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Abstract Previously we observed differential activation in individual columns of the

periaqueductal grey (PAG) during breathlessness and its conditioned anticipation (Faull et al.,

2016b). Here, we have extended this work by determining how the individual columns of the PAG

interact with higher cortical centres, both at rest and in the context of breathlessness threat.

Activation was observed in ventrolateral PAG (vlPAG) and lateral PAG (lPAG), where activity scaled

with breathlessness intensity ratings, revealing a potential interface between sensation and

cognition during breathlessness. At rest the lPAG was functionally correlated with cortical

sensorimotor areas, conducive to facilitating fight/flight responses, and demonstrated increased

synchronicity with the amygdala during breathlessness. The vlPAG showed fronto-limbic

correlations at rest, whereas during breathlessness anticipation, reduced functional synchronicity

was seen to both lPAG and motor structures, conducive to freezing behaviours. These results move

us towards understanding how the PAG might be intricately involved in human responses to threat.

DOI: 10.7554/eLife.21749.001

Introduction
Breathlessness is a complex, multi-dimensional sensation that is a major cause of suffering in people

with a diverse range of illnesses, including chronic lung disease (e.g. asthma, chronic obstructive pul-

monary disease), cardiac disease and cancer. Subjective perceptions of breathlessness are not simply

a neurological reflection of lung function (Banzett et al., 2000; Teeter and Bleecker, 1998), and

can cause crippling anxiety when perceived as a direct threat to survival. These perceptions rely on

an intricate system of sensory and affective components within the brain (Hayen et al., 2013b;

Herigstad et al., 2011; Lansing et al., 2009), both perceiving ventilatory afferents and evaluating

the threat value of these sensations. Furthermore, repeated episodes of breathlessness can lead to

conditioned associations between a stimulus (such as a flight of stairs) and breathlessness

(De Peuter et al., 2004), inducing anticipatory threat behaviours such as freezing or activity avoid-

ance (Hayen et al., 2013b).

The midbrain periaqueductal gray (PAG) is a key neural component in both the behavioural mod-

ulation of breathing (Subramanian, 2013; Subramanian et al., 2008) and coordination of threat

responses (Bandler et al., 2000; Bandler and Shipley, 1994; Keay and Bandler, 2001;

Tovote et al., 2016). The PAG is divided into four longitudinal columns (ventrolateral, vlPAG; lateral,

lPAG; dorsolateral, dlPAG; dorsomedial, dmPAG) on each side, and is postulated to act as an inter-

face for behavioural control (Bandler et al., 2000; Bandler and Shipley, 1994; Benarroch, 2012;

Keay and Bandler, 2001). The PAG has previously been implicated in many basic survival functions

including cardiovascular, motor and pain responses such as vocalization or blood pressure regulation

(De Oca et al., 1998; Mobbs et al., 2007; Paterson, 2014; Pereira et al., 2010; Tracey et al.,
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2002). An integrative theory of these behaviours postulates that the lPAG and dlPAG are thought to

orchestrate ‘active’ responses (such as fight or flight responses) when a threat is perceived as escap-

able (Bandler and Carrive, 1988; Carrive, 1993; Depaulis et al., 1992; Keay and Bandler, 2001;

Yardley and Hilton, 1986). Conversely, the vlPAG is thought to be involved with ‘freezing’ type

behaviours from inescapable threats (Carrive and Bandler, 1991; Keay et al., 1997; Lovick, 1993;

Tovote et al., 2016), including conditioned anticipation of breathlessness in humans (Faull et al.,

2016b). In recent work to understand this circuitry in animals, Tovote and collegues (Tovote et al.,

2016) intricately mapped direct neuronal connections from the central nucleus of the amygdala to

the vlPAG, and onwards to premotor areas in the ponto-medullary reticular formation to underlie

freezing behaviours. However, the extent to which this descending circuitry and the additional

(unmapped) ascending circuitry between the PAG columns and cortex exist in humans is not yet

understood.

Our previous work has functionally subdivided the human PAG with high resolution (7 Tesla) func-

tional magnetic resonance imaging (fMRI). This work revealed that activity can be localised to the

lPAG during breath holds (Faull et al., 2015), to the vlPAG during conditioned anticipation of

breathlessness, and to the lPAG during breathlessness itself (Faull et al., 2016b). In this study we

further tested the hypothesis that the vlPAG is involved with learned anticipatory threat detection,

whilst the lPAG is associated with the active response to breathlessness, by investigating how these

PAG regions interact with the wider cortex. We firstly conducted an ultra-high field 7 Tesla whole-

brain fMRI experiment to asses functional activity during both anticipation (a future-oriented emo-

tional state typically associated with worry, apprehension and freezing behaviours) and a breathless-

ness stimulus. We then extended this analysis beyond simple co-activation, to measure the

‘functional connectivity’ between the task-activated seed regions of the PAG and remote areas of

the cortex, both at rest and during the anticipation and breathlessness tasks.

‘Functional connectivity’ within neuroimaging is a measure of the temporal synchronicity of activ-

ity within structures across the brain, and is thought to be related to the temporal coherence of neu-

ronal activity in anatomically distinct regions (Gerstein and Perkel, 1969; van den Heuvel et al.,

2010). Therefore, the term ‘functional connectivity’ in this paper was defined as the co-activation of

the timeseries between the PAG columns and the cortex. Measures of this connectivity both at rest

and during a specific task can be used to investigate the task-specific changes in functional connec-

tivity between regions, but do not infer directionality or causality. Importantly, human investigation

allows us to directly assess how functional activity and connectivity are related to subjective emo-

tions such as the anxiety associated with threatening stimuli, while animal models rely on inferences

of these perceptions from physiology such as changes in respiratory rate and heart rate. The findings

of this study will help us to understand the how the different PAG columns interact with the wider

cortex in humans, both at rest and when perceiving a threatening stimulus such as breathlessness.

Results
Forty healthy, right-handed individuals were trained using an aversive delay-conditioning paradigm

to associate simple shapes with either a breathlessness stimulus in the form of inspiratory resistive

loading (100% contingency pairing) or no loading (0% contingency pairing). A block paradigm was

used where the breathlessness shape was presented on a screen initially without the stimulus (antici-

pation period), followed by the addition of the resistive loading (breathlessness), and interspersed

with rest periods (fixation cross, during which time there was no respiratory loading) and ‘no loading’

blocks (indicated by the ‘no loading’ shape). The following day this breathing paradigm was

repeated during task fMRI scanning, with an additional resting state fMRI scan and structural scan-

ning. Task fMRI data was analysed for mean changes in BOLD activity, and functional activity identi-

fied in both the vlPAG and lPAG was then subsequently analysed for functional connectivity with the

wider cortex both at rest (using the resting state scan), and during anticipation and breathlessness

(using the task fMRI scan).

