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Abstract
This review and meta-analysis aims at summarizing and integrating the human neuroimaging
studies that report periaqueductal gray (PAG) involvement; 250 original manuscripts on human
neuroimaging of the PAG were identified. A narrative review and meta-analysis using activation
likelihood estimates is included. Behaviors covered include pain and pain modulation, anxiety,
bladder and bowel function and autonomic regulation. Methods include structural and functional
magnetic resonance imaging, functional connectivity measures, diffusion weighted imaging and
positron emission tomography. Human neuroimaging studies in healthy and clinical populations
largely confirm the animal literature indicating that the PAG is involved in homeostatic regulation
of salient functions such as pain, anxiety and autonomic function. Methodological concerns in the
current literature, including resolution constraints, imaging artifacts and imprecise
neuroanatomical labeling are discussed, and future directions are proposed. A general conclusion
is that PAG neuroimaging is a field with enormous potential to translate animal data onto human
behaviors, but with some growing pains that can and need to be addressed in order to add to our
understanding of the neurobiology of this key region.

1. Introduction
The periaqueductal gray (PAG) (a.k.a. central gray or substantia grisea centralis) is
conserved across vertebrate species (cartilaginous and bony fishes, amphibians, reptiles,
birds and mammals, and probably also in jawless fish (Fiebig, 1988; Kingsbury et al., 2011;
Kittelberger et al., 2006; Pezalla, 1983; Stephenson-Jones et al., 2011; ten Donkelaar and de
Boer-van Huizen, 1987)). It is well situated at the crossroads of ascending sensory
information and inputs from higher centers that modulate these processes. The PAG is
involved in neurobiological functions that include pain modulation, anxiety and reproductive
behavior (Behbehani, 1995). Some of these functions, for example descending modulation
of pain, have been more clearly defined than others, but the putative functions all seem to
play a homeostatic defense of the individual’s response, integrating afferent information
from the periphery and information from higher centers. These functions may be segregated
within the PAG (e.g., anxiety and pain (Mendes-Gomes et al., 2011)) based on current
understandings of its anatomical subdivisions (see below). Conceptually the structure may
be involved in balancing or segueing information related to survival salience. Here, we
review the current human neuroimaging literature indicating PAG structural alterations,
functional activations, tractography and functional connectivity (Figure 1). For a
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comprehensive overview of non-neuroimaging studies of the PAG, Carrive and Morgans
chapter on the PAG in Paxinos & Mai’s “The human nervous” system (2004) is
recommended.

The human PAG is about 14mm long and 4–5mm wide and consists of poorly differentiated
gray matter that encircles the mesencephalic aqueduct. It extends from near the posterior
commissure rostrally to the level of the locus coeruleus caudally. Contrary to its name, it
does not completely encircle the aqueduct, but is more like a celery stalk with the regions in
the midline ventral to the aqueduct arranged into separate well-differentiated nuclei (Paxinos
and Mai, 2004). The neurons of the PAG are formed between days E13 and E17 in the rat
embryo (Altman and Bayer, 1981). No data is available in human development.

Forebrain projections to the PAG arise mainly from the prefrontal cortex, the insular cortex
and the amygdala (Mantyh, 1982). Further, the PAG receives highly organized projections
from the central nucleus of the amygdala and, in turn, has reciprocal connections with the
central nucleus (Rizvi et al., 1991). The PAG also projects to the thalamus, hypothalamus,
brainstem and deep layers of the spinal cord (Mantyh, 1983) with some somatotopic
organization (Wiberg et al., 1987), but projections to cortical regions have not been
identified.

There are no clear cytoarchitectonical boundaries within the PAG, and the nomenclature and
definitions of different subregions are evolving. The current model of the mammalian PAG
proposes an organization into four longitudinal columns parallel with the aqueduct (Carrive,
1993) (Figure 2). The four columns are the dorsomedial (dmPAG), dorsolateral (dlPAG),
lateral (lPAG) and ventrolateral (vlPAG). All but the dlPAG project directly to the lower
brainstem. Afferents from the medial prefrontal cortex project primarily in the dlPAG,
dorsomedial cortex and cingulate cortex areas project mainly to the lPAG and orbital cortex
afferents project primarily in the vlPAG (An et al., 1998). Central amygdala nucleus
projections terminate in the dmPAG, lPAG and vlPAG, but not in the dlPAG. However,
basolateral amygdala projections terminate in the dlPAG (Figure 3).

A large body of evidence from animal studies indicates that the PAG is involved in control
and expression of pain, analgesia, fear, anxiety, vocalization, lordosis and cardiovascular
function (Behbehani, 1995; Paxinos and Mai, 2004). The lPAG appears to coordinate active
defensive behaviors, non-opioid analgesia and has a hypertensive effect. The vlPAG appears
to coordinate passive defensive behaviors, opioid analgesia and also has a hypotensive
effect. In rats, lateral and dorsolateral PAG stimulation evokes active coping strategies such
as fight/flight behaviors, hypertension, tachycardia and non-opioid mediated analgesia.
Ventrolateral stimulation, on the other hand, evokes passive coping behaviors such as
quiescence, hypotension, bradycardia and opioid mediated analgesia, see Bandler et al.
(2000) and Behbehani (1995) for reviews, and An et al. (1998) for a detailed analysis of
cortical projections to the PAG in the macaque.

The most convincing evidence for functional segregation within the human PAG comes
from deep brain stimulation studies. Following Reynolds pivotal discovery that PAG
stimulation could induce analgesia in rats (1969), DBS of the PAG area has been used in
patients to ameliorate chronic pain since the late 1960’s (Hosobuchi et al., 1977; Nashold et
al., 1969; Richardson and Akil, 1977a, b), see Bittar et al. (2005) for a review. Of note,
dorsal PAG stimulation acutely elevates blood pressure, and ventral stimulation decreases
blood pressure and increases high frequency heart rate variability (Green et al., 2006; Pereira
et al., 2010), in line with the animal data.

Recent imaging advances have allowed for non-invasive measures of brain function. For
large brain structures, particularly cortical regions, evaluation of functional-structural
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relationships is relatively straightforward. However, for subcortical and brainstem
structures, there are challenges given the resolution of functional imaging in the millimeter
range. It is therefore important to evaluate brain activations in smaller brain structures in a
robust, reproducible and sensitive way. There are many reasons for this including: (i)
interpreting data in the human condition; (ii) defining novel functions for a structure; (iii)
understanding how the structure integrates with general brain function; (iv) and having the
ability to infer or compare information across studies.

In a broader sense, the PAG can be seen as a model structure to evaluate the nature of the
above four issues. We sought to highlight the multiple roles of the PAG, and we
hypothesized that a similar pattern of functional segregation within the PAG previously
observed in animals would emerge from reports of functional neuroimaging across
behaviors in human studies. The review is presented in 3 sections; (1) Methods, defining the
approach to evaluating data from the literature; criteria for including data; (2) Results,
divided into subsections that include the number of reports that met our inclusion criteria
and that were used in the evaluation of imaging methods on the PAG; and then summaries
of data on structural, neurochemical, functional, and connectivity findings (Figure 1); and
(3) Discussion of the state of the field, technical aspects of PAG neuroimaging and future
directions.

2. Methods
2.1 Search Methods

Pubmed searches (http://www.ncbi.nlm.nih.gov/sites/entrez?db=pubmed) using the criteria
“fMRI and periaqueductal”, “Volume AND periaqueductal”, “MRI AND periaqueductal
NOT fMRI”, “PET AND periaqueductal”, “structural AND periaqueductal”, “central gray
AND MRI”, “central gray AND fMRI” “central gray AND PET”. Additional publications
were identified through searches for “periaqueductal” and “PAG” on the Surface
Management system database (http://sumsdb.wustl.edu/sums/index.jsp) and the neurosynth
database (http://neurosynth.org); through references in the identified papers; Science Direct
searches and searches on publications by well-known research groups.

2.2 Selection Criteria and Data Extraction
For the functional neuroimaging studies, for inclusion, manuscripts needed to make explicit
mention of the PAG in the results section, or discuss mesencephalon findings in terms of the
PAG. Unfortunately, this criterion resulted in excluding papers that describe activations
more conservatively (i.e. calling the midbrain clusters just that). However, voxel based
morphometry (VBM) studies that found midbrain changes in clusters encompassing the
PAG were included. Single subject reports were excluded. Manuscripts on neuroimaging
findings in Wernicke’s encephalopathy (Cerase et al., 2011), tumors (Rilliet et al., 1990;
Steinbok and Boyd, 1987) and magnetic resonance spectroscopy studies of the PAG are
beyond the scope of this review.

