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Abstract: A meta-analysis of 140 neuroimaging studies was performed using the activation-likelihood-esti-
mate (ALE) method to explore the location and extent of activation in the brain in response to noxious stim-
uli in healthy volunteers. The first analysis involved the creation of a likelihood map illustrating brain
activation common across studies using noxious stimuli. The left thalamus, right anterior cingulate cortex
(ACCQ), bilateral anterior insulae, and left dorsal posterior insula had the highest likelihood of being acti-
vated. The second analysis contrasted noxious cold with noxious heat stimulation and revealed higher like-
lihood of activation to noxious cold in the subgenual ACC and the amygdala. The third analysis assessed
the implications of using either a warm stimulus or a resting baseline as the control condition to reveal acti-
vation attributed to noxious heat. Comparing noxious heat to warm stimulation led to peak ALE values
that were restricted to cortical regions with known nociceptive input. The fourth analysis tested for a hemi-
spheric dominance in pain processing and showed the importance of the right hemisphere, with the strong-
est ALE peaks and clusters found in the right insula and ACC. The fifth analysis compared noxious muscle
with cutaneous stimuli and the former type was more likely to evoke activation in the posterior and ante-
rior cingulate cortices, precuneus, dorsolateral prefrontal cortex, and cerebellum. In general, results indicate
that some brain regions such as the thalamus, insula and ACC have a significant likelihood of activation
regardless of the type of noxious stimuli, while other brain regions show a stimulus-specific likelihood of

being activated. Hum Brain Mapp 34:109-149, 2013.
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INTRODUCTION

Advances in brain imaging techniques, including func-
tional magnetic resonance imaging (fMRI) and positron
emission tomography (PET), have permitted a detailed
view of nociceptive processing in the human brain.

Reviews of neuroimaging studies examining “pain-
evoked” activation in the brain have reported an extensive
network of cortical regions involved in nociceptive proc-
essing, including the primary (SI) and secondary (SII)
somatosensory cortices, the anterior cingulate cortex
(ACQ), the insula, the prefrontal cortex, and the thalamus
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[Apkarian et al., 2005; Iadarola and Coghill, 1999; Peyron
et al., 1999]. While these reviews have been important for
collating information, they only report common regions of
“pain-evoked” activation. For example, Apkarian et al.
[2005] in their review of the pain neuroimaging literature
reported that the most commonly activated region in
response to noxious stimuli was the anterior insular cortex.
While this information is useful in the general sense, such
qualitative approaches do not permit a quantitative appreci-
ation of the probabilistic spatial extent of “pain-related”
activation nor do they allow a more detailed assessment of
the relative influence of experimental variables on the likeli-
hood of observing this activation within the broad network
of regions implicated in pain processing. Recent advances
in meta-analytic methods of assessing brain activation allow
some of these limitations to be addressed. Meta-analysis is a
statistical technique whereby data are collected, analyzed,
and compared from multiple independent studies to exam-
ine a particular research question. This approach is espe-
cially relevant to the study of the cortical and subcortical
responses to noxious stimuli. By its nature, pain is a multidi-
mensional sensory experience that leads to numerous candi-
date areas of brain activation; meta-analysis can be a tool to
help decipher the functionality of these varied regions of
activation. The quantitative approach of this method yields
a brain volume in which the probability of observing activa-
tion in response to noxious stimuli is computed at each
voxel based on a large number of neuroimaging studies.
This review applies meta-analytic techniques to examine
journal articles published between 1991 and 2011, which
report peak activation coordinates in response to noxious
stimuli (Study 1). Additionally, as pain can be evoked by
different types of peripheral stimuli (e.g.,, heat, cold,
impact, and capsaicin injection) and under different exper-
imental conditions, the large number of studies included
in this review facilitated the exploration of three additional
fundamental questions related to the study of brain activa-
tion in response to noxious stimuli. The second analysis,
presented in Study 2, addresses the specificity of activation
across different stimulus modalities by comparing activa-
tion sites associated with noxious cold stimulation with
those evoked by noxious heat. The third analysis (Study 3)
examines the influence of one particular aspect of experi-
mental design (the use of a resting baseline or an innocu-
ous warm stimulus condition) on the apparent activation
evoked by noxious heat stimuli. The fourth analysis (Study
4) tests for possible evidence of hemispheric dominance
for activation in response to noxious stimuli. Finally, the
fifth analysis (Study 5) compared activation in response to
noxious muscle stimuli with noxious cutaneous stimuli.

Study I: Brain Activation in Response to All
Noxious Stimuli

To provide improved information on the localization
and spatial extent of pain-related activation in the brain,

the first meta-analysis explores brain activation in
response to all forms of noxious stimuli applied to the
skin, muscle or viscera.

Study 2: Differential Brain Activation in
Response to Noxious Cold and Heat Stimuli

The second section of this review examines differences in
brain regions that process experimental noxious cold stimuli
in comparison to those that process noxious heat stimuli.
Three previous studies have suggested that cold pain evokes
a similar pattern of brain activation as that seen in response
to heat pain [Casey et al., 1996; Craig et al., 1996; Tracey et al.,
2000]; however, cold pain is typically induced using the cold-
pressor task, which is considered a significant autonomic
stressor with a high degree of unpleasantness. Kwan et al.
reported large inter-individual differences in brain activation
evoked by cold-pain stimulation [Kwan et al., 2000], which
could be explained by the potential cultural and situational
influences on pain affect. However, it is difficult to draw con-
clusions based on the results of these previous studies as
they used relatively small numbers of subjects (N = 6 — 13)
and did not perform any direct subtractions on the data to
determine which brain areas were preferentially associated
with processing noxious cold or noxious heat stimuli.

Study 3: Control Conditions for Noxious Heat

During pain-imaging experiments, noxious heat stimuli
are commonly generated using contact thermodes. The
probe is placed on the skin and kept at a baseline tempera-
ture (30-32°C) between stimulus presentations. During the
stimulation period, the temperature is increased to reach a
level that is rated as painful by the subject. The gradual rise
in temperature will inherently activate fibers that transmit
warmth information [Raja et al., 1999] and may trigger ori-
enting responses towards the stimulus. Therefore, when
using a resting baseline as a control condition for noxious
heat stimuli, the resulting statistical maps may reflect a con-
tamination of the “pain-related” brain activation with that
associated with the warming of the skin and orienting
responses that preceded the perception of pain.

Only a few imaging studies have specifically examined
brain activation in response to warmth. Two of these stud-
ies reported that warm stimuli activate brain areas similar
to those that process pain, with somewhat less robust acti-
vation [Becerra et al., 1999; Craig et al., 1996]; however,
one group reported both similar regions and similar acti-
vation levels in the brain in response to noxious heat and
innocuous warm stimuli [Moulton et al., 2005]. If innocu-
ous warm- and noxious heat-responsive cortical neurons
are distinct and coexist within spatially defined regions of
the brain, then warm stimuli may be an inappropriate con-
trol for a noxious-heat condition, since a statistical compar-
ison between the two may result in an underestimation of
activation associated with noxious stimuli.
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However, another potential confound may result if
warm stimuli evoke activation in brain regions that do not
process pain. For example, Sung et al. [2007] reported acti-
vation in several regions outside of the commonly
described “pain matrix” (as well as in regions frequently
associated with pain perception) evoked by warm stimuli
that were perceived as pleasant and comfortable. Although
Sung et al. [2007] did not present a noxious heat condition,
their results underscore the potential problems that would
arise in a statistical comparison for “pain-evoked” responses
across regions that are more activated during a warm “con-
trol” condition (i.e., apparent inhibition by noxious heat,
which may or may not be an appropriate interpretation).
Furthermore, as indicated by the perceptual ratings of the
warm stimuli used by Sung et al. [2007], statistical contrasts
between innocuous and noxious heat stimuli may not be
appropriate, as the perception of warmth is not merely a
lower intensity of thermal pain or unpleasantness, but may
be considered a separate sensory modality with distinctly
different (positive) affective qualities. In turn, this may
render the subsequent subtractions difficult to interpret.

To date, no study has compared the effects of using ei-
ther a resting baseline or innocuous warm stimuli on the
apparent activation in the brain in response to noxious
heat stimuli. We examined the advantages and disadvan-
tages of the two subtraction strategies by performing a
meta-analysis on a similar number of studies that used
one or the other contrast.

Study 4: Hemispheric Dominance for Activation
in Response to Noxious Stimuli

It is generally believed that somatosensory stimuli are
processed primarily or preferentially by the hemisphere
that is contralateral to the point of stimulation. However,
evidence from clinical studies in patients with brain lesions
and from brain imaging studies of normal pain processing
has called this theory into question.

Results suggesting the possibility of a bilateral pain-process-
ing network come from psychophysical data obtained from
patients. For example, hemispherectomized patients can per-
ceive painful stimuli that are either contralateral or ipsilateral
to their only functioning hemisphere, albeit with poor localiza-
tion [Olausson et al., 2001]. Additionally, recent evidence from
an fMRI study with callosotomized patients demonstrated
that ipsilateral brain regions responsible for processing pain
(SI, SII, insula, and cingulate cortex) could be activated in
response to noxious heat stimuli [Duquette et al., 2008].

Neuroimaging studies examining the BOLD nociceptive
signal associated with stimuli applied exclusively to one
side of the body have often reported bilateral activation in
a number of brain regions involved in sensory-discrimina-
tive and affective-motivational pain processing. Common
regions of bilateral activation include ACC, prefrontal cor-
tex, SII, insula, thalamus, inferior parietal lobule [for exam-
ple see Bingel et al, 2004b, 2007ab; Boly et al., 2007;
Bornhovd et al.,, 2002; Buchel et al., 2002], and in some
instances, SI [for example see Bingel et al., 2004b; Cole

et al., 2008; Staud et al., 2007; Straube et al., 2008]. A previ-
ous activation-likelihood-estimate (ALE) meta-analysis
examined concordant brain activation sites evoked by nox-
ious stimuli from 22 original studies that applied stimuli to
the upper arms [Farrell et al., 2005]. These authors reported
that the likelihood of activation was generally bilateral,
except in left prefrontal cortex and right SI. However, the
finding of a significant likelihood of activation in right SI,
instead of in bilateral SI (as would be predicted given that
the stimuli were applied to both sides of the body) was
likely due to the inclusion of a greater number of foci from
studies that had presented stimuli to the left arms (Left: 249
vs. Right: 140). For this reason, it is difficult to draw conclu-
sions about lateralization of nociceptive processing from
this previous meta-analysis, as they did not perform their
comparisons on a similar number of activation sites.

Additional evidence that is inconsistent with a strictly
ontralateral processing of nociceptive information comes
from psychophysical studies on healthy subjects suggest-
ing a possible right-hemisphere dominance for pain proc-
essing. For example, individuals exhibit lower pain
thresholds and rate pain as more intense when noxious
stimuli are applied to the left side of the body (processed
by the contralateral right hemisphere) [Haslam, 1970; Jen-
sen et al., 1992; Lugo et al., 2002; Pauli et al., 1999b; Sarlani
et al., 2003]. In a study of chronic pain patients, Hsieh
et al. [1995] found activation lateralized to the right ACC
regardless of the limb in which pain was experienced.
However, other regions, such as the anterior insula, poste-
rior parietal, lateral inferior prefrontal, and posterior cin-
gulate cortices, were activated bilaterally.

Two imaging studies, which specifically tested for hemi-
spheric differences in pain processing in healthy subjects,
have provided additional evidence that some brain regions
in the right hemisphere preferentially process pain. Coghill
et al. [2001] reported right-lateralized activation in thala-
mus, inferior parietal lobule, dorsolateral, and dorsal pre-
frontal cortex in response to noxious and innocuous heat
stimuli applied to either forearm. More recently, Symonds
et al. [2006] described an fMRI study in which noxious
electrical stimuli applied to the right and left fingertips
evoked a predominant right hemispheric activation of the
ACC (BA 32), the middle frontal gyrus (BA 9/46/10), the
medial and superior frontal gyri (BA 6/8), ventrolateral
prefrontal cortex, and the inferior parietal lobule. Both
studies, however, used relatively small samples (N = 9),
making generalizability of results rather uncertain.

To better distinguish brain regions that may participate
in a lateralized dominance of pain processing, we con-
ducted a meta-analysis on a similar number of imaging
studies that applied noxious stimuli to the left or to the
right side of the body.

Study 5: Neural Processing of Noxious Muscle
and Cutaneous Stimuli

The majority of functional neuroimaging studies have
primarily focused on exploring the cerebral mechanisms
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that process cutaneous pain; however, the majority of
chronic pain syndromes originate in muscles (i.e., myositi-
des, fibromyalgia, muscle ischemia, and some forms of
low back pain), joints (i.e., rheumatoid arthritis), and vis-
cera (i.e., irritable bowel syndrome). Moreover, the sensa-
tions associated with even a minor deep tissue injury can
result in prolonged allodynia near and adjacent to the site,
while a minor skin injury can cause a more spatially local-
ized sensation. Psychophysical studies have documented
that painful sensations due to muscle or skin damage are
perceived differently. Muscle injury is referred to as dif-
fuse, aching, or cramping, and is often poorly localized as
the sensation of muscle pain can be referred to distant
sites [Arendt-Nielsen and Svensson, 2001; Graven-Nielsen
and Mense, 2001; Graven-Nielsen et al., 1997, Mense,
1993]. Conversely, noxious cutaneous stimuli are described
as sharp, burning and localized [Mense, 1993]. Due to the
prolonged and radiating pain associated with muscle dam-
age, it has been suggested that these types of pain are
mediated by central mechanisms [Wall and Woolf, 1984].
Therefore, potentially different cerebral mechanisms are
responsible for the processing of noxious muscle and cuta-
neous stimuli that could account for these perceptual dif-
ferences. Thus, we assessed with a fifth meta-analysis
whether noxious muscle stimuli evoked activation in spe-
cific or overlapping brain structures that also process nox-
ious cutaneous stimuli.

METHODS
Article Selection

The Study 1 database (all noxious stimuli) was created
from a compilation of journal articles retrieved from sev-
eral sources and using noxious stimuli applied to the skin,
muscle, or viscera. Articles reporting brain activation coor-
dinates in response to noxious stimuli were retrieved ini-
tially using reference lists from the more recent reviews of
“pain-evoked” activation brain imaging studies [Apkarian
et al, 2005; Farrell et al., 2005]. A subsequent Medline
search was initiated using the keywords: pain, noxious,
PET, fMRI, experimental, and healthy. Articles were also
retrieved from the references in the original research
articles collected. The database variables included (1)
Author names; (2) Year of publication; (3) Size of the
Gaussian smoothing filter; (4) Number of subjects; (5)
Stimulus modality (laser, electrical, impact, etc.); (6) Sys-
tem targeted by noxious stimuli (cutaneous, muscle, vis-
ceral, etc.); (7) Side of the body; (8) Body part; (9) Type of
standardized space; (10) Brain activation coordinates.

We initially conducted a search of the neuroimaging lit-
erature published between 1980 and 2011 to retrieve
articles that used noxious stimuli. Articles selected for
inclusion in the database satisfied the following criteria:
(a) data were acquired in healthy subjects; (b) the activa-
tion sites were the result of a contrast that compared a
noxious stimulus condition to a resting baseline, or to a

control condition, or to a noxious stimulus condition that
was rated by participants as less painful, or to a no-stimu-
lus condition conducted in a control group of participants.
Likewise, articles were included in which the activation
sites were determined by correlating brain activity with
participants” perceptual levels of pain intensity or unpleas-
antness. Excluded from the analysis were studies that
reported coordinates that combined painful and nonpain-
ful stimuli.

