111]. Most SHT neurons have large and complex receptive fields covering one or
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multiple limbs [217]. The properties of SHT neurons are almost exclusively known from studies
in rodents.
Clearly the cortical and subcortical regions for processing nociceptive information and the
transformation of the information in the conscious percept pain will be complex if we simply
take into account the spinal tracts projecting from their spinal synaptic connections to primary
afferent neurons.

The pain of finding the answer
Once nociceptive signals reach the midbrain and thalamus, they are projected to numerous
cortical areas for further processing of information about noxious information, where that
information becomes pain. Noninvasive studies of cortical processing of pain are dominated by
two classes of techniques. One set of techniques are low spatial resolution (centimeter order of
magnitude), high temporal resolution electrophysiological techniques including
electroencephalography (EEG) and magnetoencephalography (MEG). These techniques capture
the minute electrical discharges (in EEG) or magnetic fields (in MEG) on a millisecond (ms)
timescale of mainly cortical neurons projected through the scalp. Both of these techniques are
important in capturing the temporal relationships of processing of painful stimuli in brain regions
noninvasively in humans. The other set of techniques have greater spatial resolution (millimeter
order of magnitude) and includes positron emission tomography (PET) with radiotracers for
cerebral blood flow, ligand binding or metabolism and functional magnetic resonance imaging
(fMRI) which can capture cerebral blood flow or blood oxygen level dependent (BOLD) signal
with a temporal resolution on the time scale of seconds. Results revealed by these two classes
complement each other to provide a picture of the brain regions responsive to evoked and tonic
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pain stimuli in healthy subjects and chronic pain patients. The role of brain regions in pain
processing in man can also be inferred from lesions arising from cerebrovascular accidents,
tumors, as well as circumscribed neurosurgical lesions created to modify pain perception or treat
epilepsy [330,365,366,368,951,952]. Lesion studies, while important for causative implications
in pain processing mechanisms, are beyond the scope of the present review. Completing our
current picture of neural processing of pain in humans are the relatively rare studies in patients
with intracerebral electrode arrays for seizure mapping or deep electrode arrays for thalamic
nuclei mapping to enable proper targeting for deep brain stimulation.
We start the review of human cortical processing of pain in the temporal domain by providing an
overview of the processes as revealed by EEG and MEG studies. Since this review is focused on
fMRI BOLD imaging methods, we will only briefly review what is known about the timing of
nociceptive events as they reach the supratentorial regions and how these relate to nociceptive
signaling and pain.

This time it’s going to hurt. When, precisely, is that going to happen?
Several comprehensive reviews have covered the evidence of different event timings and their
respective neural source generators in response to painful and nociceptive stimuli as recorded by
EEG and MEG [63,126,329,464]. In particular, for pain evoked potential studies, laser-evoked
potentials (LEPs) are considered the gold standard in nociceptive evoked potential studies,
especially for clinical use in investigating injury involving the nociceptive sensory system
[63,126,1007]. The reason for this gold standard includes the ability of a CO2 laser to deliver
rapid impulses with temperature ramp rates of about 500 C°/s which penetrate only the
superficial layers of the skin, which is exclusively innervated by finely myelinated or
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unmyelinated nerve fibers including CMH and AMH nociceptors [126]. These LEPs consist of
two primary components related to pain processing derived exclusively from activation of Aδ
fibers which are known collectively as the N2-P2 complex [115,126,464,948]. The latency from
stimulus to activity for the N2 complex when the hand is stimulated ranges from 208 to 277 ms
with a grand mean over several studies of 240 ms. The latency for the P2 complex when the hand
is stimulated ranges from 322 to 400 ms with a grand mean over several studies of 360 ms. The
latencies of the N2-P2 are greater when evoked from the foot, when the N2 has a mean latency
of about 273 ms and the P2 a mean latency of about 400 ms [126,464]. Although it is possible to
obtain C-fiber components from LEPs, this requires using a selective A-fiber block [127]. The
latency of the corresponding ultralate N2-P2 complex in response to C-fiber nociceptors is 1430
ms for the N2 peak and 1600 ms for the P2 peak [127].
The dipole sources, or current generators, of LEPs have been the target of scrutiny for decades
and the fruits of this research are best exemplified by reviewing the results of two contemporary
studies [115,948]. Bradley and colleagues evaluated the effects of repetitive transcranial
magnetic stimulation (rTMS) of the motor cortex on the pain intensity provoked by laser
stimulation and evoked potentials generated [115]. The vertex LEPs included N1, with a mean
latency of 190 ms, N2, with a mean latency of 225 ms, and P2, with a mean latency of 357 ms
[115]. The dipole source modeling in this study showed that a 7-dipole model explained more
than 95% of the variance of the averaged LEPs [115]. Five of the dipole sources, including
bilateral posterior insula/medial parietal operculum, right frontal, left S1/M1, and anterior
cingulate cortex (ACC), had a mean latency of about 200 ms [115]. The left frontal source had a
later peak and the posterior cingulate cortex was maximally active at about 400 ms [115]. On
average, the earliest dipoles modeled arise from second somatosensory cortex (S2) including
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parietal operculum starting at the earliest at about 150 to 180 ms, corresponding to the N1 peak,
when painful stimuli is applied to the hand [329]. These signals arrive at the contralateral S2
cortex in a range of 6 to 20 ms [329]. The other primary generator, which is consistent with the
N2-P2 peak, is generally found to be the MCC [329].
In another recent contemporary study, Stancak and colleagues collected LEPs, and ratings on 10
different 0-100 scales of various aspects of the pain experience in regard to laser stimuli
including pain intensity, unpleasantness, pricking sensation, arousal, and burning sensation
[948]. The authors used exploratory factor analysis to break the LEP data as well as the rating
scale data into 5 principal components which explained 71% of the total variance of the data
[948]. The LEP showed similar latency peaks as previous research with the N1 mean latency at
172 ms peaking over the right central electrodes, N2 mean latency at 248 ms peaking over the
vertex, and the P2 mean latency at 392 ms peaking over the vertex as well [948]. They
additionally reported ultralate components including N4 with a mean latency of 788 ms with its
greatest amplitude peak a negative potential with maximum at the vertex, N5 with a mean
latency of 936 ms with its greatest peaks negative maxima at frontal, temporal and suborbital
electrodes, and N6 with a mean latency of 1412 ms with a positive maximum at vertex and
negative maxima bilaterally in the frontal cortex [948]. Four of the 5 factors correlated with painrelated scale measures and discreet time segments of the LEP. The first factor correlated with the
LEP from 208 to 260 ms and 1256 to 1340 ms [948]. This factor strongly correlated with ratings
of pain intensity, arousal, unpleasantness as well as pricking and burning sensation [948]. The
early time segment of the first factor localized to the vertex and bilateral lateral frontal electrodes
which corresponded to sources in the left ventrolateral prefrontal cortex (PFC) and rostral ACC
[948]. The late time segment localized to the right lateral frontal electrodes and corresponded
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with sources in the right insula and parahippocampal gyrus [948]. The second factor correlated
with the LEP from 392 to 432 ms, localized to the right lateral and sub-orbital electrodes and
corresponded to sources in the midcingulate cortex (MCC) and precuneus [948]. This factor
correlated with ratings of uncontrolled pain and pain anticipation [948]. The third factor
corresponded to ratings of warmth and did not correlate with the LEP [948]. The fourth factor
correlated with the LEP from 212 to 256 ms as well as from 672 to 696 ms [948]. The fourth
factor correlated with perceived and actual stimulus onset time [948]. The first time segment of
the fourth factor localized to left precentral and frontal electrodes and corresponded to a left
middle/inferior frontal cortex source, while the second time segment localized to left precentral
and frontal electrodes and corresponded to sources in the paracentral lobule and medial frontal
gyrus [948]. The final factor correlated with the LEP from 380 to 392 ms and 440 to 460 ms
[948]. The fifth factor correlated negatively with attentional focus and positively with bodily
sensations [948]. The first time segment of the fifth factor localized bilaterally adjacent to the
midline in the prefrontal region and corresponded with a source in the pgACC, while the second
segment corresponded to sources in the superior frontal cortex and supplementary motor area
(SMA) [948].
While much information can be gathered concerning pain processing from MEG and EEG, the
spatial resolution is on the order of centimeters and source localization requires solving the
inverse problem which is ill-posed since multiple models, sometimes vastly different, can
generate indistinguishable solutions and conversely minor perturbations in solutions can results
in vast changes in the results [360]. One solution to this problem is to go directly to the source
and record local field potentials or spikes with deep brain electrodes. However, this is only
ethically possible when exploration of the brain via deep electrodes in order to find epileptic foci
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or during the course of target localization for deep brain stimulation for Parkinson’s Disease or
intractable pain syndromes such as central poststroke pain syndrome.
The NeuroPain lab in Lyon, France led by Garcia-Larrea and colleagues has focused on this
problem and produced more publications concerning deep intracranial recordings of neural
responses to pain in humans than any other group. Recently, they reported the combined results
from 27 patients with more than 300 intracortical electrode contacts and 17 patients with deep
thalamic and cortical electrode contacts [59,60]. Cortical responses to LEPs, those that were
analyzed within the first second after stimulus, arose in three relatively temporally distinct waves
relative to reaction times [60]. The authors interpreted the earliest seconds of reaction time as the
time of conscious perception. The earliest reaction times in response to laser stimuli were about
260 ms and averaged 349 ms [60].The first group of regions in the first wave of activity had peak
latency between 120 and 125 ms and included the posterior insula, parietal operculum/S2, MCC,
SMA, and amygdala [60]. The second group of regions in the second wave of activity had peak
latency between 135 and 145 ms and included the frontal operculum, precuneus, orbitofrontal
cortex, anterior insula, and dorsolateral prefrontal cortex (DLPFC) [60]. This group of regions
showed coincident activation with reaction times and the authors ascribed these regions to the
initiation of conscious perception. The third group of regions in the second wave of activity had
peak latency between 148 and 180 ms and included the inferior parietal lobule (IPL),
hippocampus, ventral posterior cingulate cortex (vPCC), and perigenual ACC (pgACC) [60].
Analysis of the greatest latency peaks demonstrated a group of brain regions with persistent
latencies from 345 to 415 ms including the amygdala, precuneus, hippocampus, vPCC, and
pgACC [60]. The amygdala and hippocampus are related to memory encoding of perception,
while the precuneus and vPCC have been related to internal reflection and introspection [60].
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This latency of pgACC response was posited to the awareness of pain initiating activity within
the antinociceptive descending pain modulatory (DPM) network [60,332]. The dual peak latency
of amygdala responses are consistent with at least two sets of STT inputs, one early via the
spinoparabrachial-amygdala pathway and the later latency pathway via corticocortical
connections with the anterior insula and thalamocortical connections with the medial thalamus
[60,261].
The 17 subjects with depth electrodes within the thalamus were analyzed in the context of the
electrode contacts in four human thalamic nuclei including the VPL, CL, anterior pulvinar (PuA)
(in Hassler’s nomenclature ventrocaudalis portae) and a control region the medial pulvinar [59].
Onset latencies within nuclei receiving input from the STT had mean onset latencies in the VPL
of 123 ms, PuA of 126 ms, and CL of 129 ms [59]. Despite being the smallest nucleus, the PuA
demonstrated the highest amplitude responses revealing the high concentration of STT
terminations within this nucleus [59,578,662]. Signal coherence analysis of cortical regions with
the VPL and PuA revealed that anterior and posterior insula, PCC, IPL, hippocampus, and
amygdala signals demonstrated the highest coherence with these nuclei [59]. In contrast to these
relatively distinct areas of the cortex the sensory nuclei displayed, the CL nucleus showed high
coherence with the inferior frontal gyrus (IFG), orbitofrontal cortex (OFC), ACC, anterior and
posterior insula, hippocampus, IPL and superior parietal lobule (SPL) [59]. This demonstrates
direct evidence in humans of the division of labor of the nociceptive sensory system between the
medial and lateral nociceptive systems, classically described as relating to sensory and
discriminative aspects of pain (for the lateral pain system anchored by the VPL and PuA nuclei)
and the motivational and affective aspects of pain (for the medial pain system anchored by the
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CL nucleus) [59,332,667]. It should be noted that this extends to non-noxious stimuli especially
stimuli relevant for social interaction such as sensual touch [328,660].

In the beginning there was activation… and it was painful
The early 1990s saw the growth of new methodologies which allowed neuroscientists, for the
first time, to view the inner workings of the brain using metabolic correlates of neural activity or
cerebral blood flow. The first neuroimaging studies to explore the brain regions that responded
contingent on the perception of pain used PET, fMRI and single-photon emission (computed)
tomography [26,198,241,459,971]. Despite their relatively low resolution compared to methods
employed today, 50 percent of more of these studies identified consistent activations in
contralateral S1, S2, ACC and contralateral thalamus (Supplemental Table 1-1;
[26,198,241,459,971]). Excepting the ACC, these areas are frequently reported activated in
studies of mechanical or warm stimuli, in the case of the study’s report of its own internal
control. At this time, there was no consensus on what a proper control for pain-related brain
activations would be [223,243,425,991]. This foreshadowed difficult and ambiguous confounds
in pain neuroimaging research that continue to this day [427,575,702]. Practical issues abound in
addition to proper controls, such as to have subjects rate their pain during the scan or following
the scan and what the best way to do that is, what form of pain is the most clinically relevant, and
what part of the pain experience is most informative of clinical symptoms. Likely multiple
solutions to these problems coexist within the subpopulations of chronic pain populations which
experience them. One thing is clear from rudimentary introspective analysis: pain is
multifaceted.
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To review the spatial organization of brain areas that respond to pain, we will focus our review
on heat pain either delivered by laser or thermode with occasional reference to outstanding
examples of tonic pain. The reason for focusing on heat pain is that in the subsequent decades
following the introduction of non-invasive measurement of cerebral neural pain responses in
humans, the delivery of painful heat either by MRI-compatible thermode or laser became a
natural pain stimulus which could be used in a controlled manner. In early studies, some rarely
encountered stimuli were used for pain stimulation and are worth mentioning, including dilation
of an intra-arterial balloon to painful intensities, injection of ethanol, cold pressor test, and
subcutaneous injection of ascorbic acid [16,241,425,797].
During the decade following the first report of cerebral neural activation associated with painful
stimuli, from 1991 until 2001, 38 studies, with various hypotheses and aims, reported on the
brain response to various intensities and modalities of noxious and painful stimuli. Of the 41
PET or BOLD activation maps, more than 50% reported activations in contralateral (in reference
to stimulus site) S1 and S2, including the parietal operculum, as well as contralateral ACC and
thalamus (Supplemental Table 1-1). All supplemental tables for this dissertation are located in
the corresponding appendix for each chapter. Regions reported as active in at least 25%, but less
than 50% of activation maps, included contralateral anterior and posterior insula, and
contralateral middle frontal gyrus (MFG) including DLPFC and ipsilateral ACC and thalamus
(Supplemental Table 1-1). Regions in the midbrain and brainstem, such as the PAG, were active
in 10% or less of studies reported in the first decade of pain neuroimaging. A majority of the
studies (71%) used heat pain as the nociceptive stimulus investigated, generally because of the
ease of use and relative specificity of heat pain to evoke pain without a significant contribution
of tactile, Aβ fibers. While 85% of studies reported on activations spanning across cortical and
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subcortical areas, most studies used region-of-interest analyses due to the low signal-to-noise
ratio and low resolution of the technology for acquiring whole brain images of cerebrovascular
responses to pain. A trend begins to appear in these studies such that only 46% of studies
reported on decreased BOLD signal or cerebral blood flow (CBF) responses to painful stimuli
(Supplemental Table 1-1).
During the first decade of pain neuroimaging, a contingent of regions began to emerge as a core
set of pain responsive regions that became known as the pain matrix [665,666]. This included the
bilateral anterior insula, posterior insula contralateral to stimulus, bilateral thalamus, bilateral
ACC and bilateral S2 and parietal operculum. In addition to coincident activation with
application of painful stimuli, activity in many of these regions positively correlated with
intensity of the pain experienced by the subjects [197,238,985]. Additionally, interventions such
as hypnotic suggestion allowed investigators to individually modulate both the intensity and
unpleasantness of the painful stimuli. This led to the division of the pain matrix into a medial
network responsive to the unpleasantness aspect of pain and the lateral network responsive to the
intensity and somatotopic localization of the painful stimulus [411,819]. The medial network,
responding to unpleasantness of pain and therefore also known as the affective processing
division for pain, consists of the bilateral ACC as well as the bilateral anterior and contralateral
posterior insula as well as the medial thalamus [530,819,914]. The lateral network, responding to
localization and intensity, and therefore known as the sensory processing division for pain,
includes contralateral S1, bilateral IPL and bilateral S2 as well as the lateral thalamus
[411,530,990]. This dichotomy as well as the concept of a pain neuromatrix has continually
faced challenges and currently may have outgrown its usefulness as a conceptual model as the
envisioning of the brain as a complex dynamic system of loosely interacting networks has taken
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hold with solid supportive evidence [524]. Additional concerns stem from the apparent nonspecificity of the whole brain response to pain as well as the ability to discriminate pain based on
activity in the auditory or visual cortex at above chance probabilities [588,702,865].

Where exactly does it hurt?
In the next decade as technology improved and the number of neuroimaging studies increased
exponentially, a more consistent, but always somewhat variable, picture of those regions
responsive to pain emerged. From 1991 until 2011, 138 studies reported 148 total whole brain
analyses of various painful stimuli in healthy control subjects. The stimulus modality in 65% of
these studies was heat or laser-heat pain while 14% used electrical stimuli, 9.5% used painful
punctate or pressure mechanical stimuli, 8.1% used cold pain stimuli and the rest (3.4%) used
various other stimuli (Supplemental Table 1-2). We will only review studies which investigated
neurovascular or metabolic correlates of neural activity of phasic acute pain stimuli. While more
than 90% of studies reported a whole brain analysis, only 26% of studies reported any negative
BOLD responses or reductions in cerebral blood flow in response to phasic pain (Supplemental
Table 1-2). Authors reported in 55% to 74% of maps activations in S1, posterior insula and
thalamus contralateral to the stimulus and bilateral S2 or parietal operculum, ACC and anterior
insula (Supplemental Table 1-2). Regions found activated in 26 to 48% of studies included
bilateral basal ganglia, MFG, medial SMA, IFG and IPL as well as ipsilateral thalamus and
posterior insula and finally contralateral MCC. These results largely correspond with those
regions activated coincident in response to painful stimuli in a recent large-scale meta-analysis of
pain processing [259]. Activations reported in the various nuclei of the basal ganglia were treated
identically. I speculate the reason MCC is not reported in more than 50% of the activation maps
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reviewed is that this term was not popular until about 2005 when Vogt’s presented compelling
evidence for the existence of four primary regions of the cingulate cortex, as can be seen in the
number of studies reporting it after that time (Supplemental Table 1-2; [1029]). With increasing
signal to noise ratio and more fine-grained resolution, of the studies published from 1991 until
2011, 23% reported activation in the midbrain consistent with the location of the PAG. All other
regions were reported active less than 17% of the time.
A significant limitation of a growing number of studies is the trend to choose to not report
deactivations, or at least report that there were no deactivations in the study, in response to pain.
For example, one area that appears relatively consistently deactivated, and in a handful of cases
activated, includes various regions of the primary and secondary visual cortex [197,699]. While a
few studies have investigated the temporal evolution of the BOLD response to pain, since this
signal is distorted in time relative to neural signals and this distortion is variable depending on
brain region, it is unclear if the temporal relationships determined by various methods in these
studies are valid [48,164,387,793].

How the brain responds to painful pricks
Studies of mechanical pain responses measured with BOLD fMRI most frequently reveal
stimulus-associated responses in contralateral S1, bilateral S2, parietal opercula, supramarginal
gyri, ACC and MCC, posterior insula, anterior insula and MFG and superior frontal gyrus (SFG)
[164,277,398,532,554,623,630–632,763,895,897]. Painful mechanical stimuli generate bilateral
responses in the parietal operculum even in subjects with a surgically transected corpus callosum
[277]. Less frequently reported are responses during mechanical pain in the thalamus and PAG
[28,164,532]. Cluster analysis of the BOLD response patterns to mechanical pain produced by

18

punctate stimuli revealed 6 different BOLD time courses; three positive and three negative in
relation to the stimuli time course [164]. Further investigation of the positive time courses
revealed 3 separate spatial components with the bilateral posterior insula and S1, bilateral ACC
and anterior insula cortices, and the bilateral frontoparietal cortex [164]. The component in the
bilateral posterior insula and S1 as well as the component in the bilateral ACC and anterior
insula can be attributed to sensory (somatomotor network/lateral pain network) and affective
(salience network/medial pain network) pain dimensions, while the frontoparietal component can
be attributed to attentional orientation to the stimuli [164,250,251,411,530,819,892,1027]. The
posterior insula and S1 component temporally and spatially closely resembles the activation
associated with pricking pain primarily mediated by Aδ primary afferent fibers [1022].
Several studies have investigated the effects of sensitization on whole-brain mechanical pain
BOLD responses using either capsaicin sensitization or ultraviolet B (UVB) burn injury
[55,435,554,630,895,897,1097]. BOLD responses to mechanical pain after induction of spinal
sensitization reflected generally typical regions involved in somatosensory processing including
contralateral S1, bilateral S2, IPL, parietal area, ACC, anterior and posterior insula, IFG, and
thalami [55,554,630,895,897,1097]. Less frequently studies reported responses in PAG and
bilateral caudate and putamen [435,554,630,895,897,1097]. Overall, studies found increased
activation compared to responses to mechanical stimuli in unaltered healthy subjects in
contralateral S1, bilateral S2, IPL, ACC, MFG, anterior insula, thalami and the PAG
[55,554,630,895,897,1097]. In fact, 1 Hz rTMS of the contralateral IPL (or posterior parietal
cortex (PPC)), which inhibits neural activity, is associated with reduction in the area of
secondary mechanical hyperalgesia compared to sham stimulation without a change in pain
intensity [896]. Importantly, painful mechanical stimuli matched for pain intensity compared
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between control and sensitized states revealed enhanced BOLD response associated with
sensitization in the brainstem, midbrain and medial thalamus, which are reduced by treatment
that alleviates capsaicin sensitization effects [435,554]. These findings suggest that central
sensitization is associated with enhanced neural activity in descending pain modulatory regions,
and reinforce the importance of the parietal cortex in spatial aspects of pain processing
[435,554,896,1097].

The long and short of pain’s toll on the network-organized brain: Effects of acute and chronic
pain on the functional organization of the brain
The investigation of intrinsic connectivity networks (ICNs) through resting state fMRI has
emerged over the past two decades as a powerful way to reveal the functional human
neuroanatomy and the effects of various therapeutic treatments and disease states on brain
function [51,83,212,483,639,811]. The complementary information revealed through resting
state fMRI studies, when contrasted to task-based or event-related studies alone, explains the
enthusiasm of researchers for this method given that 80% of the metabolic activity of the brain is
estimated to be devoted to activity at rest and task-evoked fluctuations account for only a 5 to 10
percent change in this load [812]. The resting brain activity includes modulations that support
state changes in neural function consequent to tonic manipulations induced by mood alteration,
environmental manipulation, disease progression and the effects of interventions such as
pharmacological agents or neuromodulatory therapies. In addition to these driving factors,
interest in resting ICNs has expanded rapidly for pragmatic reasons: the absence of task
performance confounds between patients and controls, and the ease of implementation in
neuroimaging studies given the facile requirements of the paradigm [98,134,135]. These factors
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are particularly important when investigating pain processing in diseases where chronic pain is a
predominant symptom. This is beneficial since evoked pain paradigms in patients necessarily
coexist over a background of endogenous generalized pain and patients may exhibit impairments
in task performance [36,47,171,338].
Arguably one of the first resting state networks discovered and certainly the one with the most
rigorous research devoted to it is the default mode network (DMN) [810]. The DMN was
apparent as a set of brain regions including the ventral medial prefrontal cortex (MPFC),
posterior cingulate cortex (PCC), and bilateral IPL that consistently demonstrated decreased
activity during attention-directed tasks across several PET experiments conducted by Shulman
and colleagues [923]. Subsequently, these regions were found to have high correlations in BOLD
signal, termed functional connectivity, among themselves suggesting that across brain states they
were functionally integrated and anatomically structurally connected [371,372,810,811,813]. The
functions of the DMN and its component regions include mind-wandering, self-referential
thought, internal cognition, theory of mind, thinking future events, and autobiographical
memory, just to name a few [134].
It should come as no surprise then that since the discovery of modulations of functional
connectivity (FC) in the DMN in chronic low back pain patients, abnormalities in ICNs and
neural networks involved in pain processing have been found across numerous chronic pain
syndromes [49,50,640,643]. Modulations of the FC of the DMN have been reported in chronic
low back pain (CLBP), migraine, diabetic neuropathic pain, fibromyalgia, chronic
musculoskeletal pain, failed back surgery syndrome, irritable bowel syndrome (IBS), complex
regional pain syndrome (CRPS), somatoform pain disorder, medication-overuse headache
disorder, burning mouth syndrome, painful chronic knee osteoarthritis, sickle cell disease,
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urologic chronic pelvic pain syndrome, localized provoked vulvodynia, ankylosing spondylitis,
primary dysmenorrhea, cluster headache disorder, postconcussive headache from mild traumatic
brain injury, and endometriosis-associated chronic pelvic pain
[30,49,52,95,165,174,185,219,260,376,396,402,484,515,580,654,712,749,1074,1077]. Despite
the more than 100 studies reporting findings of alterations in FC in a diversity of chronic pain
disorders, far fewer studies have successfully applied preclinical models in healthy, disease-free
human subjects to interrogate the effect of a prolonged painful stimulus on ICNs [492,576,1105–
1107].
Involvement of the DMN, and its subregions in pain processing in pain-free healthy subjects has
received recent attention. Kucyi and colleagues found that dynamic FC of the DMN with the
PAG during mind-wandering away from pain (as opposed to attending to nociceptive stimuli)
was associated with perceiving the nociceptive stimulus as benign rather than painful [528]. In
fact, one previous study demonstrated that the greater the BOLD activity in regions of the DMN
such as bilateral PCC, temporoparietal junction and MPFC preceding a potentially painful
stimulus, the more likely the stimulus was to be reported as not perceived [96]. Further, lower
FC among regions of the DMN as well as between the DMN and visual network as rest predicted
greater pain sensitivity during a heat pain exposure 30 minutes later [325]. In a preclinical human
pain model using intramuscular hypertonic saline injection into back muscles both enhancements
and decrements in FC were found to the PCC seed and the insula seed was more strongly
connected to the MPFC, PCC and MPFC being core regions of the DMN [1105]. In a combined
EEG-fMRI study, the greater the post-stimulus activity in the DMN, in effect the less
deactivation, the greater both pain ratings and event-related potentials (N2-P2) were in response
to that stimulus [659]. Interestingly, when healthy subjects were instructed with cognitive
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behavioral therapy how to down-regulate their pain, there was a positive correlation between
deactivation of the DMN and successful pain suppression [527]. Enhanced FC between the DMN
and salience network (SLN) was associated with experience of unexpected painful stimulation
[117].
Consistent findings across studies in DMN changes in functional connectivity between healthy
control subjects and chronic pain patients include frequent reports of altered FC between regions
of the DMN and SLN. The salience network, as defined for the first time in the resting state
functional connectivity (RSFG) literature by Seeley and colleagues, has core regions in the
anterior insula and pgACC and dACC [892]. This network, the functional anatomy of which was
previously defined in task-based fMRI, is responsive to evolutionarily salient stimuli such as
pain, hunger, and faces of loved ones as well as interoceptive stimuli such as attention to one’s
own heartbeat [211,892]. The pattern of functional and structural connectivity linking the insula
and cingulate gyri in the SLN demonstrates a rostrocaudal pattern with posterior insula
connected to posterior MCC, mid insula connected to MCC, and anterior insula connected to
dorsal ACC [648,978,1053]. Interestingly, numerous studies in chronic pain patients have found
enhanced FC between various regions of the DMN and SLN
[30,46,219,260,402,484,515,580,643,654,712,749,969,1077]. In contrast, fewer studies have
detected decreased FC between regions of the DMN and SLN
[50,171,262,376,410,607,1050,1074]. In fact, in three studies regions of the SLN demonstrated
differential changes in FC to regions of the DMN in a region specific manner with some regions
showing enhanced FC with other regions exhibiting diminished FC [95,168,1101]. No matter the
direction of the disease-related changes pain alleviating treatment of fibromyalgia and chronic
low back pain both normalized the changes in FC between regions of the DMN and SLN
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[171,711,804]. This could be consistent with an increase in the intranetwork FC in the DMN,
which occurs with pain alleviating treatment in IBS by rectal lidocaine and CRPS by spinal cord
stimulation [236,580]. The dynamic changes in FC that occur during chronic pain, its
development and resolution, between the DMN and SLN supports the contention that DMN
could be important during pain rumination in chronic pain patients [50,51,526,527].
Another set of network interactions widely investigated in chronic pain patients are systemic
variation in the interaction between SLN and the somatomotor network (SMN). The SMN is
comprised of coherent BOLD signal from the primary motor and primary somatosensory cortex
which frequently extends into the SMA, cingulate motor area, parietal opercula, and superior
parietal lobule bilaterally [231,1083,1084]. Since the SMN is composed of several brain regions
known to respond to and potentially code for key aspects of acute pain, such as localization, the
import of these structures for integration and localization of noxious stimuli is well-known
[259,411,475,477,478]. Systematic changes in the FC between the SMN and SLN have been
reported in several chronic pain disorders including complex regional pain disorder, chronic
pelvic pain, and fibromyalgia [95,491,492,533]. When considering brain regions within the
context of networks, half of all studies reporting significant modulations in SMN-SLN FC have
found that chronic pain patients have enhanced FC, while the other half report decreases in
coherence between SMN and SLN [95,219,295,491,533,837]. In healthy subjects sustained
pressure pain enhances FC between SMN and SLN and this FC enhancement was significantly
greater in fibromyalgia patients [491,492]. Cognitive behavioral therapy reduces pain
catastrophizing in fibromyalgia patients and this decrease in catastrophizing was associated with
a reduction in FC between SMN and SLN [550]. Furthermore, in patients undergoing spinal cord
stimulation (SCS) for neuropathic pain when comparing their brain state during optimal pain
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alleviating SCS settings to SCS off condition revealed a reduction between SMN and SLN
during optimal pain alleviation [236]. Conversely, in a separate study of fibromyalgia patients,
who demonstrated reduced FC between SMN and SLN at baseline, a pain alleviating exercise
program enhanced FC between SMN and SLN [295,296]. In healthy subjects, contact heat
evoked potentials which evoked high intensity pain, and were associated with greater N2-P2
amplitudes, were associated with greater responses in both the SLN and SMN compared to either
low or medium pain intensity trials [659]. Considering the relationship between SLN and SMN,
and their function these networks could be critically involved in mechanisms leading to chronic
pain [51,1034].
Further complexity is apparent in the communication between the DMN and SMN. Numerous
studies have demonstrated that chronic pain disorders differentially modulate FC between
regions of DMN and SMN [168,430,484]. Similar to the relationship between SLN and SMN,
FC between DMN and SMN was enhanced for chronic pain patients compared to pain-free
controls in about half of studies, and reduced in about half of studies
[95,155,165,174,430,484,515,598,1050,1103]. In two studies investigating the relationship
between pain alleviation in chronic pain treatments and FC between DMN and SMN, increased
strength of FC was associated with greater pain alleviation in neuropathic pain treated by SCS
and fibromyalgia by pregabalin [236,804]. Conversely, pain alleviating cognitive behavioral
therapy in fibromyalgia patients lead to a reduction in FC between regions of SMN and DMN
[550]. These reports in chronic pain patients in concert with results in healthy subjects have
highlighted the functional flexibility, particularly of the posterior insula, S2 and S1 to come into
coherent oscillation with either the salience network, DMN or SMN depending on the neural
context in which nociceptive signals arrive in those areas
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[46,50,95,171,185,260,375,376,492,510,512,515,550,580,611,659,711,712,833,1101]. Further
research in the subacute and resolving phases of chronic pain syndromes, as well as preclinical
prolonged tonic pain studies, will elucidate the relationship of the SMN and DMN to pain
processing.

Does it hurt when you do this? Development of peripheral and central sensitization as it relates
to hyperalgesia
Pain and nociception stand out from other primary sensory modalities in the predilection of the
system to increase the perceptual magnitude of repeatedly presented stimuli. While most sensory
systems perceptually habituate to repeated presentation of the identical stimulus, the pain system
often produces perceptual hyperalgesia upon repeated presentation of identical stimuli. During
habituation the apparent magnitude of a repeated identical stimulus, for example the brightness
of a light, decreases; during sensitization the perceptual magnitude of an identically intense
stimulus, for example the force of a noxious pin prick, increases.
In the nociceptive system, clear evidence of sensitization has been demonstrated at three levels
of neural processing: the level of the primary afferent fiber in both C-fibers and Aδ fibers, the
level of the secondary synapse in the SDH, and in the thalamus [72,139,148,293,479,1066]. As a
result of prolonged high intensity noxious stimulation, primary afferent C-fibers and Aδ fibers as
well as SDH neurons can undergo an increase in their excitability, which can last from minutes
to hours to years, in a mechanism that in the SDH, closely resembles long term potentiation
(LTP) [84,353,406,456,1071]. This latter phenomenon is known as central sensitization, when it
occurs in central nervous system (CNS) nociceptive pathways [1071]. In contradistinction,
sensitization of primary afferent fibers is called peripheral sensitization. Heightened sensibility to
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painful stimuli as a result of sensitization occurs both at the site of, for example, a burn injury,
and is known as primary hyperalgesia, and adjacent to and surrounding the site of injury, is
known as secondary hyperalgesia [391]. Primary hyperalgesia frequently manifests as increased
sensibility to both mechanical and heat hyperalgesia. Heat hyperalgesia in the primary site can
occur as heightened sensitivity to formerly non-painful warm stimuli, recently redesignated heat
allodynia [614]. Heightened sensitivity to light tactile stimuli, usually measured by brushing the
skin with a paintbrush, is termed mechanical allodynia. Heightened sensitivity to cool stimuli,
cold allodynia, a frequent symptom of neuropathic pain disorders, results in what is normally
perceived in unaffected skin as a cool stimulus being perceived as painfully cold stimulus. Cold
allodynia, which can be modeled in healthy human subjects and animals by exposure of the skin
to high concentrations of menthol, will not be considered in this review of sensitization
[75,1044].
Sensitization, of both peripheral and central origin, can result from numerous modalities of
noxious barrage of the nociceptive sensory system. Many of these can be modeled safely in
healthy human subjects with limited or no long-lasting harmful effects. These include thermal or
UVB burn injury of the skin, controlled induction of frostbite, exposure to a 40% concentration
solution of menthol, intradermal injection of capsaicin, topical exposure to a 1% or greater
concentration topical capsaicin solution or cream, topical mustard oil, an appropriately patterned
electrical stimulation designed to selectively target C-fiber nociceptors, or intradermal or
intramuscular injection of Nerve Growth Factor or acid phosphate buffered saline, and
intramuscular injection of hypertonic saline, among others
[15,265,359,489,501,506,541,549,768,1044]. For a comprehensive review: [739]. One of the
most comprehensively studied models of central and peripheral sensitization is intradermal
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injection or topical application of capsaicin [739]. We will focus our review of primary and
secondary hyperalgesia and allodynia by mechanisms of peripheral and central sensitization on
capsaicin based models.
More than 65 years ago Hardy and colleagues provided mature definitions and elaborated the
essential characteristics of primary and secondary hyperalgesia [391]. Primary hyperalgesia,
which occurs only at the site of injury or exposure to a potentially injurious algogen, results in
lowered pain thresholds to thermal and often mechanical stimulation, intensification and
prolongation of pain relative to stimulation in control areas, and is localized to the site of injury
and lasts until the injury is healed. Secondary hyperalgesia is associated with injury but occurs in
undamaged tissue. Characteristics of secondary hyperalgesia include normal pain thresholds to
static thermal and mechanical stimuli, intensification and prolongation of pain relative to control
areas from painful stimulation, and occurs in undamaged tissues adjacent to the site of injury.
Additionally, anesthetizing the primary injury site eliminates secondary hyperalgesia, reducing
pain from the primary injury site reduces the area and intensity of secondary hyperalgesia, and
blood and lymph flow play no role in generating or maintaining secondary hyperalgesia.
Another important seminal finding of this report is evidence supporting the central nervous
system generation of secondary hyperalgesia. The authors posited that since secondary
hyperalgesia does not occur in an anesthetized nerve territory after sufficient faradic stimulation
that normally would generate secondary hyperalgesia until after the procaine nerve block wears
off that secondary hyperalgesia is dependent upon primary afferent fiber signaling to the CNS
[391]. Further, after secondary hyperalgesia is generated, a subsequent nerve block will abolish it
and if the nerve block wears off before the hyperalgesia would normally decay, then the
hyperalgesia will return. Additional evidence against a fully peripheral mechanism of the
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generation of secondary hyperalgesia is that blocking of blood and lymph flow with a pressure
cuff has no effect on the rate of secondary hyperalgesia development, even though nerve block
will still abolish secondary hyperalgesia which is bisected by a fully inflated pressure cuff.
Supporting the necessity and control of primary afferent activity at the site of injury in the
generation and maintenance of secondary hyperalgesia is the finding that cold stimulation of the
primary injury area, sufficient to eliminate pain in the area, substantially reduces the area and
intensity of secondary hyperalgesia. In contrast, warm stimulation of the primary injury area
which is painful after induction of primary hyperalgesia, but not necessarily painful before
establishing hyperalgesia, increases the area of hyperalgesia and exacerbates its intensity [391].
Capsaicin, the pungent molecule responsible for the spiciness of various types of peppers,
mediates its effects on taste and pain perception by binding to the capsaicin receptor TRPV1,
originally known as vanilloid receptor 1 [162,163]. TRPV1 receptor knock-out mice show a
defective nociception profile which includes failure to withdraw from noxious heat (> 50°C),
failure to develop heat hyperalgesia after induction of inflammation with complete Freund’s
adjuvant (CFA), significant deficits in response to noxious low pH (acid) stimulation, and
significant deficits in sensitization to mustard oil exposure. Heat allodynia after burn injury in
rats is partially mediated by endogenous agonists of TRPV1 [362]. The functional TRPV1
receptor is a homotetramer made of 6 transmembrane subunits with a large intracellular Cterminal tail, which forms a cation-selective ion channel which is dynamically selective for Ca2+
ions over Na+ ions [163,189,687]. TRPV1 receptors are predominantly expressed in primary
afferent nociceptors [162]. Binding of capsaicin to TRPV1, between transmembrane domains 3
and 4, stabilizes the open pore conformation at physiological temperatures, and differential
concentrations of capsaicin or endogenous agonists can increase the pore size by an estimated
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20% [189,336,461]. In addition to calcium influx at physiological temperatures, capsaicin
binding lowers the channel opening threshold temperature from >42 °C to <35 °C [716]. Not
only is there a synergistic increase in channel open probability between capsaicin and increasing
temperatures, decreasing temperatures below 16 °C significantly, and increasingly with lower
temperature, reduce channel open probability [190,716].
Importantly, the response characteristics in C-fibers exposed to capsaicin are similar to those
observed in neuropathic pain patients [195,499,745,911]. In painful diabetic peripheral
neuropathy the proportion of CMI fibers to C-mechanosensitive fibers was 75% lower compared
to healthy control subjects [745]. Indeed C-fibers show enhanced spontaneous activity, and Cfibers of both classes show greater activity-dependent slowing and lower conduction velocities in
patients with erythromelalgia compared to age and sex matched healthy controls [746]. High
spontaneous activity relative to patients with painless polyneuropathy, particularly in CMI fibers,
is found in patients with painful polyneuropathy of mixed etiology [499,909]. Furthermore, more
than three-quarters of fibromyalgia patients were found to have abnormalities in their C fiber
function with the same proportion of fibromyalgia patients showing signs of spontaneous activity
in C fiber nociceptors as patients with painful small-fiber neuropathy [730,911]. Critically,
secondary hyperalgesia in neuropathic pain patients is alleviated during nerve fiber blocks of the
affected limbs [355,393].
Several studies have used capsaicin pain models to investigate novel and validated analgesics. A
recent meta-analysis found capsaicin pain models have the highest predictive ability of any of the
34 pain models evaluated across more than 100 studies [617]. For example, opiates reduce
spontaneous pain from ID capsaicin injection, as well as heat allodynia and areas of mechanical
hyperalgesia and allodynia [757,766]. Evaluations of neuromodulatory procedures for pain
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alleviation reported success with capsaicin pain models in both M1- and DLPFC-directed rTMS,
and DLPFC-directed tDCS [288,593,973,976]. The success of capsaicin pain models in the
evaluation of analgesics coupled with the ability to determine psychophysical outcomes related
to both central and peripheral sensitization strongly support their use in preclinical human studies
of both potential analgesics and their mechanisms of action [617].

Where it all starts: primary heat hyperalgesia is driven by primary afferent sensitization
There are two primary methods of ethically exposing human subjects to intense noxious levels of
capsaicin: by ID injection or by topical application of at least 0.1% capsaicin in a vehicle cream
or dissolved in ethanol. ID injection of 100 to 1000 µgs of capsaicin induces an intense burning
pain mediated by CMH and CMI nociceptors [540,869,880]. The pain in response to ID injection
of capsaicin decays exponentially over 10 to 30 minutes after injection and the pain intensity of
the injection closely resembles the coincident firing of CMH and CMI nociceptors when the
injection site is within the nociceptor’s receptive field [337,540,880,882,908]. Topical
application of capsaicin induces a continuous burning pain which corresponds with the activity
of CMH nociceptors [540]. It is likely that Aδ fibers play a role in signaling pain in response to
injection of capsaicin in man, since they fire rapidly in response to the initial injection in nonhuman primates [835]. Recently, more comprehensive investigations in non-human primates
showed that the increase in C-fiber firing in response to capsaicin exposure in C-fibers is driven
almost exclusively by the CMI population [1072]. When the area of topical capsaicin exposure is
cooled to a point where the pain is eliminated, the ongoing activity of CMH nociceptors ceases;
when warming the skin to 32 °C causes the pain to return, ongoing activity of CMH nociceptors
returns [540]. Exposure of the receptive field of CMH nociceptors to topical capsaicin
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significantly reduced the nociceptor’s firing threshold in response to heat from 45.5 ± 1.2 °C
(mean ± standard deviation) to 36.7 ± 4.9 °C [540,880]. Correspondingly several studies have
documented significant reductions in heat pain thresholds at the primary exposure site after
topical or ID capsaicin with reductions ranging from 4 to 10 °C [489,614,630,928]. This increase
in sensitivity to heat pain is dose-dependent when capsaicin is injected intradermally [928]. Data
from non-human primate recordings in CMH nociceptors support that these fibers mediate the
reduction in heat pain threshold [62]. This evidence supports a direct role for primary afferent
sensitization, specifically of C-fiber nociceptors, in the heat allodynia induced in humans by
intradermal (ID) or topical capsaicin [540,614].
Another potential mediator of hyperalgesia, both primary and secondary, is the process that
mediates flare. Studies by Hardy and colleagues provided significant evidence against the
common origin of hyperalgesia and flare in burn injury as well as in faradic stimulation elicited
flare and hyperalgesia [391]. However, neurogenic inflammation, axon reflex, and flare have
remained topics of speculation as related to secondary hyperalgesia even today, despite the fact
the origins of these phenomenon, when induced by capsaicin and other intense nociceptive
barrages, seem clearly divergent. The area of flare after an ID injection of capsaicin is always
smaller than the area of secondary hyperalgesia, and flare in response to topical application of
capsaicin often does not exceed the area of capsaicin exposure [8,489,541]. While pre- and postconditioning with painful heat stimuli in association with ID or topical capsaicin application
have significant effects on flare, skin temperature, and blood flow (generally increases, which are
dramatic in the case of topical capsaicin application), these treatments have no clear consistent
effect on development or magnitude of the area of allodynia or hyperalgesia [1096]. In general,
studies do not find correlations between intensity of capsaicin injection pain and flare or area or
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intensity of secondary mechanical hyperalgesia and flare or development or area of allodynia and
flare whether measured by visible flare reaction or laser Doppler imaging [337,541,963].
Additionally, even in areas of skin desensitized to heat with multiple day treatment with high
concentration topical capsaicin for several hours per day, secondary hyperalgesia develops
normally, but flare either is dramatically reduced in the capsaicin treated area compared to
control skin areas or does not develop at all [321,541]. Further, while flare develops in humans,
monkeys do not develop flare, though they develop primary and secondary afferent sensitization
in response to capsaicin injection [62]. However, one study using infrared telethermography has
reported significant correlations between spotty, mottled areas of flare, areas of visible flare, and
areas of mechanical hyperalgesia as well as heat hyperalgesia [910]. This study is unique in
reporting secondary heat hyperalgesia [8,910]. This widespread area of flare visible on
thermography suggests these CMI units have wide branching axons in the skin. The unmasking
of silent nociceptors by capsaicin suggests a role for these C fibers in generating flare and
perhaps the aftersensations that accompany painful pinpricks in areas of hyperalgesia, but a
predominant role in the generation of secondary hyperalgesia is highly suspect
[908,910,1045,1116]. In truth, while axon reflex flare, even when mediated by strong electrical
stimulation of the dorsal roots generating antidromic potentials and full vasodilatation of the
respective dermatomes, never crosses nerve territories, secondary mechanical hyperalgesia as
well as brush allodynia in response to high dose injections of ID capsaicin frequently does
[300,869,910]. While coupling of axons in the periphery of non-human primates has been
observed, long-range communication between remote regions is not in evidence [672]. Further,
electrical stimulation of Aβ fibers by low intensity electrical stimulation in an area of secondary
hyperalgesia evoked by capsaicin injection evoked painful burning sensations, but no
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vasodilatation as measured by laser Doppler imaging [1045]. Subsequently when electrical
stimulation intensities were increased to painful levels, they were able to evoke a vasodilatation
reaction that resembled an axon reflex and was apparent on laser Doppler imaging.
Cross-species arguments, making inferences about the periphery from rats to men, such as that
put forward by Serra and colleagues that peripheral nerve coupling though axoaxonic
communication do not stand up to a consideration of the species differences in plasma protein
extravasation, substance P and calcitonin gene-related peptide (CGRP) release, especially in
regard to capsaicin mediated hyperalgesia [879]. The injection of ID capsaicin induces release of
CGRP in rat skin, but capsaicin provocation does not induce substance P, histamine, or CGRP
release in humans [488,769,877]. Meanwhile, after electrical stimulation at 1 or 4 hertz (Hz)
induced protein extravasation in rat skin, neither did in human skin [872]. Additionally, while 4
Hz electrical stimulation provoked CGRP and substance P in human skin, electrical stimulation
at 1 Hz had no effect on CGRP and substance P release. Both frequencies of electrical
stimulation and capsaicin evoked axon reflex flare and pain [872,877]. On the other hand, ID
microdialysis in humans of substance P or CGRP does not evoke pain or visible erythema
[1049]. Microdialysis of substance P induced dose-dependent increases in vasodilatation and
protein extravasation, while CGRP only provoked dose-dependent release of vasodilatation. In
general, this evidence supports the independence of capsaicin-induced secondary hyperalgesia
and the critical elements of neurogenic inflammation: protein extravasation, substance P and
CGRP release [879]. Therefore, it is erroneous to insist that capsaicin provocation in humans
elicits neurogenic inflammation [413]. In fact, the original studies on neurogenic inflammation
induced by capsaicin were largely conducted in rats [445,446]. The experiments conducted in
humans and rats using local anesthetic blocks suggested an additional neurogenic inflammatory
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mechanism that exists superimposed over the development of the flare reaction. For example
while flare was abolished by local injection of anesthetic, the intense redness and slight edema
induced by topical application of pungent paprika was left intact [446]. In subjects with nerve
injury, the appearance of redness and edema around the site of capsaicin exposure was abolished.
While this seems to point to a similar phenomenon in humans and rats, the results reviewed from
ID microdialysis shows that important differences, such as a lack of protein extravasation in
humans, consequent to capsaicin exposure, exist between the species. Flare in humans appears to
be caused by activation of CMI fibers and their subsequent release of CGRP and not antidromic
transmission [878]. To date, the definition of neurogenic inflammation remains on shaky ground,
is purely epiphenomenal and certainly does not describe the same reaction in rodents and
primates. While substantial evidence exists that high concentration capsaicin exposure provokes
all of the elements of neurogenic inflammation in rodents, the evidence that does exist for
humans and primates does not support that sufficient elements of neurogenic inflammation is an
accurate description of what happens after capsaicin exposure in primates, including humans
[879,1075].

Learning that everything hurts: central sensitization of spinal dorsal horn neurons mediates
secondary hyperalgesia and allodynia
While axoaxonic communication and intercellular paracrine communication mechanisms likely
have little or no bearing on the development of secondary hyperalgesia, there is clear evidence
that central sensitization of SDH neurons is critically involved [540,541,929,988,1056,1057].
This evidence is the fruit of an intense research effort that has been underway to elucidate the
mechanisms mediating secondary hyperalgesia to painful mechanical stimuli and allodynia to
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brush that occurs in most subjects after ID injection or high concentration topical application of
capsaicin [321,605,869,918,929,1045].
There is strong supportive psychophysical evidence that secondary hyperalgesia and allodynia
provoked by capsaicin exposure is mediated by Aδ/Aβ fibers the responses of which are
rendered more painful by enhanced gain via central sensitization of SDH neurons. Secondary
hyperalgesia to mechanical punctate stimuli lasted for 13 to 24 hours after capsaicin injection
[541]. Capsaicin-mediated allodynia and hyperalgesia was driven by peripheral neural activity
since injection of capsaicin into lidocaine anesthetized skin prevented development of
mechanical allodynia and hyperalgesia, while hyperalgesia readily crossed a tight pressure band
that blocked circulation of blood and lymph [541]. A band of lidocaine anesthetization blocked
the spread of mechanical hyperalgesia, which developed normally on the capsaicin injection side
of the band of anesthesia. Heat stimulation producing pain equivalent in time course and
magnitude to the capsaicin injection produced smaller areas of hyperalgesia. In more than half of
all experiments, nerve block prior to capsaicin injection prevented the development of
mechanical allodynia or hyperalgesia. However, in at least two experiments secondary
mechanical hyperalgesia developed on the side of the anesthetic strip opposite the capsaicin
injection site [541]. Microneurographic recordings in healthy human subjects revealed no change
in activity in response to light stroking, evoking painful allodynia, or probing with nylon
filament, evoking painful mechanical hyperalgesia, when capsaicin was injected into the
receptive field of C-mechanosensitive fibers [540]. In contrast, mechanical stimuli applied within
the receptive field after capsaicin injection within the receptive field of C-mechanosensitive fiber
produced a significantly lower rate of activity. However, the researchers discovered two Cchemonociceptors, one of which responded to stroking after capsaicin injection. Pain in response
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to capsaicin injection, as well as heat hyperalgesia was preserved after induction of a pressure
block of A-fibers even though pain evoked by brushing and painful hyperalgesic pinprick stimuli
were abolished on the distal side of the pressure block [628,988,1116]. Intraneural
microstimulation, which in normal, unaltered projected fields evokes non-painful tactile
sensations, after injection of capsaicin produced mechanical allodynia in the projected field. In
11 of 14 experiments when injections were 7 to 20 mm outside the neuron’s projected field,
electrical stimulation which evoked tactile sensations then evoked painful sensations in the same
projected field [988]. Overall, the intraneural microstimulation threshold for tactile pain
sensations dropped to near tactile thresholds after capsaicin injection during the period of
allodynia. Additionally, when lidocaine was injected into the projection fields, which produced
pain after capsaicin injection when stimulating at tactile intensities, there was no effect on the
painful sensations generated by intraneural microstimulation. Reaction times to tactile sensations
evoked by a train of electrical stimulation started at a minimum 300 ms, 10 minutes after
capsaicin injection evoked painful sensations with reaction times of a minimum of 300 ms [988].
After an average of 53 minutes, response to evoked pain sensations had reaction times of about
1.5 seconds, while tactile sensations returned with their starting latency. In a related study,
exposure of the skin of healthy subjects to mustard oil in the territory of the radial nerve evoked
brush allodynia both at the site of application and in the immediate area surrounding the
application site [507]. Using a compression nerve block of A-fibers which preserved both cold
and warmth sensation, but eliminated the sensation of light touch, brush-evoked painful
allodynia was also eliminated. This was also the case in patients with brush evoked pain
secondary to neuralgia. In a subsequent study after injection of capsaicin, a complete A-fiber
pressure block, blocking both cold and tactile sensation, allowed researchers to demonstrate a
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75% reduction in pricking pain evoked by weighted sharp probes [1116]. Despite the block,
burning pain associated with the capsaicin injection was left unaffected. Having the block in
place before the injection of capsaicin prevented the capsaicin-associated increase in mechanical
pain, while subsequent release of the block allowed the appearance of fully generated secondary
mechanical hyperalgesia [1116]. Importantly this nerve block was monitored by loss of sensation
to touch, cold, first pain and by compound nerve action potentials. In further evidence of the
central origin of secondary hyperalgesia, human subjects treated with desensitizing topical doses
of capsaicin for two days were injected with capsaicin intradermally at a site adjacent to the
desensitized skin area [321]. While flare was completely abrogated in the desensitized zone,
secondary mechanical hyperalgesia developed normally in both the vehicle treated area and the
capsaicin desensitized area. Combining the approaches of the two studies just mentioned, Magerl
and colleagues desensitized a patch of skin in the arms of volunteers and showed that a
subsequent injection of capsaicin adjacent to the desensitized zone generated secondary
mechanical hyperalgesia and allodynia that persisted in the desensitized zone as expected [628].
Additionally, they demonstrated that a proximally placed pressure cuff which blocked
conduction in both Aβ and Aδ fibers completely eliminated the mechanical pain and brush
allodynia in the desensitized zone while the cuff was in place. This combined elimination of the
contribution of TRPV1+ C and Aδ fibers along with a preferential block of Aβ and TRPV1- Aδ
fibers demonstrates that silent nociceptors or C-mechanosensitive fibers have no appreciable
contribution to brush allodynia or pinprick hyperalgesia. Additionally, since mechanical
hyperalgesia distal to the A-fiber block inside of the desensitized zone is eliminated, where no
flare reaction occurs, secondary hyperalgesia and brush allodynia must be mediated by centrally
sensitized second-order nociceptors likely in the SDH. One further observation of central
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sensitization, perhaps suggestive of thalamic sensitization, are a set of results showing an
anatomically mirrored sensitization manifesting as bilateral mechanical hyperalgesia and
allodynia in healthy controls and rheumatoid arthritis patients [918]. The experiment involved
three groups, two healthy control groups and one patient group. Both the patient group and one
of the healthy control groups received an ID injection of 1% capsaicin, and starting at 5 minutes
after capsaicin injection, and every 10 minutes thereafter, areas of mechanical hyperalgesia and
allodynia were measured on both the ipsilateral and contralateral volar forearm [918]. In the
uninjected control group, 2 of 23 subjects developed any bilateral sensitization on the forearm,
while 9 of 14 control subjects injected with capsaicin and 10 of 14 rheumatoid arthritis patients
developed bilateral hyperalgesia or allodynia. The time course of secondary hyperalgesia in the
contralateral arm was delayed when compared to the ipsilateral arm, and the size of the peak area
of either mechanical hyperalgesia or allodynia on the contralateral arm was 35% to 42% the area
of that developing on the injected arm. The phenomenon of bilateral hypersensitivity has been
reported in complex regional pain syndrome patients and in some animal models of neuropathy
and inflammation [508,918].
Further evidence for the central origin of secondary hyperalgesia must be sought in both the nonhuman primate and rodent models, since depth electrode recordings in the SDH of patients
exposed to capsaicin without anesthetic have not been reported. Not to mention that such
experimentation is likely ethically intractable. The first set of experiments reported addressing
the search for the origin of central sensitization in the monkey, which was reported in concert
with LaMotte and colleagues’ report on the psychophysics of secondary hyperalgesia and the
evidence of a central origin [62,541,929]. The recordings of primary afferent fibers in nonhuman primates revealed that ID capsaicin injection within the receptive fields of CMH fibers
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reduced their activity in response to lightly brushing the skin, and the responses of AMH fibers
demonstrated no change to light brushing [62]. Neither did topical capsaicin application cause
enhanced excitability of any nerve fibers found in response to mechanical stimuli, but CMH
fibers demonstrated a reduction in response threshold to heat stimuli which was similar to the
response of cells subjected to capsaicin injection. In contrast to the lack of augmentation in
responsivity of primary afferent fibers to mechanical stimuli, stroking stimuli, which provoked
mechanical allodynia in human subjects, produced significantly increased responses in both
WDR and HT SDH cells which projected to the thalamus [929]. Capsaicin injection itself evoked
dramatic responses in 4 of 7 HT and 10 of 12 WDR SDH STT neurons recorded. Activity in
WDR neurons injected with capsaicin within their receptive field correlated most closely with
the magnitude and time course of pain rating in human subjects injected with capsaicin [929].
Mean heat response thresholds for the 12 measured WDR STT cells decreased from 48 °C to 32
°C after capsaicin injection within their receptive fields. This corresponded well with the average
reduction in heat pain thresholds for human subjects from 45 °C to 34 °C. In 6 of 8 STT cells
projecting to the thalamus, peripheral electrical stimulation at intensities just sufficient to excite
large myelinated Aβ fibers, produced enhanced activity after injection of capsaicin, but not after
injection of vehicle. The increase in central excitability was apparent at all stimulation intensities
tested from threshold to 6 times threshold. Further, electrical stimulation excited myelinated
fibers exclusively and no low threshold STT cells were identified.
Further studies in both non-human primates and rodent models, almost exclusively conducted
over a 20 year period in the lab of the late William D. Willis, revealed the essential synaptic and
molecular components of central sensitization in response to the nociceptive barrage evoked by
capsaicin exposure [1056,1059]. Dougherty and Willis reported ID capsaicin increased the
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background firing rate of both WDR and HT STT cells and additionally enhanced the
responsivity of these cells to brushing, pressure and noxious pinch administered to their receptive
fields [249]. Further, cellular responses to iontophoresis of the excitatory amino acid analogs
kainite, quisqualate, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), Nmethyl-D-aspartic acid (NMDA), and aspartate after capsaicin injection, even though there was
no increase in response to glutamate iontophoresis. The enhancement of responsivity in SDH
cells by capsaicin application was completely abrogated and background activity was reduced by
iontophoretic application of CNQX, an AMPA receptor antagonist [247]. On the other hand, the
blockade of NMDA receptors blunted, but did not block the increase in WDR SDH firing in
response to capsaicin injection and normalized the enhancement in responses to brush and
pressure stimuli. Therefore, not only is glutamate the major excitatory neurotransmitter in the
SDH, these experiments revealed capsaicin injection releases a large amount of glutamate in the
SDH which activates NDMA receptors. This activation of NMDA receptors leads to central
sensitization which enhances responses to all input into WDR SDH cells. Blockade of neurokinin
1 (NK1) receptors by iontophoretic application of an NK1 peptidomimetic receptor antagonist
had no effect on SDH neuron responses to innocuous or noxious mechanical stimuli [248].
However, induction of capsaicin central sensitization of mechanical stimuli was significantly
reduced by NK1 receptor antagonist application within the SDH, while there was no effect of an
inactive peptidomimetic.
Injection of capsaicin into the rat hindpaw causes enhanced withdrawal responses to innocuous
and noxious mechanical stimuli. Thirty and 60 minutes after hindpaw injection of capsaicin, the
phosphorylation GluR1 subunit of NMDA receptor was found to be increased by western blot
and found to be localized to the superficial SDH through immunohistochemistry [1117].
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Importantly the enhanced phosphorylation of the GluR1 subunit of NMDA receptors was found
colocalized with retrogradely labeled STT neurons from the VPL nucleus of the thalamus.
Blockade of Ca2+/calmodulin kinase II (CamKII) prevented the capsaicin sensitization induced
phosphorylation GluR1 subunit of the NMDA receptor [281]. Capsaicin sensitization increased
expression and phosphorylation of CamKII in the rat SDH, quantified by Western blot and
immunohistochemistry. Inhibition of phosphorylation of CamKII by intrathecal inhibitor
significantly reduced the capsaicin-induced increase in background activity and the magnitude of
responses to innocuous brush, pressure and noxious pinch in WDR SDH neurons. Fang and
colleagues found using Western blot and immunohistochemistry that GluR1 NMDA subunits
demonstrated enhanced phosphorylation as soon as five minutes after hindpaw injection of
capsaicin, which was localized to the superficial SDH [283]. Intrathecal injection of a protein
kinase A inhibitor blocked phosphorylation of serine 845, while inhibition of protein kinase C
(PKC) blocked phosphorylation of serine 831 of the GluR1 subunit of the NMDA receptor
induced by capsaicin sensitization [282].
Another protein kinase pathway involved in central sensitization is phosphoinositide 3-kinase
(PI3K) and protein kinase B/Akt kinase (PKB/Akt) pathway [965]. Hindpaw injection of
capsaicin in the rat increases phosphorylation of PKB/Akt in neurons in the SDH when measured
at five, 30 and 60 minutes post-capsaicin. Inhibiting phosphorylation of either PI3K, which
prevented PKB/Akt phosphorylation, or PKB/Akt itself reduced the magnitude of mechanical
hyperalgesia induced by capsaicin injection.
An additional target of capsaicin sensitization is increased phosphorylation of protein
phosphatase 2A, the increase of which is evident at 15 minutes post-capsaicin and peaks at 30
minutes post-capsaicin [1113]. Hindpaw injection of a low (0.1% concentration) dose of
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capsaicin increased SDH neuron activation in response brush, pressure and pinch stimuli at 15
and 30 minutes post-capsaicin and returned to baseline levels at 60 minutes post-injection
[1112]. Intrathecal injection of okadaic acid, a broad spectrum inhibitor of protein phosphatases,
prolonged the effects of low dose capsaicin-mediated sensitization, and prolonged the enhanced
activation of SDH neurons up to 180 minutes post-capsaicin injection.
The effect of capsaicin on GABAergic inhibition was also investigated using iontophoretic
application of inhibitors in the SDH. In the non-human primate, spinal glycine and γaminobutyric acid (GABA) receptor bearing cells help to mediate descending inhibition from the
PAG mediated through the rostral ventromedial medulla (RVM) [590]. STT SDH neurons were
sensitized by capsaicin injected in their receptive fields. Inhibition of these cells by iontophoretic
GABA or glycine was reduced after capsaicin mediated sensitization [591]. Blockade of this
effect by a PKC inhibitor suggests that activation of PKC by capsaicin central sensitization leads
to the reduction of GABA receptor mediated inhibition. PKC activation by local application of
phorbol ester locally mimicked the augmentation of SDH neurons mediated by reduction of
inhibitory responses driven by GABA or glycine. Furthermore, capsaicin-mediated PKC
activation leads to reduction of tonic inhibition of STT neurons by GABA descending from the
PAG [592]. This was demonstrated by revealing that tonic PAG inhibition was reduced by
capsaicin application, and inhibition of PKC through microdialysis of a PKC inhibitor into the
SDH abrogated this effect.
The importance of reactive oxygen species (ROS) within the SDH as mediators of capsaicin
central sensitization has also been investigated [327,552,886,887]. Overall, capsaicin injection
leads to a reduction in the activity of superoxide dismutase 2 (SOD2) in mice, which leads to
enhanced levels of ROS in the mitochondria of cells [886,887]. Inhibition of SOD2 leads to
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increased mechanical sensitivity in a dose-dependent manner, while reduction in ROS by ROS
scavengers suppressed mechanical sensitivity and GluR1 subunit phosphorylation induced by
hindpaw capsaicin injection with intrathecal injection, producing a prolonged effect compared
with ID or intracerebroventricle injection of the ROS scavenger [327,552,886,887].
Not only does capsaicin mediated central sensitization produced by primary afferent barrage
induce numerous changes at the level of the spinal cord, it leads to changes in neuronal activity
in supraspinal areas important in the modulation of noxious transmission such as the rostral
ventromedial medulla (RVM) [136]. There are four populations of cells in the RVM: ‘on’ cells,
‘off’ cells, neutral cells, and serotonergic cells [400]. Two of the populations are clearly
important in nociceptive processing: the ‘on’ cells and ‘off’ cells. In the RVM, ‘on’ cells fire
coincident with paw withdrawal and are thought to facilitate nociceptive transmission, while
these cells are also inhibited by opiates [400]. On the other hand, ‘off’ cells are thought to inhibit
nociceptive processing, are indirectly excited by opiates, and pause in their intrinsically high
firing rate in response to noxious stimuli. In response to hindpaw injection of capsaicin, 9 of 9
‘off’ cells produced a prolonged pause in their firing, while 5 of the 9 ‘off’ cells also began to
pause in response to innocuous mechanical stimuli [136]. Further, hindpaw injection of capsaicin
potentiated by more than 2-fold both the spontaneous discharge rate and the NMDA-evoked
peak firing rate in 9 of 10 ‘on’ cells. A NK1 antagonist attenuated the capsaicin response in ‘on’
cells.
The balance of evidence reported to date supports the conclusion that capsaicin exposure in the
periphery in humans provokes a primary afferent barrage of input to the SDH such that the firing
properties of SDH cells are sensitized. This central sensitization is likely mediated by an
enhancement of descending facilitation from the nuclei in the RVM, a reduction of descending
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inhibition from the PAG mediated through the RVM, and enhanced endogenous sensitivity of
both WDR and HT cells in the SDH. While there is considerable evidence in the primate and
human of these processes being initiated and maintained by primary afferent sensitization, there
is little evidence that the primary afferent fiber sensitization is responsible for secondary
hyperalgesia and mechanical allodynia in primates, including humans.