From each manuscript, we identified study population, gender distribution, methods,
coordinates of regions reported as PAG and contrast that identified PAG alterations.
Coordinates reported in Talairach space (Talairach and Tournoux, 1988) were converted to
MNI space using the Brett tal2mni algorithm described at
http://imaging.mrc-cbu.cam.ac.uk/downloads/MNI2tal/tal2mni.m. Activation likelihood
estimates were calculated using GingerALE 2.0 (Eickhoff et al., 2009; Turkeltaub et al.,
2011)
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3. Results
The results are divided into 5 sections (1) General considerations, (2) Structural Alterations
in the PAG; (3) Neurochemical Alterations of the PAG; (4) Functional Activation of the
PAG; and (5) Connectivity of the PAG.

3.1 General Considerations
From our initial searches, we identified a total of 194 manuscripts, whereof 89 reported
PAG coordinates in MNI space, 43 in Talairach space, and six that allowed for localization
through figures. An additional 56 manuscripts, which did not report standard coordinates of
the PAG, were also included in the qualitative overview. Of the 194 manuscripts, 107
studies employed functional magnetic resonance imaging (fMRI), 39 studies measured
regional cerebral blood flow (rCBF) with PET, 11 studies used receptor ligand PET, 20
studies used voxel-based morphomety (VBM), 12 studies used diffusion weighted imaging
(DWI), and 5 studies measured MRI signal intensity.

Study Population—A total of 6617 subjects were included, of these 2377 were patient/
clinical studies. The average study population (± standard deviation) was 34 (±81) subjects,
with a median study population of 18 subjects. The smallest included study (Hsieh et al.,
1996) had 4 subjects, the largest study (Tomasi and Volkow, 2011) had 979 subjects. Within
the clinical studies, the median patient population was 15 subjects and the median control
group was 12 subjects. The overall gender distribution was close to 50:50 (48% male
subjects); thus there were no significant differences in the number (or ratio) of men and
women studied in the healthy or the clinical populations.

PAG Coordinate Distribution—225 coordinates labeled as the PAG in the manuscripts
were identified: 100 were on the left, 100 on the right and 25 at the midline. The average
(±SD) MNI coordinates reported as the PAG were x=−4 (left) or 4 (right) (±3mm), y=−29
(±5), z=−12 (±7). The reported coordinates ranged 34 mm in the left-right (x) direction, 35
mm in the anterior-posterior (y) direction, and 46 mm in the dorsal-caudal (z) direction. The
peak activation likelihood estimate fell at MNI x= 1, y=−29, z=−12. The distribution of
coordinates is illustrated in Figure 4 in terms of cluster peaks and in terms of activation
likelihood estimates. There were no significant differences in coordinates described in MNI
space and coordinates described in Talairach space after transformation into MNI space
through the Brett tal2mni transform algorithm.

3.2 Structural Alterations of the PAG
Volumetric studies—Voxel based morphometry (VBM) involves a statistical voxel-wise
test of the local concentration of gray matter, usually identified through T1 contrast
structural MRIs (Ashburner and Friston, 2000). The method relies on precise between
subject brain volume normalization. As white matter bundles surround the PAG, it is
identifiable on 1×1×1 mm structural MRIs despite its smallness. Higher PAG VBM signal,
suggestive of higher gray matter volume, has been reported in a few clinical conditions:
patients with primary dysmenorrhea relative to controls (Tu et al., 2010), migraine relative
to controls and migraine without aura relative to migraine with aura (Rocca et al., 2006), in
patients with Tourette’s syndrome compared to healthy controls (Garraux et al., 2006), and,
at non-significant levels, in patients with panic disorder (Protopopescu et al., 2006). A
positive correlation between PAG VBM signal and creativity has also been reported
(Takeuchi et al., 2010).

Reduction in PAG VBM signal has been found in a wide range of clinical conditions:
irritable bowel syndrome (independent of anxiety and depression) (Seminowicz et al., 2010),
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heart failure patients (Woo et al., 2003) and frontotemporal dementia (Boccardi et al., 2005).
More general midbrain gray matter volume decreases are present in both Alzheimer and in
dementia with Lewy bodies (Whitwell et al., 2007). In patients with Alzheimer’s disease,
pathological changes and the presence of β-amyloid peptide and abnormally phosphorylated
tau protein have been found in the PAG (Iseki et al., 1989; Parvizi et al., 2000), and gray
matter alterations in the midbrain have been related to amyloid beta levels in healthy elderly
(Glodzik et al., 2011). Midbrain volume decreases have also been reported for
neurocardiogenic syncope (simple fainting) (Beacher et al., 2009), narcolepsy (Kim et al.,
2009b), chronic fatigue syndrome in relation to blood pressure (Barnden et al., 2011), major
depression (Lee et al., 2011), late onset depression with history of suicide attempts (Hwang
et al., 2010), severe Huntington disease (Ruocco et al., 2008), pre-clinical subjects carrying
the Huntington disease gene mutation (Thieben et al., 2002), postanoxic persistent
vegetative state (Juengling et al., 2005), progressive supranuclear palsy (Price et al., 2004)
and spinocerebellar ataxias (Schulz et al., 2010). Patients with multiple system atrophy have
decreases in PAG volume (Kassubek et al., 2007) and R2 relaxation rate, indicative of
increased water content and tissue atrophy (Minnerop et al., 2007). Patients with Kennedy
disease (X-linked spinobulbar muscular atrophy) also have decreased white matter signal in
the PAG region (Kassubek et al., 2007).

Lesions of the PAG—Lesions of the PAG have most systematically been studied in
multiple sclerosis. In a group of 277 multiple sclerosis patients, lesions in the PAG were
associated with a four-fold increase in migraine-like headaches, a 2.5-fold increase in
tension-type headaches and a 2.7-fold increase in combination of migraine and tension-type
headaches (Gee et al., 2005). In another large multiple sclerosis study with 452 patients
(Charil et al., 2003), PAG lesions were associated with bowel and bladder dysfunction, but
not with sensory function on the Kurtzke Functional Systems Scores.

Diffusion weighted imaging of the PAG—Diffusion weighted imaging (DWI) is a
procedure that can measure the directional diffusivity of water molecules. Several DTI based
indices are used, including apparent diffusion coefficient (ADC), fractional anisotropy (FA,
describing the degree of anisotropy of diffusion), axial diffusivity (a measure of diffusivity
parallel to axons) and radial diffusivity (a measure of diffusivity perpendicular to fibers)
(Song et al., 2002). These measures have been used to indicate white matter abnormalities in
patient populations.

Interictal migraine patients without aura have lower fractional anisotropy in the PAG
(DaSilva et al., 2007). Patients with idiopathic rapid eye movement sleep behavior disorder
have reduced fractional anisotropy and mean diffusivity in the PAG. Patients with traumatic
brain injury and in the vegetative state have lower ADC, FA and radial diffusivity in the
midbrain (Newcombe et al., 2010). When comparing traumatic brain injury patients that
have recovered with patients with persistent symptoms, DTI demonstrated higher FA and
lower ADC in symptomatics than in asymptomatics in the midbrain (Hartikainen et al.,
2010). Compared to healthy controls, patients with complete cervical spinal cord injury have
lower midbrain FA and higher midbrain mean diffusivity, indicative of retrograde Wallerian
degeneration (Guleria et al., 2008).

Children with congenital central hypoventilation syndrome show increased axial diffusivity
in the PAG (Kumar et al., 2008), possibly indicative of inadequate development or processes
secondary to hypoxia, leading to lower axonal density or caliber. In children with diabetic
ketoacidosis, ADC of the PAG was found to be elevated during treatment and reduced post
recovery.
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For white matter tractography studies implicating the PAG, see section Connectivity of the
PAG-Diffusion tensor imaging below.

3.3 Neurochemical Alterations of the PAG
The PAG, like other periventricular structures, contains a number of neurotransmitter and
neuromodulator systems (Paxinos and Mai, 2004). Of these, the opioidergic system and its
role in analgesia have been most extensively studied in human neuroimaging. PET studies
can demonstrate ligand receptor distribution and competition with endogenous factors, while
pharmacological MRI (phMRI) studies may produce direct effects and/or secondary effects
on PAG activation mediated through other circuits. A third approach has been to study long-
term effects of drugs on function and structure.

The Opioid system—phMRI and PET studies of opioidergic effects would be expected to
produce PAG responses given that the PAG contains high levels of opioid receptors and
peptides, and that opioids when injected in small amounts into the PAG in animal studies
produce profound analgesia (Yaksh and Rudy, 1978). This is largely the case across
methods and patient populations, with several studies furthering our knowledge of the
human condition by using placebo protocols and relating opioid related signal to subjective
experiences.