Physiology and psychology of breathlessness
Mean intensity and anxiety scores were significantly greater for breathlessness compared to

unloaded breathing conditions using a paired, two-tailed t-test (intensity (±SD): 46.5 (16.0)% vs. 2.8

(3.5)%, p<0.001; anxiety: (±SD) 34.0 (18.8)% vs. 2.5 (3.9)%, p<0.001). Physiological variables for
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unloaded breathing, anticipation of breathlessness and during the breathlessness stimulus are given

in Supplementary file 1A.

PAG task fMRI analysis
Consistent with our previous findings (Faull et al., 2016b), significantly increased mean BOLD activ-

ity was seen in the vlPAG (right) during anticipation of breathlessness, with an additional small clus-

ter seen in the lPAG (left) (Figure 1). While no mean BOLD activity was observed in the PAG when

averaged across the group during breathlessness, a significant correlation was found between lPAG

and subjective scores of breathlessness intensity (Figure 2), consistent with the location of the lPAG

activity observed during anticipation. No PAG activity was found to scale with anxiety during either

anticipation or breathlessness.

S1

vmPFC

PN

SMC

dACC

I-IV
VPL

VPL

S1

Put

OP

Put

CN

ant-In

V

VPL

dlPFC

STN

PCC

ACC

PAG

dmPFC

IX Hipp/amyg

S1

RN

PCC

p-In

m-In

dlPFC

PC

dmPFC

2.3 4.0 Cortex Z score 2.3 4.0activation deactivation

BREATHLESSNESS

ANTICIPATION OF BREATHLESSNESS

PAG

0.05 0.0
PAG p value

ventral

ventral

dorsal

dorsal

lPAG

vlPAG

x 7 y -20 z 11
R L

RL

RL

x -38

dlPFC

ant-In
M1

SPL

Crus-I

dlPFC

ant-In

Crus-I

LOC
dACC

Figure 1. Mean BOLD response to breathlessness and anticipation of breathlessness. Right: 3-dimensional projection of the periaqueductal gray (PAG)

within a cut-out of the midbrain. The images consist of a colour-rendered statistical map superimposed on a standard (MNI 1 x 1 � 1 mm) brain, and

significant regions are displayed with a threshold Z > 2.3, with a cluster probability threshold of p<0.05 (corrected for multiple comparisons). Right: The

grey region represents the periaqueductal gray, with significant clusters overlaid (p<0.05; non-parametric statistics, small volume-corrected for multiple

comparisons using represented PAG mask). Abbreviations: PAG, periaqueductal gray; vlPAG and lPAG, ventrolateral and lateral PAG; M1, primary

motor cortex; S1, primary sensory cortex; CN, caudate nucleus; SMC, supplementary motor cortex; Put, putamen; ACC, anterior cingulate cortex;

dACC, dorsal anterior cingulate cortex; PCC, posterior cingulate cortex; PC, precuneus; dlPFC, dorsolateral prefrontal cortex; dmPFC, dorsomedial

prefrontal cortex; vmPFC, ventromedial prefrontal cortex; Hipp, hippocampus; amyg, amygdala; a-In, anterior insula; m-In, middle insula; p-In, posterior

insula; LOC, lateral occipital cortex; SPL, superior parietal lobule; STN, subthalamic nucleus; RN, Red nucleus; OP, operculum; V1, primary visual cortex;

IX, I-IV and Crus-I, cerebellar lobes; thalamic nuclei: VPL, ventral posterolateral nucleus; VIN; activation, increase in BOLD signal; deactivation, decrease

in BOLD signal.

DOI: 10.7554/eLife.21749.002

The following figure supplement is available for figure 1:

Figure supplement 1. Task subject-level general linear model.

DOI: 10.7554/eLife.21749.003
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Cortical and subcortical task fMRI analysis
Anticipation of breathlessness
Significantly increased BOLD activity was seen in the dorsolateral prefrontal cortex, supplementary

motor cortex, middle and posterior cingulate cingulate cortices, anterior and middle insula, subthala-

mic nucleus, operculum, cerebellar I-IV, primary visual cortex and primary sensory cortex. Decreased

BOLD activity was observed in the anterior and posterior cingulate cortices, ventromedial prefrontal

cortex, dorsomedial prefrontal cortex, posterior insula, inferior precuneus, hippocampus and amyg-

dala, primary sensory cortex, pontine nuclei, ventral inferior nuclei of the thalamus and crus IX of the

cerebellum (Figure 1).

Breathlessness
During breathlessness, significantly increased BOLD activity was seen in the dorsolateral prefrontal

cortex, ventral posterolateral nucleus of the thalamus, putamen, caudate nucleus, primary sensory

and motor cortices, supplementary motor cortex, middle cingulate cortex, anterior and middle

insula, subthalamic nucleus, operculum, cerebellar I-IV, primary visual cortex and primary sensory

cortex. Decreased BOLD activity was seen in the anterior and posterior cingulate cortices, ventrome-

dial prefrontal cortex, inferior precuneus, hippocampus and amygdala, primary sensory cortex, and

pontine nuclei (Figure 1).

Resting functional connectivity of the active PAG columns
A 3-dimensional seed region (seed radius 2 mm) was taken in the center of the significant activity

found in both the vlPAG (seed location MNI space: x 7; y �29; z �8) and lPAG (seed location MNI

space: x �3; y �32; x �8). These vlPAG and lPAG seeds were used to create a mean time series of

the resting BOLD data in each subject, and the significant functional connectivity to the rest of the

brain was found using a general linear regression of this timecourse at rest. The vlPAG seed showed

significant functional connectivity to the right dorsomedial and dorsolateral prefrontal cortex, ante-

rior cingulate cortex, anterior/middle insula and amygdala, and bilateral connectivity to the ventral

posterolateral, ventrolateral and dorsomedial nuclei of the thalamus, primary visual cortex, posterior
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Figure 2. BOLD response to breathlessness that scales with intensity values across subjects. The periaqueductal

gray (PAG) is represented as a 3-dimensional projection within a cut-out of the midbrain. The images consist of a

3-dimensional colour-rendered statistical map superimposed on a standard (MNI 1 x 1 � 1 mm) brain. The grey

region represents the periaqueductal gray, with significant clusters overlaid (p<0.05; non-parametric statistics with

threshold-free cluster enhancement, small volume-corrected for multiple comparisons using represented PAG

mask).