In total 140 studies were included in the Study 1 analy-
sis, 8 of which were based on further analysis of data from
previous publications, leading to a total of 132 original
articles (Table I). The majority of studies (104) used cutane-
ously administered stimuli (contact thermodes, laser, impact,
pressure, electric shock, pinprick, topical capsaicin, or inci-
sion). However, some of these studies used more than one
type of noxious stimulus within the same experimental pro-
tocol. Eleven studies used painful visceral stimuli (esopha-
geal, rectal, stomach, and vascular distension), while four
used intracutaneous stimuli (ethanol injection, capsaicin
injection, electric shock, or infusion of a phosphate buffer),
seven used transcutaneous stimuli (electric shock), seven
used subcutaneous injections (ascorbic acid, capsaicin, and
hypertonic saline), seven were intramuscular (electric shock,
hypertonic saline injection, and infusion of a phosphate
buffer), three were muscular, four were intracutaneous, one
used intranasal gaseous CO,, and one applied noxious stim-
uli to the tooth pulp. In most instances, stimuli were applied
to the upper limbs (104 studies). Of the remaining studies, 22
used noxious stimuli applied to the lower limbs, 11 to the
face, 3 to the trunk, and 10 were applied internally.

Study 2 consists of two meta-analyses conducted on
reports selected from the database described in Study 1.
The first meta-analysis was performed on 112 coordinates
obtained from 9 studies that applied noxious cold stimuli
to the upper limbs (Table II). The stimulus conditions
included water baths, contact thermodes, and ice packs.
For purposes of comparison, the second meta-analysis was
conducted on 122 activation foci from 9 studies employing
noxious contact heat stimuli applied to the upper limbs
(Table III). Studies for the noxious heat meta-analysis were
selected if they employed stimuli that were similar to
those included in the noxious cold analysis in terms of
stimulation site, imaging modality, and year of publica-
tion. Additionally, the stimuli included in the two meta-
analyses were matched for intensity (P = 0.57). As the
ALE method does not take into consideration the number
of studies but rather the number of coordinates, the stud-
ies were also selected so that they would be matched in
terms of the number of reported coordinates. A Mann-
Whitney U test was performed to assess the number of
coordinates reported in the studies selected for these two
meta-analyses and results indicated no difference between
them (P = 0.5).

Study 3 was created based on a search of the general
meta-analysis of Study 1 for articles that used either innoc-
uous warm stimuli or a resting baseline as a control
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TABLE Il. List of studies included in study 2 (noxious cold)

Stimuli

Author Year Imaging Subject (N) Modality System Side Body Part NRS
Casey et al. 2000 PET 11 Thermal Cutaneous Left Hand NR
Casey et al. 1996 PET 27 Thermal Cutaneous Left Hand 7.89
Craig 1996 PET 11 Thermal Cutaneous Right Hand NR
Davis and Pope 2002 fMRI 1.5 NR Thermal/mechanical Cutaneous Right Palm NR
Mochizuki et al. 2007 fMRI 3 14 Thermal Cutaneous Left Wrist 7
Petrovic et al. 2002 PET 7 Thermal Cutaneous Left Hand 5.3
Petrovic et al. 2004b PET 10 Thermal Cutaneous Left Hand 5.9
Seifert and Maihofner 2007 fMRI 1.5 12 Thermal Cutaneous Right Forearm 4.08
Tracey et al. 2000 fMRI 1.5 6 Thermal Cutaneous Left Hand 7.9

Study 2 (noxious cold): List of studies reporting brain activation coordinates evoked by noxious cold stimuli. Abbreviations: fMRI, func-
tional magnetic resonance imaging; PET, positron emission tomography; NR, not reported; NRS, Numerical rating scale.

condition for evaluating brain activation associated with
noxious heat stimuli (applied to any part of the body). Nine
studies that reported 131 activation foci described in the
Study 1 database matched the inclusion criterion for exam-
ining noxious heat in comparison to a warm control condi-
tion (Table IV). Nine studies that reported a total of 149
coordinates from Study 1 met our inclusion criterion of
comparing noxious heat stimuli with a resting baseline (Ta-
ble V). These nine studies were matched to those included
in the first analysis according to the following criteria: imag-
ing modality, number and extent of activation sites, year of
publication, and site of stimulation (Table IX). The pain in-
tensity ratings reported in the two sets of studies were not
significantly different from one another (P = 0.9). A Mann-
Whitney U test applied to the data indicated no significant
differences between the numbers of activation foci included
in the two meta-analyses (P = 0.5).

Study 4 examined a possible hemispheric dominance
for processing noxious stimuli. The database for Study 1
was searched to select different sets of studies that
applied noxious stimuli either exclusively to the left side

or to the right side of the body. For both meta-analyses,
studies were selected if they applied stimuli to the arms,
legs, or sides of the face. However, to simplify the com-
parison, the meta-analysis included studies that used
stimuli generated using contact thermodes or laser stim-
uli, since other modalities of noxious stimulation may
evoke activation that is unequally weighted in terms of
the intensity or emotional valence, which might lead to
a nonuniform comparison among studies and brain acti-
vation coordinates. The data from the studies included
in both meta-analyses were from contrasts that resulted
from a noxious stimulus (heat or cold) compared to ei-
ther a resting baseline or a control condition (innocuous
warm or cool). Coordinates that were reported based on
correlations of pain ratings with percent blood-oxygen-
level-dependent (BOLD) signal change were also
included in the analyses. Studies were excluded if they
applied stimuli to the midline (back or chest), simultane-
ously to both sides of the body, or if they reported data
combined from scans in which stimuli were applied to
either side of the body.

TABLE Ill. List of studies included study 2 (noxious heat)

Stimuli

Author Year Imaging Subject (N) Type Modality System Side Body Part NRS
Botvinick et al. 2005 fMRI 1.5 12 Heat Thermal Cutaneous Left Forearm 7
Brooks et al. 2005 fMRI 3 14 Heat Thermal Cutaneous Right Hand 5.5
Casey et al. 2001 PET 14 Heat Thermal Cutaneous Left Forearm 8.93
Coghill et al. 1994 PET 9 Heat Thermal Cutaneous Left Forearm 8
Lorenz et al. 2002 PET 14 Heat Thermal Cutaneous Left Forearm 6
Maihofner et al. 2006 fMRI 1.5 14 Heat Thermal Cutaneous Right Forearm 4
Nemoto et al. 2003 PET 12 Laser Thermal Cutaneous Right Forearm 7.6
Tracey et al. 2000 fMRI 1.5 6 Heat Thermal Cutaneous Left Hand 7.7
Xu et al. 1997 PET 6 Laser Thermal Cutaneous Left Hand NR

Study 2 (noxious heat): List of studies reporting brain activation coordinates evoked by noxious heat stimuli. Abbreviations: fMRI, func-
tional magnetic resonance imaging; PET, positron emission tomography; NR, not reported; NRS, Numerical rating scale.
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TABLE IV. List of studies included in study 3 (noxious heat vs. warm)

Stimuli

Author Year Imaging Subject (N) Type Modality System Side Body Part NRS
Adler et al. 1997 PET 9 Heat Thermal Cutaneous Left Forearm 6.7
Botvinick et al. 2005 fMRI 1.5 12 Heat Thermal Cutaneous Left Hand 7
Casey et al. 2001 PET 14 Heat Thermal Cutaneous Left Forearm 8.93
Vogt et al. 1996 PET 7 Heat Thermal Cutaneous Left Hand 6.2
Derbyshire et al. 1997 PET 12 Laser Thermal Cutaneous Right Hand 7
Derbyshire and Jones; 1998 PET 12 Heat Thermal Cutaneous Right Hand 5.85

Derbyshire et al.

Ochsner et al. 2006 fMRI 3 13 Heat Thermal Cutaneous Right Forearm 7
Svensson et al. 1998 PET 10 Heat Thermal Cutaneous Right Forearm 8
Wagner et al. 2007 PET 7 Heat Thermal Cutaneous Right Forearm 6.8

Study 3 (noxious heat vs. warm): List of studies reporting brain activation coordinates evoked by noxious heat stimuli in comparison to
a warm control condition. Abbreviations: fMRI, functional magnetic resonance imaging; PET, positron emission tomography; NR, not

reported; NRS, Numerical rating scale.

The left-sided meta-analysis included 43 studies and a
total of 694 coordinates (Table VI). Studies chosen for the
right-sided meta-analysis were matched to those included
in the left-sided meta-analysis based on the year of publi-
cation, the imaging modality, and the site of stimulation.
Additionally, to have an equal number of coordinates to
compare across the two sets of studies, we selected 40
studies for the right-sided meta-analysis (Table VII). The
studies were matched for stimulus intensity as determined
by comparing subjects’ ratings using an unpaired t-test (P
= 0.08). A Mann-Whitney U test was performed to assess
the mean and the distribution of coordinates reported in
the studies included in the two comparison groups, which
indicated that no single study unduly influenced the calcu-
lations of the meta-analyses (P = 0.190).

Study 5 examined potential regional specificity for
processing noxious muscle stimuli in comparison to nox-

ious cutaneous stimuli. The Study 1 database was
searched for articles that had reported activation in
response to noxious stimuli applied to muscles and
resulted in a total of 10 studies (Table VIII). An equal
number of studies that applied noxious stimuli to the
skin were selected for purposes of comparison and were
matched to the noxious muscle stimuli studies based on
the year of publication, the imaging modality, and the
site of stimulation (Table IX). An unpaired t-test revealed
no significant differences in pain intensity ratings
obtained for the sets of studies included in either meta-
analysis (P = 0.9). The noxious muscle stimuli studies
reported a total of 172 coordinates and the noxious cuta-
neous studies reported 133 activation foci. A Mann-Whit-
ney U test showed no significant differences between the
two sets of coordinates reported for the two meta-analy-
ses (P = 0.5).

TABLE V. List of studies included in study 3 (noxious heat vs. resting baseline)

Stimuli

Author Year Imaging Subject (N) Type Modality System Side Body Part NRS
Albanese et al. 2007 fMRI 1.5 8 Heat Thermal Cutaneous Right Hand 7
Coghill et al. 1994 PET 9 Heat Thermal Cutaneous Left Forearm 8
Coghill et al. 2001 PET 9 Heat Thermal Cutaneous Left Forearm 7.6
Kurata et al. 2005 fMRI 3 6 Heat Thermal Cutaneous Right Hand 6.8
Kurata et al. 2002 fMRI 3 5 Heat Thermal Cutaneous Right Forearm 7
Maihofner et al. 2006 fMRI 1.5 14 Heat Thermal Cutaneous Right Forearm 43
Nemoto et al. 2003 PET 12 Laser Thermal Cutaneous Right Forearm 7.4
Tracey et al. 2000 fMRI 1.5 6 Heat Thermal Cutaneous Left Hand 7.7
Xu et al. 1997 PET 6 Laser Thermal Cutaneous Left Hand NR

Study 3 noxious heat vs. resting baseline: List of studies reporting brain activation coordinates evoked by noxious heat stimuli in com-
parison to a resting baseline. Abbreviations: fMRI, functional magnetic resonance imaging; PET, positron emission tomography; NR, not

reported; NRS, Numerical rating scale.
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TABLE VL. List of studies included in study 4 (noxious stimuli applied to the left side of the body)
Stimuli
Subject
Author Year Imaging FWHM  (N) Type Modality ~ System Side  Body Part = NRS Notes
Adler et al. 1997 PET 6 9 Heat Thermal Cutaneous Left Forearm 6.7
Aharon et al. 2006 fMRI 1.5 5 6 Heat Thermal Cutaneous Left Hand 8.2
Becerra et al. 1999 fMRI15 NR 6 Heat Thermal Cutaneous Left Hand 7.24
Becerra et al. 2001 fMRI 1.5 6 8 Heat Thermal Cutaneous Left Hand 7.8
(dorsum)
Bingel et al. 2003 fMRI 1.5 6 14 Laser Thermal Cutaneous Left Hand NR
Bingel et al. 2004a fMRI 1.5 6 20 Laser Thermal Cutaneous Left Hand and foot NR
Bingel et al. 2004b fMRI 1.5 6 18 Laser Thermal Cutaneous Left Hand NR
Bingel et al. 2007a fMRI 3 8 16 Laser Thermal Cutaneous Left Hand 4
Bingel et al. 2007b  fMRI 3 8 20 Heat Thermal Cutaneous Left Forearm 6.7
Boly et al. 2007 fMRI 3 6 24 Laser Thermal Cutaneous Left Hand 8
Bornhovd et al. 2002 fMRI 1.5 6 9 Laser Thermal Cutaneous Left Hand 8 Data are shared
with Buchel
et al. [2002]
Botvinick et al. 2005 fMRI1.5 12 12 Heat Thermal Cutaneous Left Thenar 7
Eminence
Buchel et al. 2002 fMRI 1.5 6 9 Laser Thermal Cutaneous Left Hand 8
Casey et al. 1994 PET NR 18 Heat Thermal Cutaneous Left Arm 8.9
Casey et al. 1996 PET 9 27 Cold Thermal Cutaneous Left Hand 8.9
Casey et al. 2000 PET 9 11 Cold Thermal Cutaneous Left Hand NR
Casey et al. 2001 PET 9 14 Heat Thermal Cutaneous Left Forearm 8.93
Chen et al. 2002 fMRI 1.5 6 4 Heat Thermal Cutaneous Left Inner calf 8.2
Coghill et al. 1994 PET 20 9 Heat Thermal Cutaneous Left Forearm 7.8
Coghill et al. 2001 PET 13.3 9 Heat Thermal Cutaneous Left Forearm 7.8
de Leeuw et al. 2006 fMRI 1.5 3 9 Heat Thermal Cutaneous Left Face 44
Derbyshire 1998 PET 20 7 Heat Thermal Cutaneous Left Hand 6.7 Data are shared
and Jones; with Vogt
Derbyshire et al. [1996]
et al.
Dunckley et al. 2005 fMRI 3 5 10 Heat Thermal Cutaneous Left Foot 6.5
Fairhurst et al. 2007 fMRI 3 5 12 Heat Thermal Cutaneous Left Hand 5.7
Gyulai et al. 1997 PET 20 5 Heat Thermal Cutaneous Left Forearm 6.7
Hofbauer et al. 2001 PET 14 10 Heat Thermal Cutaneous Left Hand 6
Hofbauer et al. 2004 PET 14 15 Heat Thermal Cutaneous Left Forearm 6
Keltner et al. 2006 fMRI 4 8 16 Heat Thermal Cutaneous Left Hand 8.2
Kurata et al. 2002 fMRI 3 0.5 5 Heat Thermal Cutaneous Left Forearm 7.6
Lorenz et al. 2002 PET 9 14 Heat Thermal Cutaneous Left Forearm 4.6
Oshiro et al. 2007 fMRI 1.5 5 12 Heat Thermal Cutaneous Left Leg 6.4
Owen et al. 2008 fMRI 3 8 14 Heat Thermal Cutaneous Left Hand 8
Paulson et al. 1998 PET 9 20 Heat Thermal Cutaneous Left Forearm 8.75
Petrovic et al. 2002 PET 16 7 Cold Thermal Cutaneous Left Hand 5.3
Petrovic et al.  2004a PET 16 7 Cold Thermal Cutaneous Left Hand 5.3 Data are shared
with Petrovic
et al., [2002]
Petrovic et al.  2004b PET 10 10 Cold Thermal Cutaneous Left Hand 5.9
Raij et al. 2005 fMRI 3 8 14 Laser Thermal Cutaneous Left Hand 6.5
Rainville 1997 PET NR 8 Heat Thermal Cutaneous Left Hand 7.5
Remy et al. 2003 fMRI 3 8 12 Heat Thermal Cutaneous Left Hand 6.3
Svensson et al. 1997 PET 15 11 Laser Thermal Cutaneous Left Elbow 7.9
Tracey et al. 2000 fMRI 1.5 15 6  Heat and cold Thermal Cutaneous Left Hand 7.8
Vogt et al. 1996 PET 20 7 Heat Thermal Cutaneous Left Hand NR
Xu et al. 1997 PET NR 6 Laser Thermal Cutaneous Left Hand and foot NR

Study 4 (noxious stimuli applied to the left side of the body): List of studies reporting brain activation coordinates evoked by noxious
stimuli applied to the left side of the body. Abbreviations: fMRI, functional magnetic resonance imaging; PET, positron emission tomog-
raphy; NR, not reported; NRS, Numerical rating scale.
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TABLE VII. (Continued)

Stimuli

Body Part NRS Notes

Side

System

Modality

Type

Imaging FWHM Subject (N)

Year

Author

4.08

7.4
45

Forearm

Right
Right
Right
Right
Right
Right
Right

Cutaneous
Cutaneous
Cutaneous
Cutaneous
Cutaneous
Cutaneous
Cutaneous

Thermal

2007  fMRI 1.5 4 12 Cold

Seifert and Maihofner

Sprenger et al.
Staud et al.