PET studies: Zubieta et al. (2001) found PAG 11C-carfentanil binding change negatively
correlated to pain sensations induced by hypertonic saline injections, suggesting endogenous
opioid release. In a similar study (Zubieta et al., 2005), a significant reduction of 11C-
carfentanil binding in response to pain was observed in the PAG, but with no effect of
placebo administration. Placebo effects on PAG μ-opioid binding were however reported in
a subsequent study using similar methods (Scott et al., 2008), and the change in receptor
occupancy was positively correlated with subject’s analgesic expectations. A study
employing heat pain and topical placebo demonstrated pain specific opioid activation of the
PAG, which was also correlated with self-reports of placebo analgesia (Wager et al., 2007).
Moreover, anticipatory opioid activation was also observed in the PAG in this study

Patients with central neuropathic pain have significantly lower 11C diprenorphine binding in
PAG regions contralateral to their pain, an effect not seen in peripheral neuropathic pain
(Maarrawi et al., 2007a). In patients with chronic intractable central neuropathic pain, two
months of chronic motor cortex stimulation (Maarrawi et al., 2007b) led to significantly
reduced 11C diprenorphine binding in the PAG, and this change was correlated to pain
reduction. In contrast to these pain studies, Prossin et al. (Prossin et al., 2010) found that
sustained sadness led to increased PAG 11C-carfentanil binding in patients with borderline
personality disorder, but with no significant differences in the PAG when compared to
healthy subjects.

phMRI studies: In a pharmacological MRI study, Becerra et al. (2006a) found that
administration of a small dose of morphine (4mg/70kg) led to significant negative BOLD
signal change in the PAG. A study on the effects of remifentanil on control of respiration
(Pattinson et al., 2009) found that PAG activation by volitional breath holding was
significantly reduced by the μ receptor agonist remifentanil. This study is important as it
employed a midbrain/brainstem specific imaging sequence and controlled for confounding
factors such as movement, end-tidal CO2 levels, and drug induced changes in cerebral blood
flow.

A series of recent fMRI studies have used the opioid receptor competitive antagonist
naloxone to investigate the effects of opioid blockage on BOLD signal. Borras et al. (2004)
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found that naloxone administration (compared to saline) lead to sub-threshold activation of
the PAG, but found no effects of pain+naloxone in the BOLD signal of the PAG. Eippert et
al. (2008a) investigated the effects of naloxone on fear conditioning, and found that blocking
endogenous opioid neurotransmission with naloxone led to more sustained responses to the
unconditioned stimulus across trials, less fear-induced PAG activation, and a lower
functional connectivity between the PAG and the rostral ventromedial medulla.
Interestingly, there were no effects of naloxone on PAG signal to the unconditioned, painful
stimulus. A subsequent study (Schoell et al., 2010) also found PAG activation to painful
stimulus, but no effect of naloxone.

The effects of naloxone administration on topical placebo analgesia have also been
investigated with fMRI (Eippert et al., 2009). Placebo + pain led to significantly higher PAG
activations as compared to pain alone, and these activations were significantly reduced by
naloxone. Moreover, PAG activation magnitude was positively correlated to pain ratings,
and this correlation was reduced by naloxone. The functional connectivity between the PAG
and the rostral anterior cingulate was higher during placebo + pain than during pain alone,
and this relationship was abolished by naloxone.

Interestingly, similar effects to those noted above have been reported in a study employing
heterotopic noxious conditioning stimulation (Sprenger et al., 2011) to induce pain
inhibition (i.e., “one pain inhibits another pain”). Subjects were exposed to phasic heat pain
in combination with a cold pressor task (i.e. cooling of the leg with icebags). Heat pain
without cold pressor pain activated the PAG, and while there were no significant effects of
cold pressor on the PAG activation compared to control conditions without naloxone. Thus,
administration of naloxone significantly reduced the difference in PAG activity during the
two conditions, suggesting an opioidergic PAG involvement in endogenous analgesia during
heterotopic noxious conditioning stimulation. Moreover, the cold pressor task led to a
significant increase in functional connectivity between the PAG and the subgenual anterior
cingulate, and this connectivity change was abolished by naloxone. Naloxone did not
abolish the “pain inhibited by other pain” effect on pain ratings, thus suggesting that not
only endogenous opioids, but also factors such as attention and distraction may be important
in endogenous analgesia.

Another line of evidence comes from opioid dependent subjects, who have decreased resting
functional connectivity between the centromedial amygdala and the PAG, reductions that
were positively correlated with the duration of prescription opioid dependence (Upadhyay et
al., 2010).

Other neurochemical alterations—Aside from opioid receptors and peptides present in
the structure, prior studies in animals and in vitro studies in humans have provided insights
into the chemical anatomy of the PAG, implicating the monoamines, neuropeptides and
simple gases. Human neuroimaging studies have contributed and confirmed some of the
animal literature, and some of the human findings await further detailing in animal models.

Higher iron levels in the PAG have been reported in patients with episodic migraine with
and without aura and in patients with chronic daily headache as compared to healthy
controls (Welch et al., 2001). PAG iron levels were further correlated to the duration of the
disorder.

Linnman and colleagues found that neurokinin 1 receptor availability in the PAG, as
measured by 11C-GR205171 PET, is reduced in chronic whiplash patients as compared to
healthy controls (Linnman et al., 2010). This may reflect alterations in receptor density,
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altered endogenous levels of substance P, or both, as has been reported in the animal
literature (Duric and McCarson, 2007).

PAG serotonin transporter binding levels, as measured by 11C-DASB, are elevated in major
unipolar depression compared to both bipolar depression and healthy controls (Cannon et
al., 2007). PAG activation in irritable bowel syndrome is reported to be reduced a 5-HT3
receptor antagonist, Alosetron, (Berman et al., 2002) and significantly increased PAG 5-
HT1 A and 5-HT2 A receptor immunoreactivity has been demonstrated in sudden infant
death syndrome (Ozawa and Okado, 2002).

Kumakura et al (2010) demonstrated elevated 18F-DOPA utilization in the PAG in early
Parkinson patients as compared to age matched healthy controls.

In a study of the analgesic gabapentin, the drug led to reduced activation of the midbrain
(not specific to PAG) during central sensitization following a capsaicin model of secondary
hyperalgesia (Iannetti et al., 2005).

3.4 Functional Activation of the PAG
3.4.1. Pain-Induced Activation—The earliest studies on hemodynamic correlates of
pain using 133Xe (Lassen et al., 1978), PET (Jones et al., 1991; Talbot et al., 1991) and
fMRI (Davis et al., 1995) lacked the spatial resolution to identify the PAG unequivocally,
yet pain induced regional cerebral blood flow increases in the dorsal midbrain were reported
in several studies, with different pain modalities including noxious heat (Casey et al., 1994),
angina pectoris (Rosen et al., 1994), intracutaneous ethanol injection (Hsieh et al., 1996)
capsaicin injection (Iadarola et al., 1998), and cold pressor test (Petrovic et al., 2000). Since
the early days, imaging methods and experimental refinement have improved enormously.
We identified 54 studies that reported specific PAG activation to pain. The main choice of
stimulation was heat pain (25 studies (Becerra et al., 2001; Becerra et al., 1999; Bingel et al.,
2007; Bingel et al., 2011; Cahill and Stroman, 2011a; Casey et al., 1994; Derbyshire et al.,
2002; Derbyshire et al., 1994; Derbyshire and Osborn, 2009; Eippert et al., 2008b; Eippert et
al., 2009; Fairhurst et al., 2007; Helmchen et al., 2008; Kong et al., 2008b; Kong et al.,
2009; Kong et al., 2010a; Salomons et al., 2004a; Salomons et al., 2007; Schoell et al., 2010;
Strigo et al., 2008; Tracey et al., 2002b; Valet et al., 2004; Villemure and Bushnell, 2009;
von Leupoldt et al., 2009a; von Leupoldt et al., 2009b; Yelle et al., 2009a)) followed by
electrical (6 studies (Dunckley et al., 2005a; Freund et al., 2011; Gray et al., 2009; Niddam
et al., 2007; Piche et al., 2009; Seminowicz and Davis, 2007)), brushing on allodynia
regions (5 studies (Iadarola et al., 1998; Lebel et al., 2008; Mainero et al., 2007; Moisset et
al., 2011; Petrovic et al., 1999)) rectal distention (4 studies (Mayer et al., 2005; Naliboff et
al., 2003; Rosenberger et al., 2009b; Wilder-Smith et al., 2004)), von Frey stimulation (4
studies (Ghazni et al., 2010; Gwilym et al., 2009; Lee et al., 2008; Zambreanu et al., 2005)),
various cold pain (Mochizuki et al., 2003; Mohr et al., 2008; Petrovic et al., 2000), chemical
pain (Hsieh et al., 1996; Iadarola et al., 1998), laser stimulation (Helmchen et al., 2008;
Mobascher et al., 2010), gastric pain (Ladabaum et al., 2001), pressure pain (Giesecke et al.,
2006) painful sound (Lamm et al., 2007) and spontaneous pain in fibromyalgia (Napadow et
al., 2010) and migraine (Cao et al., 2002).