DOI: 10.7554/eLife.21749.004
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cingulate cortex, precuneus, hippocampus and parahippocampal gyri, subthalamic nucleus and I-IV,

V, VI, crus-I lobes of the cerebellum (Figure 3). Conversely, the lPAG seed displayed significant rest-

ing connectivity to the right primary motor and sensory cortices, superior temporal gyrus, caudate

nucleus and bilateral connectivity to the putamen, hippocampus and parahippocampal gyri, and ven-

tral posteromedial thalamic nuclei (Figure 3).

Functional task (PPI) connectivity of the active PAG columns
A psychophysiological interaction (PPI) analysis (Friston et al., 1997; O’Reilly et al., 2012) was con-

ducted for each of the active PAG columns during both anticipation and breathlessness, using the

same seed regions in the vlPAG and lPAG.

Anticipation of breathlessness
The connectivity of vlPAG to the bilateral primary motor and sensory cortices, right supplementary

motor cortex, left supramarginal gyrus, and bilateral cerebellar I-IV, V was found to negatively scale

with intensity scores across subjects (Figure 4).

Breathlessness
The connectivity of the vlPAG to the bilateral inferior precuneus, right putamen, and bilateral cere-

bellar I-IV, V was again found to negatively correlate with intensity scores. Additionally, the connec-

tivity of the vlPAG to the left middle/inferior insula and right parahippocampal gyrus positively

scaled with anxiety scores (Figure 4). The connectivity of the lPAG to the left amygdala and anterior
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Figure 3. Mean resting state functional connectivity of the active PAG seed regions. Left: 3-dimensional projection

of the periaqueductal gray (PAG) within a cut-out of the midbrain, and the seed placement within the PAG

according to functional BOLD activity results. Right: Resting functional connectivity (correlation strength) between

the PAG seed and the rest of the brain. The images consist of a colour-rendered statistical map superimposed on

a standard (MNI 1 x 1 � 1 mm) brain, and significant regions are displayed with a threshold Z > 2.3, with a cluster

probability threshold of p<0.05 (corrected for multiple comparisons). Abbreviations: PAG, periaqueductal gray;

vlPAG and lPAG, ventrolateral and lateral PAG; M1, primary motor cortex; S1, primary sensory cortex; CN, caudate

nucleus; ACC, anterior cingulate cortex; PCC, posterior cingulate cortex; p-In, posterior insula; dmPFC,

dorsomedial prefrontal cortex; Hipp hippocampus; V1, primary visual cortex; V, visual cortex; thalamic nuclei: VP,

ventral posterolateral nucleus; VL, ventrolateral nucleus; DM, dorsomedial nucleus.

DOI: 10.7554/eLife.21749.005
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hippocampus also positively scaled with anxiety scores (Figure 4), while the intra-PAG connectivity

to the dlPAG and dmPAG inversely scaled with breathlessness intensity scores (Figure 4).

Discussion
In this study we have demonstrated vlPAG and lPAG activity during conditioned anticipation of

breathlessness, and lPAG activity during breathlessness that scaled with subjective scores of breath-

lessness intensity. We have revealed resting functional connectivity profiles of these active PAG col-

umns with the wider cortex that align with current theories of threat-induced behaviors, where the

lPAG is functionally connected to sensorimotor structures in preparation for fight/flight, whilst the

vlPAG is functionally connected to affective and evaluative prefrontal areas. Furthermore, during

anticipation of breathlessness, the vlPAG demonstrated reduced connectivity to both the lPAG and

sensorimotor structures, consistent with a potential ‘freeze’ response.
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Figure 4. Psychophysiological interactions (PPI) of the active PAG seed regions that scale with subjective ratings of

intensity and anxiety of breathlessness across subjects. Left: 3-dimensional projection of the periaqueductal gray

(PAG) within a cut-out of the midbrain, and the seed placement within the PAG according to functional BOLD

activity results. Middle: Task functional connectivity (using psychophysiological interaction analyses; PPI) between

the PAG seed and the rest of the brain during the anticipation and breathlessness tasks. The images consist of a

colour-rendered statistical map superimposed on a standard (MNI 1 x 1 � 1 mm) brain, and significant regions are

displayed with a threshold Z > 2.3, with a cluster probability threshold of p<0.05 (corrected for multiple

comparisons). Right: Intra-PAG connectivity measured using permutation-testing within the whole PAG.

Abbreviations: PAG, periaqueductal gray; vlPAG and lPAG, ventrolateral and lateral PAG; M1, primary motor

cortex; SMC, supplementary motor cortex; Put, putamen; amyg, amygdala; INS, middle insula; I-IV, cerebellar

lobe.

DOI: 10.7554/eLife.21749.006
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lPAG in the fight/flight response to threat
The lPAG (alongside the dlPAG) has long been hypothesised to act within the behavioural response

to an escapable stressor for ‘fight’ or ‘flight’ responses (Bandler et al., 2000; Bandler and Shipley,

1994; Carrive, 1993; Keay and Bandler, 2001). Our resting connectivity analysis revealed communi-

cations between the lPAG and sensorimotor structures such as primary motor and sensory cortices,

caudate and putamen, consistent with known white matter connectivity profiles determined in

humans using diffusion tractography (Ezra et al., 2015). This profile demonstrates plausible path-

ways for involvement in active responses through functional sensorimotor connections to the primary

motor and sensory cortices and caudate nucleus (Cools, 1980). The lPAG showed no changes in

connectivity profile during anticipation, while during breathlessness exhibited increased connectivity

to the amygdala correlating with subjective anxiety scores. These results reveal a potential anxiety-

encoding pathway through the amygdala during the perception of the breathlessness stimulus

(Davis, 1992; Stein et al., 2007). This pathway may incorporate into both existing neurocognitive

anxiety models of prefrontal-amygdala top-down contributions to threat responses (Bishop, 2009,

2007), and amygdala - bed nucleus of the stria terminalis triangulation with the PAG previously

shown in animals (Gray and Magnuson, 1992; Hopkins and Holstege, 1978). Therefore, in this

study we have demonstrated not only lPAG activity during breathlessness, but functional connectiv-

ity of the lPAG that may potentiate active responses to an escapable stressor and the anxiety encod-

ing of this threat. We do not yet know whether these findings are specific to respiratory threat or

generalizable. Therefore, future work investigating functional connectivity of the substructures of the

PAG could employ alternative threatening stimuli, for example pain, to extend our understanding of

the role of the PAG columns across generalized threat responses.

vlPAG in the ‘freeze’ response to threat
Conversely, the vlPAG has been hypothesised to act within the behavioural response to an inescap-

able stressor in animals, exhibiting physiological changes associated with ‘freezing’ behaviours. In

the current study, the conditioned anticipation of a resistive load represents an inescapable respira-

tory threat; a human threat analogue to experiments demonstrating freezing behaviours to condi-

tioned anticipation of electric shock in animals (De Oca et al., 1998), which are attenuated by

lesioning the vlPAG. To extend our understanding of the role of the vlPAG in these freezing behav-

iours, in this experiment we sought to understand how the vlPAG might interact with the wider cor-

tex and subcortex within this response in humans.