Forearm

Thermal

Heat
Heat
Heat
Heat
Heat
Heat

PET
fMRI 3.0

2006

Foot
Forearm

Thermal

11
10

4
12

2007

Thermal

PET
PET
PET
PET

1998
1991
1999
2007

Svensson et al.
Talbot et al.
Tolle

Forearm

Thermal

5.7

Forearm

Thermal

12

6.8

Forearm

Thermal

12

Wagner et al.

Study 4 (noxious stimuli applied to the right side of the body): List of studies reporting brain activation coordinates evoked by noxious stimuli applied to the right side of

the body. Abbreviations: fMRI, functional magnetic resonance imaging; PET, positron emission tomography; NR, not reported; NRS, Numerical rating scale.

Quantitative Analyses

Probabilistic maps of activation evoked by all noxious
stimuli (Study 1), noxious cold and heat stimuli (Study 2),
noxious stimuli in comparison to a resting baseline or in-
nocuous warm stimuli (Study 3), noxious stimuli applied
to the left and right sides of the body (Study 4), and nox-
ious stimuli applied to muscle and skin (Study 5), were
generated using the ALE analytic strategy as described by
Laird et al. [2005]. Briefly, the ALE statistic is calculated
for each voxel in the template MRI signifying the probabil-
ity of evoking activation in response to noxious stimuli.
Reported coordinates were recorded in their original space
and then transformed into Talairach space [Talairach and
Tournoux, 1988] using a conversion provided in the Gin-
gerALE (v.1.0) software [Lancaster et al., 2007]. The ALE
maps were created by smoothing the activation foci using
a full-width half maximum (FWHM) of 8 mm, which was
the average size of the Gaussian smoothing filter among
the studies included in the Study 1 database. This latter
step ensures that the data are a realistic reflection of the
peak activation sites as all data included in the analysis
were smoothed by an average Gaussian smoothing filter of
this size. The statistical significance of the ALE maps was
determined by performing a permutation test (N = 5,000)
and the data were thresholded using a false discovery rate
(FDR) correction of g = 0.05 [Genovese et al., 2002]. The
ALE method calculates the likelihood that one peak (out
of the total number of peaks) actually occurred within a
given voxel in the template MRI and tests this against the
null hypothesis that the points are randomly distributed
across the brain. The resulting ALE values indicate that
the likelihood that any single peak of the total peaks
actually occurred in a single voxel located in the template
MRI. These ALE values range from ~ 0.003 to a theoretical
maximum of 1.0.

Subtraction Analyses

To test for brain regions preferentially associated with
the processing of noxious cold or heat stimuli (Study 2),
noxious heat compared to innocuous warm or a resting
baseline (Study 3), right or left sided noxious stimuli
(Study 4), and muscle or cutaneous pain (Study 5), we per-
formed a voxel-by-voxel subtraction of the two ALE maps
included in each of the four meta-analyses.

The analysis involved the subtraction of the ALE values
in condition 2 from the ALE values in condition 1 at each
voxel (Step 1). Two sets of random peak coordinates are
then generated using the same number of peaks observed
in conditions 2 and 1 and the random ALE maps undergo
a pair-wise subtraction (Step 2). Subsequently, this method
of random peak generation and subtraction is repeated
5,000 times (Step 3). This process results in a single statisti-
cal map representing a null distribution of activation
peaks (Step 4). At each voxel, the observed ALE statistic in
the original subtraction map (Step 1) is compared to the
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TABLE VIIL. List of studies included in study 5 (noxious muscle stimuli)

Stimuli
Subject Body
Author Year Imaging  (N) Type Modality System Side Part NRS Notes
Henderson et al. 2007 {MRI 3 23 Hypertonic Mechanical Intramuscular Right Leg 6.5
Saline
Injection
Henderson et al. 2007 {MRI 3 23 Hypertonic Mechanical Intramuscular Right Forearm 7 Data are shared
Saline with Henderson
Injection et al., 2007
Korotkov et al. 2002  PET 16  Hypertonic Mechanical Intramuscular Left Tricep 3.2
Saline
Injection
Kupers et al. 2004  PET 10  Hypertonic Mechanical Intramuscular Right Masseter 7.5
Saline Injection muscle
Nash et al. 2010 fMRI3 28 Hypertonic Mechanical =~ Muscular ~ Right Masseter 4.73
saline injection muscle
Niddam et al. 2002 fMRI 3 10 Electrical Shock Electrical Intramuscular Left Hand 2.22
Owen et al. 2010 fMRI 3 13 Hypertonic Mechanical =~ Muscular Left Forearm 6
saline injection
Schreckenberger 2005  PET 10 Infusion of Mechanical Intramuscular Left Hand 4
et al. phosphate
buffer
Svensson et al. 1997  PET 10 Electrical Shock Electrical Intramuscular Left Forearm 7.5
Thunberg et al. 2005 PET 19 Hypertonic Mechanical Intramuscular Right Erector 4.6
Saline Injection spinae
muscle
Uematsu et al. 2011 fMRI 1.5 17 Pressure Mechanical Muscular Right Calf 4.7

Study 5 (Noxious muscle stimuli): List of studies reporting brain activation coordinates in response to noxious stimuli applied to muscles.
Abbreviations: fMRI, functional magnetic resonance imaging; PET, positron emission tomography; NRS, Numerical rating scale.

random ALE statistic subtraction map (Step 4) and a P
value is generated to denote the statistical significance of
the test. The ALE map is then thresholded at P < 0.05
using the FDR method.

RESULTS
Study I: All Noxious Stimuli

An ALE analysis was performed on 2,873 coordinate
points associated with activation in response to all noxious
stimuli. The greatest likelihood of evoking activation in
the cortex in response to all types of noxious stimuli was
in the right anterior insula (ALE = 0.238) and ACC (BA
24, ALE = 0.245; Fig. 1). The resulting ALE values reflect
the likelihood of activation in a single voxel, which is a
very small region of gray matter within the insula and
ACC. The likelihood of activation occurring in the full
brain regions is of course much larger. Note that these
ALE values are large compared with the likelihood (0.003)
of the highest value in the background noise being inter-
preted as an activated voxel during the permutation
testing.

Additional cortical regions with significant likelihoods
of activation were observed in left insula (ALE = 0.219),

bilateral SII (right: ALE = 0.186; left: ALE = 0.182), the
prefrontal cortex (right BA 44, ALE = 0.144; left BA 10,
ALE = 0.099), and SI/PPC (right: ALE = 0.064; left: ALE
= 0.07). A complete list of brain regions with significant
likelihoods of being activated is detailed in Table X.

Study 2: Noxious Cold Versus Noxious Heat

An ALE analysis was performed on 112 coordinate sites
compiled from the nine studies that used noxious cold
stimuli applied to the upper limbs. For the noxious cold
stimuli meta-analysis, the likelihood of activation was sig-
nificant in several brain regions involved in affective pain
processing such as bilateral insula/claustrum (right: ALE
= 0.03; left: ALE = 0.028), right subgenual ACC (ALE =
0.023) and the amygdala (ALE = 0.012; Table XI).

For the comparative noxious heat meta-analysis, the
ALE analysis was conducted on 122 coordinates that were
published in the nine selected studies. Areas with the
most significant likelihood of activation associated with
noxious heat stimulation were observed in bilateral
insula/claustrum (right: ALE = 0.033; left: ALE = 0.025),
the left ACC (ALE = 0.024), the right thalamus [ALE =
0.029, and SIT (ALE = 0.021; Table XII)].
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TABLE IX. List of studies included in study 5 (Noxious cutaneous stimuli)

Stimuli

Author Year Imaging Subject (N) Type Modality System Side Body Part NRS
Koyama et al. 2005 fMRI 1.5 10 Heat Thermal Cutaneous Right Leg 3.7
Raij et al. 2005  fMRI 3 14 Laser Thermal Cutaneous Left Hand 6.2
DaSilva et al. 2002 fMRI 1.5 9 Heat Thermal Cutaneous Right  Mandibular (V3) 6
Brooks et al. 2005 fMRI 3 14 Heat Thermal Cutaneous Right Face 5.5
Symonds et al. 2006  fMRI 3 9 Electrical shock  Electrical =~ Transcutaneous Left Index finger 4.5
Maihofner et al. 2004 fMRI 1.5 11 Heat Thermal Cutaneous Left Forearm 3.9
Fairhurst et al. 2007 fMRI 3 12 Heat Thermal Cutaneous Left Hand 5.71
Seminowicz et al. 2004 fMRI 1.5 16 Electrical shock  Electrical = Transcutaneous Left Median nerve 55
Dunckley et al. 2005 fMRI3 10 Heat Thermal Cutaneous Bilateral Back 5.8
Lorenz et al. 2008 fMRI 1.5 11 Pressure Mechanical Cutaneous Right Tibia 4.6

Study 5 (Noxious cutaneous stimuli): List of studies reporting brain activation coordinates in response to noxious stimuli applied to the
skin for purposes of comparison with noxious stimuli applied to muscles. Abbreviations: fMRI, functional magnetic resonance imaging;

PET, positron emission tomography; NRS, Numerical rating scale.

Both types of stimuli were found to significantly activate
the ACC [Brodmann Area (BA) 24], and insula (Support-
ing Information Fig. 1). Statistical subtractions of the nox-
ious cold and noxious heat maps revealed that the
likelihood of noxious cold-related activation was signifi-
cantly greater in the amygdala and the subgenual ACC
(BA 25/47; Table XIII) while the likelihood of noxious
heat-related activation was significantly greater in bilateral
SII (Table XIV).

Study 3: Noxious Heat Minus Warm Versus
Noxious Heat Minus Resting Baseline

An initial ALE analysis was conducted on 131 coordi-
nate sites compiled from the nine studies that used a
warm-stimulus control in comparison to noxious heat
stimulation. Results of this ALE analysis yielded 31
regions with a significant likelihood (ranging from 0.013 to
0.048) of showing “pain-related” brain activation. The
greatest likelihood that activation will be evoked in the
cortex in response to noxious heat stimuli in comparison
to warm was in the anterior and posterior cingulate gyrus
(BA 24, ALE = 0.048 and BA 23, ALE = 0.029), the insula
(ALE = 0.028), followed by SI and SII (both ALEs = 0.014;
Table XV). Additionally, the likelihood of evoking activa-
tion in response to noxious heat stimuli was significant
within the cerebellum, thalamus, and basal ganglia.

The nine studies that used a resting baseline in compari-
son to noxious heat stimulation had a total of 149 coordi-
nate sites that were then subjected to an ALE analysis. As
expected, the noxious heat versus baseline condition
yielded a substantially greater number of activation loci
than had been observed in the more restrictive comparison
of noxious heat to warm stimulation (40 vs. 31 regions).
Brain regions of interest that had a significant likelihood
of exhibiting stimulus-related activation in comparison to
a resting baseline were observed throughout the cortex

and included the ACC (BA32, 0.042), the inferior frontal
gyrus (BA 44, 0.026), the insula (0.024), SI (0.019), and SII
(left and right: 0.014), and the superior frontal gyrus BA 6,
0.021); see Table XVI for a complete list.

The two sets of peak ALE values (noxious heat vs.
warm and noxious heat vs. resting baseline) were exam-
ined for common brain regions demonstrating a significant
likelihood of being activated using either type of contrast.
It was evident that for both types of contrasts, the likeli-
hood of activation was significant within the ACC (BA 24),
supplementary motor area (SMA), insula, SII, and thala-
mus (Supporting Information Fig. 2).

We performed a direct subtraction of the two maps to
assess significant differences in the patterns of activation
that resulted from the two analysis strategies. Studies
using a no-stimulation baseline control as a comparison
for noxious heat stimuli were more likely to reveal stimu-
lus-related activation in the anterior portion of the ACC
(BA 32; ALE = 0.039; Table XVII), and SI/PPC (ALE =
0.019); while those using a warm-control condition as a
comparison were significantly more likely to observe nox-
ious-heat-related activation in the middle regions of the
ACC (BA 24; ALE = 0.048), and the posterior cingulate
cortex (ALE = 0.029; Table XVIII).

Study 4: Left- Versus Right-Sided Stimuli

ALE maps of noxious stimuli applied to the left side of
the body were created using the 694 coordinates extracted
from the publications included in the left-sided meta-analy-
sis. According to predictions, analysis of studies using left-
sided stimulation showed a substantially larger number of
sites with significant activation-likelihood values in the con-
tralateral right hemisphere, compared to those observed in
the left hemisphere (31 vs. 18). The most statistically signifi-
cant ALE sites were located in the right insula (ALE = 0.11)
and right ACC (ALE = 0.095). Significant ALE values were
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P<0.00001

P<0.05

P<0.00001

Figure I.

Study I: ALE map describing the likelihood of evoking activation
in the brain in response to noxious stimuli applied to the skin,
muscle, or viscera. Brain regions having a significant likelihood of
being activated by noxious stimuli included the secondary soma-
tosensory cortex (Sll), the anterior cingulate cortex (ACC), the

also found in bilateral thalamus (right: ALE = 0.089; left:
ALE = 0.082). Other brain regions that also had a significant
likelihood of being activated are listed in Table XIX.

The ALE analysis for right-sided stimuli was calculated
on 699 coordinates taken from the studies. Surprisingly, the
number of statistically significant activation sites was equiv-
alent in both hemispheres (24 vs. 24), rather than being con-
centrated in the left hemisphere, as suggested by the
traditional view of preferential cutaneous processing
through the contralateral sensory pathways. The highest
likelihood of evoking activation in response to noxious stim-
uli applied to the right side of the body was found in right
anterior insula (ALE = 0.11). Other regions showing high
likelihood values were the left insula (ALE = 0.1), bilateral
SII (right = 0.084; left = 0.091), left thalamus (ALE = 0.082),
and the right ACC (BA 24, ALE = 0.081). These results pro-
vide strong support for a right hemispheric dominance for
pain processing. A complete list of the ALE values for right-
sided noxious stimulation is in Table XX.

When directly comparing noxious stimuli applied to the
right or left side of the body, the greatest likelihood of
evoking activation in the cortex in response to noxious
stimuli presented to either side of the body was in the

primary somatosensory and motor (SI/MI) cortices, the cerebel-
lum, the midbrain, and the insula (anterior, middle, and dorsal
posterior regions), and the thalamus. The z-values for the hori-
zontal images are in Talairach space [Talairach and Tournoux
1988].

right anterior insula. Additionally, in both meta-analyses
large clusters of likelihood estimate values were significant
within the right ACC (Supporting Information Fig. 3).