The brain part II: Where enhanced nociception becomes a painful reality
Supraspinal responses to painful stimuli can be captured throughout the brain, and even
brainstem and spinal cord responses have been reported with fMRI and PET [961,990]. There are
substantial changes in the cerebral response to both painful mechanical stimuli and normally
non-painful brush stimuli after primary and secondary afferent sensitization in humans. In some
cases some of these alterations in response pattern resemble the changes manifest in chronic
neuropathic pain patients, while in many cases the changes seen in neuropathic pain patients’
neural response to painful and allodynic stimuli are more complex and possibly disease and
mechanism specific. In general, comparison of these classes of studies reveals that the central
sensitization in neuropathic pain patients has some elements in common with central
sensitization in healthy subjects. However, it is apparent that both the underlying causes of
sensitization and the secondary effects of disease progression in chronic pain and neuropathic
chronic pain patients has significant and variable effects on the neural responses these patients
manifest in response to painful and even other modalities of salient and novel stimuli (e.g.
[613]).
The whole brain response to the pain of capsaicin injection has been reported in four studies
[16,431,657,1067] (Supplemental Table 1-3). It should be noted in Supplemental Tables 1-3
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through 1-10 that only positive going BOLD responses are reported because in many studies
negative responses went unreported or unexplored, generally justified (in manuscripts or by
omission) by a relatively sparse physiologic understanding of the negative BOLD response
[392,921]. Capsaicin was injected into the trigeminal region in one study whereas in the other
two studies capsaicin was injected into the forearm. The ACC responds to capsaicin injection in
all four studies, whereas the no other regions consistently responded to capsaicin injection
[16,431,657,1067]. On the other hand, two of the four studies reported significant activation in
contralateral S1 and no significant activation was reported in S2 or with superior or inferior
parietal area [16,431,657,1067] (Supplemental Table 1-3). This suggests the limbic brain and
salience network are more responsible for representing the intense, unpleasant pain induced by
capsaicin injection.
After capsaicin-induced sensitization is induced in the peripheral and central nervous system,
evoked neural activation to heat pulses continues to resemble the response evoked by control
heat pain, albeit with a greater magnitude of response in most brain regions
[614,630,700,919,1055] (Supplemental Table 1-3). Whether heat hyperalgesia (painful heat
becomes more painful) or heat allodynia (once warm stimuli becomes painful) is induced by
capsaicin, depends on the concentration of capsaicin ultimately delivered to the primary afferent
nerve endings (contrast [614] and [700]). Capsaicin injection provides the most rapid delivery of
algogen to primary afferent nerve endings, while topical capsaicin is less efficient. However,
topical capsaicin is manipulable by altering dose and concentrations from 0.075% to 10%, which
have been shown to induce a graded reduction of heat pain thresholds inducing heat hyperalgesia
or allodynia [15,169,431,540,541,606,614,700,768,928]. For a baseline of reference, we will
review results of a large meta-analysis of the BOLD response to phasic heat pain stimuli which
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includes the strongest responses in the bilateral anterior and posterior insula with the
lateralization of the response weighted to the hemisphere contralateral to the stimulus [259]. In
descending order of meta-analytic consistency, other regions responding to phasic heat pain
include bilateral lentiform nucleus, thalamus, ACC, S2, IFG, caudate nucleus, MFG and SFG
[259]. The brain response to phasic heat pain is generally bilateral, but stronger on the side
contralateral to stimulus, and while laterality was tested in this study, the results are not reported
specifically for heat pain [259]. While S1, M1, bilateral S2 and IPL were all significantly
activated in the meta-analysis of heat pain, these regions had much less meta-analytic
consistency compared to regions located in the SLN such as insula and ACC [259]. Further, the
relatively diffuse nature of the sensation of heat pain, especially the burning of ‘second pain,’
may explain the non-specific weak responses across studies in S1 and S2 [128,146,802].
After induction of hyperalgesia or allodynia with capsaicin and when comparing the last in a
train of heat stimuli designed to induce temporal summation of the perceptual intensity of C-fiber
mediated ‘second pain’ to the first stimuli, greater responses were generally found in
contralateral S1, S2, ipsilateral anterior insula, bilateral ACC, bilateral thalamus (more so
ipsilaterally), and bilateral MFG and IFG (see Supplemental Table 1-3). In general, while SMN
responses are associated with the sensory-discriminative aspect of pain processing, SLN regions
are associated with the motivational-affective aspects of pain processing [411,530,659,667,819].
Critically, a principal component analysis of the neural response to heat allodynia induced by
capsaicin as measured by PET, found the brain response, as decomposed by this data-driven
method was best explained by three components [615]. The first principal component included
positive responses in the medial thalamus, pgACC, right ventral striatum, bilateral anterior insula
and bilateral ventral orbitofrontal cortex and correlated positively with both pain intensity and
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unpleasantness. The second principal included positive responses in the bilateral anterior insula,
right DLPFC and negative loading on the PAG which negatively correlated with pain intensity
and unpleasantness. Finally, the third component loaded positively on response in the left
DLPFC and negatively on response in bilateral anterior insula and was negatively correlated with
pain unpleasantness. This analysis revealed positive modulation of the perception of heat
allodynia in healthy subjects in the medial thalamus, pgACC and bilateral anterior insula, all
regions of the SLN. In contrast bilateral DLPFC negatively modulated both pain intensity and
unpleasantness of heat allodynia as well as the neural response to heat allodynia in bilateral
anterior insula and PAG. These are regions commonly included in the DPM network.
Neuroimaging studies have additionally explored the neural response to mechanical stimuli in
sensitized areas of skin, such as brush allodynia and pinprick hyperalgesia. To establish a
baseline from which to compare these studies, we shortly review the brain regions responsive to
non-painful tactile stimuli. In 16 studies that reported whole brain analyses of tactile stimuli of
either brushing or mechanical pressure, the stimulus provoked activation in contralateral S1 in
every study (Supplemental Table 1-4). Other areas which were reported to activate in response to
non-painful mechanical stimuli in greater than 50% of studies included bilateral S2 and
contralateral IPL (Supplemental Table 1-4 and references cited there). Other frequently reported
activations were in ipsilateral IPL, bilateral superior parietal lobule (SPL) and bilateral IFG
[87,277,431,497,532,623,726,828] (see again Supplemental Table 1-4). These activations are
consistent with engagement of the SMN thought to be responsible for localization of these
stimuli on the body surface [763]. Activations in the lateral IFG, MFG and parietal area
correspond with the ventral attention network associated with attention to unexpected or salient
stimuli (i.e. bottom-up attention) [204]. The weaker activations in the ventral attention network
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suggest a low salience value of these non-painful, but still target stimuli. The stimuli should be
considered target stimuli since these experiments are conducted with these tactile stimuli as their
experimental goal. In response to painful mechanical stimuli compared to non-painful
mechanical stimuli, a relatively greater number of studies reported responses in regions
traditionally associated with nociceptive processing, interoception and processing of salient
stimuli such as the bilateral posterior insula and ACC (Supplemental Table 1-5).
Induction of secondary hyperalgesia by capsaicin exposure, patterned electrical stimuli and UVB
burn sensitizes responses to mechanical stimuli in the area surrounding the injury site such that
light stimuli are painful (allodynia) and painful stimuli are more painful (hyperalgesia). Cerebral
neural responses to painful mechanical stimuli in a zone of secondary hyperalgesia elicit
enhanced responses throughout the brain, in some studies even when pain intensity is matched
[554,630]. Cerebral neural responses to hyperalgesic mechanical stimuli still evoke responses in
contralateral S1, bilateral S2 and bilateral posterior insula as well as the ACC, but additionally in
the sensitized state responses spread to the bilateral anterior insula, contralateral inferior and
MFG (Supplemental Table 1-6). Additionally, a higher proportion of studies report responses
coincident with painful mechanical stimuli in the bilateral thalamus and basal ganglia
(Supplemental Table 1-6) [554,895,897,947]. When contrasted to mechanical stimuli applied
before sensitization, these augmented responses are significantly greater in contralateral S1, S2,
bilateral SPL, contralateral posterior insula, bilateral thalamus and frontal regions such as the
ACC, middle and inferior frontal gyri (compare Supplemental Table 1-5 and Supplemental Table
1-6 and reference Supplemental 1-7 and references therein). This widespread enhancement of
activation suggests that the reduction of descending inhibitory controls and augmentation of
descending facilitatory influences from the brainstem and enhanced excitability to the SDH in
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response to mechanical pain stimuli have diverse and widespread effects on the cortical
processing of pain. By consequence of these modulations of processing, the subjective
interpretation and conscious experience of the stimuli delivered in the scanner after capsaicin
induction of hyperalgesia may be dramatically different. In particular, due to the enhanced
sensitivity in the area of secondary mechanical allodynia and hyperalgesia, stimuli may seem
more localized, more salient and likely each stimulus will have varying durations of
aftersensation [554,614,897].
In general, activations in response to brush stimuli in healthy subjects after induction of
mechanical allodynia by capsaicin resembled the changes apparent in healthy subjects’ neural
responses during mechanical pain in skin exhibiting hyperalgesia. For example, neural responses
to mechanical pain after capsaicin induced secondary hyperalgesia included consistent responses
across studies in the contralateral IFG and SPL as well as bilateral ACC and posterior insula
(Supplemental Table 1-8). Contrasts between brush allodynia and control brush revealed
consistent augmentation of response in contralateral S1, ipsilateral S2, and bilateral posterior
insula [431,633]. Additional significant augmentations of response included those in the
contralateral IFG, S2 and SPL as well as bilateral MFG, and PAG [431,633].
In neuropathic pain patients with mechanical allodynia, cerebral neural responses to brush
stimuli evoked largely consistent activation across studies in contralateral S1 and S2. A majority
of patient studies reported activation in contralateral S1, IFG, SMA and thalamus as well as
bilateral IPL and S2 (Supplemental Table 1-10). Interestingly, these are largely similar, overall,
to cerebral responses evoked by non-painful mechanical stimuli. Excepting the slightly less than
50% studies that report activations in the insula and cingulate cortex, there is apparent evidence
that painful brush stimuli are processed in many neuropathic pain patient groups by the same
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regions that would process non-painful brush stimuli (Supplemental Table 1-10)
[66,690,770,773,777,889]. An alternative hypothesis is that constant daily activation of these
areas in response to every day painful stimuli induce neuroplastic changes such that these regions
are no longer responsive to normal painful stimuli, though they may be responsive to
extraordinary painful stimuli. Additionally, patients may find that these painful stimuli are less
salient when they occur on a daily basis, allowing them to reserve processing in these brain
regions for truly surprising or injurious stimuli. Patients’ brains are simply different.
Unfortunately for our clear understanding, exactly how they are different, frequently seems to
depend on which population of chronic pain patients is studied [332,377,643]. Considering the
complexity and redundancy of the system, maybe this is not so surprising after all.

Turning down the pain: the descending pain modulatory network
The descending pain modulatory network is comprised of pain responsive regions of the brain
which are also opioid rich, such as the bilateral amygdala, dorsal ACC (dACC), pgACC, medial
thalamus and PAG
[1,33,65,70,160,291,369,370,378,516,579,771,875,942,1035,1037,1038,1051,1065,1118–1120].
A subset of these areas such as the PAG, dACC and medial thalamus have historically been
targeted for brain lesions or deep brain stimulation for treatment of otherwise intractable pain
disorders [88,301,415,416,449,450]. Studies to probe the mechanism of action of this stimulation
produced analgesia in animal models have found it to be antinociceptive and mediated through
interactions in the spinobulbar loop involving neurons in the PAG, medullary nuclei such as the
nucleus raphe magnus, nucleus raphe pallidus and medullary reticular formation, which mediate
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these antinociceptive effects through modulation of second-order neurons in the SDH
[58,345,346,380,537,644–646,881,907,1061,1062,1086].
The descending pain modulatory network, especially the ACC and PAG, are involved in
mediating inhibition of pain in humans, and recent evidence in rodents points to endogenous
opioid activity in the ACC as being necessary and sufficient for relief of pain aversiveness
[78,269,331,771,990]. These regions include the dorsal ACC (dACC), pgACC, and PAG. During
prolonged pain in chronic pain patients, disruption in functional connectivity between pgACC
and PAG has been repeatedly found in a variety of disorders, and the pgACC displays reductions
in ReHo in chronic pain [452,471,586,604,1048,1074]. Previous studies have reported an
increase in high frequency BOLD activity in chronic pain patients in the dACC as well as a
decrease in dACC ReHo, this is coupled with extensive evidence of enhanced activity during
tonic pain, especially in heat allodynia in the dACC [423,431,471,614,630,640,1094,1114].
Further, the DPM network consists of opioid receptor rich medial areas of the brain which are
active during painful stimulation in healthy subjects and show enhanced activity when subjects
experience endogenous analgesia from placebo effects, under administration of exogenous
opiates or while experiencing the flood of endorphins accompanying strenuous exertion
[1,78,90,269,771,1051].
Functional and structural connectivity studies in humans as well as tract-tracing studies in nonhuman primates have revealed that the PAG is connected to many regions of the DPM, including
the bilateral dACC, pgACC and subgenual ACC, bilateral DLPFC, bilateral medial and anterior
thalamus, and RVM [13,382,752,924]. Previously reported intrinsic connectivity maps of the
PAG in healthy subjects demonstrated significant FC in the bilateral cerebellum, dACC, pgACC,
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medial and anterior thalamus, regions of the pontine brainstem and rostral ventral medulla as
well as the anterior insula [513,635,676,992,1095].
Several studies have evaluated FC of pain-related or pain modulatory networks during phasic
evoked stimuli [78,528,901,1009]. In healthy individuals, coactivation of the PAG and pgACC
during simultaneous experience of pain and a distracting stimuli, during mind-wandering or in a
placebo context, results in enhanced signal correlation (i.e. FC) between these regions
accompanied by a reduction in perceived pain intensity [78,269,528,1009]. These results,
combined with tract-tracing and primate neurophysiological studies, detail the importance of the
PAG and its numerous connections with the MPFC, lending a hard-wired substrate to the
functionally interconnected pain modulation system [13,346,644–646].
Significant modulations of network connectivity in the DPM network in both healthy subjects
and chronic pain patients have been shown to have clinical relevance [630]. Reduced FC
between the PAG and left dorsomedial prefrontal cortex (DMPFC) or DLPFC has been reported
in migraine patients who experience widespread, severe allodynia, patients with episodic
migraine, and women suffering from primary dysmenorrhea [179,635,888,1048]. Importantly,
treatment induced enhancement of the functional connection between the DLPFC and PAG
tracked pain alleviation in pediatric CRPS patients [274]. Furthermore, enhanced coactivation
and corelease of endogenous opioids in both the PAG and DLPFC during the analgesic period
after motor cortex stimulation in neuropathic pain has been reported [274,626,772]. Several
reports have demonstrated many chronic pain disorders lead to gray matter and cortical thickness
reductions in the L-DLPFC, as well as the PAG, and that recent evidence suggests these
reductions are recovered after pain-alleviating treatment [166,226,904,905].
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Not only do changes in neural activity in the DLPFC, ACC, PAG and RVM correlate with
cognitive, hypnotic, placebo mediated and opioid-mediated inhibition of pain processing and
perception, non-invasive neuromodulation of both motor cortex and DLPFC enhance activity and
functional connectivity among the ACC, PAG and brainstem regions [246,772,973,976].

A possible solution: utility of capsaicin pain models in preclinical and translational therapeutic
target validation
While ultimately analgesic drug and treatment development require the study of treatment
efficacy in large well-powered patient studies, this is frequently a roadblock to promising
preclinically- and clinically-developed novel therapies [1006,1043]. An alternative approach is to
pursue first-in-human studies combining well-characterized pain models with neuroimaging
studies exploiting known mechanisms of pain modulation [1006,1043]. Frequently in chronic
pain patients, pain is driven by unknown, perhaps unknowable, multifactorial mechanisms. The
capsaicin-heat pain (C-HP) model is well-defined and driven by sustained peripheral nociceptive
input inducing central sensitization of the spinothalamic pathway when implemented in healthy
naïve volunteers [15,74,435,616,735]. Enhanced responses of SDH neurons to mechanical
stimuli in the region surrounding the capsaicin exposure site, a form of central sensitization,
underlies the mechanism of secondary mechanical hyperalgesia in the C-HP model
[188,249,498,541,918,929,988,1116]. Central sensitization maintained by peripheral nociceptive
input has been demonstrated to be a predominant mechanism of chronic pain in neuropathic pain
patients [56,355,393]. Central sensitization is also believed to drive chronic widespread pain and
hypersensitivity in osteoarthritis, neuropathic pain, fibromyalgia, complex regional pain
syndrome, and chronic low back and neck pain [27,56,142,147,379,546,609,642,723,981,1071].
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The clinical relevance of various capsaicin central-sensitization generating models of chronic
pain was recently evaluated against all previously investigated models to evaluate clinical
efficacy of analgesic medications or therapies [617]. The authors found capsaicin sensitization
models, when assessed with punctate mechanical stimuli, performed better than all other models
in predicting clinical efficacy [617]. Crucially, capsaicin sensitization models in healthy subjects
successfully mimic the clinical pattern of quantitative sensory measure outcomes encountered in
neuropathic pain [616].
This is important since tonic pain displays different psychophysical properties, is more
ecologically valid in regard to chronic pain disorders, is rarely studied due to its difficult
implementation, and likely activates different neural systems when compared to phasic pain
[48,305,707].
A valid, predictive, preclinical pain model for use in neuroimaging studies could not only reduce
the costs of pharmaceutical and device clinical trials by enhancing the data gathered from firstin-man studies, but also further development of new leads in already effective therapies. A recent
comprehensive analysis by Lotsch and colleagues determined that four preclinical human pain
models were most likely to predict efficacy in relevant clinical settings including chemical
hyperalgesia combined with punctate pressure, UVB-induced hyperalgesia combined with
contact heat, UVB-induced hyperalgesia combined with punctate pressure, and chemical pain
induced by exposing the nasal mucosa to gaseous carbon dioxide [617]. Since chemical- (e.g.
capsaicin-) induced hyperalgesia is known to induce central sensitization in primates, which may
be a mechanism of many chronic pain disorders, we decided to adapt this model for resting state
fMRI studies [540,541,929,1071]. While these models have been used in neuroimaging studies
before, their use is not widespread and FC outcomes are rarely explored [433,553,554,593,1043].
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Exposure to the C-HP model typically causes prolonged heat allodynia and pinprick
hyperalgesia, which are mediated by peripheral and central sensitization in primates, including
humans [540,541,929]. In healthy subjects this combination of peripheral and central
sensitization mimics several of the key aspects of symptoms found most bothersome to
neuropathic pain patients, while being driven by a similar mechanism: sustained primary afferent
drive [15,54,56,355,393,616,1071]. These facets of capsaicin exposure and their relationship
with chronic pain make it an ideal preclinical human model for testing novel therapies for
chronic pain, especially peripheral neuropathic pain.

Epidural motor cortex stimulation: precursor to non-invasive neuromodulation for pain
alleviation
In neuropathic pain caused by lesion of the central nervous system, which occurs in patients with
central post-stroke pain (CPSP), medications including morphine and pregabalin frequently have
limited or no effect on the patient’s pain [494,502,931]. Frequently, neurosurgical interventions
such as neural ablations and deep brain stimulation are the only remaining effective treatment
choices [710,998]. In the early 1990s, Tsubokawa and colleagues pioneered epidural motor
cortex stimulation (EMCS) for treatment of CPSP, and 9 of 12 patients experienced
astonishingly positive long term pain relief from this invasive therapy [995]. EMCS is an
invasive form of motor cortex neuromodulation, which requires neurosurgical implantation and
leads to 40% to 50% pain amelioration in 45% of treated patients at one-year follow-up [304].
Since 1991 more than 700 individual patients have been reported in 91 total reports
(Supplemental Table 1-11). Supplemental table 1-11 provides most of the details of these 91
reports. The table begins in the first column by listing the study and the year and whether the
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patients in the study were reported in other studies. This was confirmed either by the study
authors own reporting or the matching of a patient’s age, gender, and diagnosis across studies.
Columns two and three list the number of patients in the study, by diagnosis where possible, and
the stimulation parameters used for chronic EMCS when reported by the study. Column four
gives the average and range of the follow-up period for the patients in the study. Follow-up
periods ranged, across studies, from six weeks to up to 16 years.
Column five reports the study’s definition for treatment responder. Of the 91 studies, 68 reported
a definition for responder status. The definition of a treatment responder range from ≥30% pain
reduction to ≥60% pain reduction. Fifty percent of studies used a criteria for treatment response
of ≥50%, followed by 32% of studies using ≥40% pain reduction, 15% of studies using ≥60%,
and less than 3% using ≥30% pain reduction (Supplemental Table 1-11). Of the studies that
reported responders and non-responders to EMCS pain treatment, and which did not share
patients between studies, 57.6% of patients, or 387 of 671 patients, were listed as responders
(Supplemental Table 1-11). While early reports of pain alleviation by EMCS generally lacked
periods of double blind testing, where the intracranial stimulator would be turned off or on by
random determination, several later studies included double-blind test periods
[254,564,722,809]. Of the four studies reporting double-blind testing, three showed generally
positive pain ameliorating effects.
Column seven reports the details of peri- or post-operative complications and adverse events. Of
the 91 reviewed studies, 42 studies, or 46% reported complications or adverse events (see
Supplemental Table 1-11 for details). By far the most common of these were seizures induced
during stimulation dose titration. Any additional notes that make the study exceptional, such as
double-blind testing periods or accompanying neuroimaging studies are also listed in this
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column. Some studies reported that EMCS improved the motor symptoms experienced by some
of the chronic pain patients treated [729,996,1081]. Short-term pain reduction produced by
excitatory, high frequency M1 repetitive transcranial magnetic stimulation (rTMS) correlates
with and predicts the clinical success of EMCS, suggesting these interventions may have similar
mechanisms [18,418].
In an attempt to translate the pain alleviating effects of invasive EMCS to a wider patient
population by using noninvasive techniques known to enhance M1 excitability, randomized
controlled trials (RCTs) of both high frequency repetitive TMS (rTMS) and anodal tDCS were
found to alleviate neuropathic pain [24,309,451,485,565,581,724]. A recent RCT comparing
high frequency M1 rTMS to M1 anodal tDCS, and each to their own sham, found active rTMS
superior to sham and active tDCS, but importantly found analgesic effects of M1 rTMS
correlated positively to those of active tDCS, suggesting a common mechanism of both M1
neuromodulatory stimulations [34]. This suggests we can investigate the mechanisms of pain
alleviation by M1 neuromodulation using tDCS. It is important to note that while typical courses
of treatment with tDCS only reach levels of analgesia of clinical significance after at least 3 20
minute once-daily sessions, temporary pain alleviation from EMCS and rTMS occurs after 10 to
20 minutes of stimulation, and these early effects predict clinical success [304,309,567,996]. We
discuss studies using non-invasive neuromodulation methods for both treatment of chronic pain
syndromes as well as studies demonstrating alteration in the perception of pain by non-invasive
neuromodulation in healthy subjects next.
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Non-invasive Brain Stimulation: Effect of M1-targeted rTMS on pain sensitivity in healthy
subjects
Transcranial magnetic stimulation (TMS) is a way of noninvasively inducing neurons in the
cortical surface to fire. The most accessible way to measure the effects of TMS is to stimulate
neurons in the motor cortex to induce corticospinal tract neurons to produce muscle twitches,
which are measured using EMG [385]. These measurements are called motor evoked potentials
(MEPs). A TMS coil induces neuronal firing non-invasively by producing a brief (on the order of
100 µs) change in the electromagnetic field in the coil of about several Teslas through the
discharge of a high voltage capacitor [385,561]. This rapid change in magnetic field induces a
current in the neuronal elements adjacent to the magnetic field through electromagnetic induction
[385]. Since maximal current induction occurs circumferentially to the original round coils,
figure of 8 shaped coils were subsequently developed, which concentrate current induction at the
intersection of circle of the figure of 8 [385,561].
While single pulse TMS is useful for studying neural circuits, especially as they relate to the
motor cortex and production of MEPs, more clinically relevant modifications of neural plasticity
can be produced either with repetitive TMS (rTMS) of low frequency (1 Hz), high frequency (5
to 20 Hz), or using certain patterned rTMS protocols [385,500,832]. In general, high frequency
rTMS protocols using repeated application of 10 second bursts of 5 to 20 Hz induce NMDAdependent augmentation of motor cortex excitability, measured by MEPs, that lasts for several
minutes up to 1 hour after stimulation, which has been likened to induction of LTP
[500,688,832]. Conversely, low frequency rTMS protocols deliver 1 Hz stimulation
continuously, typically for several minutes, and induce suppression of MEPs, which lasts several
minutes up to an hour past the end of the stimulation time, similar in character to LTD
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[385,500,561]. Patterned rTMS protocols were developed because there is typically large
variability in the plasticity effects of traditional low and high frequency rTMS protocols [832].
Originally modeled after LTP and LTD protocols used in vivo in the hippocampal slice model of
neuroplasticity, intermittent theta burst stimulation (iTBS) and continuous theta burst stimulation
(cTBS), produce more stable effects on motor cortex plasticity [429,966]. In iTBS, a train of
three pulses at 50 Hz is delivered at 5 Hz over 2 seconds, and this pattern is repeated with an
interstimulus interval of 10 seconds, typically for 20 cycles [429,966]. This patterned rTMS
protocol induces augmentation of motor cortex excitability resembling LTP [429,966]. On the
other hand, in cTBS, a train of three pulses at 50 Hz is delivered at 5 Hz continuously, typically
for 40 seconds [429,966]. cTBS induces suppression of motor cortex excitability resembling
LTD [429,966]. Despite largely reliable inter-subject results, all four of these protocols have
variable effects that correlate, for example, with the history of cortical plasticity and underlying
genetic factors [832,966]. While other protocols have been developed for modulation of
neuroplasticity, we will not review these methods since they have not been used in the treatment
of chronic pain or in experiments to test their effects on the sensory components of pain in
healthy subjects (Supplemental Tables 1-12 and 1-13) [561,562].
The effects of rTMS of M1 with various protocols have been reported in 21 published studies
since 2004 (Supplemental Table 1-12). In general these studies have been on small numbers of
subjects with most studies analyzing data from 10 to 20 subjects in the active stimulation arms
(Supplemental Table 1-12). Additionally, many of these studies have study quality issues such as
the use of inappropriate statistical methods, such as using simple RM-ANOVAs or paired t-tests
which require data to be normally distributed and to have equal variance among treatment
groups, where such assumptions are violated [504,542,689,706,743,796,964,972,973]. Another
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important study quality issue across these studies is the choice of sham method. Among the 21
studies, nine different sham strategies were employed including using occipital cortex as sham
and angling of the coil at a 45° angle or away from the scalp or using an identical stimulation
protocol, but at a lower power output [214,356,504,743]. The issue of a valid sham remains an
unsettled issue in rTMS studies since their use in randomized controlled trials [561]. While
angling of the coil was used for many years early on, it was shown that this strategy still induces
a magnetic field in the brain and does not successfully mimic the sensations of real stimulation
[561,602]. Additionally, while sham coils are auditorily and visually ideal, they do not produce
the same scalp sensations as verum stimulation [561]. Currently the best solution available is
sham coils connected to electrodes that stimulate the scalp and produce similar sensations that
are present in real rTMS [108,561]. However, in the group of 21 studies measuring the effects of
rTMS of the motor cortex on pain perception in healthy subjects, only 8 used a sham coil as a
sham procedure and only one combined the use of a sham coil with electrical stimulation of the
scalp (Supplemental Table 1-12) [100]. For studies studying pain perception, it should be noted
that rTMS is mildly to moderately painful, and while some authors note this, this potential
difference in presence or absence of pain in triggering descending pain inhibitory systems is
rarely, if ever, discussed in reports of rTMS effects on pain perception [108,561]. Additionally,
without a computer programmable sham system that uses identical coils, where for example the
administrator switches between identical coil A and coil B, double-blind randomized controlled
trials are not possible.
In addition to small numbers of subjects in studies, the use of statistical methods that inflate type
1 and 2 error rates, and unreliable sham controls, most studies are exploratory in nature in that
replication is the exception rather than the rule. The most robust finding to date is that excitatory
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M1 rTMS significantly reduces sensitivity to cold pain reflected in a significant reduction in cold
pain thresholds reported in six studies from more than three different research groups
(Supplemental Table 1-12) [100,192,193,689,709,964]. Of this group of 21 studies, six studies
that assessed various measures of pain sensitivity and sensibility, four of those using 10 Hz or 20
Hz excitatory protocols, found no significant effects of M1 rTMS (Supplemental Table 1-12)
[115,357,504,542,706,1011]. Additionally, the inhibitory protocol of cTBS was found to reduce
suprathreshold laser pain, in addition to cold pain thresholds [214,796]. Furthermore, tonic heat
allodynia produced by topical capsaicin and ongoing pain induced by capsaicin injection was
significantly reduced by 1 and 10 Hz M1 rTMS [852,973].
Overall, excitatory rTMS protocols, as well as the inhibitory cTBS protocol, targeting M1 have
produced significant reductions in pain sensitivity and sensibility, especially to cold pain.
However, many of these studies suffer from methodological and statistical limitations that
necessitate replication studies before many of the more exploratory findings are confirmed.

Non-invasive Brain Stimulation: Analysis of the analgesic effect of M1-targeted rTMS in chronic
pain patients
Since Lefaucheur and colleagues first reported analgesic effects of M1 rTMS in patients with
neuropathic pain in hopes of using rTMS as a tool to predict efficacy of EMCS, 57 reports have
been published by several research groups investigating the potential analgesic effects of M1
rTMS [565]. Of these 57 studies, 20 reported on the effects of M1 rTMS in chronic pain patients
with neuropathic pain of mixed etiologies including both central and peripheral neuropathic pain,
12 studies exclusively reported effects of M1 rTMS in central neuropathic pain, and 12 studies
exclusively reported effects of M1 rTMS in peripheral neuropathic pain (Supplemental Table 1-
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13). The balance of 13 studies reported M1 rTMS effects on diverse etiologies of chronic pain
including migraine headache (4), fibromyalgia (4), chronic low back pain (2), myofascial pain
syndrome (2), posttraumatic headache (1), and inflammatory bowel syndrome (1) (Supplemental
Table 1-13).
The most frequently investigated M1 rTMS are the traditional protocols that generally increase
cortical excitability at M1. Specifically, 10 studies used 5 Hz rTMS, 33 studies used 10 Hz
rTMS, and 12 studies used 20 Hz rTMS, with several studies employing both excitatory and
inhibitory protocols (Supplementary Table 1-13). As with M1 rTMS studies in healthy subjects,
a variety of sham methodologies were taken advantage of in this population of studies. Fifteen of
the 57 studies used a real coil turned at a 45° or 180° angle compared to during real treatment,
while 11 studies reported using no sham whatsoever (Supplemental Table 1-13). By far the
plurality of sham method used, in 22 of 57 studies, were various sham coil devices, however
only two of these studies reported combining a sham coil with electrical stimulation of the scalp
(Supplemental Table 1-13) [419,572]. While inappropriate statistical methods were not as
common in M1 rTMS studies in patient populations as they were in healthy subject studies, 13 of
57 studies reported either inconsistent or inappropriate statistical methods for the study design
used or data collected [11,19,150,151,458,465,503,656,785,841,855,917,920,986].
A recent evidence-based guideline was published by a European commission headed by J. P.
Lefaucheur which reviewed clinical rTMS studies for several chronic disorders including chronic
pain disorders, movement disorders, stroke, epilepsy, tinnitus, depression and anxiety disorders
[561]. Their general conclusions regarding M1 rTMS for pain alleviation of neuropathic pain
have not been much changed by recently reported studies (Supplemental Table 1-13) [561].
Their general conclusions included an absence of efficacy of low frequency rTMS protocols in
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all chronic pain disorders studied, and significant efficacy of high frequency, excitatory, rTMS
protocols in neuropathic pain and perhaps in some other chronic pain disorders studied [561].
Specifically, they found evidence that low frequency M1 rTMS contralateral to the side of pain is
probably ineffective in neuropathic pain, evidence that there is a definite analgesic effect of high
frequency M1 rTMS contralateral to the side of pain in neuropathic pain, and that there is a
possible analgesic effect of M1 rTMS contralateral to the affected side in CRPS [561]. This
guideline did not find enough high quality evidence to make any further evidence-based
recommendations [561]. In particular, they found a lack of high quality evidence in nonneuropathic pain syndromes.
Following similar criteria for study classification of evidence as this guideline, an additional
seven studies in non-neuropathic pain syndromes were published since the publication of this set
of guidelines (Supplementary Table 1-13) [561,562]. Two high quality studies of the analgesic
effects of 10 once-daily high frequency rTMS session delivered over two weeks in fibromyalgia
found contrasting results with one study finding it significantly reduced pain and the other
finding no effect [114,759]. However, in a similar disorder, myofascial pain syndrome, two high
quality studies found significant analgesic effects of a series of 10 daily high frequency (10 Hz)
M1 rTMS sessions over two weeks [218,661]. Two recently published high quality studies on the
effects of a series of three sessions of high frequency rTMS delivered over a week (every other
day) from the same group found significant analgesic effects in migraine headache [679,680].
Finally, a single high quality study of high frequency rTMS in inflammatory bowel syndrome
found no significant difference of treatment between sham and verum groups [664]. Overall,
there appears to be growing high quality evidence of the analgesic effect of high frequency
rTMS for widespread functional musculoskeletal pain disorders such as myofascial pain
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syndrome and fibromyalgia, as well as promising evidence of analgesia in migraine
(Supplementary Table 1-13) [561,562].

Non-invasive Brain Stimulation: Effect of DLPFC-targeted rTMS on pain sensitivity in healthy
subjects
High frequency rTMS of the left DLPFC is approved by the US Food and Drug Administration
for the treatment of depression, and in fact a recent study in patients with depression found that
those depressives with widespread pain found rTMS of left DLPFC analgesic [38,343,344]. In
the past decade thirteen studies have investigated the effects of left of right DLPFC targeted,
generally high frequency rTMS (aside: one study investigated 1 Hz rTMS and found low quality
evidence for an increase in cold pain tolerance) on pain perception in healthy subjects
(Supplemental Table 1-12) [357]. All but one study reported the effects of high frequency
stimulation, while nine of 13 studies used 10 Hz rTMS to the DLPFC (Supplemental Table 112). Of these 13 studies, nine were of moderate to high quality having used adequate sham
methods, ≥10 subjects in the active arm and appropriate statistical methods (Supplemental Table
1-12) [107,192,193,652,709,852,976,977,1011]. Interestingly, both right and left high frequency
rTMS of DLPFC appear to reduce sensitivity and sensibility to thermal pain in healthy subjects,
particularly cold pain sensitivity. However, this is largely due to the fact that only two research
groups have reported multiple studies evaluating the effects of DLPFC rTMS in healthy subjects.
One group have consistently shown evidence that high frequency rTMS of right DLPFC reduces
sensitivity to cold through reduction of CPT and has shown evidence that this effect is dependent
upon activation of NMDA receptors, but not on opioid receptors [192,193,709]. The other
research group has shown evidence that high frequency rTMS of left DLPFC reduces sensitivity
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to heat through an increase in HPT and suppression of pain induced by exposure to capsaicin and
that this effect appears to be dependent upon activation of opioid receptors [107,976,977].
Demonstrating the need for confirmatory replication in other labs, the effect of high frequency LDLPFC rTMS on sensibility to heat allodynia induced by capsaicin was unable to be replicated
in a more recent study [852]. Overall there is solid preliminary evidence that high frequency
rTMS of both left and right DLPFC reduce sensitivity and sensibility to thermal pain, through
apparently divergent mechanisms [192,193,976,977].

Non-invasive Brain Stimulation: Analysis of the analgesic effect of DLPFC-targeted rTMS in
chronic pain patients and acute post-operative pain
Studies of DLFPC rTMS have been conducted in chronic pain patients as well. However, in
contrast to studies in healthy subjects all high frequency rTMS studies have targeted left DLPFC,
while all low frequency rTMS studies have targeted right DLPFC (Supplemental Table 1-13). Of
the 17 studies targeting right or left DLPFC, nine studies used a sham or blocked coil, while four
of these studies combined this with electrical stimulation of the scalp (Supplemental Table 1-13)
[39,102,104,106,109,713,742,922,1005]. Four of the DLPFC rTMS studies targeted right
DLPFC and applied low frequency rTMS, however all of these studies were of relatively low
quality (Supplemental Table 1-13) [153,556,867,868]. In contrast, 11 of the 13 studies targeting
left DLPFC with high frequency rTMS were of moderate to high quality (Supplemental Table 113) [562]. Three studies from the same group investigated high frequency DLPFC rTMS to
reduce patient-controlled analgesia (PCA) used after gastric bypass surgery. While the first two
studies found that treatment reduced use of PCA, the most recent study, with the largest number
of subjects, found no effect of DLFPC rTMS on PCA use [102,104,109]. Two additional high
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quality studies found analgesic effects of high frequency rTMS of the left DLPFC, one in
patients with central poststroke pain and the other in patients with fibromyalgia [742,922].
Overall there is limited, but promising evidence of the analgesic effects of high frequency rTMS
of the left DLPFC in both neuropathic and non-neuropathic chronic pain syndromes.

Non-invasive Brain Stimulation: Effect of rTMS of other cortical targets on pain sensitivity in
healthy subjects
While most studies using non-invasive rTMS target either M1 or DLPFC, five studies of noninvasive neuromodulation using rTMS targeted other sites including right posterior insula, dorsal
MPFC, left S1 and the cerebellum (Supplemental Table 1-12) [191,795,1002,1088,1121].
However, only three of the five studies were of moderate quality. Poreisz and colleagues targeted
left S1 with three different kinds of TBS and found no differential effect of stimulation on
suprathreshold laser pain compared to sham, but stimulation of S1 did reduce the amplitude of
the resulting laser evoked potentials [795]. Tzabazis and colleagues, using a special H-coil,
designed to penetrate to deeper cortical depths, targeted the dorsal anterior cingulate cortex with
1 Hz rTMS [1002]. This stimulation protocol reduced the thermal allodynia provoked by
capsaicin sensitization to a greater extent than did sham stimulation with the H-coil [1002].
Finally, Uglem and colleagues targeted left or right second somatosensory cortex (S2) with high
frequency rTMS, which reduced subjects’ sensitivity to cold pain on the face and heat pain on
the hand, as well as reducing subjects’ sensibility to suprathreshold heat pain both on the face
and hand [1004]. This effect was significant compared to sham but it made no significant
difference if right of left S2 was stimulated [1004]. These studies show the promise of noninvasive cortical neurostimulation in the modification of pain processing, but require further
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replication in larger sample sizes. Further, these results show the potential of non-invasive
neurostimulation to probe the cortical neural mechanisms of pain processing.

Non-invasive Brain Stimulation: Analysis of the analgesic effect of rTMS of other cortical targets
in chronic pain patients
In chronic pain patients the effects of cortical stimulation of targets alternate to M1 and DLPFC
were evaluated in nine reports (Supplementary Table 1-13). Four of these studies reported high
quality evidence supporting the analgesic effects of cortical neurostimulation, including the
second somatosensory cortex, visual cortex, vertex and dorsal ACC [595,601,979,1002]. The
largest study, which led to FDA approval of the device for migraine prophylaxis, evaluated the
effects of single pulse TMS to the visual cortex [601]. Another study, in a much smaller group of
migraine patients showed supporting evidence of 1 Hz rTMS to the vertex for the treatment of
chronic migraine [979]. Tzabazis and colleagues applied H-coil rTMS targeting the dorsal ACC
and found superior analgesic effects in fibromyalgia patients when compared to sham stimulation
[1002]. Finally, since S2 plays a prominent role in pain processing, Lindholm and colleagues
found that active high frequency S2 rTMS was superior to both M1/S1 stimulation and sham
stimulation in alleviating neuropathic orofacial pain [595]. Future exploratory studies should
seek to develop these novel cortical targets in order to optimize neurostimulation for long-term
analgesia and larger studies need to replicate these results in order to confirm the analgesic
action of non-invasive cortical neurostimulation.
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Non-invasive Brain Stimulation: Effect of M1-targeted tDCS on pain sensitivity in healthy
subjects
The exposure of neural tissue to electric fields set up by direct currents (DC) has been known to
produce long-term changes in the activity of neurons subjected to them for more than 50 years
[76,77,806,807]. The rediscovery of the potential clinical applications of this technique had to
await the development of an objective way of measuring the effects of neuroplasticity in humans,
namely development of the TMS coil to evoke MEPs [724,803]. When the human brain or any
neural element is exposed to a DC field, the area under the anodal electrode experiences a
depolarization of the resting membrane potential and endogenous neural activity is increased in
rate, ultimately augmenting the baseline excitability of that population of neurons [442,1070].
Under the cathodal electrode, the neural population experiences a hyperpolarization of the
resting membrane potential and endogenous neural activity is decreased in rate, ultimately
suppressing the baseline excitability of that population of neurons [442,1070]. This dichotomy of
neuromodulatory responses is oversimplified for many reasons, including the variability of the
geometry of in vivo neuronal elements such as axons, dendrites and cell bodies as well as the
effects of past plasticity-inducing events [442,832]. However, for our purposes the dichotomy of
anodal tDCS enhancing cortical excitability and cathodal tDCS suppressing cortical excitability
remains useful [724,1070]. A modification of tDCS, using multiple electrodes in specific
geometric configurations to improve the targeting of current flow, called high density tDCS
(HD-tDCS), has enhanced the ability to control and focus current flow within the brain
[99,1070].
Motor cortex directed tDCS with either the anode or cathode electrode over M1 to modify pain
perception in healthy subjects has been studied since 2008 in 22 studies (Supplemental Table 1-
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12). Using criteria for device studies, 17 of 22 studies were of moderate to high quality
(Supplemental Table 1-12) [562]. Of these 17 studies, three studies investigating both anodal and
cathodal tDCS, two studies investigating anodal tDCS, and two studies investigating cathodal
tDCS found no effect of up to 20 minutes of stimulation ranging from 0.3 mA to 2.0 mA on
sensitivity and sensibility of painful stimuli (Supplemental Table 1-12)
[390,438,463,926,1015,1018,1098]. Using both traditional and high density (HD) anodal tDCS,
five studies have found reduced sensitivity to pressure pain, electrical pain and cold pain in
response to stimulation that was superior to sham stimulation [92,246,297,298,829].
Additionally, HD anodal and traditional anodal tDCS have been shown to suppress
suprathreshold cold and heat pain, as well as increase cold pain tolerance [29,297,386,1098].
Sham stimulation with tDCS is more effective at blinding both subject and experimenter during
double-blind randomized trials than rTMS [326]. Sham stimulation methods in the present
studies varied considerably, ranging from a current ramp lasting 10 to 60 seconds only at the
beginning of the stimulation session or a sham method with 30 seconds of stimulation both at the
beginning and the end of the stimulation session (Supplemental Table 1-12). In summary, while
cathodal tDCS has no significant effect on pain perception in healthy subjects, sensitivity to
pressure pain as well as thermal pain are suppressed by anodal tDCS when compared to sham
stimulation (Supplemental Table 1-12).

Non-invasive Brain Stimulation: Analysis of the analgesic effect of M1-targeted tDCS in chronic
pain patients
Since 2006, 52 studies have investigated the effects of M1 tDCS in chronic pain patients with
various etiologies of chronic pain (Supplemental Table 1-13). In the recently published guideline
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commissioned by the European Chapter of the International Federation of Clinical
Neurophysiology, the expert panel found enough supporting evidence to make a guideline
recommendation for M1 anodal tDCS for neuropathic pain secondary to spinal cord injury and
for fibromyalgia [562]. M1 anodal tDCS for neuropathic pain secondary to spinal cord injury, the
expert commission found, is possibly effective [562]. Further, the expert commission found
sufficient evidence to support that M1 anodal tDCS is probably effective for treating pain in
fibromyalgia [562]. Of the 52 studies published to date, 26 studies were of high quality and 13
studies were of moderate quality, and all of these studies used anodal M1 tDCS furthering the
popularity of excitatory motor cortex neuromodulation for treating chronic pain (Supplemental
Table 1-13) [562]. In the case of anodal M1 tDCS for pain alleviation in fibromyalgia, five
moderate to high quality studies found an analgesic effect of at least five once-daily sessions of 1
or 2 mA delivered for 20 minutes when compared to sham stimulation, while one high quality
study found no pain alleviating effect of 10 consecutive once-daily 20 minutes sessions of 2 mA
stimulation (Supplemental Table 1-13) [278,310,444,831,1010,1025]. In the case of myofascial
pain syndrome, one high quality study found a significant additive treatment effect of onceweekly 20 minutes sessions of anodal M1 tDCS, while one moderate quality study found five
once daily sessions ineffective [184,863]. In the case of pain from temporomandibular disorder,
two high quality RCTs found an analgesic effect of five once-daily 20 minute anodal M1 tDCS
sessions whether it was combined with specific exercises or not [244,741]. While one high
quality study failed to find analgesic effects of anodal M1 tDCS in provoked vestibulodynia,
another high quality study found analgesic effects in irritable bowel syndrome [695,1031]. In
patients with chronic low back pain, anodal M1 tDCS failed to have an analgesic effect in two
high quality studies, while an additional two high quality RCTs reported active tDCS was
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superior in analgesic effect to sham stimulation [399,620,622,874]. In one high quality study of
the effects of M1 anodal tDCS in knee osteoarthritis, a superior analgesic effect compared to
sham stimulation was found [4]. Three high quality studies have studied the effects of M1 anodal
tDCS on PCA during postoperative recovery, either from total knee arthroplasty or lumbar spine
surgery, and found pain to be less with active stimulation compared to sham and the total amount
of drug during PCA to be lower in the post-surgery period [103,352,487]. Taking into account
the positive findings of analgesia mediated by anodal M1 tDCS in fibromyalgia, TMD, and IBS,
the mixed findings in CLBP and the positive effects in post-operative pain, there seems to be
strong preliminary evidence to support an analgesic effect superior to sham stimulation in several
chronic pain conditions. However, the evidence is not without limitations, and the size of the
superiority effect over sham stimulation is often less than ten or twenty percent of a patients’
pain burden, which calls into question its clinical relevance as currently employed [562].
There have been 15 studies to investigate the analgesic effects of M1 anodal tDCS in neuropathic
pain (Supplemental Table 1-13). In the case of neuropathic pain secondary to spinal cord injury,
three moderate to high quality studies found an analgesic effect, superior to sham, of at least one
20 minute session of 2 mA M1 tDCS (aside: most treatment studies use at least 5 once-daily
sessions to obtain a prolonged analgesic effect), while three additional moderate to high quality
studies found no significant effect compared to sham stimulation [309,453,717,936,1073,1089].
An additional seven moderate to high quality studies of neuropathic pain in phantom limb pain,
diabetic neuropathy, trigeminal neuralgia, multiple sclerosis and in neuropathic pain patients of
mixed etiology found anodal M1 tDCS to be superior to sham in its analgesic effects
(Supplemental Table 1-13) [24,91,93,94,384,495,694]. One high quality study in neuropathic
radiculopathy found only a trend of an analgesic effect with M1 anodal tDCS, however this trend
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effect correlated positively with the significant analgesic effects of high frequency M1 rTMS
[34]. Further, a single high quality study found no difference between the analgesic effects of
active or sham anodal M1 tDCS in neuropathic pain patients infected with human lymphotric
virus type 1 (HTLV-1) [940]. The evidence for superior analgesic effects of anodal M1 tDCS
compared to sham stimulation in neuropathic pain, particularly of peripheral origin is more
consistent compared to other chronic pain disorders. However, the strongest evidence relies on
one or two moderate to high quality trials and therefore much more work is needed to confirm
the analgesic effects of anodal M1 tDCS in neuropathic pain syndromes.

Non-invasive Brain Stimulation: Effect of DLPFC-targeted tDCS on pain sensitivity in healthy
subjects
Far fewer studies have evaluated the effects of DLPFC tDCS on pain perception in healthy
subjects, with only 8 studies published in the last decade (Supplemental Table 1-12). Four of
these studies were of at least moderate quality (Supplemental Table 1-12) [562]. Two of these
studies that compared left DLPFC tDCS to sham stimulation found that verum stimulation
reduced sensitivity of healthy subjects to electrical pain and heat allodynia after capsaicin
sensitization [92,593]. While an additional moderate quality study found that right DLPFC tDCS
increased subjects’ tolerance to heat pain, this study as well as a study on suprathreshold laser
pain failed to find any significant effects of left DLPFC tDCS [705,1018]. Thus, there is limited
evidence of the effects of tDCS of the DLPFC on pain perception in healthy subjects. Yet the
favorable preliminary results along with the established involvement of DLPFC in descending
pain inhibitory mechanisms and placebo effects invites further research.

73

Non-invasive Brain Stimulation: Analysis of the analgesic effect of DLPFC-targeted tDCS in
chronic pain patients
The use of tDCS of the DLPFC has only been reported studied using left sided stimulation, and
the eight studies are all of moderate to high quality (Supplemental Table 1-13) [562]. Three of
these studies assessed the effects of left DLPFC tDCS in fibromyalgia, one of which found that
verum stimulation reduced pain sensitivity and increased heat pain tolerance, while only one of
the other two studies found significant analgesic effects of stimulation on disease-related pain
[310,925,1010]. Another RCT evaluating the effects of left DLPFC tDCS in myofascial pain
syndrome found superior effects of active left DLPFC stimulation compared to sham or anodal
stimulation of M1 [184]. While one study of post-operative pain and PCA usage found superior
effects in left DLPFC tDCS compared to sham stimulation, another study in patients recovering
from lumbar spine surgery found no significant difference between verum DLPFC and sham
stimulation [105,257]. More research of the effects of targeting left DLPFC with non-invasive
neuromodulation are warranted to determine the efficacy of active stimulation.

Non-invasive Brain Stimulation: Effect of tDCS of other cortical targets on pain sensitivity in
healthy subjects
Additional studies have evaluated tDCS of other cortical targets such as S1, bilateral parietal
operculum, dorsal medial prefrontal cortex and cerebellum (Supplemental Table 1-12). One
moderate and one high quality study investigated the effects of anodal tDCS of the cerebellum
on pain perception and found that stimulation reduced sensitivity to electrical and laser pain as
well as pain ratings to suprathreshold laser pain [89,765]. One recent high quality study
evaluated the effect of tDCS of bilateral parietal operculum on electrical pain and found no
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significant effects when compared to sham stimulation [518]. Finally, two studies of moderate
quality found no effect of stimulation of the somatosensory cortex on pain perception
[373,1017].

Non-invasive Brain Stimulation: Analysis of the analgesic effect of rTMS of other cortical targets
in chronic pain patients
Stimulation of additional cortical areas with tDCS has been reported as useful in some of the five
moderate to high quality studies investing those targets (Supplemental Table 1-13) [562].
Specifically, cathodal tDCS targeting the visual cortex was found superior to sham stimulation in
migraine headaches [23]. Additionally, two high and one moderate quality study showed that
bilateral tDCS applied over the greater occipital nerve which also overlies the visual cortex
demonstrated superior analgesic effects when compared to sham stimulation in fibromyalgia
[232,783,984]. Finally one moderate quality study found that cathodal tDCS of S1 during burn
injury treatment was efficacious in reducing pain anxiety [420].

Potential mechanisms of primary motor cortex neuromodulation for pain amelioration
M1 neuromodulation may affect multiple levels of the neuraxis to ameliorate pain. Motor cortex
excitability is altered by acute and tonic noxious stimuli, and in chronic pain conditions
including painful diabetic neuropathy and complex regional pain syndrome
[137,259,284,320,890,1000,1008]. This modulation of cortical excitability by tonic or chronic
nociceptive stimulation is remedied by pain alleviating neuromodulation [24,288,567]. Among
M1 neuromodulation’s neurophysiological effects is the modulation of thalamic activity
[496,772,1115]. Studies of EMCS in animal pain models have demonstrated both decreased
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neural activity and decreased BOLD response to EMCS in S1 [183,457]. Additionally, high
frequency, excitatory, M1 rTMS causes reorganization of somatosensory evoked potentials and
reduction in the amplitude of components of painful laser evoked potentials [421,572,986].
Together these findings suggest modulation of S1 excitability by neuroplastic modulation
potentially mediated through corticocortical pathways.
Research during the last two decades has begun to unravel the bidirectional influences between
the function of the motor system and somatosensory system [137,758]. Lasting plasticity in the
primary motor cortex (M1) and S1 cortex (S1) can be evoked by repetitive patterned stimulation
originating from corticocortical fibers arising in the opposite primary cortex (S1 to M1 as well as
M1 to S1) both in humans and animal models [213,272,440,472,784,861,982,1023]. Acute
phasic cutaneous pain as well as tonic cutaneous and muscular pain suppresses motor cortex
excitability in healthy subjects [137,181,284,653,814,842,1008]. Motor cortex oscillatory
activity shows enhanced coherence during acute phasic pain, and voluntary movement
preparation suppresses subjective pain intensity and evoked potentials elicited by painful laser
stimuli [551,949,950]. Acute prolonged tonic pain impairs retention of motor training without
impairing performance improvements during acquisition [112]. Interestingly, TMS studies have
shown decreased inhibition in the form of reductions in cortical silent period (CSP) and short
interval intracortical inhibition (SICI), GABAergic mediated measures, in chronic pain
syndromes, particularly neuropathic pain such as complex regional pain syndrome, painful
diabetic neuropathy, and sciatica, but also in fibromyalgia
[270,522,567,674,758,864,890,891,962,1000]. Previous healthy subject studies have shown that
moderate prolonged tonic pain mediated by capsaicin suppresses MEPs, while enhancing SICI
and CSP for the 60 to 80 minute duration of capsaicin mediated pain [181,284,288]. An
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interaction between M1 excitability and pain perception and processing is found both in chronic
pain patients and prolonged tonic pain models in healthy subjects
[24,124,288,567,758,873,890,1008]. In fact, aberrant motor cortex excitability induced either by
a prolonged tonic pain model in healthy subjects or by a chronic pain disorder in patients may be
normalized by analgesic M1 neuromodulation [24,288,567,874]. It is important to note that the
effects of tDCS on motor cortex excitability are sensitive to the placement of the sponge
electrodes on the scalp and montages that target S1 have little or no effect on motor cortex
excitability or pain [724,1014]. Additionally, one study found anodal stimulation of S1 and M1
had opposite effects on the amplitude of somatosensory evoked potentials (SEPs) with S1-anodal
tDCS resulting in increased SEP amplitude and M1-anodal tDCS resulting in reduced SEP
amplitude [1017].

DPM network involvement in motor cortex neuromodulation
A series of elegant studies by Peyron and colleagues found patients with implanted EMCS had
increased brain activity as measured by PET in areas including pgACC, dACC, medial thalamus,
and PAG, which correlated with magnitude of pain alleviation as well as enhanced functional
connectivity between pgACC and PAG after 30 to 45 minutes of MCS [334,772,774]. Further
studies by this group found evidence of enhanced endogenous opioid release in anterior
midcingulate cortex (aMCC) and PAG in response to EMCS, and that prestimulation opioid
receptor availability positively predicted magnitude of pain alleviation [625,626]. This pattern of
responses in the ACC, medial thalamus and PAG has been found by other groups using pain
alleviative EMCS in humans, and replicated in animal models of neuropathic pain
[424,496,529,753,754,858]. Studies in healthy subjects and chronic pain patients have found
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evidence that high frequency rTMS targeting M1 is in part mediated by opioid- and NMDAdependent mechanisms as well as evidence of β-endorphin release [3,192,193]. M1 anodal tDCS
studies in chronic pain patients have discovered neural correlates of pain alleviation including
positive correlations with reduced pain intensity in right medulla and negative correlations with
reduced pain intensity in the bilateral DLPFC as well as reductions of glutamate+glutamine
(GLX) concentration in the ACC that correlated with reductions in pain intensity [299,1089].
Studies of M1 tDCS in healthy subjects have found limited evidence of changes in brain activity
which correlate with metrics of pain sensitivity and experience when comparing active and sham
stimulation [246,438].
Several studies have found enhanced resting BOLD activity in M1 after anodal M1 tDCS
compared to sham: BOLD activity in response to voluntary movement after anodal M1 tDCS is
enhanced compared to sham stimulation [447,535,536,543,756,946,1115]. A recent study found
that after anodal M1 tDCS, BOLD response to tactile stimulation was enhanced in the
contralateral paracentral lobule, M1 (under the electrode), and contralateral DLPFC [1042].
Modulation of motor cortex functional connectivity (FC), the functional coherence in BOLD
signal between brain regions, in response to tDCS has also been widely reported. For example,
after anodal tDCS FC is enhanced between stimulated M1 and the ipsilateral premotor cortex
(PMC), parietal cortex, caudate, thalamus, and SMN as a whole as extracted by independent
components analysis [43,790,791,870,944]. Interestingly, it appears interhemispheric FC
between left and right M1 as well as within the SMN may be disrupted during stimulation, while
the stimulated M1 experiences an increase in eigenvector centrality, denoting its enhanced
connectivity to other highly connected nodes [10,594,894].
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Studies in chronic pain patients have implicated increased activity in the pons, posterior and
medial thalamus, subgenual, perigenual and dorsal ACC, and PAG as well as decreased opioid
binding potential in the midcingulate cortex (MCC) and PAG after EMCS [334,496,626,772].
Studies in patients and healthy controls have found variable neural responses and pain
amelioration effects after excitatory, anodal transcranial direct current stimulation (M1-anodal
tDCS) and excitatory M1 rTMS. Additionally, neurophysiological responses show no consistent
direction of modification among studies, but provide some evidence of effects in pain processing
and modulatory regions including PAG, ACC, somatomotor cortex, anterior and posterior insula,
S2 cortex, dorsal medulla, and basal ganglia structures [246,299,438,737,973,1089]. Related
evidence from rTMS studies targeting DLPFC, which has been shown to reverse the effects of
prolonged tonic pain on motor cortex excitability, demonstrate a naloxone-sensitive effect that
reduces activity in pgACC and PAG [288,976,977].
Animal studies of EMCS have demonstrated naloxone-sensitive anti-nociceptive effects in acute
and chronic pain models [182,183,289,302,493,529,619,753]. Studies in animal pain models
have demonstrated that amelioration of nociception is accompanied by decreases in spontaneous
or evoked neural activity related to nociception in the SDH, pontine reticular formation, PAG,
CM, PF, VPL and posterior nuclei of the thalamus, the somatosensory, and prefrontal cortex
[183,307,457,493,529,753,754,906,997]. Further, anti-nociceptive effects were associated with
increased nociceptive and basal neural activity in the ACC, basolateral and central nuclei of the
amygdala, and PAG [529,753,754]. The profile of neuronal activation by motor cortex
stimulation in rodent studies supports the involvement of descending pain modulatory circuitry,
especially the ACC and PAG as well as modulation of SDH processing of noxious stimuli
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[753,906]. In rodent models, as well as healthy human subjects, the antinociceptive effect of M1
neuromodulation is blocked by naloxone [192,302].

Rationale and framework for the current study
Given the positive evidence of the therapeutic effect of motor cortex neuromodulation,
particularly for neuropathic pain syndromes, we proposed non-invasive neuromodulation of M1
using tDCS would alleviate particularly those aspects of the capsaicin-heat pain sensitization
model related to secondary hyperalgesia. Furthermore, given the evidence that EMCS in both
animal models and human patients engages the DPM network, we proposed a mechanism of
alleviation of pain by tDCS which acts via enhanced activation of nodes of the DPM, particularly
the pgACC and PAG. This leads us to our specific aims and predictions for the present research
studies.
Aim 1 – Determine the effects of anodal, cathodal and sham M1 tDCS on measures of pain as
well as primary and secondary hyperalgesia in healthy subjects in response to capsaicin-heat
sensitization.
Our use of the capsaicin-heat pain model induces a prolonged acute pain secondary to heat
allodynia arising from capsaicin exposure. Additionally, subjects included in these studies
developed secondary mechanical hyperalgesia manifesting as a discreet area of hypersensitivity
to noxious punctate mechanical stimuli. This allows us, in human subjects, to differentiate
between the effects of motor cortex directed tDCS on primary afferent sensitization and
sensitization driven by hyperresponsivity in spinal dorsal horn cells, generally known as central
sensitization. We predict that excitatory, anodal motor cortex tDCS will reduce sensory measures
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in the zone of secondary hyperalgesia, but have no effect on measures of primary hyperalgesia.
The randomized controlled trial testing this prediction is described in chapter 2.
Aim 2 – Determine the effects of anodal, cathodal and sham M1 tDCS on mechanical pain
evoked BOLD responses after induction of mechanical hyperalgesia by capsaicin-heat
sensitization.
After induction of secondary hyperalgesia, painful mechanical stimulation in the zone of
hyperalgesia will induce greater BOLD responses in brain regions within the DPM network
when compared to BOLD responses before induction of sensitization. We further predict pain
reduction from M1 neuromodulation will be associated with enhanced mechanical pain evoked
responses in the DPM network. Specifically, we predict greater responses in the dACC, pgACC,
and PAG to noxious mechanical stimuli in hyperalgesia areas after anodal tDCS compared to
cathodal or sham tDCS. Further we predict that the magnitude of reduction in mechanical pain
in regions of hyperalgesia during anodal tDCS will correlate with the magnitude of increased
mechanical pain evoked BOLD responses in the DPM network after anodal tDCS compares to
cathodal or sham tDCS. The randomized controlled fMRI trial testing these predictions is
described in chapter 3.
Aim 3 – Determine the BOLD functional connectivity of the DPM network during control and
capsaicin pain states.
Induction of primary afferent and central sensitization during exposure to the capsaicin-heat pain
model will increase coactivation of the descending pain modulatory (DPM) network, which will
lead to a disruption of BOLD functional connectivity within the DPM network. This network
will be anchored by the pgACC and PAG. This is based on the effects of chronic pain and other
sustained pain states on network functional connectivity. We predict the acute pain state will
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disrupt seed-driven functional connectivity of the PAG, pgACC, and dACC. We predict greater
disruption of functional connectivity of nodes of the DPM network during more intense pain
states. The set of repeated measures fMRI experiments testing this prediction are described in
chapter 4.
Aim 4 - Determine the effects of anodal, cathodal and sham M1 tDCS on BOLD resting state
functional connectivity during heat allodynia maintained by capsaicin-heat sensitization.
We predict increased functional connectivity within the DPM network after anodal tDCS
compared to cathodal or sham tDCS during capsaicin-mediated heat allodynia. The randomized
controlled fMRI trial testing this prediction is described in chapter 5.
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Chapter 2: Anodal motor cortex transcranial direct current stimulation selectively reduces
psychophysical measures of central sensitization1
Abstract:
Studies have demonstrated pain-alleviating effects of motor cortex (M1) stimulation for several
chronic pain disorders, particularly neuropathic pain and syndromes involving central
sensitization. Central sensitization is an important factor in neuropathic pain, which manifests
clinically as hyperalgesia and allodynia beyond any apparent injury. Given this clinical evidence,
we predicted M1 transcranial direct current stimulation (tDCS) would mitigate central
sensitization as measured by indices of secondary hyperalgesia, with little or no effect on the
perception of primary hyperalgesia. Given evidence of clinical effects after at least two oncedaily treatment sessions and effects on motor cortex excitability within 5 minutes of stimulation,
we expected effects of M1 tDCS would manifest after one 20 minutes session in healthy
subjects. We used a capsaicin-heat pain model to elicit heat allodynia and secondary mechanical
hyperalgesia in 25 subjects. In an assessor and subject blind randomized sham-controlled trial,
we found anodal M1 tDCS marginally, but significantly decreased the intensity of pinprick
hyperalgesia more than cathodal or sham tDCS. Additionally, we found anodal tDCS specifically
associated with a marginally greater and more rapid decrease in the area of secondary
hyperalgesia than cathodal tDCS. While the magnitude of the change in secondary hyperalgesia

1 Timothy J. Meeker, Michael L. Keaser, and Joel D. Greenspan. In preparation for submission
to Journal of Pain.
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area was greater after anodal treatment than sham treatment, this difference was not statistically
significant. In contrast, we found no difference between anodal, cathodal or sham tDCS on pain
ratings during the capsaicin-heat pain model or on pain ratings referred to the site of application
after capsaicin removal. These findings confirmed our predictions and support the hypothesis
that M1-targeted neuromodulation diminishes central sensitization reducing neuropathic-like
pain. We discuss potential mechanisms of pain alleviation by M1 neuromodulation.

Introduction
Several studies have found stimulation of the primary motor cortex (M1) to ameliorate chronic
pain. Pain mitigating neuromodulatory methods reported to include epidural motor cortex
stimulation (EMCS), repetitive transcranial magnetic stimulation (rTMS) and transcranial direct
current stimulation (tDCS) [309,565,996]. Most successful clinical trials of M1 neuromodulation
have involved neuropathic pain patients [304,581,733]. This led us to evaluate the efficacy of
M1 tDCS on the sensory symptoms evoked by the capsaicin-heat pain (C-HP) model, which
mimics neuropathic pain by eliciting peripheral and central sensitization [15,768]. Clinical
effects of pain alleviation typically require at least two consecutive once-daily sessions of M1
tDCS to manifest, but we expected the initial effects of pain alleviation to occur after one session
of 20 minutes duration when altering pain perception of a pain model in otherwise healthy
subjects. Especially since motor cortex excitability is altered after less than five minutes of 1 mA
M1 tDCS [724,803]. The C-HP model results in thermal allodynia (via peripheral sensitization)
and mechanical hyperalgesia and allodynia (via central sensitization) [15,145]. We predicted
anodal tDCS would reduce the perceptual correlates of central sensitization to a greater extent
than cathodal or sham tDCS, while having a lesser effect on measures of peripheral sensitization.
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Exposure to capsaicin causes primary heat allodynia by sensitizing peripheral nociceptors,
primarily C-fiber afferents [541,880]. Importantly, the response characteristics in C-fibers
exposed to capsaicin are similar to those observed in neuropathic pain patients
[195,499,745,911].
Neuropathic pain patients often report mechanical hyperalgesia and allodynia, and report these
symptoms as their most troubling [54]. Mechanical hyperalgesia and allodynia can be maintained
by sensitization of second-order spinal dorsal horn neurons (central sensitization) [54,929,1071].
Several chronic pain conditions demonstrate evidence of central sensitization [287].
Electrophysiological and psychophysical evidence suggests central sensitization is maintained by
primary afferent sensitization in peripheral neuropathic pain patients, as it is in the C-HP model
[355,393].
Several studies have used capsaicin pain models to investigate novel and validated analgesics. A
recent meta-analysis found capsaicin pain models have the highest predictive ability of any of the
34 pain models evaluated [617]. For example, opiates reduce spontaneous pain from ID
capsaicin injection, heat allodynia and areas of mechanical hyperalgesia and allodynia [757,766].
Evaluations of neuromodulatory procedures for pain alleviation reported success with capsaicin
pain models in both M1- and DLPFC-directed rTMS, and DLPFC-directed tDCS
[288,593,973,976]. The success of capsaicin pain models in the evaluation of analgesics coupled
with the ability to determine psychophysical outcomes related to both central and peripheral
sensitization strongly supports the use of the model to test our predictions [617].
To evaluate the efficacy of M1 tDCS on the C-HP model we measured pain to thermal allodynia
during exposure to the model, the area and intensity of pinprick hyperalgesia, and the intensity of
pain after removal of the capsaicin. We report that area and intensity of pinprick hyperalgesia are
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reduced by anodal M1 tDCS compared to cathodal or sham stimulation. While the magnitude of
the effect was similar for anodal compared to cathodal and to sham stimulation, the effect on
area comparing anodal to sham treatment was not significant since this treatment demonstrated
twice the variability of verum treatments. However, there was no significant difference in the
effect of either anodal or cathodal tDCS on pain during the C-HP model or on pain after
capsaicin removal compared to sham. These results are consistent with our prediction and
suggest anodal M1 tDCS has a specific effect on central sensitization caused by the C-HP model.