Dysfunction of modulatory processing has been postulated in clinical conditions.
Specifically, either altered inhibition or increased facilitation of modulatory circuits
including the PAG are postulated to contribute to the chronic pain state (Apkarian et al.,
2009). Accordingly, alterations in pain induced PAG reactivity has been reported for a
number of clinical conditions.
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Lower back pain: With heat pain and H2
15O PET, patients with non-specific chronic lower

back pain and healthy controls both showed a positive correlation between PAG rCBF and
subjective pain ratings, with no group differences in PAG activation (Derbyshire et al.,
2002). Using fMRI and a thumb pressure probe, equally painful pressure stimulation
resulted in a significantly lower increase of PAG activation in the LBP patients, suggesting
dysfunctional PAG inhibitory systems as a possible pathogenic mechanism in chronic low
back pain (Giesecke et al., 2006).

Neuropathic pain: Patients with mononeuropathy and dynamic mechanical allodynia in the
lower extremity were studied with brush evoked rCBF, measured with [15O]butanol PET,
during stimulation of the allodynic and contralateral homologous region. Brush stimuli to
the allodynic region activated the PAG significantly more than the control region (Petrovic
et al., 1999). Patients with classical (idiopathic) trigeminal neuralgia located within the
maxillary and/or mandibular branch (V2 V3) of the trigeminal nerve were studied with
fMRI. Brush stimulation evoked pain in 50% of the patients, and associated PAG activation,
suggesting “compensatory mechanisms and reflect abnormal (i.e. ineffective) overactivation
of inhibitory processes and/or correspond to pain facilitatory processes.” (Moisset et al.,
2011). Similarly, both brush and cold stimulation evoked PAG responses in chronic
neuropathic pain involving the maxillary region (V2) of the trigeminal nerve. Notably, for
cold stimulation, activation in the PAG was increased in the more rostral portion and
decreased in a more caudal location (Becerra et al., 2006b).

Complex regional pain syndrome: In children with complex regional pain syndrome
(CRPS), brush stimuli of the affected limb led to PAG activation, but brushing the
unaffected limb led to PAG deactivation (Lebel et al., 2008). Of note, this difference
persisted even after resolution of the CRPS. In adults with CRPS, the early phase of pain
stimulation led to higher PAG activation in controls compared to patients, regardless of
stimulating the affected or unaffected region (Freund et al., 2011).

Other pain conditions: PAG activation has been reported in coronary artery disease
patients after angina pectoris induction (Rosen et al., 1994), in patients with atypical facial
pain (similar to controls) (Derbyshire et al., 1994), and in a subset of patients with visually
triggered migraine (Cao et al., 2002). In myofacial pain patients, low-intensity low-
frequency electrostimulation treatment of myofacial trigger points led to increased PAG
activation to electrical pain in treatment responders (Niddam et al., 2007). In osteoarthritis
patients and controls, Von Frey punctate stimulation to referred pain areas led to
significantly higher PAG activation in patients (Gwilym et al., 2009). In fibromyalgia
patients, greater spontaneous pain led to less functional connectivity between the PAG and
the executive attention network (Napadow et al., 2010).

Irritable bowel syndrome: See section Bowel function and the PAG below.

Pain-induced PAG activation in other clinical groups: In contrast to healthy subjects,
clinically depressed patients display an almost complete absence of PAG activation to pain
(Strigo et al., 2008). Patients with asthma, compared to healthy controls, displayed higher
PAG activation to both pain and dyspnea (von Leupoldt et al., 2009b). Alzheimer’s patients
show a trend towards elevated PAG activity to pressure pain (Cole et al., 2006).

Pain modulation in the PAG—Descending control of pain involves a large number of
structures and neurochemical systems, of which the PAG plays a pivotal role (Millan, 2002).
In line with the putative role in pain modulation, several neuroimaging studies have
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identified roles for the PAG in pain modulation including through habituation, attention,
placebo and acupuncture.

Habituation: Pain and pain-related brain activity do not remain constant when a subject is
repeatedly exposed to a painful stimulus. Instead, processes like habituation and/or
sensitization modify the painful experience. A study on rapid habituation to laser evoked
(Mobascher et al., 2010) found that subjects with a faster habituation of electrodermal
responses to pain showed larger PAG response. In a study on heat pain habituation over
several days (Bingel et al., 2007), pain stimuli led to PAG activation, but while pain ratings
decreased and pain thresholds increased over time, no changes over time were observed for
the PAG response. These findings are of importance as neuroimaging protocols routinely
group several repeated activations in order to increase signal to noise ratio, often without
accounting for temporal effects.

A potent analgesia is evoked by slight incremental decreases in noxious stimulus
temperatures (Grill and Coghill, 2002). This phenomenon, called offset analgesia, also
engages the PAG (Derbyshire and Osborn, 2009; Yelle et al., 2009b).

Attention and Distraction: The effect of attention on pain processing was investigated by
having subjects either receive pain passively, explicitly attend to the pain or attend to an
auditory stimulus (Peyron et al., 1999). Midbrain activations were found in both attention
and distraction conditions. Pain modulation during parallel cognitive processing was
investigated by combining a cold pressor task with a distracting cognitive task. The PAG
was activated by the cold pressor task, and there was an interaction between the cognitive
task and pain, indicating less pain specific PAG increase during the cognitive task. Of note,
the absolute PAG rCBF values were highest during the cognitive task in combination with
non-painful cold stimulation (Petrovic et al., 2000).

Tracey et al. (2002a) used high field strength (4 Tesla) fMRI and a midbrain/brainstem
specific sequence to investigate the effects of attention to/distraction from a painful
stimulus. Subjects were instructed to either “pay full attention to the stimulus” or “to think
of something else and not attend”. Not attending led to significantly lower intensity and
averseness ratings, and a significantly higher BOLD signal in the PAG. Increased PAG
signal was also related to decreased pain intensity, suggesting that distraction led to
descending pain inhibition. These findings have been confirmed using heat pain and the
Stroop task as the distractor, where distraction led to PAG activation and significantly
reduced pain unpleasantness and intensity ratings (Valet et al., 2004). Functional
connectivity analyses further revealed a higher connectivity between the genual anterior
cingulate cortex and the PAG specific to the pain and distraction condition.

However, no effects on PAG activation to pain were observed using a multisource
interference task (Seminowicz and Davis, 2007). A study using pleasant and aversive odors
(to influence mood) in combination with instructions to attend to pain stimuli indicated that
while neither mood nor attention had a main effect on PAG signal, the functional
connectivity between the anterior cingulate and the PAG was modulated by mood
(Villemure and Bushnell, 2009).

Higher PAG activation in healthy subjects than in patients with complex regional pain
syndrome has been observed during tonic painful stimulation and instructions to “distract
yourself from the feeling of pain by thinking of a nice holiday or by imagining that the
finger is far away from you.” (Freund et al., 2011) Of note, individuals with CRPS were able
to suppress the feeling of pain with similar efficiency as healthy individuals during constant
maximal pain stimulation.
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Placebo: Placebo and opioid analgesia both are associated with increased activity in the
rostral anterior cingulate, and this activation covaries with midbrain/PAG activation
(Petrovic et al., 2002). Placebo can also lead to greater PAG activity in the anticipation of
pain, but not during the actual pain experience, and the PAG covaried with the dorsolateral
prefrontal cortex in the placebo condition (Wager et al., 2004). Similarly, the PAG activates
to heat pain, but not more so during placebo (Bingel et al., 2006). However,
psychophysiological connectivity analyses revealed that placebo increased rostral ACC to
PAG connectivity. This latter finding has been replicated, and is also abolished by naloxone,
indicating an opioidergic component. Moreover, using midbrain/brainstem specific imaging,
an increased PAG pain response has been demonstrated (Eippert et al., 2009).

Sham acupuncture and expectation/conditioning manipulation model has been used to
investigate the neural substrates of nocebo hyperalgesia. While pain led to PAG activation,
and nocebo led to higher pain ratings, no effects of nocebo were observed in the PAG (Kong
et al., 2008a). Placebo modulation is also reviewed under section Neurochemical alterations
of the PAG and section State specific connectivity.

Acupuncture: Despite the lack of a demonstrable and irrefutable analgesic effect,
acupuncture may recruit PAG activation that may relate to endogenous modulatory
processes. A handful of neuroimaging studies on acupuncture indicate PAG involvement.
While the clinical efficacy is still under debate, the procedure (with or without sham needles
(Moffet, 2009; White et al., 2001)) has been shown to involve the PAG across a handful of
studies.

Acupuncture with deep needling led to higher PAG rCBF than did a rest condition, but with
no statistical differences in the PAG when comparing deep to shallow needling, or needling
in a non-acupuncture point (Hsieh et al., 2001). Acupuncture evokes PAG BOLD signal in
the awake state, but not under propofol general anesthesia (Wang et al., 2007) suggesting
that active cognitive processes including placebo/expectation may be at play. Using cardiac
gated midbrain/brainstem specific fMRI, verum electroacupuncture induced deactivation in
the caudal PAG and activation in the rostral ventrolateral PAG, which was greater for verum
compared to sham electroacupuncture (Napadow et al., 2009). Other studies have found
transient and sustained PAG activation to various acupuncture protocols (Bai et al., 2009;
Bai et al., 2010; Liu et al., 2004; Zhang et al., 2007; Zhang et al., 2009). Also acupuncture-
induced connectivity changes have been reported with increased PAG connectivity to
various regions including the default mode network (Dhond et al., 2008), amygdala (Qin et
al., 2008) and posterior cingulate (Zyloney et al., 2010).