Upon performing the subtractions, (left-sided stimuli
minus right-sided stimuli) the results showed preferential
likelihood values that were significant within contralateral
(right) SI, MI, PPC, and the superior frontal gyrus, and the
ipsilateral (left) midbrain (Table XXI). The likelihood of acti-
vation evoked by right-sided stimuli was significant (exclu-
sively) within contralateral (left) SI, ACC (BA32), MI,
inferior parietal lobule, and the medial frontal gyrus. How-
ever, some regions in the right hemisphere were also found
to have distinctive activation likelihood values in response
to right-sided stimuli such as ACC (BA 32), the inferior pari-
etal lobule, and the middle frontal gyrus (Table XXII).

Study 5: Noxious Muscle Versus Cutaneous
Stimuli

An ALE analysis was applied to the 172 activation foci
reported for the 10 studies that applied noxious stimuli to
muscles. Some brain regions demonstrating significant ALE
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TABLE X. Spatial location and extent of ALE values for study | (all noxious stimuli)

Side Region BA x Y z ALE value P value Cluster # Volume (mm?)
Left Thalamus —14 —16 8 0.272 <0.000001 1 96168
Right Anterior insula 36 12 8 0.238 <0.000001

Right Thalamus 10 —-18 6 0.227 <0.000001

Left Anterior insula -36 4 6 0.219 <0.000001

Left Posterior insula —40 -20 16 0.191 <0.000001

Right SII 40 52 —26 22 0.186 <0.000001

Left SII 40 —52 —24 20 0.182 <0.000001

Right Anterior insula 36 -20 16 0.175 <0.000001

Right Inferior frontal gyrus 44 50 2 10 0.144 <0.000001

Left Putamen —24 -2 6 0.097 <0.000001

Right Putamen 20 8 4 0.085 <0.000001

Left Inferior frontal gyrus 6 —54 -2 8 0.081 <0.000001

Left Inferior frontal gyrus 43 —54 -6 12 0.079 <0.000001

Left Posterior insula -38 —18 —4 0.072 <0.000001

Right IPL 40 46 —38 42 0.072 <0.000001

Left Lentiform nucleus —24 0 -2 0.068 <0.000001

Left IPL 40 —58 —38 28 0.064 <0.000001

Right Lentiform nucleus 20 —4 0 0.064 <0.000001

Right IPL 40 52 —44 38 0.059 <0.000001

Right IPL 40 46 —54 44 0.046 0.0008

Right Cingulate gyrus 32/24 2 8 38 0.245 <0.000001 2 2420
Right Cingulate gyrus 32 6 22 28 0.127 <0.000001

Left Anterior cingulate gyrus 32 -2 32 22 0.057 <0.000001

Right Medial frontal gyrus 6 2 -10 64 0.047 0.0004

Right Middle frontal gyrus 10 34 42 20 0.099 <0.000001 3 5872
Right Superior frontal gyrus 9 28 40 30 0.079 <0.000001

Right Middle frontal gyrus 10 42 46 12 0.078 <0.000001

Right Middle frontal gyrus 47 38 38 -6 0.046 0.0006

Left Cerebellum —34 —56 -32 0.071 <0.000001 4 3224
Left Cerebellum -30 —58 -30 0.071 <0.000001

Left Cerebellum —22 —60 —24 0.056 <0.000001

Right Cerebellum 0 —48 —-16 0.085 <0.000001 5 2384
Right Cerebellum 4 —62 -16 0.063 <0.000001

Right Cerebellum 24 —60 —22 0.067 <0.000001 6 2024
Right Cerebellum 18 —62 —14 0.054 <0.000001

Right Cerebellum 18 —48 —22 0.047 <0.000001

Left Cingulate gyrus 23 0 —28 28 0.082 <0.000001 7 1440
Left Cingulate gyrus 24 0 —-20 36 0.051 <0.000001

Left SI 2 -32 —36 60 0.065 <0.000001 8 1432
Left MI 4 -32 —24 52 0.060 <0.000001

Left MI 4 —-38 —26 62 0.057 <0.000001

Right MI 4 32 —28 56 0.073 <0.000001 9 1176
Left IPL 40 —40 —40 40 0.066 <0.000001 10 816
Right SI/PPC 5 20 —44 64 0.064 <0.000001 11 560
Left Superior frontal gyrus 10 —34 48 18 0.052 0.0002 12 496
Left Middle frontal gyrus 9 -32 38 26 0.043 0.0001

Right MI 6 26 -16 52 0.055 0.0002 14 264
Right Inferior frontal gyrus 9 48 6 26 0.045 0.0001 15 104

ALE values for Study 1. ALE values refer to the likelihood of obtaining activation evoked by noxious stimuli in a given voxel of the
standard template MRI. Coordinates are in Talairach space [Talairach and Tournoux 1988]. Cluster : The clusters are ranked according
to their size in millimeters cubed (mm3). Abbreviations: BA, Brodmann Area; x, medial-lateral; y, anterior posterior; z, superior-inferior;
IPL, inferior parietal lobule; SI, primary somatosensory cortex; PPC, posterior parietal cortex; SII, secondary somatosensory cortex; MI,
primary motor cortex.

values included the anterior insula (ALE = 0.037), thalamus A comparable number of studies were included in a
(P = 0.04), and the anterior (BA 24:ALE = 0.025 and 32:ALE = comparative meta-analysis that used 133 activation foci
= 0.023) and posterior cingulate (ALE = 0.021; Table XXIII). =~ obtained from studies that had applied noxious stimuli to
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TABLE XI. Spatial location and extent of ALE values for study 2 (noxious cold)

Side Region BA x Y z ALE value P value Cluster # Volume (mm?)
Right Anterior insula/Claustrum 28 6 12 0.030 <0.00001 1 1656
Right Anterior insula 40 8 0 0.013 0.0006

Left Anterior insula —38 6 4 0.028 0.0002 2 1520
Left Claustrum -36 -8 4 0.013 0.001

Left Anterior insula -38 4 14 0.013 0.0006

Left Cingulate gyrus 32 -10 6 40 0.021 <0.00001 3 1496
Right Cingulate gyrus 24 2 2 36 0.019 <0.00001

Left Cingulate gyrus 32 0 10 38 0.017 0.0002

Left Thalamus 0 —20 6 0.023 <0.00001 4 1232
Right Thalamus 6 -22 14 0.014 <0.00001

Right Thalamus 16 —22 12 0.014 0.001

Right Thalamus 4 —12 12 0.013 0.001

Left Claustrum =30 10 14 0.015 0.0002 5 712
Left Claustrum -30 12 10 0.014 0.0006

Left Putamen —26 6 12 0.014 0.0002

Left Putamen —-18 4 8 0.014 0.0002

Left Caudate -12 8 10 0.013 0.001

Right Cingulate gyrus 24 12 14 30 0.023 <0.00001 6 656
Right Thalamus 12 -4 8 0.021 <0.00001 7 552
Right Middle frontal gyrus 10 42 46 12 0.020 <0.00001 8 544
Left SI/PPC 43 —54 —6 14 0.019 <0.00001 9 520
Right Subgenual ACC 47/25 18 18 -10 0.023 <0.00001 10 496
Right Medial frontal gyrus 25 10 16 —14 0.013 0.0004

Right Claustrum 38 —14 8 0.020 <0.00001 11 400
Left Putamen -22 12 -8 0.024 <0.00001 12 384
Right Claustrum 36 —4 0 0.020 <0.00001 13 352
Right MI 4 32 —26 56 0.017 <0.00001 14 328
Right SII 46 —24 16 0.016 <0.00001 15 256
Left SIT —40 —46 46 0.016 0.0006 16 248
Right Midbrain 8 —20 -2 0.014 0.005 17 240
Left Medial frontal gyrus 6 —4 -10 56 0.014 0.001 18 240
Right Inferior frontal gyrus 9 50 4 24 0.014 <0.00001 19 232
Right Inferior frontal gyrus 9 52 10 26 0.014 <0.00001

Left Superior frontal gyrus 10 —26 44 18 0.013 0.0006 20 184
Left Middle frontal gyrus 10 -30 38 14 0.013 0.001

Right Posterior insula 50 —40 18 0.014 0.001 21 152
Right Posterior insula 44 —36 20 0.013 0.0006

Right Cerebellum 2 —58 -20 0.013 0.001 22 72
Right Middle frontal gyrus 9 38 28 32 0.012 <0.00001 23 72
Right Middle frontal gyrus 9 38 28 34 0.012 <0.00001

Right Lingual gyrus 19 30 —68 -2 0.011 0.002 24 64
Right Superior frontal gyrus 10 28 54 4 0.012 0.001 25 64
Right Premotor 6 50 -2 10 0.011 0.004 26 64
Right Posterior insula 36 —-16 20 0.012 0.001 27 64
Right Paracentral lobule 31 6 -10 46 0.013 0.001 28 64
Left Cingulate gyrus 24 0 0 46 0.013 0.0006 29 64
Right MI 4 24 —22 50 0.013 0.0008 30 64
Right Cerebellum 26 —64 —22 0.013 0.0008 31 56
Right Thalamus 12 -30 6 0.013 0.0004 32 56
Right Anterior insula 38 18 8 0.013 0.0004 33 56
Left Thalamus -10 —-16 8 0.012 0.003 34 56
Right Posterior insula 46 -12 12 0.013 0.001 35 56
Left Cingulate gyrus 32 -10 18 26 0.013 0.0004 36 56
Right Cingulate gyrus 24 6 —-10 32 0.013 0.0002 37 56
Right SI 3 44 —24 52 0.013 0.0004 38 56
Left Fusiform gyrus 19 —22 —66 —6 0.013 0.001 39 48
Right Superior frontal gyrus 6 12 —6 64 0.013 0.0002 40 48
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TABLE XI. (Continued)

Side Region BA X y z ALE value P value Cluster # Volume (mm?)
Left Midbrain —4 —-18 -10 0.013 0.0008 41 40

Left Putamen —20 16 2 0.012 0.002 42 40

Left Cerebellum -36 -56 -32 0.012 0.002 43 32
Right Parahippocampal gyrus 35 22 -8 —22 0.012 0.002 44 32
Right Amygdala 24 -8 —22 0.012 0.002

Right Amygdala 22 -8 -20 0.012 0.002

Right Amygdala 24 -8 -20 0.012 0.002

ALE values for Study 2 (noxious cold). ALE values refer to the likelihood of obtaining activation evoked by noxious cold stimuli in a
given voxel of the standard template. Coordinates are in Talairach space [Talairach and Tournoux 1988]. Cluster #: The clusters are
ranked according to their size in millimeters cubed (mmS). Abbreviations: BA, Brodmann Area; x, medial-lateral; y, anterior posterior; z,
superior-inferior; IPL, inferior parietal lobule; SI, primary somatosensory cortex; PPC, posterior parietal cortex; SII, secondary somato-

sensory cortex; MI, primary motor cortex.

the skin. Significant ALE values were found in SII (ALE =
0.035), thalamus (ALE = 0.027), mid-insula (ALE = 0.032),
and the ACC (BA 42:ALE = 0.027; Table XXIV).

Upon examination of the ALE values for each meta-
analysis, both types of stimuli were found to significantly
activate SII, ACC, dorsal posterior insula, and the thala-
mus (Supporting Information Fig. 4).

Subsequent subtraction analyses (noxious muscle stimuli
minus noxious cutaneous stimuli) revealed a significant
likelihood of spatially specific activation in response to
noxious muscle stimuli in the precuneus (ALE = 0.021; Ta-
ble XXV), the posterior cingulate (BA 32; ALE = 0.021),
the dorsolateral prefrontal cortex (DLPFC BA 9; ALE =
0.017), and the cerebellum (ALE = 0.019). The reverse sub-
traction (noxious cutaneous stimuli—noxious muscle stim-
uli) showed a preferential likelihood of activation in SI
(ALE = 0.022) and the ventrolateral prefrontal cortex
(VLPFC BA 47; ALE = 0.016; Table XXVI).

DISCUSSION

Study I: Meta-Analysis of Activation Evoked by
All Types of Noxious Stimuli

We explored common brain regions activated by nox-
ious stimuli by performing a meta-analysis on the activa-
tion sites reported by 140 fMRI and PET studies published
between 1991-2011. In contrast to previous reviews, our
approach provides a quantitative assessment of activation
in the brain in response to noxious stimuli through the
creation of likelihood estimate maps, which permit precise
localization of cortical regions involved in processing pain.
The maps can be particularly useful for targeting subre-
gions of a brain area such as SII, which has no anatomi-
cally distinct boundaries to delineate the extent and
location of where to predict activation evoked by noxious
stimuli.

Our results are consistent with previous qualitative
reviews of the literature that have described a “pain net-

work” comprised of SI, SII, ACC, insula, prefrontal cortex,
and the thalamus [Apkarian et al., 2005; ladarola and Cog-
hill, 1999; Peyron et al., 1999]. The results are somewhat
consistent with one of these previous reviews [Apkarian
et al., 2005] that found the insula to be the most commonly
reported activation site evoked by noxious stimuli. How-
ever, our quantitative results expand upon these previous
reviews by providing the precise spatial location and
extent of the likelihood of activation in response to nox-
ious stimuli, thus providing more detailed and accurate in-
formation that is based on previous data. Using this data
driven method, the left thalamus, the right ACC, bilateral
anterior insulae, and left dorsal posterior insula had the
highest likelihood of activation in response to noxious
stimuli, providing a new quantitative 3D matrix in which
to predict pain-evoked activation. In addition, although
largely confirming findings from qualitative reviews, the
results of this study point to the inclusion of the posterior
cingulate cortex and the basal ganglia as key brain regions
involved in processing nociception.

An important finding was that in the cortex, the right
ACC (BA 32/24) had the highest likelihood of being acti-
vated in response to noxious stimuli. The ACC has been
implicated in processing the emotional salience or unpleas-
antness of painful stimuli as suggested by research in ani-
mals and humans. This region receives nociceptive input
from dorsal horn neurons via the medial-dorsal (MD) and
intralaminar thalamic nuclei [Giguere and Goldman-Rakic
1988; Goldman-Rakic and Porrino 1985; Krettek and Price
1977; Wang and Shyu 2004]. Cingulotomy for alleviation
of chronic pain reduces affective responses with no con-
comitant disruption of the ability to appreciate somatosen-
sory aspects of painful stimuli [Ballantine et al. 1967; Foltz
and White 1962]. Additionally, a number of functional
neuroimaging studies have also implicated the ACC in
processing affective aspects of pain [Kulkarni et al., 2005;
Rainville et al., 1997]. For example, hypnotic modulation
of pain unpleasantness was correlated with ACC activa-
tion, with no concurrent changes in regions involved in
sensory-discriminative processing [Rainville et al., 1997].
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TABLE XII. Spatial location and extent of ALE values for study 2 (noxious heat)

Side Region BA X y z ALE value P value Cluster # Volume (mm?)
Left Anterior insula —40 18 6 0.025 <0.00001 1 4432
Left Posterior insula —44 —24 16 0.024 <0.00001

Left Lentiform Nucleus -22 0 -2 0.024 <0.00001

Left Lentiform Nucleus —22 -10 8 0.018 0.0004

Left Mid-insula/claustrum —34 4 6 0.017 0.0002

Left Anterior insula/claustrum —34 10 6 0.017 0.0002

Left Anterior insula -30 18 8 0.017 0.0004

Left Lentiform Nucleus —24 —4 6 0.016 <0.00001

Left Posterior insula/claustrum —34 -16 10 0.014 0.0006

Right Mid-insula/claustrum 34 4 10 0.033 <0.00001 2 2432
Right Anterior insula/claustrum 34 12 6 0.030 <0.00001

Right Thalamus 12 -20 4 0.029 <0.00001 3 1544
Right Thalamus 10 -10 6 0.013 0.001

Left Cingulate Gyrus 32 —4 10 40 0.024 0.0002 4 1288
Left Cingulate Gyrus 24 —4 12 32 0.016 0.0002

Right SII 40 52 -30 22 0.021 0.0002 5 1160
Right Posterior insula 40 52 —22 14 0.014 0.0006