Methods
Overview
At each of four sessions, we provoked a prolonged pain on healthy subjects by applying ten
percent capsaicin cream on one leg and placing a warm, but normally innocuous, thermode on
top of the capsaicin application site (C-HP model). We conducted a screening session since not
all subjects developed sufficient heat allodynia and mechanical hyperalgesia to the capsaicin heat
pain model [606]. After the subject was found eligible during the screening session, we
conducted three experimental sessions where we applied transcranial direct current stimulation
(tDCS) targeting the motor cortex contralateral to the stimulated leg. We applied tDCS in the
anodal and cathodal arrangements as well as a sham stimulation protocol in an assessor-and
subject-blinded crossover manner to each subject in a counterbalanced order. Once subjects were
deemed eligible and willing to participate in the study, the one unblinded study assistant assigned
them to receive a predetermined counter-balanced order of stimulation sessions, based on their
order-of-enrollment. During each experimental session we assessed pain intensity (thermal
allodynia) during tDCS, and subsequently measured extent and intensity of pinprick hyperalgesia
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as well as any residual pain up to 65 minutes after tDCS. We also used validated questionnaires
to assess the perceptual impact of the C-HP model. After stimulation, we assessed any side
effects experienced during the stimulation using a standardized form [311].
Subject characteristics
We screened 50 healthy subjects (23 males/27 females) to attain subjects that developed thermal
allodynia and static mechanical hyperalgesia, and met all the eligibility criteria (Supplemental
Table 2-1).
We ensured continuing eligibility with a random urine drug screen which detected
tetrahydrocannabinol (THC) in marijuana, cocaine methamphetamine, amphetamines, ecstasy,
heroin, phencyclidine, benzodiazepines, methadone, barbiturates, tricyclic antidepressants or
oxycodone (Devon Medical Products). We allowed subjects who tested positive for THC to
return to be retested 4 weeks later. They would be allowed into the study if they no longer tested
positive for THC at that time. In these cases, we tested the subjects before every session. This
occurred in four male subjects, two of which were re-enrolled after producing negative urine
drug screens.
After accounting for subjects who were ineligible, those who dropped-out, and those for whom
data was confounding, we obtained complete data sets from 22 subjects (14 M/8 F) (see
CONSORT diagram Supplemental Figure 2-1). We included data from an additional 3 subjects
who only completed 2 of the 3 experimental sessions (age range 20-31, mean 25). We obtained
informed consent from all subjects prior to experimentation. The protocol for this study was
approved by the University of Maryland Institutional Review Board for the Protection of Human
Subjects.
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Screening Session Protocol
We measured subjects’ warmth detection thresholds (WDTs) and heat pain thresholds (HPTs)
with a commercially available stimulator (Pathway; Medoc; Ramat Yishai, Israel) using the
method of limits [364]. We placed the 3 by 3 cm contact area stimulator on the subject’s lower
left foreleg while the stimulator was at a baseline temperature of 32 °C. Then, a computercontrolled program increased the temperature at a ramp rate of 0.5 °C/s until the subject pushed a
mouse button. We instructed the subject to push the button when they “felt a change in
temperature” for WDTs or when the warmth “becomes painful” for HPTs. At a single test site,
we repeated this procedure for a total of four trials for both WDTs and HPTs. We took the
average of the last three threshold determinations for each subject for each threshold. We then
measured the subjects’ mechanical pain thresholds (MPTs) using standardized weighted probes
(16, 32, 64, 128, 256 and 512 mN of force) and the Chaplan-Dixon method for 50% threshold
determination starting with the 256 mN probe [176]. We evaluated suprathreshold mechanical
pain ratings by having the subjects rate their pain intensity to four different weighted mechanical
probes (64, 128, 256 and 512 mN of force), which we applied in a counterbalanced manner.
Subjects rated their pain intensity on a numerical rating scale with verbal anchors and numbers
ranging from 0 to 100 by 10’s [367].
Then we induced a safe, sustained painful experience, by treating the lower left foreleg with one
gram of ten percent capsaicin cream confined under a Tegaderm™ bandage [15]. To control the
area of exposure, we applied the cream within a 2.5 by 2.5 cm square cut into another
Tegaderm™ bandage. We placed a thermode over top of the Tegaderm™ bandage at a
temperature of 32 °C. After fifteen minutes of exposure – long enough for the capsaicin cream to
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reach sufficient concentrations at the intraepidermal nerve fiber endings - we ramped the
thermode to a predetermined target temperature and maintained it for 23 minutes [361]. The
target temperature was between the subject’s WDT and HPT. This procedure does not cause
tissue damage [696].

Figure 2-1 Placement of 10 percent capsaicin cream (gray box), and grid for measuring pinprick
hyperalgesia (black dots). Probes were applied along each grid line, starting at the most remote
mark. The zone of hyperalgesia was identified (see methods) and its perimeter was marked by
black line segments across the grid.

During the C-HP exposure, the subjects rated the intensity of their pain on our numerical rating
scale every minute for the entire 35 minute period. We measured the area of secondary pinprick
hyperalgesia with a 128 mN weighted probe by probing from an area from outside the
hyperalgesic zone toward the area of capsaicin exposure in 1 cm increments (Fig. 2-1). When the
subject reported pain at two consecutive points, we marked the first point that caused pain. This
was repeated along each of the eight radial axes. If a subject did not report pain at an individual
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axis we tested that axis again. If after the second probing along that axis there was no pain
reported, we marked the edge of the capsaicin exposure site. We then transferred the marking to
an acetate sheet from the subject’s leg. We connected each mark from axis to axis and scanned
the acetate sheet. We used ImageJ to count the number of pixels within the area of hyperalgesia
and divide that number by the number of pixels contained within a 1 cm2 area. We then
subtracted from this area the area of capsaicin exposure. This resulted in a measure of the area of
secondary hyperalgesia. We measured this area at 15 and 25 minutes after we removed the
capsaicin. Additionally, at 15 and 25 minutes after capsaicin removal, we probed 1 cm outside of
the capsaicin exposure site with calibrated weighted probes (64, 128, 256 and 512 mN of force)
and had the subjects rate their pain intensity on the same 0-100 numerical rating scale. These
ratings were used to calculate the magnitude of mechanical hyperalgesia. Lastly, we had the
subjects rate their pain intensity in absence of stimulation at 15 and 25 minutes after capsaicin
removal. For an overview of events during and after C-HP model exposure during the screening
session see Figure 2-2A.
Experimental Stimulation Sessions
For each subject during the next 3 experimental sessions, we followed a protocol similar to the
screening session. For each session, a study team member (MLK), who was aware of the
balanced order of stimulation, programmed the tDCS stimulator to apply anodal, cathodal or
sham transcranial direct current stimulation (tDCS) in a crossover design. We imposed a
minimum interval of two weeks between each experimental stimulation session to prevent carryover effects of tDCS or the C-HP model.
At the beginning of each session, we assessed the subject’s continuing safety during the
stimulation session by having her or him fill out a safety questionnaire. The questionnaire
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assessed if the subjects had ever had any of the following: tDCS before, an adverse reaction to
tDCS, a seizure, an unexplained loss of consciousness, a stroke, a serious head injury, surgery to
their head, brain-related neurological illness, any illness that may have caused brain damage,
brain injury or frequent or severe headaches. The questionnaire also determined if the subjects
had any metal in their head, which did not include dental fillings or hardware, any implanted
medical devices, were taking any medications, may be pregnant, or if anyone in their family had
seizures. During the first session of stimulation sessions, the research technician measured the
subject’s head and located C3 electrode position of the international 10-20 EEG system. Then
the technician placed one tDCS sponge electrode over this spot and placed the other electrode
over the contralateral supraorbital area. Using this arrangement, we intended to target the left
motor cortex contralateral to the leg where we applied the C-HP model. In anodal motor cortexdirected tDCS, the anode is placed over the motor cortex (at C3) and current flows from the
contralateral supraorbital electrode to the motor cortex electrode. This is known to increase
motor-evoked potentials (MEPs) elicited with transcranial magnetic stimulation and is termed
excitatory tDCS [724]. In the cathodal arrangement the cathode is placed over C3. This is known
to decrease MEPs and is termed inhibitory tDCS. During sham tDCS, we used the anodal
arrangement, but ramped up the current over 30 seconds and then ramped the current down over
30 seconds and then repeated this current ramp at the end of the 20 minute stimulation session
[326].
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Figure 2-2 Timeline of events during (a) screening session and (b) each experimental session
where subjects experienced anodal, cathodal or sham tDCS.
After placing the sponge electrodes in place, we measured the subject’s WDTs, HPTs, MPTs and
suprathreshold mechanical pain ratings. We then applied the C-HP model, described in the
screening session, to the subject’s right leg. We obtained pain intensity ratings every minute after
the application of the model.
The technician applied the tDCS using the Soterix Medical (New York, New York) 1x1 tDCS
platform with a current intensity of 1 mA for 20 minutes in duration with two 5 cm by 7 cm
sponge electrodes (current density: 0.0286 mA per cm2). To avoid eliciting phosphenes, we
ramped the current up over about 30 seconds at the beginning of the stimulation period and then
ramped the current down over 30 seconds at the end of the stimulation period. The tDCS device
was obscured from the assessor (TJM) by a screen and the cables leading to each sponge
electrode were black to prevent the cable color from revealing the stimulation type to the
assessor. The technician started the stimulation 12 minutes after the application of the C-HP
model. We ramped the temperature of the thermode to the individual subject’s target temperature
three minutes after the start of the stimulation. We removed the thermode and capsaicin cream 34
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minutes after the application of the model. After the end of the stimulation session we assessed
side effects from the stimulation with a standardized questionnaire [311]. The questionnaire
assessed the presence and severity of acute mood change, headache, neck pain, scalp pain, scalp
burns, skin redness, sleepiness, tingling or trouble concentrating. We then assessed the subject’s
area of secondary hyperalgesia, suprathreshold mechanical pain ratings and pain intensity in the
absence of stimulation at 15, 25, 45 and 65 minutes after removal of the capsaicin cream. For an
overview of events during and after C-HP model exposure during each experimental treatment
session see Figure 2-2B.
Statistical analysis
We analyzed data using IBM SPSS Statistics for Windows 21.0., SAS 9.3 and R 3.1.0. We
assessed normality for all data sets using the Shapiro-Wilk test. We performed data
transformations to determine the best technique to account for non-normal data (e.g. natural log
or square root). Only pain ratings acquired during the C-HP model were normally distributed.
For the other data sets, we found a square-root transformation (transformed data = √(original
data+1)) provided the best transformation to allow for parametric statistical analyses.
For all analyses including more than 2 levels of a factor (i.e. analyses inappropriate for a paired
t-test), we used generalized linear mixed effects models, or more simply generalized linear
mixed models (LMM). LMMs are suggested as the first model to use when fixed effects are
present (treatment levels in this case) and pseudoreplication is present [210]. Pseudoreplication,
as opposed to replication, is present in a dataset when multiple measures are made on one
individual across time. In the case of a repeated measures crossover trial LMMs are used because
they can accommodate the presence of non-independent errors in the model. Specifically,
repeated measures taken at multiple time points on the same individual will have non-
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independent errors because the error structure of one individual will be more similar to itself than
to other individuals in the dataset. Post-hoc testing of identified comparisons, specifically
comparison of anode versus sham and anode versus cathode treatment levels, are performed
using paired t-tests without controlling for multiple comparisons, as is appropriate to estimate
treatment effects in a purpose-driven a priori analysis. Subsequent calculation of effect sizes
with corresponding confidence intervals allows one to interpret the scientific and clinical
implications of the precisely determined effects with the associated caveats of estimation
[363,999,1046].
Additionally, since we included data from 3 subjects who prematurely discontinued the study
after completing 2 of the 3 treatment sessions and our study design was a crossover trial, we
analyzed the data using LMM. Subjects did not discontinue the study because of either the C-HP
model or the tDCS treatment; and the values missing from the study were missing at random
(MAR) [358]. We derived parameter estimates using Restricted Maximum Likelihood. For
ongoing pain intensity ratings, which we averaged over the last 20 minutes of capsaicin
exposure, the treatment factor consisted of 3 levels: anodal, cathodal and sham. We repeated
these analyses separately for the average of 10 ratings within the 1st half and the 2nd half of the 20
minute C-HP stimulation period.
To investigate the effects of treatment after tDCS stimulation and after capsaicin-heat-pain
removal, we conducted a 3x4 two-way LMM for the following measures: 1) pain intensity
ratings in the absence of stimulation, 2) area (cm²) of secondary pinprick hyperalgesia, and 3)
pain intensity ratings provoked by pinprick stimulation in the area of secondary hyperalgesia.
The factors were time with 4 levels: 15 min, 25 min, 45 min, and 65 min after removal of the
capsaicin cream and treatment with 3 levels: anodal, cathodal and sham. We also calculated
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temporal change scores (delta scores) for these same three measures by subtracting values
recorded at 15 minutes after capsaicin removal from the value recorded at 65 minutes after
capsaicin removal. We conducted a three-level one-way LMM on these delta scores, and on the
subject reported side effect magnitudes with the same level of treatment as the factor.
Since we hypothesized that anodal tDCS would lead to a greater reduction in measures of
secondary hyperalgesia compared to either cathodal or sham tDCS, we set a one-sided threshold
for significance of p = 0.05.
We present our results in terms of mean±standard error of the mean (SEM). Where we
performed statistical analyses on transformed data we display untransformed data values. For all
significant or trending treatment effects we present effect sizes using Cohen’s d where an effect
size of 0.2 is small, an effect size of 0.5 is medium, and an effect size of 0.8 is large [319]

Results
Measures of secondary hyperalgesia: pain intensity
The initial LMM analysis revealed no significant treatment effect or any treatment by time
interactions with any of the four probes tested (64, 128, 256 and 512 mN; Supplemental Table 22). The LMM revealed a significant time effect, where pain intensity ratings for the 64, 128 and
256 mN probes decreased significantly during the 65 minutes of testing after the stimulation and
removal of capsaicin (Figure 2-3A-B).
We further analyzed these data using an LMM for the change in pain ratings between pre- and
post-capsaicin exposure, which we term delta scores. This analysis revealed a significant
treatment effect (F-stat: 4.113; p-value: 0.017), but no effect of probe (F-stat: 0.24; p-value:
0.87) or treatment by probe interaction (F-stat: 0.83; p-value: 0.55) (Fig. 2-3C). Of note, the one-
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sided 95% confidence interval for the decrease in pain ratings for each probe at each session was
significantly greater than zero only for the 128 mN and 256 mN probes during anodal tDCS
(lower-bound for one-sided 95% CI for 128 mN probe = 0.668; 256 mN probe: 2.757; Fig 2-3C).
Post-hoc pairwise comparisons of delta scores (collapsed across probe weight) revealed that
anodal tDCS reduced the pain intensity to probing in the hyperalgesic zone to a significantly
greater extent than either cathodal (p-value: 0.045) or sham tDCS (p-value 0.0025) (Fig. 2-3D).
There was no significant difference between cathodal and sham tDCS (p-value 0.125). The effect
size for the treatment effect comparing anodal tDCS to sham tDCS was 0.43, putting this effect
into the small to medium range. The effect size for the treatment effect comparing anodal tDCS
to cathodal tDCS was 0.18, making this effect small.
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Figure 2-3 Mechanical probing in the hyperalgesic zone elicited pain intensity ratings which
decreased over time differentially by treatment. Pain intensity ratings in response to the 128 mN
probe (A) and the 256 mN probe (B) over the post-tDCS period. (C) Based on delta scores, only
anodal tDCS (dark gray) significantly reduced pain intensity for any probe (+ lower bound of
95% CI > 0). (D) The reduction in pain intensity ratings to probes in the hyperalgesic zone
during the session (delta score) was greater for anodal tDCS than cathodal or sham tDCS (*
anodal > sham p = 0.0025; + anodal > cathodal p =0.045). Error bars are SEM in A and B, and
one-sided 95% CI in C and D.
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Treatment effect on indirect measure of central sensitization: area of secondary hyperalgesia
From the LMM for area of secondary hyperalgesia we found a significant effect of time (F-stat:
7.35; p-value: 0.001) and a significant interaction between treatment and time (F-stat: 2.63; pvalue: 0.045) (Fig. 2-4A). Post-hoc pairwise comparisons revealed that subjects demonstrated a
smaller area of hyperalgesia at 25 minutes after experiencing cathodal tDCS compared to anodal
tDCS (p-value: 0.015), and a similar trend at 15 minutes after stimulation (p-value: 0.033). Posthoc pairwise comparisons revealed significant reduction of the area of hyperalgesia over time,
when collapsed across treatment (Supplemental Table 2-3).

Figure 2-4 Reduction in the area of pinprick hyperalgesia after anodal tDCS was greater than
after either cathodal or sham stimulation. (a) The area of pinprick hyperalgesia was greater for
anodal tDCS stimulation at early time points. (b) Evaluating the change in area of pinprick
hyperalgesia across the session (delta scores) revealed a greater reduction for anodal tDCS (dark
gray) than cathodal (medium gray), but not sham tDCS (light gray) (* anodal > cathodal p =
0.015). Error bars are SEM.
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The LMM analysis on delta scores of areas of secondary hyperalgesia revealed a significant
effect of treatment (F-stat: 4.02; p-value: 0.032; Fig 2-4B). Post-hoc pairwise comparisons
revealed that anodal tDCS significantly reduced the area of secondary hyperalgesia during the
post-stimulation period compared to cathodal stimulation (t-stat: 2.50; p-value: 0.01), although
this effect was not significant when compared to sham stimulation (t-stat: 1.39; p-value: 0.09).
Post-hoc comparisons also revealed cathodal stimulation did not differ from sham stimulation (tstat: 0.019; p-value: 0.50). The effect size for the treatment effect comparing anodal tDCS to
cathodal tDCS was 0.35 and the effect size for the comparison of anodal tDCS to sham tDCS
was 0.33, placing the magnitude of both of these effects in the small to medium range.
Treatment effect on thermal allodynia
The LMM revealed no significant tDCS treatment effect on pain intensity ratings collected
during simultaneous exposure to the C-HP model. We found no effect whether we averaged the
ratings over the entire 20 minute tDCS stimulation period (F-stat: 1.06; p-value: 0.36) or
separately considering the average over the first ten minutes of stimulation (F-stat: 0.95; p-value:
0.40) or the average of the last ten minutes of stimulation (F-stat: 1.41; p-value: 0.25) (Fig. 2-5).
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Figure 2-5 Time course of pain ratings during capsaicin mediated heat allodynia. Subjects rated
their pain intensity every minute after capsaicin application. Anodal, cathodal or sham
transcranial direct current stimulation began 12 minutes after capsaicin application (gray vertical
dashed line), and the thermode temperature ramped up to the individualized target temperature
(black vertical dashed line). There was no significant effect of treatment on pain ratings during
heat allodynia (F-stat = 1.06; p-value = 0.36). Error bars are SEM.

Additionally, ongoing pain intensity ratings after removing the capsaicin cream revealed no
significant treatment (F-stat: 0.99; p-value: 0.39) or treatment by time (F-stat: 1.73; p-value:
0.16) effects. Nonetheless, pain intensity ratings during this post-stimulation period decreased
significantly over time in all three treatment groups (F-stat: 18.75; p-value <0.0001) (Fig. 2-6
and Supplemental Table 2-4).
Similar to the analyses that we conducted for measures of secondary hyperalgesia, we evaluated
the delta scores for pain ratings obtained at 15 minutes and 65 minutes post-stimulation by
treatment. The LMM found no significant treatment effect (F-stat: 0.60; p-value: 0.55; results not
shown).
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Figure 2-6 Pain intensity ratings after anodal, cathodal or sham tDCS stimulation measured in
the absence of mechanical probing. Subjects rated their pain intensity at 15, 25, 45 and 65
minutes after removal of the capsaicin cream. There was no significant treatment effect (F-stat =
0.99; p-value = 0.39) or treatment by time interaction (F-stat = 1.73; p-value = 0.16); however,
the effect of time was significant (F-stat = 18.75; p-value < 0.0001). Error bars are SEM.

Side effect profile
The LMM analysis found no significant differences among anodal, cathodal or sham
stimulations in reported side effects (Supplemental Table 2-5).

Discussion
Summary
Our primary aim was to determine if a single session of anodal or cathodal M1 tDCS
significantly reduced sensitization-induced hyperalgesia and allodynia arising from the C-HP
model in healthy adults. We predicted psychophysical measures of central sensitization to be
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reduced by anodal M1 tDCS when compared to sham or cathodal M1 tDCS, consistent with the
preferential efficacy of M1 neuromodulation on neuropathic pain or functional pain syndromes
with characteristics of central sensitization [309,1071]. Anodal tDCS resulted in reduced pain
intensity reported in response to probing in the hyperalgesic zone to a significantly greater extent
than sham tDCS. Additionally, anodal tDCS produced a greater reduction in the area of pinprick
hyperalgesia than cathodal tDCS. However, the effect size of this result was small to medium in
magnitude. As noted the magnitude of the reduction, or delta score, of the area of pinprick
hyperalgesia was twice as large for anodal tDCS when compared to either cathodal or sham
tDCS. This is reflected in the similar effect sizes for the comparison of the effect of anodal tDCS
to cathodal tDCS (Cohen’s d = 0.35) and the comparison of the effect of anodal tDCS to sham
tDCS (Cohen’s d = 0.33). For both pain intensity to probing in the hyperalgesic zone and
secondary hyperalgesia area, the reduction over the course of one hour post-tDCS was
marginally, but significantly greater for anodal vs. cathodal configurations. The reduction in area
of secondary hyperalgesia was similar in magnitude after both cathodal and sham stimulation,
however greater variability in the measures after sham tDCS led to the anodal versus sham
contrast failing to reach statistical significance.
In contrast to these indirect measures of central sensitization, anodal tDCS had no differential
effect on pain ratings during heat allodynia, or after the removal of the capsaicin cream. These
results confirm our prediction that anodal tDCS would selectively reduce psychophysical
measures of central sensitization in contrast to measures of peripheral sensitization. It should be
noted that given one session of anodal tDCS we should expect small effect of active treatment,
since clinical efficacy is generally only seen with a minimum of 2 or 3 once-daily sessions [309].
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Numerous studies have evaluated the effect of non-invasive cortical neuromodulation on
psychophysical measures of acute pain in healthy subjects [704,1016]. However, we know of
only five studies that have investigated the effect of non-invasive neuromodulatory techniques on
persistent or repetitive pain models in healthy subjects [288,438,593,973,976]. Only two of these
studies targeted M1, while others targeted the dorsolateral prefrontal cortex [438,973]. In
contrast with our study, studies targeting DLPFC found the treatment effects were present for
measures of primary afferent sensitization such as pain intensity during capsaicin exposure
[288,976]. It is not known if DLPFC neuromodulation affects central sensitization, since neither
of these studies evaluated measures of secondary hyperalgesia.
Of the two studies which targeted M1, Ihle and colleagues found no effect of anodal or cathodal
tDCS on pain intensity ratings in response to repeated 48° C heat stimuli or on pain ratings in
response to weighted probes administered in the sensitized zone after the repetitive heat
paradigm [438,973]. These findings appear to conflict with the present study where we reveal a
specific effect of anodal tDCS pinprick hyperalgesia. The differences between Ihle and
colleague’s findings and our findings may have resulted from major protocol differences,
including the different methods used to provoke central sensitization (capsaicin-heat model
versus repetitive heat pain stimuli) or the shorter stimulation time (15 versus 20 minutes).
Another important factor to consider is that our significant effects are related to more rapid
reductions in hyperalgesia over time, and are only evident when viewed in that context. Despite
these differences, neither the present study nor that of Ihle and colleagues found a significant
effect of M1 anodal or cathodal tDCS on pain ratings during induction of primary hyperalgesia.
In the other M1-targeted neuromodulatory study, Tamura and colleagues found that 1 Hz rTMS
reduced ongoing pain produced by subcutaneous injection of capsaicin. The contrast between our
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lack of effect of anodal or cathodal tDCS on topical capsaicin-heat pain and Tamura and
colleagues’ findings of a reduction of persistent pain after capsaicin injection may result from a
difference in the mechanism of pain amelioration by rTMS versus tDCS. For example, tDCS
directs a low current which modulates the excitability of neurons in the brain region underlying
the scalp target, whereas rTMS can evoke neuronal firing [832]. In fact, this was the case in the
Tamura study since the investigators used a stimulus intensity 130% of the motor threshold.
Another important note regarding the Tamura study is that while evoking muscle movements at 1
Hz it would be difficult to provide a valid, blind sham [973].
Finally, one should recognize that the effects of M1 neuromodulatory methods on acutely
provoked pain perception in healthy subjects are inconsistent [29,704,1016]. For example, while
no studies have found a significant effect of M1 targeted neuromodulation on heat pain
thresholds, Aslaksen and colleagues found that anodal M1 tDCS reduced suprathreshold heat
pain ratings of 47° C stimuli, but not of 43° C or 45° C stimuli [29,42,100,463]. A general lack
of efficacy of M1 neuromodulation on the intensity of heat-evoked pain and heat pain thresholds
in normal skin is consistent with our findings no effects upon heat allodynia related to primary
sensitization. CNS processing for heat-evoked pain and heat allodynia, while clearly different at
some level, is largely overlapping, considering that primary afferent sensitization is most likely
responsible for capsaicin-induced heat allodynia [62,541,544,929]. What divides the mechanism
of central sensitization from that of primary afferent sensitization in the C-HP model is the
enhanced responsiveness of spinal dorsal horn cells to mechanical stimuli in the hyperalgesic
zone [541,929]. The present findings suggest that M1 tDCS may selectively influence higherorder neuronal circuitry changed as a result of central sensitization, rather than primary afferent
nociceptive processing.
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Potential mechanisms of M1 neuromodulation
M1 neuromodulation may affect multiple levels of the neuraxis to ameliorate pain. Motor cortex
excitability is altered by acute and tonic noxious stimuli, and in chronic pain conditions
including painful diabetic neuropathy and complex regional pain syndrome
[137,259,284,320,890,1000,1008]. This modulation of cortical excitability by tonic or chronic
nociceptive stimulation is remedied by pain alleviating neuromodulation [24,288,567]. Among
M1 neuromodulation’s neurophysiological effects is a modulation of thalamic activity
[496,772,1115].
A second line of evidence implicates the descending pain modulatory circuitry in the analgesic
effect of M1 neuromodulation. Specifically, electrical stimulation of M1 in chronic pain patients
activates the opioid-rich bilateral prefrontal cortex, ipsilateral middle and anterior cingulate
cortex (ACC), insula, medial thalamus and periaqueductal gray (PAG) [496,626,772,1089].
Healthy subjects demonstrate weaker, but similar patterns in response to M1 neuromodulation
[246,973]. The profile of neuronal activation by motor cortex stimulation in rodent studies
supports the involvement of descending pain modulatory circuitry, especially the ACC and PAG
as well as modulation of spinal dorsal horn processing of noxious stimuli [753,906]. In rodent
models, as well as healthy human subjects, the antinociceptive effect of M1 neuromodulation is
blocked by naloxone [192,302].
Both lines of evidence argue for dual mechanisms of M1 neuromodulation, including
engagement of opioidergic descending pain modulatory circuitry, and inhibition of aberrant
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thalamic firing. The present study, suggests that such effects more potently ameliorate central
sensitization, given the specific effect on measures of secondary hyperalgesia [541,929].
Limitations
Although we found statistically significant effects of anodal tDCS stimulation compared to
cathodal or sham in some measures of mechanical hyperalgesia, the magnitude of differences
were small. For example the mean reduction in area of hyperalgesia over the course of an hour
was 41% for anodal versus 27% for cathodal tDCS. Also, the magnitude of the reduction in pain
ratings to probing in the hyperalgesic zone, even while statistically significant may not be
considered clinically significant (e.g. 7/100 NRS point difference for the 256 mN probe after
anodal tDCS). Such small magnitude effects should be expected following a single tDCS
session. Most studies of M1 tDCS in patient populations demonstrate the need for multiple
treatment sessions for minimal clinical efficacy [24,309,453,621]. This study was designed on
the principle that a single M1 neuromodulation session should produce a demonstrable
modulation in pain processing even when multiple treatments are necessary for clinically
relevant effects. Demonstrating the single-session tDCS effect, with a model relevant to chronic
pain, supports this approach as a valid translational model for further studies.
Recent reports have questioned whether tDCS can be applied in a double-blind fashion [12]. To
estimate our subjects’ perceptions of the three conditions, they systematically reported side
effects of tDCS including tingling, scalp pain and skin redness on a 0 to 4 Likert-type scale after
each session. There were no significant differences among sessions on these reports
(Supplementary Table 2-3). Importantly, tingling and scalp pain are the most likely sensations
that allow subjects to discriminate between active and sham tDCS [480]. In this study, the same
evaluator assessed the primary pain-related outcomes and the side effects. Importantly, since skin
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redness was assessed by the evaluator in this study and there was no significant effect of
treatment, this adds to our confidence in the validity and blinding of the sham stimulation
paradigm.
Conclusion
Our results demonstrate a moderate significant preferential effect of anodal tDCS on reducing
secondary hyperalgesia when compared to cathodal or sham tDCS. In contrast, anodal, cathodal
and sham tDCS had similar effects on measures related to primary hyperalgesia. Accordingly,
these results suggest that if M1 anodal tDCS is effective in ameliorating chronic pain, it will be
most efficacious in pain disorders which involve a component of central sensitization. Further
research into the mechanisms of this apparent mitigation of central sensitization by M1
neuromodulation is warranted.
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Chapter 3: Anodal motor cortex transcranial direct current stimulation reverses effects of central
sensitization within the descending pain modulatory network and disrupts cerebral pain
processing1
Abstract:
Moderate to severe pain afflicts nearly a third of the population and incurs vast costs in lost
productivity and direct medical expenses. Against this backdrop promising new pain therapies
and medications are scarce. At the end of the last century, pioneering studies in motor cortex
stimulation (MCS) revealed that some previously unrelenting chronic pain syndromes could be
successfully managed with epidural MCS. This led to studies of non-invasive MCS. While
efficacy depends upon many variables, it is clear some patients get significant pain relief from
MCS applied over several daily sessions. What remains unclear is the mechanism driving pain
alleviation. In order to elucidate this mechanism, we applied a prolonged tonic pain model
mimicking the most distressing symptoms of neuropathy to healthy subjects while they received
anodal, cathodal or sham transcranial direct current stimulation (tDCS) in an assessor-blind
randomized controlled trial. While clinical pain alleviation generally takes at least two oncedaily sessions of treatment, since motor cortex excitability is altered within five minutes of
anodal M1 tDCS, we expected to capture the initial pain-related neurophysiological effects that
occur after a single session. Before exposure to the stimulation or pain model, the subjects
underwent an fMRI study of mechanical pain. Immediately after induction of prolonged tonic
pain with capsaicin, the subjects underwent a second identical mechanical pain study in the
fMRI. We hypothesized M1 anodal tDCS would enhance engagement of a descending pain

1 Timothy J. Meeker, Michael L. Keaser, Shariq A. Khan, Rao P. Gullapalli, David A. Seminowicz and
Joel D. Greenspan. In preparation for submission to Pain.
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modulatory (DPM) network in response to mechanical pain compared to cathodal or sham M1tDCS. Anodal tDCS normalized the effects of central sensitization on neurophysiological
responses to mechanical pain in several regions of the DPM network. Additionally, we found
anodal tDCS disrupted the normal covariation of mechanical pain processing with subjective
pain intensity and blunted the effect of sensitization in left somatosensory cortex. Taken
together, these results support the hypothesis that pain alleviation by M1 neuromodulation occurs
through modulation of activity in the DPM network even at the earliest stages of therapy.

Introduction
Moderate to severe chronic pain afflicts 17 to 33 percent of adults in western countries
[113,120,397,474,708,1032]. Beyond the emotional, physical and societal toll of chronic pain, its
economic impact is conservatively estimated at $560 to $635 billion annually in the United
States and alone reflects the burden of health care costs when comparing chronic pain patients to
those adults without chronic pain [335,957]. Most current treatments for chronic pain disorders
are only moderately effective and minimally improve functional outcomes, while 40% of
patients remain unsatisfied with their treatment regime [120,1001]. The historic “gold standard”
of pain management, morphine, is burdened by side effects and profound abuse potential, as well
as an increase in mortality and lack of efficacy for most pain disorders
[175,240,725,820,824,1033]. Alternative treatments are infrequently effective for chronic pain,
particularly in chronic pain with elements reflecting underlying central sensitization, such as
chronic widespread and neuropathic pain syndromes [35,426]. Clearly, novel therapies and novel
approaches to the development of new, cost-effective pain therapies are needed.
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While ultimately analgesic drug and treatment development require the study of treatment
efficacy in large well-powered patient studies, this is frequently a roadblock to promising
preclinically- and clinically-developed novel therapies [1006,1043]. An alternative approach is to
pursue first-in-human studies combining well-characterized pain models with neuroimaging
studies exploiting known mechanisms of pain modulation [1006,1043]. Frequently in chronic
pain patients, pain is driven by unknown, perhaps unknowable, multifactorial mechanisms. The
capsaicin-heat pain (C-HP) model is well-defined and driven by sustained peripheral nociceptive
input inducing central sensitization of the spinothalamic pathway when implemented in healthy
naïve volunteers [15,74,435,616,735]. Enhanced responses of spinal dorsal horn neurons to
mechanical stimuli in the region surrounding the capsaicin exposure site, a form of central
sensitization, underlies the mechanism of secondary mechanical hyperalgesia in the C-HP model
[188,249,498,541,918,929,988,1116]. Central sensitization maintained by peripheral nociceptive
input has been demonstrated to be a predominant mechanism of chronic pain in neuropathic pain
patients [56,355,393]. Central sensitization is also believed to drive chronic widespread pain and
hypersensitivity in osteoarthritis, neuropathic pain, fibromyalgia, complex regional pain
syndrome, and chronic low back and neck pain [27,56,142,147,379,546,609,642,723,981,1071].
The clinical relevance of various capsaicin central-sensitization generating models of chronic
pain was recently evaluated against all previously investigated models to evaluate clinical
efficacy of analgesic medications or therapies [617]. The authors found capsaicin sensitization
models, when assessed with punctate mechanical stimuli, performed better than all other models
in predicting clinical efficacy [617]. Crucially, capsaicin sensitization models in healthy subjects
successfully mimic the clinical pattern of quantitative sensory measure outcomes encountered in
neuropathic pain [616].
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One novel route of treatment for intractable chronic pain disorders began in the early 1990s with
Tsubokawa’s report of significant pain reduction in a series of chronic post-stroke pain patients
treated with epidural motor cortex stimulation [995–997]. EMCS is an invasive form of motor
cortex neuromodulation, which requires neurosurgical implantation and leads to 40% to 50%
pain amelioration in 45% of treated patients at one-year follow-up [304]. Animal studies of
EMCS have demonstrated naloxone-sensitive anti-nociceptive effects in acute and chronic pain
models [182,183,289,302,493,529,619,753]. Studies in animal pain models have demonstrated
that amelioration of nociception is accompanied by decreases in spontaneous or evoked neural
activity related to nociception in the spinal dorsal horn, pontine reticular formation,
periaqueductal gray (PAG), centromedian, parafascicular, ventral posterior lateral and posterior
nuclei of the thalamus, the somatosensory, and prefrontal cortex
[183,307,457,493,529,753,754,906,997]. Further, anti-nociceptive effects were associated with
increased nociceptive and basal neural activity in the anterior cingulate cortex (ACC), basolateral
and central nuclei of the amygdala, and PAG [529,753,754]. Short-term pain reduction produced
by excitatory, high frequency M1 repetitive transcranial magnetic stimulation (rTMS) correlates
with and predicts the clinical success of EMCS, suggesting these interventions may have similar
mechanisms [18,418]. Studies in chronic pain patients have implicated increased activity in the
pons, posterior and medial thalamus, subgenual, perigenual and dorsal ACC, and PAG as well as
decreased opioid binding potential in the midcingulate cortex (MCC) and PAG after EMCS
[334,496,626,772]. Studies in patients and healthy controls have found variable neural responses
and pain amelioration effects after excitatory, anodal transcranial direct current stimulation (M1anodal tDCS) and excitatory M1 rTMS. However, results have shown M1 rTMS effects in
reducing cold pain sensitivity are naloxone-sensitive [192]. Neurophysiological responses, on the
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other hand, show no consistent direction of modification among studies, but hint at effects in
pain processing and modulatory regions including PAG, ACC, somatomotor cortex, anterior and
posterior insula, second somatosensory cortex, dorsal medulla, and basal ganglia structures
[246,299,438,737,973,1089]. Tangential evidence from rTMS studies targeting dorsolateral
prefrontal cortex (DLPFC), which has been shown to reverse the effects of prolonged tonic pain
on motor cortex excitability, demonstrate a naloxone-sensitive effect that reduces activity in
pgACC and PAG [288,976,977].
This convergence of evidence led us to hypothesize a model of M1 neuromodulation where
enhancement of neural activity in primary motor cortex activates neurons in the mid and anterior
cingulate cortex leading to enhancement of the descending modulation of pain. The modification
of neural activity in these areas induces a chain of neuromodulation through the medial thalamus
to activate opioidergic circuitry in the PAG, ultimately suppressing nociceptive activity in the
spinal dorsal horn. The descending pain modulatory network is comprised of pain responsive
regions of the brain which are also opioid rich, such as the bilateral amygdala, dorsal ACC
(dACC), pgACC, medial thalamus and PAG
[1,33,65,70,160,291,369,370,378,516,579,771,875,942,1035,1037,1038,1051,1065,1118–1120].
A subset of these areas such as the PAG, dACC and medial thalamus have historically been
targeted in for brain lesions or deep brain stimulation for treatment of otherwise intractable pain
disorders [88,301,415,416,449,450]. Studies to probe the mechanism of action of this stimulation
produced analgesia in animal models have found it to be antinociceptive and mediated through
interactions in the spinobulbar loop involving neurons in the PAG, medullary nuclei such as the
nucleus raphe magnus, nucleus raphe pallidus and medullary reticular formation, which mediate
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these antinociceptive effects through modulation of second-order neurons in the spinal dorsal
horn [58,345,346,380,537,644–646,740,881,907,1061,1062,1086].
A systems neuroscience approach to guiding optimization of neuromodulatory treatment is
particularly promising. A one week treatment course with M1-anodal tDCS has been reported to
significantly reduce pain intensity in such diverse chronic pain disorders such as neuropathic
pain secondary to spinal cord injury, fibromyalgia, peripheral neuropathic pain, central poststroke pain, trigeminal neuralgia, chronic low back pain, chronic pelvic pain, migraine, and
myofascial pain syndromes
[24,44,91,94,220,278,286,299,309,310,384,531,668,694,717,863,874,927,1010,1089]. However,
a majority of these studies come from one lab, the therapeutic results are based on small sample
sizes, and have occasionally failed replication in similar patient populations
[257,399,453,621,622,733,1073]. Despite widespread research into the clinical applicability of
M1-anodal tDCS in pain disorders, relatively few studies have investigated the mechanisms
which underlie its analgesic efficacy or the variability therein. In this study, we aimed to
examine the immediate effects of M1-anodal tDCS on the fMRI BOLD response to painful
mechanical stimuli applied to skin in an area of secondary hyperalgesia, specifically within brain
regions previously implicated in pain modulation.
We hypothesized that treatment-related neural correlates of pain modulation after one session of
M1-anodal tDCS would appear as enhancement of neurophysiological responses in the DPM
network to phasic mechanical pain in sensitized skin. We expected this effect even though longterm therapeutic neuroplastic effects require multiple daily treatments. Specifically, we posited
M1-anodal tDCS would lead to increased engagement of the DPM network, particularly the
dACC, pgACC, and PAG. We predicted M1-anodal tDCS would result in enhanced responses in
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these and other regions during pinprick stimulation of skin evincing mechanical hyperalgesia
after exposure to the C-HP model when compared to either cathodal or sham tDCS. We found
evidence supporting our hypothesis in the pgACC and PAG, but not the dACC. In addition, we
found response enhancement in the caudate and medial prefrontal cortex (MPFC) areas rich in
opioid receptor concentration. These results provide the first support for the hypothesis that M1anodal tDCS causes pain alleviation in central sensitization through activation of the descending
pain modulatory system in humans.

Methods
Overview
During three experimental sessions we induced secondary hyperalgesia in 16 subjects while the
subjects experienced either anodal, cathodal or sham tDCS targeting left motor cortex. To induce
secondary hyperalgesia, we applied a 10% capsaicin cream to their right leg and placed a warm
thermode on top of the capsaicin application site. We applied tDCS in the anodal and cathodal
arrangements as well as a sham stimulation protocol in an assessor-and subject-blinded crossover
manner to each subject in a counterbalanced order. During each session we measured the BOLD
signal in response to pinprick stimuli before application of the C-HP model or tDCS (in the
absence of secondary hyperalgesia) and after application of the model. After each scan, while the
subjects were still in the MRI scanner environment, subjects rated the pain intensity evoked by a
re-exposure to the pinprick stimuli. After stimulation, we assessed any side effects experienced
during the stimulation using a standardized form [311]. All subjects provided written informed
consent, and all procedures were approved by the University of Maryland, Baltimore (UMB)
Institutional Review Board for the Protection of Human Subjects.
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Subject characteristics
We selected 16 right-handed subjects, aged 21 to 36, (7 F) from a pool of 25 subjects who had
completed an assessor-blinded randomized controlled trial evaluating the efficacy of one session
of M1-anodal tDCS in ameliorating pain-related psychophysical aspects of the C-HP model.
Once subjects completed that arm of the study and showed willingness to participate in the fMRI
study, the unblinded study assistant assigned them to receive a predetermined counter-balanced
order of stimulation sessions (anodal, cathodal or sham tDCS), based on their order-ofenrollment. One male subject completed only the first MRI session and discontinued due to time
commitments. Therefore, his data was not included in the treatment model. After unblinding the
data we found that this subject experienced the sham session. Therefore, his data was included in
the hyperalgesia model (see Group Level Analysis).
We ensured continuing eligibility with a random urine drug screen which detected
tetrahydrocannabinol (THC) in marijuana, cocaine, methamphetamine, amphetamines, ecstasy,
heroin, phencyclidine, benzodiazepines, methadone, barbiturates, tricyclic antidepressants or
oxycodone (Devon International). We allowed subjects who tested positive for THC to return to
be retested 4 weeks later. They would be allowed into the study if they no longer tested positive
for THC at that time. In these cases, we tested subjects before every session. This occurred in
one male subject, who was re-enrolled after producing negative urine drug screens.
We included those subjects in the fMRI portion of the study, if they developed either significant
heat allodynia (NRS ≥ 30) or secondary pinprick hyperalgesia. One subject included in the
results described herein did not develop heat allodynia in response to the C-HP model.
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Screening and Experimental Sessions Outside Scanner
This study is an extension of a previously reported study that assessed the efficacy of motor
cortex tDCS. Screening and experimental sessions are detailed in that report.
Briefly, we measured subjects’ warmth detection thresholds (WDTs) and heat pain thresholds
(HPTs) with a commercially available stimulator (Pathway; Medoc; Ramat Yishai, Israel) using
the method of limits. The stimulator began at a baseline temperature of 32 °C and a computercontrolled program increased the temperature at a ramp rate of 0.5 °C/s until the subject pushed a
mouse button. We repeated this procedure for a total of four trials for both WDTs and HPTs. We
took the average of the last three threshold determinations for each subject for each threshold.
We then measured the subjects’ mechanical pain thresholds (MPTs) using standardized weighted
probes (16, 32, 64, 128, 256 and 512 mN of force) and the Chaplan-Dixon method for 50%
threshold determination starting with the 256 mN probe. Subjects rated their pain intensity on a
numerical rating scale with verbal anchors and numbers ranging from 0 to 100 by 10’s [367].
Then we induced a controlled, prolonged tonic pain with the C-HP model, by treating the lower
left foreleg with one gram of 10% capsaicin cream confined under a Tegaderm™ bandage. To
control the area of exposure, we applied the cream within a 2.5 by 2.5 cm square cut into another
Tegaderm™ bandage. We placed a thermode over top of the Tegaderm™ bandage at a
temperature of 32 °C. After fifteen minutes of exposure we ramped the thermode to a
predetermined target temperature and maintained it for 23 minutes. The target temperature was
between the subject’s WDT and HPT. This procedure does not cause tissue damage [641,696].
During the C-HP model, the subjects rated the intensity of their pain for the entire 35 minute
period. After removing the C-HP model, we measured the area of secondary pinprick
hyperalgesia the subject developed with a 128 mN weighted probe. We also had the subjects
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report the pain intensity they experienced in response to probing in the area of secondary
hyperalgesia.
After confirming the subjects’ eligibility for the study, subjects took part in a randomized
controlled trial of the psychophysical effects of M1 tDCS on the C-HP model. We imposed a
minimum interval of at least 13 days between each experimental stimulation session to prevent
carry-over effects of tDCS or the C-HP model.
fMRI Sessions
In the fMRI sessions, we repeated the randomized controlled crossover design in a self-selected
subset of subjects. We assessed the subject’s continuing safety during the fMRI sessions by
having her or him fill out a safety questionnaire for both the tDCS and the fMRI. The tDCS
questionnaire assessed if subjects had ever had any of the following: tDCS before, an adverse
reaction to tDCS, a seizure, an unexplained loss of consciousness, a stroke, a serious head injury,
surgery to their head, brain-related neurological illness, any illness that may have caused brain
damage, brain injury or frequent or severe headaches. The questionnaire also determined if the
subjects had any metal in their head, which did not include dental fillings or hardware, any
implanted medical devices, were taking any medications, may be pregnant, or if anyone in their
family had seizures. During each fMRI session, the research technician located C3 of the 10/20
EEG system and placed one tDCS sponge electrode over this spot and placed the other electrode
over the contralateral supraorbital area. Using this arrangement, we intended to target the left
motor cortex contralateral to the leg where we applied the C-HP model. In anodal M1-tDCS the
anode is placed over the motor cortex (at C3). This is known to increase motor-evoked potentials
(MEPs) elicited with TMS and is termed excitatory tDCS. In the cathodal arrangement the
cathode is placed over C3. This is known to decrease evoked MEPs and is termed inhibitory
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tDCS. During sham tDCS, we used the anodal arrangement, but ramped up the current over 30
seconds and then ramped the current down over 30 seconds and then repeated this current ramp
at the end of the 20 minute “stimulation” period.
After placing the sponge electrodes in place and placing the subject into the MRI we took a short
localizer scan and measured the subject’s WDTs. For the MRI we used a 3-T Tim Trio scanner
(Siemens Medical Solutions, Malvern, PA) using a 12-channel head coil with parallel imaging
capability. While performing the structural MRI, we measured the subject’s HPTs. The structural
MRI consisted of an MPRAGE protocol with 2.91 ms TE, 2300 ms TR, 900 ms TI, flip angle of
9°, 176 slices, sagittal slice thickness 1.0 mm and 1.0 x 1.0-mm in-plane resolution over a 25.6cm field of view. For the following resting state fMRI scan, the subjects fixated on a crosshair
for 8 min 12.5 s providing 194 functional volumes.
After the resting state scan, subjects experienced a series of 27 weighted pinprick stimuli
consisting of 9 probings each of three forces (128mN, 256mN and 512mN) in a fixed order
where every subject experienced the same order of stimuli. This order of stimuli was balanced
within subject using a Latin squares approach with an inter-stimulus interval of 13 to 17 seconds
in an event-related design. Probe sequences for control and sensitized states were different. For
functional imaging we used a gradient echo single-shot echo-planar-imaging sequence with 30
ms TE, 90° flip angle and 2500 ms TR providing 162 T2*-weighted volumes in 44 interleaved,
3mm slices (no gap) with an in plane resolution of 3.0 x 3.0 mm. The scan took 6 minutes 45
seconds to acquire. Immediately following this scan we had the subject rate their pain in
response to 3 applications of each of the 128, 256 and 512 mN probes. Subjects were presented
with a horizontally positioned version of the 0 to 100 NRS [367]. The three ratings at each force
level were averaged for subsequent data analysis.
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We then applied the C-HP model to the subject’s right leg. During the 12 minute incubation
period we acquired a diffusion tensor imaging scan. This scan lasted 11 minutes 17 seconds and
had an in-field resolution of 1.8 x 1.8 mm with 2 mm thick axial slices with no gap. We acquired
72 slices with 68 directions in an interleaved manner with an EPI scan with a 9400 ms TR and 87
ms TE with a b-value of 1000 s/mm2. The interrogation of this data will be reported elsewhere.
After this scan the subject was removed from the MRI scanner and remained supine on the
scanner bed while the coil was unlocked, but not unplugged. We instructed the subject to remain
as still as possible. While the subject was in the scanner room, an unblinded technician applied
the transcranial direct current stimulation using the Soterix Medical 1x1 tDCS platform with a
current intensity of 1 mA for 20 minutes in duration with two 5 cm by 7 cm sponge electrodes
(current density: 0.0286 mA per cm2). To avoid eliciting phosphenes, we ramped the current up
over 30 seconds at the beginning of the stimulation period and then ramped the current down at
the end of the stimulation period. The tDCS device was obscured from the assessor (TJM) and
the cables leading to both sponge electrodes were black. The technician started the stimulation as
soon as the scanner room was opened after informing the assessor where to place the electrode
leads (both leads were black, but distinguishable from one another) into the sponge electrodes
and the assessor ensured proper electrode placement. The tDCS treatment started from 12 to 14
minutes after capsaicin application in all cases and three minutes before the C-HP model
temperature increased to the target temperature.
After the 20 minute stimulation, the assessor removed the electrode leads and placed the subject
back into the MRI scanner while the C-HP model remained in place. During the prolonged tonic
pain, the subjects experienced another resting state scan detailed in a separate report. After this
scan the subjects rated their on-going pain on the 0 to 100 NRS used previously. We obtained 4
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ratings during a two minute period after the resting state scan. Then the assessor entered the
scanner room and removed the thermode and capsaicin-Tegaderm bilayer.
The final scan the subject experienced was a repeat of the pinprick probe scan; now, however the
scan was after sensitization induced by the C-HP model and a randomized treatment with either
anodal, cathodal or sham tDCS. We probed the area of hyperalgesic skin 1 cm outside the
capsaicin exposure site with a different, though similarly sequenced order of the pre-capsaicin
probe order. Aside from order of counterbalance, the post-capsaicin probe scan was identical to
the pre-capsaicin scan. The comparison of this scan to the pre-capsaicin probe scan and the effect
of the randomized order of tDCS stimulation on the BOLD response to probing in the area of
hyperalgesia is the focus of this report.
After the end of the scanning session the subject filled out a questionnaire evaluating side effects
from the stimulation. The questionnaire assessed the presence and severity of acute mood
change, headache, neck pain, scalp pain, scalp burns, skin redness, sleepiness, tingling or trouble
concentrating. At the end of each session, subjects filled out the Situational Catastrophizing
Questionnaire (SCQ), the State version of the State-Trait Anxiety Inventory (S-STAI) and the
Short Form McGill Pain Questionnaire version 2 (SF-MPQ2) (Experimental overview:
Supplemental Figure 3-1).
MRI Data Analysis
All preprocessing of the event-related fMRI scans proceeded using the afni_proc.py python
script interface for Analysis for Functional NeuroImaging (AFNI). The first three volumes were
automatically removed from the functional scan series by the MRI scanner to allow for signal
equilibration. We used 3dToutcount to determine the volumes where more than 10% of the time
points in a particular TR are outliers (see
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afni.nimh.nih.gov/pub/dist/doc/program_help/3dToutcount.html). The outliers were identified
and then censored during the application of single-subject event-related models. In the next step,
each TR was slice-time corrected and aligned to the top slice, which was collected midway
through the TR. Then, each functional time series was detrended and spikes were quashed with
3dDespike. Before aligning the anatomical scan to the functional scan, the skull was removed
from each image using 3dSkullStrip. We subsequently used 3dAllineate via the
align_epi_anat.py python script to align the anatomy to the third functional volume acquired.
After this alignment, the anatomical volume was warped to Talairach atlas space and normalized
to the ICBM452 brain using @auto_tlrc. We performed motion correction across the functional
time series by aligning the functional volumes to the third volume acquired using 3dVolreg.
After registration, 3dAllineate applied the 12-parameter affine warping matrix determined during
alignment of the native anatomical to Talairach space to the registered functional volumes. We
created individual single subject functional masks from the registered normalized echo planar
images. Estimated individual maps of white matter (WM), cerebral spinal fluid (CSF) and gray
matter (GM) were created for each subject using 3dSeg. We applied spatial blurring using the
iterative program 3dblurtoFWHM with a filter of full width half maximal of 6 mm applied
within an analysis mask that excluded CSF and cortical WM. This level of spatial smoothing was
consistent with the group average estimate of the smoothness of the noise in the functional time
courses derived by the program 3dFWHMx (actual estimates: x = 5.77 mm y = 5.75 mm z = 5.78
mm). We then scaled all voxel time courses to an arbitrary mean signal intensity of 100. For
application of the subject-level event-related model we included as regressors of no interest
censoring of outlier volumes and volumes with motion exceeding 1 mm, signal derived from the
eroded WM and CSF mask, demeaned motion parameters (motion in x, y and z planes and
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rotations about the x, y and z axes), and their first order derivatives. The model of interest was
the event timing of the 128, 256 and 512 mN probes applied separately using a simple gamma
model with a hemodynamic response function with a peak delay of 4 seconds using AFNI’s
3dREMLfit [164]. 3dREMLfit implements an autoregressive moving average model
(ARMA(1,1)) in a restricted maximum-likelihood framework.
Group level analysis
For group level analysis, we used AFNI’s linear mixed-effects modeling program 3dLME [177].
We designed two separate linear mixed models (LMM): one focused on the effect of
sensitization induction on BOLD response to pinprick and one focused on the effect of the
randomized treatment. The factors in the model focusing on hyperalgesia were probe force
(levels: 128 mN, 256 mN, and 512 mN) and state (levels: control and hyperalgesia) and included
data only from sham sessions from all 16 subjects scanned. The model focusing on treatment
effect were probe force (factor levels: 128 mN, 256 mN, and 512 mN) and stimulation modality
(levels: anodal, cathodal, and sham) and included data only from scans taken after exposure to
the C-HP model and stimulation. For pain intensity covariation and mean BOLD response to
pinprick probe analysis, we used AFNI’s 3dttest++. We implemented a minimal voxel-wise pvalue threshold of 0.005 for covariate and contrast analyses (Figures 3-2A, 3-2B, 3-3, 3-7, 312B, 3-13A, 3-13B and 3-13C) and 0.001 for mean BOLD response of each force of probe
during the control and hyperalgesia states (Figures 3-9A-D and 3-10A-D). We implemented a
voxel-wise threshold of 0.0001 for mean BOLD response collapsed across probe force levels for
control and hyperalgesia scans and during hyperalgesia after anodal, cathodal and sham
stimulation (Figures 3-5A-D, 3-8A, and 3-8B). Finally we implemented a voxel-wise p-value
threshold of 10-7 for the mean control response map collapsed across probe force and treatment
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session (Figure 3-12A). For voxel tables detailing contrasts and covariate analysis results, we
implemented an initial voxel-wise threshold of 0.005, while we thresholded all other voxel tables
at an initial voxel-wise threshold of 0.001. In order to elucidate the coordinates of local maxima
within large clusters of the thresholded maps, we reevaluated statistical maps after reducing the
p-value threshold of each map by a factor of 10 (e.g. 0.001 to 0.0001). We chose a p-value
threshold of 0.005 since this corresponds to a minimum false discovery proportion of 0.067
[199]. To correct for multiple comparisons, we estimated the spatial autocorrelation function of
the residual noise of the BOLD signal within our analysis mask (the disjunction mask of
Supplemental Figures 3-2A, B, C and E) using 3dFWHMx and used the resulting function and
3dClustSim to calculate cluster extent criteria (CEC) for both the 3dLME and 3dttest++
statistical maps. We further restricted the analysis to four anatomically-based masks
encompassing cortical grey matter, cerebellum, subcortical gray matter, and brainstem and
calculated the CEC for the cortical and cerebellum mask (Supplemental Figure 3-2). The
calculated CEC for the cortical GM mask for a voxel-wise p-value of 0.005 was 546 mm3, for
0.001 was 249 mm3, for 0.0001 was 103 mm3, and for 10-7 was 27 mm3. For the cerebellum
mask the calculated CEC for a voxel-wise p-value of 0.005 was 327 mm3, for 0.001 was 149
mm3, for 0.0001 was 57 mm3 and for 10-7 was 27 mm3. For the brainstem and midbrain, and
diencephalon mask, we imposed a minimum CEC of 2 voxels in real space (54 mm3) for pvalues of 0.005 to 0.0001 and 27 mm3 for 10-7.
Region of Interest analysis
To further analyze the effect of the C-HP model and stimulation type on the BOLD signal
response to pinprick probes, we extracted beta estimates from subject-level analyses from five
regions of interest anatomically supported by prior studies and demonstrating functional BOLD
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response to the pinprick probe [544,554,895]. We localized ROIs in the perigenual ACC
(pgACC: (2, 40, 17)), dorsal ACC (dACC: (-2, 32, 27)), left somatosensory cortex (L-S1: (-56, 23, 39)), medial prefrontal cortex (MPFC: (2, 59, 9)), and anatomically drawn periaqueductal
gray (PAG (center of mass): (0, 29, -7)) (Supplemental Figure 3-3). The ROIs for L-S1, pgACC,
MPFC, and dACC were drawn as spheres with radii of 4 mm. After extracting beta estimates, we
analyzed them using a linear mixed model (LMM) with factors state (levels: control and
hyperalgesia), treatment (levels: anodal, cathodal, and sham), and probe force (levels: 128 mN,
256 mN, and 512 mN) [210]. To focus the analysis on interactions between state and treatment
effects we repeated a partial LMM collapsed across probe forces with state and treatment as
factors of interest. We illustrate significant results with a two-tailed p-value criteria of 0.05 using
the Greenhouse-Geisser correction for sphericity violations. For significant model effects, we
conducted uncorrected post-hoc paired t-tests focusing on hypothesized contrasts including
anodal ≠ sham stimulation, cathodal ≠ sham stimulation, anodal ≠ cathodal stimulation, and
BOLD response to probe stimulation in control areas ≠ BOLD response to probe stimulation in
sensitized areas. We used SPSS version 21.0 and R version 3.2.5.
Statistical analysis of psychophysical and psychological questionnaire outcomes
We evaluated WDTs, HPTs and pain intensity ratings to pinprick probing while in the scanner
for order effects and randomization to treatment effects using RM-ANOVA and post-hoc paired
t-tests where appropriate applying either no correction or a false discovery rate correction (FDR)
in R or SPSS. We calculated a measure, percent hyperalgesia, which reflects the session specific
effect of the C-HP model on average pin prick pain intensity ratings. 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐻𝑦𝑝𝑒𝑟𝑎𝑙𝑔𝑒𝑠𝑖𝑎 =
100 ×

𝑃𝐼𝑃𝑜𝑠𝑡𝐶𝐻𝑃 −𝑃𝐼𝑃𝑟𝑒𝐶𝐻𝑃
100−𝑃𝐼𝑃𝑟𝑒𝐶𝐻𝑃

. Where PIPostCHP is the pain intensity reported in response to pin prick

probing in the sensitized area after exposure to the C-HP model and PIPreCHP is the pain intensity
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reported in response to pin prick probing on the leg before exposure to the C-HP model.
Additionally, we analyzed the change in area of hyperalgesia from the full clinical trial for the
subset of subjects which had valid data and completed the neuroimaging portion of the study (n =
14). For two subjects the specific area measure time point available, for these subjects we used
data from adjacent time points to calculate a percent reduction. If this had any effect on the data,
it would be to weaken the effect since the first and last time points were typically used. In
additional support of this approach, rather than using mean imputation to replace these measures,
one measure was compensated for in each of the treatment conditions. We evaluated the effects
of treatment on SCQ, STAI-S, and SFMPQ2 sum and subscale scores using a RM-ANOVA for
treatment (factor levels: anode, cathode, and sham). One subject during one session did not
complete the SF-MPQ2 form, which resulted in an n = 14. For hypothesized treatment effects on
primary outcomes including percent hyperalgesia and change in area of hyperalgesia, we
conducted paired t-tests. Specific hypothesized contrasts included anodal > sham, cathodal >
sham and anodal > cathodal where analgesic and antihyperalgesic effects were sought. We
defined statistical significance as a two-tailed p-value of 0.05. We report results as trends, if the
two-tailed p-value is greater than 0.05 and less than 0.1.

Results
Psychophysics and Questionnaires
The RM-ANOVA found no effect of session order on WDTs or HPTs (F = 0.66, p = 0.53; F =
0.14, p = 0.87). The RM-ANOVA to detect systematic differences in WDT and HPT across
treatment sessions revealed a significant effect of treatment on HPTs (F = 3.62, p = 0.045) and a
trend of an effect on WDTs (F = 3.06, p = 0.072) (Fig 3-1A-B). The subset of subjects who took
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part in the MRI portion of this study experienced a greater reduction in area of pin prick
hyperalgesia after M1-anodal tDCS compared to cathodal or sham stimulation, although this
difference did not reach statistical significance (anodal vs. sham t-stat = 1.27, p = 0.23; cathodal
vs. sham t-stat = 0.055, p = 0.96; anodal vs cathodal t-stat = 1.95, p = 0.073) (Fig 3-1C). The
increase in mechanical pain after hyperalgesia developed was less with anodal or cathodal tDCS
compared to sham stimulation, although this difference did not reach statistical significance
(anodal vs. sham t-stat = 1.25, p = 0.23; cathodal vs. sham t-stat = 1.79, p = 0.096; anodal vs
cathodal t-stat = 0.033, p = 0.97) (Fig 3-1D). The 3-way RM-ANOVA examining differences in
pain intensity in response to mechanical pin prick stimuli revealed a significant effect of
induction of hyperalgesia by capsaicin (F = 18.66, p = 0.001), a significant effect of increasing
probe force (F = 34.89, p < 0.001) and a significant interaction between probe force and state
change (F = 5.05, p = 0.015). A partial model examining the effect of treatment, state change and
their interaction found a significant effect of state change (F = 51.9, p < 0.001), but no significant
effect of treatment (F = 1.15, p = 0.31) or interaction between state and treatment (F = 2.41, p =
0.11) (Fig 3-1E).
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Figure 3-1. Psychophysical measures demonstrated marginal differences in warmth and heat
sensitivity among treatments. Anodal tDCS reduced the area of secondary hyperalgesia and
magnitude of sensitization produced by C-HP model compared to sham stimulation. A) Warmth
detection thresholds taken at the beginning of each fMRI session are grouped by treatment. B)
Heat pain thresholds from the beginning of each fMRI session grouped by treatment. Subjects
reported significantly greater heat pain sensitivity during sham sessions compared to anode
sessions (** p < 0.01). C) In a randomized clinical trial of tDCS, these (n = 14) subjects had a
greater reduction in the area of hyperalgesia during anodal compared to cathodal or sham
stimulation, however this difference only reached trend levels (+ p = 0.073). D) After anodal or
cathodal tDCS subjects developed marginally less mechanical hyperalgesia pain than during
sham stimulation. E) Subjects’ pain ratings to pinprick stimuli were significantly increased after
exposure to the C-HP model (F = 51.90; p < 0.001; *** p = 0.001).
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Additional RM-ANOVA analyses evaluated the treatment effect on STAI-S. SCQ, SFMPQ2
sum and subscale scores revealed no significant effect (all p-values > 0.16).
Overall, there were greater treatment associated reductions in mechanical pain intensity and area
of mechanical hyperalgesia after anodal tDCS when compared to cathodal or sham stimulation.
Central sensitization modulates BOLD response to painful mechanical stimuli
A full brain voxel-wise linear mixed model contrast comparing the control BOLD response to
mechanical pain to the BOLD response to sensitized mechanical pain after sham tDCS revealed
numerous significant clusters. Areas of significantly lower BOLD response evoked by
mechanical pain in sensitized skin included the bilateral middle temporal gyrus (MTG), posterior
cingulate cortex (PCC) bilaterally, left pgACC and sgACC, right parahippocampal gyrus (PHG),
fusiform gyrus, posterior insula, and medial superior frontal gyrus (SFG) (Fig 3-2 and Table 31). Subcortically significant reductions in BOLD response to painful mechanical stimuli included
left caudate, right medial globus pallidus, left medial dorsal thalamus and an area in the right
thalamus (Table 3-1). The model also revealed cortical areas where painful mechanical
stimulation after induction of sensitization was greater including the left inferior frontal gyrus
(IFG), pre- and postcentral gyrus (Fig 3-2 and Table 3-1). Subcortical regions of increased
BOLD response after sensitization included the right cerebellum, left putamen, and ventral pons
(Table 3-1).
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Figure 3-2. Pinprick evoked BOLD responses were significantly greater in the left inferior
frontal cortex after exposure to the C-HP model compared to control pinprick stimuli. Induction
of hyperalgesia by the C-HP model correlated with significantly reduced evoked BOLD
responses in the MPFC, bilateral PCC, left STG, right PHG, and medial cuneus. The postcapsaicin > pre-capsaicin contrast map from the linear mixed model surpassed a cluster extent
corrected voxel-wise threshold of p ≤ 0.005. Coordinates are according to the Talairach atlas.
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Table 3-1
Brain Region

Side in Reference
to Stimuli

Brodmann
Area

Volume

Maximum
Intensity

TLRC
Coordinates

Right Posterior Cingulate

ipsilateral

BA30

4266

-5.5

(17, -59, 12)

Right Parahippocampal Gyrus

ipsilateral

BA36

1539

-5.7

(26, -32, -13)

Right Fusiform Gyrus

ipsilateral

BA37

-5

(44, -50, -13)

Left Anterior Cingulate

contralateral

BA32

1269

-4.4

(-8, 44, -7)

Left Middle Temporal Gyrus

contralateral

BA39

1080

-5

(-44, -68, 21)

Left Inferior Frontal Gyrus

contralateral

BA44

945

4.7

(-56, 17, 18)

contralateral

BA44

4.5

(-50, 11, 12)

Left Precentral Gyrus

contralateral

BA44

4.3

(-50, 8, 12)

Left Posterior Cingulate

contralateral

BA29

918

-4.7

(-14, -50, 6)

Right Superior Frontal Gyrus

ipsilateral

BA10

918

-4.7

(2, 59, 12)

Right Middle Temporal Gyrus

ipsilateral

BA22

783

-4.5

(62, -32, 3)

Left Postcentral Gyrus

contralateral

BA2

756

4.6

(-53, -23, 33)

Right Insula

ipsilateral

BA41

567

-5.3

(41, -23, 12)

Right Insula

ipsilateral

BA13

-4.7

(35, -20, 24)

Right Cerebellar Declive

ipsilateral

378

4.4

(14, -71, -19)

Left Putamen

contralateral

351

4.4

(-26, 2, -4)

Right Medial Globus Pallidus

ipsilateral

189

-3.6

(11, 2, -4)

Right Thalamus (LP)

ipsilateral

189

-3.7

(17, -20, 15)

Ventral Pons

contralateral

162

-5.7

(-8, -20, -40)

Left Thalamus (Pul)

contralateral

162

-4.9

(-11, -23, 9)

Left Caudate

contralateral

108

-3.5

(-5, 2, 6)

Right Thalamus (MD)

ipsilateral

108

-3.2

(5, -20, 6)

The apparent significant reductions of BOLD response to mechanical pain in the MPFC were
driven by a negative evoked BOLD response after induction of hyperalgesia (Fig 3-3B).
Qualitatively there was more extensive evoked BOLD response in the cingulate and IFG when
probing in sensitized skin compared to before C-HP model. In contrast, there was more extensive
evoked BOLD response in the thalamus and cuneus to pinprick before sensitization (Fig 3-3A).
BOLD response to pinprick before or after sensitization demonstrated widespread response in the
salience network as well as the leg area of the somatosensory cortex (Fig 3-3A and B).
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Figure 3-3. Evoked BOLD responses to mechanical pain both in control and sensitized skin
displayed a widespread positive response in the bilateral cingulate, operculum and insula. A)
Mean pinprick response maps collapsed across force in control skin display widespread positive
BOLD responses in the cingulate cortex and insula bilaterally as well as bilateral medial
thalamus, parietal opercula, and paracentral lobule. B) Mean pinprick response maps collapsed
across force after induction of sensitization during sham tDCS revealed more widespread
positive BOLD responses in bilateral cingulate, insula, and parietal opercula. Additionally,
MPFC responses to pinprick after C-HP induction of sensitization were negative. The mean
response maps were filtered with a cluster extent corrected voxel-wise threshold of p ≤ 0.0001.
Coordinates are according to the Talairach atlas.