Other mechanisms: In a PET study, hypnotic suggestion, be it to increase or decrease pain
unpleasantness, as compared to hypnotic relaxation, led to higher rCBF in the red nucleus,
adjacent to the PAG (Rainville et al., 1999). The perceived control over pain, while the
stimulus itself was held constant, has also been studied (Salomons et al., 2004b).
Uncontrollable pain led to higher PAG activations, and in a follow-up analysis, the
difference between PAG activation to uncontrollable versus controllable pain was positively
correlated to the difference in pain ratings between uncontrollable versus controllable pain
(Salomons et al., 2007).

Pain and Emotional Activation of the PAG—In line with animal studies on the PAG
as a part of the defensive behavior systems (Fanselow, 1994), and human stimulation studies
(Nashold et al., 1969) evoking strong emotions, several human neuroimaging studies have
delineated the role of the PAG in emotion processing. Damasio et al. (2000) found that self
generated feelings of sadness, anger, happiness and fear all led to midbrain activation.
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Subsequent studies have largely focused on fear and stress, although there are some
investigations on positive emotions as noted below.

Pain Anticipation: Anticipating pain can lead to PAG activation. Using fear-conditioning
paradigms, several groups have reported midbrain activation (in the vicinity of the PAG) to
conditioned cues (Fischer et al., 2000; Linnman et al., 2011; Yaguez et al., 2005) that are
predictive of an aversive unconditioned stimulus. Late in the cue phase, deactivations of the
PAG, which are blocked by naloxone, have also been reported (Eippert et al., 2008a).
Patients with spinal cord injury display an elevated PAG response to conditioned cues,
possibly due to diminished afferent spinal information flow or a consequence of
psychological and emotional adjustment (Nicotra et al., 2006).

Both implicit (Hasler et al., 2007) and explicit (Hsieh et al., 1999) instructions that pain may
be delivered or is about to be delivered (Drabant et al., 2011; Fairhurst et al., 2007) lead to
PAG activation. Such anticipatory PAG activation influences the subsequent pain activation
in the posterior insula (Fairhurst et al., 2007), and the connectivity between the PAG and the
anterior insula prior to a stimulus delivery determines if the stimulus is perceived as painful
or not (Ploner et al., 2010). Anticipatory PAG activation is also enhanced by placebo
administration (Wager et al., 2004).

Observing Pain: Observing aversive images (physical assaults, poor children abandoned in
the streets, war scenes, body lesions, dangerous animals, body products etc.) leads to PAG
activation (Moll et al., 2002; Petrovic et al., 2005). In one of the few studies on gender
differences in the PAG, reactivity to aversive images was comparable between men and
women in the early follicular menstrual stage, but significantly lowered in the late follicular-
midcycle menstrual phase (Goldstein et al., 2005).

Observing others in pain may be a subclass of emotional stimuli and leads to an empathetic
response that engages emotional pain regions (Singer et al., 2004) including the PAG
(Lamm and Decety, 2008). Empathetic PAG responses to observing pain in others have also
been reported in healthy children (Decety et al., 2008), and in adolescents with and without
aggressive conduct disorder (Decety et al., 2009). In a further dissection of the PAG
empathy response, the effect of knowledge of the person you sympathize with (Decety et al.,
2010), responsibility and social stigma (Lamm et al., 2010) have been evaluated. Theses
studies are of particular interest as they demonstrate that empathetic responding, including
differential PAG recruitment, is influenced by cognitive knowledge about the person you
empathize with. Also when observing sad facial expression in others, the PAG is activated.
Observing others when in a compassionate state of mind leads to higher PAG responses,
both to neutral and to sad facial expressions (Kim et al., 2009a).

Fear: Electrical stimulation of the PAG in humans has been reported to induce extreme fear
(Nashold et al., 1969), discomfort, distress, anxiety and weeping (Tasker, 1982). In line with
this, the more proximal a tarantula spider is to a subject’s foot, the more active the PAG
(Mobbs et al., 2010); this activation correlates to individual variations in the fear of spiders.
Similarly, the more proximal a “virtual predator” is, the more active the PAG, and the dread
of being captured is positively correlated to PAG signal (Mobbs et al., 2007). See also Pain
anticipation.

Positive Affect: PAG activation has been reported by reading pleasant words (Maddock et
al., 2003), in mothers who view their own infants (Noriuchi et al., 2008), and in feeling
unconditional love towards individuals with intellectual disabilities (Beauregard et al.,
2009). The PAG activates also by listening to music that elicits the highly pleasurable
experience of “shivers-down-the-spine” (Blood and Zatorre, 2001). Also sexual affect
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involves the PAG. When experiencing orgasm, men display significantly higher PAG rCBF
than women (Georgiadis et al., 2009).

Other Emotions: The disappointment of making a bad gamble activates the PAG (Canessa
et al., 2009; Coricelli et al., 2005), and activity in the PAG tracks gambling outcomes
associated with reducing risk seeking (Canessa et al., 2011). Social rejection (i.e. being
excluded from participation in a boll tossing game) leads to PAG activation. Additionally,
the magnitude of activation is correlated to feeling greater social distress during daily real
world social interactions (Eisenberger et al., 2007). Also aversive sounds, such as nails
scratching a blackboard, activate the PAG (Zald and Pardo, 2002).

Psychiatric populations: Midbrain activation is related to anxiety during symptom
provocation in obsessive-compulsive disorder, simple phobia, and posttraumatic stress
disorder (PTSD) (Pissiota et al., 2002; Rauch et al., 1997). Patients with pedophilia display a
deactivation of the PAG in response to erotic pictures of adults (Walter et al., 2007).

3.4.2. Homeostatic and Physiological Processes—The PAG plays a pivotal role in
the integration of emotional aspects of homeostatic regulation via the autonomic nervous
system. A handful of human neuroimaging studies have directly addressed this.

Cardiovascular regulation: Angina pectoris, induced by the beta-adrenergic receptor
agonist dobutamine, led to increased PAG blood flow (Rosen et al., 1994). Subsequent
studies, where dobutamine was used only to induce an increase in mean arterial blood
pressure, and not pain, found no effects in the PAG (Liu et al., 2006).

In an elegant study on cardiovascular and gustatory midbrain sites, Topolovec et al. (2004)
demonstrated that maximal inspiration and the Valsalva maneuver (a moderately forceful
attempted exhalation against a closed airway) both led to increased PAG BOLD signal along
with increases in mean arterial pressure and heart rate. Isometric hand gripping also led to
increases in mean arterial pressure and heart rate, but no PAG activation. In another
sophisticated study using cardiac gating and a midbrain/brainstem specific scan sequence,
Napadow et al. (2008) studied grip induced increases in heart rate, and associated variance
in high frequency (HF) heart rate variability power. The change in HF power, reflective of
parasympathetic modulation, was negatively correlated to PAG BOLD fluctuations. In a
PET study, HF heart rate variability positively correlated with emotion specific PAG blood
flow (Lane et al., 2009).

Stressful cognitive tasks increase PAG activation and mean arterial pressure (Gianaros et al.,
2005), suppress baroreflex sensitivity (Gianaros et al., 2011), and alter connectivity to the
anterior insula. The threat of social evaluation induces anxiety and increases heart rate and
PAG activity (Wager et al., 2009). Moreover, the relationship between the ventromedial
prefrontal cortex and heart rate increases is mediated by the PAG, but not the relationship
between the cingulate and heart rate increases.

Respiratory Function: Animal studies indicate that the PAG exerts a strong influence on
respiration, and it has been suggested that the PAG serves as the behavioral modulator of
breathing (Subramanian et al., 2008). In humans, breathing carbon dioxide enriched air leads
to increased rCBF in the midbrain including the PAG, and also in the amygdala and the
basal ganglia, but reduced rCBF in the cingulate and frontal gyri (Brannan et al., 2001).
While under the influence of remifentanil (a potent ultra short-acting synthetic opioid) the
PAG response to volitional breath holding is significantly reduced (Pattinson et al., 2009).
During severe dyspnea, induced by breathing through inspiratory flow resistive loads, the
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PAG appears deactivated in healthy controls and activated in asthma patients (von Leupoldt
et al., 2009a).

Related to larynx function, voiced speech, as compared to whispered speech, lead to
increased PAG rCBF and an increased correlation between PAG rCBF and rCBF in the
ventromedial prefrontal cortex, the inferior operculum and the medial temporal gyrus
(Schulz et al., 2005).