Right Lentiform Nucleus 30 —14 8 0.018 <0.00001 6 688
Right Posterior insula 32 -10 18 0.018 0.0002

Right Cingulate Gyrus 24 2 —4 44 0.020 <0.00001 7 576
Left Thalamus -12 —24 12 0.022 <0.00001 8 552
Right Inferior Frontal Gyrus 38 46 2 0.021 <0.00001 9 464
Right Caudate 16 8 12 0.021 <0.00001 10 368
Left MI 4 -32 -22 50 0.020 <0.00001 11 304
Right Cingulate Gyrus 32 4 22 26 0.018 <0.00001 12 256
Left Anterior insula —46 6 16 0.013 0.0006 13 168
Left Inferior Frontal Gyrus 44 —48 0 12 0.013 0.0008

Right Middle Frontal Gyrus 46 42 36 24 0.014 <0.00001 14 152
Right Superior Frontal Gyrus 9 40 34 28 0.013 0.0004

Right Anterior insula 46 6 16 0.014 0.0002 15 144
Right Inferior Frontal Gyrus 44 52 6 12 0.014 0.0006

Left Posterior insula —40 —4 10 0.013 0.0006 16 80
Left Superior Temporal Gyrus 42 —54 -30 14 0.013 0.001 17 80
Right Thalamus 6 —18 14 0.013 0.0008 18 72
Left Posterior insula —52 —34 20 0.013 0.0006 19 64
Left Cingulate Gyrus 24 -10 4 30 0.013 0.001 20 64
Right Lentiform Nucleus 24 4 16 0.014 0.0006 21 56
Right IPL 39 48 —62 38 0.013 0.0008 22 56
Left Medial Frontal Gyrus 6 0 -10 52 0.013 0.0008 23 56
Right Lentiform Nucleus 22 —4 12 0.012 0.001 24 48
Right Posterior insula 36 -18 20 0.012 0.001 25 48
Left Superior Frontal Gyrus 6 —4 8 60 0.013 0.0008 26 48
Right Medial Frontal Gyrus 6 2 -12 62 0.011 0.003 27 48
Right Cerebellum 30 -76 -28 0.013 0.001 28 40
Right Cerebellum 8 —60 -12 0.012 0.001 29 40
Right Precentral Gyrus 6 50 -4 38 0.012 0.001 30 40
Right SI 20 —36 52 0.013 0.001 31 40
Right Middle Frontal Gyrus 6 18 -10 58 0.013 0.001 32 40
Left Cerebellum —28 —40 —42 0.012 0.001 33 32
Right Cerebellum 18 -72 -30 0.012 0.001 34 32
Left Cerebellum -20 —60 -20 0.013 0.001 35 32
Right Cerebellum 0 —52 -16 0.012 0.001 36 32
Right Inferior Frontal Gyrus 47 42 20 —4 0.013 0.001 37 32
Right Posterior insula/claustrum 36 -6 0 0.013 0.001 38 32
Right Lentiform Nucleus 20 10 0 0.012 0.001 39 32
Right SII 42 56 -12 12 0.013 0.001 40 32
Left Posterior insula —48 -20 24 0.012 0.001 41 32
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TABLE XII. (Continued)

Side Region BA X y z ALE value P value Cluster # Volume (mm?)
Left IPL 40 —62 —40 28 0.012 0.001 42 32
Right Cingulate Gyrus 23 4 -22 28 0.012 0.001 43 32
Right Medial Frontal Gyrus 8 14 30 38 0.012 0.001 44 32
Left Paracentral Lobule 5 —-10 —34 46 0.012 0.001 45 32

ALE values for Study 2 (noxious heat). ALE values refer to the likelihood of obtaining activation evoked by noxious heat stimuli in a
given voxel of the standard template. Coordinates are in Talairach space [Talairach and Tournoux 1988]. Cluster #: The clusters are
ranked according to their size in millimeters cubed (mm3). Abbreviations: BA, Brodmann’s Area; x, medial-lateral; y, anterior posterior;
z, superior-inferior; SI, primary somatosensory cortex; IPL, inferior parietal lobule; SII, secondary somatosensory cortex; MI, primary

motor cortex.

However, the ACC may also subserve some sensory-dis-
criminative aspects of pain processing. Electrophysiologi-
cal studies, in both humans and animals, have reported
neuronal firing frequencies in the ACC that were corre-
lated with stimulus intensity [Hutchison et al., 1999;
Yamamura et al. 1996]. Additionally, a crude somatotopic
organization of nociceptive stimuli has been reported in
this region, thus implicating the ACC in stimulus localiza-
tion [Arienzo et al., 2006]. An important note is that these
findings have been questioned as several electrophysiolog-
ical studies have reported that the ACC contains large,
bilateral receptive fields [Hutchison et al., 1999; Kuo and

Yen, 2005; Sikes and Vogt 1992]. Based on these previous
findings, the significant likelihood of evoking activation in
the ACC in response to noxious stimuli may reflect both
the processing of the affective component of pain and
potentially the localization of stimuli applied to the body.
Bilateral anterior insulae and the left dorsal posterior
insula were other cortical regions that had a significant
likelihood of being activated by noxious stimuli. The
insula is a complex, multisensory integration area that is
involved in processing many aspects involved with the
conscious experience of pain such as affect [Berthier et al.,
1988; Schon et al., 2008], autonomic activity [Cameron and

TABLE XIIl. Spatial location and extent of ALE values for study 2 (noxious cold minus noxious heat)

Side Region BA X y z ALE value P value Cluster # Volume (mm?)
Right Cingulate Gyrus 24 12 14 30 0.023 <0.00001 1 408
Left Anterior insula —40 6 2 0.023 <0.00001 2 384
Right Lentiform Nucleus 26 6 12 0.022 <0.00001 3 360
Right Middle Frontal Gyrus 10 42 46 12 0.020 0.0002 4 360
Right Subgenual ACC 25/47 18 18 -10 0.023 <0.00001 5 344
Left SIT 43 —54 —6 14 0.018 0.0002 6 296
Right Thalamus 12 —4 8 0.019 0.0002 7 280
Left Lentiform Nucleus -22 12 -8 0.022 <0.00001 8 264
Left Thalamus 0 -20 6 0.021 <0.00001 9 248
Left IPL 40 —40 —46 46 0.016 <0.00001 10 232
Left Cingulate Gyrus 32 -10 6 40 0.019 <0.00001 11 224
Right MI 4 32 —-26 56 0.017 0.0002 12 208
Right Posterior insula/claustrum 38 —-14 8 0.016 0.0004 13 88
Right Inferior Frontal Gyrus 9 52 10 26 0.014 0.002 14 88
Left Cingulate Gyrus 24 0 2 36 0.015 0.002 15 64
Right Lingual Gyrus 19 32 —68 -2 0.011 0.002 16 48
Right Mid-insula/claustrum 36 -2 -2 0.013 0.002 17 48
Right Posterior insula 46 —24 16 0.013 0.001 18 40
Left Superior Frontal Gyrus 10 —26 44 18 0.013 0.0008 19 40
Left Caudate -12 8 10 0.013 0.002 20 32
Left Cerebellum -36 —54 -32 0.012 0.003 21 24
Right Parahippocampal Gyrus 35 22 -8 —22 0.012 0.003 22 24
Right Amygdala 24 -8 22 0.012 0.003

Right Amygdala 24 -8 -20 0.012 0.004

ALE values for Study 2. ALE maps of noxious heat were subtracted from noxious cold. ALE values refer to the likelihood of obtaining activa-
tion in response to noxious cold stimuli in a given voxel of the standard template. Coordinates are in Talairach space [Talairach and Tournoux
1988]. Cluster #: The clusters are ranked according to their size in millimeters cubed (mm3). Abbreviations: BA, Brodmann Area; x, medial-lat-
eral; y, anterior posterior; z, superior-inferior; IPL, inferior parietal lobule; SII, secondary somatosensory cortex; M1, primary motor cortex.
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TABLE XIV. Spatial location and extent of ALE values for study 2 (noxious heat minus noxious cold)

Side Region BA X y z ALE value P value Cluster # Volume (mm?)
Left Putaman -22 0 -2 0.024 0.005 1 1072
Right Anterior insula/claustrum 34 12 6 0.023 <0.00001 2 960
Right Mid-insula/claustrum 34 2 10 0.023 <0.00001

Right Anterior insula 34 22 8 0.014 0.002

Left Anterior insula —40 18 6 0.025 <0.00001 3 616
Left Anterior insula -30 20 8 0.014 0.001

Right SII/IPL 52 —32 22 0.020 0.0002 4 584
Left Posterior insula —44 —24 16 0.024 <0.00001 5 576
Right Thalamus 14 —20 4 0.021 <0.00001 6 504
Right Posterior insula 32 -8 18 0.017 <0.00001 7 360
Right Lentiform Nucleus 30 —14 8 0.016 0.0004

Left Thalamus -12 —24 12 0.022 <0.00001 8 360
Right Inferior Frontal Gyrus 38 46 2 0.020 <0.00001 9 352
Left MI 4 -32 -22 50 0.020 <0.00001 10 296
Right Cingulate Gyrus 32 4 22 26 0.018 <0.00001 11 200
Right Caudate 14 8 12 0.020 0.0002 12 168
Left Cingulate Gyrus 24 —6 12 32 0.014 0.001 13 112
Left Cingulate Gyrus 24 0 —6 42 0.015 0.001 14 72
Left Superior Temporal Gyrus 42 —54 -30 14 0.013 0.003 15 64
Right Anterior insula 46 6 16 0.013 0.0004 16 64
Right Inferior frontal gyrus 44 52 6 12 0.013 0.002

Right Middle Frontal Gyrus 46 42 36 24 0.014 0.0008 17 40
Right Cingulate Gyrus 23 2 -22 28 0.012 0.003 18 32
Right SII/IPL 39 48 —62 38 0.013 0.0008 19 32
Left SI/PPC 5 -10 —34 46 0.012 0.003 20 32
Left SI/PPC 5 -10 -32 46 0.012 0.003

Right SI/PPC 5 30 —42 58 0.012 0.004 21 32
Left Posterior insula -52 —34 20 0.012 0.002 21 24
Left Posterior insula —48 -20 24 0.012 0.003 21 24

ALE values for Study 2. ALE maps of noxious cold were subtracted from noxious heat pain. ALE values refer to the likelihood of
obtaining activation in response to noxious heat vs. noxious cold in a given voxel of the standard template. Coordinates are in Talairach
space [Talairach and Tournoux 1988]. Cluster #: The clusters are ranked according to their size in millimeters cubed (mm®). Abbrevia-
tions: BA, Brodmann Area; x, medial-lateral; y, anterior posterior; z, superior-inferior; IPL, inferior parietal lobule; SI/PPC, primary
somatosensory cortex/posterior parietal cortex; MI, primary motor cortex.

Minoshima, 2002; Cechetto and Saper, 1987; Critchley
et al., 2000; Gianaros et al., 2007; Yasui et al., 1991; Zhang
et al., 1999], interoception [Critchley et al., 2004], and tem-
perature [Craig et al., 2000]. The anterior insula receives
input from peripheral autonomic receptors, and therefore
it may become activated during affective tasks or during
the perception of pain due to increases in heart rate,
changes in blood pressure, etc. [Cechetto and Saper, 1987;
Yasui et al., 1991; Zhang et al., 1999]. A number of neuroi-
maging studies have reported activation in the insula dur-
ing tasks that involve heightened autonomic activity
[Cameron and Minoshima, 2002; Critchley et al., 2000; Gia-
naros et al.,, 2007]. Furthermore, the right anterior insula
also has a key role in interoception, or monitoring the in-
ternal state of the body [Critchley et al., 2004]. The dorsal
posterior insula has been shown to receive nociceptive
input from the posterior portion of the ventromedial nu-
cleus in the thalamus [Blomqvist et al., 2000; Craig and
Dostrovsky 2001; Craig et al., 1994]. Brain activation in
this region, as revealed by fMRI, is directly related to

changes in temperature [Craig et al., 2000], indicating that
it is a primary locus for processing thermosensory infor-
mation. In turn, a significant likelihood of obtaining activa-
tion in response to noxious stimuli in the insula may
reflect an increased awareness of physiological functions
during exposure to noxious stimuli.

While the anterior insula is a major site for emotional
processing, it also processes sensory-discriminative aspects
of pain perception. For example, direct electrophysiologi-
cal stimulation of the anterior insula produces painful and
nonpainful somesthetic responses [Ostrowsky et al., 2002;
Penfield and Faulk, 1955]. Furthermore, an imprecise
somatotopic organization was reported in the insula based
on electrophysiological stimulation and functional neuroi-
maging of this region [Henderson et al., 2007; Ostrowsky
et al., 2000].

Surprisingly, the likelihood of activation in SI was sig-
nificant even though the values reported in this region are
from the global analysis and included studies that stimu-
lated different parts of the body. As this region has a
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TABLE XV. Spatial location

and extent of ALE values for study 3 (noxious heat minus warm)

Side Region BA x Y z ALE value P value Cluster # Volume (mm?)
Left Sl —50 —4 6 0.027 <0.00001 1 3432
Left Anterior insula —48 6 4 0.015 0.0002

Left Anterior insula —44 6 2 0.015 0.0008

Left Inferior frontal gyrus 44 —46 8 12 0.014 0.0004

Right Anterior insula 38 8 —4 0.028 <0.00001 2 1448
Right Mid-insula 38 0 12 0.020 <0.00001

Right Cingulate gyrus 24 4 2 38 0.027 <0.00001 3 1440
Left Cingulate gyrus 24 -6 —4 40 0.022 <0.00001

Right Medial frontal gyrus 2 0 52 0.014 0.001

Right Cingulate gyrus 24 6 20 24 0.048 <0.00001 4 1096
Right Thalamus 6 -20 0 0.026 <0.00001 5 824
Right Thalamus 12 —22 8 0.016 0.0004

Left Cingulate gyrus 23 -2 -22 32 0.029 <0.00001 6 800
Right Cerebellum 16 —58 -12 0.027 <0.00001 7 752
Right Putamen 30 —14 8 0.018 0.0002 8 712
Right Posterior insula 36 -12 16 0.015 0.0004

Right Posterior insula 34 —22 14 0.014 0.0002

Right Posterior insula 36 -18 20 0.014 0.0006

Left Posterior insula —40 -20 16 0.029 <0.00001 9 648
Left Thalamus -8 —-16 8 0.017 <0.00001 10 480
Right Thalamus 30 44 20 0.026 <0.00001 11 360
Left Thalamus -22 -16 10 0.014 0.0002 12 208
Left Putamen —26 -20 12 0.014 0.0004

Right SIT 48 —38 30 0.014 0.0008 13 184
Right SII 52 —34 24 0.013 0.0008

Right Cerebellum 22 —58 —28 0.014 0.0008 14 168
Right Cerebellum 22 —60 -32 0.014 0.001

Left SII =50 —26 28 0.014 0.0004 15 152
Left SI 2 —48 —20 26 0.014 0.002

Right Cingulate gyrus 32 4 42 12 0.013 0.0006 16 120
Left Cingulate gyrus 24 0 38 6 0.013 0.002

ALE values for Study 3. ALE values refer to the likelihood of obtaining activation in response to noxious heat stimuli contrasted with
innocuous warm stimuli in a given voxel of the standard template. Coordinates are in Talairach space [Talairach and Tournoux 1988].
Cluster #: The clusters are ranked according to their size in millimeters cubed (mm"’). Abbreviations: BA, Brodmann Area; x, medial-lat-
eral; y, anterior posterior; z, superior-inferior; SI, primary somatosensory cortex; PPC, posterior parietal cortex; SII, secondary somato-

sensory cortex.

detailed somatotopic organization, the activation peaks
were in different locations of the postcentral gyrus.
Another important factor is that large individual differen-
ces in the location of the central sulcus may reduce the
ability to detect spatially restricted activation in SI based
on multiple-subject averaging [Geyer et al., 2000]. There-
fore, the probabilistic values in SI produced by this meta-
analysis may not accurately reflect the likelihood of activa-
tion in this region in individual studies.

