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The role of the periaqueductal gray in respiratory control and breathlessness

Understanding respiratory control is crucial for improving the management of respiratory
disease, and the accompanying breathlessness endured by its sufferers. A body of animal
evidence supports the role of the midbrain periaqueductal gray (PAG) in modulating as-
cending and descending respiratory information, with the PAG subdivisions acting within
a network that may contribute to the threatening perception of breathlessness.

In this Thesis we used ultra high field magnetic resonance imaging (MRI) at 7 Tesla to
firstly identify activity within the columns of the PAG during the simple respiratory task of
breath holding in humans, matching those previously reported in animals for slowed venti-
latory responses. Extending this investigation to the perception of breathlessness, we then
used a classical fear-conditioning paradigm to investigate anticipation and response to an
aversive inspiratory resistive loading stimulus. We found activity in the lateral PAG (IPAG)
during slowed breathing against an inspiratory resistance, and activity in the ventrolateral
PAG (VIPAG) during anticipation of resistive loading. These results align with the pro-
posed threat perception model in animals; with the vIPAG involved in passive responses to
inescapable stress, while the IPAG is involved in active responses to threat.

Lastly, we investigated the role and connections of the PAG columns within the wider
cortical breathlessness network, and any plastic changes evoked by exercise. Functional
and connectivity results suggest the PAG column activities in breathlessness are influenced
by top-down cortical networks, with the VIPAG involved in the affective emotional dimen-
sion of breathlessness, while the IPAG is involved in the sensory component. In a compari-
son between athlete and sedentary subjects, athletes displayed increased functional activity
in the vIPAG and prefrontal cortex during anticipation of breathlessness, indicating possible
affective changes in perception rather than a global ‘de-sensitisation’ to breathlessness.

Therefore, in this Thesis we have identified the columns of the PAG to be intricately
involved with respiratory control and perception of breathlessness. It appears the PAG may
be a critical point of distinction between aspects of breathlessness perception, with the
VvIPAG a possible area of adaptation of affective breathlessness in athletes, or conversely

(mal)adaptation and a target for treatment in patients with chronic respiratory disease.
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Chapter 1

Introduction



CHAPTER 1. INTRODUCTION

1.1 Abstract

In this Chapter we introduce the importance of investigating and understanding respiratory
control and breathlessness, and our proposal for the intricate role of the midbrain peri-
aqueductal gray (PAG). We will review the current evidence in animals and humans on the
structure and respiratory functions of the PAG, and the interface with the wider cortical
network of respiratory control. Furthermore, as the subdivisions of the PAG have been pro-
posed to reside within a behavioural coordination system responding to threat, we propose
how this could influence the threatening perception of breathlessness. We outline how the
plasticity of the PAG may play a role in the reduction of heightened breathlessness anxiety
using exercise therapy in patients with chronic lung disease. We introduce the technique of
non-invasive magnetic resonance imaging (MRI) as a tool for this investigation, and outline
how this Thesis aims to better understand the neural mechanisms of breathlessness for the

development of more targeted treatments of this debilitating symptom in the future.
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1.2 Introduction

Respiration is an essential facet of terrestrial life, with prolonged respiratory failure leading
to death. Respiration is controlled to maintain homeostasis, adapting to activities and envi-
ronments to sustain a sufficient oxygen supply to tissues (Kreuzer, 1982). Thus, respiration
quickly adjusts to metabolic changes and challenges presented during acute demands such
as those imposed by exercise, hypoxia (decreased oxygen) and hypercapnia (increased car-
bon dioxide), as well as exhibiting plasticity to cope with longer-term demands, such as
pregnancy.

While extensive investigations into the functional neuroanatomy of respiratory con-
trol have been focused on the nuclei of respiratory rhythm generators in the medulla, the
suprapontine control of respiration is less well understood. Importantly, the role of the
midbrain periaqueductal gray matter (PAG) in respiratory control has been suggested since
the 1930s, with an early study by Kabat (1935) in the cat identifying the PAG in the lo-
calised pathway for respiratory responses. More recently, investigations have identified
that the PAG is subdivided into four separate columns, each with distinct respiratory func-
tions. These respiratory functions point towards the PAG playing a key role as part of the
integrated defence reaction, and thus it has been labelled as a behavioural modulator of
breathing (Subramanian et al., 2008; Subramanian, 2012).