Despite increased pain perception after subjects were exposed to the C-HP model, the associated
neural response within the salience network and other brain regions reflected a reduction in
BOLD response to mechanical pain. Specifically within the MPFC, we found a negative BOLD
response associated with mechanical pain after sensitization where there was none in the control
state.
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Anodal tDCS increases BOLD response to painful mechanical stimuli in the pgACC and PAG
Active anodal tDCS targeted to the left motor cortex (M1) significantly increased BOLD
responses in the left MPFC, right caudate and pontine nuclei and reduced BOLD response in the
left precentral gyrus evoked by pinprick in sensitized skin compared to sham stimulation (Fig 34A and Table 3-2A).

Figure 3-4. BOLD response differences between active and sham treatment were largely
restricted to areas previously associated with pain processing and modulation. A) Evoked BOLD
responses to sensitized pinprick stimuli were greater in the MPFC after anodal tDCS compared
to after sham stimulation. B) Evoked BOLD responses to painful mechanical stimuli were
significantly reduced after cathodal tDCS compared to sham stimulation in several regions of the
brain such as the brainstem, left posterior insula, and supplemental motor area. In A and B, the
planned contrast maps were filtered with a cluster extent corrected voxel-wise threshold of p≤
0.005. Coordinates are according to the Talairach atlas.

Table 3-2A
Brain Region

Side in Reference to
Stimuli

Brodmann
Area

Volume

Maximum
Intensity

TLRC
Coordinates

Left Medial Frontal Gyrus

contralateral

BA10

810

4.9

(-2, 53, 6)

Left Precentral Gyrus

contralateral

BA4

783

-4.4

(-56, -17, 36)

Right Pontine nuclei

Ipsilateral

108

3.4

(14, -26, -34)

Right Caudate

Ipsilateral

108

3.6

(8, 5, 6)
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Cathodal M1 tDCS significantly reduced BOLD responses in the right dorsomedial frontal cortex
in the supplementary motor area (SMA) and the left MCC and posterior insula to pinprick after
sensitization compared to sham stimulation (Fig 3-4B and Table 3-2B). Within the brainstem
significantly reduced BOLD responses were found in the rostral medulla and rostral pons.
Increased BOLD responses after cathodal tDCS compared to sham stimulation were found in the
right medial globus pallidus and caudate nucleus (Fig 3-4B and Table 3-2B).
Table 3-2B
Brain Region

Side in Reference
to Stimuli

Brodmann
Area

Volume

Maximum
Intensity

TLRC
Coordinates

Right Medial Frontal Gyrus

Ipsilateral

BA6

1431

-6.6

(8, -14, 72)

Left Insula

Contralateral

BA13

702

-5.3

(-41, -8, 6)

Left Cingulate Gyrus

Contralateral

BA31

702

-4.9

(-8, -8, 45)

Rostral Medulla
Rostral Pons/Midbrain/ Red
Nucleus

Ipsilateral

324

-5.9

(2, -35, -40)

Ipsilateral

324

-4.2

(8, -23, -16)

Right Medial Globus Pallidus

Ipsilateral

189

4.4

(20, -8, -7)

Right Thalamus

Ipsilateral

189

-4

(11, -14, 6)

Right Caudate

Ipsilateral

162

3.9

(11, 5, 6)

While these modifications were significant and occurred in regions of the brain previously
implicated in pain modulation, they did not greatly modify the overall BOLD response to
pinprick [164,1051]. To illustrate this consistency we show the core brain areas of BOLD
response to pinprick in sensitized skin largely overlap no matter the treatment modality (Fig 35A-C). In particular, these regions of overlap included the posterior insula, the parietal opercula
and somatosensory cortex bilaterally with stronger responses in all three regions contralateral to
the painful stimuli (Fig 3-5A-C and Table 3-3A-C). Consistent with the contrast analysis, the
greatest systemic variation with treatment modality in BOLD response to mechanical pain
occurred in the medial frontal and cingulate regions (Fig 3-5A-C and Table 3-3A-C). BOLD
responses evoked by mechanical pain were most widespread after sham stimulation when
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compared to anodal or cathodal tDCS. Notably, the negative BOLD response in the MPFC is
absent after active stimulation (Fig 3-5A-C).

Figure 3-5. Mechanical pain responses were similar in sensitized skin across treatment sessions,
except, most saliently, the absence of a negative BOLD response in the MPFC after anodal
tDCS. A) Mean response map evoked by pinprick in sensitized skin after sham tDCS revealed
widespread activation bilaterally in the cingulate, insula, parietal opercula and somatosensory
cortex. Negative response was present in the MPFC. B) Mean response map evoked by pinprick
in sensitized skin after anodal tDCS revealed widespread activation bilaterally in the insula,
parietal opercula and somatosensory cortex. Compared to sham tDCS the negative response in
the MPFC is absent and the activation in the cingulate cortex appears more focal. C) Mean
response map evoked by pinprick in sensitized skin after cathodal tDCS revealed widespread
activation bilaterally in the insula, parietal opercula and somatosensory cortex. Compared to
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sham tDCS the negative response in the MPFC is absent and the activation in the cingulate
cortex is reduced. All mean response maps were filtered with a cluster extent corrected voxelwise threshold of p≤ 0.001. Coordinates are according to the Talairach atlas.
Table 3-3A
Side in
Reference to
Stimuli

Brodmann
Area

Volume

Maximum
Intensity

TLRC
Coordinates

contralateral

BA13

29997

9.5

(-35, -20, 21)

contralateral

BA13

6.7

(-32, 23, 18)

Right Inferior Parietal Lobule

Ipsilateral

BA40

9.7

(50, -32, 24)

Right Inferior Frontal Gyrus

Ipsilateral

BA13

6.6

(38, 29, 9)

Ipsilateral

BA47

5.9

(47, 17, -1)

Ipsilateral

BA13

6.4

(53, -44, 18)

Ipsilateral

BA13

4.2

(44, -47, 15)

Ipsilateral

BA13

7.1

(32, -26, 18)

Ipsilateral

BA13

5.1

(41, 14, 3)

Right Precentral Gyrus

Ipsilateral

BA6

Left Medial Frontal Gyrus

contralateral

BA6

Left Superior Frontal Gyrus

contralateral

Right Superior Frontal Gyrus

Ipsilateral

Left Postcentral Gyrus
Left Cingulate Gyrus

Brain Region
Left Insula

Right Superior Temporal
Gyrus
Right Insula

24030

7.9

(56, 2, 12)

7.4

(-5, -23, 69)

BA6

7.1

(-2, 8, 51)

BA6

5.5

(11, 2, 72)

contralateral

BA7

7.1

(-20, -47, 66)

contralateral

BA31

6.5

(-8, -8, 45)

contralateral

BA32

5.5

(-8, 23, 33)

Right Cingulate Gyrus

Ipsilateral

BA32

6.5

(8, 17, 36)

Right Postcentral Gyrus

Ipsilateral

BA7

2160

6.6

(17, -44, 66)

Left Thalamus (MD)

contralateral

1431

5.8

(-11, -17, 6)

Left Medial Frontal Gyrus

contralateral

918

-5

(-2, 59, 12)

Right Thalamus

Ipsilateral

864

6.4

(11, -14, 9)

Right Precentral Gyrus

Ipsilateral

BA6

702

5.5

(44, -5, 45)

Right Cingulate Gyrus

Ipsilateral

BA24

378

5.2

(11, -20, 39)

Right Middle Frontal Gyrus

Ipsilateral

BA6

297

5

(38, -5, 60)

Right Paracentral Lobule

Ipsilateral

BA5

270

5

(11, -38, 48)

Left Caudate

contralateral

189

-4.1

(-2, 11, -1)

Dorsal Pons

contralateral

162

5.6

(-2, -32, -40)

Left Caudate

contralateral

162

4.1

(-8, 11, 6)

Left Caudate

contralateral

135

-5

(-2, 2, 9)

Rostral Ventral Medulla

Ipsilateral

108

4.1

(2, -26, -43)

Dorsal Medulla

Ipsilateral

108

4.5

(5, -35, -46)

BA10

135

20871

Table 3-3B
Side in
Reference to
Stimuli

Brodmann
Area

Volume

Maximum
Intensity

contralateral

BA13

22248

8.7

(-38, 5, 12)

contralateral

BA13

6.8

(-29, 17, 12)

contralateral

BA13

6.6

(-32, 20, 18)

contralateral

BA13

6.4

(-38, 2, 3)

contralateral

BA13

5

(-35, 14, 6)

contralateral

BA44

7.8

(-59, 8, 12)

contralateral

BA6

6.9

(-59, 5, 12)

ipsilateral

BA40

9

(50, -32, 24)

ipsilateral

BA40

6.7

(53, -32, 27)

ipsilateral

BA40

6.5

(59, -41, 27)

ipsilateral

BA40

6

(56, -26, 30)

Right Precentral Gyrus

ipsilateral

BA6

7.1

(56, 2, 12)

Right Postcentral Gyrus

ipsilateral

BA43

6.8

(53, -17, 21)

Right Insula

ipsilateral

BA13

6.2

(47, -5, 15)

ipsilateral

BA13

5.9

(38, -17, 3)

ipsilateral

BA21

5.3

(41, -2, -10)

Brain Region
Left Insula

Left Precentral Gyrus
Right Inferior Parietal Lobule

17091

TLRC
Coordinates

ipsilateral

BA13

5.2

(38, 11, 12)

Right Inferior Frontal Gyrus

ipsilateral

BA13

5.5

(38, 26, 9)

Left Cingulate Gyrus

contralateral

BA32

6.1

(-8, 14, 39)

contralateral

BA32

5.7

(-2, 8, 42)

Right Cingulate Gyrus

ipsilateral

BA32

4.8

(2, 20, 33)

Right Medial Frontal Gyrus

ipsilateral

BA6

5.6

(8, 2, 48)

Left Postcentral Gyrus

contralateral

BA7

6.2

(-20, -47, 66)

Left Precuneus

contralateral

BA7

5.2

(-11, -47, 60)

Left Medial Frontal Gyrus

contralateral

BA6

1431

6.5

(-8, -17, 72)

Left Thalamus

contralateral

972

5.1

(-5, -23, -1)

Left Thalamus (MD)

contralateral

4.9

(-11, -20, 9)

Right Superior Parietal Lobule

ipsilateral

864

-5.4

(41, -62, 51)

Right Thalamus (LP)

ipsilateral

783

5.8

(14, -20, 15)

Right Thalamus (MD)

ipsilateral

4.8

(8, -17, 9)

Left Putamen

contralateral

675

5.1

(-20, 2, -10)

Right Postcentral Gyrus

ipsilateral

BA7

459

6.7

(17, -44, 66)

Right Superior Frontal Gyrus

ipsilateral

BA8

405

-4.5

(8, 56, 45)

Left Putamen

contralateral

351

4.5

(-17, 17, -4)

Right Superior Frontal Gyrus

ipsilateral

270

4.6

(8, -5, 69)

Left Putamen

contralateral

243

4.8

(-17, 5, -1)

Left Cerebellar Tuber

contralateral

216

-4

(-41, -68, -28)

Right Cerebellar Declive

Ipsilateral

162

3.9

(8, -68, -22)

Left Caudate

contralateral

108

4

(-11, 11, 6)

BA7

BA6

136

4536

2646

Table 3-3C
Brain Region

Side in Reference
to Stimuli

Brodmann
Area

Volume

Maximum
Intensity

TLRC
Coordinates

20466

8.7

(-59, 5, 12)

Left Precentral Gyrus

contralateral

BA6

Left Postcentral Gyrus

contralateral

BA2

6.7

(-65, -20, 30)

Left Insula

contralateral

BA13

8

(-35, -20, 21)

contralateral

BA13

7.5

(-35, 2, 18)

contralateral

BA13

7.3

(-41, 17, 6)

contralateral

BA13

6.9

(-38, 5, 12)

contralateral

BA13

6.8

(-50, -29, 18)

contralateral

BA21

5.4

(-38, -14, -7)

Left Inferior Parietal Lobule

contralateral

BA40

4.5

(-56, -32, 33)

Right Inferior Parietal Lobule

Ipsilateral

BA40

8.6

(53, -32, 27)

Right Inferior Frontal Gyrus

Ipsilateral

BA13

5.2

(38, 23, 9)

Right Postcentral Gyrus

Ipsilateral

BA43

6.7

(50, -17, 21)

Right Insula

Ipsilateral

BA13

7.1

(38, -14, -4)

Ipsilateral

BA13

7

(35, -20, 15)

Ipsilateral

BA13

6.3

(35, 5, 15)

18333

Ipsilateral

BA13

4.6

(41, 14, 3)

Right Precentral Gyrus

Ipsilateral

BA6

7.7

(56, 2, 12)

Left Postcentral Gyrus

contralateral

BA7

2727

5.9

(-17, -50, 66)

Left Superior Frontal Gyrus

contralateral

BA6

2295

5.9

(-2, 8, 54)

Ipsilateral

BA6

4.7

(-2, 8, 51)

Left Medial Frontal Gyrus

contralateral

BA6

4.8

(-2, 2, 51)

Right Cingulate Gyrus

Ipsilateral

BA32

5.4

(5, 20, 39)

Left Middle Occipital Gyrus

contralateral

BA19

5

(-38, -71, 12)

1539

contralateral

BA19

4.8

(-50, -68, 9)

Right Postcentral Gyrus

Ipsilateral

BA5

1350

7.1

(14, -44, 66)

Left Medial Frontal Gyrus

contralateral

BA6

1323

5.6

(-5, -26, 69)

Left Putamen

contralateral

1269

5.7

(-23, 8, -7)

Left Insula

contralateral

891

5.4

(-32, 29, 12)

Left Thalamus (MD)

contralateral

783

5.9

(-11, -20, 12)

Right Cingulate Gyrus

Ipsilateral

702

4.9

(11, -23, 42)

Right Thalamus (MD)

Ipsilateral

567

5.6

(5, -17, 9)

Right Middle Temporal Gyrus

Ipsilateral

Left Cerebellar Tuber

contralateral

Right Cingulate Gyrus

Ipsilateral

Right Superior Temporal Gyrus

BA13
BA31
BA37

540

4.5

(47, -62, 6)

459

-5.8

(-44, -68, -25)

BA32

378

5.4

(5, 20, 39)

Ipsilateral

BA38

351

4.1

(41, 5, -13)

Right Superior Frontal Gyrus

Ipsilateral

BA9

270

-4.6

(5, 50, 33)

Left Brainstem

contralateral

189

4.7

(-14, -20, -4)
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Anodal M1 tDCS was associated with less extensive BOLD-evoked responses to mechanical
pain after C-HP model exposure compared to sham stimulation and enhanced BOLD responses
specifically in the MPFC and basal ganglia.
To elucidate more fully the effects of anodal or cathodal tDCS on BOLD responses in nodes of
the descending pain modulatory network, we extracted the beta coefficients from each treatment
session before and after the C-HP model (Fig 3-6). The analysis focused on the pgACC, dACC,
PAG and MPFC anterior to the pgACC. Additionally, we included L-S1 adjacent to the
stimulated motor cortex and contralateral to the area of sensitized skin. A RM-ANOVA focusing
on the state, treatment factors, and their interaction, collapsed across probe force, found
significant effects of treatment for the extracted BOLD response in the pgACC (F = 6.249, p =
0.004), PAG (F = 5.759, p = 0.005), and MPFC (F = 4.062, p = 0.028) (Fig 3-6). Furthermore,
this analysis found significant effects of state in L-S1 (F = 5.427, p = 0.024) and MPFC (F =
5.152, p = 0.021) as well as significant interactions in L-S1 (F = 4.146, p = 0.020) and MPFC (F
= 4.757, p = 0.011) (Fig 3-6).
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Figure 3-6. A region of interest (ROI) analysis collapsing BOLD response model coefficients
across force evaluated ROIs in the pgACC, PAG, L-S1, and MPFC. A) Grouping BOLD
responses in the pgACC by treatment, before and after exposure to the C-HP model showed
evoked responses after sensitization are significantly greater after anodal tDCS compared to
sham tDCS (* p ≤ 0.05; ** p ≤ 0.01). B) Grouping BOLD responses in the PAG by treatment,
before and after exposure to the C-HP model demonstrated evoked responses are significantly
greater after anodal tDCS when compared to either cathodal tDCS or sham tDCS (** p ≤ 0.01).
C) Grouping BOLD response by treatment, before and after C-HP exposure revealed BOLD
responses in L-S1 were significantly greater after sham tDCS compared to anodal tDCS and
showed a trend greater response compared to cathodal tDCS (*** p ≤ 0.001; + p = 0.052). D)
Grouping BOLD responses in MPFC by treatment, before and after C-HP exposure revealed
significantly greater responses after anodal or cathodal tDCS compared to sham tDCS (*** p ≤
0.001; ** p = 0.01).

Contrary to our model predictions evoked BOLD responses in dACC showed no consistent
effect of treatment, (2-way RM-ANOVA: Treatment F = 0.302, p = 0.742; State by Treatment
interF = 1.549, p = 0.229). For this ROI, we collapsed across probe force and performed a 2-way
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RMANOVA treatment by state, and found a significant effect of state (State F = 4.710, p =
0.035). Post-hoc analysis showed that anodal tDCS prevented the reduction in the BOLD
response in the PAG and pgACC evoked by mechanical pain induced by capsaicin sensitization.
Finally, both anodal and cathodal tDCS blocked the appearance of a negative evoked BOLD
response to mechanical pain in the MPFC induced by the C-HP model (Fig 3-6).
In the MPFC, pgACC and PAG anodal tDCS was associated with greater BOLD response after
C-HP model exposure compared to sham stimulation (where BOLD response was reduced by
sensitization), while the increase in mechanical pain evoked BOLD response in sensitized skin
after cathodal or sham stimulation was blunted after anodal tDCS.
Medial Prefrontal Cortex
Since there appeared to be a functional anatomical convergence between three effects of interest
in the MPFC, we created an overlap map between the maps of interest: the negative part of the
BOLD response to painful mechanical stimulation (CEC at p ≤ 0.001), areas of evoked BOLD
response to mechanical pain after C-HP model and anodal stimulation greater than that after CHP and sham stimulation (CEC at p ≤ 0.005), and areas of evoked BOLD response to mechanical
pain which are greater during pre-C-HP than after C-HP model (CEC at p ≤ 0.005) (Fig 3-7).
This revealed an area of overlap in the medial portion of the frontal cortex anterior to the pgACC
in Brodmann area 10.
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Figure 3-7. The MPFC, indicated by the red circle, was the only region significantly modulated
by anodal tDCS and the C-HP model. The functional anatomical overlap of (A) negative evoked
BOLD response to painful mechanical probing in sensitized skin (cluster-extent corrected (CEC)
voxel-wise threshold filter p ≤ 0.001), (B) contrast in BOLD response to pinprick in sensitized
skin after anodal tDCS is greater than after sham tDCS (CEC voxel-wise threshold filter p ≤
0.005), and (C) contrast where mechanical pain evoked BOLD response in control skin is
significantly greater than that in sensitized skin (CEC voxel-wise threshold filter p ≤ 0.005).

Painful mechanical stimuli elicits robust response in the cingulate and insula
To verify that mechanical pain evoked BOLD response maps consistent with prior studies of the
BOLD response to painful stimuli, we collapsed the control mechanical pin prick scans across
session and across probe forces. The resulting map, with a CEC of 54 mm3 at p ≤ 10-7, included
BOLD responses in the bilateral insula, parietal and frontal opercula, cingulate cortices and
subcortical structures such as the thalamus and putamen (Fig 3-8A and Table 3-4A). This pattern

141

was consistent with recent quantitative meta-analyses of brain-wide maps evoked by painful
stimuli [259,544].

Figure 3-8. Painful mechanical stimuli elicited BOLD responses throughout the parietal, insular,
cingulate cortices, foci of which correlated significantly with subjective pain intensity ratings. A)
Evoked BOLD response to pinprick in normal skin across force and treatment revealed a
response map including the bilateral anterior and posterior insula, parietal opercula, middle
cingulate cortices, and somatosensory cortex corresponding to the somatotopic leg area.
Subcortically the response included the bilateral thalamus and PAG. The mean response map
was filtered with cluster extent corrected (CEC) voxel-wise threshold of p ≤ 10-7. B) Correlation
analysis of pinprick evoked BOLD response and the pain intensity revealed positive correlations
in the left putamen, PAG, right frontal operculum, right dorsal posterior insula, and left
paracentral lobule and somatosensory cortex in the leg area. The correlation map was filtered
with a CEC voxel-wise threshold of p ≤ 0.005. Coordinates are according to the Talairach atlas.
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Table 3-4A
Brain Region

Side in Reference
to Stimuli

Brodmann
Area

Volume

Maximum
Intensity

TLRC
Coordinates

Left Insula

contralateral

BA13

44064

17.1

(-35, -20, 21)

contralateral

BA13

15.5

(-35, -20, 18)

contralateral

BA13

13.3

(-35, 5, 15)

contralateral

BA13

10.7

(-35, 26, 12)

contralateral

BA13

9.7

(-38, 5, -1)

contralateral

BA13

8.6

(-32, 17, 12)

Left Paracentral Lobule

contralateral

BA7

9.5

(-8, -47, 60)

Left Postcentral Gyrus

contralateral

BA40

12.4

(-50, -23, 21)

Left Precentral Gyrus

contralateral

BA6

13.8

(-56, 2, 12)

Left Middle Temporal Gyrus

contralateral

BA19

6.8

(-47, -62, 12)

Left Putamen

contralateral

6.2

(-14, 11, -4)

Left Inferior Parietal Lobule

contralateral

BA40

10.3

(-56, -23, 30)

Left Inferior Frontal Gyrus

contralateral

BA9

5.7

(-56, 11, 27)

contralateral

BA13

5.6

(-32, 14, -13)

Left Superior Temporal Gyrus

contralateral

BA22

7.4

(-59, -47, 18)

Right Inferior Parietal Lobule

ipsilateral

BA40

15.1

(50, -32, 24)

Right Precentral Gyrus

ipsilateral

BA6

11.9

(53, -2, 12)

Right Postcentral Gyrus

ipsilateral

BA43

10.5

(56, -17, 18)

Right Insula

ipsilateral

BA13

11.2

(35, -20, 21)

ipsilateral

BA13

10.9

(41, 2, 3)

ipsilateral

BA13

9.6

(38, -17, 3)

ipsilateral

BA13

9.5

(35, 5, 15)

ipsilateral

BA39

9.6

(47, -59, 9)

ipsilateral

BA21

5.8

(59, -47, 6)

ipsilateral

BA47

5.8

(32, 17, -13)

ipsilateral

BA13

9.1

(38, 26, 12)

contralateral

BA24

10.3

(-5, 2, 45)

contralateral

BA32

6.6

(-8, 26, 30)

Left Superior Parietal Lobule

contralateral

BA7

9.3

(-20, -44, 60)

Left Medial Frontal Gyrus

contralateral

BA6

8.5

(-8, -17, 72)

Left Postcentral Gyrus

contralateral

BA5

9.2

(-23, -44, 66)

Right Medial Frontal Gyrus

ipsilateral

BA6

7.2

(5, -14, 66)

Right Cingulate Gyrus

ipsilateral

BA32

Left Thalamus

contralateral

Left Thalamus (Pul)

Right Middle Temporal Gyrus
Right Inferior Frontal Gyrus
Left Cingulate Gyrus

39879

21600

7.8

(5, 23, 36)

10.5

(-5, -29, -4)

contralateral

9.5

(-11, -23, 9)

Right Thalamus (MD)

ipsilateral

8.7

(5, -20, 6)

Left Cerebellar Pyramis

contralateral

-6.5

(-2, -80, -22)

Right Cerebellar Uvula

ipsilateral

-6.3

(23, -86, -25)

Left Cerebellar Declive

contralateral

-5.8

(-35, -65, -22)

Left Cerebellar Tuber

contralateral

-5.3

(-47, -65, -25)

9369

5454
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Table 3-4A Continued
Brain Region

Side in Reference
to Stimuli

Brodmann
Area

Volume

Maximum
Intensity

TLRC
Coordinates

Right Cuneus

ipsilateral

BA23

2916

8

(5, -71, 12)

Right Postcentral Gyrus

ipsilateral

BA7

2457

11.2

(14, -47, 66)

Right Middle Temporal Gyrus

ipsilateral

BA39

1566

9.6

(47, -59, 9)

Left Posterior Cingulate

contralateral

BA30

1188

7.1

(-20, -68, 6)

Right Caudate

ipsilateral

810

6.1

(14, 11, 3)

Dorsal Pons

contralateral

621

5.7

(-2, -26, -43)

Right Middle Frontal Gyrus

ipsilateral

513

6.8

(41, 44, 15)

Right Cerebellar Tuber

ipsilateral

378

-5.1

(50, -65, -28)

Left Thalamus

contralateral

324

-5.2

(-2, -8, 15)

Right Anterior Cingulate

ipsilateral

BA32

270

4.8

(2, 38, 21)

Right Precuneus

ipsilateral

BA7

243

-6.3

(5, -74, 57)

Left Cingulate Gyrus

contralateral

BA31

216

6

(-14, -20, 39)

Left Cerebellar Declive

contralateral

189

-5.2

(-53, -53, -19)

Left Middle Temporal Gyrus

contralateral

BA39

189

5.2

(-38, -74, 15)

Right Superior Frontal Gyrus

ipsilateral

BA6

189

5.4

(14, -2, 63)

Left Superior Temporal Gyrus

contralateral

BA22

162

4.9

(-56, -2, -7)

Left Precentral Gyrus

contralateral

BA6

135

5.5

(-41, -8, 60)

Right Cerebellar Tuber

ipsilateral

108

-4.8

(41, -74, -28)

Right Parahippocampal Gyrus

ipsilateral

BA19

108

4.7

(17, -44, -4)

Right Precentral Gyrus

ipsilateral

BA6

108

4.5

(50, -5, 48)

Right Precuneus

ipsilateral

BA7

108

-4.2

(2, -80, 51)

Right Precentral Gyrus

ipsilateral

BA6

108

5.4

(38, -5, 57)

Left Precentral Gyrus

contralateral

BA6

108

-4.6

(-29, -20, 66)

BA10

While the LMM models for treatment effects and for the effect of the C-HP model included
probe force as a factor, of all the possible linear contrasts for the forces of probe, none in the
treatment model reached significance at any voxel after controlling for false discovery rate
(FDR) (smallest q = 0.157) [958]. Furthermore, the LMM for the effect of the C-HP model to
induce hyperalgesia revealed the contrast 512 mN > 128 mN to have significant voxels after
controlling for FDR (q = 0.011). However, no clusters derived from this contrast survived the
conservative CEC imposed at any p-value < 0.005. Despite finding no effect of probe force on a
voxel-wise basis in either the treatment or effect of C-HP model, CEC thresholded maps of
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BOLD responses evoked by mechanical pain demonstrated a gradient of more widespread
activation as probe force increased in both the pre- and post-C-HP exposure states (pre-capsaicin
128 mN probe force: Supplemental Fig 3-4A and Supplemental Table 3-1A; pre-capsaicin 256
mN probe force: Supplemental Fig 3-4B and Supplemental Table 3-1B; pre-capsaicin 512 mN
probe force: Supplemental Fig 3-4C and Supplemental Table 3-1C; post-capsaicin 128 mN probe
force: Supplemental Fig 3-5A and Supplemental Table 3-2A; post-capsaicin 256 mN probe
force: Supplemental Fig 3-5B and Supplemental Table 3-2B; and post-capsaicin 512 mN probe
force: Supplemental Fig 3-5C and Supplemental Table 3-2C).
BOLD response to painful mechanical stimuli correlate with pain intensity in the posterior
insula and somatosensory representation of the leg
One way to identify regions of the brain involved in processing of subjective sensations such as
pain is to correlate the BOLD response evoked by the stimulus to the magnitude of the intensity
of the sensation [197]. Since this approach has been infrequently pursued in pain studies using
punctate mechanical stimuli, we applied this analysis to the BOLD response maps gathered in
the pre-capsaicin scan for each subject across each treatment session. This analysis revealed
several clusters of significant positive correlation of the magnitude of the BOLD response
evoked by mechanical pain and reported pain intensity ratings. This result comprised areas that
significantly responded to mechanical probing of the right foreleg and included the left
paracentral lobule (PCL) in the somatotopic leg area, the left second somatosensory area, left
SMA, left caudate and putamen, left inferior parietal lobule (IPL), left lingual gyrus, left
thalamus, dorsal PAG, right dorsal posterior insula, right precentral gyrus, and right MPFC (Fig
3-8B and Table 3-4B).
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Table 3-4B
Brodmann
Area

Volume

Maximum
Intensity

TLRC
Coordinates

contralateral

BA6

2106

6

(-5, -29, 57)

contralateral

BA4

4.9

(-8, -35, 72)

Left Medial Frontal Gyrus

contralateral

BA6

5.4

(-5, -14, 72)

Right Medial Frontal Gyrus

ipsilateral

BA6

4.6

(2, -14, 63)

Right Precentral Gyrus

ipsilateral

BA4

1080

3.9

(59, -11, 27)

Right Insula

ipsilateral

BA13

729

5

(32, -23, 24)

Left Lingual Gyrus

contralateral

BA19

675

4.1

(-17, -59, -1)

Left Inferior Parietal Lobule
Left Thalamus/
Periaqueductal gray

contralateral

BA40

675

5.3

(-56, -41, 27)

648

4.7

(-11, -26, 3)

Left Postcentral Gyrus

contralateral

621

4.4

(-11, -44, 69)

Right Cerebellar Uvula

ipsilateral

459

-5.2

(20, -71, -25)

Left Caudate

contralateral

189

3.8

(-5, 17, 3)

Left Putamen

contralateral

189

4.2

(-23, 8, 12)

Left Putamen

contralateral

108

3.9

(-20, 8, -1)

Right Putamen

ipsilateral

108

-4.1

(26, -14, 6)

Brain Region
Left Paracentral Lobule

Side in Reference
to Stimuli

contralateral
BA5

1890

Anodal tDCS abolishes pain intensity covariance with BOLD response in areas responsive to
nociceptive stimuli
The induction of hyperalgesia led to a similar pattern of pain intensity correlation with BOLD
response evoked by mechanical pain when accompanied by sham tDCS stimulation (Fig 3-9A
and Table 3-5A). Additionally, pain intensity correlation with evoked BOLD response revealed
clusters of positive correlation in the contralateral anterior MCC and superior temporal gyrus
(STG) in the area of the temporoparietal junction, the ipsilateral PCC, and medial dorsal
thalamus (Fig 3-9A and Table 3-5A).
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Figure 3-9. Significant covariation of subjective pain intensity with BOLD response evoked by
mechanical pain was most extensive after sham and cathodal tDCS compared to anodal tDCS. A)
BOLD response evoked by pinprick after sensitization accompanied by sham tDCS positively
correlated with subjects’ pain intensity ratings in the right dorsal posterior insula, left anterior
midcingulate cortex, bilateral medial cuneus, left posterior insula and parietal operculum, left
superior temporal gyrus and subcortically the bilateral medial thalamus and periaqueductal gray.
B) BOLD response evoked by pinprick after sensitization accompanied by anodal tDCS
positively correlated with pain intensity ratings in the left temporal operculum. There were a few
additional small clusters of positive correlation including left thalamus and right cerebellum. C)
BOLD response evoked by pinprick occurred after sensitization accompanied by cathodal tDCS
positively correlated with pain intensity ratings in the somatosensory cortex in the leg area and in
the bilateral putamen. The correlation maps were filtered with a cluster extent corrected voxelwise threshold of p ≤ 0.005. Coordinates are according to the Talairach atlas.
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Table 3-5A
Brain Region

Side in Reference
to Stimuli

Brodmann
Area

Volume

Maximum
Intensity

TLRC
Coordinates

Left Middle Temporal Gyrus

contralateral

BA19

1728

5.2

(-47, -62, 12)

Right Lingual Gyrus

ipsilateral

BA18

1674

5.1

(11, -77, 6)

Left Lingual Gyrus

contralateral

BA18

1242

4.6

(-8, -80, 3)

Right Posterior Cingulate

ipsilateral

BA30

999

4.3

(14, -53, 12)

Left Medial Frontal Gyrus

contralateral

BA6

999

6.6

(-5, -17, 66)

Right Insula

ipsilateral

BA13

837

4.3

(35, -23, 18)

Left Superior Temporal Gyrus

contralateral

BA22

675

4.5

(-50, 5, 6)

Left Cingulate Gyrus

contralateral

BA32

567

4.9

(-8, 17, 36)

Right Thalamus (MD)

ipsilateral

540

4.9

(8, -17, 6)

Right Thalamus (Pul)

ipsilateral

297

5

(2, -29, -1)

Left Thalamus (Pul)

contralateral

270

4.3

(-8, -23, 9)

Left Caudate

contralateral

135

4.9

(-8, 2, 6)

In contrast, all areas of positive correlation of evoked BOLD response with pain intensity
present after sham stimulation were abolished when hyperalgesia induction was accompanied by
anodal tDCS leaving significant clusters in the contralateral thalamus and lip of the frontal
operculum (Fig 3-9B and Table 3-5B).
Table 3-5B
Brain Region

Side in Reference
to Stimuli

Brodmann
Area

Volume

Maximum
Intensity

TLRC
Coordinates

BA44

621

6.1

(-56, 8, 6)

Left Precentral Gyrus
Right Cerebellar Inferior
Semilunar Lobule

contralateral
ipsilateral

378

4.7

(20, -71, -40)

Left Thalamus

contralateral

135

4.3

(-20, -23, 9)

When induction of hyperalgesia was accompanied by cathodal tDCS areas of positive correlation
of evoked BOLD response with pain intensity remained in the bilateral putamen and the PCL
and postcentral gyrus in the area of the somatotopic leg area (Fig 3-9C and Table 3-5C). To
verify the spatial correlation and statistical strength of these changes in pain intensity-evoked
BOLD response correlations, we conducted conjunction analyses between control and post-CHP
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states after sham stimulation, post-CHP state after sham stimulation and cathodal tDCS and postCHP state after sham stimulation and anodal tDCS. When applying a conservative CEC
correction we found significant overlap between control and sham conditions and between
cathodal and sham condition in left PCL and medial SFG (Fig 3-10). There were no significant
clusters as a result of the conjunction analysis between sham and anodal conditions.
Table 3-5C
Brain Region

Side in Reference
to Stimuli

Brodmann
Area

Volume

Maximum
Intensity

TLRC
Coordinates

3078

5.2

(-2, -23, 54)

Left Medial Frontal Gyrus

contralateral

BA6

Left Paracentral Lobule

contralateral

BA5

5.2

(-2, -38, 60)

Left Postcentral Gyrus

contralateral

BA5

4.9

(-8, -41, 72)

Right Precentral Gyrus

ipsilateral

BA6

783

5

(56, -2, 27)

Right Paracentral Lobule

ipsilateral

BA4

567

4.2

(8, -35, 72)

Left Putamen

contralateral

270

4.5

(-23, 14, 3)

Right Putamen

ipsilateral

216

4.1

(26, 5, -4)

Right Lateral Globus Pallidus

ipsilateral

216

-4.1

(20, -2, 3)

Right Putamen

ipsilateral

216

4.4

(20, 8, 9)
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Figure 3-10. Pain covariation with BOLD response to mechanical pain in the leg area
contralateral to the stimuli was specifically abolished by anodal tDCS. A) Conjunction analysis
between the covariate maps of pain intensity with BOLD response in the pre-capsaicin condition
and the sham stimulation condition revealed significant coincident correlation in the paracentral
lobule in somatotopic leg S1. B) A similar analysis between the sham and cathodal stimulation
conditions revealed significant coincident correlation only in the paracentral lobule. The resultant
conjoint map of sham and anodal stimulation conditions revealed no such overlap. The
conjunction maps were filtered with cluster extent corrected voxel-wise threshold of p ≤ 0.005.

Anodal tDCS was associated with an absence of significant pain intensity covariation in brainwide BOLD response, where numerous clusters of pain-intensity BOLD covariation were found
during control mechanical pain or mechanical pain after sensitization after sham or cathodal
stimulation.
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Discussion
In this study we found M1-anodal tDCS was associated with altered sensitized mechanical painrelated activity in the L-S1, pgACC, PAG and MPFC, areas implicated in sensory processing and
the DPM network. Anodal tDCS consistently normalized evoked BOLD responses to control
levels after induction of secondary hyperalgesia with the C-HP model. Compared to cathodal or
sham tDCS, anodal stimulation suppressed evoked BOLD activity enhanced by capsaicin
sensitization in L-S1. Capsaicin sensitization suppressed activation in the pgACC, PAG and
MPFC during the sham condition, relative to control condition which was normalized by anodal
tDCS. While our study was underpowered to detect treatment effects of anodal tDCS on sensory
measures, anodal stimulation consistently produced effects in the direction of antihyperalgesia
(more rapid reduction of the area of secondary hyperalgesia and suppression of the hyperalgesia
effect of capsaicin). In an exploratory analysis of the covariation of pain intensity evoked BOLD
response to mechanical pain, we found that anodal tDCS disrupted the brain-wide correlation of
pain intensity with neural processing. Together these results support the hypothesis that, even
after one session of stimulation, M1-anodal tDCS modulates activity in primary nodes of the
descending pain modulatory system. Interestingly, this did not include treatment effects in the
dACC.
Is there a general model of Motor Cortex Stimulation involving the descending pain modulatory
network that cuts across methods?
Several studies in animals and humans have demonstrated the involvement of the descending
pain modulatory system in the brain’s tonic response to epidural motor cortex stimulation
(EMCS) [753,754,772]. Our study is the first to extend these findings to the effects of a
noninvasive neuromodulation method targeting M1 on evoked responses to painful mechanical
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stimuli. It is encouraging that these effects occur after just one stimulation session. We found
that excitatory anodal tDCS modulated neural responses to painful mechanical stimuli in several
brain regions in the DPM including MPFC, pgACC, PAG and the brainstem at the level of the
pontine reticular formation. Previous studies of EMCS in animal models of chronic pain have
demonstrated increased activity relative to sham treated animals in the ACC and PAG
[529,753,754]. Human neuroimaging studies have found similar results in the pgACC and PAG
[334,438,772]. Further, opioid PET studies of EMCS in chronic pain patients found reduced
binding potential of a nonspecific opioid ligand in response to EMCS in the anterior MCC and
the PAG [626]. Such a reduction in binding potential specifically in response to the stimulation
period of EMCS strongly supports release of endogenous opioids in response to EMCS. It should
be noted that findings in animal models in the PAG have been mixed, with some studies showing
an increase in activity, some studies finding a decrease in neural activity, and one study finding
either an increase or decrease in activity depending on the side relative to stimulation examined
[242,307,529,753,754]. Given the functional heterogeneity of the PAG and the inability of PET
or traditional fMRI studies in humans to resolve the subregions of the PAG in humans, it is likely
different subregions respond to M1 neuromodulation in a specific manner [68,206,529,600,930].
Additionally, we found increased BOLD responses to painful mechanical stimuli specifically
after M1-anodal tDCS in the brainstem at the level of the pontine reticular formation. Due to the
small size of brainstem nuclei we are unable to confirm the anatomical location of this cluster,
but studies in animals and humans have shown significant modulation of this region in response
to EMCS [334,529,772].
We also found reduced BOLD signal evoked by mechanical pain in the precentral and PCL
corresponding to the somatotopic leg area. Studies of EMCS in animal pain models have
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demonstrated both decreased neural activity and decreased BOLD response to EMCS in S1
[183,457]. Additionally, high frequency, excitatory, M1 rTMS causes reorganization of
somatosensory evoked potentials and reduction in the amplitude of components of painful laser
evoked potentials [421,572,986]. Together these findings suggest modulation of S1 excitability
by neuroplastic modulation potentially mediated through corticocortical pathways. An
interaction between M1 excitability and pain perception and processing is found both in chronic
pain patients and prolonged tonic pain models in healthy subjects
[24,124,288,567,758,873,890,1008]. In fact, aberrant motor cortex excitability induced either by
a prolonged tonic pain model in healthy subjects or by a chronic pain disorder in patients may be
normalized by analgesic M1 neuromodulation [24,288,567,874]. In addition, in the standard
montage used for tDCS in this study with electrodes over both M1 and the supraorbital area, a
large area of the brain is affected by the DC field [668]. It is important to note that the effects of
tDCS on motor cortex excitability are sensitive to the placement of the sponge electrodes on the
scalp and montages that target S1 have little or no effect on motor cortex excitability or pain
[724,1014]. Additionally, one study found anodal stimulation of S1 and M1 had opposite effects
on the amplitude of somatosensory evoked potentials (SEPs) with S1-anodal tDCS resulting in
increased SEP amplitude and M1-anodal tDCS resulting in reduced SEP amplitude [1017].
Overall, our findings in M1-anodal tDCS combined with previous work by other labs supports a
model of pain amelioration by M1 neuromodulation via activation of opioid responsive regions
of the brain involved in endogenous pain modulation. Additionally, it appears a parallel
mechanism of somatosensory excitability is implicated which could conceivably be mediated
through corticocortical connections which reciprocate from BA4 to BA2 or from BA4 to BA6, in
the SMA and back to somatosensory areas 1, 2 and 3a or through neurons with axons that span
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the central sulcus [230,460]. In the case of M1-anodal tDCS, exclusive focal stimulation of M1 is
prohibited by the large (5 by 7 cm in this study) sponge electrode used. Hence it is possible
neural activity in S1, particularly the rostral portion (BA 3a and 3b), is directly modulated by the
stimulation.
Effect of Mechanical Hyperalgesia on evoked BOLD responses to mechanical pain
In the contrast between the BOLD response to painful mechanical stimuli after exposure to the
C-HP model after sham stimulation and the BOLD response to painful mechanical stimuli before
model exposure we found greater activation in left IFG, left pre and postcentral gyrus, left
putamen and ventral pons. These brain areas are contralateral to the painful stimuli applied to the
right leg. Finding an enhancement of BOLD responsivity in contralateral S1 to painful
mechanical stimuli in the hyperalgesic zone is consistent with several prior reports
[554,630,897]. Also consistent with previous reports is the enhanced activation in the IFG after
sensitization [55,630,897]. Additional areas of enhanced response included the contralateral
putamen, which prior studies have reported to demonstrate greater activations after sensitization
[897].
Since capsaicin-induced sensitization is known to be dependent on enhanced responsiveness of
integrative neurons in the spinal dorsal horn, the enhanced responses in S1 and M1 may reflect
greater input from second order spinothalamic tract neurons, though our contradictory finding of
decreased responses of the thalamus bilaterally may argue against this [541,929]. It is also
conceivable that processing in S1 and M1 reflects the modification of sensation and
enhancement of salience which accompanies sensitization. It is plausible to think, given the
coincident enhancement of activation in the putamen and M1 contralateral to the painful
stimulus, probing in hyperalgesic areas may engage enhanced motor preparatory activity. This is
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likely related to the increased importance of escaping from potentially damaging stimuli applied
to an already injured body area. It is important to note we did not match for subjective pain
intensity when contrasting responses to painful mechanical stimuli in sensitized and control skin.
Therefore, our comparisons with prior literature are limited to results from similar analyses
[554].
Apart from the reported enhancements in activation, the contrast analysis revealed numerous
areas where responses to painful mechanical stimuli evoked greater reductions or reduced
activations during probing in the hyperalgesic zone. Three categories of reduced BOLD signal
could be distinguished: significantly reduced activations, areas where activations became
deactivation, and significantly greater deactivations.
Bilaterally in the thalamus as well as the ipsilateral posterior insula, the reduced BOLD signal in
the contrast resulted from a significant reduction in activations in those regions. There was no
significant difference in the activation in the contralateral anterior, middle or posterior insula or
ipsilateral anterior and middle insula. Several previous studies demonstrate that the bilateral
thalamus and bilateral insula respond to both innocuous and noxious mechanical stimuli,
typically in a pattern where stimulus intensities are positively correlated with BOLD response
[164,277,398,554,630–632,884,895,897]. Given this previously reported graded response and
prior evidence that the bilateral thalamus and bilateral insula demonstrate greater activation when
painful mechanical stimuli are applied in sensitized skin regions, it was surprising to find that
activations in our study in the ipsilateral posterior insula and bilateral thalamus were reduced.
This may be due to different experimental conditions in our study, specifically because just
before the pinprick scan subjects experienced a sustained heat pain session lasting about 9
minutes in duration. This is particularly intriguing since resting thalamic hypoactivity in general
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is an important, consistent finding in neuropathic pain patients [332,405,423,432,545,774].
Interestingly, our specific finding of decreased thalamic responsivity in the sensitized condition
mirrors this hypoactivity and has previously been reported in neuropathic pain patients, but not
in sensitization in healthy controls [66,532,554,895,897]. In addition an activation likelihood
estimation (ALE) meta-analysis of 33 studies including 246 subjects found greater activation in
bilateral thalami during normal painful mechanical stimuli when compared to allodynic or
hyperalgesic painful mechanical stimuli when collapsing across neuropathic pain patients and
healthy controls exposed to sensitization models [544].
The second category of significantly reduced responses to mechanical pain administered in a
sensitized state compared to the control state were areas that showed BOLD activation in the
control state, but BOLD deactivation in the sensitized state. This included the bilateral PCC,
bilateral MTG, sgACC, and right PHG, which are all areas of the default mode network (DMN)
[144,810,811]. The DMN is a brain network that is typically active when subjects are passive or
becomes active during rest periods between tasks [144,811]. This evidence provides further
support for function of the DMN and demonstrates that increasingly salient or painful stimuli
caused greater deactivation of the DMN similar to the effect of increasing task difficulty [557].
Several prior studies in chronic pain patients have demonstrated enhanced, higher frequency
activity and disrupted connectivity in the DMN further supporting engagement of the brain
regions of DMN during pain processing [197,484,532,610,611,797,980]. Repeated (de)activation
of the DMN may lead to progressive loss of normal function (deactivation) as acute pain persists
into chronic pain [49,50,515,905].
Additional regions that fell into this category of responses (from activation in normal skin to
deactivation in sensitized skin) included the pgACC and the ventral pons in the area of the
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pontine nuclei. We were surprised to find deactivation during painful mechanical probing of
sensitized skin since several studies have demonstrated enhancements of activation in pgACC
during similar conditions [431,629,1097]. However, two studies reported reduced activation or
deactivation in pgACC in response to mechanical pain in sensitized skin; this was prominent in a
randomized controlled trial design and could be caused by treatment expectations [332,435,532].
It is important to note that in our study the sensitized state examined was induced during sham
tDCS.
This pattern of response in the ventral pons, in the area of the pontine nuclei was previously
reported coincident with allodynic brushing in patients with trigeminal neuralgia [66]. Imaging
results in the brainstem are notoriously variable and should be interpreted with caution given the
low resolution of fMRI and the potential for signal loss from surrounding tissue and cerebral
spinal fluid [69].
The third category of response to painful pinprick in sensitized skin compared to mechanical
pain in control skin was greater deactivation in anterior MPFC. The MPFC is part of the DMN
and deactivates in response to pain in an intensity-dependent manner in healthy controls, but
displays disrupted connectivity and hyperactivity in chronic pain patients
[49,526,528,610,611,623,810,905,968].
In summary, the effects of C-HP sensitization we found are consistent with prior studies,
however they should be interpreted within the context of a sham-controlled neuromodulation
study. We found enhanced activations in sensory regions and the inferior frontal cortex, and
deactivations and enhanced deactivations in DMN regions, consistent with the stimulation in
sensitized skin being more painful, on average, and driving greater cognitive load when
compared to punctate mechanical pain.
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Areas of the Brain where BOLD response demonstrates Pain Intensity Covariation
Simple mechanical pain evoked a widespread BOLD response consistent with several prior fMRI
studies of mechanical pain. We modeled our hemodynamic response function to reflect the
cingulo-insular response previously reported from results of a temporal clustering analysis [164].
Consistent with prior studies we found significant activations in bilateral posterior and middle
insula, bilateral anterior insula, bilateral SII (parietal opercula), bilateral medial and lateral
thalamus, dACC and MCC, SMA, PAG, bilateral MTG, right STG, as well as bilateral S1 in the
somatotopic leg area (see Table 3-4A) [164,277,398,532,554,623,630–632,763,895,897].
Contrary to some studies, while applying a strict CEC criteria to control for false discoveries, we
did not find widespread activation in areas of the prefrontal cortex as previously reported
[532,623,631,632,895,897].
In the sham treatment session, after sensitization by the C-HP model, we found activation in
many of the areas as with mechanical pain, but there was an anterior and medial shift in the
activations and activation was more widespread (Table 3-2A). We previously discussed the
effects of sensitization on BOLD responses to painful mechanical stimuli.
In a separate analysis assessing the covariation of pain intensity with brain-wide BOLD
responses, we found several significant regions of covariation during mechanical pain in control
skin before application of the sensitizing procedure and, in the presence of sham tDCS, after
induction of central sensitization. Before induction of central sensitization, BOLD responses to
mechanical pain significantly covaried with pain intensity in the left PCL contralateral to
probing, the SMA, ipsilateral posterior insula, right precentral gyrus, left lingual gyrus, left IPL,
left thalamus extending into the PAG and the left basal ganglia (Table 3-4B). Several previous
studies have reported pain intensity covariation or significant prediction of pain states with
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BOLD responses to painful stimuli particularly in posterior insula, SMA, parietal area, midbrain
(PAG), thalamus and PCL/S1
[32,48,110,197,227,238,401,404,610,615,651,699,751,797,893,985,1034]. It is important to note
that studies including multimodal stimuli have found that BOLD activity in the posterior insula,
thalamus, and ventral SMA along with other brain regions such as dorsal anterior and middle
cingulate cortex and anterior insula strongly depend on stimulus salience or novelty per se and is
not specific to pain [251,589,702]. It is interesting to note we did not find significant covariation
of BOLD response to mechanical pain and pain intensity in the dorsal ACC, possibly because
most previous studies evaluating pain intensity covariation used thermal or electrical stimuli and
ratings taken closely to the trials rather than ratings to identical stimuli under identical
circumstances [32,48,133,197,223,228,238,401,651,699,779,815,1034].
After induction of hyperalgesia during sham tDCS the topography of BOLD response correlation
with pain intensity was modulated such that more anterior and medial structures correlated with
pain intensity. Significant clusters of positively correlated BOLD response to mechanical pain
with pain intensity appeared in the bilateral medial thalamus, anterior MCC, and left STG near
the temporoparietal junction (Table 3-5A). This covariation of pain intensity with BOLD
response in the left middle and superior temporal gyri may reflect the greater contextual
relevance of mechanical stimuli in the sensitized area [251,525,702]. Involvement of the medial
thalamus and anterior MCC in the processing of pain is consistent with processing of the
enhanced negative affect of mechanical hyperalgesia [629,915].
After induction of sensitization during M1-ctDCS several areas of covariation of pain intensity
with BOLD response to mechanical pain remained including left PCL, SMA, and bilateral
putamen (Table 3-5C). In contrast, after sensitization during M1-anodal tDCS relatively few
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areas of the BOLD response to mechanical pain covaried with pain intensity, and none of those
areas survived a conjunction analysis with either the control mechanical pain BOLD-pain
intensity covariation map or the same map to probing in the sensitized zone (Table 3-5B and
Figure 3-10).
Disruption of pain processing by active tDCS
We are interpreting this exploratory finding as evidence for disruption of the overall processing
of mechanical pain in the cerebral cortex after M1-anodal tDCS. Interestingly, the magnitude of
cortical laser-evoked potentials (LEPs) correlate with the pain intensity reported by the subjects
before active excitatory M1-rTMS, but after M1-rTMS this relationship no longer existed [572].
Importantly, in our study the disruption of the correlative relationship between BOLD evoked
responses to painful mechanical stimuli applied to sensitized skin and the subjecting pain
intensity of those stimuli by M1-anodal tDCS was causal since we found this effect as a result of
a counter-balanced randomized controlled trial with respect to tDCS effects.
Limitations
The interpretation of our results faces some limitations, many common to all non-invasive
studies in humans. By design and to stay within the ethical bounds of human studies we
examined the immediate effects of tDCS after only one session of tDCS. First, we were
interested in the immediate effects of tDCS despite the fact that several sessions are frequently
need to achieve and maintain a significant treatment effect on pain symptoms [309]. Second, a
clear path forward with a multi-day, subacute pain model in healthy subjects was not available at
the time the study was designed. Third, we sought to avoid significant carry-over effects that
would preclude a crossover design.
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Another caveat involves the use of pain intensity ratings taken after the fMRI scan rather than
contiguous with the scan. While it would be ideal to obtain on-line moment-by-moment ratings
during the mechanical pain events, we decided, given prior evidence of the significant
overlapping effect of magnitude rating on brain activity during pain experience, it was prudent to
obtain ratings after each pain scan [48,223,843,884]. Even though on-line rating is the most
accurate procedure for obtaining psychophysical correlates in real-time, even the comparison of
a visual magnitude rating protocol as a control for pain rating and implementing a subtraction
analysis likely exposes the results to several ‘untenable assumptions’ [48,223,318]. Since we
based our individual pain ratings on an average of three of each probe force delivered at the end
of the MRI scan, we feel this is the best compromise between simultaneous rating within the
same environment and an elaborate design that would allow parametric estimation of the effect
of rating per se on pain perception [801,843].
Another limitation in our study is that we did not obtain ratings of pain unpleasantness as well as
pain intensity. This decision was prompted by protocol streamlining considerations, and
considerations of evidence demonstrating a high correlation between acutely evoked pain
intensity and pain unpleasantness [818]. However, several studies have shown the dissociable
influence of modulations of brain processing on pain intensity and pain unpleasantness
[411,819,985]. Additionally, different pain interventions can reduce pain unpleasantness more
than pain intensity, for example mindfulness-based meditation, cingulotomy and
tetrahydrocannabinol [301,553,1099]. Given that M1-anodal tDCS appears to modify pain
processing in medial brain regions implicated in the affective dimension of pain processing,
future studies should evaluate pain unpleasantness and affective dimensions of pain processing
([6,301,667,834] present study: Figures 3-2, 3-4 and 3-9, Tables 3-1A, 3-5A-C).
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Chapter 4: Prolonged tonic pain in healthy humans disrupts intrinsic brain networks implicated
in pain modulation1
Abstract:
Numerous studies have reported a variety of effects of pain, both acute phasic stimuli and
persistent pain in chronic pain patients, on fMRI resting state functional connectivity (FC) of the
brain. Decreased FC among regions of the descending pain modulation network are associated
with chronic pain disorders. We used a high concentration capsaicin pain model, combined with
a warm thermode to create a flexible, prolonged tonic pain model in order to study the FC of
brain networks in otherwise healthy, pain-free subjects. We hypothesized the presence of
prolonged tonic pain would lead to disruption of the descending pain modulatory (DPM)
network and, based on numerous previous studies in chronic pain patients, disruption of the
default mode network (DMN). Using seed-based FC, we discovered that prolonged tonic pain
mediated by sensitization induced by capsaicin led to disruption of the FC between the
perigenual anterior cingulate cortex (ACC) and midbrain periaqueductal gray (PAG) as well as
the dorsal ACC and PAG. However this effect was only present during the first session where
subjects were scanned and was not significant in the second scanning session. Further in the
seed-driven PAG network we found positive FC with the left DLPFC that became negative FC
during exposure to prolonged tonic pain. Supporting the external validity of our pain model, we
found focal disruption of the FC of the DMN with the cerebellum and a reduction in the overall
mean network size. In conclusion, we have characterized a capsaicin sensitization driven
prolonged tonic pain model to study the effects of tonic pain on the otherwise ‘resting’ brain. We

1 Timothy J. Meeker, Michael L. Keaser, Shariq A. Khan, Anne-Christine Schmid, Rao P. Gullapalli,
Susan G. Dorsey, Joel D. Greenspan, and David A. Seminowicz. In preparation for submission to Pain.
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discuss the possible implications of our initial findings and relationship of these results to the
current rapidly-expanding literature on the effect of pain on brain dynamics. We also discuss
future directions that will illuminate the effect of prolonged tonic pain on the human brain and
the possible pre-clinical uses of resting state imaging with a dependable prolonged tonic pain
model.