Micturition: A brainstem micturition circuit including the PAG has been well characterized
in animals (Blok and Holstege, 1998). In human neuroimaging, midbrain and PAG
involvement in normal voluntary micturition has been demonstrated (Blok et al., 1998; Blok
et al., 1997; Fukuyama et al., 1996) and confirmed using bladder infusion and cystometry
(Nour et al., 2000). At the first desire to void, slight increases in PAG rCBF have been
reported (Takao et al., 2008), and the more the bladder is filled, the higher the PAG rCBF,
an effect that was unrelated to the sensation of urgency (Athwal et al., 2001). Similarly,
increased PAG rCBF when subjects had a full bladder, but not during intravesical ice water
stimulation, suggests that the PAG activation is specific to bladder distention and not other
bladder sensation (Matsuura et al., 2002). Voluntary enhancement of the urge to void
(Kuhtz-Buschbeck et al., 2005), imitation voiding by releasing — and imitating interruption
by contracting — pelvic floor muscles (Seseke et al., 2006, 2008) all lead PAG activation in
women (Seseke et al., 2006) and in men (Seseke et al., 2008) with no gender differences in
PAG activation magnitude.

Also clinical studies indicate a role of the PAG in abnormal micturition. In subjects with
detrusor overactivity, bladder filling led to similar PAG activation as in healthy subjects
(Griffiths et al., 2005). A subsequent study showed only minimal PAG responses in both
controls and detrusor overactive patients (Griffiths et al., 2007), but follow up analyses on
the same data indicated rostral insula and anterior cingulate connectivity to the PAG during
bladder filling in the healthy group (Tadic et al., 2008) and a slight effect of age on PAG
connectivity (Griffiths et al., 2009). In women with Fowler’s syndrome (an urethral
sphincter abnormality) sacral neuromodulation led to increased (normalized) PAG reactivity
to bladder filling (Kavia et al., 2010).

In Parkinson patients, detrusor over-activity is associated with PAG activation (Kitta et al.,
2006), and PAG activity influences activity in the thalamus and insula only during
subthalamic nucleus deep brain stimulation, suggesting improved sensory gating of bladder
afferents (Herzog et al., 2008).

PAG activation to bladder filling has also been studied in spinal cord injury patients. During
bladder filling and during bladder filling in combination with acute pudendal nerve
stimulation, the PAG was activated. After 2 weeks of pudendal stimulation treatment, PAG
activation to bladder filling was decreased. The authors suggest that the PAG may be
overactive in spinal cord injured patients due to a decompensatory mechanism following the
sudden loss of the spinal afferent input (Zempleni et al., 2010).

PAG lesions in multiple sclerosis are associated with bowel and bladder dysfunction (Charil
et al., 2003).

Bowel Function and the PAG: The rectum is innervated by visceral afferents and the
somatosensory pudendal nerve innervates the anal canal. This innervation has been
capitalized on to test for differences in central domains of intestinal sensations. Non-painful
anal stimulation resulted in greater cortical activation than did rectal stimulation, and only
anal stimulation resulted in above threshold PAG activation, although there was no
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significant difference in the PAG for the two conditions (Lotze et al., 2001). Similarly,
equally painful visceral and somatic stimuli both activated the PAG, which was slightly
greater for visceral pain (Dunckley et al., 2005b). Anxiety was higher during visceral
stimulation, and PAG activity was correlated with anxiety during visceral stimulation,
suggesting greater nocifensive responses and greater emotive salience of visceral pain. In an
investigation on the effects of acute stress on visceral pain in women, PAG BOLD signal to
both non-painful and painful rectal distention correlated with chronic stress levels, but there
were no effects of acute stress on PAG reactivity (Rosenberger et al., 2009a). Intense rectal
distention led to PAG activation that was also associated with increased heart rate and with
increased plasma adrenaline (Suzuki et al., 2009).

Patients with irritable bowel syndrome (IBS) show evidence of altered perceptual responses
to visceral stimuli, consistent with altered processing of visceral afferent information by the
brain. Involvement of the PAG in responses to rectal balloon distention has been reported in
four studies, all indicating altered PAG signal in IBS (Mayer et al., 2005; Naliboff et al.,
2003; Naliboff et al., 2001; Wilder-Smith et al., 2004) with some specificity, as ulcerative
colitis patients have normal PAG function (Mayer et al., 2005). PAG activation in IBS is
reduced by the 5-HT3 receptor antagonist Alosetron (Berman et al., 2002), and PAG gray
matter density, as measured by VBM, is reduced in IBS (Seminowicz et al., 2010).

Other Modalities that evoke PAG Activation—Several other homeostatic functions
have indicated PAG involvement. Thirst, elicited by rapid IV infusion of hypertonic saline,
led to increased PAG blood flow (Denton et al., 1999). Hypoglycema, elicited by insulin
infusion, led to increases in heart rate, and increased plasma levels of epinephrine,
norepinephrine, and pancreatic polypeptide. While cerebral blood flow generally decreased
at hypoglycema, PAG rCBF was elevated(Teves et al., 2004). Painful gastric distention,
induced by balloons passed orally to the distal stomach, led to increased rCBF in the PAG
(Ladabaum et al., 2001).

3.5 Connectivity of the PAG
Diffusion tensor tractography—Diffusion weighted imaging allows for white matter
tract identification through probabilistic Diffusion tensor imaging (DTI) tractography. This
identification is done by following the principal diffusivity direction in a voxel to voxel
manner. While the gold standard remains anterograde and retrograde tract tracing in
animals, particularly in primates (Aggleton et al., 1980; An et al., 1998; Dujardin and
Jurgens, 2005; Mantyh, 1982, 1983; Price and Amaral, 1981), DTI can confirm these
pathways in humans. Current resolution constraints make tractography sensitive primarily to
large fiber pathways, therefore smaller pathways, or those through regions of fiber crossing
or complexity may not be detected. It should be noted that current DTI methods do not allow
for inference on the directionality of information flow within tracts. An overview of the
connection identified by DTI studies is presented in Figure 5.

While not directly addressing the PAG connections, DTI has been used to identify the
corticospinal tract, medial lemniscus, the frontopontine tract, the temporo-/parieto-/
occipitopontine tract and the superior, medial, and inferior cerebellar peduncles (Stieltjes et
al., 2001). Diffusion imaging tractography using the PAG as the starting point has been
performed in five studies (Hadjipavlou et al., 2006; Owen et al., 2008; Owen et al., 2007;
Pereira et al., 2010; Sillery et al., 2005). Tracts have been identified to the thalamus (medial
dorsal nucleus), the middle frontal and frontopolar gyri, through the thalamus and
hypothalamus to terminate in the amygdala, the rostral ventral medulla, and the dorsomedial,
ventromedial and ventrolateral prefrontal cortex. Similar results were found in two studies
on pre-operative probabilistic tractography in patients with PAG deep brain stimulation for
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chronic pain (Owen et al., 2008; Owen et al., 2007), and it was concluded that with further
technical improvement, probabilistic tractography might have utility as a surgical planning
tool. Further anatomical refinement indicated dominant ventral PAG connections include
amygdala, nucleus accumbens, anterior cingulate cortex and ventromedial prefrontal cortex
whereas prominent dorsal PAG connections included ventral posterior thalamus and primary
somatosensory cortex (Pereira et al., 2010). Of note, in the above studies, tracts to the dorsal
anterior cingulate were rare, possibly due to difficulties in following tracts perpendicular to,
and passing through the corpus callosum bundle.

In an attempt to better understand the effects of 20th century surgical brain ablation
procedures for the treatment of refractory depression, DTI tractography was done in healthy
controls using reported lesion sites as the seeds. Seeds in the sites for anterior capsulotomy,
subcaudate tractotomy and limbic leucotomy were all found to project to the PAG (Schoene-
Bake et al., 2010).

Functional connectivity—Functional connectivity has been defined as the correlations
between spatially remote neurophysiological events. In neuroimaging, this usually means a
temporal correlation between regional fluctuations in cerebral blood flow or BOLD signal.
There are numerous analytical approaches, either based on blind signal separation strategies
such as independent component analysis, or model based. One common model based
approach is analyzing functional connectivity of a seed region, either with the subject
performing no explicit task (resting state) or while accounting for influences of other regions
or behavioral tasks. Moreover, there is an ongoing discussion on how functional
correlations, especially negative correlations, should be interpreted.

Below, we review the majority of PAG functional connectivity studies in the literature, and
provide an activation likelihood estimate of findings. The resulting ALE map from this
section summarizes both positive, negative and task-modulated functional connectivity
results from various methods, indicating PAG midbrain autocorrelation, amygdala and
anterior middle cingulate connectivity; see Figure 6 and Table 1.