Resting connectivity of the vlPAG demonstrated communication with evaluative and affective

areas such as the dorsolateral and dorsomedial prefrontal cortices (Gusnard et al., 2001;

MacDonald et al., 2000; Miller and Cohen, 2001), posterior cingulate cortex (Vogt et al., 1992),

amygdala and insula (Stein et al., 2007). With the acquisition and extinction of learned fear

responses necessitated by the amygdala (Maren and Fanselow, 1996), and prefrontal cortical con-

nections regulating amygdala-mediated responses to previously-conditioned stimuli

(Rosenkranz et al., 2003), these connections would be of utmost importance to elicit appropriate

freezing behaviours in conditioned fear responses. However, this resting connectivity profile of the

vlPAG displays no functional connections to primary motor structures through which it might orches-

trate a ‘freeze’ response to an inescapable threat. Therefore, to instigate freezing during anticipation

of breathlessness, our exploratory analyses have shown that the vlPAG appears to disconnect with

both the lPAG and primary motor, sensory and cerebellar structures in those subjects who perceived

greater breathlessness intensity, and increased connectivity to the insula with greater anxiety. Lastly,

during breathlessness the vlPAG also demonstrated reduced connectivity to motor structures (lim-

ited to the putamen and cerebellum) and increased to the anxiety-processing inferior middle insula

(Liotti et al., 2001; Simmons et al., 2006), suggesting that this stimulus may also be eliciting an ele-

ment of perceived inescapable threat, with subjects secured and immobile on a breathing system in

the scanner.

Intra-PAG connectivity and interaction between fight/flight and freeze
responses
While the vlPAG and lPAG appear to have very different functions within the threat response to

breathlessness, it is possible that inter-columnar communications may allow appropriate stimulus
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encoding and subsequent behavioural responses. All PAG columns have been shown to project to

all other columns in animals (Jansen et al., 1998), and vlPAG and lPAG outputs have also demon-

strated reciprocal inhibition to each other and downstream targets (Carrive, 1993; Jansen et al.,

1998; Lovick, 1992; Tovote et al., 2016). While the translation to humans is not yet known, a similar

system would allow intra-PAG communications (such as those demonstrated in Figure 4 during

anticipation and breathlessness) that may permit switching or selecting between threat behaviours.

Therefore, the apparent reduced connectivity to motor structures during ‘freeze’ may be via inhibi-

tion of the lPAG and its downstream connections, inhibiting the ‘fight/flight’ to instigate freezing.

Respiratory evidence from animal models
For the specific respiratory response to a breathlessness threat, we can draw comparisons between

the findings from this study and previous respiratory investigations in animals. Firstly, animal models

have shown direct stimulation of the lPAG to result in tachypnea in the rat (Subramanian and Hol-

stege, 2013) and cat (Subramanian and Holstege, 2009; Zhang et al., 1994), and have even postu-

lated the presence of a suffocation alarm within PAG columns including the lPAG (Lopes et al.,

2012; Schimitel et al., 2012). Here we see lPAG activity in response to a respiratory threat that par-

allels subjective intensity, where active increases in breathing effort are required to overcome the

inspiratory resistance. This synergy between animal and human models allows us to develop our

understanding of the potential role of the lPAG in overcoming perceived respiratory threats such as

airway obstruction and breathlessness, as well as a possible more generalised tachypneic response

to wider threat perceptions.

Whilst the vlPAG is considered an integral part of the global freezing response to a conditioned

threat, the respiratory response during freezing is less well understood. Rather than measure breath-

ing changes to a conditioned threat, animal models have instead employed direct PAG stimulation

and subsequently measured the breathing responses, reporting changes such as irregular breathing

(Subramanian et al., 2008), expiratory prolongation (Subramanian, 2013), and apneas

(Subramanian and Holstege, 2013). Furthermore, no animal studies to date have employed a condi-

tioned respiratory threat to evoke defensive behaviour, and in the current study in humans we find a

small increase in ventilation during anticipation of respiratory threat (Supplemental Table 1), along-

side vlPAG and lPAG activity. It is possible that the respiratory response to an upcoming conditioned

threat is multi-faceted, and while vlPAG activity may inhibit respiratory control centres

(Subramanian and Holstege, 2013), the counterpart activity observed in the lPAG may override this

and result in stimulation of respiratory control centres (Subramanian and Holstege, 2013;

Zhang et al., 1994). Therefore, it is clear that further investigation is needed to understand the intri-

cate control of respiration by the PAG in the face of a both conditioned respiratory threat such as

breathlessness, and towards other conditioned threats.

Breathlessness in disease
This division in function and connections between the columns that make up the substructure of

PAG within the wider system of breathlessness perception may prove to be of great clinical impor-

tance. Conditions such as chronic obstructive pulmonary disease (COPD), asthma and panic disorder

are often characterised by misperceptions of respiratory sensations and inappropriate behavioural

responses (Janssens et al., 2009; Magadle et al., 2002; Wisnivesky et al., 2010). We can now

begin to provide a platform for investigating related adaptations of the PAG and its functional con-

nections to remote brain regions in these diseases, in addition to previously identified areas such as

the medial prefrontal cortex (Herigstad et al., 2015; Pattinson, 2015; Pattinson and Johnson,

2014). It is possible that heightened activity and ‘sensitisation’ of the lPAG may result in greater

fearful encoding of breathlessness, resulting in an exacerbated anticipatory threat response (potenti-

ated by the vlPAG) to breathlessness stimuli, such as the avoidance of daily activities. It appears that

the communication between the columns of the PAG and the wider cortex may be focal in orches-

trating human behavioural responses to perceived threat, marking a key step towards understanding

and intervening in those with misplaced threat responses, such as the heightened anxiety often

observed with COPD (Janssens et al., 2011), asthma (Banzett et al., 2000; Janssens et al., 2009),

panic disorder (Smoller et al., 1996) or pain (Zambreanu et al., 2005).
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Limitations
This study has used 7 Tesla fMRI to investigate differential activity and functional connectivity of the

human PAG columns in association with perceived threat, and in this instance the respiratory threat

of breathlessness. Whilst the use of ultra-high field scanners affords us higher-resolutions that facili-

tate exploration of the subdivisions of the human PAG, there are some constraints within fMRI scan-

ning and analysis that need to be addressed. First and foremost, all fMRI scanning involves imposing

a constrained behavioural or cognitive task and measuring the associated brain signal, rather than

direct stimulation of an area of interest and measurement of resulting physiology or behaviour (as

often employed in animal models). Therefore, when using fMRI, an area of interest (such as an indi-

vidual column of the PAG) cannot be viewed in isolation, nor its activity identified as causal to the

outcome of the task. Additionally, the physical constraints imposed by an MRI scanner, both physical

(cylindrical) constraints and the possible effect of large movements on the magnetic field that may

corrupt signal, somewhat limit the tasks and the repertoire of available behaviours from the subject,

who must remain somewhat motionless during experimental sessions.