The PAG is not only a modulator of breathing; it has also been implicated in the co-
ordination of patterns of cardiovascular, motor and pain responses (De Oca et al., 1998;
Mobbs et al., 2007; Pereira et al., 2010; Tracey et al., 2002; Benarroch, 2012; Paterson,
2013). Encompassing all of these functions is the theory that the columns of the PAG are
modulators to either internal, inescapable stressors (such as pain) and external, escapable
stressors (such as a predator) (Bandler and Shipley, 1994; Bandler et al., 2000; Keay and
Bandler, 2001). While animal models have allowed detailed investigation of functional
neuroanatomy, they are limited by their invasive nature and in their behavioural interpre-
tations, as subjective feedback is impossible. In contrast, human investigations are limited
by the spatial resolution constraints of non-invasive neuroimaging, where voxel size can
encompass the whole PAG and surrounding structures. Alternatively, small populations of
very ill patients with chronic diseases undergo stereotaxic electrode placement in the PAG,
although the location within the PAG is limited to dorsal or ventral placement (Green and
Paterson, 2008; Hyam et al., 2012). Therefore, investigating the columns of the PAG in
respiratory control and threat behaviours in humans remains a challenge.

The position, connectivity and respiratory functions of the PAG make it an ideal candi-

date for a centre of subcortical respiratory regulation in humans. The following literature
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review aims to bring together the current animal and human findings on the role of the
columns of the PAG in respiratory control, and how this aligns with the current model of

the PAG within an integrated behavioural response to threat.

1.3 Literature review

1.3.1 Position and structure of the PAG

The PAG surrounds the cerebral aqueduct in the midbrain region of the brainstem, located
at the junction of descending efferent commands and ascending sensory information. The
human PAG is approximately 14 mm long and 4-5 mm wide, and does not completely
encircle the aqueduct (Figure 1.1). Thus, the PAG is shaped like a celery stalk, with the
ventral portion consisting of separate, well-differentiated nuclei that are not included in the
PAG (Linnman et al., 2012). Although the grey matter of the PAG itself appears to be poorly
differentiated, it is proposed to be subdivided into four columns: the dorsomedial (dmPAG),
dorsolateral (dIPAG), lateral (IPAG) and ventrolateral (vIPAG) (Basnayake et al., 2011;
Dampney et al., 2013; Linnman et al., 2012; Subramanian, 2012) (Figure 1.1). Strikingly,
a recent study has used diffusion tensor imaging (DTI) data to segment the human PAG,
using back-projections from the cortex (Ezra et al., 2015) to find a similar four-column
structure to animals (Subramanian et al., 2008; Subramanian, 2012). Therefore, targeting

these subdivisions is critical to improving our understanding of PAG function(s).

1.3.2 Respiratory functions of the PAG

Previously identified functions of the PAG include involvement in pain modulation, anx-
iety, vocalisation and cardiovascular control (Behbehani, 1995), and more recently as a
behavioural modulator of breathing (Subramanian et al., 2008; Subramanian, 2012). The
first suggestions of possible respiratory functions of the PAG came from direct electrical
stimulation studies in animals. As previously mentioned, the earliest of these studies was
by Kabat (1935) who found that stimulation of the PAG in the cat could evoke an increase
in the rate of respiration, changes in the amplitude or depth of breathing, and also a spit-
ting response (defensive vocal behaviour of the cat). More recently, excitatory respiratory
responses were found by direct stimulation of the dorsal PAG in the rat (Hayward and
Von Reitzenstein, 2002; Zhang et al., 2007). However, studies on anaesthetised animals
can be problematic as anaesthesia can suppress brainstem areas involved with respiratory

responses (Peters et al., 2008), and the use of electrical stimulation can simultaneously
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Figure 1.1: Representation of the location of the PAG within the brain, three axial slices and the
subdivisions of the PAG. Shaded red areas represent the PAG surrounding the cerebral aqueduct.
Abbreviations: IC= inferior colliculus; SCP= superior cerebellar peduncle; SN= substantia nigra;
ICN= intercollicular nucleus; RN= red nucleus; SC= superior colliculus; vi, ventrolateral PAG, I,
lateral PAG; dl, dorsolateral PAG; dm, dorsomedial PAG.
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excite fibres of passage through a structure (Horn and Waldrop, 1998). Therefore, many
questions pertaining to the respiratory function of the PAG remained unanswered.