Introduction
The investigation of intrinsic connectivity networks (ICNs) has emerged over the past two
decades as a powerful way to reveal the functional human neuroanatomy and the effects of
various therapeutic treatments and disease states on brain function [51,83,212,483,639,811]. The
complementary information revealed through resting state fMRI studies, when contrasted to taskbased or event-related studies alone, justifies the use of this modality in studies of human neural
function. This information includes the possible evaluation of state changes in neural function
consequent to tonic manipulations induced by mood alteration, environmental manipulation,
disease progression or the effects of interventions such as pharmacological agents or
neuromodulatory therapies. In addition to these driving factors, interest in resting ICNs has
expanded rapidly for pragmatic reasons: the absence of task performance confounds between
patients and controls, and the ease of implementation in neuroimaging studies given the facile
requirements of the paradigm [98,134,135]. These factors are particularly important when
investigating pain processing in diseases where chronic pain is a predominant symptom. This is
beneficial since evoked pain paradigms in patients necessarily coexist over a background of
endogenously generated pain and patients may exhibit impairments in task performance
[36,47,170,338].
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It should come as no surprise then that since the discovery of disruptions in the ICN known as
the default mode network (DMN) in chronic low back pain patients, abnormalities in ICNs and
neural networks involved in pain processing have been found across numerous chronic pain
syndromes [49,50,640,643]. These disruptions have been reported in chronic low back pain,
migraine, diabetic neuropathic pain, fibromyalgia, cluster headache, temporomandibular joint
disorder, trigeminal neuralgia, irritable bowel syndrome, failed back surgery syndrome, complex
regional pain syndrome, postherpetic neuralgia, somatoform pain disorder, osteoarthritis, burning
mouth syndrome, interstitial cystitis, sickle cell disease, chronic prostatitis, rheumatoid arthritis,
post-traumatic headache, and primary dysmenorrhea
[48,167,178,219,294,405,414,437,484,490,515,533,584,598,603,635,712,749,837,1048]. Despite
the more than 100 studies reporting findings of alterations in ICNs during the past decade in a
diversity of chronic pain disorders, far fewer studies have successfully applied preclinical models
in healthy, disease-free human subjects to interrogate the effect of a prolonged painful stimulus
on ICNs [492,576,1105–1107]. The methods to generate pain in these reports included a pressure
cuff pain model (PCP), hypertonic saline injection model (HSI), and a sickness model involving
lipopolysaccharide injection (LPS). These models are either invasive, or of limited and
uncontrollable duration.
Sustained pressure pain delivered by the PCP model evoked alterations in FC in the somatomotor
network (SMN), salience network (SLN), and dorsal attention network [492]. The principal
finding was a switch of the leg representation from coupling with the SMN to coupling with the
SLN. However, the authors found no alteration in the DMN. The duration of consistent pressure
pain was six minutes, which may have been too brief to evoke alterations in the DMN. While
experiencing lower back pain induced by the HSI model, FC between the posterior insula and
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anterior cingulate cortex (ACC) was enhanced [1105]. Additionally, FC of the posterior insula to
the posterior cingulate cortex (PCC), a node of the DMN, was reduced, while FC from the
posterior insula to other areas of the DMN, the left medial frontal cortex (MPFC) and right
parahippocampal gyrus (PHG) was augmented [1105]. All of these regions also demonstrated
increased region homogeneity (ReHo), a measure of local connectivity, during exposure to the
HSI model [1106]. Amplitude of low frequency fluctuations (ALFF), a measure of intensity of
BOLD fluctuations, in these subjects were reduced in the PCC, but enhanced in the ACC,
bilateral insula, and MPFC. Taken together these results support the modulation of functional
connections to and within the DMN and areas of the descending pain modulatory (DPM) system
such as the ACC by tonic pain, even in the absence of cortical changes induced by chronic
exposure to a painful disease process [905]. Interestingly, in a recently reported study of ICN
alteration after healthy subjects were injected with LPS or saline, there were no significant
alterations in ICNs and only FC between the left anterior insula and mid cingulate cortex (MCC)
was enhanced compared to subjects experiencing placebo injection [576]. These limited
alterations in FC occurred in tandem with enhancement in pressure pain sensitivity and a
reduction of the BOLD response to painful pressure in the right perigenual ACC (pgACC) as
well as an enhanced response in the left anterior insula [466].
In parallel with the sparsity of studies presenting conflicting and incomplete results in ICNs
while healthy subjects experience tonic pain leaves a crucial gap in our understanding of pain’s
effects on the human CNS [524]. This is important since tonic pain displays different
psychophysical properties, is more ecologically valid in regard to chronic pain disorders, is
rarely studied due to its difficult implementation, and likely activates different neural systems
when compared to phasic pain [48,305,707].
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In contrast to the scarcity of studies exploring FC during a tonic pain state, several studies have
evaluated FC of pain during short duration evoked stimuli [78,528,901,1009]. In healthy
individuals, coactivation of the PAG and pgACC during simultaneous experience of pain and a
distracting stimuli, during mind-wandering or in a placebo context results in enhanced signal
correlation (i.e. FC) between these regions accompanied by a reduction in perceived pain
intensity [78,269,528,1009]. These results combined with tract-tracing and primate
neurophysiological studies, which detail the importance of the PAG and its numerous
connections with the MPFC lending an axonal fiber substrate for the functionally interconnected
pain modulation system, which preferentially targets the ventrolateral PAG [13,346,644–646].
This provides a point of departure for hypotheses regarding connectivity of the DPM network.
A valid, predictive, preclinical pain model for use in neuroimaging studies could not only reduce
the costs of pharmaceutical and device clinical trials by enhancing the data gathered from firstin-man studies, but also further development of new leads in already effective therapies. A recent
comprehensive analysis by Lotsch and colleagues determined that four preclinical human pain
models were most likely to predict efficacy in relevant clinical settings including chemical
hyperalgesia combined with punctate pressure, UVB-induced hyperalgesia combined with
contact heat, UVB-induced hyperalgesia combined with punctate pressure, and chemical pain
induced by exposing the nasal mucosa to gaseous carbon dioxide [617]. Since chemical- (e.g.
capsaicin-) induced hyperalgesia is known to induce central sensitization in primates, which may
be a mechanism of many chronic pain disorders, we decided to adapt this model for resting state
fMRI studies [540,541,929,1071]. While these models have been used in neuroimaging studies
before, their use is not widespread and FC outcomes are rarely explored [433,553,554,593,1043].
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To achieve this end, and to establish and validate a stable, yet flexible non-invasive preclinical
prolonged pain model, we exposed pain-free subjects to a high percentage capsaicin-heat pain
(C-HP) model and acquired resting state fMRI scans before and after model exposure [15].
Since we planned to evaluate a neuromodulation therapy suspected to act via the DPM network,
we focused our analysis on the functional connectivity of the nodes of this network
[78,269,331,771,990]. These nodes included the dorsal anterior cingulate cortex (dACC),
pgACC, and PAG. During prolonged tonic pain, we predicted a disruption of coupling between
the pgACC and PAG since disruption in functional connectivity between pgACC and PAG
occurs in chronic pain disorders and the pgACC displays reductions in ReHo in chronic pain
[452,471,586,604,1048,1074]. Additionally, we predicted the dACC would be disconnected from
this network and have asynchronous activity with the rest of the brain. We predicted this given
the previously reported increase in high frequency BOLD activity in chronic pain in the dACC
and decrease in dACC ReHo in chronic pain disorders coupled with its enhanced activity during
tonic pain, especially in heat allodynia [423,431,471,614,630,640,1094,1114]. Additionally, we
predicted enhanced FC of pgACC to dACC and diminished FC between PAG and pgACC and
dACC during tonic pain.
We also investigated the FC of a region of the MPFC rostral to the pgACC, which is the anterior
anchor of the DMN. Since most studies have focused on disruption of the DMN in tonic pain
models and many chronic pain disorders, this served as an evaluation of the external validity of
our model [48,50]. We predicted the MPFC seed would be more asynchronous from the posterior
portions of the DMN, such as the PCC and precuneus, during tonic pain state compared to the
control resting state.
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Methods
Overview
This report contains data from three different studies conducted at the University of Maryland
Baltimore from October 2011 until December 2015. In the first study, we set out to establish the
effects of a prolonged tonic pain stimulus lasting several minutes on the functional organization
of the human brain. To accomplish this during three sessions we conducted experiments evoking
pain in 14 healthy subjects applying ten percent capsaicin cream to their left leg, upon which a
warm thermode was placed. We term this model, fully explained below, the capsaicin-heat pain
(C-HP) model to distinguish it from previous models using lower concentration capsaicin
creams, such as the heat capsaicin sensitization model [169,768]. We conducted a screening
session to eliminate subjects who did not develop sufficient heat allodynia during the C-HP
[606]. Following the screening session we conducted two magnetic resonance imaging (MRI1
and MRI2) sessions, separated by at least 13 days (median days between screening session and
MRI1 = 39.5 (range = 13 to 88), MRI1 and MRI2 = 23 (range = 14 to 63)). During MRI1 we
maintained a mild to moderate pain intensity with a 39°C (n = 11), 40 °C (6) or 41 °C (1)
thermode, while during MRI2 we maintained a moderate to severe pain intensity with a 41°C (7)
or 42 °C (6) thermode. The temperature was based on individual heat sensitivity, determined
during the screening session. One subject was unavailable for the second MRI session, while 4
subjects were scanned at a later time and included in the analysis of MRI1. In MRI1, there were
a total of 18 (10 M; 2 left-handed) subjects ranging in age from 23 to 61 (median: 30.5). In
MRI2, there were a total of 13 (6 M; 2 left-handed) subjects ranging in age from 23 to 61
(median: 30).
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Data from two additional studies are included in the present report. This data is limited to
sensory measures before and after the CH-P model and responses to the Short Form McGill Pain
Questionnaire 2 (SF-MPQ2) administered immediately after subjects experienced the model
[264]. The full protocol of both experiments will be detailed elsewhere. In the study providing
sensory measures before and after the C-HP model, subjects experienced 2 sessions one month
apart each followed by a short sensory session 7 days after each session. We include 58 subjects
(23 M; median age: 25 years; range 18-43 years) for which at least one complete session and
follow-up session was available for analysis, and an additional available set of sessions for 45 (of
the 58) subjects (18 M; median age: 25 years; range 20-41 years). For these 45 subjects the
interval for capsaicin exposures was a median of 35 days (range: 28-161 days). The follow-up
session took place 7 days later except in 2 of 58 cases in the first series and 2 of 45 cases in the
second series, all of which took place 8 days after the primary sensory session. Results from
completed SF-MPQ2 questionnaires came from all three studies and were available for 111
subjects (54 M) aged 18 to 48 with median age 25.
All subjects of all studies provided written informed consent, and all procedures were approved
by the University of Maryland, Baltimore (UMB) Institutional Review Board for the Protection
of Human Subjects approved the study.
Eligibility Criteria
In the primary study exclusion criteria were: pregnancy; history of brain injury with any period
of unconsciousness; illicit or prescription opioid drug use ; any current pain or history of chronic
pain; history of cardiac, renal hepatic, or pulmonary function disorders; history of cancer;
ambidextrous, based on the Edinburgh Handedness Inventory (EHI) [738]; hospitalized for a
psychiatric disorder during the last 12 months; rated pain less than 21 on a 0-100 numerical
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rating scale during the last ten minutes of the capsaicin-heat pain model during the screening
session. Illicit drug use was determined with a urine drug screen which detected the trace
amounts of marijuana, cocaine methamphetamine, amphetamines, ecstasy, heroin, phencyclidine,
benzodiazepines, methadone, barbiturates, tricyclic antidepressants or oxycodone (First
Check™).
In the additional studies included, in addition to the above we excluded those classified as left
handed. In the study evaluating sensory thresholds before and after capsaicin exposure, we
additionally excluded any individual with a diagnosis of psychological and neurological disorder
or reporting taking any psychoactive medications.
Psychophysics and Psychological Questionnaires
During the initial session of each study, we measured the subjects’ warmth detection thresholds
(WDTs) and heat pain thresholds (HPTs) with a commercially available stimulator (Pathway;
Medoc; Ramat Yishai, Israel) using the method of limits. We placed the 3 by 3 cm contact area
stimulator on the front of the subject’s lower left leg while the stimulator was at a baseline
temperature of 32 °C. Then, a computer-controlled program increased the temperature at a ramp
rate of 0.5 °C/s until the subject pushed a mouse button. We instructed the subject to push the
button when they “felt a change in temperature” for the WDTs or when the warmth “becomes
painful” for the HPTs. At the single test site, we repeated this procedure for a total of four trials
for both WDTs and HPTs. We took the average of the last three threshold determinations for
each subject for each threshold. In the last study the protocol for HPTs was altered so that the
baseline temperature was 30 °C, to accommodate for threshold changes after exposure to the CHP model. In all studies, participants completed the Short Form McGill Pain Questionnaire 2
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(SF-MPQ2) modified to direct the participant’s attention to their immediately preceding painful
experience [264].
Capsaicin-Heat Pain Model
In order to produce a safe, sustained painful experience, we treated the lower foreleg with one
gram of ten percent capsaicin cream confined under a Tegaderm™ bandage [15]. To control the
area of exposure, we applied the cream within a 2.5 by 2.5 cm square cut into a Tegaderm™
bandage. After twelve minutes of exposure – long enough for the capsaicin cream to reach
sufficient concentrations at the intraepidermal nerve fiber endings to be perceived – we placed
the thermode over the topmost Tegaderm™ bandage at the designated temperature [361]. During
the second and third studies the duration of incubation was increased to 15 minutes and the
thermode was placed on the subject’s leg during incubation, held at 32 °C. The target
temperatures used were tailored for each subject, and were between the subject’s WDT and HPT
as determined prior to capsaicin exposure. The exposure temperature, ranging from 35 to 43 °C,
was maintained for ten to forty-five minutes depending on the session and study. Subjects rated
the intensity of their pain on a numerical rating scale with verbal anchors on one side, and
numbers ranging from 0 to 100 in increments of 10 on the other side [367]. During the primary
study, subjects provided a pain intensity rating every 30 seconds for a 10 minute period in
response to a command to ‘Rate.’ Subjects reporting average NRS pain to the C-HP model of 30
out of 100, and tolerated the experience, were eligible for the MRI sessions analyzed in this
report. During the other studies subjects provided a pain intensity rating every minute for a 35
minute period, starting as soon as the thermode and C-HP model was placed on their skin, in
response to a command to ‘Rate.’ At the end of the exposure period, we removed the bandages
and capsaicin with an isopropanol swab. In the last study, participants were allowed to have the
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temperature lowered to 32 °C, if they found the procedures intolerable. This procedure does not
cause tissue damage [696].
fMRI recording
We recorded fMRI on each participant in a 3-T Tim Trio scanner (Siemens Medical Solutions,
Malvern, PA) using a 12-channel head coil with parallel imaging capability. For task-based
functional imaging we used a gradient echo single-shot echo-planar-imaging sequence with 30
ms echo time, 90° flip angle and 2500 ms repetition time providing T2* weighted volumes in 44
interleaved, 4mm slices (no gap) with an in plane resolution of 1.8 x 1.8 mm. For resting state
scans participants fixated on a crosshair for 8 min 12.5 s providing 194 functional volumes.
Participants performed the multi-source interference task for 5min 25s providing 130 functional
volumes. To allow an anatomical reference to the functional volumes we acquired a 3dimensional T1 magnetization-prepared rapid gradient echo (MPRAGE) volumetric scan with
2.91 ms echo time (TE), 2300 ms repetition time (TR), 900 ms inversion time (TI), flip angle 9°,
144 slices, axial slice thickness 1.0 mm and 0.898 x 0.898-mm in-plane resolution over a 23-cm
field of view for 13 of 14 subjects. We used a different MPRAGE protocol for the last subject:
2.91 ms TE, 2300 ms TR, 900 ms TI, flip angle 9°, 176 slices, sagittal slice thickness 1.0 mm
and 1.0 x 1.0-mm in-plane resolution over a 25.6-cm field of view. Since structural scans were
used for anatomical reference and display only, this difference in anatomical acquisition did not
influence the results.
fMRI Session Protocol
We scanned subjects in two separate sessions separated by at least 13 days. During both sessions
we evaluated the subjects’ WDTs and HPTs while they were in the MRI scanner environment.
Then the subjects practiced the Multi-Source Interference Task (MSIT). Next we scanned the
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subjects for resting state functional connectivity. The subjects were instructed: “Please stare at
the plus sign, do not move and do not fall asleep. You may let your mind wander.” We collected
T2* images during this resting state scan for BOLD contrast (control state). After the resting
state scan, subjects performed the MSIT while we collected fMRI data [140,901]. The results of
the MSIT experiment will be reported elsewhere; for the details of the protocol the reader is
referred to the above references. After these two scans the subjects repeated the resting state
scan, while we held the thermode at a warm temperature below the subject’s HPT that
corresponded to the temperature that we used later during the capsaicin heat pain model (warm
state). Findings from preliminary sessions of later studies showed a prolonged tonic warm
stimulus held below a subject’s HPT could become subjectively painful. Therefore, the resting
state data for this warm scan are not included in the present report or used for the analysis in this
report. At this point, we applied the capsaicin cream to the subject’s leg and while the subject’s
skin absorbed the cream we collected a diffusion tensor imaging scan (results not reported here).
Then we increased the thermode temperature to the predetermined target temperature to maintain
a prolonged tonic pain state, while the subject fixated on the cross hair for the duration of the
resting state scan. When the scan ended, subjects remained in the scanner with the thermode still
in place, and were asked to rate pain intensity every 30 seconds for two minutes on a 0-100
numerical rating scale. During a subsequent MRI session, at least three weeks following the first
session, we repeated the protocol, but increased the temperature of the thermode for all returning
subjects by 1° C with the intention to increase the perceived pain intensity. One right-handed
male subject was not able to attend the second MRI session.
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Statistical Methods
Effects of session order interpreted as effect of exposure of the subjects to the C-HP model were
evaluated using a repeated measures analysis of variance (RM-ANOVA). To correct for
violations of sphericity, all values of significance were adjusted using the Greenhouse-Geisser
correction. Post-hoc pairwise comparison statistics were left uncorrected, except where stated
otherwise. In cases where a test needed to be made across groups with different numbers of
subjects, we use a linear mixed model approach. Unless otherwise stated, mean values are
reported as mean ± standard deviation and error bars on figures are 95% confidence intervals.
Effects of capsaicin exposure on HPTs and WDTs obtained during the third study were analyzed
using nonparametric statistics, specifically Friedman’s ANOVA by rank, since it was assumed
the effect of the capsaicin created a non-Gaussian (in fact, bimodal) distribution of the data. We
conducted all statistical tests using SPSS version 24 or 25.
Resting state fMRI data analysis
All preprocessing of the resting state fMRI scans proceeded using the afni_proc.py python script
interface for Analysis for Functional NeuroImaging (AFNI). The first three volumes were
automatically removed from the functional scan series by the MRI scanner to allow for signal
equilibration. We used 3dToutcount to determine the volumes where more than 10% of the time
points in a particular TR are outliers. These outliers are defined as lying far outside the median
absolute deviation of the signal time course (see
afni.nimh.nih.gov/pub/dist/doc/program_help/3dToutcount.html). The outliers were identified
and then statistically censored during the application of single-subject models. In the next step,
each TR was slice-time corrected and aligned to the top slice, which was collected midway
through the TR. Then, each functional time series was detrended and spikes were quashed with
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3dDespike. Before aligning the anatomical scan to the functional scan, the skull was removed
from each individual anatomy using 3dSkullStrip. We subsequently used 3dAllineate via the
align_epi_anat.py python script to align the anatomy to the third functional volume acquired.
After this alignment, the anatomical volume was warped to Talairach atlas space and normalized
to the ICBM452 brain using @auto_tlrc. We performed motion correction across the functional
time series by aligning the functional volumes to the third volume acquired using 3dVolreg.
After registration, 3dAllineate applied the 12-parameter affine warping matrix determined during
alignment of the native anatomical to Talairach space to the registered functional volumes. Each
4D dataset was bandpass filtered between 0.008 and 0.1 Hz. We created individual single subject
functional masks from the registered normalized echo planar images. Estimated individual maps
of white matter (WM), cerebral spinal fluid (CSF) and gray matter (GM) were created for each
subject using 3dSeg. We applied spatial blurring using the iterative program 3dblurtoFWHM
with a filter of full width half maximal of 6 mm. This level of spatial smoothing was consistent
with the group average estimate of the smoothness of the noise in the functional time courses
derived by the program 3dFWHMx for all resting state fMRI data collected (actual estimates for
session 1: x = 5.88 mm y = 5.87 mm z = 6.01 mm; session 2: x = 5.87 mm y = 5.85 mm z = 5.99
mm).
For application of the subject-level regression model, we included as regressors of no interest
censoring of outlier volumes and volumes with motion exceeding 0.5 mm as a binary regressor,
and included signal derived from the eroded WM and CSF mask, the demeaned motion
parameters (motion in x, y and z planes and rotations about the x, y and z axes), and their first
order derivatives. For each subject the regressor of interest was the seed time course of interest
for that particular seed and session. The seed regions of interest were 5 mm radius spheres
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centered in left primary motor cortex (-33, 27 61), bilateral perigenual anterior cingulate cortex
(+/-6, 40, 17), bilateral dorsal anterior cingulate cortex (+/-6, 32, 23), bilateral medial prefrontal
cortex (+/-6, 55, 9), and a subject-specific anatomically drawn seed for the periaqueductal gray
(PAG (center of mass): (0, 29, -7) (Supplemental Figure 4-1). In the case of bilateral seeds, the
time course was extracted from a bilateral pair of 5 mm radius spheres. For the PAG seed, the
seed was individually drawn to encompass all apparent gray matter surrounding the cerebral
aqueduct for each subject.
Group Level fMRI Analysis
For group level analysis, we used AFNI’s linear mixed-effects modeling program 3dLME [177].
For group analysis, a two-factor model focused on the change in state between the control state,
without any stimulation and the pain state with the C-HP model inducing heat allodynia (factor
levels: control and pain) and a session factor (factor levels: session 1 and session 2) to arrive at
pain-control contrast maps and mean seed-driven ICN maps. For pain intensity covariation with
seed-driven FC, we used AFNI’s 3dttest++. This analysis is equivalent to the better known
psychophysiological interaction (PPI) model [317]. For brain-wide non-significant results we
present the corresponding minimum false discovery rate adjusted q-value, which is analogous to
a p-value and interpreted in a similar manner [958]. We implemented a minimal voxel-wise pvalue threshold of 0.005 for covariate and contrast analyses as well as mean ICN maps derived
from the PAG seed and 0.001 for mean ICN maps derived from the bilateral pgACC, bilateral
dACC, bilateral MPFC and L-M1 seeds. Finally, we implemented a voxel-wise p-value threshold
of 10-6 for supplemental ICN maps.
For voxel tables detailing contrasts and covariate analysis results, we implemented an initial
voxel-wise threshold of 0.005, while we thresholded all other voxel tables at an initial voxel-wise
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threshold of 0.001. In order to elucidate the coordinates of local maxima within large clusters of
the thresholded maps, we reevaluated statistical maps after reducing the p-value threshold of
each map by a factor of 10 (e.g. 0.001 to 0.0001). We chose a p-value threshold of 0.005 since
this corresponds to a minimum false discovery proportion of 0.067 [199]. To correct for multiple
comparisons we estimated the spatial autocorrelation function of the residual noise of the BOLD
signal within our analysis mask using 3dFWHMx and used the resulting function and
3dClustSim to calculate cluster extent criteria (CEC) for both the 3dLME and 3dttest++
statistical maps. We further restricted the analysis to four anatomically-based masks
encompassing cortical gray matter, cerebellum, subcortical gray matter, and brainstem and
calculated the CEC for each mask (Supplemental Figure 4-2). We calculated CEC for p-values of
0.005, 0.001 and 10-6 for each anatomical compartment separately since each compartment was
assumed to behave differently (e.g. the thalamus and brainstem are assumed to have smaller foci
or activation than the cerebral cortex) (Supplemental Table 4-1).
Seed-to-seed Functional Connectivity Analysis
Since we predicted prolonged tonic pain effects of the C-HP model would affect the DPM
network, we analyzed the change in seed-to-seed functional connectivity that co-occurred with
application of the model. Specifically we tested the effects of state (control state versus pain
state) and session (session 1 versus session 2) and their interaction on the change in signal
correlation of three specific anatomical connections (termed edges). Specifically, we sought to
interrogate the bilateral pgACC to bilateral dACC edge, the bilateral pgACC to PAG edge, and
the bilateral dACC to PAG edge. We used the seeds described above for these same regions.
Since we had different numbers of subjects in session 1 and session 2, we used a LMM to model
the effect of pain on the DPM network edges. We evaluated the covariance structure of the
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resultant models using a combination of Akaike’s Information Criteria (AIC), Hurvich and
Tsai’s Information Criteria (AICC), Bozdogan’s Criteria (CAIC), and Schwartz’s Bayesian
Criteria (BIC) all calculated using SPSS 25.0. We found Heterogeneous Compound Symmetry to
be the covariance structure that modeled the data best.

Results
Psychophysical and Behavioral Results
For all heat pain thresholds (HPTs), we report the average of the last three of four responses
using the method of limits [364]. To justify the assumption that the last three responses are more
homogeneous compared to the first, we examined our data for an effect of order of response to
each HPT measure using data from the pre –post C-HP model study. Before exposure to the CHP model a repeated measures analysis of variance (RM-ANOVA) revealed a significant effect
of response order (F = 5.49; p = 0.003). Post-hoc all pairwise comparisons revealed the first
response was significantly lower than all subsequent responses in the series (all p-values
comparing first response to all others < 0.05) (Supplemental Figure 4-3; Supplemental Table 42). The same pattern, first HPT response significantly lower than all others, was evident
immediately after C-HP exposure at 25 minutes (F = 16.32; p < 0.001), 50 minutes (F = 38.1; p <
0.001), and 75 minutes (F = 67.6; p < 0.001) after capsaicin removal (all p-values comparing
first response to all others in each series of responses < 0.01) (Supplemental Figure 4-3B-D;
Supplemental Tables 4-6—4-8). This pattern persisted when subjects were measured one week
after C-HP model exposure (F = 5.92; p = 0.001; all p-values comparing first response to all
others in each series of responses < 0.05) (Supplemental Figure 4-3F; Supplemental Table 4-9).
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These results strongly support using an HPT averaged from the last three responses, as the first
response is significantly different from the others.
Across sessions in the first study there was no significant effect of session order on warmth
detection thresholds (WDTs) when all data was included in a linear mixed model (LMM) (F =
0.76; p = 0.47) (Supplemental Table 4-3). When only data from subjects who completed all
sessions was included in an RM-ANOVA, the session order effect showed a trend toward
significance (F = 3.4; p = 0.06) (Supplemental Table 4-2). There was no significant effect of
session order on HPTs whether all data was included in a LMM (F = 0.08; p = 0.93) or only data
from subjects who completed all sessions was included in a RM-ANOVA (F = 0.37; p = 0.63)
(Supplemental Table 4-3).
The median capsaicin exposure temperature (CET) used during the screening session of first
study was 39 °C (range: 39 – 40 °C), which produced a mean pain intensity over the last 5
minutes of the model of 56±23 numerical rating scale (NRS) pain intensity (range: 23 – 94;
Figure 4-1A).
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Figure 4-1. A) Average time course of pain intensity ratings after exposure to the capsaicin-heat
pain model. B) Average pain intensity ratings after resting state fMRI scans while exposed to the
pain during session 1 (open circles) and session 2 (closed circles).
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Immediately after MRI1, reported mean pain intensity during the CH-P model was 37±20 NRS
pain (range: 13 – 71; Figure 4-1B) during exposure to a median CET of 39 °C (range: 39 – 41
°C). Whereas immediately after MRI2, reported mean pain intensity during the CH-P model was
46±21.5 NRS pain (range: 22 – 84; Figure 4-1B) during exposure to a median CET of 41 °C
(range: 41 – 42 °C).
After exposure to the C-HP model, HPTs decreased significantly such that at 25 and 50 minutes
after capsaicin removal they were significantly lower than either control HPTs or WDTs and
remained significantly lower than control HPTs up to 75 minutes after capsaicin removal (Figure
4-2A; Supplemental Table 4-4). Non-parametric RM-ANOVAs showed significant effects of
time on HPTs (Friedman’s ANOVA by Rank p < 0.001). Posthoc comparisons showed all postcapsaicin HPTs to be significantly lower than control HPTs with post-capsaicin HPTs decreasing
to 35.6 ± 3.6 °C at 25 minutes, 37.0 ± 4.0 °C at 50 minutes, and 37.8 ± 4.0 °C at 75 minutes after
capsaicin removal (all comparison p-values < 0.001) (Supplemental Table 4-4).

Figure 4-2. A) Effect of the capsaicin-heat pain model on heat pain thresholds (** p < 0.01; ***
p < 0.001; n = 61). B) Bars display average ratings of scores on each item of the SF-MPQ2,
percent numbers reflect the proportion of subjects endorsing any score above zero on the item (n
= 111).
181

Subjects in all three studies responded to the short-form McGill Pain Questionnaire after
exposure to the C-HP model. In total, valid questionnaires were available from 111 subjects (54
M). The top nine characteristics of the C-HP model pain experience reported by more than 70
percent of subjects included (in descending order of frequency): hot-burning, sharp, throbbing,
shooting, tender, tingling, stabbing, aching and piercing (Figure 4-2B). Many (4 of 9) of these
characteristics fall into the intermittent pain category of the scale, while none of the affective
descriptors were endorsed by more than 45 percent of the respondents. Almost all subjects, 99
percent, endorsed the pain as hot-burning (Figure 4-2B).
During the course of the three studies described in this paper we exposed 144 healthy subjects to
the C-HP model, of whom 6 (4%) of subjects found the model intolerable and prematurely
stopped the session where they first experienced the model. An additional 31 of the 144 (22%)
did not achieve pain ratings more than 20, averaged over the last ten minutes of exposure, on a 0
to 100 and would not be useful for a therapeutic clinical trial due to probable floor effects. That
left 107 subjects or 74% of those screened eligible for therapeutic trials.
Resting State Functional Connectivity: Topography during control and pain states
We used seed-driven methods to investigate the effect of a prolonged tonic pain on the ICN of
the DPM network, a group of structures proposed to be important in pain modulation. We also
interrogated other frequently investigated ICNs such as the default mode network and the motor
network. The DPM network includes the ACC and the PAG [78,269,771,990]. To investigate
this network we placed seeds in the PAG, perigenual ACC and dorsal ACC.
We interrogated the ICNs during a control state with subjects passively focusing on a crosshair
and a pain state with subjects experiencing the C-HP model on their left leg while passively
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focusing on a crosshair. The control ICN map derived from the PAG seed included a large
cluster of positive FC encompassing the midbrain and medial and anterior thalamus bilaterally as
well as the subgenual and pgACC (Figure 4-3A and Table 4-1A). Positive FC was also found
bilaterally in the cerebellar culmen and inferior semilunar lobule (Figure 4-3A and Table 4-1A).
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Figure 4-3. A) Brain-wide mean functional connectivity (FC) derived from the PAG seed during
the control state thresholded at a cluster-extent criteria (CEC) p-value of 0.005.

Table 4-1A
Seed: Periaqueductal Gray
State: Control
Volume

Maximum
Intensity

TLRC
Coordinates

Periaqueductal Gray*

5504

19.3

(4, -29, -10)

Left Cerebellar Culmen

1710

7.1

(-3, -47, -8)

Brain Region

Brodmann Area

Right Cerebellar Culmen
Left Cerebellar Inferior Semi-Lunar Lobule

1447

Right Cerebellar Inferior Semi-Lunar Lobule

4.7

(10, -48, -10)

5.2

(-10, -78, -38)

5.2

(10, -78, -36)

Right Anterior Cingulate

BA24

1061

6.2

(1, 34, 14)

Left Superior Frontal Gyrus

BA10

691

4.8

(-20, 60, 14)

Anterior Nucleus

423

4.2

(-4, -5, 6)

Left Thalamus
* = includes seed region.

Positive FC was found in the left dorsolateral prefrontal cortex (DLPFC) (Table 4-1A). During
the pain state, the large cluster of positive FC emanating from the PAG encompassed the
midbrain and spread dorsally and anteriorly into the medial thalamus bilaterally (Figure 4-3B
and Table 4-1B). Positive FC persisted during the pain state bilaterally in the cerebellum (Table
4-1B). Areas of positive FC appeared in the left posterior cingulate cortex (PCC) and left
posterior putamen (Figure 4-3B and Table 4-1B). Areas of negative FC appeared during the pain
state in both the left parietal cortex and right DLPFC (Figure 4-3B and Table 4-1B).
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Figure 4-3. B) Brain-wide mean FC derived from the PAG seed during the pain state
thresholded at a CEC p-value of 0.005.
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Table 4-1B
Seed: Periaqueductal Gray
State: Pain
Brain Region

Brodmann Area

Periaqueductal Gray*

Volume

Maximum
Intensity

TLRC
Coordinates

6817

16.8

(4, -29, -10)

Left Thalamus

Ventrolateral Nucleus

5.9

(-10, -13, -3)

Left Thalamus

Pulvinar

4.7

(-10, -26, 9)

Left Posterior Cingulate

BA30

2481

5.7

(-18, -52, 7)

Right Cerebellar Inferior Semilunar Lobule

1908

5.3

(34, -68, -42)

Right Cerebellar Culmen

1592

5.3

(4, -50, -10)

5.1

(-8, -45, -15)

Left Cerebellar Culmen
Left Cerebellar Inferior Semilunar Lobule

1174

4.9

(-10, -78, -38)

Left Inferior Parietal Lobule

BA40

804

-4.9

(-50, -33, 42)

Right Middle Frontal Gyrus

BA9

729

-4.5

(34, 45, 35)

391

4.4

(-32, -69, -42)

Left Cerebellar Inferior Semilunar Lobule
* = includes seed region.

The control ICN map derived from the bilateral dACC displayed several large clusters of
positive FC across the brain. The seed correlated with signal throughout the seed region in the
dACC bilaterally into the frontal poles (Figure 4-4A and Table 4-2A). The second primary
cluster of positive FC was focused in the bilateral caudate and spread throughout the bilateral
basal ganglia and thalamus as well as into the bilateral dorsal anterior insula and right dorsal
posterior insula (Figure 4-4A, Supplemental Figure 4-4A and Table 4-2A). Additional clusters of
positive FC occurred in the bilateral PCC and precuneus, in the cerebellum, bilaterally in the
DLPFC, in the left dorsal posterior insula and in the brainstem (Figure 4-4A and Table 4-2A). A
large cluster of anticorrelated signal was found spanning the left frontal cortex into the parietal
cortex (Figure 4-4A, Supplemental Figure 4-4A, and Table -42A). A second large cluster of
negative FC was focused in the right precuneus and spread to the right parietal cortex, with
smaller negative clusters in the left temporal and occipital gyri (Table 4-2A). Additional negative
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clusters were found in the DLPFC bilaterally and right lateral prefrontal cortex (LPFC) (Figure
4-4A and Table 4-2A).

Figure 4-4. A) Brain-wide mean FC derived from the bilateral dorsal ACC seed during the
control state thresholded at a CEC p-value of 0.001.
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Table 4-2A
Seed: Bilateral Dorsal ACC
State: Control
Brain Region

Brodmann Area

Volume

Maximum
Intensity

TLRC
Coordinates

35024

-9.0

(-41, -50, 49)

Left Inferior Parietal Lobule

BA40

Left Middle Frontal Gyrus

BA6

-6.7

(-36, 6, 55)

Left Precuneus

BA7

-6.7

(-20, -64, 49)

Left Superior Frontal Gyrus

BA8

-6.0

(-38, 15, 49)

Left Postcentral Gyrus

BA3

-5.6

(-20, -33, 55)

Left Precentral Gyrus

BA6

-5.6

(-29, -8, 49)

Left Postcentral Gyrus

BA2

-5.5

(-53, -22, 42)

Left Superior Parietal Lobule

BA7

-5.2

(-24, -48, 53)

Left Precentral Gyrus

BA4

-5.2

(-27, -27, 58)

Left Paracentral Lobule

BA4

-4.6

(-13, -38, 55)

9.4

(-15, 20, 13)

Left Caudate

29471

Right Caudate

7.8

(11, 8, 13)

Right Thalamus

Anterior Nucleus

7.7

(10, -8, 13)

Left Thalamus

Mediodorsal Nucleus

7.4

(-4, -19, 6)

7.4

(17, 11, 2)

Right Putamen
Right Dorsal Anterior Insula

BA13

7.2

(31, 13, 16)

Right Thalamus

Mediodorsal Nucleus

6.9

(4, -13, 9)

Left Thalamus

Ventrolateral Nucleus

6.6

(-15, -15, 14)

Left Thalamus

Midline Nucleus

6.5

(-8, -19, 14)

Left Putamen

6.5

(-18, 8, -3)

Left Dorsal Anterior Insula

BA13

6.3

(-31, 22, 18)

Right Dorsal Posterior Insula

BA13

5.3

(36, -29, 20)

Right Thalamus

Pulvinar

5.1

(13, -26, 13)

Left Thalamus

Anterior Nucleus

Right Anterior Cingulate*

BA32

Right Superior Frontal Gyrus

4.7

(-6, -6, 9)

26.0

(4, 34, 25)

BA9

6.3

(3, 59, 35)

Left Middle Frontal Gyrus

BA8

4.6

(-29, 41, 51)

Left Precuneus

BA31

9.7

(-11, -61, 27)

Left Posterior Cingulate

BA23

8.8

(-8, -43, 25)

Right Posterior Cingulate

BA23

8.1

(4, -47, 23)

Right Precuneus

BA23

7.4

(4, -62, 18)

Left Cingulate Gyrus

BA23

Right Precuneus

BA7

Right Superior Parietal Lobule

28067

18988

6.5

(-1, -22, 30)

-7.3

(20, -57, 49)

BA7

-7.3

(34, -61, 48)

Right Postcentral Gyrus

BA40

-6.2

(36, -33, 51)

Right Inferior Parietal Lobule

BA40

-5.7

(50, -45, 46)

BA1

-5.6

(48, -24, 53)

Right Postcentral Gyrus
* = includes seed region.

18886
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Table 4-2A, continued
Brain Region

Brodmann Area

Volume

Maximum
Intensity

TLRC
Coordinates

8355

-6.0

(-52, -45, -12)

Left Inferior Temporal Gyrus

BA20

Left Fusiform Gyrus

BA37

-5.7

(-45, -54, -7)

Left Middle Occipital Gyrus

BA19

-5.6

(-39, -71, 7)

Left Inferior Temporal Gyrus

BA37

-5.5

(-52, -55, -3)

Left Parahippocampal Gyrus

BA36

-5.5

(-36, -24, -19)

Left Middle Occipital Gyrus

BA18

-5.4

(-34, -82, 2)

Left Middle Temporal Gyrus

BA39

-5.3

(-53, -68, 11)

Left Superior Frontal Gyrus

BA8

-6.5

(-4, 32, 49)

Right Middle Frontal Gyrus

BA6

-6.0

(32, 10, 49)

Right Superior Frontal Gyrus

BA8

-5.2

(17, 38, 46)

-6.1

(36, -59, -47)

Left Cerebellar Pyramis
Right Cerebellar Inferior Semi-Lunar
Lobule

-6.1

(-11, -80, -28)

-6.1

(31, -66, -49)

Right Cerebellar Lobule VIII

-5.6

(15, -62, -49)

Left Cerebellar Uvula

-5.4

(-1, -75, -36)

Right Cerebellar Pyramis

-5.0

(4, -78, -31)

Right Cerebellar Lobule IX

-4.6

(8, -57, -50)

7203

Right Cerebellar Tonsil

6469

Left Cerebellar Anterior Lobe

5.7

(-6, -55, -26)

Right Cerebellar Dentate

4373

5.4

(20, -50, -26)

Right Cerebellar Nodule

5.2

(8, -50, -29)

Right Cerebellar Tonsil

4.3

(38, -48, -31)

Right Superior Frontal Gyrus

BA10

3837

9.0

(31, 48, 23)

Left Superior Frontal Gyrus

BA10

3709

8.6

(-27, 46, 27)

Right Superior Temporal Gyrus

BA39

2224

6.1

(48, -55, 27)

Right Middle Temporal Gyrus

BA37

2219

-5.2

(53, -61, 0)

Right Inferior Temporal Gyrus

BA37

-5.1

(57, -55, -5)

Left Middle Frontal Gyrus

BA10

1935

-6.5

(-45, 52, 9)

Left Dorsal Posterior Insula

BA13

1651

6.5

(-39, -19, 20)

Left Parietal Operculum

BA40

5.0

(-48, -22, 13)

Left Paracentral Lobule

BA6

1104

-5.6

(-8, -27, 51)

Left Cuneus

BA19

1077

-4.8

(-20, -89, 35)

Right Cuneus

BA19

-4.7

(3, -92, 28)

5.4

(-24, -40, -36)

Left Cerebellar Tonsil

1072

Left Cerebellar Culmen
Left Superior Temporal Gyrus

BA39

Left Cerebellar Tonsil
Left Superior Frontal Gyrus

BA8

189

4.8

(-34, -47, -29)

965

4.7

(-50, -57, 21)

863

-5.5

(-27, -59, -47)

750

4.9

(-17, 50, 49)

Table 4-2A, continued
Brain Region

Brodmann Area

Volume

Maximum
Intensity

TLRC
Coordinates

-5.5

(15, -64, -3)

Right Lingual Gyrus

BA19

611

Right Middle Temporal Gyrus

BA21

552

4.9

(50, 6, -28)

Left Lingual Gyrus

BA18

520

-4.7

(-15, -71, -3)

Midline Brainstem

Dorsal Pons

498

5.6

(-1, -27, -26)

5.1

(-8, -33, -28)

Left Cerebellar Anterior Lobe
Right Superior Frontal Gyrus

BA10

445

-5.7

(38, 60, 16)

Right Medial Frontal Gyrus

BA6

423

-5.7

(13, -22, 48)

Left Cuneus

BA17

397

-4.4

(-10, -92, 6)

Right Cingulate Gyrus

BA24

397

-5.1

(11, -5, 44)

Right Cerebellar Culmen

391

-4.5

(1, -47, -12)

Right Inferior Occipital Gyrus

BA18

364

-4.3

(31, -82, -3)

Right Fusiform Gyrus

BA37

364

-5.8

(36, -38, -12)

Right Insula

BA13

359

4.6

(57, -38, 20)

Left Dorsal Pons

322

5.1

(-6, -29, -36)

Left Medial Frontal Gyrus

BA6

316

-4.4

(-4, -8, 51)

Right Inferior Frontal Gyrus

BA46

316

4.7

(48, 29, 13)

Right Inferior Frontal Gyrus

BA44

289

5.1

(52, 1, 20)

Left Cerebellar Tonsil

198

4.9

(-6, -48, -42)

Right Cerebellar Tonsil

188

4.6

(25, -36, -31)

Right Caudate

166

-5.2

(11, 24, -3)

During the pain state seed-driven FC from the dACC was similar to the ICN map derived during
the control state. A large cluster of positive FC surrounding the seed was present throughout the
dACC projecting in the right MPFC (Figure 4-4B and Table 4-2B). The second large cluster of
positive FC arose in the bilateral PCC and precuneus (Figure 4-4B, Supplemental Figure 4-4B
and Table 4-2B). Two large clusters of FC were found in the caudate bilaterally and extended
bilaterally into the dorsal posterior insula (Figure 4-4B and Table 4-2B). The left cluster
extended into the dorsal anterior insula and frontal operculum, while the right cluster extended
into the medial thalamus and mid insula (Figure 4-4B and Table 4-2B). Positive FC clusters were
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also present in the bilateral DLPFC (Table 4-2B). Again, a large cluster of negative FC spread
throughout the left frontal and parietal cortices (Figure 4-4B and Table 4-2B). A second large
cluster of negative FC included the right precuneus, parietal cortex as well as the right
somatomotor cortex (Figure 4-4B and Table 4-2B).

Figure 4-4. B) Brain-wide mean FC derived from the bilateral dACC seed during the pain state
thresholded at a CEC p-value of 0.001.
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Table 4-2B
Seed: Bilateral Dorsal ACC
State: Pain
Brain Region

Brodmann Area

Volume

Maximum
Intensity

TLRC
Coordinates

28287

-8.6

(-41, -50, 46)

Left Inferior Parietal Lobule

BA40

Left Precuneus

BA7

-8.3

(-18, -54, 56)

Left Superior Parietal Lobule

BA7

-7.6

(-27, -68, 48)

Left Superior Frontal Gyrus

BA6

-6.5

(-25, 11, 49)

Left Precentral Gyrus

BA6

-5.9

(-27, -12, 49)

Left Middle Frontal Gyrus

BA6

-5.8

(-31, 1, 48)

Left Precentral Gyrus

BA4

-5.7

(-31, -20, 51)

Left Paracentral Lobule

BA5

-5.4

(-13, -40, 58)

Left Superior Frontal Gyrus

BA8

-4.6

(-10, 31, 48)

Right Anterior Cingulate*

BA32

24.7

(4, 34, 25)

Right Medial Frontal Gyrus

BA9

5.0

(4, 59, 42)

Right Precuneus

BA7

-6.4

(15, -68, 49)

Right Superior Parietal Lobule

BA7

-6.2

(29, -50, 46)

Right Paracentral Lobule

BA5

-6.2

(10, -41, 58)

Right Inferior Parietal Lobule

BA40

-6.2

(53, -38, 48)

Right Precentral Gyrus

BA4

-5.7

(25, -22, 55)

Right Postcentral Gyrus

BA2

-5.6

(24, -41, 49)

Right Precentral Gyrus

BA6

-5.4

(34, -6, 53)

Right Cingulate Gyrus

BA31

8.1

(4, -47, 27)

Left Precuneus

BA31

7.8

(-11, -62, 27)

Right Precuneus

BA31

7.6

(8, -59, 27)

Left Cingulate Gyrus

BA23

6.9

(1, -24, 28)

Left Posterior Cingulate

BA23

6.7

(-8, -43, 25)

Left Cuneus

BA7

6.0

(-11, -73, 30)

9.3

(13, 10, 0)

24466
18249

Right Caudate

15564

12600

Right Posterior Insula

BA13

6.5

(41, -29, 21)

Right Mid Insula

BA13

5.5

(36, -10, 20)

Right Parietal Operculum

BA40

5.5

(53, -29, 20)

4.3

(1, -5, 11)

-6.3

(-55, -54, -3)

Right Thalamus
Left Inferior Temporal Gyrus

BA37

Left Middle Temporal Gyrus

BA37

-6.2

(-53, -66, 9)

Left Middle Occipital Gyrus

BA19

-6.0

(-39, -76, 6)

Left Middle Occipital Gyrus

BA18

-5.0

(-31, -82, 4)

8.4

(-13, 10, 21)

8.3

(-45, -10, 16)

Left Caudate
Left Frontal Operculum

10585
BA43

Left Putamen
Left Dorsal Anterior Insula
* = includes seed region.

10863

BA13
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7.0

(-18, 8, -1)

5.6

(-34, 11, 18)

Table 4-2B, continued
Brain Region

Brodmann Area

Volume

Maximum
Intensity

TLRC
Coordinates

5.2

(-38, -13, 14)

8355

-6.0

(-52, -45, -12)

Left Dorsal Posterior Insula

BA13

Left Inferior Temporal Gyrus

BA20

Left Fusiform Gyrus

BA37

-5.7

(-45, -54, -7)

Left Middle Occipital Gyrus

BA19

-5.6

(-39, -71, 7)

Right Cerebellar Pyramis

-6.9

(10, -82, -29)

Right Cerebellar Inferior Semi-Lunar Lobule

8312

-5.8

(22, -73, -45)

Right Cerebellar Tonsil

-5.5

(34, -59, -49)

Left Cerebellar Inferior Semi-Lunar Lobule

-5.5

(-22, -59, -49)

-4.9

(22, -41, -52)

7.5

(32, 48, 25)

5.7

(22, 52, 13)

3076

7.0

(-27, 50, 21)

6.5

(-22, 52, 13)

2074

-5.7

(-13, 17, 51)

-5.4

(8, 34, 49)

5.8

(8, -57, -26)

Right Cerebellar Anterior Lobe

5.0

(27, -57, -28)

Right Cerebellar Dentate

4.7

(18, -48, -24)

5.6

(-8, -47, -26)

5.5

(-17, -57, -26)

Right Cerebellar Lobule VIIIb
Right Middle Frontal Gyrus

BA10

Right Superior Frontal Gyrus

BA10

Left Middle Frontal Gyrus

BA10

Left Superior Frontal Gyrus

BA10

Left Superior Frontal Gyrus

BA6

Right Superior Frontal Gyrus

BA8

Right Cerebellar Nodule

3853

1661

Left Cerebellar Anterior Lobe

1485

Left Cerebellar Dentate
Left Cerebellar Tonsil
Left Cerebellar Pyramis

4.9

(-25, -48, -31)

1302

-5.4

(-8, -78, -28)

Right Superior Frontal Gyrus

BA9

1040

5.0

(6, 60, 41)

Left Middle Frontal Gyrus

BA10

991

-5.3

(-45, 52, 9)

Left Cuneus

BA19

841

-4.9

(-1, -90, 27)

702

-5.5

(-34, -3, -12)

Left Amygdala
Left Inferior Parietal Lobule

BA40

681

4.3

(-52, -33, 23)

Right Superior Frontal Gyrus

BA6

590

-4.6

(22, 10, 51)

Right Inferior Frontal Gyrus

BA47

563

4.9

(36, 24, -7)

Right Superior Frontal Gyrus

BA8

493

4.9

(22, 53, 46)

Left Superior Frontal Gyrus

BA8

466

4.7

(-22, 53, 42)

Right Middle Occipital Gyrus

BA19

466

-4.9

(50, -69, 9)

Left Lingual Gyrus

BA19

450

-6.1

(-29, -66, -1)

Left Lingual Gyrus

BA18

450

-4.8

(-6, -75, -3)

Right Superior Temporal Gyrus

BA39

423

4.9

(48, -59, 27)

Right Lingual Gyrus

BA18

418

-4.6

(22, -73, 0)

Right Lingual Gyrus

BA18

413

-5.0

(13, -64, -3)

Left Middle Occipital Gyrus

BA18

402

-4.5

(-13, -90, 13)

397

-5.9

(-3, -34, -49)

391

-4.8

(55, -5, 2)

Left Brainstem
Right Superior Temporal Gyrus

BA22
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Table 4-2B, continued
Brain Region

Brodmann Area

Volume

Maximum
Intensity

TLRC
Coordinates

Right Precentral Gyrus

BA6

370

5.4

(52, -1, 18)

Right Middle Temporal Gyrus

BA21

354

5.6

(50, 6, -28)

348

5.1

(17, -36, -26)

300

-4.3

(-41, 17, 39)

284

5.3

(10, -22, 18)

Right Cerebellar Anterior Lobe
Left Precentral Gyrus

BA9

Right Thalamus
Left Middle Frontal Gyrus

BA8

279

-5.4

(-36, 27, 42)

Right Thalamus

Mediodorsal Nucleus

198

4.6

(4, -17, 6)

Left Thalamus

Pulvinar

188

4.5

(-20, -27, 13)

Right Brainstem

Dorsal Pons

64

4.2

(6, -33, -29)

The control ICN map derived from the bilateral pgACC revealed several large positive and
negative clusters of correlated BOLD signal. The positive pgACC FC cluster spread across the
left putamen, MPFC and DLPFC as well as thalamus and right ventral anterior insula (Figure 45A, Table 4-3A and Supplemental Figure 4-5A). The second large cluster of positive FC spanned
the midline with peaks in the bilateral basal ganglia, thalamus, dorsal anterior insula, and left
inferior frontal cortex (Figure 4-5A and Table 4-3A). The third large cluster of positive FC was
found in the bilateral medial precuneus and PCC (Figure 4-5A and Table 4-3A). Several clusters
of negative FC included a large cluster spanning the left frontal, parietal, and somatomotor
cortex that was mirrored in the right hemisphere (Figure 4-5A and Table 4-3A). A third large
cluster of negative FC included peaks in the right parahippocampal, occipital, and temporal gyri
(Figure 4-5A and Table 4-3A).
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Figure 4-5. A) Brain-wide mean FC derived from the bilateral perigenual ACC seed during the
control state thresholded at a CEC p-value of 0.001.
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Table 4-3A
Seed: Bilateral Perigenual ACC
State: Control
Brain Region

Brodmann Area

Volume

Maximum
Intensity

TLRC
Coordinates

29712

-8.7

(-43, -47, 42)

Left Inferior Parietal Lobule

BA40

Left Superior Parietal Lobule

BA7

-7.4

(-29, -68, 48)

Left Inferior Frontal Gyrus

BA9

-6.4

(-52, 4, 30)

Left Postcentral Gyrus

BA3

-6.2

(-38, -19, 44)

Left Postcentral Gyrus

BA2

-5.9

(-59, -26, 37)

Left Precentral Gyrus

BA4

-5.8

(-43, -15, 49)

Left Precentral Gyrus

BA9

-5.8

(-41, 4, 32)

Left Precentral Gyrus

BA6

-5.6

(-25, -10, 48)

Left Middle Frontal Gyrus

BA6

-5.4

(-38, 4, 42)

Left Middle Frontal Gyrus

BA8

-5.2

(-34, 29, 39)

Right Anterior Cingulate*

BA32

29.9

(4, 39, 16)

24734

Left Putamen

7.4

(-25, 17, 0)

Right Medial Frontal Gyrus

BA9

6.4

(1, 59, 39)

Left Superior Frontal Gyrus

BA9

5.9

(-1, 60, 34)

Left Thalamus

Medial Dorsal Nucleus

5.9

(-4, -19, 6)

Right Ventral Anterior Insula

BA13

5.4

(31, 18, -5)

Right Superior Frontal Gyrus

BA10

4.8

(15, 64, 25)

Right Frontal Operculum

BA44

4.7

(43, 11, 11)

Right Superior Frontal Gyrus

BA9

4.7

(18, 59, 39)

Right Inferior Parietal Lobule

BA40

-7.7

(32, -45, 41)

Right Superior Parietal Lobule

BA7

-7.4

(25, -59, 42)

Right Angular Gyrus

BA39

-6.7

(32, -55, 37)

Right Precuneus

BA7

-6.6

(20, -71, 41)

Right Middle Frontal Gyrus

BA8

-6.5

(48, 10, 44)

Right Precentral Gyrus

BA4

-6.5

(39, -15, 44)

Right Postcentral Gyrus

BA3

-5.9

(53, -19, 39)

10.6

(15, 18, 14)

10.2

(-15, 20, 13)

7.2

(32, 11, 9)

7.1

(18, 10, -3)

24294

Right Caudate

23753

Left Caudate
Right Dorsal Anterior Insula

BA13

Right Putamen
Right Thalamus

Mediodorsal Nucleus

7.1

(3, -13, 9)

Left Inferior Frontal Gyrus

BA47

5.5

(-38, 18, -5)

Left Dorsal Anterior Insula

BA13

5.4

(-31, 11, 7)

Right Thalamus

Anterior Nucleus

5.3

(4, -5, 4)

Right Thalamus

Pulvinar

5.1

(6, -26, 6)

Left Precuneus

BA31

10.8

(-8, -59, 20)

8.8

(6, -57, 18)

Right Posterior Cingulate
* = includes seed region.

19481

BA23
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Table 4-3A, continued
Brain Region

Brodmann Area

Volume

Maximum
Intensity

TLRC
Coordinates

Left Posterior Cingulate

BA29

7.1

(-8, -43, 7)

Left Cingulate Gyrus

BA23

6.3

(-3, -26, 32)

Right Cuneus

BA7

5.8

(8, -68, 30)

Right Parahippocampal Gyrus

BA36

-7.2

(36, -36, -12)

Right Lingual Gyrus

BA19

-5.7

(18, -61, -5)

Right Inferior Temporal Gyrus

BA37

-5.6

(59, -55, -5)

Right Fusiform Gyrus

BA19

-5.6

(20, -57, -14)

Left Fusiform Gyrus

BA37

-7.5

(-50, -47, -15)

8039

6699

Left Inferior Temporal Gyrus
Right Cerebellar Inferior Semi-Lunar Lobule

2203

Left Cerebellar Inferior Semi-Lunar Lobule

-4.8

(-52, -68, 2)

-7.3

(11, -78, -40)

-4.6

(-4, -71, -45)

Left Superior Frontal Gyrus

BA10

2004

7.1

(-25, 50, 14)

Right Middle Frontal Gyrus

BA10

1919

6.4

(34, 41, 18)

Right Superior Frontal Gyrus

BA10

5.6

(22, 52, 9)

1908

6.0

(36, -48, -36)

-5.0

(11, 3, 44)

Right Cerebellar Tonsil
Right Cingulate Gyrus

BA24

1163

Left Parietal Operculum

BA43

1125

5.6

(-45, -13, 13)

1061

-5.8

(-22, -59, -12)

927

-4.8

(-31, -47, -14)

-4.7

(-25, -50, -5)

Left Cerebellar Declive
Left Fusiform Gyrus

BA37

Left Parahippocampal Gyrus

BA19

Right Inferior Temporal Gyrus

BA20

879

5.1

(52, -22, -15)

Left Cingulate Gyrus

BA24

809

-6.4

(-8, 4, 37)

Right Medial Frontal Gyrus

BA6

-4.7

(6, -1, 48)

Left Superior Frontal Gyrus

BA6

670

6.4

(-10, 25, 62)

Left Inferior Frontal Gyrus

654

-5.2

(-43, 53, 2)

Left Middle Temporal Gyrus

BA39

616

6.2

(-38, -57, 20)

Right Middle Occipital Gyrus

BA19

514

-5.0

(32, -87, 18)

498

-5.0

(1, -54, -12)

493

5.1

(43, -12, 16)

4.7

(52, -10, 11)

456

-5.3

(39, -12, -5)

402

4.5

(-10, -45, -40)

Right Cerebellar Culmen
Right Dorsal Mid Insula

BA13

Right Precentral Gyrus

BA43

Right Ventral Posterior Insula

BA13

Left Cerebellar Tonsil
Right Dorsal Posterior Insula

BA13

391

4.7

(34, -29, 18)

Right Middle Frontal Gyrus

BA11

381

-4.2

(22, 36, -7)

Right Superior Parietal Lobule

BA7

375

-4.7

(20, -69, 60)

Right Cingulate Gyrus

BA31

359

-4.8

(13, -27, 39)

311

4.7

(15, -57, -38)

311

4.4

(-46, -66, 28)

Right Cerebellar Declive

311

-4.9

(6, -80, -12)

Left Cerebellar Lobule VIII

273

-5.1

(-10, -62, -52)

Right Cerebellar Tonsil
Left Angular Gyrus

BA39
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Table 4-3A, continued
Volume

Maximum
Intensity

TLRC
Coordinates

Right Cerebellar Tonsil

241

4.5

(4, -48, -49)

Left Cerebellar Tonsil

204

4.7

(-25, -40, -35)

Left Cerebellar Lobule VIII

198

4.9

(-6, -43, -52)

Left Pontine Tegmentum

129

4.8

(-10, -27, -35)

Dorsal Pons

86

4.6

(1, -24, -38)

Left Cerebellar Tonsil

70

4.1

(-8, -34, -40)

Brain Region

Brodmann Area

During exposure to the C-HP model the ICN derived from the bilateral pgACC seed spread into
the bilateral MPFC and frontal polar cortex (Figure 4-5B, Supplemental Table 4-5B and Table 43B). The second cluster of positive FC encompassed the bilateral medial precuneus and PCC
(Figure 4-5B and Table 4-3B). Two large clusters of positive FC originated in the right and left
caudate. The cluster originating in the right caudate spread into the ventral striatum, basal
ganglia, medial thalamus, and dorsal anterior insula (Figure 4-5B and Table 4-3B). The positive
FC cluster originating in the left caudate was restricted to the left basal ganglia (Figure 4-5B and
Table 4-3B). Separate clusters of positive FC were found bilaterally in the posterior insula,
frontal and prefrontal cortex (Figure 4-5B and Table 4-3B). A large cluster of negative FC in the
left cerebral cortex spread throughout left frontal and parietal cortices (Figure 4-5B and Table 43B). A second large cluster of negative FC was focused in the right parietal cortex (Figure 4-5B
and Table 4-3B). In the left hemisphere a cluster of negative FC spread into the secondary
occipital and temporal cortex, while in the right hemisphere the homotopic cluster was restricted
to the temporal cortex (Figure 4-5B and Table 4-3B).
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Figure 4-5. B) Brain-wide mean FC derived from the bilateral pgACC seed during the pain state
thresholded at a CEC p-value of 0.001.

199

Table 4-3B
Seed: Bilateral Perigenual ACC
State: Pain
Brain Region

Brodmann Area

Volume

Maximum
Intensity

TLRC
Coordinates

28807

-9.1

(-43, -47, 41)

Left Inferior Parietal Lobule

BA40

Left Precuneus

BA7

-8.0

(-24, -69, 42)

Left Inferior Parietal Lobule

BA7

-7.2

(-31, -57, 44)

Left Precentral Gyrus

BA6

-7.2

(-52, 1, 42)

Left Postcentral Gyrus

BA1

-7.1

(-59, -26, 39)

Left Middle Frontal Gyrus

BA9

-6.4

(-41, 32, 34)

Left Precentral Gyrus

BA9

-6.3

(-45, 20, 35)

Left Middle Frontal Gyrus

BA6

-6.1

(-41, 1, 37)

Left Postcentral Gyrus

BA3

-4.6

(-48, -17, 42)

Right Anterior Cingulate*

BA32

29.6

(4, 39, 16)

Right Superior Frontal Gyrus

BA9

6.0

(17, 60, 39)

Right Medial Frontal Gyrus

BA9

5.7

(1, 59, 39)

Left Superior Frontal Gyrus

BA9

5.6

(-4, 60, 41)

Right Superior Frontal Gyrus

BA10

5.6

(17, 64, 28)

Left Superior Frontal Gyrus

BA10

5.3

(-1, 60, 25)

Right Superior Frontal Gyrus

BA8

5.2

(13, 57, 46)

Left Medial Frontal Gyrus

BA10

5.1

(-6, 64, 14)

Right Inferior Parietal Lobule

BA40

-9.4

(55, -36, 39)

Right Precuneus

BA7

-7.6

(24, -73, 41)

Right Superior Parietal Lobule

BA7

Left Precuneus

BA31

Right Posterior Cingulate
Right Precuneus

26079

20066

-7.6

(27, -54, 41)

10.2

(-8, -59, 20)

BA31

8.3

(4, -52, 23)

BA31

5.0

(15, -64, 25)

16217

Right Caudate

10.7

(15, 18, 14)

Right Ventral Striatum

Nucleus Accumbens

13565

6.8

(13, 8, -8)

Right Thalamus

Medial Dorsal Nucleus

6.3

(3, -15, 13)

5.8

(25, -8, 16)

Right Putamen
Right Thalamus

Lateral Dorsal Nucleus

5.3

(10, -22, 16)

Right Dorsal Anterior Insula

BA13

5.2

(39, 10, 11)

Right Ventral Anterior Insula

BA13

4.7

(34, 18, -8)

10.3

(-18, 20, 6)

Left Putamen

7.6

(-25, 17, 2)

Left Lateral Globus Pallidus

6.6

(-15, 4, -5)

-8.0

(-45, -55, -10)

-7.6

(-53, -66, 0)

Left Caudate

10906

Left Fusiform Gyrus

BA37

Left Inferior Temporal Gyrus

BA37

Left Middle Occipital Gyrus

BA19

7299

Right Cerebellar Tonsil
* = includes seed region.

4132
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-6.5

(-52, -62, -5)

5.5

(15, -57, -36)

Table 4-3B, continued
Maximum
Intensity

TLRC
Coordinates

Left Cerebellar Tonsil

5.5

(-3, -52, -36)

Left Cerebellar Lobule VIII

5.0

(-4, -48, -52)

-6.2

(46, -43, -17)

-5.8

(52, -57, -12)

-5.3

(48, -61, -19)

-6.0

(46, -3, 42)

-4.6

(53, 6, 37)

-7.7

(-1, -68, -45)

Brain Region

Brodmann Area

Right Inferior Temporal Gyrus

BA37

Right Inferior Temporal Gyrus

BA20

Right Fusiform Gyrus

BA37

Right Precentral Gyrus

BA6

Right Middle Frontal Gyrus

BA9

Volume

3725

3575

Left Cerebellar Inferior Semi-Lunar Lobule

3103

Right Cerebellar Inferior Semi-Lunar Lobule

-5.8

(15, -80, -38)

Left Cerebellar Uvula

-5.4

(-10, -83, -33)

Left Cerebellar Pyramis

-5.3

(-4, -80, -31)

Right Cerebellar Lobule VIII

-4.9

(10, -62, -52)

Right Dorsal Posterior Insula

BA13

2637

5.7

(38, -22, 20)

Left Dorsal Posterior Insula

BA13

2042

6.1

(-45, -13, 13)

Right Lingual Gyrus

BA18

1613

-5.1

(6, -76, -7)

Right Inferior Frontal Gyrus

BA46

1426

5.5

(45, 36, 4)

Right Paracentral Lobule

BA31

1276

-5.4

(11, -13, 42)

Right Cingulate Gyrus

BA24

-5.2

(8, -6, 44)

Right Cingulate Gyrus

BA32

-4.8

(8, 10, 41)

Left Middle Frontal Gyrus

BA10

1211

-5.7

(-46, 52, 11)

Left Superior Frontal Gyrus

BA6

1168

6.7

(-15, 22, 63)

1109

-5.4

(-11, -69, -12)

Left Cerebellar Declive
Left Cuneus

BA19

1072

-6.8

(-1, -90, 25)

Right Medial Frontal Gyrus

BA10

1061

6.7

(22, 50, 11)

Left Precentral Gyrus

BA4

1040

5.3

(-11, -27, 67)

Left Postcentral Gyrus

BA7

5.1

(-17, -47, 65)

Left Superior Temporal Gyrus

BA41

1040

5.3

(-53, -33, 9)

Right Middle Frontal Gyrus

BA8

954

-5.9

(34, 34, 41)

Left Superior Frontal Gyrus

BA10

874

7.2

(-24, 52, 9)

Left Superior Temporal Gyrus

BA22

820

5.2

(-41, -57, 16)

Left Middle Occipital Gyrus

BA19

820

-5.1

(-43, -83, 9)

Right Ventral Posterior Insula

BA13

702

-5.1

(41, -10, -1)

Left Thalamus

Pulvinar

606

4.5

(-10, -27, 13)

Right Fusiform Gyrus

BA20

536

5.9

(48, -3, -22)

Right Middle Frontal Gyrus

BA46

461

-6.8

(46, 53, 6)

Left Cerebellar Culmen

423

-5.3

(-11, -57, -7)

Left Cerebellar Declive

381

-4.4

(-20, -55, -14)

Left Cerebellar Culmen

370

-5.7

(-10, -57, -19)

Left Cerebellar Culmen

364

-4.4

(-25, -41, -14)

332

4.1

(-1, -15, 37)

Left Cingulate Gyrus

BA24
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Table 4-3B, continued
Brain Region

Brodmann Area

Volume

Maximum
Intensity

TLRC
Coordinates

Left Angular Gyrus

BA39

322

4.4

(-45, -75, 34)

Right Precentral Gyrus

BA4

311

5.3

(29, -22, 69)

Left Cingulate Gyrus

BA24

311

-5.2

(-8, 3, 39)

Brainstem

Dorsal Pons

204

4.4

(3, -24, -35)

Left Cerebellar Tonsil

198

4.2

(-39, -59, -36)

Right Cerebellar Tonsil

161

4.4

(34, -50, -33)

The bilateral MPFC seed, during the control resting state, spread from the MPFC into the
bilateral frontal pole and DLPFC (Figure 4-6A, Supplemental Figure 4-6A, and Table 4-4A).
The second main positive FC cluster was in the bilateral medial precuneus and PCC (Figure 46A, Supplemental Figure 4-6A, and Table 4-4A). Several smaller clusters of positive FC were
found bilaterally in the parietal and temporal cortices, as well as two midline clusters one with
peaks in bilateral basal ganglia and one in with peaks in bilateral thalami (Figure 4-6A and Table
4-4A). The anticorrelated ICN appeared as several clusters including a large cluster spanning the
left frontal and occipital cortices, as well as right frontal, occipital and parietal cortices (Figure 46A and Table 4-4A). The second large cluster of negative FC spanned the left frontal, midinsular
and parietal cortices, spreading into the right MPFC (Figure 4-6A and Table 4-4A). The third
large cluster of negative FC encompassed the right frontal and insular cortices along with several
smaller clusters of negative FC (Figure 4-6A and Table 4-4A).
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Figure 4-6. A) Brain-wide mean FC derived from the bilateral medial prefrontal cortex (MPFC)
seed during the control state thresholded at a CEC p-value of 0.001.
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Table 4-4A
Seed: Bilateral Medial PFC
State: Control
Brain Region

Brodmann Area

Volume

Maximum
Intensity

TLRC
Coordinates

66194

-8.9

(52, -45, 51)

Right Inferior Parietal Lobule

BA40

Right Superior Frontal Gyrus

BA6

-6.5

(27, -1, 62)

Right Precuneus

BA7

-6.4

(10, -61, 58)

Left Cuneus

BA19

-6.4

(-20, -87, 34)

Right Middle Frontal Gyrus

BA6

-6.3

(36, -6, 62)

Left Inferior Frontal Gyrus

BA44

-6.0

(-53, 13, 11)

Right Medial Frontal Gyrus

BA6

-5.9

(1, 1, 63)

Right Lingual Gyrus

BA19

-5.7

(22, -62, 2)

Left Cuneus

BA18

-5.6

(-10, -89, 18)

Left Middle Frontal Gyrus

BA6

-5.6

(-22, 4, 58)

Left Posterior Cingulate

BA30

-5.5

(-25, -66, 7)

Left Lingual Gyrus

BA18

-5.3

(-13, -68, 2)

Left Lingual Gyrus

BA19

-5.3

(-11, -62, -5)

Right Paracentral Lobule

BA5

-5.3

(4, -43, 55)

Left Inferior Frontal Gyrus

BA9

-5.1

(-43, 10, 28)

Left Medial Frontal Gyrus

BA6

-4.9

(-8, -10, 56)

Right Superior Parietal Lobule

BA7

-4.8

(29, -55, 63)

Left Parahippocampal Gyrus

BA19

-4.8

(-20, -50, -5)

Right Cuneus

BA19

-4.8

(25, -85, 35)

Left Ventral Posterior Insula

BA13

-4.8

(-36, -10, 0)

Left Middle Occipital Gyrus

BA18

-4.6

(-22, -89, 20)

Right Lingual Gyrus

BA18

-4.2

(6, -69, 4)

Right Medial Frontal Gyrus*

BA10

27.3

(3, 55, 9)

Left Superior Frontal Gyrus

BA9

7.6

(-4, 59, 35)

Right Superior Frontal Gyrus

BA6

6.6

(22, 32, 56)

Left Superior Frontal Gyrus

BA6

6.4

(-22, 32, 55)

Left Superior Frontal Gyrus

BA8

6.3

(-15, 48, 48)

Right Superior Frontal Gyrus

BA8

6.1

(22, 36, 44)

Right Superior Frontal Gyrus

BA10

5.9

(6, 64, 23)

Left Middle Frontal Gyrus

BA9

5.5

(-22, 39, 35)

Left Superior Frontal Gyrus

BA10

5.2

(-18, 55, 11)

Right Superior Frontal Gyrus

BA9

Right Precuneus

BA7

Right Cingulate Gyrus

BA31

Left Inferior Parietal Lobule

BA40

Right Medial Frontal Gyrus

BA6

-7.6

(6, 6, 51)

BA7

-6.4

(-18, -59, 53)

Left Precuneus
* = includes seed region.