The role of SI in the perception of pain has been dis-
puted since some of the first published experiments in the
early 20th century and continues to this day. This began
with an early report by Head and Holmes [1911] that pain
perception remained intact after damage to SI. Subsequent
electrophysiological studies demonstrated contradictory
findings, whereby neuronal responses to noxious stimuli
were recorded in SI [Chudler et al. 1990; Kenshalo et al.,
2000; Kenshalo and Isensee 1983]. Later brain imaging

studies reported mixed findings with some studies report-
ing activation in SI [e.g., Talbot et al., 1991] and others
finding an absence of SI activation [e.g., Jones et al., 1991].
These results could be due to many factors; however, these
meta-analyses of all existing brain imaging studies of noci-
ception have provided evidence that SI is involved in the
processing of some aspects of nociception, although with a
relatively small likelihood of being activated in response
to noxious stimuli.

The meta-analysis has also identified cortical regions
that are not typically associated with nociceptive proc-
essing, such as the posterior cingulate gyrus. Activation
in the posterior cingulate cortex is often reported in
pain neuroimaging studies as a finding being unrelated
to processing noxious stimuli, as its role in pain process-
ing has not been thoroughly explored. However, studies
in animals have indicated that this region receives a
direct projection from the main pain and temperature
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TABLE XVI. Spatial location and extent of ALE values for study 3 (noxious heat vs. baseline)

Side Region BA X v z ALE value P value Cluster # Volume (mm?)
Left Cingulate gyrus 32 -2 10 40 0.042 <0.00001 1 3768
Left Cingulate gyrus 24 —4 12 30 0.029 <0.00001

Left Cingulate gyrus 24 0 -2 44 0.024 <0.00001

Left Cingulate gyrus 32 -8 24 30 0.014 0.0002

Left Supplementary motor area 6 0 -10 52 0.013 0.004

Right SII 43 50 —18 16 0.020 <0.00001 2 2408
Right Posterior insula 36 =20 16 0.020 <0.00001

Right IPL 40 48 —34 28 0.018 0.0004

Right IPL 40 56 -30 24 0.016 0.0002

Right IPL 40 60 -30 26 0.016 0.0002

Right SII 40 50 -32 34 0.014 0.0008

Right SII 56 —12 12 0.014 0.0006

Right Putaman 30 2 8 0.032 <0.00001 3 1952
Right Mid-insula/claustrum 30 4 12 0.031 <0.00001

Left Mid-insula —40 2 8 0.024 0.0002 4 1360
Left Anterior insula —46 6 16 0.013 0.003

Left Posterior insula —42 -10 12 0.013 0.002

Left Mid—insula/claustrum -30 4 8 0.013 0.001

Left Thalamus —-16 -20 12 0.037 <0.00001 5 1032
Right Inferior frontal gyrus 44 52 6 10 0.026 <0.00001 6 824
Right Cerebellum 0 —66 —-16 0.023 <0.00001 7 784
Right Cerebellum 2 —62 -14 0.021 0.0002

Right Thalamus 12 -20 4 0.027 <0.00001 8 760
Right Cerebellum 20 —66 —24 0.020 <0.00001 9 656
Right Cerebellum 30 -76 —28 0.014 0.0004

Left Posterior insula —44 —24 16 0.024 <0.00001 10 576
Right Medial frontal gyrus 6 6 —6 62 0.019 0.0002 11 408
Left Putaman —22 0 -2 0.022 <0.00001 12 312
Right PPC 5 22 —42 66 0.021 <0.00001 13 280
Left MI 4 —32 -22 50 0.020 0.0002 14 264
Right SI 3 30 -30 62 0.019 <0.00001 15 264
Left Putaman —28 —14 10 0.014 0.0004 16 256
Left Putaman —22 -10 8 0.014 0.001

Left Putaman -30 -12 2 0.013 0.002

Right Posterior insula 32 -10 18 0.017 0.0002 17 248
Left Cerebellum —22 —54 —28 0.016 0.0006 18 240
Right Premotor cortex 6 46 0 30 0.018 <0.00001 19 232
Right Cerebellum 38 —54 —36 0.017 0.0004 20 216
Right Anterior insula 36 18 8 0.015 0.0004 21 160
Left Superior frontal gyrus -10 -8 72 0.021 <0.00001 22 152

ALE values for Study 3. ALE values refer to the likelihood of obtaining activation evoked by noxious heat stimuli in comparison to rest-
ing baseline. Coordinates are in Talairach space [Talairach and Tournoux 1988]. Cluster #: The clusters are ranked according to their
size in millimeters cubed (mm3). Abbreviations: BA, Brodmann Area; x, medial-lateral; y, anterior posterior; z, superior-inferior; IPL, in-
ferior parietal lobule; SI, primary somatosensory cortex; PPC, posterior parietal cortex; SII, secondary somatosensory cortex; MI, primary

motor cortex.

transmitting pathway in the spinal cord, the spinotha-
lamic tract, [Apkarian and Shi, 1998] and contains noci-
ceptive neurons [Sikes et al., 2008] thus suggesting it
processes sensory-discriminative aspects of pain. Addi-
tionally, the meta-analysis identified motor regions that
invariably become activated during a pain imaging
experiment. As of late, pain neuroimaging studies often
discount activation in motor regions because of prepara-
tory motor responses. However, Melzack and Wall
[1965] noted in their seminal work on peripheral and

central processing of pain that motor responses are an
integral part of the exposure to a noxious stimulus.
They note that many actions can occur after a noxious
stimulus is applied to the body such as a startle
response and orienting of the head and eyes. Therefore,
the significant likelihood of activation in motor areas
found in the current experiment reinforces this long
held view of pain processing. Additionally, several
motor areas, such as the nuclei in the basal ganglia, are
directly responsive to noxious stimuli [Chudler and
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TABLE XVII. Spatial location and extent of ALE values for study 3 (noxious heat vs. baseline minus noxious heat

vs. warm)
Side Region BA X y z ALE value P value Cluster # Volume (mm?)
Left Cingulate gyrus 32 -2 10 40 0.039 <0.00001 1 2168
Left Cingulate gyrus 24 -6 14 30 0.029 <0.00001
Left Cingulate gyrus 32 -8 24 30 0.013 0.002
Right SII 43 50 —-18 16 0.020 <0.00001 2 1040
Right SII 40 60 -30 26 0.015 0.0004
Right SII 42 56 -12 12 0.014 0.0008
Right Putamen 30 2 6 0.027 <0.00001 3 944
Left Thalamus —-16 -20 12 0.035 <0.00001 4 688
Right Inferior frontal gyrus 44 54 6 10 0.026 <0.00001 5 624
Right Cerebellum 0 —66 —-16 0.023 <0.00001 6 536
Right Cerebellum 20 —66 —24 0.020 0.0004 7 488
Right Cerebellum 30 -76 -28 0.014 0.0008
Left Mid-insula —40 0 8 0.019 <0.00001 8 448
Left Anterior insula —38 12 12 0.014 0.002
Right Medial frontal gyrus 6 6 —6 62 0.019 0.0006 9 320
Right SI/PPC 22 —42 66 0.021 0.0002 10 240
Left MI 4 =32 —22 50 0.020 0.0002 11 224
Right SI 3 30 -30 62 0.019 0.0004 12 216
Left Putamen =22 0 —4 0.021 0.0002 13 192
Left Posterior insula —44 —26 16 0.018 <0.00001 14 168
Right Thalamus 14 -20 4 0.018 0.0002 15 160
Right Inferior frontal gyrus 6 46 0 30 0.017 0.0004 16 152
Right Cerebellum 38 —54 -36 0.016 0.0002 17 144
Left Superior frontal gyrus 6 —-10 -8 72 0.021 0.0002 18 120
Right Posterior insula/claustrum 30 -8 18 0.016 0.0002 19 112

Study 3: ALE values refer to the likelihood of obtaining activation evoked by noxious heat stimuli in comparison to resting baseline
minus ALE values obtained for noxious heat in comparison to innocuous warm stimuli. Coordinates are in Talairach space [Talairach
and Tournoux 1988]. Cluster #: The clusters are ranked according to their size in millimeters cubed (mm®). Abbreviations: BA, Brod-
mann Area; x, medial-lateral; y, anterior posterior; z, superior-inferior; SI, primary somatosensory cortex; PPC, posterior parietal cortex;

SII, secondary somatosensory cortex; MI, primary motor cortex.

TABLE XVIII. Spatial location and extent of ALE values for study 3 (noxious heat vs. warm minus noxious heat vs.

baseline)
Side Region BA X y z ALE value P values Cluster # Volume (mm?®)
Right Cingulate Gyrus 24 6 20 24 0.048 <0.00001 1 976
Left Cingulate Gyrus 23 -2 -22 32 0.029 <0.00001 2 600
Right Anterior insula 13 38 8 —4 0.028 <0.00001 3 464
Right Cerebellum 16 —58 -12 0.021 <0.00001 4 256
Right Lentiform Nucleus 30 -14 8 0.018 0.0002 5 192
Left Superior Temporal Gyrus 22 -50 —4 6 0.021 <0.00001 6 184
Right Cingulate Gyrus 24 6 0 38 0.019 <0.00001 7 184
Left Posterior insula 13 —38 -20 14 0.018 0.0004 8 152
Right Mid-insula 13 38 -2 12 0.016 0.001 9 136
Left Cingulate Gyrus 24 —6 —6 40 0.018 0.0004 10 112
Right Thalamus 4 -20 0 0.017 <0.00001 11 104
Left Thalamus —4 —-14 8 0.015 0.001 12 104

Study 3: ALE values refer to the likelihood of obtaining activation evoked by noxious heat stimuli in comparison to innocuous warm
stimuli subtracting ALE values obtained for noxious heat minus baseline. Coordinates are in Talairach space [Talairach and Tournoux
1988]. Cluster #: The clusters are ranked according to their size in millimeters cubed (mms). Abbreviations: BA, Brodmann Area; x,

medial-lateral; y, anterior posterior; z, superior-inferior.
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TABLE XIX. Spatial location and extent of ALE values for Study 4 (noxious stimuli applied to the left side
of the body)

Side Region BA X y z ALE value P value Cluster # Volume (mm?)
Right Thalamus 10 -20 6 0.089 <0.00001 1 18,008
Left Thalamus -12 -16 10 0.082 <0.00001

Left Mid-insula/claustrum —34 2 8 0.069 <0.00001

Right Thalamus 16 —18 14 0.055 <0.00001

Left Anterior insula —-32 12 10 0.044 <0.00001

Right Thalamus 10 —6 6 0.042 0.0002

Left Midbrain -2 -16 -8 0.036 <0.00001

Right Lentiform Nucleus 18 -6 0 0.032 <0.00001

Right Putamen 2 —28 —6 0.029 <0.00001

Left Lentiform Nucleus —28 -10 4 0.028 <0.00001

Left Anterior insula —40 6 —4 0.027 0.0004

Right Posterior insula 36 —-20 18 0.108 <0.00001 2 17,912
Right Mid-insula/claustrum 32 4 12 0.098 <0.00001

Right IPL 40 52 -30 26 0.073 <0.00001

Right Superior Temporal Gyrus 22 52 4 8 0.050 <0.00001

Right IPL 40 46 —34 40 0.031 0.0001

Right Anterior insula 46 10 0 0.027 0.0002

Right Posterior insula/claustrum 36 -12 —4 0.022 0.002

Right Cingulate Gyrus 24 2 4 38 0.095 <0.00001 3 12,552
Right Medial Frontal Gyrus 6 2 2 52 0.079 <0.00001

Right Medial Frontal Gyrus 6 10 8 50 0.049 <0.00001

Left Cingulate Gyrus 24 -8 16 28 0.048 <0.00001

Left Medial Frontal Gyrus 6 -2 —-10 52 0.037 <0.00001

Right Cingulate Gyrus 24 8 -12 40 0.037 <0.00001

Right Medial Frontal Gyrus 6 8 -10 52 0.027 <0.00001

Right Superior Frontal Gyrus 6 14 —6 62 0.026 0.0004

Left IPL 40 —52 -32 28 0.032 <0.00001 4 1384
Left IPL -50 —36 22 0.032 <0.00001

Left SII —56 -22 20 0.030 0.0002

Left Cerebellum —34 —56 -30 0.033 <0.00001 5 1352
Left Cerebellum —28 —54 -30 0.031 <0.00001

Left Cerebellum —-24 —56 -18 0.031 <0.00001

Right SI/PPC 5 22 —42 64 0.040 <0.00001 6 1048
Right SI 3 30 -30 62 0.033 <0.00001

Right Cerebellum 4 —58 -14 0.032 <0.00001 7 864
Right Cerebellum 0 —50 —16 0.026 0.001

Right Precentral Gyrus 6 26 -16 54 0.042 <0.00001 8 784
Right MI 4 34 -18 58 0.026 0.001

Right Middle Frontal Gyrus 10 32 40 22 0.029 <0.00001 9 720
Right Middle Frontal Gyrus 10 40 38 22 0.029 0.0004

Right Superior Frontal Gyrus 9 28 40 30 0.026 0.0004

Left SII —40 —24 14 0.029 <0.00001 11 456
Right Inferior Frontal Gyrus 38 22 6 0.027 0.0006 12 184
Right Cerebellum 24 —66 —24 0.025 0.001 13 160
Right Paracentral Lobule 5 8 —40 60 0.030 0.0004 14 152
Left Posterior insula/claustrum —34 -18 4 0.025 0.0004 15 128
Right Cingulate Gyrus 32 4 22 26 0.027 0.001 16 128
Left Cingulate Gyrus 32 -6 32 —4 0.028 0.0006 17 104

ALE values for Study 4. ALE values refer to the likelihood of obtaining activation evoked by noxious stimuli applied to the left side of
the body. Coordinates are in Talairach space [Talairach and Tournoux 1988]. Cluster #: The clusters are ranked according to their size
in millimeters cubed (mm3). Abbreviations: BA, Brodmann Area; x, medial-lateral; y, anterior posterior; z, superior-inferior; IPL, inferior
parietal lobule; SI, primary somatosensory cortex; SII, secondary somatosensory cortex; MI, primary motor cortex.