Building on the results from electrical stimulation techniques, two of the latest studies
into the respiratory functions of the PAG by Subramanian and colleagues (Subramanian
et al., 2008; Subramanian, 2012) used excitatory amino acid stimulation to target cell bod-
ies within the PAG subdivisions of rats and decerebrated cats. Consistently across these
studies, stimulation of the dorsal PAG resulted in tachypnea (rapid breathing), IPAG caused
prolonged inspiration, and the lateral portions of the IPAG and vIPAG induced either pro-
longed expiration (rats) or vocalisations such as mews or hisses (cats), with their associated
expirations. Additionally, Subramanian et al. (2008) found that stimulation of the cat cau-
dal vIPAG resulted in irregular breathing, while the dmPAG produced slow, deep breathing.
Therefore, it appears that not only is the PAG a behavioural modulator of breathing, but spe-
cific areas within the PAG modulate different respiratory functions. Farmer et al. (2014)
recently replicated many of these respiratory modulations using a decerebrate, perfused rat
brainstem model. Interestingly, as no change in resting ventilation was observed with in-
hibition of the PAG columns, Farmer et al. (2014) concluded that the PAG is not involved
in baseline respiratory motor pattern or rhythm. While the spatial resolution required to
translate these animal findings to humans presents a challenge, it is vital that the columns
of the PAG are targeted in future human research to fully understand the role of the PAG in
respiration.

The possibility of investigating respiratory control in humans through direct excitation
and recording of the subdivisions of the PAG is limited, due to the invasive nature of this
type of research. However, stereotaxic electrodes are implanted in a range of human pa-
tients for treatment of movement disorder and chronic pain. Green and Paterson (2008)
used these electrodes to record local field potentials of deep brain nuclei in the PAG, sub-
stantia nigra or gllobus pallidus interna while the patients underwent the task of imagining
exercise. Imagining exercise evoked profound physiological responses, including increased
respiratory rate, heart rate and blood pressure compared to rest. In conjunction with these
cardiorespiratory changes, the greatest neural increases were seen in the PAG (43% acti-
vation increase compared to rest), which increased to 87% above rest when the patients
completed physical exercise on a cycle ergometer. Additionally, Hyam et al. (2012) used
deep brain stimulation (DBS) of the PAG and subthalamic nucleus to evoke increases in
peak expiratory flow rate, while comparative stimulation of control nuclei (thalamus) did
not evoke these respiratory changes. These results support an earlier animal study by Hax-
hiu et al. (2002), who found that stimulation of the VIPAG induced airway smooth mus-

cle relaxation in ferrets and consequently postulated direct connections between the two.
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Therefore, while DBS studies in humans are unable to make multiple comparisons between
the subdivisions of the PAG, and are carried out on patients rather than healthy individuals,
preliminary evidence supports the animal model for a tier of respiratory control residing
within the PAG.

1.3.3 PAG within the respiratory network

The neurons responsible for the generation of autonomic respiration are proposed to reside
inferior to the PAG in the ventrolateral medulla, in areas identified as the Pre-Botzinger
complex (PreBotC) and retrotrapezoid nucleus/parafacial respiratory group (RTN/pFRG)
(Smith et al., 2009). Although the necessity of endogenous bursting properties in these
neurons has been debated (Feldman et al., 2003), the network encompassing the PreB6tC
is thought by many to be critical to autonomic respiratory rhythm generation. There are
direct inputs to this medullary network from the pontine respiratory group, and in particular
the Kolliker-Fuse nucleus is proposed to play a role in both post-inspiratory activity and
the processing of afferent sensory information of the respiratory network (Dutschmann
et al., 2004). The resulting output of this ponto-medullary autonomic respiratory network
is hypothesised as direct connections to ventilatory motor neurons, including the phrenic
nerve for diaphragm control, abdominal motor nerves and the hypoglossal nerve for control
of the tongue (Feldman et al., 2003; Smith et al., 2009).