Interestingly, in both this study and the original investigation (Faull et al., 2016b) we did not

identify dorsal PAG activity during any of our tasks. The dorsal PAG has previously been implicated

in sensory processing and active defence reactions, and is thought to be a major centre in the

response to an escapable threat (Bandler et al., 2000; Bandler and Carrive, 1988; Canteras and

Goto, 1999; Dampney et al., 2013; Keay and Bandler, 2001; Lopes et al., 2014). It is possible

that the specific breathlessness paradigm we employed, and the enforced movement constraints of

the MRI scanner may have influenced these results and limited dorsal PAG activity. This experimental

situation differs vastly from many studies in freely moving animals with implanted electrodes or

lesions (Bandler and Carrive, 1988; Canteras and Goto, 1999; Carrive, 1993; Carrive and Ban-

dler, 1991), or direct-stimulation studies of PAG columns in decerebrate animals

(Subramanian et al., 2008). Whilst there have been reports of dorsal PAG activity in humans using

functional MRI and threatening word presentations (Satpute et al., 2013), the functional subdivision

of the PAG did not follow the consensus of PAG subdivisions from animal literature, and incorpo-

rated the separate, well-differentiated nuclei on the ventral border of the PAG within its mask. In the

present study we have attempted to functionally localise human PAG activity based on the extensive

animal models, and recent evidence in humans (Ezra et al., 2015).

We did, however, observe differences in functional connectivity between lPAG and dorsal PAG

during breathlessness, which inversely correlated with behavioural scores of subjective intensity (Fig-

ure 4). Therefore, it is possible that intra-PAG functional connections are important within the sen-

sory processing of breathlessness sensations. Alternatively, these findings may represent

interspecies differences in PAG activity and/or connectivity when responding to the threat of breath-

lessness. Therefore, whilst we were unable to identify dorsal PAG activity within our specific experi-

mental task, further work is required to more fully elucidate the roles of the different PAG

subdivisions across a range of threatening stimuli in humans.

This work attempts to quantify ‘functional connectivity’ between the active PAG columns and cor-

tex, both at rest and during breathlessness anticipation and perception. The functional connectivity

methods employed in this study (using correlation strength between seed areas of interest and the

wider brain) measure time-locked associations between brain regions (Gerstein and Perkel, 1969;

van den Heuvel et al., 2010), but importantly do not measure causality. Therefore, we are currently

unsure of the driving, causal centres within these functionally-associated areas, and may be insensi-

tive to functional associations that are too temporally asynchronous or dynamic for our statistical

thresholds to identify. The temporal blurring of BOLD signal due to the HRF, coupled with the long

(3 s) volume repetition time (TR) employed in this study would mean vastly greater statistical power

would be likely necessary to attempt either intricate causality modelling (‘effective connectivity’)

using methods such as dynamic causal modelling (DCM) (Friston et al., 2003), or more dynamic ver-

sions of functional connectivity (Chang and Glover, 2010). Whilst techniques such as simultaneous

multi-slice imaging are now becoming more mainstream (Feinberg et al., 2010; Moeller et al.,

2010), researchers may need to be wary of potential blurring between slices deep in the brain within

image reconstruction of these acquisitions (Feinberg et al., 2010), which may temper our ability to

functionally isolate structures such as the subdivisions of the PAG.
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Finally, the use of a respiratory stimulus within fMRI requires careful consideration, and is dis-

cussed in more detail in Hayen et al. (2017). Physiological noise can be induced by both movement

during the respiratory cycle, and bulk-susceptibility issues where the change in volume of air in the

chest results in distortions of the magnetic field (Brooks et al., 2013; Glover et al., 2000;

Harvey et al., 2008; Raj et al., 2001). Therefore, brain signal that is directly linked with these peri-

odic fluctuations cannot be disentangled from physiological noise, and will be regressed out when

using rigorous noise correction procedures. In the present study we were not attempting to directly

link PAG activity to changes in respiratory rhythm generating centres, instead the primary aim was

to link PAG activity with the perception of a respiratory threat. Future research looking to identify

PAG-related changes in human respiratory rhythm generation will need to carefully consider possible

experimental approaches to achieve this.

Conclusions
In this study we have identified the PAG as a potential hub within the orchestration of the human

behavioural responses to threat. We have found that the lPAG is active during both anticipation of

breathlessness and during the sensation of breathlessness. The lPAG is functionally connected to

sensorimotor cortical structures at rest for possible active fight/flight behavioural pathways, and dur-

ing breathlessness it exhibits increased connectivity to the amygdala in that correlates with subjec-

tive anxiety scores. Conversely, the vlPAG is active only during anticipation of breathlessness, is

functionally connected to fronto-limbic evaluative structures at rest, and during anticipation discon-

nects from the lPAG and sensorimotor structures to possibly potentiate a ‘freezing’ response to an

inescapable threat. This work extends our previous findings of differential vlPAG and lPAG activity

during breathlessness, and is a first step in understanding how these PAG columns may interact

both with each other and the wider cortex in the generation of behavioural responses to threat in

humans.

Materials and methods

Subjects
Subjects studied consisted of 40 healthy, right-handed individuals (20 males, 20 females; mean age

± SD, 26 ± 7 years), with no history of smoking or any respiratory disease. Within this cohort there

were two groups; 20 subjects who regularly participated in endurance sport and 20 age- and sex-

matched (±2 years) sedentary subjects. Prior to scanning, all subjects underwent physiological

breathlessness testing during exercise and chemostimulated hyperpnea, which have been presented

elsewhere (Faull et al., 2016a). No differences in either inspiratory mouth pressure or subjective

breathlessness ratings were seen between athletes and sedentary subjects for any task conditions

(Supplementary file 1B), and subsequently no BOLD PAG differences were observed between

groups for any task. Therefore, a group difference regressor was included in the analysis but will not

be considered as part of this manuscript.