55582

24315
20869

204

5.0

(13, 59, 39)

10.6

(3, -61, 32)

6.1

(3, -29, 41)

-8.2

(-55, -43, 51)

Table 4-4A, continued
Brain Region

Brodmann Area

Volume

Maximum
Intensity

TLRC
Coordinates

Left Mid Insula

BA13

-6.3

(-39, 6, 4)

Left Precentral Gyrus

BA6

-6.2

(-31, -10, 53)

Left Superior Parietal Lobule

BA7

-5.6

(-13, -68, 55)

Left Postcentral Gyrus

BA40

-5.5

(-34, -36, 55)

Left Postcentral Gyrus

BA3

-5.4

(-24, -34, 55)

Right Precuneus

BA7

-5.1

(20, -47, 56)

Left Cuneus

BA17

-5.0

(-8, -76, 13)

Left Middle Frontal Gyrus

BA6

-4.8

(-52, 4, 42)

Right Ventral Anterior Insula

BA13

-6.8

(39, 6, -7)

Right Dorsal Anterior Insula

BA13

-6.7

(43, 4, 4)

Right Precentral Gyrus

BA44

-6.5

(46, 13, 7)

Right Middle Frontal Gyrus

BA9

-6.2

(48, 8, 35)

Right Inferior Frontal Gyrus

BA44

-6.0

(46, 8, 20)

Right Ventral Posterior Insula

BA13

-5.0

(41, -13, -5)

Right Middle Temporal Gyrus

BA21

7.9

(59, -1, -15)

Right Superior Temporal Gyrus

BA38

6.7

(43, 18, -35)

Right Angular Gyrus

BA39

4845

8.2

(48, -64, 32)

Left Angular Gyrus

BA39

4609

7.6

(-52, -66, 35)

Left Superior Occipital Gyrus

BA19

5.1

(-39, -80, 32)

Left Middle Temporal Gyrus

BA37

Left Inferior Temporal Gyrus

BA37

Left Middle Temporal Gyrus

BA21

Right Middle Frontal Gyrus

8253

5306

2889

-6.5

(-48, -54, 0)

-6.2

(-53, -52, -1)

2594

7.0

(-57, -1, -17)

BA46

1945

-6.9

(50, 38, 25)

Right Inferior Temporal Gyrus

BA37

1908

-5.9

(48, -50, -1)

Right Middle Temporal Gyrus

BA37

-4.8

(57, -52, -5)

Left Middle Frontal Gyrus

BA8

-5.0

(-43, 32, 39)

Left Middle Frontal Gyrus

BA46

-4.8

(-46, 43, 27)

1377

Left Caudate

5.7

(-6, 6, 6)

Right Caudate

1227

5.1

(6, 4, -1)

Left Medial Globus Pallidus

4.6

(-10, 3, -5)

4.3

(4, -1, 6)

Right Thalamus

Anterior Nucleus

Left Thalamus

Mediodorsal Nucleus

Right Thalamus

Mediodorsal Nucleus

Left Cerebellar Tonsil

1008
949

Left Cerebellar Lobule VIII
Right Superior Frontal Gyrus

BA6

Right Cerebellar Inferior Semilunar Lobule

(1, -13, 13)

-4.8

(-32, -54, -45)

-4.4

(-20, -62, -52)

-6.3

(4, 20, 56)

740

-4.9

(6, -68, -42)

-4.8

(1, -73, -33)

4.6

(11, 8, 21)

734

205

(-3, -17, 4)

5.0

745

Right Cerebellar Uvula of Vermis
Right Caudate

5.4

Table 4-4A, continued
Brain Region

Brodmann Area

Volume

Maximum
Intensity

TLRC
Coordinates

Left Middle Occipital Gyrus

BA19

707

-4.7

(-41, -71, 9)

Right Inferior Frontal Gyrus

BA13

611

-4.9

(34, 24, 7)

563

5.4

(-24, -82, -43)

557

5.9

(-22, -17, -15)

520

5.0

(15, -82, -45)

514

5.7

(22, -15, -15)

Left Cerebellar Inferior Semilunar Lobule
Left Parahippocampal Gyrus

BA28

Right Cerebellar Inferior Semilunar Lobule
Right Parahippocampal Gyrus

BA28

Left Caudate

509

4.6

(-15, 13, 18)

Right Superior Frontal Gyrus

BA9

407

-5.0

(39, 46, 35)

Left Parahippocampal Gyrus

BA36

397

4.8

(-27, -31, -15)

Right Middle Occipital Gyrus

BA18

327

-4.4

(15, -92, 13)

Right Cerebellar Lobule IX

322

5.5

(4, -50, -50)

Right Inferior Frontal Gyrus

BA47

295

5.3

(43, 27, -7)

Brainstem

Dorsal Pons

263

5.3

(1, -27, -24)

188

4.2

(1, -47, -26)

Right Cerebellar Nodule

During exposure to the C-HP model, positive FC with the bilateral MPFC seed spread from the
seed to peaks in the bilateral medial and DLPFC (Figure 4-6B, Supplemental Figure 4-6B and
Table 4-4B). The second large cluster of positive FC again spread through the bilateral
precuneus and PCC (Figure 4-6B and Table 4-4B). Additionally, there were several smaller
clusters of positive FC in the left cingulate, parietal and temporal cortices as well as right basal
ganglia, middle temporal and parahippocampal gyri (Figure 4-6B and Table 4-4B). The primary
anticorrelated cluster spread throughout the left parietal cortex, while the second large cluster
was found in the right parietal cortex (Figure 4-6B, Supplemental Figure 4-6B, and Table 4-4B).
Several clusters of negative FC appeared bilaterally in the frontal, insular, occipital, and temporal
cortices (Figure 4-6B and Table 4-4B).
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Figure 4-6. B) Brain-wide mean FC derived from the bilateral MPFC seed during the pain state
thresholded at a CEC p-value of 0.001.
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Table 4-4B
Seed: Bilateral Medial PFC
State: Pain
Brain Region

Brodmann Area

Volume

Maximum
Intensity

TLRC
Coordinates

55448

29.7

(3, 55, 9)

Right Medial Frontal Gyrus*

BA10

Left Superior Frontal Gyrus

BA6

8.1

(-22, 32, 55)

Right Superior Frontal Gyrus

BA6

6.7

(22, 32, 56)

Right Medial Frontal Gyrus

BA9

6.6

(4, 59, 39)

Right Superior Frontal Gyrus

BA10

5.9

(20, 55, 13)

Right Superior Frontal Gyrus

BA8

5.8

(20, 43, 49)

Left Superior Medial Frontal Gyrus

BA8

5.4

(-8, 53, 51)

Left Superior Frontal Gyrus

BA8

5.1

(-13, 45, 56)

Right Middle Frontal Gyrus

BA10

4.8

(25, 52, 18)

Left Inferior Parietal Lobule

BA40

-7.2

(-57, -41, 46)

Left Precuneus

BA7

-5.8

(-25, -69, 53)

Left Superior Parietal Lobule

BA7

-5.7

(-36, -59, 49)

Right Precuneus

BA31

9.0

(3, -47, 32)

Left Posterior Cingulate

BA30

4.8

(-6, -54, 6)

Right Inferior Parietal Lobule

BA40

-6.7

(57, -38, 48)

Right Superior Parietal Lobule

BA7

-6.3

(34, -55, 49)

Right Postcentral Gyrus

BA2

-5.2

(59, -27, 44)

Right Precuneus

BA7

-4.9

(13, -76, 48)

Left Cuneus

BA19

-5.8

(-11, -89, 34)

Left Cuneus

BA18

-5.6

(-10, -89, 21)

Left Lingual Gyrus

BA18

-5.6

(-13, -66, -5)

Right Lingual Gyrus

BA19

-5.3

(10, -59, -1)

Left Cuneus

BA17

-5.2

(-8, -76, 13)

Right Cuneus

BA19

-4.7

(6, -89, 39)

Left Middle Frontal Gyrus

BA6

-5.6

(-52, 4, 42)

Left Middle Frontal Gyrus

BA46

-5.5

(-45, 43, 30)

Left Inferior Frontal Gyrus

BA44

-5.3

(-50, 11, 16)

Left Middle Frontal Gyrus

BA9

-5.2

(-41, 50, 30)

Left Middle Frontal Gyrus

BA10

-5.1

(-43, 55, 14)

Left Inferior Frontal Gyrus

BA9

-4.9

(-48, 8, 32)

Left Medial Frontal Gyrus

BA6

-6.4

(-1, 3, 49)

Right Superior Frontal Gyrus

BA6

-6.2

(18, 1, 62)

Right Middle Frontal Gyrus

BA6

-4.9

(29, -6, 53)

Right Precentral Gyrus

BA44

-6.1

(46, 17, 9)

Right Precentral Gyrus

BA6

-5.1

(43, -3, 42)

Right Posterior Insula

BA13

-5.1

(38, -8, -1)

BA9

-5.0

(46, 6, 20)

Right Inferior Frontal Gyrus
* = includes seed region.

16850

16721
15853

8259

7380

6817

6319
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Table 4-4B, continued
Brain Region

Brodmann Area

Volume

Maximum
Intensity

TLRC
Coordinates

Right Frontal Operculum

BA45

-4.9

(45, 6, 4)

Right Ventral Posterior Insula

BA13

-4.8

(38, 6, -8)

Left Middle Temporal Gyrus

BA22

4282

-6.0

(-52, -50, 0)

Right Middle Temporal Gyrus

BA39

4191

8.7

(46, -61, 28)

Right Middle Temporal Gyrus

BA21

3355

5.9

(50, 6, -28)

Left Angular Gyrus

BA39

2706

5.9

(-46, -71, 35)

Left Middle Frontal Gyrus

BA6

2583

-6.4

(-31, -6, 58)

Right Lingual Gyrus

BA19

2197

-6.7

(20, -64, 2)

Left Middle Temporal Gyrus

BA21

1661

6.1

(-57, -1, -17)

Right Middle Temporal Gyrus

BA37

1602

-5.7

(48, -52, 0)

Right Inferior Temporal Gyrus

BA20

-5.2

(53, -54, -14)

Right Parahippocampal Gyrus

BA35

1308

5.8

(20, -17, -12)

Left Cingulate Gyrus

BA31

1142

5.9

(-4, -26, 41)

Left Posterior Insula

BA13

1034

-5.4

(-39, 6, 4)

Left Middle Occipital Gyrus

BA19

981

-4.9

(-39, -78, 9)

847

6.4

(13, 13, 21)

788

-6.2

(50, 38, 25)

654

5.4

(-6, 6, 6)

643

5.0

(-25, -13, -14)

Right Caudate
Right Middle Frontal Gyrus

BA46

Left Caudate
Left Parahippocampal Gyrus

Hippocampus

Left Parahippocampal Gyrus

BA28

Left Caudate
Left Middle Occipital Gyrus

BA19

Right Cerebellar Uvula

4.9

(-20, -17, -15)

638

4.7

(-13, 13, 20)

386

-4.1

(-32, -85, 21)

386

-4.4

(8, -75, -33)

Left Anterior Insula

BA13

354

5.6

(-27, 20, -7)

Left Posterior Insula

BA13

354

-4.3

(-41, -8, -7)

Left Superior Frontal Gyrus

BA8

311

4.0

(-31, 18, 49)

300

-4.4

(-53, 18, 2)

214

-5.4

(38, -68, -29)

172

4.2

(1, -12, 9)

161

-5.0

(20, -38, -52)

129

4.5

(-8, 8, -8)

Left Inferior Frontal Gyrus
Right Cerebellar Tuber
Right Thalamus

Mediodorsal Nucleus

Right Cerebellar Lobule VIII
Left Ventral Striatum

Nucleus Accumbens

During the control state, positive FC emanating from the left primary motor cortex (L-M1)
spread bilaterally to include peaks in the left frontal and temporal cortices and right insular,
parietal, and temporal cortices (Figure 4-7A, Supplemental Figure 4-7A and Table 4-5A). An
additional large cluster of positive FC spanned the left insular, parietal and temporal cortices
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(Figure 4-7A and Table 4-5A). Several additional clusters of positive FC were found bilaterally
in the occipital and temporal cortices as well as the right basal ganglia and bilateral thalami
(Figure 4-7A and Table 4-5A). The largest cluster of anticorrelated FC spanned the bilateral
dACC and MPFC (Figure 4-7A and Table 4-5A). Several additional clusters of negative FC were
revealed in left cingulate and occipital cortices as well as bilaterally in the frontal and parietal
cortices (Figure 4-7A and Table 4-5A).
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Figure 4-7. A) Brain-wide mean FC derived from the left motor cortex seed during the control
state thresholded at a CEC p-value of 0.001.

211

Table 4-5A
Seed: Left Primary Motor Cortex
State: Control
Brain Region

Brodmann Area

Volume

Maximum
Intensity

TLRC
Coordinates

120886

33.6

(-32, -27, 62)

Left Precentral Gyrus*

BA4

Right Postcentral Gyrus

BA40

8.4

(39, -34, 58)

Left Medial Frontal Gyrus

BA6

6.9

(-8, -24, 69)

Right Superior Temporal Gyrus

BA22

6.6

(55, -29, 7)

Right Transverse Temporal Gyrus

BA41

6.5

(46, -27, 11)

Right Parietal Operculum

BA41

6.5

(43, -17, 18)

Left Superior Temporal Gyrus

BA22

5.8

(-52, -10, 9)

Right Dorsal Posterior Insula

BA13

5.8

(36, -31, 20)

Right Postcentral Gyrus

BA43

5.6

(64, -10, 14)

Left Precentral Gyrus

BA6

5.1

(-48, -10, 37)

Right Precentral Gyrus

BA6

4.9

(53, -3, 7)

Right Putamen

4.4

(27, -12, 9)

6.9

(-57, -15, 6)

BA13

6.2

(-34, -5, 14)

Left Dorsal Posterior Insula

BA13

6.2

(-36, -19, 18)

Left Transverse Temporal Gyrus

BA42

5.8

(-59, -10, 13)

Left Postcentral Gyrus

BA40

5.5

(-60, -17, 18)

Left Posterior Insula

BA13

5.1

(-36, -20, 6)

Right Cingulate Gyrus

BA32

-7.4

(4, 24, 35)

Right Medial Frontal Gyrus

BA9

-6.3

(4, 32, 30)

Left Cingulate Gyrus

BA24

-6.3

(-4, 15, 28)

Left Medial Frontal Gyrus

BA9

-4.7

(-10, 27, 30)

Right Supramarginal Gyrus

BA40

4604

-6.5

(48, -48, 32)

Right Middle Frontal Gyrus

BA9

3151

-6.8

(29, 39, 35)

Right Precuneus

BA7

2385

-8.9

(8, -73, 35)

Right Middle Occipital Gyrus

BA37

2380

5.6

(38, -62, 7)

Left Cingulate Gyrus

BA31

2331

-5.7

(-4, -36, 30)

Right Cingulate Gyrus

BA24

Right Cuneus

BA19

Right Posterior Cingulate

BA30

Left Cuneus

BA18

Left Cuneus
Left Middle Occipital Gyrus
Left Middle Frontal Gyrus

BA6

Left Superior Frontal Gyrus

BA6

Left Middle Temporal Gyrus

BA37
BA7

Left Superior Temporal Gyrus

BA41

Left Dorsal Mid Insula

Right Precuneus
* = includes seed region.

14068

5531

-5.6

(3, -20, 35)

6.4

(24, -87, 35)

4.7

(18, -59, 13)

5.0

(-10, -89, 18)

BA19

4.6

(-20, -89, 34)

BA19

4.9

(-32, -78, 13)

5.1

(-34, 17, 58)

5.1

(-11, 29, 56)

1517

5.8

(-41, -66, 11)

1426

-5.3

(1, -52, 39)

2251
2171

1597
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Table 4-5A, continued
Brain Region

Brodmann Area

Volume

Maximum
Intensity

TLRC
Coordinates

Right Middle Frontal Gyrus

BA8

1361

-5.0

(29, 25, 41)

Right Cuneus

BA17

954

5.5

(22, -85, 9)

Right Middle Occipital Gyrus

BA18

5.1

(13, -89, 14)

Left Precuneus

BA7

916

-8.0

(-15, -71, 34)

Left Caudate

750

6.0

(-13, 18, 4)

Left Parahippocampal Gyrus

686

5.3

(-29, -10, -17)
(-62, -40, 32)

Left Inferior Parietal Lobule

BA40

681

-5.1

Left Inferior Occipital Gyrus

BA17

606

-5.4

(-11, -92, -8)

Left Posterior Cingulate

BA31

568

5.1

(-11, -62, 16)

568

5.1

(36, -57, -42)

482

5.9

(13, 18, 6)

456

5.1

(15, -24, 2)

456

5.2

(8, -59, -42)

418

-5.3

(-25, 36, 32)

375

5.4

(-15, -22, 6)

5.1

(-10, -24, -1)

Right Cerebellar Tonsil
Right Caudate
Right Thalamus

Ventral Posterior
Medial Nucleus

Right Cerebellar Inferior Semi-Lunar Lobule
Left Superior Frontal Gyrus
Left Thalamus

BA9
Ventral Posterior
Medial Nucleus

Left Thalamus

Pulvinar

Right Middle Frontal Gyrus

BA10

327

-4.5

(27, 60, 9)

Right Middle Frontal Gyrus

BA11

300

-6.6

(24, 38, -5)

Left Subcallosal Gyrus

BA34

273

4.6

(-25, 3, -10)

236

4.5

(6, 11, -3)

225

5.8

(22, -3, -10)

Left Cerebellar Inferior Semi-Lunar Lobule

220

-4.1

(-17, -82, -38)

Left Cerebellar Tonsil

214

4.9

(-15, -47, -45)

Right Cerebellar Pyramis
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-5.0

(13, -83, -36)

Left Cerebellar Tonsil

172

4.8

(-20, -57, -36)

Right Caudate
Right Parahippocampal Gyrus

Amygdala

While subjects experienced the C-HP model, the L-M1 seed revealed a positive ICN that spread
from the left somatomotor cortex left supplementary motor area (SMA) across the midline into
the right somatomotor cortex (Brodmann area (BA)2 and BA5) (Figure 4-7B, Supplemental
Figure 4-7B, and Table 4-5B). The second large cluster of positive FC started in the left ventral
lateral thalamus and spread into the left insula, basal ganglia and frontal, occipital, and temporal
cortices (Figure 4-7B and Table 4-5B). A large positive FC cluster in the right hemisphere
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focused in the right basal ganglia spread into the insular, temporal and lateral somatomotor
cortices (Figure 4-7B and Table 4-5B). Several additional clusters of positive FC were found
bilaterally in the occipital cortex, the left frontal cortex and in the right cingulate, thalamus and
cerebellum (Figure 4-7B and Table 4-5B). We found several clusters of negative FC bilaterally
in the parietal cortex, in the left cerebellum, and right cingulate and prefrontal cortex (Figure 47B and Table 4-5B).
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Figure 4-7. B) Brain-wide mean FC derived from the left motor cortex seed during the pain state
thresholded at a CEC p-value of 0.001.
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Table 4-5B
Seed: Left Primary Motor Cortex
State: Pain
Brain Region

Brodmann Area

Volume

Maximum
Intensity

TLRC
Coordinates

95402

33.6

(-32, -27, 62)

Left Precentral Gyrus*

BA4

Left Paracentral Lobule

BA6

11.4

(-6, -31, 53)

Left Medial Frontal Gyrus

BA6

8.5

(-3, -17, 58)

Right Postcentral Gyrus

BA5

7.6

(32, -43, 56)

Right Postcentral Gyrus

BA2

6.6

(52, -29, 53)

Left Precentral Gyrus

BA6

6.5

(-41, -12, 62)

Left Superior Frontal Gyrus

BA6

5.8

(-11, -8, 70)

Left Thalamus

Ventral Lateral

8.0

(-13, -20, 4)

Left Dorsal Mid Insula

BA13

7.8

(-39, -1, 14)

Left Dorsal Posterior Insula

BA13

7.7

(-31, -15, 11)

Left Superior Temporal Gyrus

BA22

7.5

(-60, -40, 11)

39954

Left Putamen

7.1

(-31, -10, 4)

Left Parietal Operculum

BA40

7.0

(-50, -29, 18)

Left Transverse Temporal Gyrus

BA42

7.0

(-38, -22, 9)

Left Frontal Operculum

BA43

6.9

(-45, -26, 23)

Left Superior Temporal Gyrus

BA42

6.9

(-60, -29, 9)

6.9

(-15, 18, 9)

Left Caudate
Left Middle Temporal Gyrus

BA39

5.8

(-43, -71, 16)

Left Postcentral Gyrus

BA40

5.6

(-57, -20, 21)

Left Precentral Gyrus

BA43

5.3

(-50, -15, 14)

Left Middle Occipital Gyrus

BA19

5.1

(-29, -80, 16)

Left Inferior Frontal Gyrus

BA44

5.0

(-52, 15, 13)

6.5

(13, 17, 6)

Right Caudate

18190

Right Superior Temporal Gyrus

BA42

6.1

(46, -36, 9)

Right Superior Temporal Gyrus

BA22

6.0

(55, -36, 11)

Right Parietal Operculum

BA41

6.0

(39, -31, 23)

Right Dorsal Mid Insula

BA13

5.9

(32, -5, 14)

Right Precentral Gyrus

BA43

5.5

(50, -8, 16)

5.4

(25, 13, 6)

Right Putamen
Right Postcentral Gyrus

BA40

5.4

(57, -24, 14)

Right Dorsal Posterior Insula

BA13

5.1

(32, -19, 23)

Right Inferior Parietal Lobule

BA40

7096

-8.1

(48, -48, 39)

Left Inferior Parietal Lobule

BA40

4454

-6.6

(-57, -45, 37)

Right Middle Frontal Gyrus

BA8

2685

-6.1

(27, 38, 39)

Right Cingulate Gyrus

BA31

2621

-6.7

(4, -33, 34)

Left Cuneus

BA23

2165

5.8

(-15, -71, 13)

5.8

(-10, -61, 18)

Left Precuneus
* = includes seed region.

BA31
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Table 4-5B, continued
Brain Region

Brodmann Area

Volume

Maximum
Intensity

TLRC
Coordinates

5.0

(-8, -48, 11)

Left Posterior Cingulate

BA29

Right Precuneus

BA7

1710

-8.2

(13, -69, 34)

Left Superior Frontal Gyrus

BA10

1586

5.9

(-11, 64, 21)

Right Middle Occipital Gyrus

BA19

1586

5.5

(38, -68, 13)

Right Middle Temporal Gyrus

BA39

5.3

(46, -57, 9)

Right Middle Frontal Gyrus

BA6

-4.8

(38, 8, 48)

Right Precentral Gyrus

BA9

-4.5

(38, 24, 35)

1522

-6.6

(-15, -83, -36)

1426

6.3

(-17, 20, 56)

Right Cerebellar Anterior Lobe

1410

5.3

(29, -43, -28)

Right Cerebellar Nodule

1404

5.5

(11, -59, -28)

1549

Left Cerebellar Inferior Semi Lunar Lobule
Left Superior Frontal Gyrus

BA6

Right Cerebellar Inferior Semi Lunar Lobule

5.1

(8, -62, -36)

Right Cerebellar Tonsil

4.9

(11, -61, -35)

Right Anterior Cingulate

BA24

1179

6.0

(4, 34, 9)

Left Precuneus

BA7

831

-6.0

(-15, -73, 35)

Right Medial Frontal Gyrus

BA8

772

-4.9

(4, 32, 39)

Left Inferior Frontal Gyrus

BA45

756

4.8

(-48, 34, 4)

Right Thalamus

Pulvinar

713

5.2

(15, -24, 9)

Left Medial Frontal Gyrus

BA10

681

4.9

(-3, 48, -7)

Right Cingulate Gyrus

BA31

622

-4.8

(6, -47, 42)

Right Middle Frontal Gyrus

BA10

547

-5.9

(39, 60, 13)

Right Inferior Frontal Gyrus

BA46

520

5.5

(46, 34, 2)

477

5.4

(-18, -55, -38)

456

-4.9

(-13, -82, -10)

445

-5.0

(15, -83, -35)

Left Cerebellar Tonsil
Left Lingual Gyrus

BA18

Right Cerebellar Pyramis
Left Precuneus

BA7

354

-4.4

(-10, -66, 41)

Right Middle Frontal Gyrus

BA11

316

-6.3

(22, 38, -5)

Left Middle Frontal Gyrus

BA9

316

4.5

(-59, 10, 35)

Left Superior Temporal Gyrus

BA22

300

4.0

(-50, 6, -3)

Right Precuneus

BA31

279

4.4

(6, -62, 21)

150

-4.7

(-6, -64, -22)

75

4.1

(1, -26, -36)

Left Cerebellar Declive
Dorsal Pons
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Resting State Functional Connectivity: Brain-wide contrast between states
To determine the statistically significant difference between the seed-derived FC of the resting
state maps collected during the control state and pain state, we calculated brain-wide contrast
maps (Figure 4-8). The contrast map derived from the ICN maps of the PAG revealed a single
significant cluster in the DLPFC in the left SFG (BA9) (peak TLRC coordinates: -27, 55, 27
(x,y,z); volume = 1136 mm3; maximum Z-stat intensity (MI) = -6.6) (Figure 4-8A). This cluster
resulted from positive FC between the PAG and the left DLPFC during the control state
changing to negative FC in the pain state. The contrast map derived from the ICN maps of the
bilateral dACC revealed a single significant cluster in the area of the anterior nucleus of the right
thalamus (TLRC: 10, -10, 13); volume = 311 mm3; MI = -4.7) (Figure 4-8B).
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Figure 4-8. A) Resultant map of global PAG seed-derived FC contrasting control and pain
states. B) Resultant map of global bilateral dorsal ACC seed-derived FC contrasting control and
pain states. C) Resultant map of global bilateral MPFC seed-derived FC contrasting control and
pain states. D) Resultant map of global left motor cortex seed-derived FC contrasting control and
pain states. All results thresholded at a CEC p-value of 0.005.
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Here, thalamic FC with the dACC, which was strong in the control state, was significantly
weakened while experiencing sustained pain. The contrast map derived from the ICN maps of
the bilateral MPFC revealed a single significant cluster in the left cerebellar nodule (TLRC: -4, 60, -29); volume = 622 mm3; MI = -4.6) (Figure 4-8C). This resulted from significant reduction
of the weak positive cerebellar FC with the MPFC seed during the control state to the point
where the cerebellar signal was anticorrelated with the MPFC. The contrast map derived from
the ICN maps of L-M1 revealed a two significant clusters, one in the right putamen (TLRC: 22,
10, 9); volume = 643 mm3; MI = 4.0) and the other in the right inferior occipital gyrus (BA18)
(TLRC: 29, -80, -3); volume = 841 mm3; MI = -4.9) (Figure 8D). During the control state there
was no significant FC with this portion of the right putamen with the left motor cortex, however
during the pain state the right putamen demonstrated significant positive FC with the left motor
cortex (Figure 4-7A, 4-7B and 4-8D). In contrast, during the control state there was weak
positive FC between the left motor cortex and the right occipital cortex that became
anticorrelated during the pain state. At a voxel-wise p-value of 0.005, no clusters passed the CEC
in the LMM derived contrast map of the ICN maps derived from the bilateral pgACC seed.
Resting State Functional Connectivity: Brain-wide volumetric functional network differences
In an additional assessment to determine the effect of persistent pain on ICNs, we evaluated the
volume of the significantly correlated BOLD signal with a specific seed in each state to look for
any patterns of network enhancement or disruption. The networks derived from the PAG,
bilateral dACC and bilateral MPFC seeds had a greater volume of significant FC, whether
positive or negative FC, at almost all levels of thresholding during the control state when
compared to the pain state (Supplemental Table 4-9, 4-10 and 4-12). The network derived from
the bilateral pgACC seed displayed a greater volume of significant FC, negative and positive FC,
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during the pain state when compared to the control state at every CEC threshold examined
(Supplemental Table 4-11).
When evaluating the volume of significant FC across CEC thresholds for the network derived
from the L-M1 seed, we found that the volume of significant positive and negative FC at more
liberal CEC thresholds (i.e. a relatively greater p-value) was greater during the pain state than
during the control state (Supplemental Table 4-13). However, as the CEC threshold became
more stringent (i.e. relatively lesser p-values) the volume of FC was greater during the control
state when compared to the pain state (Supplemental Table 4-13).
Resting State Functional Connectivity: Specific effects on the pain modulatory network
To directly test the effect of persistent pain on the modulatory pain network, we determined the
change in functional connectivity between bilateral dACC and pgACC, bilateral dACC and
PAG, as well as bilateral pgACC and PAG. The LMM evaluating the effect factors of state and
session on the bilateral dACC to PAG edge found no linear effect of state, a significant effect of
session, and a trend of an effect on their interaction (Figure 4-9A and Supplemental Table 4-14).
This effect resulted from a significant reduction in FC after pain exposure in the first session and
a nonsignificant increase in FC after pain exposure in the second session (control, session 1
versus pain, session 1; t-stat = 2.553; p-value = 0.017; control, session 2 versus pain, session 2; tstat = -1.05; p-value = 0.316) (Figure 4-9A). While FC was not different between the control
scan of session 1 and session 2, FC was significantly greater during the pain scan of session 2
than that of session 1 (control, session 1 versus control, session 2; t-stat = -0.974; p-value =
0.351; pain, session 1 versus pain, session 2; t-stat = -2.755; p-value = 0.025) (Figure 4-9A). The
LMM evaluating these effects on the bilateral pgACC to PAG edge found no linear effect of
state, a significant effect of session, and a significant interaction effect (Figure 4-9B and
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Supplemental Table 4-14). This effect resulted from a significant reduction in FC after pain
exposure in the first session and a nonsignificant increase in FC after pain exposure in the second
session (control, session 1 versus pain, session 1; t-stat = 2.929; p-value = 0.007; control, session
2 versus pain, session 2; t-stat = -0.898; p-value = 0.381) (Figure 4-9B). While FC was not
different between the control scan of session 1 and session 2, FC was significantly greater during
the pain scan of session 2 than that of session 1 (control, session 1 versus control, session 2; t-stat
= -0.551; p-value = 0.589; pain, session 1 versus pain, session 2; t-stat = -2.918; p-value = 0.01)
(Figure 4-9B). The LMM examining pain and session effects on FC between bilateral dACC and
bilateral pgACC found no significant effect of state, session or their interaction (Figure 4-9C and
Supplemental Table 4-14).
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Figure 4-9. A) Functional connectivity measured between the bilateral dorsal ACC and PAG
during the control state and pain state across 2 sessions. B) Functional connectivity measured
between the bilateral perigenual ACC and PAG during the control state and pain state across 2
sessions. C) Functional connectivity measured between the bilateral dACC and bilateral pgACC
during the control state and pain state across 2 sessions. * p < 0.05; ** p < 0.01.
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Resting State Functional Connectivity: Pain intensity covariance with seed-based FC
In the pain intensity covariation analysis (PPI analysis), weaker FC during the control state
between the PAG and right cerebellum (TLRC: 22, 10, 9); volume = 643 mm3; MI = 4.0)
predicted greater pain intensity when subjects were subsequently exposed to the persistent pain
model, (Figure 4-10A). With increasing reported pain intensity, the FC between signal in the
primary motor cortex and the rest of the brain showed significant positive correlation in left SFG
(BA8) (TLRC: -4, 48, 49); volume = 820 mm3; MI = 5.3) and left cerebellar inferior semilunar
lobule (TLRC: -10, -66, -45); volume = 841 mm3; MI = 5.6) during the pain state (Figure 410B). No other pain intensity-FC covariation maps showed any significant clusters and most had
relatively high global minimum q-values compared to those expected for significant results
(Supplemental Table 4-15).
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Figure 4-10. A) Pain intensity covariation with FC from the PAG during the control resting state
scan revealed a significant effect in the cerebellum. B) Pain intensity covariation with FC from
the left motor cortex during the C-HP model exposure, while subjects were in pain, revealed
significant effects in the medial frontal cortex and cerebellum. All results thresholded at a CEC
p-value of 0.005.
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Discussion
During a tonic, prolonged duration pain model, we captured the task-free neural dynamics of
healthy subjects and compared those dynamics to the task-free resting state in the absence of
stimulation. We tested hypotheses regarding the connectivity within the DPM network.
Specifically, we hypothesized enhanced FC between the pgACC and dACC (salience processing
regions) with accompanying disruption in the DPM translating in decreased FC between the
PAG and pgACC as well as the PAG and dACC. Supporting our hypotheses in part we
discovered disrupted connectivity between the PAG and pgACC and PAG and dACC during
pain exposure during the first sessions the participants were exposed to the C-HP model in the
fMRI scanning environment. Interestingly, during the second session FC on average between the
cingulate regions and the PAG during the C-HP exposure on average trended higher and was
significantly greater than during the pain state during the first session. FC between pgACC and
dACC did not significantly differ as a function of the state change from control to pain state,
contrary to our hypothesis. We had additionally hypothesized the MPFC-driven ICN would
demonstrate disruption particularly with the PCC and precuneus. Consistent with our hypothesis
of disruption, but contrary to the anatomical specificity of our hypothesis we found, in a full
brain search, decreased FC with the MPFC seed in the anterior lobe of the cerebellum. Further
supporting the hypothesis of pain disrupting MPFC-seeded intrinsic connectivity, we found a
reduced volume of significant FC in statistical parametric maps of MPFC-seeded ICNs during
the pain state when compared to the control state across several levels of statistical significance.
Prolonged pain-driven reversal of RSFG between L-DLPFC and PAG
Our PAG-seeded ICN partially resembled the resting state maps derived in previous reports.
Across both MRI sessions, we found a mean control state FC map with peaks in the bilateral
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cerebellum culmen and inferior semilunar lobule, bilateral pgACC and subgenual ACC, left
DLPFC (BA9) and left anterior thalamus. This distribution of functional connectivity is
consistent with the known structural and axonal connections of the PAG [13,382,752,924].
Previously reported ICN map of the PAG in healthy subjects demonstrated significant FC in the
bilateral cerebellum, pgACC, medial and anterior thalamus [513,635,676,992,1095].
A novel finding in our sample is positive FC from the PAG to left DLPFC (BA9) during the
control state, which would be predicted given white matter tractography and relevant treatment
induced augmentation of between the PAG and DLPFC in pediatric CRPS [274,382,924].
Previously reported seed-driven FC maps of the PAG have notable differences from our map.
For example, unlike some previous maps, our map lacks any significant above threshold
anticorrelated regions [513,1095]. This is possibly because we took pains to avoid introducing
spurious anticorrelations by not using the global signal as a baseline regressor of no interest and
avoiding signal from grey matter in our WM and CSF mask used to extract these nuisance
regressors [173,851]. Additionally, many maps included regions of the pontine brainstem and
rostral ventral medulla as well as the anterior insula [513,992,1095]. This discrepancy may be
caused by our use of a strict CEC threshold designed to minimize the corresponding FDR at the
voxel level and brain-wide [199,271]. To combat false negatives driven by our more rigid CEC,
we implemented submask analyses of subcortical grey matter, cerebellum and brainstem. Despite
these measures, ensuring an acceptable FDR may have prevented the appearance of less
reproducible results, especially given our relatively small sample size (session 1: n = 18; session
2: n = 13).
We found that the tonic pain induced by the C-HP was associated with a reduction in FC
between the PAG and the L-DLPFC (BA9) across both scanning sessions. This is consistent with
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findings in several populations of chronic pain patients as well as activation changes in response
to thermal allodynia in prior studies of capsaicin-induced sensitization [630]. Reduced FC
between the PAG and left DMPFC or DLPFC has been reported in migraine patients who
experience widespread, severe allodynia, patients with episodic migraine, and women suffering
from primary dysmenorrhea [179,635,888,1048]. Importantly, treatment induced enhancement of
this functional connection in pediatric CRPS patients as well as enhanced coactivation and
corelease of endogenous opioids in both the PAG and DLPFC during the analgesic period after
motor cortex stimulation in neuropathic pain has been reported [274,626,772]. Several reports
have demonstrated many chronic pain disorders lead to gray matter and cortical thickness
reductions in the L-DLPFC, as well as the PAG, and that recent evidence suggests these
reductions are recovered after pain-alleviating treatment [166,226,904,905]. This is the first
report to reveal both positive FC of the PAG with the L-DLPFC and the reversal of this positive
FC to anticorrelation during exposure to a tonic painful stimulus.
Seed-driven pgACC and dACC maps and the effects of prolonged tonic pain
The ICN maps derived from the cingulate cortex, bilateral pgACC and dACC, were remarkably
similar to the corresponding mean FC maps previously reported from these seed regions (seeds
i6 for dACC and i8 for pgACC in [648] [648,892,978]. Each of these networks, and their
primary nodes, has been implicated in a variety of psychological processes, from conflict
monitoring and mediation of top-down attention to the sense of oneself from which a unified
feeling of consciousness emerges [118,209,245,587]. Importantly, the pgACC (and the
functionally connected anterior insula) and its interconnectivity to the PAG have been widely
implicated in various analgesic and antinociceptive processes including placebo analgesia,
effects of distraction, endogenous and exogenous opioids [78,771]. The dACC and associated
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ICN appear involved in the continuous monitoring of the environment, using ecological context
to weight incoming stimuli allowing a dynamic decision regarding stimulus saliency: pain or no
pain [90,786,787,1026,1054].
In the dACC ICN contrast between pain and control states we found reduced FC during the pain
state between the right medial dorsal (MD) thalamus and the dACC seed. This connection is
frequently seen as a coactivation in exposure to acute pain and during thermal pain reciprocal
directed effective connectivity persists between the dACC and thalamus across control and
placebo conditions [259,912]. One of the few pain neuroimaging FC studies specifically
examining thalamocortical connections in human subjects found reduced FC between a seed in
the ventral posterior lateral (VPL) thalamus and the dACC in patients with painful diabetic
neuropathy compared to healthy controls [167]. Indeed thalamocortical asynchrony has been
hypothesized as a primary driver of persistent neuropathic pain and evidence from human and
animal studies supports this hypothesis [405,449,608,871,902,956]. Our results further support
and extend this hypothesis for a novel cortical target the dACC, given that the MD and other
midline nuclei in the thalamus are heavily connected to the aMCC, the anterior of which makes
up the posterior portion of our seed for dACC [1028,1029].
However, we found no significant differences between states in the pgACC ICN, after applying a
cluster-extent correction for multiple comparisons.
Disruption of Default Mode Network connectivity by prolonged tonic pain
The ICN map derived from the bilateral MPFC seed revealed the now canonical DMN. Since the
seed was the MPFC, the ICN map differed from previous seed-based maps by being rostrally
weighted [371,811]. Nevertheless, the anticorrelated network still had its strongest nodes of
anticorrelation in the core regions of the dorsal attention network (DAN) [306]. The importance
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of the DMN in pain neuroimaging is underlined by the wide range of chronic pain disorders
which appear to disrupt its neurotypical functioning with the magnitude of disruption dependent
on duration of exposure [49,50,712]. However, at least one group reported an absence of
differences between somatoform pain disorder patients and controls in the default mode network
in regard to spatial extent and strength of FC [749]. The involvement of the DMN in pain
processing in pain-free healthy subjects has received recent attention. Kucyi and colleagues
found that dynamic FC of the DMN with the PAG during mind-wandering away from pain (as
opposed to attending to nociceptive stimuli) was associated with perceiving the nociceptive
stimulus as benign rather than painful [528].
We had predicted, given prior results in chronic pain syndromes and other pain models,
substantial modulation of the FC of the MPFC with the other nodal regions of the DMN
(bilateral angular gyri and PCC). However, we only found reduced FC to the anterior cerebellar
lobule VI. We did not however perform an ROI analysis to test for changes in the FC between
the nodes of the DMN. Several reports have detailed disruption in the DMN and modifications of
FC of structures which respond to pain with the DMN. For example, in a preclinical human pain
model using intramuscular hypertonic saline injection into the back muscles of healthy
volunteers both enhancements and decrements in FC were found to the PCC seed and the insula
seed was more strongly connected to the MPFC [1105]. In fact, this study revealed a significant
reduction of seed-driven FC of the PCC, a central node of the DMN, with the left cerebellar
pyramids [1105]. Two recent studies have found disrupted FC between DMN nodes, the PCC
and precuneus, and bilateral portions of the cerebellum in chronic pain patients compared to
controls [515,1103]. Interestingly, cerebellum-specific analyses of FC in acute pain, which are
desirable when studying neuroimaging of the cerebellum since whole brain templates can

230

provide poor registration for the brainstem and cerebellum to common atlas space, have failed to
find DMN-cerebellum alterations in FC driven by painful stimuli[663,698,701]. However, an
analysis by Coombes and Misra using cerebellum specific methods demonstrated that cerebellar
regions which respond to both use of force and during pain, such as bilateral cerebellar lobule
VI, VIIb and crus II, show extensive cortical FC including to the PCC, a node of the DMN [202].
Modulation of motor cortex FC by prolonged tonic pain
The ICN map derived from the L-M1 seed revealed an ICN map that largely replicated the
frequently delineated network known as the somatomotor network (SMN) [231,555,1083,1084].
Since the SMN is composed of several brain regions known to respond to and potentially code
for key aspects of acute pain, the import of these structures for integration and localization of
noxious stimuli is well-known [259,411,475,477,478]. Several reports in chronic pain patients as
well as healthy subjects have highlighted the functional flexibility, particularly of the posterior
insula, second somatosensory area (S2) and primary sensory area (S1) to come into coherent
oscillation with either the salience network, DMN or SMN depending on the neural context in
which nociceptive signals arrive in those areas
[46,50,95,171,185,260,375,376,492,510,512,515,550,580,611,659,711,712,833,1101]. For
example, regions of the insula are frequently reported as either to have more FC or less FC with
the DMN or SLN, and often these disruptions correlate with pain intensity or disease duration
[46,95,171,185,260,515,580,611,712,1101]. There does not appear to yet be a consistent
directionality to the alterations in FC of the DMN or its primary nodes with the insula. In CLBP,
DMN-insula FC has variously been reported to be increased or decreased [46,171,611]. Clearly,
further research is warranted to reach a consensus.
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The SMN ICN driven by the left primary motor cortex seed demonstrated brain alterations in FC
including enhanced FC between L-M1 and the right putamen and decreased FC between L-M1
and right inferior occipital gyrus during tonic pain from the C-HP model. Interestingly, during
noxious intranasal stimulation FC increased between cerebellar lobule VIIIa, left primary motor
cortex, and right putamen in healthy subjects [663]. In contrast the only study to specifically test
the FC between the right putamen and left M1 found now change in FC between fibromyalgia
patients and controls [194]. Decreased interaction between the SMN ICN seeded by left M1 and
the right inferior occipital gyrus may result from specific anticorrelation of the primary sensory
cortices during tonic pain. In support of this contention several prior reports have found
significantly decreased and in some cases increased activity in the bilateral occipital cortex
during acute pain and support vector machines trained to specifically discriminate painful from
non-painful stimuli either use negatively weighted visual cortex responses or have reached above
chance accuracy when using data from the primary visual cortex [197,588,699,1034]. In fact,
neurons in the cat visual cortex respond to noxious pinprick stimuli with latencies consistent with
A-delta nerve fibers and tonic pain is known to abolish visual evoked potential habituation in
healthy humans [203,703]. Chronic pain patients often exhibit decreased FC within the visual
cortex, and this may reflect deficits in integration of the primary sensory cortices in higher order
cortex in fibromyalgia and migraine patients [410,612,613,640,805].
Seed-to-seed FC within the Descending Pain Network
We found within the DPM network that during the first MRI session subjects were exposed to
the tonic pain of the C-HP model FC was reduced between the PAG-pgACC and the PAGdACC, as we hypothesized (Figure 4-10). Interestingly, when subjects entered the second
scanning session some weeks later they began the session with enhanced PAG FC, on average,
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compared to the prior scan and this FC trended lower during the pain model. It is possible that in
the first session, where subjects were introduced into a novel environment (most subjects had not
previously had an MRI scan, in particular under experimental conditions), the painful stimuli
was much more salient. In support of the supposition we found that while most subjects
experienced increased pain ratings during the second session while exposed to a greater
thermode temperature during C-HP, two subjects had slightly lower pain intensity ratings.
Further the difference in the pain ratings between sessions were lower than we had expected
given the sensitivity of the C-HP model to thermode temperature (Figure 4-1B and[606]).
Arguing against the novelty of the threat contention is that subjects had previously experienced
the C-HP model both to ensure they would respond adequately and to ensure they could tolerate
the model. Since there was not an obvious factor that separated the first and second session, in
our first analysis of this data we pooled the data from both sessions in a LMM taking into
account the repeated sessions in some individuals. Again we failed to find support for our
hypothesis that pgACC to dACC FC would be enhanced by tonic pain exposure. In fact in both
sessions, pre- and post-C-HP exposure FC remained high between these areas consistent with
previous reports [648]. This suggests that given the nature of fMRI data (e.g. spatial
autocorrelation) and the strength of connectivity between these two regions, we may be seeing a
ceiling effect.
Pain intensity correlation with FC of DPM network
We found significant correlations between the strength of FC of three connections and the pain
intensity subjects reported, particularly weaker FC between PAG and right cerebellum in the
control scan as subsequent pain intensity increased as well as increased FC between left M1 and
left cerebellum and left M1 and left dorsomedial PFC with greater pain intensity during C-HP
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exposure. In chronic pain populations, correlations between pain intensity and functional
connectivity strength are not always found, especially outside of hypothesized connections and
most of our seed-driven maps displayed no consistent correlation with pain intensity across
subjects [452,1077]. However, in healthy subjects Kong and colleagues found that during a cued
pain administration the difference in pain intensity between trials in the high pain cued trials and
the low pain trials positively correlated with FC in the bilateral cerebellum [510]. In a study of
postherpetic neuralgia patients, authors found that pain intensity positively correlated with
regional homogeneity in several regions of the brain including the cerebellum, however these
findings were probably false positives given their use of AFNI’s deprecated program Alphasim
to correct for multiple comparisons [152].
In addition to seed-to-seed connectivity in the descending pain modulatory system we also
conducted a multi-statistical threshold analysis comparing the extent of the seed-driven ICN
maps in each state. Overall, we found reductions in volume of significant FC during the pain
state in the PAG, dACC and MPFC ICNs. This supports the disruption of the dMPFC seeded
DMN network in our study as well as revealing brain-wide disruptions in the dACC–driven
salience network and PAG-driven DPM network across both scanning sessions. This is
consistent with both prior research demonstrating disruption of the DMN in chronic pain
conditions and the disruption of the salience and DPM networks given that many of the regions
in these networks are responsive to both acute and tonic pain and undergo modification of
structural and functional anatomy in chronic pain disorders [46–
48,51,179,194,197,226,395,471,614,615,643,805,912,1074,1094].
The C-HP model is flexible. We determined ethical exposure times of about 45 minutes as this
should avoid significant epidermal nerve fiber regression or significantly change temperature
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sensibility [641]. Additionally, after an incubation time of 15 minutes at 32 °C, temperatures
from 36 °C to 44 °C can be used for up to 30 minutes without causing burns [696]. The model
causes a c-fiber dominated hot-burning pain with tingling, stabbing, throbbing and shooting
characteristics. Heat allodynia to temperatures below the subjects’ warmth detection thresholds
persisted for up to 75 minutes after C-HP exposure. Additionally, mechanical hyperalgesia was
created in most subjects, and persistent for more than 1 hour and brush allodynia is expected to
persist in about half of subjects [606]. Heat allodynia ratings rose for the first 4 to 6 minutes in
most subjects and reached a stable plateau thereafter. We expect the C-HP model to be
susceptible to rekindling to allow significant extension of the testing time, perhaps to multiple
days of testing [768]. An excellent comprehensive review and analysis of the predictive power of
preclinical human models to enable testing of chronic pain therapies recently found the chemical
sensitization model to have among the best predictive power of all models analyzed [617].
Another important aspect of this model is its well-characterized mechanism of inducing
mechanical hyperalgesia as well as heat and brush allodynia the mechanical aspects of which are
driven by central sensitization [540,541,929]. The use of a high percent capsaicin cream in
combination with heat incubation to provide enhanced control of the pain produced by the model
allows the smaller sized thermodes of contemporary human thermal sensory testing equipment to
achieve the desired effect, where lower concentration models may fail [169].
In addition to some modifications of the C-HP model as originally reported, we also made some
adjustments to standard fMRI analyses that bear noting [15,271]. Since recent analyses of resting
state data with random task designs have discovered the potential for a higher than expected or
acceptable false positive rate in most previously reported neuroimaging studies, we were acutely
aware of our multiple comparisons correction methods. Where possible we implemented a strict
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voxel-wise p-value threshold of 0.001 and the appropriate cluster size criteria based on recently
developed modifications to AFNI’s 3dClustSim in response to problems found with their
software during experiments by Eklund and colleagues [207,271]. Additionally, we limited any
results reported to a voxel-wise threshold of 0.005, corresponding to a minimum false positive
rate of 0.067 [199]. While this was a prudent measure, we were concerned that some brain
regions, particularly in the brainstem and subcortical grey matter would escape detection due to
their inherently smaller area of activation. Therefore, we applied our CEC within four masked
compartments: brainstem, subcortical gray matter, cerebellum, and cortical gray matter; similar
to prior approaches to mitigate the multiple comparison problem especially in the cortical white
matter which is not an area of interest in most studies [46,273]. Additionally, since many clusters
spanned several brain areas, we implemented a simple progressive, hierarchical scheme to detect
significant subclusters within these larger primary clusters at several levels of significance. This
assured our tabulated results were statistically valid, while being sufficiently described and
localized.
Limitations
We recognize this early report of a large set of experiments on a preclinical pain model has
several limitations. For instance, since our interest was relatively restricted to the DPM network
we took a rather strict hypothesis-driven approach which did not include many possible datadriven methods. While these results may have been of interest, we were first interested in testing
both the C-HP model and our hypotheses rigorously. We feel restricting ourselves to this course
allowed us to address this aim. An additional constraint already discussed is the strict statistical
criteria our results had to surpass to be deemed significant. While there may be instances when
such criteria are not necessary, we felt given the growing failure to replicate results in the field of
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neuroscience we should report only the most rigorous results given our sample size
[111,141,199,916,945]. Given these limitations we attempted to mitigate our strict CEC by using
gray matter submasking. However, given our approach false negatives are likely.
Some methodological choices may also limit the interpretation of our results. One approach we
pursued carefully was acquiring pain ratings after the fMRI scans were over, but while the
subject continued to experience the stimulus they were rating. We felt this was the best possible
compromise given the likely intractable problems associated with cognitive subtraction of a
magnitude rating and pain experience task, both of which involve intensity estimation at some
level [318]. For example several regions of the brain both respond to pain and participate in
magnitude estimation during rating such as the left inferior parietal lobule and the anterior insula
[48,884].
As far as fMRI analysis methods we chose to use bilateral seeds for all of the analyses reported
here. For the DPM network, we felt this was a valid approach since many of the areas of interest
are near the midline and often bilaterally activated in pain studies [197,259]. However prior
reports have demonstrated laterality of responses to pain and of organization of ICNs. In
particular the right and left lateralized frontoparietal control network have been implicated in
processing painful stimuli and their modification by different environmental cues [510,1027].
Even in our current report only the left DLPFC was functionally connected to the PAG and the
importance of this laterality likely extends to chronic pain disorders [904,905].
An additional methodological choice we took was not to conduct our analyses with either global
signal regression or motion scrubbing [799,851]. In regard to motion correction we made this
choice because we felt our motion parameters were sufficiently stringent and that the strongest
relationship between FC and motion shown in the report by Power and colleagues occurred at the

237

smallest, most frequent deviations. We felt that since our analysis took into account the estimated
motion parameters and their first differentials, this was a strong enough strategy to limit the
effect of magnetic field distortion on our results. The choice not to use average global signal as a
baseline regressor is consistent with our belief our regressors of no interest sufficiently
controlled for CSF and WM noise and we wanted to avoid adding spurious anticorrelated
networks to our ICN maps. BOLD signal is inherently supergaussian in nature and this
distribution is shifted and its shape altered to a more Gaussian distribution by global signal
regression [143,851].
Future directions
Some of the limitations pointed out above reveal future directions our research should take. The
effect of the tonic pain induced by the C-HP model on ICNs should be verified using a
randomized double blind design with a placebo cream, similar to the sickness model study
recently reported [576]. Additionally, multiday scanning psychophysical protocols could be
beneficial both to test novel therapies which may take days to implement and to explore the
neural correlates underlying repeated exposure to central sensitization.
In the domain of neuroimaging analysis, future work will aim to unravel the connection between
multiple stable data-derived ICNs and the changes induced within and between them by
exposure to tonic pain [443,762]. Further seed-based analyses will work to determine the roles of
other regions of interest in pain processing such as the amygdala, anterior insula and DLPFC
keeping in mind the hemispheric relationships known for these areas [226]. Having the
availability of training and test data sets will enable the stability of our findings to be determined,
as well as feature-driven analyses to reveal higher order relationships between the brain and the
subjective experience of pain.
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Another interesting future direction is parametric combination of the prolonged tonic pain model
with common comorbidities endured alongside, and factors that predispose otherwise healthy
humans to chronic pain. For example, the recent OPERRA study, which has tracked individual
development of temporomandibular disorder (TMD) from healthy to patient status, has
discovered that subjects could be categorized into 3 clusters of people based on biopsychosocial
factors that are protective from or predictive of chronic pain development [45]. Individuals
falling into the global symptoms cluster had the greatest risk of developing TMD and
demonstrated increased psychological measures for anxiety, depression, somatization,
neuroticism and helplessness. Comparing tonic pain processing individuals without chronic pain
with his measures of depression or anxiety of somatization could be particularly revealing. This
is especially so given that individuals with these traits may not recover when exposed to
prolonged tonic pain and this may be due to differential central pain processing, especially when
compared to subjects who would cluster into the adaptive cohort.
Conclusions
In conclusion we have made extensive observations on the nature and use of a high concentration
capsaicin cream thermal pain model (the C-HP model) and reported the effect of exposure to the
tonic pain generated by that model on the DPM network as well as the DMN as derived from a
MPFC seed. We found that PAG FC to the left DLPFC switched from positive to negative
during tonic pain exposure across two scanning sessions. Additionally, we found the
hypothesized decrease in FC between seeds in the ACC (pgACC and dACC) and PAG in the
DPM network, but only for the first scanning session. Subjects that experienced a second
scanning session showed no such decrease in FC. Supporting the external validity of our model
we demonstrate disruption of the intrinsic connectivity of the DMN, which has been found in
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most chronic pain conditions and during acute pain. Future research should focus on reliability of
the effects and the role that pain experience plays in their expression. Also of interest will be
exploring the effects that comorbidities commonly found in chronic pain populations (e.g.
depression) and risk factors to developing chronic pain have on prolonged tonic pain processing.
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Chapter 5: M1-targeted anodal tDCS leads to disruption of functional connectivity within
specific regions of the descending pain modulatory network during prolonged tonic pain1
Abstract:
Primary motor cortex (M1) neuromodulation for pain relief, and specifically the relatively easy
to implement and low cost transcranial direct current stimulation (tDCS), has shown promising
effects in numerous small clinical trials. However, the relevant neural circuitry remains largely
unknown and speculative. In the current study, we sought to reveal the immediate effects of M1
tDCS on the descending pain modulatory network during a prolonged tonic pain model in
healthy subjects. While tDCS often takes two to three once-daily treatment sessions to begin to
show its effects clinically, it is probable that each session has a distinct effect on neural circuitry.
We assessed the effect of anodal, cathodal and sham tDCS in a randomized assessor-blinded
controlled trail on functional connectivity within the DPM network among the dorsal anterior
cingulate cortex (ACC), perigenual ACC, and periaqueductal gray (PAG). We also assessed the
tDCS treatment effect on the FC between M1 and the DPM network. Further, we evaluated
treatment associated modulations using seed-to-whole brain analysis with each node during
prolonged tonic pain. There were specific treatment associated differences in the FC within the
DPM network. We found M1 to PAG FC was significantly greater during pain in anodal versus
cathodal tDCS (neither was significantly different from sham). Mean FC between dACC and
pgACC during the pain state was lowest after anodal tDCS and highest after sham stimulation.
Treatment associated changes in FC between pain and control states for anodal tDCS included
disrupted FC between PAG and sensory areas such as superior parietal lobule and primary

1 Timothy J. Meeker, Michael L. Keaser, Shariq A. Khan, Rao P. Gullapalli, David A. Seminowicz, and
Joel D. Greenspan. In preparation for submission to Pain.
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sensory cortex as well as the caudal ventral pons/rostral ventral medulla. FC was disrupted
during the pain state compared to the control state between pgACC and dorsolateral prefrontal
cortex and supramarginal gyrus ipsilateral to tDCS after anodal tDCS. No disruptions in FC
between control and pain state were revealed after cathodal or sham stimulation. We found no
support for an initial enhancement of FC within the DPM network during prolonged tonic pain
with anodal tDCS. We discuss the implications of these findings for the hypothesis that M1
neuromodulation is mediated by the DPM network.

Introduction
The burden of chronic pain and the bystanders of the opioid epidemics put in sharp focus the
need for effective, novel non-opioid pain therapies. Considering the estimated annual cost of
$560 to $635 billion to treat chronic pain and the 33,091 deaths from opioid overdose in the
United States in 2015, it is clear that safe, effective alternatives to opioids in pain management
are needed [335,847]. Few novel, versatile treatments are on the horizon. In pharmacotherapy,
new therapies for pain treatment are largely focused on classical targets such as opioid receptors,
or novel targets with potentially limited applicability, such as sodium channels and toxinmediated destruction of key parts of the primary afferent system [426,1069,1078].
Despite burgeoning progress in identifying promising preclinical targets for pain resulting from
inflammation or tissue injury (nociceptive pain) and nerve injury involving the somatosensory
system (neuropathic pain), most current medications for chronic pain alleviate about 50% of pain
in about 50% of the target patient group [1069]. In neuropathic pain caused by lesion of the
central nervous system, which occurs in patients with central post-stroke pain (CPSP),
medications including morphine and pregabalin frequently have no effect on the patient’s pain

242

[494,502,931]. Frequently, neurosurgical interventions such as neural ablations and deep brain
stimulation are the only remaining effective treatment choices [710,998]. In the early 1990s,
Tsubokawa and colleagues pioneered epidural motor cortex stimulation (EMCS) for treatment of
CPSP and 9 of 12 patients experienced astonishingly positive long term pain relief from this
invasive therapy [995].
Why EMCS works is still largely a mystery. However, research during the last two decades has
begun to unravel the bidirectional influences between the function of the motor system and
somatosensory system [137,758]. Lasting plasticity in the primary motor cortex (M1) and
primary somatosensory cortex (S1) can be evoked by repetitive patterned stimulation originating
from corticocortical fibers arising in the opposite primary cortex (S1 to M1 as well as M1 to S1)
both in humans and animal models [213,272,440,472,784,861,982,1023]. Acute phasic
cutaneous pain as well as tonic cutaneous and muscular pain suppresses motor cortex excitability
in healthy subjects [137,181,284,653,814,842,1008]. Motor cortex excitability in these studies is
generally measured as the EMG response from one or several muscles through transcranial
magnetic stimulation (TMS) evoked muscle twitches, called motor evoked potentials (MEPs). In
fact, motor cortex oscillatory activity shows enhanced coherence during acute phasic pain, and
voluntary movement preparation suppresses subjective pain intensity and evoked potentials
elicited by painful laser stimuli [551,949,950]. Acute prolonged tonic pain impairs retention of
motor training without impairing performance improvements during acquisition [112].
Interestingly, TMS studies have shown decreased inhibition in chronic pain syndromes,
particularly in neuropathic pain such as complex regional pain syndrome, painful diabetic
neuropathy, peripheral neuropathic pain, and sciatica, but also in fibromyalgia
[270,522,567,674,758,864,890,891,962,1000].
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In fact tonic pain’s effect on motor cortex excitability, mediated through topical application or
injection of capsaicin, partly inspired us to modify a high concentration capsaicin-heat pain
model (C-HP model) to investigate the mechanisms of M1 neuromodulation for pain alleviation
as mediated by transcranial direct current stimulation. Previous healthy subject studies have
shown that moderate prolonged tonic pain mediated by capsaicin suppresses MEPs, while
enhancing SICI and CSP for the 60 to 80 minute duration of capsaicin mediated pain
[181,284,288]. Exposure to the C-HP model typically causes prolonged heat allodynia and
pinprick hyperalgesia, which are mediated by peripheral and central sensitization in primates,
including humans [540,541,929]. In healthy subjects this combination of peripheral and central
sensitization mimics several of the key aspects of symptoms found most bothersome to
neuropathic pain patients, while being driven by a similar mechanism: sustained primary afferent
drive [15,54,56,355,393,616,1071].
While some recently published RCTs and systematic reviews have put the analgesic effects of
non-invasive M1 neuromodulation, especially via tDCS, in question, RCTs in clinical
populations with a preponderance of symptoms that indicate significant presence of central
sensitization and alterations in M1 excitability such as neuropathic pain and fibromyalgia have
generally been encouraging [161,384,438,622,733,734,1089]. However, there remains large
variability in pain alleviation between and within studies likely driven by differential modulation
of the neural circuitry responsible for its effect[309,734,936,1073]. However, reducing the
variability of the treatment effect will not likely succeed while the mechanism of M1 tDCS
remains hypothetical and only generally supported by previous research [192]. The specific
neural circuitry remains largely unknown. High frequency M1 rTMS predicts the efficacy of
EMCS in neuropathic pain patients and efficacious EMCS frequently improves associated motor
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and sensory symptoms of central neuropathic pain [18,19,254,574,677,729,1081]. A recent RCT
comparing high frequency M1 rTMS to M1 anodal tDCS, and each to their own sham, found
active rTMS superior to sham and active tDCS, but importantly found analgesic effects of M1
rTMS correlated positively to those of active tDCS, suggesting a common mechanism of both
M1 neuromodulatory stimulations [34]. This suggests we can investigate the mechanisms of pain
alleviation by M1 neuromodulation using tDCS. It is important to note that while typical courses
of treatment with tDCS only reach levels of analgesia of clinical significance after at least 3 20
minute once-daily sessions, temporary pain alleviation from EMCS and rTMS occurs after 10 to
20 minutes of stimulation, and these early effects predict clinical success [304,309,567,996].
A series of elegant studies by Peyron and colleagues found patients with implanted EMCS had
increased brain activity as measured by positron emission tomography (PET) in areas including
perigenual anterior cingulate cortex (pgACC), dorsal ACC (dACC), medial thalamus, and
periaqueductal gray (PAG), which correlated with magnitude of pain alleviation as well as
enhanced functional connectivity between pgACC and PAG after 30 to 45 minutes of MCS
[334,772,774]. Further studies by this group found evidence of enhanced endogenous opioid
release in anterior midcingulate cortex (aMCC) and PAG in response to EMCS, and that
prestimulation opioid receptor availability positively predicted magnitude of pain alleviation
[625,626]. This pattern of responses in the ACC, medial thalamus and PAG has been found by
other groups using pain alleviative EMCS in humans, and replicated in animal models of
neuropathic pain [424,496,529,753,754,858]. Studies in healthy subjects and chronic pain
patients have found evidence that high frequency rTMS targeting M1 is in part mediated by
opioid- and NMDA-dependent mechanisms as well as evidence of β-endorphin release
[3,192,193]. M1 anodal tDCS studies in chronic pain patients have discovered neural correlates
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of pain alleviation including positive correlations in right medulla and negative correlations in
the bilateral DLPFC as well as correlated reductions of glutamate+glutamine (GLX)
concentration in the ACC with changes in pain intensity [299,1089]. Studies of M1 tDCS in
healthy subjects have found limited correlations of brain activity with metrics of pain sensitivity
and experience when comparing active and sham stimulation [246,438].
While this may seem to indicate M1 tDCS has a limited effect on resting or task-based
hemodynamics, other studies demonstrate this is not likely the case. Several studies have found
enhanced resting BOLD activity in M1 after anodal M1 tDCS compared to sham: BOLD activity
in response to voluntary movement after anodal M1 tDCS is enhanced compared to sham
stimulation [447,535,536,543,756,946,1115]. A recent study found that after anodal M1 tDCS,
BOLD response to tactile stimulation was enhanced in the contralateral paracentral lobule, M1
(under the electrode), and contralateral DLPFC [1042]. Modulation of motor cortex functional
connectivity (FC), the functional coherence in BOLD signal between brain regions, in response
to tDCS has also been widely reported. For example, after anodal tDCS FC is enhanced between
stimulated M1 and the ipsilateral premotor cortex (PMC), parietal cortex, caudate, thalamus, and
somatomotor network (SMN) as a whole as extracted by independent components analysis
[43,790,791,870,944]. Interestingly, it appears interhemispheric FC between left and right M1 as
well as within the SMN may be disrupted during stimulation, while the stimulated M1
experiences an increase in eigenvector centrality, denoting its enhanced connectivity to other
highly connected nodes [10,594,894].
The descending pain modulatory (DPM) network consists of opioid receptor rich medial areas of
the brain which are active during painful stimulation in healthy subjects and show enhanced
activity when subjects experience endogenous analgesia from placebo effects, under
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administration of exogenous opiates or while experiencing the flood of endorphins
accompanying strenuous exertion [1,78,90,269,771,1051]. The primary nodes of the DPM
network are also activated during pain alleviation by EMCS, and include the dACC, pgACC and
PAG; these regions make up the essential network of seed-driven FC from the PAG
[78,269,513,599,600,626,635,772].
Given this groundwork, we hypothesized M1 neuromodulation alleviates pain, when delivered
over several once-daily sessions, through the DPM network. We predicted we could capture the
earliest stages of neuromodulation after anodal tDCS in a model of prolonged tonic pain. We
further predicted pain alleviating neuromodulation would enhance the resting state FC within the
DPM and that this enhancement would be mediated by the motor cortex under the electrode.
Specifically, we predicted enhanced FC during C-HP after anodal tDCS between M1 and dACC,
M1 and pgACC, M1 and PAG, dACC and pgACC, dACC and PAG, and pgACC and PAG when
compared to after sham or cathodal stimulation. The specific network we hypothesized to be
engaged led from M1 to dACC and pgACC then to PAG, but since we are assessing BOLD
signal FC with the inherent hemodynamic lag, we specifically predicted enhancement between
any rational interconnection of the network. For example, we are aware there is no
(monosynaptic) anatomical linkage between M1 and PAG.