Dong, 1995] with some regions showing a nociceptive To conclude, this meta-analysis represents a compre-
somatotopic organization [Bingel et al., 2004a] consistent hensive quantitative review identifying the specific loca-
with an involvement in stimulus localization. tion and spatial extent of activation evoked by noxious
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TABLE XX. Spatial location and extent of ALE values for (noxious heat applied to the right side of the body)

Side Region BA X y z ALE value P value Cluster # Volume (mm?)
Right Anterior insula 34 12 8 0.105 <0.000001 1 41,464
Left Mid-insula —38 4 4 0.100 <0.000001

Left S —54 —26 22 0.091 <0.000001

Right SII 56 —22 20 0.084 <0.000001

Left Posterior insula -38 -20 14 0.082 <0.000001

Left Thalamus —-16 —-16 10 0.082 <0.000001

Right Thalamus 4 —18 4 0.069 <0.000001

Right Thalamus 12 -12 8 0.054 <0.000001

Right Lentiform Nucleus 24 -2 8 0.049 <0.000001

Left Precentral Gyrus 43 —54 -8 12 0.043 <0.000001

Right Precentral Gyrus 44 50 6 12 0.040 <0.000001

Right Mid-insula 36 -2 14 0.040 <0.000001

Right Inferior Frontal Gyrus 47 42 18 -2 0.039 <0.000001

Left Lentiform Nucleus -20 4 10 0.038 <0.000001

Left Precentral Gyrus 6 —52 —4 6 0.035 <0.000001

Left Thalamus —4 —26 0 0.035 <0.000001

Right Posterior insula 38 -14 16 0.034 <0.000001

Right Posterior insula 44 —14 16 0.033 <0.000001

Right Inferior Frontal Gyrus 42 26 4 0.026 <0.000001

Left Lentiform Nucleus —20 12 0 0.025 0.0008

Left Supramarginal Gyrus 40 —54 —-38 32 0.022 0.002

Right Cingulate Gyrus 24 4 8 36 0.081 <0.000001 2 14,016
Right Cingulate Gyrus 32 6 22 26 0.067 <0.000001

Left Cingulate Gyrus 24 —4 —4 42 0.062 <0.000001

Left Cingulate Gyrus 32 -2 24 38 0.046 <0.000001

Left Anterior Cingulate 24 —4 20 24 0.045 <0.000001

Left Medial Frontal Gyrus 8 -10 26 42 0.025 0.001

Left SII 3 -32 —34 60 0.049 <0.000001 3 1664
Left MI 4 —38 —24 62 0.034 <0.000001

Right Middle Frontal Gyrus 10 30 44 20 0.036 <0.000001 4 1424
Right Middle Frontal Gyrus 10 42 46 14 0.030 0.0002

Right Superior Frontal Gyrus 9 38 36 26 0.028 <0.000001

Right Middle Frontal Gyrus 9 38 30 30 0.024 0.001

Left Cerebellum —34 —54 —-36 0.034 <0.000001 5 968
Left Cerebellum -20 —62 —24 0.033 <0.000001

Left Cerebellum -30 —58 =30 0.029 <0.000001

Right Cerebellum 22 —58 —24 0.040 <0.000001 6 720
Right Cerebellum 2 —46 —-16 0.034 <0.000001 7 616
Right IPL 40 50 —32 34 0.038 <0.000001 8 480
Left Supramarginal Gyrus 40 —40 —40 36 0.042 <0.000001 9 480
Left Cerebellum —4 —56 —28 0.028 0.0002 10 328
Right Cerebellum 4 —62 —-16 0.034 <0.000001 11 288
Right IPL 40 50 —46 38 0.031 <0.000001 12 280
Left Middle Frontal Gyrus 10 -30 46 4 0.033 <0.000001 13 216
Left Angular Gyrus 39 —40 —58 34 0.030 0.0002 14 160
Left Medial Frontal Gyrus 6 —4 -20 66 0.027 <0.000001 15 128
Right Uncus 36 20 —4 —34 0.025 0.001 16 104
Right Medial Frontal Gyrus 6 6 2 62 0.025 0.0008 17 104

Study 4: ALE values refer to the likelihood of obtaining activation evoked by noxious heat stimuli applied to the right side of the body.
Coordinates are in Talairach space [Talairach and Tournoux 1988]. Cluster #: The clusters are ranked according to their size in milli-
meters cubed (mm3). Abbreviations: BA, Brodmann Area; x, medial-lateral; i, anterior posterior; z, superior-inferior; IPL, inferior parie-
tal lobule; SI, primary somatosensory cortex; SII, secondary somatosensory cortex; MI, primary motor cortex.

stimuli in the brain. Given the all-inclusive nature of the
types of stimuli included in the analysis, the specific
role of these structures in processing noxious stimuli
cannot be addressed within the limits of the current

contrasting activation

study. More detailed information can be obtained by
likelihood estimates associated
with distinct noxious stimuli as discussed in the follow-
ing sections.
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TABLE XXI. Spatial location and extent of ALE values for study 4 (left-sided stimuli minus right-sided stimuli)

Side Region BA x v z ALE value P value Cluster # Volume (mm?)
Right Posterior insula 36 -20 18 0.093 <0.000001 1 3024
Right Posterior insula/claustrum 38 —14 8 0.040 <0.000001

Right Cingulate Gyrus 24 4 2 38 0.047 <0.000001 2 2576
Right Medial Frontal Gyrus 6 2 2 54 0.046 <0.000001

Right Medial Frontal Gyrus 6 12 8 50 0.043 <0.000001

Right Cingulate Gyrus 24 8 -12 42 0.029 <0.000001

Right Medial Frontal Gyrus 6 8 -10 52 0.024 0.0008

Right Mid-insula/claustrum 32 4 12 0.055 <0.000001 3 1976
Right Thalamus 16 —-18 14 0.049 <0.000001 4 1488
Right Thalamus 10 -20 4 0.041 <0.000001

Right SII 52 -30 26 0.058 <0.000001 5 1272
Right SI/PPC 5 22 —42 64 0.039 <0.000001 6 880
Right SI 3 30 -30 62 0.031 0.0002

Right Precentral Gyrus 6 26 —-16 54 0.041 <0.000001 7 712
Right MI 4 34 —-18 58 0.025 0.0008

Left Thalamus -10 -16 10 0.035 <0.000001 8 416
Left Thalamus —6 -20 16 0.027 0.0002

Left Midbrain -2 -16 -10 0.031 <0.000001 9 304
Left Cingulate Gyrus 24 -10 16 28 0.035 <0.000001 10 264
Right Inferior frontal gyrus 44 52 2 4 0.031 <0.000001 11 240
Left Cerebellum —24 —56 —-18 0.029 0.0002 12 232
Right SI/PPC 5 8 —40 60 0.030 <0.000001 13 168
Right Superior Frontal Gyrus 6 14 —6 62 0.025 0.001 14 160
Left Medial Frontal Gyrus 6 —4 -12 56 0.026 0.0004 15 152
Right Lentiform Nucleus 18 —6 0 0.025 0.0004 16 144
Right Thalamus 10 —4 2 0.022 0.002

Left Mid-insula —46 2 14 0.027 0.0006 17 136
Left Cingulate gyrus 32 -6 32 —4 0.028 <0.000001 18 128
Left Posterior insula —50 —36 22 0.027 0.0002 19 128

ALE values for Study 4. ALE values for applying noxious stimuli to the left side of the body subtracting the ALE maps for applying
stimuli to the right side of the body. Coordinates are in Talairach space [Talairach and Tournoux 1988]. Cluster #: The clusters are
ranked according to their size in millimeters cubed (mm3). Abbreviations: BA, Brodmann Area; x, medial-lateral; y, anterior posterior; z,
superior-inferior; SI, primary somatosensory cortex; PPC, posterior parietal cortex; SII, secondary somatosensory cortex; MI, primary

motor cortex.

Study 2: Noxious Cold Compared with Noxious
Heat

This is the first meta-analysis of brain imaging data to
directly compare noxious cold with noxious heat. The
most important finding from the noxious cold meta-analy-
sis was that these stimuli were associated with the activa-
tion of a number of sensory and affective pain processing
cortical regions, including bilateral insular cortices, the
right ACC, subcallosal gyrus, SII, and the right amygdala.
In comparison, the highest likelihood of obtaining activa-
tion in response to noxious heat was localized in bilateral
insulae and thalamus. Based on the subtraction analysis
(noxious heat minus noxious cold), noxious-heat related
activation was more likely to occur in somatosensory corti-
ces, which perhaps reflects the substantially lesser auto-
nomic reaction and unpleasantness associated with these
stimuli [Rainville et al., 1992].

To date, very few imaging studies have explored the
neural representations of noxious cold and noxious heat

pain within the same experimental protocol [Casey et al.,
1996; Craig et al., 1996; Tracey et al., 2000]. In one study,
Tracey et al. [2000] reported that cold and heat pain acti-
vated similar brain areas. However, these authors applied
cold stimuli using relatively short (30 s) stimuli delivered
via a computer-controlled thermode that were potentially
not as aversive as the stimuli used in the other cold-pain
studies included in the meta-analysis.

Some studies in the meta-analysis administered noxious
cold stimuli using the cold pressor task, which involves
the immersion of a limb into freezing water for several
minutes. In general, subjects report cold-pain sensations to
be “aching” and “deep,” in comparison to heat pain,
which has been described as “stinging” and “superficial”
[Davis et al., 1998]. Additionally, subjects rate cold pain as
more unpleasant than heat pain [Greenspan et al., 2003;
Rainville et al., 1992]. In turn, the findings from the nox-
ious cold meta-analysis are in line with results showing
high probabilistic values in regions associated with emo-
tional processing and negative affect such as the
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TABLE XXII. Spatial location and extent of ALE values for study 4 (right-sided stimuli minus left-sided stimuli)

Side Region BA X y z ALE value P value Cluster # Volume (mm?)
Left SI —54 —26 22 0.067 <0.000001 1 8128
Left Anterior insula -38 6 4 0.066 <0.000001

Left Posterior insula -38 —18 12 0.061 <0.000001

Left SII —-56 -10 12 0.039 <0.000001

Left Precentral Gyrus 6 -52 —4 6 0.030 0.0004

Left Cingulate Gyrus 32 -2 24 40 0.042 <0.000001 2 2256
Right Cingulate Gyrus 32 6 20 26 0.042 <0.000001

Right Cingulate Gyrus 32 2 24 32 0.040 <0.000001

Left Cingulate Gyrus 24 -2 20 24 0.033 <0.000001

Left Medial Frontal Gyrus 8 -10 26 42 0.025 0.0008

Right Anterior insula 34 14 8 0.079 <0.000001 3 1648
Left Cingulate Gyrus 32 -8 8 38 0.041 <0.000001 4 1568
Left Superior Frontal Gyrus 6 0 12 48 0.034 <0.000001

Right Cingulate Gyrus 32 8 12 40 0.033 <0.000001

Right Cingulate Gyrus 32 12 14 38 0.033 <0.000001

Left SI 3 -32 —34 60 0.049 <0.000001 5 1528
Left MI 4 —-38 —24 62 0.033 <0.000001

Right SII 40 56 —22 20 0.051 <0.000001 6 656
Left Cingulate Gyrus 24 —6 —4 42 0.049 <0.000001 7 528
Right Lentiform Nucleus 24 —4 8 0.040 <0.000001 8 480
Left Supramarginal Gyrus 40 —40 —40 36 0.042 <0.000001 9 432
Right Cerebellum 22 —56 —26 0.032 <0.000001 10 296
Left Cerebellum —4 —54 —28 0.027 0.0006 11 240
Right IPL 40 50 —46 38 0.031 0.0002 12 232
Left Middle Frontal Gyrus 10 -30 46 4 0.033 <0.000001 13 224
Left Lentiform Nucleus -20 4 10 0.032 <0.000001 14 224
Right Inferior Frontal Gyrus 47 42 20 —4 0.032 <0.000001 15 208
Left Anterior insula =32 20 4 0.029 0.0006 16 176
Right Thalamus 2 —-16 4 0.032 <0.000001 17 168
Left Angular Gyrus 39 —40 —58 34 0.030 0.0002 18 160
Right Middle Frontal Gyrus 46 42 46 16 0.024 0.001 19 144
Left Thalamus —4 —26 0 0.029 <0.000001 20 120
Left Cerebellum —34 —52 -38 0.027 <0.000001 21 104

ALE values for Study 4. ALE values refer to the likelihood of obtaining activation evoked by noxious stimuli applied to the right side
of the body subtracting the ALE maps for applying noxious stimuli to the left side of the body. Coordinates are in Talairach space
[Talairach and Tournoux 1988]. Cluster #: The clusters are ranked according to their size in millimeters cubed (mm®). Abbreviations:
BA, Brodmann Area; x, medial-lateral; y, anterior posterior; z, superior-inferior; SI, primary somatosensory cortex; SII, secondary soma-

tosensory cortex; MI, primary motor cortex.

amygdala, insula, and the ACC [Mayberg et al., 1999; Neu-
gebauer et al., 2004; Wiech and Tracey, 2009]. The subgeni-
culate area of the ACC projects to the amygdala,
hypothalamus, and the periaqueductal gray, brain regions
known to process emotional motivational stimuli, and also
autonomic processing, indicating that the increased likeli-
hood of activation in these regions during noxious cold
stimuli may reflect both affect-related physiological and
behavioral reactions that occur during unpleasant stimuli.
In line with these findings is that activation has been
reported in the ACC and the amygdala for noxious muscle
stimuli, but not for noxious cutaneous stimuli when pre-
sented within the same experimental design [Takahashi
et al., 2011]. These findings were also related to the
enhanced emotional response elicited by muscle stimuli.

Study 3: Localizing Activation in Response to
Noxious Heat Stimuli

In this systematic study, we examined the effects of
using either innocuous warm stimuli or a resting baseline
as the control condition on the apparent brain activation
evoked by noxious heat stimuli. As expected, our findings
indicate that contrasts with a resting baseline suggest a
more widespread network of brain regions activated by
the noxious stimuli. This was demonstrated by the greater
number of ALE peaks, the larger clusters of significant
ALE values, and the detection of activation peaks outside
of the classical spino-thalamo-cortical system (e.g., in the
superior frontal gyrus). Of particular interest, the contrast
with a resting baseline has the advantage of increasing the
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TABLE XXIII. Spatial location and extent of ALE values for study 5 (noxious muscle stimuli)

Side Region BA x y z ALE value P value Cluster # Volume (mm?)
Right Anterior insula 36 14 10 0.037 <0.000001 1 6168
Left Thalamus -12 -16 8 0.04 <0.000001 2 4984
Left Cingulate gyrus 24 0 16 24 0.025 <0.000001 3 1904
Left Mid-insula —34 2 20 0.026 <0.000001 4 1888
Left Posterior insula -36 —-22 12 0.034 <0.000001 5 1616
Right PPC 40 64 -22 22 0.026 <0.000001 6 896
Right Middle frontal gyrus 10 32 42 16 0.034 <0.000001 7 848
Left Precentral 6 -56 -2 8 0.027 <0.000001 8 704
Left IPL —58 —38 28 0.023 <0.000001 9 672
Left SII 41 —58 —18 14 0.023 <0.000001 10 488
Left Posterior cingulate gyrus 23 —4 -26 28 0.021 0.0002 11 440
Left Cingulate gyrus 32 -8 30 24 0.023 <0.000001 12 352
Left Posterior insula —38 —18 —6 0.024 <0.000001 13 344
Right Cingulate gyrus 32 8 10 38 0.019 0.0002 14 344
Left Superior temporal gyrus 22 -50 6 —6 0.024 <0.000001 15 328
Left Precuneus 7 -8 -70 36 0.021 0.0001 16 320
Left Cerebellum -2 -26 —14 0.022 <0.000001 17 312
Right Cerebellum 24 —62 —18 0.022 <0.000001 18 280
Left Cerebellum —38 —54 —36 0.021 <0.000001 19 272
Left Middle frontal gyrus 9 -30 40 28 0.02 <0.000001 20 272
Left Anterior insula —28 16 2 0.015 0.001 21 152

ALE values for Study 5. ALE values refer to the likelihood of obtaining activation evoked by noxious stimuli applied to the skin. Coor-
dinates are in Talairach space [Talairach and Tournoux 1988]. Cluster #: The clusters are ranked according to their size in millimeters
cubed (mm?®). Abbreviations: BA, Brodmann Area; x, medial-lateral; y, anterior posterior; z, superior-inferior; SII, secondary somatosen-
sory cortex; MI, primary motor cortex; PPC, posterior parietal cortex.

likelihood of detecting stimulus-evoked activation in SI, an A major finding from the meta-analysis in which innoc-
area that is often missed because of a variety of factors dif- uous warm stimuli was used as a control condition for
ficult to control in brain imaging studies, as discussed noxious heat was the localized peak ALE values in BA 24
above. of the ACC. This important result suggests that the pain

TABLE XXIV. Study 5 (noxious cutaneous stimuli)