Resting state connectivity of the PAG: Resting state functional connectivity MRI (fcMRI)
is based on the observation that the brain regions show correlated slow fluctuations in
cerebral blood flow (Friston et al., 1993) and in blood-oxygenation-level-dependent (BOLD)
signal (Biswal et al., 1995). While the method does not provide direct measurement of
anatomic connectivity or directionality, accumulating evidence suggests it is sufficiently
constrained by anatomy to allow the architecture of distinct brain systems to be
characterized (Van Dijk et al., 2010).

The brain’s intrinsic activity at rest is an expanding field of study, and resting state modeling
has largely focused on cortical structures, but there are several publications on PAG resting
functional connectivity. In a data driven functional hubs analysis of 979 healthy subjects
(Tomasi and Volkow, 2011), the PAG was found in three subcortical networks, with the
network hubs in the cerebellum, the thalamus and the amygdala. In an independent
component analysis, the PAG was found to belong to a “salience network,” with the main
nodes in dorsal anterior cingulate and orbital frontoinsular cortices (Seeley et al., 2007).
Resting state connectivity of the PAG in 100 healthy controls using a seed based approach
indicated significant functional connectivity to the PAG include the rostral and pregenual
ACC, the cerebellum, the ventromedial medulla, the globus pallidus, the hippocampus and
the anterior insula. Negative functional connectivity was seen to the post-central gyrus, the
middle occipital gyrus, the posterior insula and the lateral orbital prefrontal cortex.
Moreover, women had a higher functional connectivity to the mid-cingulate cortex, and men
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to the right insula, the left uncus, the left medial orbital prefrontal cortex and the right
prefrontal cortex (Kong et al., 2010b).

We identified three clinical studies on PAG resting state connectivity: The dorsal putamen is
functionally connected to the PAG in healthy subjects, but significantly less so in patients
with obsessive-compulsive disorder (Harrison et al., 2009). The centromedial amygdala
connectivity to the PAG is higher than the basolateral amygdala connectivity to the PAG,
but with no significant differences between healthy controls and patients with generalized
anxiety disorder (Etkin et al., 2009). The right executive attention network (dorsolateral
prefrontal cortex and posterior parietal regions overlapping the superior parietal lobule and
intraparietal sulcus) connectivity to the PAG is compromised in fibromyalgia patients with
high levels of spontaneous pain (Napadow et al., 2010).

State specific connectivity
Pain specific connectivity: Stimulus induced alterations in functional connectivity during
pain is a subject of intense investigation, particularly in studies investigating pain placebo
effects, as discussed above, but also in pain anticipation, empathy to pain and in non-painful
sensory stimulation.

Moulton et al. (2011) found that regions of the cerebellum that are involved in pain
processing (but not processing of aversive images) display functional connectivity to the
PAG.

The functional activation and connectivity of the midbrain, brainstem and spinal cord,
spanning between the thalamus and the C7/T1 intervertebral disc has been investigated
using a dedicated spinal receiver coil. Non-noxious temperatures (15–32°C) were applied to
the right thenar eminence (base of the thumb). In the PAG, the signal changes were highest
with stimulation at 15°C and increased monotonically from a low at 18°C to a high with
stimulation at 29°C. Connectivity analyses showed correlations between right dorsal areas in
C6 and the PAG (Stroman, 2009).

Pre-stimulus connectivity between the PAG and the anterior insula determines if a
subsequent stimuli is perceived as painful (Ploner et al., 2010), and the connectivity between
PAG and anterior insula is higher during self experienced pain as compared to observing
pain in others (Lamm et al., 2010; Zaki et al., 2007).

Placebo: The rCBF of the PAG and the anterior cingulate covaries during both placebo and
opioid analgesia (Petrovic et al., 2002). The functional connectivity between the PAG and
the anterior cingulate is increased during placebo analgesia (Bingel et al., 2006; Eippert et
al., 2009), and during heterotopic noxious conditioning stimulation (Sprenger et al., 2011),
both effects that are abolished by naloxone administration. Similar effects have been
reported in a study on pain and placebo modulation of 11C-carfentanil binding (Wager et al.,
2007), where there was a placebo specific correlation between PAG and rostral anterior
cingulate opioid binding potential, and between PAG and the orbitofrontal cortex. A
negative relationship between PAG opioid activity during placebo and that of the nucleus
accumbens and the amygdala, and a trend towards a negative correlation to the subgenual
anterior cingulate, has also been reported (Scott et al., 2008). Of note, the functional
connectivity between the dorsal anterior cingulate and the PAG is also influenced by mood,
in that pain in combination with a bad odor led to increased connectivity (Villemure and
Bushnell, 2009).

See also section on Acupuncture, The opioid system and Placebo
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Emotion specific connectivity: In a study on fight and flight, the effect of proximity of a
virtual predator on the activity and connectivity was investigated. As the predator grew
closer, brain activity shifted from the ventromedial prefrontal cortex to the periaqueductal
gray (Mobbs et al., 2007). With higher risk of being captured by the predator, midbrain
(including the PAG) functional connectivity shifted, to higher functional connectivity with
the dorsal ACC, ventral striatum, medial dorsal thalamus, anterior insula, and lateral
midbrain, and lower connectivity with the right amygdala, hippocampus, insula, vmPFC,
PCC, and subgenual ACC (Mobbs et al., 2009).

In an interesting meta-analytical approach (Kober et al., 2008), 162 emotion specific
functional neuroimaging studies were identified and brain regions that were consistently
activated in emotional tasks were identified. Moreover, regions that co-activated across
studies were grouped into functional groups, thereby providing information on potential
organization of brain regions into large-scale networks. The periaqueductal gray was only
reported in 6 studies, but clustered together with the thalamus, the PAG was found to be
activated in 36% of studies. These activations were associated with a core limbic group
including the hypothalamus, the amygdala, the ventral striatum, the ventral globus pallidus
and the thalamus. The PAG co-activated with the dorsomedial prefrontal cortex, and the
rostral anterior cingulate. Mediation analyses of these co-activations suggested that the
dorsomedial prefrontal cortex influences the hypothalamus through the PAG.

4. Discussion
The human neuroimaging studies of the PAG confirm many of the known processes
previously observed in animal studies. As sub regions of the PAG exert contrasting
influences on behavior, the wide range of behaviors identified is not surprising. One of the
major issues in neuroimaging relate to improving methods of specificity and reproducibility.
The case of the PAG illustrates that more rigorous approaches may be needed when imaging
including appropriate methodological approaches, controls and how the data is evaluated
and interpreted. Notably, the specificity of PAG findings may be rather low, as a wide range
of behaviors engages the structure and PAG structure and function appears altered in a wide
range of disease states.

In this meta-analysis, we hypothesized that different functions of the PAG would have
different peak localizations based on the known organization of the PAG (Figure 2). The
average peak locations in the included studies were grouped into seven categories:
acupuncture, autonomic function, bladder control, emotion, pain, placebo and rectal
function, see Table 2 and Figure 7 for activation likelihood peak locations. As can be seen in
Figure 7, there is not clear separation of the peaks, most likely due to lack of spatial
resolution and differences in imaging methods and data processing procedures.

Technical considerations in PAG imaging
Neuroimaging of the PAG is challenging due to a number of factors. While it is difficult to
give exact estimates, most fMRI results are reliable in the intraclass correlation (ICC) =
0.33–0.66 range (Bennett and Miller, 2010), but ICCs of 0.76 and higher have also been
reported (Aron et al., 2006). Older studies often employed slice thickness up to 7 mm, and
current standard neuroimaging protocols usually have a resolution of around 2–5 mm,
enough to cover the PAG with only a few voxels. The limited resolution makes
identification of unique activation very difficult and it also introduces partial volume effects
(PVE), a phenomenon that degrades the quantitative accuracy of images. PVEs have two
causes: the finite spatial resolution of the scanner and the voxel size at which the image is
sampled. The former causes a displacement of activity between neighboring regions,
whereas the latter gives rise to the tissue-fraction effect where multiple tissue types, like
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gray matter and cerebrospinal fluid, can exist within a voxel. Not only does the blurring
effect of the spatial resolution cause signal to spill-out of a region, signal from surrounding
regions spills in (Thomas et al., 2011). Due to its dorsal location and the cerebral aqueduct,
the PAG moves with heart and CSF pulsation and breathing. Although some movement
artifacts can be accounted for (Van Dijk et al., 2011), the role of the PAG in autonomic
regulation makes movement artifacts prone to be temporally correlated to the behavior being
studied. Functional MRI also has difficulty imaging regions near tissue interfaces due to
distortions from macroscopic susceptibility effects, which become more severe at higher
magnetic field strengths. Moreover, standard normalization and spatial smoothing
procedures are optimized for cortical structures, such that residual between subject structural
variability may add further noise. Methods used to solve these problems include higher
voxel resolution, cardiac gating (Becerra et al., 2006b; Guimaraes et al., 1998; Mainero et
al., 2007; Napadow et al., 2008), midbrain optimized imaging sequences (Fairhurst et al.,
2007; Napadow et al., 2008; Napadow et al., 2009; Pattinson et al., 2009; Topolovec et al.,
2004; Tracey et al., 2002a), physiological noise modeling (Brooks et al., 2008), multiple
channel (Wiggins et al., 2009) or spinal cord coils (Cahill and Stroman, 2011b; Ghazni et
al., 2010; Stroman, 2009; Stroman et al., 2011), field mapping (Dhond et al., 2008; Etkin et
al., 2009; Gray et al., 2009; Mobbs et al., 2010; Ploner et al., 2010; Salomons et al., 2007),
and midbrain/brainstem dedicated normalization procedures (Beissner et al., 2011; Napadow
et al., 2006), see (Oldfield et al., 2011) for further discussion and a recent example. Another
potential concern are new findings that MRI magnetic fields may stimulate rotational
sensors of the brain, leading to nystagmus (Roberts et al., 2011) inside the MRI bore. This
may influence midbrain regions involved in eye movements (Tilikete and Pelisson, 2008).