Stimuli and tasks
Subjects were trained using an aversive delay-conditioning paradigm to associate simple shapes

with an upcoming breathlessness (inspiratory resistance) stimulus. Two conditions were trained: (1) A

shape that always predicted upcoming breathlessness (100% contingency pairing), and (2) A shape

that always predicted unloaded breathing (0% contingency pairing with inspiratory resistance). These

two conditions were identical to our previous work (Faull et al., 2016b), however in this instance no

‘uncertain’ condition (50% contingency pairing) was used.

The ‘certain upcoming breathlessness’ symbol was presented on the screen for 30 s, which

included a varying 5–15 s anticipation period before the loading was applied. The ‘unloaded breath-

ing’ symbol was presented for 20 s, and each condition was repeated 14 times in a semi-randomised

order. A finger opposition task was also included in the protocol, where an opposition movement

was conducted between the right thumb and fingers, with the cue ‘TAP’ presented for 15 s (10

repeats). Finger opposition was used as a control task (Faull et al., 2016b, 2015; Pattinson et al.,

2009a); results are not presented here. Conscious associations between cue and threat level (cue
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contingencies) were required and verified in all subjects by reporting the meaning of each of the

symbols following the training session and immediately prior to the MRI scan.

Rating scores of breathing difficulty were recorded after every symbol and at the beginning and

end of the task, using a visual-analogue scale (VAS) with a sliding bar to answer the question ‘How

difficult was the previous stimulus?’ where the subjects moved between ‘Not at all difficult’ (0%) and

‘Extremely difficult’ (100%). Subjects were also asked to rate how anxious each of the symbols made

them feel (‘How anxious does this symbol make you feel?’) using a VAS between ‘Not at all anxious’

(0%) and ‘Extremely anxious’ (100%) immediately following the functional MRI protocol.

Breathing system and physiological measurements
A breathing system was used to remotely administer periods of inspiratory resistive loading to

induce breathlessness as predicted by the conditioned cues (Hayen et al., 2013a, 2015), identical

to that previously described (Faull et al., 2016b). End-tidal oxygen and carbon dioxide were main-

tained constant (Faull et al., 2016b). The subject’s nose was blocked using foam earplugs and they

were asked to breathe through their mouth for the duration of the experiment. Physiological meas-

ures were recorded continuously during the training session and MRI scan as previously described

(Faull et al., 2016b).

MRI scanning sequences
MRI was performed with a 7 T Siemens Magnetom scanner, with 70 mT/m gradient strength and a

32 channel Rx, single channel birdcage Tx head coil (Nova Medical).

Blood Oxygen Level Dependent (BOLD) scanning
A T2*-weighted, gradient echo planar image (EPI) was used for functional scanning. The field of view

(FOV) covered the whole brain and comprised 63 slices (sequence parameters: echo time (TE), 24

ms; repetition time (TR), 3 s; flip angle, 90˚; voxel size, 2 � 2 � 2 mm; FOV, 220 mm; GRAPPA fac-

tor, 3; echo spacing, 0.57 ms; slice acquisition order, descending), with 550 volumes (scan duration,

27 min 30 s) for the task fMRI, and 190 volumes (scan duration, 9 min 30 s) for the resting-state

acquisition (eyes open).

Structural scanning
A T1-weighted structural scan (MPRAGE: magnetisation-prepared rapid gradient-echo), sequence

parameters: TE, 2.96 ms; TR, 2200 ms; flip angle, 7˚; voxel size, 0.7 � 0.7 � 0.7 mm; FOV, 224 mm;

inversion time, 1050 ms; bandwidth; 240 Hz/Px) was acquired. This scan was used for registration of

functional images.

Additional scanning
Fieldmap scans (sequence parameters: TE1, 4.08 ms; TE2, 5.1 ms; TR, 620 ms; flip angle, 39˚; voxel
size, 2 � 2 � 2 mm) of the B0 field were also acquired to assist distortion-correction.

Analysis
Preprocessing
Image processing was performed using the Oxford Centre for Functional Magnetic Resonance Imag-

ing of the Brain Software Library (FMRIB, Oxford, UK; FSL version 5.0.8; http://www.fmrib.ox.ac.uk/

fsl/). The following preprocessing methods were used prior to statistical analysis: motion correction

and motion parameter recording (using MCFLIRT: Motion Correction using FMRIB’s Linear Image

Registration Tool [Jenkinson et al., 2002]), removal of the non-brain structures (skull and surround-

ing tissue) (using BET: Brain Extraction Tool [Smith, 2002]), spatial smoothing using a full-width half-

maximum Gaussian kernel of 2 mm, and high-pass temporal filtering (Gaussian-weighted least-

squares straight line fitting; 120 s). Spatial smoothing was limited to 2 mm, to maintain the improved

functional resolution (2 x 2 � 2 mm) afforded by 7 Tesla imaging. Minimal spatial smoothing, whilst

conservative, reduces blurring between small structures, such as the columns of the PAG. Distortion

correction of EPI scans was conducted using a combination of FUGUE (FMRIB’s Utility for Geometri-

cally Unwarping EPIs [Holland et al., 2010; Jenkinson, 2001; Jezzard, 2012]) and BBR (Boundary

Based Registration; part of the FMRI Expert Analysis Tool, FEAT, version 6.0 [Greve and Fischl,
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2009]). Distortion correction is particularly important in areas of the brain that suffer considerable

distortions due nearby bony interfaces and proximity to sinuses, such as occurs in the brainstem. Fur-

ther information on preprocessing can be found in the Supplementary file 2.

Due to the location of the PAG and its susceptibility to physiological noise (Brooks et al., 2013),

rigorous data denoising was conducted using a combination of independent component analysis

(ICA) and retrospective image correction (RETROICOR [Brooks et al., 2013; Harvey et al., 2008]),

as previously described (Faull et al., 2016b; Hayen et al., 2017). Briefly, this process first involved

decomposing the data using automatic dimensionality estimation (Kelly et al., 2010). Head motion

regressors calculated from the motion correction preprocessing step (using MCFLIRT in this case)

were regressed out of the data alongside the ‘noise’ components identified during ICA denoising,

during preprocessing of the functional scans prior to first level analysis. Physiological recordings of

heart rate and respiration from respiratory bellows were transformed into regressors (three cardiac,

four respiratory harmonics, an interaction term and a measure of respiratory volume per unit of time

(RVT) [Harvey et al., 2008]) corresponding to each acquisition slice, and the signal associated with

this noise was isolated using linear regression, adjusted for any interaction with previously-identified

ICA noise components and then subtracted from the data.

Image registration
After preprocessing, the functional scans were registered to the MNI152 (1 x 1 � 1 mm) standard

space (average T1 brain image constructed from 152 normal subjects at the Montreal Neurological

Institute (MNI), Montreal, QC, Canada) using a two-step process: (1) Registration of subjects’ whole-

brain EPI to T1 structural image was conducted using BBR (6 DOF) with (nonlinear) fieldmap distor-

tion-correction (Greve and Fischl, 2009), and (2) Registration of the subjects’ T1 structural scan to 1

mm standard space was performed using an affine transformation followed by nonlinear registration

(using FNIRT: FMRIB’s Non-linear Registration Tool [Andersson et al., 2007]).