Methods
Overview
In this study we sought to determine the effects of transcranial direct current stimulation
targeting the primary motor cortex (M1 tDCS) on the pain and sensorial consequences evoked by
the capsaicin-heat pain (C-HP) model and the neurophysiological functional connectivity
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associated with the pain experience [15]. To achieve this in an unbiased manner, we performed a
crossover randomized-controlled trial comparing anodal, cathodal and sham stimulation.
Following a screening session involving 50 potential subjects, we conducted three experimental
sensory sessions in 39 subjects who were available, fit the eligibility criteria, and continued
enrollment in the study. Of the 39 subjects (23 males; median age: 25 years; range 20-37 years)
who successfully completed the screening session, 30 subjects (16 M; median age: 25 years;
range 20-35 years) completed the first experimental treatment session, 27 (15 M; median age: 25
years; range 20-35 years) completed the second session and 24 (13 M; median age: 25 years;
range 20-35 years) completed the third session. During this study, we controlled the interval
between sessions once we began applying the C-HP model, detailed below. The minimum
interval between the screening session and the first experimental session was 7 days, whereas the
minimal interval between subsequent experimental sessions was 13 days. The interval between
the screening session and first experimental sensory session was a median of 19.5 days (range: 9
– 58 days), the interval between the first and second experimental sensory sessions was a median
of 26 (range: 13 – 140 days), and between the second and third experimental sensory sessions
was a median of 31.5 (range: 14 – 101 days). The shorter interval between the screening session
and first treatment session was allowed because in the screening session we used the left leg and
then switched to use the right leg in all treatment sessions. Exposure temperatures for the C-HP
model in this group ranged from 37 to 41 °C (median: 39 °C). After completing the treatment
sessions outside of the scanner, we conducted MRI sessions where we repeated the crossover
RCT while taking functional images of the immediate and acute neurophysiological alterations
induced by M1 tDCS applied during the C-HP model. Subjects of the initial RCT were given the
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option to enroll and were free to take part in the MRI portion of the study as their own time
permitted.
Of the 24 subjects completing all of the experimental sessions and maintaining eligibility, 16
subjects (9 M; all right handed) continued participation in the MRI study. The interval between
the last sensory session in the lab and first MRI session ranged from 24 to 152 days (median =
113.5 days), between the first and second MRI sessions ranged from 16 to 110 days (median =
49 days), and between the second and third MRI sessions ranged from 14 to 101 days (median =
34 days). Subjects in the MRI sessions in study 2 were 20 to 36 years old (median = 25 years).
All subjects provided written informed consent. All procedures were approved by the University
of Maryland, Baltimore (UMB) Institutional Review Board for the Protection of Human
Subjects.
Eligibility Criteria
In this study, exclusion criteria were: pregnancy; history of brain injury with any period of
unconsciousness; illicit or prescription opioid drug use; any current pain or history of chronic
pain; history of cardiac, renal, hepatic, or pulmonary function disorders; history of cancer; lefthanded or ambidextrous, based on the Edinburgh Handedness Inventory (EHI) [738];
hospitalized for a psychiatric disorder during the last 12 months; rated pain less than 21 on a 0100 numerical rating scale during the last ten minutes of the capsaicin-heat pain model during
the screening session. Illicit drug use was determined with a urine drug screen which detected
trace amounts of marijuana, cocaine methamphetamine, amphetamines, ecstasy, heroin,
phencyclidine, benzodiazepines, methadone, barbiturates, tricyclic antidepressants or oxycodone
(First Check™).
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Psychophysics and Psychological Questionnaires
During the initial session of each study, we measured the subjects’ warmth detection thresholds
(WDTs) and heat pain thresholds (HPTs) with a commercially available stimulator (Pathway;
Medoc; Ramat Yishai, Israel) using the method of limits [364]. We placed the 3 by 3 cm contact
area stimulator on the front of the subject’s lower left leg while the stimulator was at a baseline
temperature of 32 °C. Then, a computer-controlled program increased the temperature at a ramp
rate of 0.5 °C/s until the subject pushed a mouse button. We instructed the subject to push the
button when they “felt a change in temperature” for the WDTs or when the warmth “becomes
painful” for the HPTs. At the single test site, we repeated this procedure for a total of four trials
for both WDTs and HPTs. We took the average of the last three threshold determinations for
each subject as the threshold. At the end of the experimental sessions subjects completed the
Short Form McGill Pain Questionnaire 2 (SF-MPQ2) modified to direct the subject’s attention to
their immediately preceding painful experience [264].
Capsaicin Heat Pain Model
In order to produce a safe, sustained painful experience, we treated the lower foreleg, the skin
covering the tibialis anterior muscle, with capsaicin. To control the area of exposure, we placed
one gram of ten percent capsaicin cream within a 2.5 by 2.5 cm square cut into a Tegaderm™
bandage. We then covered the capsaicin thus confined under a second Tegaderm™ bandage [15].
During 15 minutes of exposure – long enough for the capsaicin cream to reach sufficient
concentrations at the intraepidermal nerve fiber endings to be perceived – we placed the
thermode over the topmost Tegaderm™ bandage held at 32 °C and then ramped the thermode
temperature to a predetermined target temperature [361]. The target temperatures used were
tailored for each subject, and were between the subject’s WDT and HPT as determined prior to
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capsaicin exposure. The temperature, ranging from 37 to 43 °C, was maintained for 35 to 45
minutes depending on the session. Subjects rated the intensity of their pain on a numerical rating
scale with verbal anchors on one side, and numbers ranging from 0 to 100 in increments of 10 on
the other side [367]. During the experimental treatment study outside of the MRI scanner,
subjects provided a pain intensity rating every minute for a 35 minute period in response to a
command to ‘Rate.’ Subjects reporting average NRS pain to the C-HP model of 30 out of 100,
and who tolerated the experience, were eligible for the MRI sessions analyzed in this report. At
the end of the exposure period, we removed the bandages and capsaicin with an isopropanol
swab. This procedure does not cause tissue damage [696].
fMRI recording
We recorded fMRI on each subject in a 3-T Tim Trio scanner (Siemens Medical Solutions,
Malvern, PA) using a 12-channel head coil with parallel imaging capability. For task-based
functional imaging we used a gradient echo single-shot echo-planar-imaging sequence with 30
ms echo time, 90° flip angle and 2500 ms repetition time providing T2* weighted volumes in 44
interleaved, 3 mm slices (no gap) with an in plane resolution of 3.0 x 3.0 mm. For resting state
scans, subjects fixated on a crosshair for 8 min 12.5 s providing 194 functional volumes. To
allow an anatomical reference to the functional volumes we acquired a 3-dimensional T1
magnetization-prepared rapid gradient echo (MPRAGE) volumetric scan with 2.91 ms echo time
(TE), 2300 ms repetition time (TR), 900 ms inversion time (TI), flip angle 9°, 176 slices, sagittal
slice thickness 1.0 mm and 1.0 x 1.0-mm in-plane resolution over a 25.6-cm field of view.
fMRI Session Protocol
During the MRI portion of this study subjects completed both MRI and tDCS safety
questionnaires [311]. During each fMRI session, the research technician located C3 of the 10/20
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EEG system and placed one tDCS sponge electrode here and placed the other electrode over the
contralateral supraorbital area. Using this arrangement, we intended to target the left motor
cortex contralateral to the leg where we applied the capsaicin-heat pain model. In anodal motor
cortex-directed tDCS the anode is placed over the motor cortex (at C3), while in the cathodal
arrangement the cathode is placed over C3. During sham tDCS, we used the anodal arrangement,
but ramped up the current over 30 seconds and then ramped the current down over 30 seconds
and then repeated this current ramp at the end of the 20 minute “stimulation” period.
Next we scanned a short localizer and measured the subject’s WDTs. While performing the
structural MRI, we measured the subject’s HPTs. During the resting state scan the subject
received visual instructions to fixate on a cross hair projected near the center of their visual field.
After the resting state scan, subjects experienced a pinprick probe scan where they were probed
with metal mechanical probes, some of which were painful. This portion of the study is reported
elsewhere. We then applied the capsaicin-heat pain model, described previously, to the subject’s
right leg. During the 12 minute incubation period we acquired a diffusion tensor imaging scan.
This scan lasted 11 minutes 17 seconds and had an in-field resolution of 1.8 x 1.8 mm with 2 mm
thick axial slices with no gap. The results of the DTI study will be reported elsewhere.
After this scan the subject was removed from the MRI scanner and remained supine on the
scanner bed while the MR head coil was unlocked, but not unplugged. We instructed the subject
to remain as still as possible. While the subject was in the scanner room, an unblinded
technician applied the transcranial direct current stimulation using the Soterix Medical 1x1 tDCS
platform with a current intensity of 1 mA for 20 minutes in duration with two 5 cm by 7 cm
sponge electrodes (current density: 0.0286 mA per cm2). The tDCS device was obscured from
the assessor (TJM) and the cables leading to both sponge electrodes were black. The technician
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started the stimulation as soon as the scanner room was opened after informing the assessor
where to place the electrode leads (both leads were black, but distinguishable from one another)
into the sponge electrodes and the assessor ensured proper electrode placement. The tDCS
treatment started from 12 to 14 minutes after capsaicin application in all cases and three minutes
before the capsaicin-heat pain model temperature increased to the target temperature.
After the 20 minute stimulation session, the assessor removed the electrode leads and placed the
subject back into the MRI scanner while the C-HP model remained in place. During the
persistent pain stimulus, the subjects experienced another resting state scan identical to the
previously described scan. After this scan the subjects rated their on-going pain on a horizontal
version of the 0 to 100 NRS. We obtained 5 ratings during a two minute period after the resting
state scan. Then the assessor entered the scanner room and removed the thermode and capsaicinTegaderm bilayer. The final scan the subject experienced was a repeat of the pinprick probe
scan; now, however the scan was after induction of hyperalgesia with capsaicin and a
randomized treatment with either anodal, cathodal or sham tDCS. We probed the area of
hyperalgesic skin 1 cm outside the capsaicin exposure site with a different counterbalanced order
of the pre-capsaicin probe sequence. The results of this scan are reported elsewhere.
After the end of the scanning session the subject filled out a questionnaire evaluating side effects
from the stimulation. The questionnaire assessed the presence and severity of acute mood
change, headache, neck pain, scalp pain, scalp burns, skin redness, sleepiness, tingling or trouble
concentrating. At the end of each session, subjects filled out the SF-MPQ2.
Statistical Methods
Effects of session order interpreted as effect of exposure of the subjects to the capsaicin-heat
pain model were evaluated using a repeated measures analysis of variance (RM-ANOVA). To
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correct for violations of sphericity, all values of significance were adjusted using the
Greenhouse-Geisser correction. Post-hoc pairwise comparison statistics were left uncorrected,
except where stated otherwise. In cases where a test needed to be made across groups with
different numbers of subjects, we use a linear mixed model approach. Unless otherwise stated,
mean values are reported as mean ± standard deviation and error bars on figures are 95%
confidence intervals. We conducted all statistical tests using SPSS version 24 or 25.
Resting state fMRI data analysis
All preprocessing of the resting state fMRI scans proceeded using the afni_proc.py python script
interface for Analysis of Functional NeuroImages (AFNI). The first three volumes were
automatically removed from the functional scan series by the MRI scanner to allow for signal
equilibration. We used 3dToutcount to determine the volumes where more than 10% of the time
points in a particular TR are outliers. These outliers are defined as lying far outside the median
absolute deviation of the signal time course (see
afni.nimh.nih.gov/pub/dist/doc/program_help/3dToutcount.html). The outliers were identified
and then statistically censored during the application of single-subject event-related models. In
the next step, each TR was slice-time corrected and aligned to the top slice, which was collected
midway through the TR. Then, each functional time series was detrended and spikes were
quashed with 3dDespike. Before aligning the anatomical scan to the functional scan, the skull
was removed from each individual anatomy using 3dSkullStrip. We subsequently used
3dAllineate via the align_epi_anat.py python script to align the anatomy to the third functional
volume acquired. After this alignment, the anatomical volume was warped to Talairach atlas
space and normalized to the ICBM452 brain using @auto_tlrc. We performed motion correction
across the functional time series by aligning the functional volumes to the third volume acquired
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using 3dVolreg. After registration, 3dAllineate applied the 12-parameter affine warping matrix
determined during alignment of the native anatomical to Talairach space to the registered
functional volumes. Each 4D dataset was bandpass filtered between 0.008 and 0.1 Hz. We
created individual single subject functional masks from the registered normalized echo planar
images. Estimated individual maps of white matter (WM), cerebral spinal fluid (CSF) and gray
matter (GM) were created for each subject using 3dSeg. We applied spatial blurring using the
iterative program 3dblurtoFWHM with a filter of full width half maximal of 6 mm. This level of
spatial smoothing was consistent with the group average estimate of the smoothness of the noise
in the functional time courses derived by the program 3dFWHMx for all resting state fMRI data
collected (actual estimates for Anodal tDCS: x = 5.93 mm y = 5.94 mm z = 5.92 mm; Cathodal
tDCS: x = 5.92 mm y = 5.93 mm z = 5.92 mm; and Sham tDCS: x = 5.91 mm y = 5.92 mm z =
5.90 mm).
For application of the subject-level regression model we included as regressors of no interest
censoring of outlier volumes and volumes with motion exceeding 0.5 mm as a binary regressor,
and included signal derived from the eroded WM and CSF mask, the demeaned motion
parameters (motion in x, y and z planes and rotations about the x, y and z axes), and their first
order derivatives. For each subject the regressor of interest was the seed time course of interest
for that particular seed and session. The seed regions of interest were 5 mm radius spheres
centered in left primary motor cortex (L-M1: (-33, 27 61)), bilateral perigenual anterior cingulate
cortex (bilatpgACC: (+/-6, 40, 17)), bilateral dorsal anterior cingulate cortex (bilatdACC: (+/-6,
32, 23)), bilateral medial prefrontal cortex (bilatMPFC: (+/-6, 55, 9)), and a subject-specific
anatomically drawn seed for the periaqueductal gray (PAG (center of mass): (0, 29, -7)). In the
case of bilateral seeds, the time course was extracted from a bilateral pair of 5 mm radius
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spheres. For the PAG seed, the seed was individually drawn to encompass all apparent gray
matter surrounding the cerebral aqueduct for each subject.
Group Level fMRI Analysis
For group level analysis, we used AFNI’s linear mixed-effects modeling program 3dLME with a
model focusing on treatment effect with factors anodal, cathodal, and sham stimulation to
examine treatment effects [177]. For pain intensity covariation with seed-driven RSFG, we used
AFNI’s 3dttest++. This analysis is equivalent to the better known psychophysiological
interaction (PPI) model [317]. For brain-wide non-significant results we present the
corresponding minimum false discovery rate adjusted q-value, which is analogous to a p-value
and interpreted in a similar manner [958]. We implemented a minimal voxel-wise p-value
threshold of 0.005 for covariate and contrast analyses as well as mean RSFG maps derived from
the PAG seed (Figures 5-2 and 5-7—5-9) and 0.001 for mean RSFG maps derived from the
bilatpgACC, bilatdACC, bilatMPFC and L-M1 seeds (Figures 5-3—5-6). Finally, we
implemented a voxel-wise p-value threshold of 10-6 for supplemental RSFG maps (Supplemental
Figures 5-4—5-7).
For voxel tables detailing contrasts and covariate analysis results, we implemented an initial
voxel-wise threshold of 0.005, while we thresholded all other voxel tables at an initial voxel-wise
threshold of 0.001. In order to elucidate the coordinates of local maxima within large clusters of
the thresholded maps, we reevaluated statistical maps after reducing the p-value threshold of
each map by a factor of 10 (e.g. 0.001 to 0.0001). We chose a p-value threshold of 0.005 since
this corresponds to a minimum false discovery proportion of 0.067 [199]. To correct for multiple
comparisons we estimated the spatial autocorrelation function of the residual noise of the BOLD
signal within our analysis mask (the disjunction mask of Supplemental Figures 5-2A, B, C and
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E) using 3dFWHMx and used the resulting function and 3dClustSim to calculate cluster extent
criteria (CEC) for both the 3dLME and 3dttest++ statistical maps. We further restricted the
analysis to four anatomically-based masks encompassing cortical gray matter, cerebellum,
subcortical gray matter, and brainstem and calculated the CEC for each mask (Supplemental
Figure 5-2). We calculated CEC for p-values of 0.005, 0.001 and 10-6 for each anatomical
compartment separately since each compartment was assumed to behave differently (e.g. the
thalamus and brainstem are assumed to have smaller foci or activation than the cerebral cortex)
(Supplemental Table 5-1).
Seed-to-seed Functional Connectivity Analysis
Since we hypothesized motor cortex tDCS effects on pain would be mediated through the left
motor cortex (L-M1) into the descending pain modulatory network, we analyzed the change in
seed-to-seed functional connectivity that corresponded to the treatment in the RCT design. We
tested the effects of treatment (levels: anodal, cathodal and sham) on the change in FC between
control state and pain state (the delta model) and on the differences in FC between the different
session types on FC during the pain state (the pain state model). Specifically, we sought to
interrogate the L-M1 to bilateral dACC edge, the bilateral pgACC to bilateral dACC edge, the
bilateral pgACC to PAG edge, the L-M1 to PAG edge, the L-M1 to bilateral pgACC, and the
bilateral dACC to PAG edge. We used the seeds described above for these same regions. We
used a linear mixed model (LMM) approach to model the effect of treatment on the L-M1
connections to the descending pain modulatory network and the edges that made up our model of
the descending pain modulatory network. We evaluated the covariance structure of the resultant
models using a combination of Akaike’s Information Criteria (AIC), Hurvich and Tsai’s
Information Criteria (AICC), Bozdogan’s Criteria (CAIC), and Schwartz’s Bayesian Criteria
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(BIC) all calculated using SPSS 25.0. We found Compound Symmetry (CS) covariance structure
to best fit the data in the delta model, while both Heterogeneous Compound Symmetry (HCS)
and Unstructured (UNS) covariance structure tied for best fit of the data in the pain state model.
Since HCS is the simpler structure we favor those results, but also report the results of the UNS
covariance structure.

Results
Psychophysical and Behavioral Results
There was no significant effect of session order on WDTs, when including only sessions
conducted in the lab in a LMM or data from subjects that completed all lab sessions, the
screening session and treatment sessions 1-3, in a RM-ANOVA (LMM: F = 0.79; p = 0.50; RMANOVA: F = 2.5; p = 0.09) (Supplemental Table 5-2). However, when including data from all
lab and MRI sessions, both models , with the RM-ANOVA including only data from subjects
who attended all sessions, revealed a significant session order effect (LMM: F = 2.25; p = 0.04;
RM-ANOVA: F = 3.53; p = 0.02) (Supplemental Tables 5-3 and 5-4). Parsing out the variance
contributing to the session effect on WDTs, we found it to be driven by the difference between
those sessions conducted in the lab and those sessions conducted in the MRI environment with a
mean WDT of 37.7 ± 2.6 °C when measured in the lab, but a mean WDT of 39.3 ± 3.6 °C when
measured in the MRI (Univariate LMM comparing lab to MRI environment: F = 9.7; p = 0.002).
The pattern of assortment in the post-hoc all pairwise comparison conducted on WDTs after the
significant test results in the RM-ANOVA revealed a similar pattern to that suggested by the
univariate LMM (Supplemental Table 5-4).
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There was no significant effect on HPTs when including only sessions conducted in the lab in an
LMM or data from subjects that completed all lab sessions, the screening session and treatment
sessions 1-3, in a RM-ANOVA (LMM: F = 0.22; p = 0.88; RM-ANOVA: F = 0.68; p = 0.52)
(Supplemental Table 5-2). However, when including data from all lab and MRI sessions, both
models revealed a significant session order effect (LMM: F = 3.11; p = 0.007; RM-ANOVA: F =
7.05; p < 0.001) (Supplemental Table 5-5 and 5-6). Again we found when parsing out the
variance contributing to the session effect on HPTs, the effect was driven by the difference
between those sessions conducted in the lab and those sessions conducted in the MRI
environment with a mean HPT of 43.0 ± 2.6 °C when measured in the lab, but a mean HPT of
45.0 ± 2.7 °C when measured in the MRI (Univariate LMM comparing lab to MRI environment:
F = 18.2; p < 0.001). The pattern of assortment in the post-hoc all pairwise comparison
conducted on HPTs after the significant test results in the RM-ANOVA revealed a similar
pattern to that suggested by the univariate LMM (Supplemental Table 5-6).
The median CET during C-HP model exposure for the 35 (21 M) subjects screened during the
initial session was 39 °C (range: 37 – 41 °C). For this analysis, we excluded subjects who were
not eligible for the study and those subjects (n = 4) who had their CET changed during exposure.
This CET applied over 20 minutes of the last 35 minutes of the C-HP model produced a reported
NRS pain intensity of 57.5 ± 25.3 NRS units, when averaged over the last 10 minutes of
exposure (Figure 5-1A).
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Figure 5-1. A) Mean pain intensity ratings during exposure to the C-HP model during screening
session in eligible subjects. B) Mean pain intensity ratings during exposure to the C-HP model
after anodal (closed circles), cathodal (closed squares), or sham tDCS (open circles) immediately
after the resting state fMRI scan during the pain state.

During each of the three MRI sessions, after the resting state fMRI scan, and while still
experiencing the C-HP model, subjects were instructed to rate their pain intensity every 30
seconds for 2 minutes. When sorted by treatment the subjects’ reported mean pain intensity was
28.0 ± 16.9 NRS units after sham transcranial direct current stimulation (tDCS) treatment, 34.9 ±
17.7 NRS units after anodal tDCS treatment, and 28.8 ± 15.5 NRS units after the cathodal tDCS
treatment (Figure 5-1B). In the two-way RM-ANOVA evaluating the effects of time and
treatment there was no significant effect of time (F = 1.12; p = 0.35), treatment (F = 1.66; p =
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0.22), or their interaction (F = 0.69; p = 0.58) (Supplemental Table 5-7). CETs for the MRI
sessions had a median of 41 °C (range: 37 – 42 °C).
Resting State Functional Connectivity: Topography of brain networks
We used seed-driven methods to investigate the effect of transcranial direct current stimulation
of the motor cortex on resting state functional connectivity (RSFG) of the brain including the
descending pain network and the somatomotor network (SMN). We seeded the SMN ipsilateral
to the M1-directed sponge electrode. We also investigated the default mode network (DMN) by
seeding the bilateral medial prefrontal cortex (MPFC) [371]. The descending pain modulatory
(DPM) network includes the anterior cingulate cortex (ACC) and the periaqueductal gray (PAG)
matter of the midbrain [78,269,600]. To investigate this network we placed seeds in the PAG,
bilateral pgACC and bilateral dACC.
The mean pattern of positive FC derived from the pre-treatment scans, which we designate as
‘control state’ scans in this report, collapsed across treatment sessions driven by the signal from
the PAG spread throughout the midbrain, and included peaks in the medial bilateral thalami, left
basal ganglia and right cerebellum (Figure 5-2 and Table 5-1). Separate clusters of positive FC
were found bilaterally in the putamen, right dorsal anterior insula, right dorsal anterior cingulate
cortex, and midline dorsal pons (Figure 5-2 and Table 5-1). A few clusters of anticorrelated
signal with the PAG were found in the left middle temporal cortex, left inferior parietal cortex,
and bilateral prefrontal cortex (Figure 5-2 and Table 5-1).
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Figure 5-2. Brain-wide mean functional connectivity (FC) derived from the PAG seed averaged
across anodal, cathodal, and sham treatment sessions during the pre-treatment control state.
Maps are thresholded at a cluster-extent criteria (CEC) p-value of 0.005.
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Table 5-1
Seed: Periaqueductal Gray
State: Control FC collapsed across
tDCS treatments
Volume

Maximum
Intensity

TLRC
Coordinates

51597

20.6

(-2, -26, -4)

9.7

(-2, -8, 3)

8.7

(2, -47, -10)

6.7

(5, -14, 9)

Left Lateral Globus Pallidus

6.2

(-14, -5, 6)

Left Putamen

5.3

(-14, 8, 3)

2376

4.5

(44, 14, 3)

Brain Region

Brodmann Area

Periaqueductal Gray*
Left Thalamus

Medial Nuclei

Right Cerebellar Culmen
Right Thalamus

Right Dorsal Anterior Insula

Medial Nuclei

BA13

Right Putamen

1647

5.0

(17, 11, 3)

Right Dorsal Anterior Cingulate

BA32

1566

4.9

(2, 35, 15)

Left Inferior Parietal Lobule

BA40

1458

-5.3

(-47, -56, 48)

Right Precentral Gyrus

BA9

1323

-4.3

(35, 11, 36)

Left Middle Frontal Gyrus

BA47

1080

-4.7

(-47, 38, -7)

Left Middle Temporal Gyrus

BA21

972

-4.4

(-62, -38, -4)

Right Superior Frontal Gyrus

BA6

702

-4.7

(20, 23, 57)

324

4.6

(-2, -20, -34)

1350

6.1

(5, -35, -37)

594

4.4

(-32, 11, 6)

378

4.7

(17, -38, -7)

378

4.6

(-41, -20, 12)

Left Putamen

324

5.2

(-26, -20, 3)

Right Cerebellar Culmen

297

4.6

(29, -35, -28)

Dorsal Pons

189

3.7

(-14, -29, -37)

189

4.1

(20, 20, 3)

Pontine Nuclei
Dorsal Pons
Left Dorsal Anterior Insula

BA13

Right Cerebellar Culmen
Left Ventral Posterior Insula

BA13

Right Putamen
* = includes seed region

The control state pattern of mean FC derived from the bilateral dACC seed spread throughout the
anterior cingulate and medial prefrontal cortex (Figure 5-3, Table 5-2 and Supplemental Figure
5-3). A second widespread cluster of positive FC spanned the midline including peaks in the
basal ganglia and thalamus bilaterally as well as the anterior insula bilaterally (Figure 5-3 and
Table 5-2). Several large clusters of positive FC were found throughout the cerebral cortex
including the right anterior insula, right dorsolateral prefrontal cortex (DLPFC), bilaterally in the
midcingulate cortex and precuneus (Figure 5-3 and Table 5-2). Positive FC in the midbrain PAG
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was found in two bilateral clusters in the ventrolateral region (Figure 5-3 and Table 5-2). A large
cluster of negative FC spanned the left parietal cortex, precuneus and into the somatomotor
cortex (Figure 5-3, Table 5-2, Supplemental Figure 5-3). Contralaterally, another large cluster of
negative FC mirrored the primary cluster on the right side spanning from the right parietal cortex
into the right precuneus and somatomotor cortex (Figure 5-3, Table 5-2, Supplemental Figure 53). Bilaterally, clusters of negative FC were found in the fusiform and temporal gyri (Figure 5-3
and Table 5-2). A few smaller clusters of negative FC were found in the left lateral PFC,
bilaterally in the lateral prefrontal cortex and right parahippocampal gyrus (Figure 5-3 and Table
5-2).
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Figure 5-3. Brain-wide mean functional connectivity (FC) derived from the bilateral dorsal ACC
seed averaged across anodal, cathodal, and sham treatment sessions during the pre-treatment
control state. Maps are thresholded at a cluster-extent criteria (CEC) p-value of 0.001.
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Table 5-2
Seed: Bilateral Dorsal ACC
State: Control FC collapsed across
tDCS treatments
Brain Region

Brodmann
Area

Left Dorsal Anterior Cingulate*

BA32

Right Medial Frontal Gyrus

Volume
34722

Maximum
Intensity

TLRC
Coordinates

26.4

(-5, 32, 24)

BA10

7.9

(2, 53, 9)

Left Superior Frontal Gyrus

BA9

7.9

(-26, 47, 33)

Left Middle Frontal Gyrus

BA8

5.7

(-29, 41, 48)

Left Inferior Parietal Lobule

BA40

-7.7

(-50, -47, 48)

Left Precuneus

BA19

-6.1

(-26, -83, 39)

Left Superior Parietal Lobule

BA7

-6.0

(-26, -68, 54)

Left Precentral Gyrus

BA4

-5.9

(-59, -20, 42)

Left Postcentral Gyrus

BA1

-5.3

(-47, -23, 51)

Left Precuneus

BA7

-5.2

(-26, -71, 42)

Left Postcentral Gyrus

BA40

-5.1

(-41, -32, 51)

24192

Right Caudate
Left Ventral Anterior Insula

22491
BA13

Left Caudate

8.0

(14, 14, 3)

7.1

(-38, 14, -1)

7.1

(-14, 20, 6)
(8, -5, 9)

Right Thalamus

Ant Nucleus

6.8

Left Thalamus

MD Nucleus

6.5

(-2, -11, 9)

Left Dorsal Anterior Insula

BA13

6.5

(-32, 17, 15)

Right Thalamus

MD Nucleus

5.6

(2, -17, 9)

Right Inferior Parietal Lobule

BA40

-6.4

(35, -44, 51)

Right Precuneus

BA7

-6.3

(20, -71, 54)

Right Superior Parietal Lobule

BA7

-6.1

(23, -59, 63)

Right Precentral Gyrus

BA6

-5.8

(59, -14, 42)

Right Postcentral Gyrus

BA3

-5.6

(38, -29, 63)

Left Fusiform Gyrus

BA37

-6.4

(-44, -59, -13)

Left Inferior Temporal Gyrus

BA37

-5.0

(-50, -71, -1)

Right Dorsal Anterior Insula

BA13

6.8

(32, 29, 12)

Right Ventral Anterior Insula

BA13

6.2

(41, 17, -1)

Right Middle Frontal Gyrus

BA8

7.1

(32, 41, 48)

Right Middle Frontal Gyrus

BA10

6.4

(29, 44, 27)

Right Middle Temporal Gyrus

BA37

-5.2

(53, -50, -4)

Right Fusiform Gyrus

BA19

-5.2

(44, -71, -13)

Left Postcentral Gyrus

BA5

3483

-4.9

(-20, -38, 75)

Left Middle Frontal Gyrus

BA10

2295

-5.7

(-38, 62, 9)

Left Middle Frontal Gyrus

BA46

-5.4

(-47, 53, 9)

Left Mid Cingulate Gyrus

BA24

5.3

(-2, -14, 36)

Right Mid Cingulate Gyrus
* = includes seed region

BA31

5.3

(5, -26, 42)

21087

8127
7884
5832
5805

1998
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Table 5-2, continued
Brain Region

Brodmann Area

Volume

Maximum
Intensity

TLRC
Coordinates

Left Cuneus

BA7

1107

5.8

(-11, -71, 30)

Right Cuneus

BA19

945

4.9

(8, -74, 33)

756

-4.7

(14, -83, -25)

Right Cerebellar Uvula
Left Middle Temporal Gyrus

BA39

729

-4.9

(-47, -74, 27)

Right Middle Frontal Gyrus

BA10

567

4.8

(41, 44, 15)

513

4.2

(35, -5, 3)

Right Putamen
Right Middle Frontal Gyrus

BA6

432

-6.0

(29, 8, 54)

Left Precentral Gyrus

BA4

432

-4.9

(-35, -23, 69)

Left Middle Temporal Gyrus

BA39

432

-4.0

(-44, -74, 18)

Left Anterior Cingulate

BA32

432

-4.1

(-5, 35, -10)

Left Middle Frontal Gyrus

BA9

324

-4.7

(-47, 38, 36)

Left Middle Frontal Gyrus

BA6

297

-4.5

(-26, -5, 60)

Right Parahippocampal Gyrus

BA36

297

-5.0

(35, -32, -19)

243

-4.3

(-11, -86, -28)

Left Cerebellar Pyramis
Left Periaqueductal Gray

Ventrolateral

162

4.3

(8, -26, -7)

Right Periaqueductal Gray

Ventrolateral

108

4.5

(-8, -26, -7)

During the control state, positive FC spread from the perigenual ACC into the bilateral caudate
and thalamus as well as the right DLPFC (Figure 5-4, Table 5-3 and Supplemental Table 5-4).
Several additional clusters of FC were found in the bilateral ventral anterior insula, bilateral
DLFPC, bilateral precuneus, left midcingulate cortex and right posterior cingulate cortex (Figure
5-4 and Table 5-3). A large multiareal cluster of anticorrelated signal with the bilateral pgACC
seed demonstrated peaks in the bilateral parietal cortex, bilateral somatomotor cortex, bilateral
temporal cortex, bilateral fusiform gyri, left precuneus, left occipital cortex and left DLPFC
(Figure 5-4, Table 5-3 and Supplemental Table 5-4). Several additional clusters of negative FC
showed peaks in the bilateral DLPFC, right frontal gyrus and right cerebellum (Figure 5-4 and
Table 5-3).
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Figure 5-4. Brain-wide mean functional connectivity (FC) derived from the bilateral perigenual
ACC seed averaged across anodal, cathodal, and sham treatment sessions during the pretreatment control state. Maps are thresholded at a cluster-extent criteria (CEC) p-value of 0.001.
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Table 5-3
Seed: Bilateral Perigenual ACC
State: Control FC collapsed across tDCS
treatments
Brain Region

Brodmann Area

Volume
125469

Maximum
Intensity

TLRC
Coordinates

-8.3

(-29, -65, 57)

Left Superior Parietal Lobule

BA7

Right Inferior Temporal Gyrus

BA20

-7.8

(56, -59, -13)

Left Inferior Parietal Lobule

BA40

-7.8

(-41, -53, 57)

Right Superior Parietal Lobule

BA7

-7.7

(32, -59, 60)

Left Fusiform Gyrus

BA37

-7.4

(-50, -47, -13)

Left Precuneus

BA19

-7.4

(-26, -74, 42)

Left Middle Occipital Gyrus

BA19

-7.3

(-50, -71, 6)

Left Precentral Gyrus

BA4

-7.0

(-53, -5, 42)

Left Postcentral Gyrus

BA2

-6.8

(-56, -26, 42)

Right Precuneus

BA7

-6.6

(26, -71, 42)

Left Middle Occipital Gyrus

BA37

-6.4

(-53, -65, -10)

Left Superior Occipital Gyrus

BA19

-6.4

(-29, -80, 27)

Right Postcentral Gyrus

BA5

-6.4

(38, -44, 57)

Right Fusiform Gyrus

BA37

-6.3

(50, -59, -19)

Left Middle Frontal Gyrus

BA9

-6.2

(-50, 29, 33)

Right Postcentral Gyrus

BA2

-6.2

(35, -38, 66)

Right Postcentral Gyrus

BA3

-6.2

(59, -20, 39)

Right Fusiform Gyrus

BA19

-6.0

(47, -71, -16)

Left Precuneus

BA7

-5.9

(-8, -62, 66)

Right Precentral Gyrus

BA4

-5.7

(38, -26, 66)

Left Fusiform Gyrus

BA19

-5.6

(-38, -74, -16)

Left Postcentral Gyrus

BA5

-5.5

(-38, -44, 57)

Right Inferior Temporal Gyrus

BA19

-5.4

(50, -71, -4)

Left Postcentral Gyrus

BA1

-5.3

(-50, -23, 54)

Left Postcentral Gyrus

BA40

-5.3

(-41, -29, 48)

Left Perigenual Anterior Cingulate*

BA9

30.0

(-5, 41, 18)

8.1

(-11, 17, 3)

51786

Left Caudate
Right Caudate

6.8

(14, 17, 3)

Right Thalamus

Ant Nucleus

6.4

(8, -8, 12)

Left Thalamus

Ant Nucleus

5.8

(-8, -8, 12)

Right Middle Frontal Gyrus

BA10

5.5

(29, 56, 21)

Left Middle Frontal Gyrus

BA6

4293

-5.8

(-23, -2, 60)

Left Superior Frontal Gyrus

BA8

3267

6.9

(-23, 50, 39)

Left Ventral Anterior Insula

BA13

2862

8.1

(-35, 20, -7)

Right Ventral Anterior Insula

BA13

2484

7.4

(32, 17, -7)

BA23

2457

7.8

(-2, -20, 33)

Left Mid Cingulate Gyrus
* = includes seed region
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Table 5-3, continued
Brain Region

Brodmann Area

Right Cuneus

BA7

Right Precentral Gyrus

BA9

Right Middle Frontal Gyrus

BA9

Volume

TLRC
Coordinates

5.8

(8, -65, 30)

-5.8

(38, 8, 36)

-5.4

(50, 26, 36)

2025

-5.7

(17, -83, -19)

2322

Right Cerebellar Declive

Maximum
Intensity

Right Posterior Cingulate

BA23

1809

6.2

(5, -47, 24)

Right Superior Frontal Gyrus

BA8

1350

4.7

(26, 44, 48)

Left Middle Frontal Gyrus

BA10

1134

-5.8

(-47, 53, -1)

Right Middle Frontal Gyrus

BA6

783

-4.5

(29, -8, 57)

Left Precuneus

BA31

675

5.2

(-8, -71, 27)

Right Medial Frontal Gyrus

BA6

351

-4.1

(5, -11, 57)

Right Putamen

189

4.6

(26, -8, 12)

Right Caudate

162

4.8

(14, 5, 24)

Right Cerebellar Culmen

162

5.4

(5, -29, -13)

The control pattern of positive FC derived from the MPFC spread from the MPFC to peaks in the
bilateral caudate, bilateral ACC and bilateral frontal pole and right thalamus (Figure 5-5, Table
5-4 and Supplemental Figure 5-5). The second large cluster of positive FC was located in the
bilateral cingulate cortex (PCC) (Figure 5-5 and Table 5-4). Several additional clusters of
positive FC in bilateral angular gyri, right premotor cortex, right ventral anterior insula, right
temporal cortex and left inferior frontal gyrus pars orbitalis (Figure 5-5 and Table 5-4). The
mean FC map included a bilateral multiareal cluster which included peaks in bilateral parietal
cortex, bilateral dorsomedial and dorsolateral PFC, bilateral somatomotor cortex, and bilateral
occipital cortex (Figure 5-5, Table 5-4, Supplemental Figure 5-5). The second largest cluster of
negative FC spread across the left fusiform and middle temporal gyri (Figure 5-5 and Table 5-4).
Several additional clusters of negative FC were found in the left DLPFC, left temporal cortex
and bilaterally in the cerebellum (Figure 5-5 and Table 5-4).
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Figure 5-5. Brain-wide mean functional connectivity (FC) derived from the bilateral medial
prefrontal cortex seed averaged across anodal, cathodal, and sham treatment sessions during the
pre-treatment control state. Maps are thresholded at a cluster-extent criteria (CEC) p-value of
0.001.
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Table 5-4
Seed: Bilateral MPFC
State: Control FC collapsed across
tDCS treatments
Brain Region

Brodmann
Area

Left Precuneus

BA7

Left Superior Parietal Lobule
Right Inferior Parietal Lobule

Volume
142560

Maximum
Intensity

TLRC
Coordinates

-9.0

(-26, -74, 54)

BA7

-7.5

(-29, -62, 48)

BA40

-7.4

(53, -35, 54)

Left Paracentral Lobule

BA6

-7.4

(-8, -14, 78)

Right Precuneus

BA7

-7.3

(17, -71, 51)

Left Inferior Parietal Lobule

BA40

-7.2

(-38, -41, 39)

Right Superior Parietal Lobule

BA7

-7.1

(26, -59, 63)

Left Inferior Frontal Gyrus

BA9

-7.1

(-53, 11, 30)

Left Postcentral Gyrus

BA5

-6.9

(-29, -44, 69)

Right Supramarginal Gyrus

BA40

-6.7

(56, -35, 36)

Left Medial Frontal Gyrus

BA6

-6.7

(-2, -8, 63)

Left Precentral Gyrus

BA6

-6.5

(-35, -11, 60)

Right Cuneus

BA19

-6.4

(23, -83, 30)

Right Inferior Frontal Gyrus

BA9

-6.4

(44, 11, 30)

Left Superior Frontal Gyrus

BA6

-6.4

(-20, -11, 66)

Right Postcentral Gyrus

BA5

-6.3

(32, -41, 66)

Right Superior Frontal Gyrus

BA6

-6.1

(20, -8, 72)

Right Precentral Gyrus

BA6

-5.7

(38, -11, 60)

Left Postcentral Gyrus

BA3

-5.6

(-23, -32, 72)

Right Paracentral Lobule

BA4

-5.6

(5, -29, 78)

Left Postcentral Gyrus

BA7

-5.6

(-14, -56, 69)

Left Cuneus

BA19

-5.4

(-29, -80, 30)

Right Middle Frontal Gyrus

BA9

-5.3

(50, 35, 33)

Right Postcentral Gyrus

BA7

-5.1

(11, -50, 63)

Left Medial Frontal Gyrus*

BA10

24.7

(-2, 56, 12)

8.1

(-14, 23, 9)

58617

Left Caudate
Right Dorsal Anterior Cingulate

BA32

7.7

(8, 35, 30)

Left Superior Frontal Gyrus

BA9

6.5

(-17, 53, 33)

Right Medial Frontal Gyrus

BA8

6.4

(8, 47, 42)

Right Thalamus

MD Nucleus

5.6

(2, -8, 9)

Left Superior Frontal Gyrus

BA8

5.3

(-20, 29, 51)

Left Superior Medial Gyrus

BA8

5.0

(-2, 50, 54)

Left Posterior Cingulate

BA30

7.0

(-5, -53, 18)

Right Mid Cingulate Gyrus

BA31

6.8

(2, -32, 39)

Right Posterior Cingulate

BA23

Left Fusiform Gyrus

BA37

13716

10422

* = includes seed region
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6.6

(5, -47, 24)

-8.5

(-53, -50, -19)

Table 5-4, continued
Brain Region

Brodmann
Area

Volume

Maximum
Intensity

TLRC
Coordinates

Left Middle Temporal Gyrus

BA37

-7.2

(-59, -62, -1)

Left Middle Frontal Gyrus

BA46

5319

-6.5

(-47, 38, 30)

Right Inferior Temporal Gyrus

BA37

3483

-6.3

(53, -53, -4)

Right Angular Gyrus

BA39

2862

5.4

(50, -65, 30)

Right Superior Frontal Gyrus

BA6

2619

5.3

(20, 38, 60)

Left Angular Gyrus

BA39

1728

4.5

(-47, -68, 30)

1404

-5.2

(-14, -59, -7)

Left Cerebellar Culmen
Right Ventral Anterior Insula

BA13

1188

5.9

(29, 17, -7)

Right Middle Temporal Gyrus

BA21

1107

5.1

(65, -11, -13)

Left Inferior Frontal Gyrus

BA47

1026

5.5

(-26, 32, -4)

Right Cerebellar Tuber

945

-5.0

(41, -71, -25)

Left Cerebellar Uvula

945

-5.0

(-5, -74, -34)

Right Cerebellar Declive

837

-4.7

(17, -86, -19)

Left Cerebellar Declive

810

-4.7

(-5, -83, -16)

702

4.6

(-62, -11, -7)

648

-5.4

(32, -38, -49)

Left Middle Temporal Gyrus

BA21

Right Cerebellar Lobule VIII
Left Mid Insula

BA13

459

-4.9

(-38, 2, 9)

Right Ventral Posterior Insula

BA13

459

-4.3

(44, 2, -4)

Left Middle Temporal Gyrus

BA21

324

4.0

(-62, 5, -10)

Left Cuneus

BA18

297

-3.9

(-2, -95, 6)

Left Cerebellar Pyramis

216

4.3

(-26, -74, -34)

Right Cerebellar Culmen

189

-4.1

(44, -44, -28)

The left motor cortex seed revealed a large cluster of positive FC spread from the left into the
right somatomotor cortex, bilateral parietal cortex, bilateral posterior insula, and bilateral
superior temporal gyri (Figure 5-6, Table 5-5 and Supplemental Figure 5-6). An additional large
cluster of FC spread across the midline into the bilateral occipital cortex (Figure 5-6 and Table 55). Several additional clusters of positive FC appeared in bilateral temporal cortex, bilateral
cerebellum, and right parahippocampal gyrus (Figure 5-6 and Table 5-5). Several clusters of
negative FC were revealed in the bilateral parietal cortex, right dorsomedial PFC, left premotor
cortex, right thalamus and left cerebellum (Figure 5-6 and Table 5-5).
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Figure 5-6. Brain-wide mean functional connectivity (FC) derived from the left motor cortex
seed averaged across anodal, cathodal, and sham treatment sessions during the pre-treatment
control state. Maps are thresholded at a cluster-extent criteria (CEC) p-value of 0.001.
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Table 5-5
Seed: Left Primary Motor Cortex
State: Control FC collapsed across
tDCS treatments
Brain Region

Brodmann
Area

Left Precentral Gyrus*

BA4

Right Precentral Gyrus

Volume
170127

Maximum
Intensity

TLRC
Coordinates

29.3

(-32, -26, 60)

BA4

10.1

(32, -29, 60)

Right Superior Parietal Lobule

BA7

8.4

(29, -56, 63)

Right Parietal Operculum

BA41

8.3

(41, -32, 21)

Left Precentral Gyrus

BA6

7.8

(-53, -5, 30)

Right Postcentral Gyrus

BA3

7.8

(50, -14, 48)

Right Precentral Gyrus

BA6

7.8

(62, -5, 30)

Left Superior Parietal Lobule

BA7

7.4

(-32, -50, 63)

Left Parietal Operculum

BA41

7.4

(-47, -35, 18)

Right Dorsal Posterior Insula

BA13

7.3

(35, -20, 21)

Right Dorsal Mid Insula

BA13

7.3

(35, -5, 18)

Left Ventral Posterior Insula

BA13

6.9

(-32, -17, 9)

6.8

(-32, -8, 9)
(-59, -11, 6)

Left Putamen
Left Superior Temporal Gyrus

BA22

6.3

Right Superior Temporal Gyrus

BA42

6.0

(65, -14, 9)

Left Dorsal Posterior Insula

BA13

5.9

(-35, -17, 18)

Left Frontal Operculum

BA43

5.7

(-44, -23, 18)

Right Superior Temporal Gyrus

BA41

5.6

(50, -38, 12)

Right Postcentral Gyrus

BA43

5.6

(50, -11, 18)

Right Cuneus

BA19

5.6

(14, -89, 30)

Left Cuneus

BA19

5.2

(-8, -92, 27)

Right Inferior Temporal Gyrus

BA19

5265

7.3

(50, -71, -4)

Right Cerebellar Culmen

4590

6.4

(14, -53, -10)

Left Inferior Temporal Gyrus

3996

5.7

(-44, -71, 3)

2538

-5.0

(2, 41, 33)

1512

5.5

(-17, -56, -7)

Right Medial Frontal Gyrus

BA9

Left Cerebellar Culmen

8640

Right Thalamus

Ant Nucleus

1512

-5.8

(2, -5, 9)

Left Superior Temporal Gyrus

BA22

1134

4.8

(-59, -47, 12)

1053

-5.0

(-5, -77, -22)

729

4.9

(-44, -41, -19)

675

-4.9

(-26, -65, -28)

567

4.2

(26, -77, -10)

540

5.2

(29, -14, -13)
(-14, -20, 3)

Left Cerebellar Declive
Left Fusiform Gyrus

BA37

Left Cerebellar Pyramis
Right Lingual Gyrus

BA18

Right Parahippocampal Gyrus
Left Thalamus

Pulvinar

486

5.2

Left Superior Frontal Gyrus

BA6

486

-5.5

(2, 23, 69)

Left Posterior Cingulate

BA30

486

4.6

(-2, -50, 18)

* = includes seed region
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Table 5-5, continued
Brain Region

Brodmann Area

Volume

Maximum
Intensity

TLRC
Coordinates

Left Inferior Parietal Lobule

BA40

459

-5.0

(-62, -44, 39)

Left Parahippocampal Gyrus

Hippocampus

432

4.7

(-29, -20, -13)

Right Cuneus

BA18

378

4.3

(14, -68, 18)

Right Cerebellar Declive

378

4.6

(14, -74, -16)

Left Cerebellar Declive

378

4.4

(-8, -77, -10)

Left Cerebellar Culmen

351

5.1

(-2, -56, -7)

Right Inferior Parietal Lobule

BA40

351

-4.6

(59, -47, 39)

Right Lingual Gyrus

BA18

324

4.3

(17, -80, -7)

Left Precuneus

BA31

324

5.2

(-20, -71, 18)

Left Cerebellar Tonsil

243

-4.1

(-32, -53, -31)

Left Cerebellar Culmen

243

4.2

(-8, -47, -19)

Left Caudate

189

-4.7

(-11, 8, -1)

Right Thalamus

VPM Nucleus

162

3.7

(14, -29, -1)

Right Thalamus

Pulvinar

162

-4.6

(8, -29, 12)

Resting State Functional Connectivity: Brain-wide contrast between states by tDCS treatment
To determine statistically significant differences between the seed-derived FC of the resting state
maps collected during the control state and pain state for each treatment, we calculated brainwide contrast maps for each treatment session (Figure 5-7). The contrast map derived from the
FC maps from the PAG seed contrasting pain and control states during the anodal tDCS session
revealed three significant clusters where FC to the PAG was negative during the pain state and
marginally positive or not significantly different from zero during the control state (Figure 57A).
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Figure 5-7. A) Resultant map of the contrast between brain-wide FC driven from the PAG seed
during the control and pain state after anodal tDCS of the motor cortex. B) Resultant map of the
contrast between brain-wide FC driven from the bilateral perigenual ACC seed during the
control and pain state scans after anodal tDCS of the motor cortex. C) Resultant map of the
contrast between brain-wide FC driven from the bilateral medial PFC seed during the control and
pain state scans after sham treatment. D) Resultant map of the contrast between brain-wide FC
driven from the bilateral medial PFC seed during the control and pain state scans after anodal
tDCS of the motor cortex. Maps are thresholded at a cluster-extent criteria (CEC) p-value of
0.005.
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Anodal tDCS induced negative FC between the PAG and the right SPL, and to a lesser
magnitude right S1, (Volume: 1296 mm3; Maximum Intensity: -4.7; TLRC coordinates: (26, -47,
63); BA7), the right paracentral lobule (Vol: 864 mm3; MI: -5.2; TLRC: (2, -29, 75); BA4), and
the left ventral pons (Vol: 270 mm3; MI: -4.4; TLRC: (-5, -23, -37)). The same contrast maps
derived during the cathodal and sham tDCS sessions revealed no significant clusters of
differential FC.
The contrast map derived from the FC maps from the bilateral pgACC seed contrasting pain and
control states during the anodal tDCS session revealed two significant clusters where FC to
pgACC was negative during the pain state and marginally positive or not significantly different
from zero during the control state (Figure 5-7B). Anodal tDCS induced negative FC between
bilateral pgACC and the left dorsolateral prefrontal cortex (DLPFC) (Vol: 1323 mm3; MI: -4.8;
TLRC: (-32, 56, 30); BA9) and the left supramarginal gyrus (Vol: 810 mm3; MI: -4.5; TLRC: (56, -38, 39); BA40). The same contrast maps derived during the cathodal and sham tDCS
sessions revealed no significant clusters of differential FC.
The contrast map derived from the FC maps from the bilateral MPFC seed contrasting pain and
control states during the sham tDCS session revealed a significant cluster where FC to MPFC
was not significantly different from zero during the pain state and negative during the control
state (Figure 5-7C). After sham tDCS there was an increase in FC between bilateral MPFC and
the right paracentral lobule (Vol: 891 mm3; MI: 4.6; TLRC: (17, -98, 9); BA4). The same
contrast map derived during the cathodal tDCS session revealed a significant cluster where FC to
MPFC was not significantly different form zero during the pain state and negative during the
control state (Figure 5-7D). After cathodal tDCS there was an increase in FC between bilateral
MPFC and the right middle occipital gyrus (Vol: 702 mm3; MI: 4.6; TLRC: (17, -98, 9); BA18).
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The same contrast maps derived during the anodal tDCS session revealed no significant clusters
of differential FC.
The contrast map derived from the FC maps from the left M1 seed contrasting pain and control
states during the anodal, cathodal and sham tDCS sessions revealed no significant clusters of
differential FC.
Resting State Functional Connectivity: Brain-wide contrast between treatments during pain state
To determine statistically significant differences between the seed-derived FC of the resting state
maps collected after active (anodal or cathodal) and sham treatment during the pain state, we
calculated brain-wide contrast maps (Figure 5-8).
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Figure 5-8. A) Resultant map of the contrast between brain-wide FC driven from the bilateral
pgACC seed during the pain state contrasted between anodal and sham tDCS treatment scans. B)
Resultant map of the contrast between brain-wide FC driven from the bilateral dACC seed
during the pain state contrasted between cathodal and sham tDCS treatment scans. C) Resultant
map of the contrast between brain-wide FC driven from the left motor cortex seed during the
pain state contrasted between cathodal and sham tDCS treatment scans. Maps are thresholded at
a cluster-extent criteria (CEC) p-value of 0.005.
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The contrast map derived from the FC maps from the bilateral pgACC seed contrasting anodal
and sham treatment session pain states revealed one significant cluster, where after anodal tDCS
FC was negative between the seed and the left inferior parietal lobule and not significantly
different from the zero after sham stimulation (Figure 5-8A). Anodal tDCS induced negative FC
between the bilateral pgACC and the left IPL (Vol: 702 mm3; MI: -4.8; TLRC: (52, 35, 42);
BA40). The same contrast between cathodal and sham session pain states revealed no significant
clusters of differential FC.
The contrast map derived from the FC maps from the bilateral dACC seed contrasting cathodal
and sham treatment session pain states revealed two significant clusters where after cathodal
tDCS FC was marginally positive between the significant clusters and the bilateral dACC and
negative or marginally negative after sham stimulation (Figure 5-8B). Cathodal tDCS
significantly increased FC between the bilateral dACC and left MOG (Vol: 1593 mm3; MI: 4.5;
TLRC: (-17, -92, 12); BA18), and right lingual gyrus (Vol: 783 mm3; MI: 3.7; TLRC: (-5, -92, 4); BA17), The same contrast between anodal and sham session pain states revealed no
significant clusters of differential FC.
The contrast map derived from the FC maps from the left M1 seed contrasting cathodal and sham
treatment session pain states revealed one significant cluster where after cathodal tDCS FC was
marginally positive between the significant clusters and left M1 and negative after sham
stimulation (Figure 5-8C). Cathodal tDCS significantly increased FC between left M1 and the
left cerebellar semilunar lobule (Vol: 486 mm3; MI: 3.9; TLRC: (-17, -77, -37)). The same
contrast between anodal and sham session pain states revealed no significant clusters of
differential FC.
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The contrast maps derived from the FC maps from the PAG and bilateral MPFC seeds
contrasting active (anodal or cathodal) and sham treatment session pain states revealed no
significant clusters of differential FC.
Resting State Functional Connectivity: Specific effects on the pain modulatory network
We directly tested the effect of active stimulation versus sham stimulation on the FC during the
pain state and the difference in FC between control and pain states on the modulatory pain
network and connections of this network to the motor cortex. Specifically, we determined the
effects of treatment on FC between left M1 and bilateral dACC, left M1 and bilateral pgACC, LM1 and PAG, bilateral dACC and bilateral pgACC, bilateral dACC and PAG, as well as bilateral
pgACC and PAG. The LMM evaluating treatment effect on FC difference between control and
pain states found a significant effect of treatment on FC between left M1 and PAG when
evaluating the difference between control and pain states (F-stat = 4.578; p-value = 0.01) (Figure
5-9A and 5-9B). When evaluating the post hoc comparisons between treatments during the pain
state, L-M1 to PAG FC after anodal treatment trended greater than the FC after cathodal
treatment (t-stat = 1.99, p-value = 0.06) (Figure 5-9A). When evaluating the post-hoc
comparisons of changes in FC between control and pain states, we found significantly lower FC
differences between states of the edge between left M1 and PAG after cathodal stimulation
compared to anodal (t-stat = 2.575, p-value = 0.016; t-stat = -2.663, p-value = 0.013) (Figure 59B).
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Figure 5-9. A) Functional connectivity measured between left motor cortex and PAG during the
pain state across anodal, cathodal and sham tDCS treatment sessions. B) Difference between
functional connectivity measured during the pain state and control state between left motor
cortex and PAG across anodal, cathodal and sham tDCS treatment sessions. C) Functional
connectivity measured between bilateral dorsal ACC and bilateral perigenual ACC during the
pain state across anodal, cathodal and sham tDCS treatment sessions. D) Difference between
functional connectivity measured during the pain state and control state between bilateral dorsal
ACC and bilateral perigenual ACC across anodal, cathodal and sham tDCS treatment sessions. +
p < 0.08; * p < 0.05.

When evaluating the treatment effect of tDCS on the seed-to-seed FC during the pain state no
significant effects were found (lowest p-value 0.111) (Supplemental Table 5-8). When
evaluating the post-hoc comparisons, we discovered a difference that trended significant between
FC in pain states after anodal and sham tDCS of the bilateral dACC and bilateral pgACC (LMM
(HCS): t-stat -1.884; p-value = 0.075; LMM (UNS): t-stat = -2.185; p-value = 0.046) (Figure 59C and Supplemental Table 5-8).
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Resting State Functional Connectivity: Effect of tDCS stimulation on pain intensity covariance
with seed-based FC
In the pain intensity covariation analysis (PPI analysis), we examined how the different
treatments influenced the FC in covariation with pain intensity while the subjects experienced
pain. After cathodal tDCS the FC of the PAG seed with the rest of the brain covaried
significantly with BOLD signal in the right cerebellar pyramis (Vol: 459 mm3; MI: -4.7; TLRC:
(20, -80, -31)), such that when pain intensity was lower, FC with the seed region was stronger
(Figure 5-10A). We found no clusters of significant covariance of FC of the PAG seed with
BOLD signal during the pain state after anodal or sham stimulation.
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Figure 5-10. A) Pain intensity covariation with FC driven by the PAG seed during the pain state
scan after cathodal tDCS. B) Pain intensity covariation with FC driven by the bilateral pgACC
seed during the pain state scan after cathodal tDCS. C) Pain intensity covariation with FC driven
by the left motor cortex seed during the pain state scan after cathodal tDCS. D) Pain intensity
covariation with FC driven by the left motor cortex seed during the pain state scan after sham
treatment.
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After cathodal tDCS the FC of the bilateral pgACC seed with the rest of the brain covaried
significantly with BOLD signal in the left SPL (Vol: 1323 mm3; MI: 4.6; TLRC: (-23, -71, 45);
BA40), such that when pain intensity was greater, FC with the seed region was stronger (Figure
5-10B). Additionally, FC of the bilateral pgACC seed with the rest of the brain covaried
significantly with BOLD signal in the right dorsal medial PFC (Vol: 1215 mm3; MI: -4.1; TLRC:
(11, 50, 30); BA9), such that when pain intensity was lower, FC with the seed region was
stronger (Figure 5-10B). We found no clusters of significant covariance of FC of the bilateral
pgACC seed with BOLD signal during the pain state after anodal or sham stimulation.
After cathodal tDCS the FC of the left M1 seed with the rest of the brain covaried significantly
with BOLD signal in the left cerebellar pyramis (Vol: 540 mm3; MI: 5.6; TLRC: (-26, -80, -31)),
such that when pain intensity was greater, FC with the seed region was stronger (Figure 5-10C).
After sham tDCS the FC of the left M1 seed with the rest of the brain covaried significantly with
BOLD signal in the right SOG (Vol: 918 mm3; MI: 6.1; TLRC: (23, -77, 27); BA18), such that
when pain intensity was greater, FC with the seed region was stronger (Figure 5-10D). We found
no clusters of significant covariance of FC of the left M1 seed with BOLD signal during the pain
state after anodal stimulation.
We found no clusters of significant covariance of FC of the bilateral dACC or bilateral MPFC
seed with BOLD signal during the pain state after anodal, cathodal or sham stimulation.