Critical Assessment
As evident in Figure 4, several peaks fell outside of the PAG region, possibly due to large
clusters encompassing several structures of the midbrain, non-optimal normalization
procedures, typographical errors and mislabeling. While this review and analysis focused on
the periaqueductal gray, a larger theme is the accuracy and specificity of neuroimaging
methods. The complex and expensive experimental setups, the easily obtained high
uncorrected p-values and correlation coefficients (Vul et al., 2009), and the beautiful brain
images may lead scientists and the public to be over-confident in results (McCabe and
Castel, 2008; Weisberg et al., 2008). Recent reports even suggest that the a large proportion,
if not the majority, of published research findings are false (Ioannidis, 2005; Matullo et al.,
2005; Wacholder et al., 2004) or make erroneous statistical interpretations (Nieuwenhuis et
al., 2011). There is little reason to believe that the PAG literature is free from the over-
interpretation (Logothetis, 2008), publication bias (Ioannidis, 2011; Jennings and Van Horn,
2011) double dipping (Kriegeskorte et al., 2009) and other methodological shortcomings
observed in other neuroimaging fields (Smith, 2010). While part of the variability in
functional localization may be attributed to methodological differences over the years and
across statistical packages (Brett et al., 2002; Poline et al., 2006), careful and detailed
neuroanatomical labeling is necessary for the ability to compare results across labs and
functional domains (Devlin and Poldrack, 2007).

Conclusion and Future Directions—This meta-analysis points out the remarkable
strength and potential the field holds. While the PAG literature has yet to experience the
exceptional growth observable in other neuroscience fields (Figure 8), the detailed animal
literature and the role of the PAG as an interface on salient stimuli between the forebrain
and the lower brain stem makes it a highly interesting target for future studies and
translational efforts. The effective spatial and temporal resolution of fMRI is increasing,
with one example being the development of 7 Tesla fMRI with sub-millimeter resolution
(Polimeni et al., 2010) (Figure 9). Such advances in technology permit the PAG anatomy to
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be readily visible in functional data. Simultaneous PET-fMRI (Judenhofer et al., 2008) and
ultra high resolution diffusion weighted imaging (Miller et al., 2011) are other emerging
technologies. While technical developments will allow us to ask new questions, improved
experimental methods using currently available techniques may be a fast route to success.
For example, contrasting PAG involvement across functional domains within a single
subject may allow for a more detailed understanding (Fadiga, 2007). Using drugs with
known pharmacology it is possible to examine the acute effects of the drug itself in the
brain, alterations of the neurovascular coupling, and to investigate how neurotransmitter
systems are involved in neural systems engaged by other processes (Anderson et al., 2008;
Steward et al., 2005; Upadhyay et al., 2011). These studies come with their own set of
unique challenges, as drugs can influence both the neuronal signaling and the neurovascular
coupling (Borras et al., 2004; Choi et al., 2006; Shih et al., 2009). Recent studies indicate
that genetics (Loggia et al, 2011) and gender (Linnman et al, 2011) influence PAG function
and connectivity. Longitudinal studies across, for example, the menstrual cycle, aging,
disease progression and treatments are another rich source awaiting exploitation.

In conclusion, neuroimaging of the human PAG has made a substantial contribution to our
understanding of behavior and disease, and translating animal studies to human conditions.
We are now at a stage where the hardware, software and level of experimental sophistication
are sufficient for direct hypothesis testing with highly specific probes. This will take human
neuroimaging to a new level, as long as we continue to carefully scrutinize our results.
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Highlights

Neuroimaging of the human PAG is reviewed.

Pain and pain modulation, emotion, bladder and bowel function and autonomic
regulation are covered.

Methods include function, structure, connectivity and neurochemistry imaging.

Human PAG neuroimaging replicates several animal findings, and methods can be
improved upon.
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Figure 1. Methods and behaviors in review
Arrows indicate that a method (for example volumetric studies) has demonstrated
involvement in a behavior (i.e. pain, emotion, cardiovascular and bowel function).
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Figure 2.
Schematic illustration of the dorsomedial, dorsolateral, lateral and ventrolateral neuronal
columns within (from left to right) the rostral periaqueductal gray (PAG), the intermediate
PAG (two sections) and the caudal PAG. Injections of excitatory amino acids (EAA) within
the dorsolateral (dlPAG)/lateral (lPAG; green) vs. ventrolateral (vlPAG; orange) columns
evoke fundamentally opposite, active vs. passive emotional coping strategies. EAA
injections made within the rostral portions of dlPAG and lPAG columns evoke a
confrontational defensive reaction, tachycardia, and hypertension (associated with decreased
blood flow to limbs and viscera and increased blood flow to extracranial vascular beds).
EAA injections made within the caudal portions of the dlPAG and lPAG evoke flight,
tachycardia and hypertension (associated with decreased blood flow to visceral and
extracranial vascular beds and increased blood flow to limbs). In contrast, EAA injections
made within the vlPAG evoke cessation of all spontaneous activity (quiescence), a
decreased responsiveness to the environment (hyporeactivity), hypotension and bradycardia.
A nonopioid-mediated vs. an opioid-mediated analgesia is evoked from the dlPAG/lPAG vs.
vlPAG. Adapted from Bandler et al. (1994) Fig. 1 and Bandler et at. (2000), Fig. 1 with
permission.
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Figure 3. Anatomical Organization of the PAG
Schematic overview of the organization of the PAG afferent and efferent connections.
Represented on the left are the connections forming the descending limbic system and on the
right are the connections forming the ascending sensory system. The two systems interact in
the PAG. Structures indicated in bold are connected to either the dorsomedial, lateral or
ventrolateral columns, or two of them or all of them. Structures indicated in italic are
connected to the dorsolateral column. Structures indicated in bold and italic are connected
to all four columns. The specific connections of the structures indicated in regular style have
not been established. Adapted from (Paxinos and Mai, 2004), Figure 12.13 with permission.
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Figure 4. Functional Activations in the PAG across Studies
Regions reported as the PAG. Red dots represent individual peaks projected to the sagittal
and axial plane. The activation likelihood estimate for all included studies is illustrated on
the right.
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Figure 5. PAG Connections based on DTI
Schematic representation of regions connected to the PAG identified in diffusion-weighted
tractography studies. ACC=anterior cingulate cortex, Cerebell=cerebellum,
dmPFC=dorsomedial prefrontal cortex, vmPFC=ventromedial prefrontal cortex,
vlPFC=ventrolateral prefrontal cortex, WM=white matter.
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Figure 6. Activation likelihood estimates of regions found to be functionally connected to the
PAG
Also, the amygdala and putamen displayed connectivity peaks.
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Figure 7. Activation likelihood estimates across behavioral domains
The activation likelihood peaks are indicated in a sagittal slice of the MNI template.
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Figure 8. PAG in the literature
Cumulative number of PubMed citations mentioning various brain structures in the title/
abstract. Notably, the PAG neuroimaging literature reviewed here compose less than 10% of
the entire PAG literature.
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Figure 9. PAG at 7 Tesla
A single functional EPI slice at 0.85 mm isotropic resolution from one subject obtained at 7
tesla with a 32-channel head coil. The midbrain anatomical illustration is adapted from
(Gray and Lewis, 1918).
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Table 2

Activation likelihood estimates for PAG connectivity, p<0.05 FDR

Cluster size Cluster peak Peak label

11256 mm3 0, −26, 9 Midbrain

1152 mm3 −28, −1, −17 Left amygdala

928 mm3 −5, 10, 44 Left anterior middle cingulate

616 mm3 1, 34, 24 Right anterior middle cingulate

456 mm3 7, 19, 31 Right anterior middle cingulate

368 mm3 −35, 27, −15 Left inferior frontal gyrus

352 mm3 12, 7, 44 Right middle cingulate

288 mm3 29, −10, −22 Right amygdala

232 mm3 20, 7, −1 Right putamen
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