Functional voxelwise and group analysis
Functional data processing was performed using FEAT (FMRI Expert Analysis Tool, part of FSL). The

first-level analysis in FEAT incorporated a general linear model (Woolrich et al., 2004), with the fol-

lowing regressors: Breathlessness periods (calculated from physiological pressure trace as onset to

termination of each application of resistance); anticipation of breathlessness (calculated from onset

of anticipation symbol to onset of resistance application); unloaded breathing (onset and duration of

‘unloaded breathing’ symbol); and finger opposition (onset and duration of finger opposition screen

instruction). Additional regressors to account for relief from breathlessness, periods of rating using

the button box, demeaned ratings of intensity between trials, and a period of no loading following

the final anticipation period (for decorrelation between anticipation and breathlessness) were also

included in the analysis. A final partial pressure of end-tidal carbon dioxide (PETCO2) regressor was

formed by linearly extrapolating between end-tidal carbon dioxide (CO2) peaks, and included in the

general linear model to decorrelate any PETCO2-induced changes in BOLD signal from the respira-

tory tasks (Faull et al., 2016b, 2015; McKay et al., 2008; Pattinson et al., 2009a, 2009b).

Functional voxelwise analysis incorporated HRF modeling using three optimal basis functions

(FLOBS: FMRIB’s Linear Optimal Basis Set), instead of the more common gamma waveform. These

three regressors allow for more flexibility in the timing and shape of the haemodynamic response

function (HRF), which may be caused by slice-timing delays, differences in the HRF between the

brainstem and cortex, or differences between individuals (Devonshire et al., 2012;

Handwerker et al., 2004). This HRF flexibility is especially important when modelling both small

regions (such as the PAG) and large areas of cortex in a single model, where the HRF likely differs

across these regions. Time-series statistical analysis was performed using FILM (FMRIB’s Improved

Linear Model), with local autocorrelation correction (Woolrich et al., 2001). The second and third

waveforms were orthogonalised to the first to model the ‘canonical’ HRF, of which the parameter

estimate was then passed up to the group analysis in a mixed-effects analysis using FLAME 1 + 2

(FMRIB’s Local Analysis of Mixed Effects [Woolrich et al., 2004]). A group analysis was conducted,

consisting of mean BOLD activity, demeaned breathlessness intensity and anxiety covariates to

investigate BOLD activity in the PAG and cortex that scaled with these behavioural scores, and a

group difference regressor (to account for any differences between athletes and controls). An
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additional residual motion regressor was included in this group analysis, consisting of subject-spe-

cific DVARS values (see Supplementary material), to ensure the results were independent of any

effects of residual motion.

For whole-brain results, Z statistic images were thresholded using clusters determined by Z > 2.3

and a (family-wise error (FWE) corrected) cluster significance threshold of p<0.05. Recent scrutiny of

fMRI statistical methods has raised concerns over cluster-based thresholding when combined with

parametric testing (Eklund et al., 2016). However, FILM-based autocorrelation correction in FSL

minimizes inflations in the rate of false positive results, and minimal spatial smoothing (2 mm)

employed in this study lessens the broadening of the data distribution tails (‘heavy tails’) that occur

when smoothing to a more standard 6 mm, further minimizing changes in false positives

(Eklund et al., 2016). When investigating activity within the PAG as an a-prior area of interest, a

small-volume mask of the whole PAG was used and permutation testing was employed with thresh-

old-free cluster enhancement (Smith and Nichols, 2009) and a (FWE-corrected) cluster significance

threshold of p<0.05. Permutation testing has been shown to robustly control for appropriate false

positive rates with both voxelwise and cluster thresholding (Eklund et al., 2016). The main contrasts

of interest in this analysis were the BOLD activity that was greater during breathlessness than base-

line, and the BOLD activity elicited during anticipation of breathlessness, i.e. anticipation of breath-

lessness > unloaded breathing.

Resting functional connectivity analysis
Voxelwise single subject and group analyses were also performed on the acquired resting state

scan. A 3-dimensional seed region (seed radius 2 mm) was taken in the center of the significant activ-

ity found in both the vlPAG and lPAG for the mean BOLD activity during anticipation of breathless-

ness. These vlPAG and lPAG seeds were used to create a mean time series of the resting BOLD data

in each subject. The T1 structural image from each subject was segmented using hard segmentation

in FAST (Zhang et al., 2001), transformed into functional EPI space and the mean time series from

the cerebrospinal fluid and white matter were included as noise regressors of no interest. No convo-

lution was applied, and a temporal derivative was included for each regressor to account for small

delays in the connectivity between areas of the brain. A mixed-effects group analysis of the group

mean, behavioural scores and residual motion was then performed on each lower level regressor. A

pre-threshold grey matter mask was also applied to constrain our analysis to connectivity of the PAG

seeds to the cortical and subcortical grey matter.

Task functional connectivity analyses
Functional connectivity between the PAG and the rest of the brain during the task conditions of

anticipation and breathlessness was measured using a psychophysiological interaction (PPI) analysis

(Friston et al., 1997; O’Reilly et al., 2012) for both of the task-active PAG columns. This analysis

examines correlated brain activity across brain regions but does not infer causality. PPI analysis

involves the addition of a timeseries from a physiological region of interest (ROI), in this case a PAG

seed, into the general linear model used for the task analysis, and a final ‘interaction’ regressor

between this ROI timecourse and the task regressor of interest. This interaction regressor becomes

the PPI, and is a measure of the strength of the correlation between the seed timecourse and the

other voxels in the brain in the task of interest, over and above other tasks in the model.