Side Region BA X y z ALE value P value Cluster # Volume (mm?)
Right Thalamus 14 —-18 4 0.027 <0.00001 1 4328
Left Mid-insula —38 -2 4 0.032 <0.00001 2 4064
Right Dorsal posterior insula 42 -18 14 0.035 <0.00001 3 1696
Left Cingulate gyrus 24 -2 —4 44 0.027 <0.00001 4 1424
Right Anterior insula 36 10 0 0.02 <0.00001 5 960
Right IPL 40 48 —28 26 0.017 0.0002 6 648
Left SII —58 —20 22 0.021 <0.00001 7 472
Right Mid-insula/Mid-Clastrum 36 —4 6 0.017 <0.00001 8 408
Left Cingulate gyrus 24 0 16 26 0.017 <0.00001 10 384
Left SII —50 -30 16 0.024 <0.00001 11 368
Right IPL 40 26 —36 54 0.022 <0.00001 12 368
Right Precentral gyrus 44 48 2 8 0.017 0.004 13 320
Right Posterior insula 44 —-10 —4 0.02 <0.00001 14 304
Right SI/PPC 7 28 —44 46 0.017 <0.00001 15 296
Right IPL 52 —44 28 0.016 <0.00001 16 280
Right Inferior frontal gyrus 47 40 28 2 0.016 0.0002 17 272
Left Middle frontal gyrus 9 —24 32 30 0.013 0.0004 18 200

ALE values for Study 5. ALE values refer to the likelihood of obtaining activation evoked by noxious stimuli applied to muscles. Coor-
dinates are in Talairach space [Talairach and Tournoux 1988]. Cluster #: The clusters are ranked according to their size in millimeters
cubed (mms). Abbreviations: BA, Brodmann Area; x, medial-lateral; y, anterior posterior; z, superior-inferior; IPL, inferior parietal
lobule; SI, primary somatosensory cortex; SII, secondary somatosensory cortex; MI, primary motor cortex; PPC, posterior parietal cortex.
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TABLE XXV. Spatial location and extent of ALE values for study 5 (noxious muscle stimuli minus noxious
cutaneous stimuli)

Side Region BA X y z ALE value P value Cluster # Volume (mm?)
Right Anterior insula 36 16 10 0.029 <0.000001 1 3288
Left Anterior insula —34 2 20 0.026 <0.000001 2 784
Left Thalamus -12 —-16 10 0.027 <0.000001 3 720
Right Middle frontal gyrus 10 32 42 14 0.034 <0.000001 4 704
Left Thalamus —-16 —26 14 0.022 <0.000001 5 664
Left Cingulate gyrus 32 —4 20 38 0.023 <0.000001 6 664
Left Precentral gyrus 6 —56 -2 8 0.027 <0.000001 7 656
Right SII 64 —24 22 0.023 <0.000001 8 584
Left Posterior insula —36 —24 10 0.03 <0.000001 9 560
Left Posterior insula —40 —18 20 0.028 <0.000001 10 416
Left Superior temporal gyrus -50 6 -6 0.024 <0.000001 11 296
Right Cerebellum 24 —62 —18 0.022 <0.000001 12 288
Left Cingulate gyrus 32 -8 30 24 0.023 <0.000001 13 288
Left Precuneus 7 -8 -70 36 0.021 <0.000001 14 272
Left Posterior cingulate gyrus 23 —4 —26 28 0.021 <0.000001 15 256
Right Thalamus 6 —22 8 0.022 <0.000001 16 248
Left IPL 40 —60 —38 26 0.021 <0.000001 17 232
Left Transverse temporal gyrus —58 —-16 12 0.019 <0.000001 18 208
Right Thalamus 14 -10 8 0.016 0.0004 19 184
Left Cerebellum —40 —54 —36 0.019 <0.000001 20 176
Left IPL 40 —56 —28 32 0.016 0.0008 21 168
Left Midbrain -2 —26 —14 0.021 <0.000001 22 160
Left Middle frontal gyrus 9 —-30 40 28 0.017 0.0002 23 152

ALE values for Study 5. ALE values refer to the likelihood of obtaining activation evoked by noxious muscle stimuli in comparison to
noxious cutaneous stimuli. Coordinates are in Talairach space [Talairach and Tournoux 1988]. Cluster #: The clusters are ranked accord-
ing to their size in millimeters cubed (mm3). Abbreviations: BA, Brodmann Area; x, medial-lateral; y, anterior posterior; z, superior-infe-
rior; IPL, inferior parietal lobule; SII, secondary somatosensory cortex; MI, primary motor cortex; PPC, posterior parietal cortex.

versus warm contrast may not simply reveal a subset of responding to noxious stimuli, with or without attentional
activation peaks detected in pain versus baseline. Electro- modulation, or solely during attentive tasks [Davis et al.,
physiological studies have recorded neurons in the ACC 2000; Hutchison et al., 1999]. An fMRI study examined

TABLE XXVI. Spatial location and extent of ALE values for study 5 (noxious cutaneous stimuli minus noxious
muscle stimuli)

Side Region BA X y z ALE value P value Cluster # Volume (mm?)
Left Mid-insula —38 —4 6 0.022 <0.000001 1 1048
Right Posterior insula 42 —20 14 0.031 <0.000001 2 968
Left Cingulate gyrus 24 -2 —4 44 0.024 <0.000001 3 592
Right Midbrain 4 —-16 -8 0.019 0.0002 4 384
Left Thalamus —6 —10 12 0.018 0.0004 5 344
Right SII 48 -28 26 0.017 0.0006 6 344
Left SII —50 -30 16 0.024 <0.000001 7 312
Right Anterior insula 36 10 0 0.018 0.0006 8 256
Right SI 26 -36 54 0.022 <0.000001 9 240
Left SI —58 -20 22 0.020 0.0002 10 192
Left Putamen —26 6 —6 0.016 0.0002 11 144
Right Inferior frontal gyrus 47 40 28 2 0.016 0.0002 12 144
Right Precuneus 7 28 —44 46 0.017 0.0008 13 144
Right SII 52 —44 28 0.016 0.0004 14 128

ALE values for Study 5. ALE values refer to the likelihood of obtaining activation evoked by noxious cutaneous stimuli in comparison
to noxious to the skin stimuli. Coordinates are in Talairach space [Talairach and Tournoux 1988]. Cluster #: The clusters are ranked
according to their size in millimeters cubed (mm3). Abbreviations: BA, Brodmann Area; x, medial-lateral; y, anterior posterior; z, supe-
rior-inferior; SII, secondary somatosensory cortex; PPC, posterior parietal cortex.
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BOLD activity either during the presentation of a painful
stimulus or an attention-demanding task [Davis et al.,
1997]. Activation evoked by pain was reported in BA 24,
while the attention-demanding task activated BA 32. In
these results, the significant probabilistic value in BA 32
for the pain vs. baseline condition might reflect attentional
resources directed towards the stimuli. Notably, this clus-
ter largely overlapped with another cluster that had a sig-
nificant likelihood of being activated in the pain versus
warm contrast, consistent with increased attention-related
responses to pain. However, the more ventral peaks found
in the pain versus warm contrast are consistent with a
spino-thalamo-cortical input to BA 24 [Sikes and Vogt,
1992], which might be more closely related to the process-
ing of noxious signals and to the experience of pain.
Potentially, the likelihood of activation in BA 24 area could
also be a result of weaker signal change in this region in
response to innocuous warm stimuli or even “deactiva-
tion,” or negative signal change. Certainly, activation only
in response to innocuous warm stimuli has been found to
produce activation in this region [e.g., Becerra et al., 1999].
Therefore, the findings suggest that BA 24 does process in-
nocuous warm stimuli, but not more so than noxious stim-
uli. Deactivation or negative signal in response to warm
stimuli may also have produced a better contrast to local-
ize pain-specific activation in the brain. The neurophysio-
logical mechanisms underlying negative BOLD-signal
change in functional neuroimaging data are unclear, and
have been a focus of interest in the brain imaging litera-
ture [Kastrup et al., 2008; Menon et al., 1995; Shmuel et al.,
2002, 2006]. It has been theorized that negative BOLD-sig-
nal change in the somatosensory system may be a result of
inhibitory surround receptive fields [Apkarian et al., 2000].
Whether similar mechanisms may underlie the processing
of innocuous warm stimuli in the ACC remains uncertain;
however, this may explain the stronger signal change in
response to noxious stimuli when using an innocuous
warm control. In any case, whether the signal change in
BA 24 in response to innocuous warm stimuli is absent,
weak, or negative, an important incentive for using
warmth as a control for pain is that it may help to discrim-
inate activation associated with nociceptive processes and
pain experiences from cognitive processes involved in the
encoding and attention to both noxious and innocuous
stimuli.

Study 4: Hemispheric Lateralization of
Nociceptive Processing

This fourth meta-analysis examined the hemispheric lat-
eralization of nociceptive processing by comparing two
groups of independent studies that reported brain activa-
tion coordinates evoked by noxious stimuli applied either
to the left or the right sides of the body. Regardless of
whether the left or the right sides of the body received
noxious stimulation, the meta-analysis revealed that the

most significant probabilistic values were in the right insu-
lar cortex. Additionally, the other region to show large
clusters and significant ALE values for both analyses was
the right ACC (BA 24).

The likelihood of activation in the contralateral hemi-
sphere was significant within right SI, MI, PPC, and the
superior frontal gyrus, for the left-sided stimuli. For the
right-sided meta-analysis, the likelihood of contralateral
activation was significant within left SI, ACC (BA32), MI,
inferior parietal lobule, and the medial frontal gyrus.

In the ipsilateral hemisphere, the likelihood of activation
was significant within the midbrain for the left-sided stim-
uli. The likelihood of activation in the ipsilateral hemi-
sphere for right-sided stimuli was significant within the
ACC (BA 32), inferior parietal lobule, and the middle fron-
tal gyrus.

Findings from this meta-analysis provide credence to
the previously proposed right hemispheric dominance for
pain processing [Craig, 2005]. This is likely due to the role
of the right hemisphere in mediating affective processing,
which has been seen across a number of sensory modal-
ities [Borod et al., 1998; Coen et al., 2009; Killgore and Yur-
gelun-Todd, 2007]. Pain in itself is recognized as an
emotional state, and in turn is highly modifiable by emo-
tions and mood [Meagher et al., 2001; Villemure and Bush-
nell, 2002], an effect recently shown to involve the right
anterior insula [Craig, 2005; Roy et al., 2009]. An addi-
tional consideration is that unlike sensory aspects of pain,
emotional responses to pain do not depend on localization,
and therefore may not rely on precise spatial topographi-
cally organized maps. This is consistent with our findings
of significant activation likelihood within contralateral SI.

It should be noted that the majority of studies included
in the meta-analysis tested only right-handed individuals,
and therefore the results may not be applicable to the pop-
ulation as a whole. In turn, the results may reflect differen-
tial pain processing by right-handed people. For example,
pain is more tolerable when presented to the dominant
(right) side of the body [Pauli et al., 1999a]. In contrast,
pain sensitivity measures in left-handed people are essen-
tially equivalent for stimuli presented to either side of the
body [Pauli et al., 1999b]. Therefore, left-handed individu-
als may process pain either in additional brain regions or
in a more distributed fashion in comparison to right-
handed people.

Study 5: Differential Processing Associated with
Noxious Muscle and Cutaneous Stimuli

The fifth meta-analysis examined preferential neural
processing associated with noxious muscle or cutaneous
stimuli. Common areas that had a similar likelihood of
being activated by both types of stimuli included the thal-
amus, anterior cingulate cortices, the anterior, mid- and
posterior insula cortices, SII, and the posterior parietal cor-
tices. These findings are consistent with evidence
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suggesting that convergence of afferent inputs in the periph-
ery terminate on projection neurons in the spino-thalamic
tract [Mense, 1993]. Additionally, electrophysiological stud-
ies have recorded responses in neurons in the dorsal horn
[Amano et al., 1986; Asato and Yokota, 1989] and the thala-
mus [Kawakita et al., 1993] to noxious cutaneous, muscle,
and visceral stimuli.

The likelihood of activation specifically associated with
noxious muscle stimuli was significant in the precuneus,
the mid/posterior cingulate gyrus, the DLPFC and the cer-
ebellum. The likelihood of activation in some of these
regions may be more associated with cognitive aspects of
processing muscle pain as this type of pain is generally
unavoidable and often evokes uncontrollability [Graven-
Nielsen and Mense 2001], and freezing behavior [Fanselow
1986; Rhudy and Meagher 2000]. Therefore, the likelihood
of activation in the posterior cingulate cortex may be asso-
ciated with the aversive nature of the stimuli as activation
in this region has been associated with the fear of a nox-
ious stimulus [Ochsner et al., 2006].

Noxious cutaneous stimuli were associated with a sig-
nificant likelihood of activation in SI and the VLPFC. Cuta-
neous receptive fields are located in SI with a discrete
somatotopic organization [Geyer et al.,, 1999; Kenshalo
et al., 2000]. The significant likelihood of activation in this
region likely reflects the fact that cutaneous stimuli are of-
ten well localized on the body.

CONCLUSIONS AND FUTURE WORK

Substantial information from functional brain imaging
research can be gained through our ability to combine
results across multiple studies that used a large variety of
experimental conditions. Meta-analytic techniques permit
the extraction of common patterns of brain responses
thought to reflect the processes that are common across
studies. This meta-analysis provides a detailed assessment
of brain responses to different types of noxious stimuli. This
technique allowed for an objective, quantitative determina-
tion of findings across imaging studies, and produced a spa-
tial likelihood map of activation evoked by noxious stimuli.
Meta-analyses can be used to expand upon the findings of
single studies in that they permit the collation of data across
studies to examine robustness and heterogeneity of find-
ings. An important consideration is that single studies are
often limited by time and financial ability to test large num-
bers of subjects. The average number of subjects that were
tested in the Study 1 database was 12.5. Therefore, meta-
analyses can be used to identify brain regions that are con-
sistently activated in response to noxious stimuli across
studies, despite the limitations pertaining to single studies.
In addition to providing very strong confirmatory evidence
for the activation of brain areas typically associated with
pain, and supporting a right-hemisphere dominance in the
processing of noxious stimuli, the detailed analyses further
demonstrated significant differences associated with the

type of noxious stimulus employed, as well as the control
condition used to reveal noxious-related responses.

While this work provides confirmatory evidence for the
involvement of SI, SII, ACC, insula, prefrontal cortex, thal-
amus, and basal ganglia in processing nociceptive stimuli,
it is not possible to determine based on the results of this
study if any of these brain regions have pain-specific
responses or work in a network to produce the perception
of pain. Several recent studies have called into question
the specificity of brain responses to pain [Baliki et al.,
2009; Iannetti et al., 2008, Mouraux and Iannetti, 2009;
Mouraux et al., 2011]. Some brain regions such as the
ACC, insula and SII have been shown to respond to multi-
modal stimuli with no evidence of a nociceptive specific
response [Mouraux et al., 2011]. In that study, neural
responses were correlated with the magnitude of the stim-
ulus indicating that the pattern of brain activation seen in
response to pain may only be a reflection of estimating
pain intensity. In these analyses, data were obtained from
several studies that required participants to rate the inten-
sity of the stimuli. A future meta-analysis could compare
and contrast data from studies that required rating the
stimuli during the experiment with those that simply pre-
sented noxious stimuli to subjects in the absence of quali-
tative estimation of the stimuli.

Future research lies in comparing data from this work
with brain activation associated with spontaneously
induced pain in chronic pain patients. Few studies have
directly compared brain activation evoked by chronic and
acute pain; however, a review article indicated that
chronic pain patients were more likely to have activation
in the prefrontal cortex [Apkarian et al., 2005]. A whole
brain meta-analysis would offer a more expansive compar-
ison with patient data to explore additional areas of the
brain demonstrating differential activation in response to
chronic versus acute pain.
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