Discussion
In order to elucidate the initial effects of anodal and cathodal tDCS on the DPM network, we
captured resting state fMRI scans during control and prolonged tonic pain states. The pain state
scans were captured after anodal, cathodal or sham stimulation in a within-subjects randomized
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controlled trial. Taking into account previous findings in studies of pain alleviating EMCS, we
predicted nodes of the DPM network, including the dACC, pgACC, and PAG, would show
enhanced FC among themselves and with the stimulated M1, specifically after anodal tDCS.
Contrary to our expectations, there were limited within network changes in FC associated with
the immediate effects of anodal or cathodal tDCS compared to sham stimulation. Despite finding
no immediately apparent pattern of modulation of the DPM network specifically after anodal
tDCS, we found some patterns of treatment-associated changes in FC consistent with our
predictions. Specifically, FC changes between control and pain states during the anodal tDCS
session included significant reductions between PAG and right SPL, S1, PCC, and left ventral
pons as well as between pgACC and left DLPFC and SMG. As previously reviewed, the pgACC
and PAG are key opioid–rich areas of the brain activated or coactivated by diverse analgesic
mechanisms, including placebo analgesia, distraction from pain, conditioned pain modulation,
exertion-mediated release of endogenous opioids, opioid analgesics, analgesic EMCS, and
relative pain relief [1,78,90,160,269,291,577,772,1009,1051,1082,1092,1093].
Interestingly, the decrease in FC between PAG and left ventral pons specifically found in the
change from control and pain states during anodal tDCS session is likely in the area of the PAGRVM anatomical connection implicated in opioid analgesia, conditioned pain modulation,
analgesic EMCS and placebo analgesia [269,771,772,1082,1092,1093]. Additionally, the
decrease in FC between the left DLPFC and pgACC specifically between control and pain states
during the anodal tDCS session reflects a connection that is coactivated during conditioned pain
modulation, exertion-mediated release of endogenous opioids, and analgesic EMCS
[90,269,772,1082]. The DLPFC, pgACC, and RVM show significant structural and functional
connectivity with the PAG (Figure 5-2) [382,513,635,924].
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Additionally, during prolonged tonic pain anodal tDCS led to greater, and significantly positive
FC between left M1 and PAG when compared to cathodal stimulation and reduced FC between
dACC and pgACC compared to the sham stimulation session (Figure 5-9). FC between left M1
and PAG was not significantly different from zero after sham stimulation, though this appears to
have been due to greater variation in FC during pain after sham tDCS. While FC between dACC
and pgACC was less during the anodal tDCS session compared to the cathodal tDCS stimulation,
this difference was not statistically significant. It should be noted there was no significant
difference between anodal and sham stimulation in the FC between left M1 and PAG, though
during sham tDCS FC was more variable during prolonged tonic pain.
An additional finding of note is that there was no significant covariation between pain intensity
ratings reported during prolonged tonic pain state after anodal tDCS and FC between any of the
seed to whole brain analyses (left M1, MPFC, dACC, pgACC, or PAG). However, the
significance of this in support of the predicted model is unclear given limited and varied
significant pain intensity covariation with seed-based FC after cathodal or sham tDCS.
Overall, our findings suggest that if there are any consistent associations of resting state FC
during prolonged tonic pain after anodal tDCS compared to either cathodal or sham stimulation,
these suggest, at least in the ten minutes after the end of tDCS, that there is a widespread
disruption of FC within the DPM network, except between stimulated M1 and PAG. In fact, FC
between regions of the SMN and PAG is enhanced during the experience of high levels of
endogenous chronic pain in chronic low back pain (CLBP) patients when compared to healthy
pain-free subjects; as well as in healthy subjects experiencing high levels of phasic heat pain,
suggesting enhanced FC of this connection when subjects are experiencing high levels of pain
they may naturally attempt to down-regulate [599,1095]. Women with primary dysmennorhea
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showed enhanced SMN FC with the PAG irrespective of phase or pain state, while studies of
subjects with migraine have reported decreased FC between M1 and PAG in between attacks and
that the greater the decrease in M1/S1 FC to PAG, the greater the attack frequency
[180,635,1048]. One intriguing interpretation of disrupted FC is that it reflects enhanced
(independent) activity of these regions in association with anodal tDCS. Enhanced activity per se
may not lead to enhanced FC, especially if the respective regions become out of phase with each
other. This interpretation is supported by the finding that fibromyalgia patients who report
experiencing greater levels of pain in response to prolonged pressure also display greater
interregional disruption of FC within the somatosensory somatotopy [491]. Given the variation
in the normal temporal evolution of the BOLD signal in various parts of the cortex and
brainstem, this dephasing is likely for increased activity [387]. Future spectral and mediation
analyses of BOLD signal extracted from the identified nodes including left DLPFC, left M1,
bilateral dACC, bilateral pgACC, PAG and RVM should cast light on this interpretation
[32,46,658]. It is encouraging in this respect that FC between left M1 and PAG during prolonged
tonic pain displayed greater variability compared to anodal or cathodal stimulation, while FC
between left M1 and PAG was enhanced during prolonged tonic pain after anodal tDCS
compared to cathodal tDCS.
In regard to the functional significance of the left DLPFC to pgACC connection in
neuromodulation of pain, it is interesting to note that inhibition of motor cortex excitability after
application of high percentage capsaicin evoking heat allodynia was reversed by excitatory
rTMS of the left DLPFC [288]. This suggests that the two primary targets for pain alleviation by
neuromodulation, left DLPFC and M1, share overlapping mechanisms [192,193,976,977].
Intriguingly, a significant decrease in directed FC occurred between pgACC and DLPFC after
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patients with irritable bowel syndrome had habituated to the threat of bowel distension during
anticipation of distension [538].
Our findings, while not directly supporting our prediction of enhanced FC after M1 tDCS within
the DPM network, still directly implicate key connections within that network and point the way
toward future experiments and analyses. For example, the implication of modulated left DLPFC
FC with pgACC as well as the reversal of positive control state FC with PAG by heat allodynia
and central sensitization provides further indirect support for neuromodulatory regimes targeting
left DLPFC. In the long term, decreased cortical thickness in left DLPFC was most responsive to
effective treatment in CLBP patients, experiencing thickening on recovery from pain [905]. It
may be of value to apply both anodal M1 and anodal L-DLPFC neuromodulation in a similar
trial design in a within subjects experiment to determine the overlapping and divergent
mechanisms of the two methodologies [976].
Other functional connections that experienced significant disruption in FC between the control
and pain state, specifically during the anodal tDCS session, included PAG-right S1, PAG-right
SPL and PAG-right PCC. These links of PAG to cognitive and sensory networks are also
interesting. The PCC is a core node of the default mode network (DMN) [371,372]. Previous
research has linked increased DMN-PAG FC to mind-wandering. It is interesting to note
decreased FC after anodal tDCS associated with analgesia, given that mind-wandering was
positively associated with reduced pain perception in the previous study [528]. At rest, CLBP
patients have reduced FC between DMN and PAG compared to healthy controls [171]. While
healthy subjects were experiencing persistent pressure pain or during high levels of phasic heat
pain, FC of S1 was found to be enhanced with the salience network (which is functionally
connected with the PAG), as derived from seed-based or independent components analysis
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[492,599]. Reversing this enhanced connectivity, as was associated with anodal tDCS in our
study, may reduce the sensory components of the pain experience [492]. Similarly, S1 hub
connectivity is enhanced after performance of exercises that evoke pain exacerbation in chronic
low back pain patients [512]. In healthy subjects experiencing prolonged tonic lower back pain
from an injection of hypertonic saline into the interspinous muscles, left S1 demonstrated both
reduced local BOLD signal correlation, measured as regional homogeneity (ReHo), and
increased amplitude of low frequency fluctuations (ALFF) [1106,1107].
Limitations
While this study revealed results which have informed our model of M1 neuromodulation for
pain alleviation, it has some important limitations which affected our interpretation and
application of these to further studies and patient groups. This includes some methodological
choices, such as having subjects rate their pain after completing the resting state scan, but while
still experiencing the constant prolonged tonic pain of heat allodynia. We made this decision,
since previous studies have shown that rating the pain intensity while scanning superimposes a
magnitude estimation task and redirects subjects’ attention to their pain, both of which
significantly modify the neural response to pain [48,884]. Logically, these superimposed
processes are not additive, since they involve different brain regions operating at different
loadings, and therefore cannot be separated by simple cognitive subtraction [318].
In our study we used a within subjects repeated measures design in a cohort of 15 healthy
subjects. As with a majority of neuroimaging studies, this small sample size in a well-controlled
setting may limit the applicability of these results to a broader population [271]. Additionally,
the revealed effects, while appropriately controlled for multiple comparisons, should face
replication and serve as predictors in additional, similarly designed studies [141,271]. This is
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particularly the case since we did not find widespread support for our original hypothetical
model. Replication is an essential part of science and while myriads of studies have been
reported with numerous abnormalities evident in structural and functional architecture of chronic
pain patients, replication is not a universal result, especially due to differential application of
statistical criteria for reporting significant results [226,792].
Another limitation that should be addressed in future studies is that we applied tDCS to C3
according to the international 10-20 electroencephalographic system [462]. While this is a
convenient and somewhat accurate clinical standard to follow when applying targeting of
noninvasive stimulation to cortical targets of neuromodulation, recent studies have intimated that
this standard may be responsible for variability in therapeutic response to tDCS. Therefore,
neuronavigated targeting should be followed in the future to improve targeting. An additional
benefit of neuronavigated targeting on individual MRI anatomies is that different targets can be
explored and current flows can be visualized and standardized using finite element modeling
[220,221,668]. Additionally, more focal stimulation can be applied using specific electrode
placements [267,1025].
The ability to blind subjects and accessors to the subtle differences between active and sham
tDCS treatments has repeatedly been questioned, and one limitation of this study is that we did
not apply a forced choice paradigm to verify adequate blinding [12,326,850]. However, we did
have the primary outcome assessor, who also performed the data analysis (TJM) rate intensity of
redness induced by anodal, cathodal and sham stimulation and had the subjects rate their
subjective experience of stimulation. There were no significant treatment group associated
differences in assessor’s perception of skin redness induced by tDCS or the subject’s perception
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of the stimulation experience (Chapter 2 and data not shown) [276,480,755]. This suggests
blinding of the subject and assessor was adequately maintained.
Future Directions
Our findings of disruption of FC in several edges of the DPM network after M1 anodal tDCS is
surprising given the findings in EMCS, and suggest a different or parallel mechanism is under
way in the immediate phase following therapeutic stimulation during prolonged tonic pain.
Specifically, the anodal tDCS associated modulations we found in FC between stimulated (left)
M1 and PAG, left DLPFC and pgACC and PAG and rostral ventral medulla/caudal ventral pons
(RVM/CVP) suggest modulations in activity patterns of the DPM network may underlie the
therapeutic effects of anodal M1 tDCS. Additional analyses, specifically the construction of
mediation models of the known anatomical circuitry of the DPM network similar to previous
studies in placebo analgesia, temporal summation of pain, and habituation to threat of pain
should be pursued [208,538,913].
Further research into the mechanisms and efficacy of pain alleviation based on neuromodulation
is warranted, especially given promising preclinical and clinical trial results coupled with its
flexibility and the extremely attractive safety and side effect profile [73,312,562]. Mechanism
based research should focus on within subject designs to alleviate confounds of variable
functional and structural anatomy as well as behavioral response. On the other hand, clinical
efficacy based research needs to refine patient populations and ensure they are appropriately
powered and sensitive to detect the relatively small treatment effects likely to arise from noninvasive neuromodulation studies [309,717,733,734,936,1073,1089].
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Conclusions
In conclusion, we found that after anodal tDCS, but not after sham or cathodal tDCS, there was a
greater reduction in DPM network FC when going from a control state to a prolonged tonic pain
state, particularly between left DLPFC and pgACC, dACC and pgACC, and PAG and
RVM/CVP. Additionally, there was greater FC between left M1 and PAG during anodal
compared to cathodal stimulation, but not compared to sham tDCS, which showed much greater
variability. Together these findings, contrary to our predictions of universally enhanced FC
within the nodes of the DPM network, suggest differential activation of the nodes of the DPM
network including the left DLPFC, dACC, pgACC, PAG and RVM. Additional studies
investigating the effects of targeting left DLPFC and possibly other regions may improve
treatment efficacy by improving targeting.
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Chapter 6: General Conclusion and Discussion
In the series of studies in this dissertation, we demonstrate the moderate analgesic effect of
anodal M1 tDCS on pain measures in the zone of secondary hyperalgesia, and reveal the
matching CNS associated activation of the analgesic Descending Pain Modulatory (DPM)
network. The enhanced activation of the PDM network coupled with reduced activation of the
somatosensory cortex adjacent to the M1 tDCS stimulating electrode is consistent with prior
reports of effects of motor cortex directed neuromodulation used for analgesia. Our findings
provide consistent neurophysiological evidence which helps to unify the analgesic mechanism of
M1 anodal tDCS under the umbrella of M1 neuromodulation together with allied techniques
such as excitatory M1 rTMS and MCS [542,772]. Together with evidence from healthy human
subjects, chronic pain patients and preclinical animal models of chronic pain, our results
demonstrate a consistent role for the DPM network generally and more specifically the PAG in
pain alleviation through M1 neuromodulation [331,334,753,754,772]. Importantly, during the
period of sustained heat allodynia, when no analgesic tDCS effects were in evidence, we found
no changes to functional connectivity (FC) within the DPM network across all connections
tested. It is important to note the primary aims of these studies were focused on the PAG and
connected structures, therefore our studies neither reveal the mechanism’s direct connection to
the motor cortex nor do our results rule out other potential mechanisms. We were simply unable
to falsify the hypothesis that anodal M1 tDCS is associated with analgesia in the zone of
secondary hyperalgesia and is associated with increased activation of the medial PFC, pgACC
and PAG in response to painful stimuli in the zone of hyperalgesia. We interpret this as support
for the involvement of DPM network in the analgesic effects of anodal M1 tDCS.
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Furthermore, exploratory analyses of periaqueductal gray FC changes in response to provoked
sustained acute pain through heat allodynia demonstrate a replicable disruption of FC between
the PAG and left rostral DLPFC. This newly revealed disruption of FC may provide a future
target to modulate acute pain or chronic pain driven by primary afferent sensitization. In fact,
excitatory rTMS and tDCS targeting the left DLPFC has shown promise in reducing patient
controlled analgesia after both gastric bypass surgery and invasive diagnostic procedures
[102,104,105]. We have shown here that combining fMRI with non-invasive neuromodulation is
a fruitful pursuit, and that modulation of specific patterns of neurophysiological responses can
distinguish an effective treatment intervention from a non-effective one even when there is no
apparent significant treatment effect in the specific population studied due to low statistical
power. Future studies of non-invasive neuromodulation targeting the left DLPFC coupled with
fMRI could reveal neurophysiological signatures discriminating responders from non-responders
in both post-operative analgesia and chronic pain patients, as has recently been demonstrated in
rTMS of the dorsomedial PFC for chronic depression [252]. The ultimate goal of these efforts
should be to refine neuroanatomical targets for efficacious neuromodulation and improve
therapies that tap into the body’s endogenous analgesic systems, including the DPM network,
thus ameliorating pain and suffering as well as reducing the need for powerful post-operative
opiates which can have dangerous side effects and have strong abuse potential [824].
We set out to determine the pain ameliorating effects of anodal M1 tDCS, and the potential
mechanism underlying those effects, on two distinct mechanisms leading to sensitization to
somatosensory stimuli due to the C-HP model. Painful sensations induced by the C-HP model
arise from three primary mechanisms, two of which were taken advantage of during this study.
Upon topical application of capsaicin to the skin, as the capsaicin reaches superficial C-fibers,
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most subjects experience a burning pain that develops into heat allodynia at the primary site of
application [540]. This primary hyperalgesia (more correctly a form of heat allodynia in a
majority of subjects) is driven by primary afferent sensitization [614]. Concomitant with the
appearance of primary allodynia, the area surrounding the site of capsaicin exposure, the
secondary site, becomes sensitized to static and dynamic mechanical stimuli [541]. In the area of
mechanical hyperalgesia to static, typically punctate stimuli, signals arising in Aδ-fibers induce
augmented activation of WDR and HT spinal dorsal horn cells which underlies secondary
hyperalgesia [929]. There is evidence for a minor contribution of CMI-fibers which become
responsive to punctate stimuli in this effect, but overwhelmingly the primary contribution comes
from central sensitization of Aδ-fibers [406,628,880]. Finally, which was not evaluated in the
series of experiments described herein, dynamic mechanical allodynia arises in a large
proportion of individuals (generally about 50%), who are susceptible to its development [606].
Dynamic mechanical allodynia arises from the triggering of action potentials in Aβ fibers in the
secondary site, and likely, though to a lesser extent, action potentials arising from sensitization of
dynamic tactile C-fibers (responsible for gentle touch) [406,660]. Enhancement of signaling
from Aβ fibers is dependent on central sensitization of SDH cells [929,988].
In chapter 2 we aimed to determine the effect of anodal M1 tDCS on the sensory manifestations
of primary afferent sensitization, as measured by heat allodynia, and central sensitization, as
measured by secondary punctate mechanical hyperalgesia [541,929]. We showed, in an assessorand subject-blinded randomized controlled trial, that anodal M1 tDCS had no differential effect
on primary afferent sensitization as measured by ratings of heat allodynia and non-evoked pain
after capsaicin removal compared to either cathodal or sham stimulation. Further, we showed a
small to medium sized preferential effect of anodal M1 tDCS on reduction of secondary punctate
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hyperalgesia as measured by the reduction in area of pinprick hyperalgesia and pain intensity
ratings to punctate stimuli in the area of secondary hyperalgesia compared to cathodal or sham
M1 tDCS. These results suggest a divergence in the susceptibility of pain mechanisms to
amelioration by anodal M1 tDCS, with a preferential effect on mechanisms underlying central
sensitization. The significance of these results should not be held up to the standards of clinical
relevance, since this pre-clinical study evaluated the effects of only one session of tDCS and the
technique is known to have accumulating effects during a typical treatment intervention of
several days [34,309]. Importantly, we found statistically significant results after just one session
of anodal M1 tDCS and were able to discriminate among the effects of anodal, cathodal and
sham tDCS when considering the intensity and extent of secondary hyperalgesia consequent to
the C-HP model.
Recent highly publicized reviews and commentaries have called into question the reproducibility
of a majority of findings in cognitive neuroscience, neuroscience and several other fields which
study complex systems [141,271,340,341]. Caution and skepticism should be exercised when
interpreting the results of any one study in isolation. There are three statistical issues of merit to
discuss when considering the results of a single study: dichotomous hypothesis tests, the problem
of multiple comparisons, and the true false discovery rate [199,340,363,597]. The use of
statistical models for dichotomous hypothesis testing, for example testing whether a particular
model of the data suggests a rejection of the null hypothesis of no difference between treatment
groups, assumes proper model selection and proper experimental design and conduct, along with
a proper balance of false positive rate and false negative rate. In traditional practice, where p =
0.05 is set as the only hurdle a test must pass, adequate control of false positive rate is often
assumed at 5% and control of false negative rate (derived from test power) is dealt with on a
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post-hoc basis, if at all [597,1046]. Not only is this approach a misuse of statistical methods, it
biases results in favor of controlling the false positive rate and neglecting the false negative rate,
frequently greatly increasing the risk of missing true effects, especially in small samples (n ≤
20). Since small sample sizes are common in neuroscience studies, this translates into a low
median power of 18 to 21% for all neuroscience studies to correctly test and plausibly reject the
null hypothesis [141]. Button and colleagues also report a large excess of statistically significant
findings in neuroscience where the expected number of statistically significant findings is 254,
while 349 are found from studies published in 2011. This indicates a clear publication bias
toward ‘statistically significant’ results and suggests the actual power of all experiments done in
the neuroscience field is much lower than that reported by Button and colleagues.
In neuroimaging studies, such as those reported in this dissertation, researchers are continuously
faced with the problem that an individual brain volume is made up of 30,000 to 220,000 voxels
each of which is independently tested against the null hypothesis. This ‘multiple comparison
problem’ has numerous solutions ranging from the most conservative Bonferroni correction to
the more balanced False Discovery Rate (FDR) correction (reviewed in [597]). However, a much
more difficult to correct for issue is Gelman and Loken’s ‘garden of forking paths.’ The garden
of forking paths poses the question ‘Would the same data-analysis decisions have been made
with a different data set?’ [341]. The garden of forking paths metaphor illustrates that the number
of possible interpretations of the study results are normally many more than any single study
group can anticipate. The multiple comparisons problem not only faces those investigators who
conduct serial paired t-test, but those who pick one test and doggedly follow its path, making
what seem to be appropriate and inevitable choices along the way. The authors advocate for preexperiment registration of every scientific study whereby investigators would write up and
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publish their experimental design, data analysis plan and explicit details of items like choice of
statistical model, null hypothesis, and justification of sample size. They more explicitly advise
against cut-and-dry, black-and-white interpretations of p-values in addition to the conduct of
well-designed replication studies. Given the complexity of neuroscience, the garden of forking
paths is indeterminable and likely contains numerous sand-traps. The true value of exploratory
results is only evident when replication refutes those results, as given the level of our
understanding, when it comes to mechanism in neuroscience, replication most assuredly will do.
A further fly in the ointment of p-values is the true size of the minimum false discovery rate,
which for a p-value of 0.05 the minimum false discovery rate is almost 30 percent [199]. Pvalues simply tell you how extreme the data (including factors such as the data distribution and
departures from normality) you found are compared to the statistical model used to test the null
hypothesis. In the setting of p-values, the difference in probability of an effect being real and
replicable, given a prior odds of 0.5, when the test p-value ranges from ‘trend’ (p = 0.075) to
‘significant’ (p = 0.025) ranges from 0.35 to 0.20, or an improvement of roughly 1/3 to 1/5.
While neither of these results should be taken as conclusive evidence, an arbitrary statistical cutoff of p = 0.05 for declaring a single study result ‘statistically significant’ is incredibly
misleading. For true discovery of real effects, studies must either have confirmatory replications
and be supported by meta-analyses for effects that are small to medium in size, especially when
studying factors with low signal-to-noise ratios; or for effects that are truly large, in settings with
high signal-to-noise ratios, false positive rates and false negative rates must be adequately
controlled. Even in the latter case, p-values indicating replicable findings should be closer to
0.005, where the minimum false discovery rate becomes 6.7%.
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On the opposite side of null hypothesis testing, is equivalence testing, whereby a researcher can
claim statistical evidence of no effect of a treatment [539,548]. A useful, statistically valid
procedure is to employ two one-side t-tests to test the overlap of the treatment effects, for
example [548]. Lakens points out that in cases of small sample sizes p-values above 0.05 are
‘hardly indicative of the absence of a true effect.’ Equivalence testing could be used to rule out
effects, especially when null differences are found in replication studies.
The problems arising from the misunderstanding of p-values prompted a rare position statement
from the American Statistical Association (ASA) [1046]. The ASA’s position statement began
by pointing out the circularity of the use of the p = 0.05 criteria: ‘We teach it because it’s what
we do; we do it because it’s what we teach.’ Importantly, the ASA’s statement makes clear that
p-values do not measure the probability a study hypothesis is true, there is absolutely nothing
confirmatory in a p-value by itself. Further, the statement emphasizes the gradation of
interpretation important to the interpretation of data analysis: given a small sample size or low
signal-to-noise ratio there is effectively no difference between a result of p = 0.025 and p = 0.075
for real-life effects. Additionally, the results of all statistical tests completed in pursuit of a study
aim should be reported, including interim analyses and multiple comparison testing, which
should be treated similarly. P-values by themselves are unable and should not be forced to
measure the size of an effect or the importance of a result, this interpretation can only be
accomplished through examination of the context in which the study was done and with
statistical estimation of the effect size. In short, the ASA concluded, ‘No single index should
substitute for scientific reasoning.’
To adequately compare the mean treatment effect sizes of the present study within the context of
current pain treatments, we review evidence of effect sizes of known analgesic drugs on the
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sensory experience of capsaicin sensitization models, placebo interventions for chronic pain
disorders, effects size results of a recent knee osteoarthritic study using tDCS, as well as
calculated effect sizes, derived from meta-analysis of approved treatments of neuropathic pain
reporting Numbers Needed to Treat. To remind the reader, the effect size comparing the antihyperalgesic effects of anodal tDCS to sham tDCS on pinprick pain intensity in the zone of
hyperalgesia was 0.43, while the effect size of the anti-hyperalgesic effect on area of
hyperalgesia was 0.35. The effect size of IV opiates on the ongoing pain response to capsaicin
sensitization was an average of 1.9, pinprick pain intensity in the zone of hyperalgesia was 1.1,
and the effect size of the anti-hyperalgesic effect on area of hyperalgesia was 1.5 [757,767,1039–
1041]. The effect size of IV ketamine on the ongoing pain response to capsaicin was an average
of 1.9, pinprick pain intensity in the zone of hyperalgesia was 1.1, and the effect size of the antihyperalgesic effect on area of hyperalgesia was 1.7 [757,1039,1040]. The effect size of oral
pregabalin on pinprick pain intensity in the zone of hyperalgesia was 0.6, and the effect size of
the anti-hyperalgesic effect on area of hyperalgesia was 1.0 [1041]. Additionally, the antihyperalgesic effect size of a brief intervention of cognitive behavioral therapy on the area of
hyperalgesia was 0.56 [866]. Comparing the effect sizes of our intervention to comparable single
session treatments with known analgesic compounds our effect is smaller than all other
treatments. The effect size of M1 tDCS on knee osteoarthritis pain over five once-daily session
was 0.7, while at follow-up the treatment effect size on ongoing pain was 0.85 [4]. It is common
to find that single studies with small sample sizes (n ≤ 20), which are therefore under-powered,
report large effect sizes compared to meta-analyses that provide more accurate estimations of
treatment effects sizes [339,363]. For example in a very large meta-analysis including 60
randomized controlled trials found a mean analgesic effect size of 0.28 for placebo interventions
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[422]. The true effect sizes of treatments of neuropathic pain fall far short of those reported in
initial small sample-sized studies. The mean analgesic effect size for tricyclic antidepressants in
neuropathic pain is 0.51, the mean analgesic effect size of serotonin-noradrenaline reuptake
inhibitors is 0.28, while pregabalin and gabapentin have a mean analgesic effect size of 0.24
[290,521]. When considering neuropathic pain treatments with more side effects, opiates have a
mean analgesic effect size of 0.41 and botulinum toxin A has a mean analgesic effect size of
0.99. Taking into account the analgesic or anti-hyperalgesic effect sizes of both prior studies
using capsaicin sensitization models as well as treatment guidelines for neuropathic pain, the
anti-hyperalgesic effect size found in this study is small to medium in size. Whether this
treatment modality provides clinically relevant analgesia in chronic pain syndromes awaits largescale clinical trials, however the effects are promising.
Given tDCS’s low to non-existent side effect profile, promising analgesic effects when applied
over several sessions, and the general small analgesic effect sizes seen with neuropathic pain
treatments in general use, perhaps it is unsurprising that Soterix Medical company received
approval for use of their Pain X™ system in the 2016 in the European Union and Canada, and in
2017 in Brazil (www.soterixmedical.com accessed 081417). Given that this treatment is now
available for clinical use and has shown analgesic effects in several labs around the world, it may
be reasonable to start to consider how it might work. This is the goal of the balance of this
discussion.
In chapter 3 we endeavored to reveal the effects of anodal M1 tDCS on BOLD responses to
painful mechanical stimuli specifically within regions of the descending pain modulatory (DPM)
network. We reviewed evidence implicating the perigenual ACC and periaqueductal gray (PAG)
as critical nodes in the DPM network in regard to pain inhibition through this network [990]. In
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an assessor- and subject-blinded randomized-controlled fMRI study, we evaluated the effects of
anodal tDCS on BOLD responses to mechanical pain when probing in the area of secondary
hyperalgesia. In this study we found anodal M1 tDCS was associated with altered BOLD
responses in the L-S1, pgACC, PAG and MPFC, areas implicated in sensory processing and the
DPM network. Anodal tDCS consistently normalized evoked BOLD responses to control levels
after induction of secondary hyperalgesia with the C-HP model. Compared to cathodal or sham
tDCS, anodal stimulation suppressed evoked BOLD activity enhanced by capsaicin sensitization
in L-S1. Capsaicin sensitization suppressed activation in the pgACC, PAG and MPFC during the
sham condition, relative to control condition which was normalized by anodal tDCS. In an
exploratory analysis of the covariation of pain intensity evoked BOLD response to mechanical
pain, we found that anodal tDCS disrupted the brain-wide correlation of pain intensity with
neural processing. These results support our hypothetical framework of M1 neuromodulation,
that even after one session M1 neuromodulation leads to pain alleviation by remotely modulating
activity in brain areas implicated in modulating pain and responsive to the endogenous opiate
system, specifically the DPM network [326,970].
While our study was unable to provide direct evidence of significant influences of activity in the
stimulated region of motor cortex on regions of the DPM network, it is likely that these
influences, if they do indeed exist, are polysynaptic in nature. In studies of patients experiencing
analgesia from epidural MCS, there is wide spread activation of the DPM network which
correlates with the magnitude of analgesia [772]. It is possible that polysynaptic pathways from
the motor cortex to the midcingulate cortex, the motor cingulate, influence the perigenual and
dorsal ACC to release endogenous opiates [626]. It is also possible, though not clearly evident
from the results presented thus far, that the DPM network is triggered from the left DLPFC
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through corticocortical connections of the motor cortex to more rostral frontal regions.
Supporting this possibility is evidence that motor excitability disruptions brought about from
capsaicin pain exposure are reversed by analgesic neuromodulation targeting the left DLPFC
[288]. An additional mechanism that has been proposed and supported in preclinical models of
chronic neuropathic pain is the activation of inhibitory pathways in the zona incerta and,
speculatively, the reticular thalamus, which inhibits thalamic pain processing in both the
posterior and medial thalamic nuclei leading to differential activation in the pgACC and PAG
[172,619]. Further exploratory analysis of the data described in this dissertation is warranted to
attempt to untangle these potential mechanisms. However, a serious drawback of neuroimaging
studies, temporal and spatial resolution, may hinder these efforts.
It is reasonable to conclude that the observed effects on the somatosensory cortex activity
adjacent to the tDCS electrode in response to painful mechanical stimuli occur via corticocortical
connections from the motor cortex [183,472]. However, we cannot rule out direct effects on this
region from the tDCS electrode given the large size of the electrode [678].
Additionally, the C-HP model as implemented in this study is likely to provide a first-in-human
clinical model for other analgesic therapies. To date several studies have sought to complement
randomized controlled trials of analgesic drugs with neuroimaging studies in an effort to quickly
rule out treatments which have no appreciable influence on the brain [1006,1043,1065]. The
methods outlined and demonstrated in this dissertation show the validity of this approach,
specifically that while anodal tDCS, which is therapeutically useful, had consistent effects on
both somatosensory and DPM network responses to painful stimulation, cathodal tDCS, which
has only sparse evidence of therapeutic validity, had inconsistent effects.
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In chapter 4 we aimed to explore the effects of the C-HP model on the intrinsic connectivity
networks of the healthy brain in general and the DPM network specifically. We predicted that
induction of primary afferent and central sensitization during exposure to the C-HP model will
increase activation within the DPM network leading to a disruption of BOLD functional
connectivity within the DPM network. This network will be anchored by the pgACC and PAG.
This is based on the effects of chronic pain and other sustained pain states on network functional
connectivity. We predict the acute pain state will disrupt functional connectivity among the
PAG, pgACC, and dACC. We predict greater disruption of functional connectivity of nodes of
the DPM network during more intense pain states. We found that PAG FC with the left DLPFC
switched from positive to negative during tonic pain exposure across two scanning sessions.
Additionally, we found the hypothesized decrease in FC between seeds in the ACC (pgACC and
dACC) and PAG in the DPM network, but only for the first scanning session. Subjects that
experienced a second scanning session showed no such decrease in FC. Supporting the external
validity of our model, we demonstrated a disruption of the intrinsic connectivity of the default
mode network, an effect which has been found in many chronic pain conditions, as well as
during acute pain [49,50,492,611,712].
Finally, in chapter 5 we endeavored to determine the effects of anodal, cathodal and sham M1
tDCS on BOLD resting state functional connectivity during heat allodynia maintained by
sensitization with the C-HP model. We predicted increased functional connectivity within the
DPM network after anodal tDCS compared to cathodal or sham tDCS during capsaicin-mediated
heat allodynia. Contrary to our expectations, there were limited within network changes in FC
associated with the immediate effects of anodal or cathodal tDCS compared to sham stimulation.
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Despite finding no immediately apparent pattern of modulation of the DPM network specifically
after anodal tDCS, we found some consistency in the patterns of treatment- associated FC.
We found that after anodal tDCS, but not after sham or cathodal tDCS, there was a greater
reduction in DPM network FC when going from a control state to a prolonged tonic pain state,
particularly between left DLPFC and pgACC, dACC and pgACC, and PAG and RVM/CVP.
Additionally, there was greater FC between left M1 and PAG during anodal compared to
cathodal stimulation, but not compared to sham tDCS. Together these findings, contrary to our
predictions of universally enhanced FC within the nodes of the DPM network, suggest
differential activation of the nodes of the DPM network including the left DLPFC, dACC,
pgACC, PAG and RVM. Additionally, it may be that the effects of tDCS simply do not
significantly alter the DPM network during persistent sustained heat allodynia. This is especially
relevant and likely given that there is no differential treatment effect on heat allodynia comparing
anodal, cathodal or sham tDCS interventions.
The research within this dissertation suggests many new directions for future research. In concert
with the growing emphasis on replication studies, many facets of this research need replication.
Since the effect sizes were small to medium and as there is a growing body of evidence
supporting both excitatory neuromodulation of M1 in the amelioration of chronic pain and that
this amelioration primary derives from activation of the DPM network and release of
endogenous opiates. Additionally, the effects of persistent heat allodynia on the FC between the
left DLPFC and PAG coupled with promising evidence that neuromodulation of left DLPFC is
analgesic in certain pain disorders and has an analgesic effect in healthy subjects makes this a
critical target of future and continuing research.
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Appendix I
Chapter 1: Nociceptive processing, neuroimaging and neuromodulation of pain processing for
discovery and treatment
Supplemental Tables
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Supplemental Table 1-1. Areas of the brain most often reported as activated by pain during the first decade (19912001) of pain neuroimaging.
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Supplemental Table 1-1, continued.

311

Supplemental Table 1-1, continued.
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Supplemental Table 1-2. Areas of the brain most often reported as activated by pain during the second decade
(2002-2011) of pain neuroimaging.
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Supplemental Table 1-2, continued.
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Supplemental Table 1-2, continued.
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Supplemental Table 1-2, continued.
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Supplemental Table 1-2, continued.
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Supplemental Table 1-2, continued.
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Supplemental Table 1-3. Neural activity in response to painful heat summation, heat allodynia or pain in response
to ID injection of capsaicin in healthy humans.
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Supplemental Table 1-4. Neural activity in response to non-painful mechanical stimuli in healthy humans.
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Supplemental Table 1-5. Neural activity in response to painful mechanical stimuli in healthy humans.
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Supplemental Table 1-6. Neural activity in response to painful mechanical stimuli after sensitization in healthy
humans
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Supplemental Table 1-7. Greater neural activity in response to painful mechanical stimuli compared to control
painful mechanical stimuli after sensitization in healthy humans.
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Supplemental Table 1-8. Neural activity in response to dynamic mechanical allodynia after sensitization in healthy
humans.
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Supplemental Table 1-9. Greater neural activity in response to dynamic mechanical allodynia compared to control
brush stimuli after sensitization in healthy humans.
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Supplemental Table 1-10. Neural activity in response to dynamic mechanical allodynia in chronic pain patients.
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Supplemental Table 1-11. Studies of Epidural Motor Cortex Stimulation for Pain Management
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Supplemental Table 1-12. Studies of non-invasive neuromodulation in healthy subjects measuring changes in pain
perception.
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Supplemental Table 1-13. Studies of noninvasive neuromodulation in the treatment of chronic pain syndromes.
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Appendix II
Chapter 2: Anodal motor cortex transcranial direct current stimulation selectively reduces
psychophysical measures of central sensitization
Supplemental Figures and Tables
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Supplemental Figure 2-1 CONSORT diagram for study. We screened 50 potential subjects of
which 34 qualified for further testing. During the study 7 subjects failed to maintain eligibility.
During data analysis a substantial session order effect was found affecting 2 subjects’ heat pain
thresholds and warmth detection thresholds.
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Inclusion Criteria
18 to 44 years of age
Right-handed
Fluent in written and spoken English
Developed thermal allodynia (NRS rating
>30 of 100) on exposure to capsaicin
Developed static mechanical hyperalgesia
after exposure to capsaicin
Opiate-free
Barbiturate-free
Free of illicit drugs

Exclusion Criteria
Personal or family history of epilepsy
History of head injury in the past 12 months
with a period of unconsciousness
Skin disease under the electrode site
Chronic pain conditions
Psychiatric illness requiring hospitalization in
the last 12 months
Methemoglobinemia
Uncontrolled or unstable hypertension
Clinically significant cardiovascular disease
Cardiac, renal, hepatic or pulmonary
dysfunction
Current or history of active malignant cancer
in the past 5 years
Hypersensitivity to capsaicin
Multiple chemical hypersensitivity
Ferrous metal implants
Metallic skull plates or implants
Implanted electronic devices
Claustrophobia
Cognitive impairment that interfered with
obtaining consent
Travel plans that would interfere with their
study participation
Taking centrally acting calcium or sodium
channel blockers
Taking dextromethorphan
Taking class 2 dopamine antagonists
Taking memantine
Taking class I or III antiarrhythmic compounds

Supplemental Table 2-1 Inclusion and exclusion criteria for eligibility for the clinical trial.
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Hypothesized Effect
Pain Intensity of Heat Allodynia

Factor
Treatment Effect

F-Stat
1.002

p-value
0.375

Pain Intensity of Heat Allodynia 1st 10 min
Pain Intensity of Heat Allodynia 2nd 10 min
Persistent Pain after Capsaicin Removal
Persistent Pain after Capsaicin Removal
Persistent Pain after Capsaicin Removal
Persistent Pain after Capsaicin Removal
Delta Scores
Area of Secondary Hyperalgesia
Area of Secondary Hyperalgesia
Area of Secondary Hyperalgesia
Area of Secondary Hyperalgesia Delta Scores
Pain Intensity Mechanical Hyperalgesia 64 mN
Pain Intensity Mechanical Hyperalgesia 64 mN
Pain Intensity Mechanical Hyperalgesia 64 mN
Pain Intensity Mechanical Hyperalgesia 64 mN
Pain Intensity Mechanical Hyperalgesia 128 mN
Pain Intensity Mechanical Hyperalgesia 128 mN
Pain Intensity Mechanical Hyperalgesia 128 mN
Pain Intensity Mechanical Hyperalgesia 256 mN
Pain Intensity Mechanical Hyperalgesia 256 mN
Pain Intensity Mechanical Hyperalgesia 256 mN
Pain Intensity Mechanical Hyperalgesia 512 mN
Pain Intensity Mechanical Hyperalgesia 512 mN
Pain Intensity Mechanical Hyperalgesia 512 mN
Pain Intensity Mechanical Hyperalgesia 64 mN
Delta Scores
Pain Intensity Mechanical Hyperalgesia 128 mN
Delta Scores
Pain Intensity Mechanical Hyperalgesia 256 mN
Delta Scores
Pain Intensity Mechanical Hyperalgesia 512 mN
Delta Scores

Treatment Effect
Treatment Effect
Treatment Effect
Time Effect
Treatment X Time Interaction
Treatment Effect

0.947
1.413
1.721
41.80
0.578
0.885

0.396
0.253
0.191
<0.001
0.797
0.420

Treatment Effect
Time Effect
Treatment X Time Interaction
Treatment Effect
Treatment Effect
Treatment Effect
Time Effect
Treatment X Time Interaction
Treatment Effect
Time Effect
Treatment X Time Interaction
Treatment Effect
Time Effect
Treatment X Time Interaction
Treatment Effect
Time Effect
Treatment X Time Interaction
Treatment Effect

0.694
7.351
2.630
4.072
0.341
0.341
4.123
0.490
0.445
3.167
0.726
0.207
3.067
0.538
0.484
0.975
0.890
0.017

0.510
0.001
0.045
0.032
0.712
0.712
0.007
0.816
0.641
0.025
0.629
0.813
0.029
0.779
0.619
0.412
0.506
0.983

Treatment Effect

2.721

0.077

Treatment Effect

1.326

0.272

Treatment Effect

1.654

0.207

Supplemental Table 2-2 Detailed treatment effects on measures of heat allodynia,
suprathreshold mechanical pain ratings, spontaneous pain after removal of C-HP model, area of
secondary hyperalgesia, and the change in area and change in suprathreshold mechanical pain.
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Pairwise comparisons of area of secondary hyperalgesia as a function of time
Comparison
t-stat
p-value
15 min vs. 25 min
2.999
0.006
15 min vs. 45 min
4.122
< 0.001
15 min vs. 65 min
4.015
0.001
25 min vs. 45 min
3.793
0.001
25 min vs. 65 min
3.782
0.001
45 min vs. 65 min
0.304
0.764

Supplemental Table 2-3 All pair-wise comparisons among measure of area of secondary
hyperalgesia among time-points after removal of capsaicin-heat pain model demonstrating effect
of time.

Pairwise comparisons of spontaneous pain ratings as a function of time
Comparison
t-stat
p-value
15 min vs. 25 min
3.848
0.001
15 min vs. 45 min
6.171
< 0.001
15 min vs. 65 min
5.916
< 0.001
25 min vs. 45 min
7.048
< 0.001
25 min vs. 65 min
5.455
< 0.001
45 min vs. 65 min
0.960
0.348

Supplemental Table 2-4 All pair-wise comparisons among spontaneous pain ratings among
time-points after removal of capsaicin-heat pain model demonstrating effect of time.
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Side Effect

Headache
Neck Pain
Scalp Pain
Scalp Burns
Tingling
Skin Redness
Sleepiness
Trouble
Concentrating
Mood Change

Subjects
Reporting
after Anodal
Stimulation
4
0
3
0
19
18
21
12

Subjects
Reporting
after Cathodal
Stimulation
2
1
3
0
18
20
21
6

Subjects
Reporting
after Sham
Stimulation
5
0
3
0
15
15
19
6

F-stat

p-value

1.018
ND
1.396
ND
2.012
2.153
2.648
2.286

0.374
ND
0.276
ND
0.146
0.127
0.091
0.113

1

0

0

ND

ND

Supplemental Table 2-5 Treatment effects on side effect ratings taken after anodal, cathodal or
sham tDCS. There were no significant treatment effects on outcome ratings of potential side
effects of M1 tDCS.
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Appendix III
Chapter 3: Anodal motor cortex transcranial direct current stimulation reverses effects of central
sensitization within the descending pain modulatory network and disrupts cerebral pain
processing
Supplemental Figures and Tables
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Supplemental Figure 3-1. Each subject underwent three MRI scanning sessions each of which followed the
identical timeline as denoted in this figure. The subjects were randomized to one of six orders of treatment including
anodal, cathodal and sham tDCS.
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Supplemental Figure 3-2. A) The cerebellar mask encompassed areas of the cerebellum which were within the
group functional mask created by the intersection of individual functional masks derived from 3dAutomask.
Generally, these voxels have minimal signal dropout and relatively high signal-to-noise ratio. B) The brainstem
mask encompassed the area from the dorsal periaqueductal gray to the caudal medulla which were included in the
group functional mask. This excluded voxels that included areas of the 3 rd and 4th ventricles. C) The subcortical gray
matter mask extended caudally from the hypothalamus and ventral thalamus dorsally to the body of the caudate.
This mask excluded voxels that included the lateral ventricles. D) The white matter mask encompassed cortical
white matter and excluded voxels in the subcortical gray matter and brainstem mask. E) The cortical gray matter
mask encompassed cortical voxels within the group functional mask and excluded voxels in the subcortical gray
matter mask, the cerebellum mask, and the white matter mask. It also excluded voxels including signal from the
lateral ventricles.

410

Supplemental Figure 3-3. A) For the ROI analysis, PAG ROIs were draw on an individual subject level on
anatomical images that were warped into common Talairach space. To illuminate the anatomical position of each
ROI we created an overlap map of all the individual PAG ROIs. The center of mass of overlap of these anatomical
masks was (0, 29, -8). B) The anatomical maps were then transformed into functional space. These functionally
transformed ROIs were used to extract the data for ROI analysis. The center of mass of the overlap of these
functionally transformed anatomical masks was (0, 29, -7).
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Supplemental Figure 3-4. BOLD responses evoked by pinprick stimuli after hyperalgesia induction with either 128
mN, 256 mN, and 512 mN force probes produced a mean response in core regions of the cingulo-opercular network.
The 512 mN probe evoked the most widespread activation of the probe forces and a negative BOLD response in
MPFC. A) Mean response map evoked by pinprick from the 128 mN force probe in sensitized skin revealed
widespread activation bilaterally in the cingulate, insula, parietal opercula and somatosensory cortex. B) Mean
response map evoked by pinprick from the 256 mN probe in sensitized skin revealed widespread activation
bilaterally in the insula, parietal opercula and somatosensory cortex. The 256 mN probe evoked negative BOLD
response in the MPFC. C) Mean response map evoked by pinprick from the 512 mN force probe in sensitized skin
revealed widespread activation bilaterally in the insula, parietal opercula and somatosensory cortex. All mean
response maps were filtered with a cluster extent corrected voxel-wise threshold of p ≤ 0.001. Coordinates are
according to the Talairach atlas.

412

Supplemental Figure 3-5. BOLD responses evoked by pinprick stimuli in control skin with either 128 mN, 256
mN, and 512 mN force probes produced mean response along the parietal opercula and insula bilaterally as well as
the left (contralateral) somatosensory cortex . The 512 mN probe evoked the most widespread activation of the
probe forces. A) Mean response map evoked by pinprick from the 128 mN force probe revealed activation
bilaterally in the insula and parietal opercula as well as the left somatosensory cortex. B) Mean response map
evoked by pinprick from the 256 mN probe revealed activation bilaterally in the insula and parietal opercula and left
somatosensory cortex. C) Mean response map evoked by pinprick from the 512 mN force probe in revealed
widespread activation bilaterally in the cingulate, insula, parietal opercula and somatosensory cortex. All mean
response maps were filtered with a cluster extent corrected voxel-wise threshold of ≤ 0.001. Coordinates are
according to the Talairach atlas.
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Supplemental Table 3-1A
Brain Region

Side in Reference
to Stimuli

Brodmann
Area

Volume

Maximum
Intensity

TLRC
Coordinates

13041

6.6

(-56, -17, 24)

Left Postcentral Gyrus

contralateral

BA3

Left Precentral Gyrus

contralateral

BA6

6.3

(-56, 5, 12)

Left Insula

contralateral

BA13

5.3

(-41, -14, 9)

contralateral

BA13

5.4

(-29, 26, 15)

contralateral

BA13

4.7

(-41, -2, 3)

ipsilateral

BA40

6.3

(59, -23, 30)

ipsilateral

BA40

6.3

(50, -32, 24)

Right Precentral Gyrus

ipsilateral

BA43

1863

6

(50, -5, 12)

Left Cingulate Gyrus

contralateral

BA31

1242

4.9

(-8, -8, 45)

Left Postcentral Gyrus

contralateral

BA7

1107

6.1

(-23, -47, 63)

Left Insula

contralateral

BA13

783

5.7

(-29, 20, 18)

Right Insula

ipsilateral

BA13

648

4.4

(41, -11, -4)

Left Superior Frontal Gyrus

contralateral

BA6

378

5.8

(-11, -17, 72)

Right Insula

ipsilateral

BA13

351

5.1

(32, -26, 15)

Left Thalamus (MD)

contralateral

108

4.4

(-11, -17, 6)

Right Inferior Parietal Lobule

414

6237

Supplemental Table 3-1B

Brain Region

Side in
Reference to
Stimuli

Brodmann
Area

Volume

Maximum
Intensity

TLRC
Coordinates

5184

Left Postcentral Gyrus

contralateral

BA3

6.2

(-56, -17, 24)

Left Insula

contralateral

BA13

5.3

(-41, -14, 9)

contralateral

BA13

5

(-41, -2, -1)

ipsilateral

BA40

6.5

(50, -32, 24)

ipsilateral

BA40

5.3

(59, -35, 24)

ipsilateral

BA40

5

(59, -23, 24)

Right Postcentral Gyrus

ipsilateral

BA5

4.4

(14, -44, 66)

Left Postcentral Gyrus

contralateral

BA7

2079

5.3

(-17, -47, 69)

Left Insula

contralateral

BA13

1863

6.1

(-35, -20, 21)

Left Postcentral Gyrus

contralateral

BA2

1863

6.5

(-59, -20, 30)

Left Insula

contralateral

BA13

5.8

(-47, -32, 21)

Left Precentral Gyrus

contralateral

BA6

5.9

(-56, 5, 12)

Right Inferior Frontal Gyrus

ipsilateral

BA44

4.6

(59, 5, 15)

Right Insula

ipsilateral

BA13

4.4

(47, -5, 12)

Right Precentral Gyrus

ipsilateral

BA44

Left Medial Frontal Gyrus

contralateral

BA10

Left Superior Frontal Gyrus

contralateral

Right Medial Frontal Gyrus

Right Inferior Parietal
Lobule

3753

1485

4.4

(47, 2, 9)

-5.5

(-2, 59, 12)

BA10

-4.6

(-5, 65, 21)

ipsilateral

BA10

-4.8

(5, 62, 15)

Left Medial Frontal Gyrus

contralateral

BA6

891

4.7

(-5, -26, 63)

Right Medial Frontal Gyrus

ipsilateral

BA6

675

4.5

(5, 2, 54)

Left Cingulate Gyrus

contralateral

BA32

621

4.6

(-5, 14, 39)

Right Medial Frontal Gyrus

ipsilateral

BA6

513

4.2

(5, -11, 72)

Left Cingulate Gyrus

contralateral

BA24

486

4.9

(-5, -8, 45)

Right Cingulate Gyrus

ipsilateral

BA32

4.5

(8, 8, 42)

Right Postcentral Gyrus

ipsilateral

BA5

459

4.6

(20, -44, 69)

Left Insula
Dorsal Pons (in area of
RVM)

contralateral

BA13

297

4.7

(-32, 23, 18)

108

4.5

(2, -35, -40)

415

972

Supplemental Table 3-1C

Brain Region

Side in
Reference to
Stimuli

Brodmann
Area

Volume

Maximum
Intensity

15903

TLRC
Coordinates

Left Precentral Gyrus

contralateral

BA6

7.5

(-59, 5, 12)

Left Postcentral Gyrus

contralateral

BA40

7.4

(-56, -26, 21)

contralateral

BA2

6.3

(-59, -20, 27)

contralateral

BA13

7.2

(-35, -20, 21)

contralateral

BA13

6.6

(-44, -5, 9)

contralateral

BA13

6

(-38, 2, -10)

contralateral

BA6

7.3

(-5, -20, 69)

contralateral

BA6

5.4

(-2, -8, 54)

ipsilateral

BA6

5.8

(2, 5, 51)

ipsilateral

BA6

5.2

(5, -5, 63)

Right Cingulate Gyrus

ipsilateral

BA32

Right Insula

ipsilateral

BA13

ipsilateral

Left Insula

Left Medial Frontal Gyrus
Right Superior Frontal
Gyrus

9099

4.8

(8, 20, 36)

7.5

(47, -32, 24)

BA13

5.7

(32, -26, 18)

ipsilateral

BA13

5.1

(35, -17, 15)

Right Postcentral Gyrus
Right Inferior Parietal
Lobule

ipsilateral

BA40

6.6

(53, -26, 21)

ipsilateral

BA40

Left Postcentral Gyrus

contralateral

BA7

Left Postcentral Gyrus

contralateral

BA5

Right Precentral Gyrus

ipsilateral

BA44

Right Insula

ipsilateral

BA13

4.6

(41, 2, 12)

Right Postcentral Gyrus

ipsilateral

BA7

1701

6.7

(17, -47, 66)

Left Insula

contralateral

BA13

1539

5.3

(-35, 23, 18)

Left Inferior Frontal Gyrus

contralateral

BA47

5

(-41, 26, 3)

Right Inferior Frontal Gyrus

ipsilateral

BA13

999

6.3

(38, 29, 9)

Left Thalamus (VPL)

contralateral

999

5.9

(-14, -17, 9)

Right Thalamus (MD)
Right Superior Frontal
Gyrus

ipsilateral

432

4.6

(5, -17, 12)

ipsilateral

BA10

378

-5

(2, 59, 12)

Right Precentral Gyrus

ipsilateral

BA6

378

4.4

(44, -5, 42)

Right Insula

Ipsilateral

BA13

297

4.3

(38, 14, 3)

Right Insula

Ipsilateral

BA13

297

4.5

(38, -17, 3)

Right Insula

Ipsilateral

BA13

270

4.4

(32, 23, 15)

Left Caudate

contralateral

162

-5.2

(-2, 5, 9)

416

6588

4185
2295

7

(50, -32, 24)

6.6

(-11, -47, 63)

6.6

(-23, -44, 63)

7.7

(53, 5, 9)

Supplemental Table 3-2A
Brain Region
Left Insula

Side in Reference
to Stimuli

Brodmann
Area

Volume

Maximum
Intensity

TLRC
Coordinates

Contralateral

BA13

3996

6.2

(-35, -20, 18)

5.7

(-41, -14, 12)

6.5

(50, -32, 24)

6

(38, -23, 21)

Contralateral

BA13

Right Inferior Parietal
Lobule

Ipsilateral

BA40

Right Insula

Ipsilateral

BA13

Left Postcentral Gyrus

Contralateral

BA7

1431

4.8

(-17, -50, 69)

Left Postcentral Gyrus

Contralateral

BA3

810

5.8

(-62, -17, 30)

Left Cuneus

Contralateral

BA30

783

5.2

(-20, -68, 9)

Left Thalamus (Pul)

Contralateral

675

6.4

(-14, -23, 9)

Left Insula

Contralateral

BA13

594

5.2

(-41, -2, 9)

Right Precentral Gyrus

Ipsilateral

BA6

459

4.5

(50, -2, 12)

Ipsilateral

BA6

4.4

(53, -2, 12)

Left Precentral Gyrus

Contralateral

BA6

432

4.9

(-56, 2, 12)

Right Thalamus (MD)
Right Superior Temporal
Gyrus

Ipsilateral

405

4.9

(8, -20, 9)

Ipsilateral

BA22

351

4.3

(53, -44, 12)

Left Medial Frontal Gyrus

Contralateral

BA6

270

5.1

(-8, -20, 72)

Right Thalamus (VL)

Ipsilateral

216

5.1

(14, -11, 9)

Left Insula

Contralateral

108

-3.7

(-26, 11, 15)

Left Thalamus

contralateral

108

-4.1

(-2, -11, 15)

BA13

417

3105

Supplemental Table 3-2B
Brain Region

Side in Reference
to Stimuli

Brodmann
Area

Volume

Maximum
Intensity

TLRC
Coordinates

2916

5.6

(-35, -23, 18)

Left Insula

contralateral

BA13

Left Postcentral Gyrus

contralateral

BA40

5.6

(-59, -29, 18)

Left Insula

contralateral

BA13

5.6

(-35, -23, 18)

Right Insula

ipsilateral

BA13

1917

6.1

(50, -32, 21)

Left Insula

contralateral

BA13

783

4.8

(-47, -11, 12)

Right Insula

ipsilateral

BA13

783

4.5

(41, -14, 15)

Left Precentral Gyrus
Right Superior Temporal
Gyrus

contralateral

BA6

621

5.5

(-56, 2, 12)

ipsilateral

BA22

567

4.9

(53, -44, 12)

Right Thalamus (MD)

ipsilateral

540

5.2

(8, -17, 12)

Right Precentral Gyrus

ipsilateral

Left Thalamus (VL)

contralateral

Right Insula
Left Middle Temporal
Gyrus

ipsilateral

BA6

486

5

(53, -2, 12)

405

4.7

(-14, -14, 9)

BA13

405

5.2

(35, -23, 21)

contralateral

BA39

324

4.6

(-44, -68, 12)

contralateral

BA39

4.5

(-41, -68, 15)

Left Postcentral Gyrus

contralateral

BA7

297

4.7

(-14, -44, 72)

Left Insula

contralateral

BA13

270

4.5

(-44, -32, 24)

418

Supplemental Table 3-2C
Brodmann
Area

Volume

Maximum
Intensity

TLRC
Coordinates

contralateral

BA6

10260

7.3

(-59, 5, 12)

contralateral

BA6

5.7

(-50, -5, 9)

contralateral

BA13

7.3

(-35, -20, 21)

contralateral

BA13

5.4

(-35, 26, 12)

contralateral

BA13

4.1

(-38, 2, -4)

Left Postcentral Gyrus

contralateral

BA40

6.1

(-59, -23, 21)

Right Insula
Right Superior Temporal
Gyrus
Right Inferior Parietal
Lobule
Right Inferior Parietal
Lobule

ipsilateral

BA13

6.8

(35, -23, 21)

ipsilateral

BA22

4.9

(62, -44, 21)

ipsilateral

BA40

6.7

(50, -32, 24)

ipsilateral

BA40

4.3

(59, -23, 30)

Right Posterior Cingulate

ipsilateral

BA30

5.8

(8, -62, 12)

ipsilateral

BA30

4.5

(17, -62, 9)

Left Cingulate Gyrus

contralateral

BA24

5.6

(-5, -2, 42)

Left Cingulate Gyrus

contralateral

BA32

4.9

(-2, 20, 36)

Left Medial Frontal Gyrus

contralateral

BA6

4.8

(-2, 2, 48)

Left Thalamus (MD)

contralateral

6.6

(-8, -20, 9)

Right Thalamus (MD)

ipsilateral

5.5

(11, -17, 9)

Left Postcentral Gyrus

contralateral

BA7

1215

5.2

(-11, -47, 69)

Left Medial Frontal Gyrus
Right Middle Temporal
Gyrus

contralateral

BA6

1107

6

(-8, -17, 72)

ipsilateral

BA37

918

5.3

(47, -59, 6)

Right Precentral Gyrus

ipsilateral

BA6

918

7.1

(53, -2, 12)

Left Insula

contralateral

BA13

864

5.9

(-35, 11, 9)

Left Lingual Gyrus

contralateral

BA18

864

4.8

(-11, -62, 6)

Right Insula

ipsilateral

BA13

486

4.8

(41, 17, 6)

Left Insula

contralateral

BA13

324

5.4

(-35, 26, 12)

Right Postcentral Gyrus

ipsilateral

BA7

270

3.9

(20, -47, 66)

Left Cerebellar Culmen

contralateral

216

-4.6

(-20, -44, -22)

Brain Region
Left Precentral Gyrus
Left Insula

Side in Reference
to Stimuli

5994

2754
1809

1701

Supplemental Table 3-3A
Brain Region

Side in Reference
to Stimuli

Brodmann
Area
BA40

Volume

Maximum
Intensity

TLRC
Coordinates

837

5.2

(-56, -44, 24)

Left Inferior Parietal Lobule

contralateral

Right Lateral Globus Pallidus

ipsilateral

162

3.7

(11, 5, -4)

Left Caudate

contralateral

135

3.8

(-2, 17, 3)

Left Lateral Globus Pallidus

contralateral

108

-4

(-23, -14, -7)

419

Supplemental Table 3-3B
Brain Region

Side in Reference
to Stimuli

Brodmann
Area

Volume

Maximum
Intensity

TLRC
Coordinates

Right Postcentral Gyrus

ipsilateral

BA43

594

6.3

(53, -11, 21)

Left Paracentral Lobule

contralateral

BA6

189

5.4

(-5, -29, 57)

Left Cerebellar Pyramis

contralateral

108

-5.7

(-5, -83, -25)

Right Thalamus (Pul)

ipsilateral

108

-6.1

(8, -29, 12)

Right Superior Frontal Gyrus

ipsilateral

108

5.9

(8, 62, 39)

BA9

420

Appendix IV
Chapter 4: Prolonged tonic pain in healthy humans disrupts intrinsic brain networks implicated
in pain modulation
Supplemental Figures

421

Supplemental Figure 4-1. A) Cerebellar, B) brainstem, C) subcortical gray matter and E) cortical gray matter
analysis masks overlaid on the average structural anatomy. D) Eroded white matter nuisance regressor mask.

422

Supplemental Figure 4-2. Probabilistic average map of individually drawn anatomical periaqueductal gray seeds
for all subjects.

423

Supplemental Figure 4-3. A) Four sequential heat pain thresholds (HPTs) measured on normal skin. B) Four
sequential HPTs measured on skin sensitized by the C-HP model 25 minutes, C) 50 minutes, and D) 75 minutes
earlier. E) Four sequential HPTs measured on skin 1 week after exposure to the C-HP model. * p < 0.05; ** p <
0.01; *** p < 0.001.

424

Supplemental Figure 4-4A Brain-wide mean FC derived from the bilateral dACC seed during the control state
thresholded at a CEC p-value of 10-6.

425

Supplemental Figure 4-4B Brain-wide mean FC derived from the bilateral dACC seed during the pain state
thresholded at a CEC p-value of 10-6.

426

Supplemental Figure 4-5A Brain-wide mean FC derived from the bilateral pgACC seed during the control state
thresholded at a CEC p-value of 10-6.

427

Supplemental Figure 4-5B Brain-wide mean FC derived from the bilateral pgACC seed during the pain state
thresholded at a CEC p-value of 10-6.

428

Supplemental Figure 4-6A Brain-wide mean FC derived from the bilateral MPFC seed during the control state
thresholded at a CEC p-value of 10-6.

429

Supplemental Figure 4-6B Brain-wide mean FC derived from the bilateral MPFC seed during the pain state
thresholded at a CEC p-value of 10-6.

430

Supplemental Figure 4-7A Brain-wide mean FC derived from the left motor cortex seed during the control state
thresholded at a CEC p-value of 10-6.

431

Supplemental Figure 4-7B Brain-wide mean FC derived from the left motor cortex seed during the pain state
thresholded at a CEC p-value of 10-6.

432

Appendix V
Chapter 5: M1-targeted anodal tDCS leads to disruption of functional connectivity within
specific regions of the descending pain modulatory network during prolonged tonic pain
Supplemental Figures and Tables

433

Supplemental Figure 5-1. A) Cerebellar, B) brainstem, C) subcortical gray matter and E) cortical gray matter
analysis masks overlaid on the average structural anatomy. D) Eroded white matter nuisance regressor mask.

434

Supplemental Figure 5-2. Probabilistic average map of individually drawn anatomical periaqueductal gray seeds
for all subjects.

435

Supplemental Figure 5-3. Brain-wide mean FC derived from the bilateral dACC seed averaged across anodal,
cathodal, and sham treatment sessions during the pre-treatment control state. Maps are thresholded at a CEC p-value
of 10-6.

436

Supplemental Figure 5-4. Brain-wide mean FC derived from the bilateral pgACC seed averaged across anodal,
cathodal, and sham treatment sessions during the pre-treatment control state. Maps are thresholded at a CEC p-value
of 10-6.

437

Supplemental Figure 5-5. Brain-wide mean FC derived from the bilateral MPFC seed averaged across anodal,
cathodal, and sham treatment sessions during the pre-treatment control state. Maps are thresholded at a CEC p-value
of 10-6.

438

Supplemental Figure 5-6. Brain-wide mean FC derived from the left motor cortex seed averaged across anodal,
cathodal, and sham treatment sessions during the pre-treatment control state. Maps are thresholded at a CEC p-value
of 10-6.

439

Supplemental Table 5-1
Cluster volume for the appropriate
Cluster Extent Criteria for each p-value
level shown
Anatomical Mask
Cortical

p-value
0.005
0.001
10-6
0.005
0.001
10-6
0.005
0.001
10-6
0.005
0.001
10-6

Cerebellar

Subcortical Gray Matter

Brainstem

440

Volume (mm3)
683
294
54
386
167
54
329
143
54
203
86
54

Supplemental Table 5-2
Study 2 Psychophysics Session Order
Effects
Measure
Warmth Detection Threshold
Warmth Detection Threshold
Heat Pain Threshold
Heat Pain Threshold
Measurement Details
Measure
LMM (CS) Data
Screening Session WDT
Treatment Session 1 WDT
Treatment Session 2 WDT
Treatment Session 3 WDT
Screening Session HPT
Treatment Session 1 HPT
Treatment Session 2 HPT
Treatment Session 3 HPT
RM-ANOVA Data
Screening Session WDT
Treatment Session 1 WDT
Treatment Session 2 WDT
Treatment Session 3 WDT
Screening Session HPT
Treatment Session 1 HPT
Treatment Session 2 HPT
Treatment Session 3 HPT

Test
LMM (CS)
RM-ANOVA
LMM (CS)
RM-ANOVA

Overall F
0.79
2.5
0.22
0.68

p value
0.50
0.09
0.88
0.52

Mean (°C)

Standard Deviation

37.2
38.0
37.9
37.9
43.3
43.1
42.9
42.8

2.5
2.5
2.6
2.8
2.5
2.4
2.5
3.2

36.8
38.0
38.1
37.9
43.4
43.2
43.2
42.8

2.5
2.6
2.7
2.8
2.7
2.4
2.3
3.2

441

Supplemental Table 5-3
Omnibus test for session order effect on warmth detection
thresholds across all seven sessions.
Measure
Warmth Detection Threshold

Test
Linear Mixed Model

Overall F
2.25

p value
0.04

Measurement Detail from LMM
Mean (°C)

Standard
Deviation

n

1. Screening WDT

37.2

2.5

42

2. Treatment session 1

38.0

2.5

30

3. Treatment session 2

37.9

2.6

28

4. Treatment session 3

37.9

2.8

24

5. fMRI session 1

39.0

3.5

16

6. fMRI session 2

39.0

3.6

15

7. fMRI session 3

39.9

3.7

15

Lab sessions (1-4)

37.7

2.6

124

fMRI sessions (5-7)

39.3

3.6

46

F stat

p value

9.7
p value
(least significant
0.23 difference)

0.002

Measure

Lab sessions versus fMRI sessions
Pairwise Comparisons
1 versus 2
1 versus 3
1 versus 4
1 versus 5
1 versus 6
1 versus 7
2 versus 3
2 versus 4
2 versus 5
2 versus 6
2 versus 7
3 versus 4
3 versus 5
3 versus 6
3 versus 7
4 versus 5
4 versus 6
4 versus 7
5 versus 6
5 versus 7
6 versus 7

0.33
0.34
0.035
0.038
0.002
0.84
0.86
0.28
0.29
0.039
0.99
0.22
0.22
0.028
0.24
0.24
0.033
0.99
0.37
0.38

442

p value
(holm-sidak)
1.00
1.00
1.00
0.53
0.56
0.04
1.00
1.00
1.00
1.00
0.56
1.00
0.99
1.00
0.44
1.00
1.00
0.44
1.00
1.00
1.00

Supplemental Table 5-4
Omnibus test for session order effect on warmth detection
thresholds across all seven sessions in subjects who
completed all sessions.
Measure

Test

Overall F

p value

Repeated Measures ANOVA

3.53

0.02

Mean (°C)

Standard
Deviation

n

1. Screening WDT

36.9

2.5

15

2. Treatment session 1

38.0

3.0

15

3. Treatment session 2

37.9

2.7

15

4. Treatment session 3

37.7

3.0

15

5. fMRI session 1

39.1

3.6

15

6. fMRI session 2

39.0

3.6

15

7. fMRI session 3

39.9
p value
(least significant difference)

3.7

Warmth Detection Threshold
Measurement Detail from LMM
Measure

Pairwise Comparisons

15
p value
(holm-sidak)

1 versus 2

0.07

0.76

1 versus 3

0.20

0.99

1 versus 4

0.30

1.00

1 versus 5

0.04

0.55

1 versus 6

0.03

0.49

1 versus 7

0.01

0.19

2 versus 3

0.87

1.00

2 versus 4

0.48

1.00

2 versus 5

0.15

0.96

2 versus 6

0.35

1.00

2 versus 7

0.04

0.61

3 versus 4

0.37

1.00

3 versus 5

0.14

0.96

3 versus 6

0.24

1.00

3 versus 7

0.008

0.16

4 versus 5

0.085

0.85

4 versus 6

0.12

0.93

4 versus 7

0.005

0.09

5 versus 6

0.95

1.00

5 versus 7

0.34

1.00

6 versus 7

0.14

0.96

443

Supplemental Table 5-5
Omnibus test for session order effect on heat pain
thresholds across all seven sessions.
Measure
Heat Pain Threshold

Test
Linear Mixed Model

Overall F

p value

3.11

0.007

Measurement Detail from LMM
Mean (°C)

Standard
Deviation

N

1. Screening HPT

43.3

2.5

42

2. Treatment session 1

43.1

2.5

30

3. Treatment session 2

42.9

2.5

28

4. Treatment session 3

42.8

3.2

24

5. fMRI session 1

45.2

3.0

16

6. fMRI session 2

45.0

2.4

15

7. fMRI session 3

44.8

2.8

15

Lab sessions (1-4)

43.0

2.6

124 (measures)

fMRI sessions (5-7)

45.0

2.7

46 (measures)

F stat

p value

18.23
p value
(least significant difference)

< 0.001

Measure

Lab sessions versus fMRI sessions
Pairwise Comparisons

p value
(holm-sidak)

1 versus 2

0.79

1.00

1 versus 3

0.58

1.00

1 versus 4

0.46

1.00

1 versus 5

0.014

0.26

1 versus 6

0.036

0.54

1 versus 7

0.060

0.73

2 versus 3

0.79

1.00

2 versus 4

0.65

1.00

2 versus 5

0.011

0.21

2 versus 6

0.029

0.46

2 versus 7

0.047

0.64

3 versus 4

0.85

1.00

3 versus 5

0.006

0.13

3 versus 6

0.017

0.31

3 versus 7

0.029

0.46

4 versus 5

0.005

0.10

4 versus 6

0.013

0.24

4 versus 7

0.022

0.38

5 versus 6

0.79

1.00

5 versus 7

0.66

1.00

6 versus 7

0.86

1.00
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Supplemental Table 5-6
Omnibus test for session order effect on heat pain
thresholds across all seven sessions in subjects who
completed all sessions.
Measure

Test

Overall F

p value

Repeated Measures ANOVA

7.05

< 0.001

Mean (°C)

Standard
Deviation

n

1. Screening WDT

43.4

2.5

15

2. Treatment session 1

43.2

2.3

15

3. Treatment session 2

42.9

2.5

15

4. Treatment session 3

42.5

3.2

15

5. fMRI session 1

45.0

3.0

15

6. fMRI session 2

45.0

2.4

15

7. fMRI session 3

44.8
p value
(least significant difference)

2.8

Heat Pain Threshold
Measurement Detail from LMM
Measure

Pairwise Comparisons

15
p value
(holm-sidak)

1 versus 2

0.78

1.00

1 versus 3

0.48

1.00

1 versus 4

0.31

1.00

1 versus 5

0.04

0.56

1 versus 6

0.04

0.57

1 versus 7

0.09

0.87

2 versus 3

0.38

1.00

2 versus 4

0.12

0.93

2 versus 5

0.003

0.07

2 versus 6

0.008

0.16

2 versus 7

0.023

0.39

3 versus 4

0.42

1.00

3 versus 5

0.001

0.016

3 versus 6

0.006

0.113

3 versus 7

0.002

0.043

4 versus 5

< 0.001

0.001

4 versus 6

0.001

0.013

4 versus 7

< 0.001

0.006

5 versus 6

0.98

1.00

5 versus 7

0.56

1.00

6 versus 7

0.65

1.00
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Supplemental Table 5-7
Pain Intensity of Thermal Allodynia during
fMRI-tDCS Sessions in Study 2 (n = 15)

Time

0, 30, 60, 90, 120 seconds

1.12

p value
(G-G corrected)
0.35

Treatment

Anodal, Cathodal, Sham tDCS

1.66

0.21

0.69

0.58

Effect

Levels

Time by Treatment Interaction

F-stat

Measurement Details
Mean Pain Intensity

Standard Deviation

0 seconds

Time Level

30.0

14.9

30 seconds

31.9

14.1

60 seconds

30.9

14.4

90 seconds

29.9

14.2

120 seconds

30.0

13.6

Mean Pain Intensity

Standard Deviation

Anodal tDCS

34.9

17.7

Cathodal tDCS

28.8

15.5

Sham tDCS

28.0

16.9

Treatment Level
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Supplemental Table 5-8
Treatment effects on seed-to-seed
functional connectivity
Edge
Left primary motor cortex (M1)
to bilateral dorsal ACC
Left M1 to bilateral perigenual
ACC
Left M1 to periaqueductal gray
(PAG)
Bilateral dACC to PAG
Bilateral pgACC to PAG
Bilateral dACC to bilateral
pgACC

State
Pain
Pain
Pain
Pain
Pain
Pain

Covariance Structure
Heterogeneous Compound
Symmetry
Heterogeneous Compound
Symmetry
Heterogeneous Compound
Symmetry
Heterogeneous Compound
Symmetry
Heterogeneous Compound
Symmetry
Heterogeneous Compound
Symmetry

F-stat

p value

0.402

0.675

0.391

0.682

2.516

0.111

2.092

0.154

1.480

0.255

1.912

0.176

Left M1 to bilateral dACC

Pain

Unstructured

0.236

0.793

Left M1 to bilateral pgACC

Pain

Unstructured

0.677

0.524

Left M1 to PAG

Pain

Unstructured

1.613

0.234

Bilateral dACC to PAG

Pain

Unstructured

1.381

0.284

Bilateral pgACC to PAG
Bilateral dACC to bilateral
pgACC

Pain

Unstructured

1.095

0.361

Pain

Unstructured

2.388

0.128

Left M1 to bilateral dACC

Pain-Control

Compound Symmetry

0.079

0.924

Left M1 to bilateral pgACC

Pain-Control

Compound Symmetry

0.627

0.542

Left M1 to PAG*

Pain-Control

Compound Symmetry

4.578

0.019

Bilateral dACC to PAG

Pain-Control

Compound Symmetry

0.128

0.880

Bilateral pgACC to PAG
Bilateral dACC to bilateral
pgACC

Pain-Control

Compound Symmetry

0.231

0.795

Pain-Control

Compound Symmetry

1.217

0.311

* = significant at p < 0.05.
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Supplemental Table 5-9
Pain Intensity Covariation with BOLD
Seed

Treatment

Global Minimum
FDR q value

Left Dorsal Anterior Cingulate Cortex

Anode

0.761

Left Dorsal Anterior Cingulate Cortex

Cathode

0.845

Left Dorsal Anterior Cingulate Cortex

Sham

0.999

Right Dorsal Anterior Cingulate Cortex

Anode

0.617

Right Dorsal Anterior Cingulate Cortex

Cathode

0.063

Right Dorsal Anterior Cingulate Cortex

Sham

0.992

Bilateral Dorsal Anterior Cingulate Cortex

Anode

0.682

Bilateral Dorsal Anterior Cingulate Cortex

Cathode

0.045

Bilateral Dorsal Anterior Cingulate Cortex

Sham

0.999

Left Perigenual Anterior Cingulate Cortex

Anode

0.113

Left Perigenual Anterior Cingulate Cortex

Cathode

0.202

Left Perigenual Anterior Cingulate Cortex

Sham

0.912

Right Perigenual Anterior Cingulate Cortex

Anode

0.937

Right Perigenual Anterior Cingulate Cortex

Cathode

0.059

Right Perigenual Anterior Cingulate Cortex

Sham

0.998

Bilateral Perigenual Anterior Cingulate Cortex

Anode

0.998

Bilateral Perigenual Anterior Cingulate Cortex

Cathode

0.081

Bilateral Perigenual Anterior Cingulate Cortex

Sham

0.941

Left Medial Prefrontal Cortex

Anode

0.219

Left Medial Prefrontal Cortex

Cathode

0.803

Left Medial Prefrontal Cortex

Sham

0.999

Right Medial Prefrontal Cortex

Anode

0.999

Right Medial Prefrontal Cortex

Cathode

0.996

Right Medial Prefrontal Cortex

Sham

0.999

Bilateral Medial Prefrontal Cortex

Anode

0.104

Bilateral Medial Prefrontal Cortex

Cathode

0.856

Bilateral Medial Prefrontal Cortex

Sham

0.999

Periaqueductal Gray

Anode

0.873

Periaqueductal Gray

Cathode

0.304

Periaqueductal Gray

Sham

0.873

Left Motor Cortex

Anode

0.958

Left Motor Cortex

Cathode

0.587

Left Motor Cortex

Sham

0.325
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