The same seeds as those used in the resting functional connectivity analysis were used for the

physiological ROI timeseries. The PPI regressor was the interaction between the PAG seed and the

task regressor (either breathlessness or an anticipation of breathlessness > unloaded breathing

regressor). Separate PPI analyses were conducted for the lPAG and vlPAG for their functional con-

nectivity during both anticipation of breathlessness > unloaded breathing, and during breathlessness

> baseline. Each of the resultant four PPI parameter estimates (vlPAG and lPAG connectivity during

breathlessness; vlPAG and lPAG connectivity during anticipation) were taken to a middle level fixed-

effects analysis for each subject, with a final mixed-effects group analysis conducted consisting of

group mean, behavioural scores and residual motion on each PPI regressor. A pre-threshold grey-

matter mask was applied to constrain our analysis to connectivity of the PAG seeds to the cortical

and subcortical grey matter.
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Deisseroth K, Herry C, Arber S, Lüthi A. 2016. Midbrain circuits for defensive behaviour. Nature 534:206–212.
doi: 10.1038/nature17996, PMID: 27279213

Tracey I, Ploghaus A, Gati JS, Clare S, Smith S, Menon RS, Matthews PM. 2002. Imaging attentional modulation
of pain in the periaqueductal gray in humans. Journal of Neuroscience 22:2748–2752. PMID: 11923440

van den Heuvel MP, Hulshoff Pol HE, Pol HEH. 2010. Exploring the brain network: a review on resting-state fMRI
functional connectivity. European Neuropsychopharmacology 20:519–534. doi: 10.1016/j.euroneuro.2010.03.
008, PMID: 20471808

Vogt BA, Finch DM, Olson CR. 1992. Functional heterogeneity in cingulate cortex: the anterior executive and
posterior evaluative regions. Cerebral Cortex 2:435–443. doi: 10.1093/cercor/2.6.435-a, PMID: 1477524

Wisnivesky JP, Lorenzo J, Feldman JM, Leventhal H, Halm EA. 2010. The relationship between perceived stress
and morbidity among adult inner-city asthmatics. Journal of Asthma 47:100–104. doi: 10.3109/
02770900903426989, PMID: 20100028

Woolrich MW, Behrens TE, Beckmann CF, Jenkinson M, Smith SM. 2004. Multilevel linear modelling for FMRI
group analysis using bayesian inference. NeuroImage 21:1732–1747. doi: 10.1016/j.neuroimage.2003.12.023,
PMID: 15050594

Woolrich MW, Ripley BD, Brady M, Smith SM. 2001. Temporal autocorrelation in univariate linear modeling of
FMRI data. NeuroImage 14:1370–1386. doi: 10.1006/nimg.2001.0931, PMID: 11707093

Yardley CP, Hilton SM. 1986. The hypothalamic and brainstem areas from which the cardiovascular and
behavioural components of the defence reaction are elicited in the rat. Journal of the Autonomic Nervous
System 15:227–244. doi: 10.1016/0165-1838(86)90066-4, PMID: 3958439

Zambreanu L, Wise RG, Brooks JC, Iannetti GD, Tracey I. 2005. A role for the brainstem in central sensitisation in
humans. evidence from functional magnetic resonance imaging. Pain 114:397–407. doi: 10.1016/j.pain.2005.01.
005, PMID: 15777865

Zhang SP, Davis PJ, Bandler R, Carrive P. 1994. Brain stem integration of vocalization: role of the midbrain
periaqueductal gray. Journal of Neurophysiology 72:1337–1356. PMID: 7807216

Zhang Y, Brady M, Smith S. 2001. Segmentation of brain MR images through a hidden markov random field
model and the expectation-maximization algorithm. IEEE Transactions on Medical Imaging 20:45–57. doi: 10.
1109/42.906424, PMID: 11293691

Faull and Pattinson. eLife 2017;6:e21749. DOI: 10.7554/eLife.21749 18 of 18

Research advance Neuroscience

http://dx.doi.org/10.1073/pnas.1306095110
http://dx.doi.org/10.1073/pnas.1306095110
http://www.ncbi.nlm.nih.gov/pubmed/24082116
http://dx.doi.org/10.1016/j.neuroscience.2011.10.032
http://dx.doi.org/10.1016/j.neuroscience.2011.10.032
http://www.ncbi.nlm.nih.gov/pubmed/22062132
http://dx.doi.org/10.1016/j.biopsych.2006.04.038
http://dx.doi.org/10.1016/j.biopsych.2006.04.038
http://www.ncbi.nlm.nih.gov/pubmed/16919527
http://dx.doi.org/10.1016/j.neuroimage.2008.03.061
http://dx.doi.org/10.1016/j.neuroimage.2008.03.061
http://www.ncbi.nlm.nih.gov/pubmed/18501637
http://dx.doi.org/10.1002/hbm.10062
http://dx.doi.org/10.1002/hbm.10062
http://www.ncbi.nlm.nih.gov/pubmed/12391568
http://dx.doi.org/10.1164/ajrccm.154.1.8680700
http://www.ncbi.nlm.nih.gov/pubmed/8680700
http://dx.doi.org/10.1176/ajp.2007.164.2.318
http://dx.doi.org/10.1176/ajp.2007.164.2.318
http://www.ncbi.nlm.nih.gov/pubmed/17267796
http://dx.doi.org/10.1523/JNEUROSCI.4168-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/19020021
http://dx.doi.org/10.1002/cne.23334
http://www.ncbi.nlm.nih.gov/pubmed/23630049
http://dx.doi.org/10.1113/jphysiol.2012.245217
http://www.ncbi.nlm.nih.gov/pubmed/23129795
http://www.ncbi.nlm.nih.gov/pubmed/23129795
http://dx.doi.org/10.1378/chest.113.2.272
http://www.ncbi.nlm.nih.gov/pubmed/9498938
http://dx.doi.org/10.1038/nature17996
http://www.ncbi.nlm.nih.gov/pubmed/27279213
http://www.ncbi.nlm.nih.gov/pubmed/11923440
http://dx.doi.org/10.1016/j.euroneuro.2010.03.008
http://dx.doi.org/10.1016/j.euroneuro.2010.03.008
http://www.ncbi.nlm.nih.gov/pubmed/20471808
http://dx.doi.org/10.1093/cercor/2.6.435-a
http://www.ncbi.nlm.nih.gov/pubmed/1477524
http://dx.doi.org/10.3109/02770900903426989
http://dx.doi.org/10.3109/02770900903426989
http://www.ncbi.nlm.nih.gov/pubmed/20100028
http://dx.doi.org/10.1016/j.neuroimage.2003.12.023
http://www.ncbi.nlm.nih.gov/pubmed/15050594
http://dx.doi.org/10.1006/nimg.2001.0931
http://www.ncbi.nlm.nih.gov/pubmed/11707093
http://dx.doi.org/10.1016/0165-1838(86)90066-4
http://www.ncbi.nlm.nih.gov/pubmed/3958439
http://dx.doi.org/10.1016/j.pain.2005.01.005
http://dx.doi.org/10.1016/j.pain.2005.01.005
http://www.ncbi.nlm.nih.gov/pubmed/15777865
http://www.ncbi.nlm.nih.gov/pubmed/7807216
http://dx.doi.org/10.1109/42.906424
http://dx.doi.org/10.1109/42.906424
http://www.ncbi.nlm.nih.gov/pubmed/11293691
http://dx.doi.org/10.7554/eLife.21749