An important mechanism that allows for subconscious control of ventilation is chemore-
ception. Chemoreception is the constant monitoring of blood gas concentrations, allowing
for direct comparisons between respiratory rate and the requirements of the periphery (Bal-
lantyne and Scheid, 2001). The role of the PAG in chemoreception is not yet fully un-
derstood, however recent research has revealed that PAG lesions dampen the respiratory
response to hypercapnia (compared to lesions immediately outside the PAG), while resting
ventilation, mean arterial blood pressure, heart rate and body temperature were unaffected
by these lesions (Lopes et al., 2012, 2014; Schimitel et al., 2012). Although the PAG has
not been identified as a chemoreceptive site itself, such as seen in the retro-trapezoid nu-
cleus, medullary raphe, nucleus tractus solitarius and preBotC (Kuwaki et al., 2010), c-Fos
labelling in all columns of the PAG was seen in association with activity in arterial chemore-
ceptors in anaesthetised rats (Hayward and Von Reitzenstein, 2002). Schimitel et al. (2012)
has taken this information to suggest that a suffocation alarm system is encoded in the PAG.
They found that PAG lesions in rats reduced the defensive behaviours evoked by selective
anoxia in chemoreceptor cells (suffocation alarm), while additive CO, administration en-

hanced these behaviours. The authors concluded that this possible suffocation alarm in the
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Figure 1.2: Schematic of where the PAG is hypothesised to fit within the wider respiratory circuit,
receiving both descending and ascending respiratory information. Shaded red area indicates the
position of the PAG. Abbreviations: PN= pontine nuclei; RRG= respiratory rhythm generators.
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Figure 1.3: Anatomical connections of the subdivisions of the periaqueductal gray matter from
research in animals, represented at the level of the inferior colliculus. Abbreviation: vi= ventro-
lateral; 1= lateral; di= dorsolateral; dm= dorsomedial. Modified from Dampney et al. (2013).
Solid black lines represent inputs to the PAG, blue lines represent outputs from the PAG, grey lines
indicate circuitry that does not include the PAG, and the dashed line represents volitional motor
efferents that do not involve the brainstem respiratory circuit.
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PAG is activated by anoxia, resulting in defensive behaviours consistent with panic attacks,
and additional hypersensitivity to hypercapnia. Therefore, while not a primary chemore-
ceptive site, the PAG may be involved in the integration of chemoreceptive information to
allow for subconscious homeostatic monitoring of respiratory state.

Respiration extends beyond subconscious autonomic control, and ventilatory changes
can be made during phonation, stress, or for voluntary breathing modifications. These
changes indicate a higher respiratory control network, and both cortical and subcortical
brain structures have been identified as modulators of respiration. Anatomical evidence
exists for connections between the PAG and cortical areas identified in respiratory con-
trol, and a recent review by Dampney et al. (2013) comprehensively collated the inputs
and outputs of the subdivisions of the PAG (summarised in Figure 1.2). Firstly, identified
cortical areas for ventilatory commands that have been linked to the PAG include the mo-
tor and premotor cortices, and the supplementary motor area, which have been shown to
alter phrenic and intercostal nerve firing rates for control of the diaphragm and thoracic
respiratory muscles (Colebatch et al., 1991; Fink et al., 1996; Rikard-Bell et al., 1985).
Meanwhile, the conscious sensations of respiration include both sensory thoracic propri-
oception and affective emotional evaluation (Davenport and Vovk, 2009). Interestingly,
while the primary somatosensory cortex has been identified as the main sensory area for
thoracic proprioception, there is no evidence of direct anatomical connections to the PAG.
In contrast, inputs to the PAG have been identified from the cortical and subcortical limbic
areas involved in emotional evaluation, such as the prefrontal cortex and amygdala (Beitz,
1982; Gabbott et al., 2005; Rizvi et al., 1991). Therefore, it is possible that the PAG is
directly involved with both respiratory motor commands and the emotional evaluation of
respiratory sensations.

Higher-level respiratory commands and sensations from the cortex are also integrated
within subcortical gateways, which are pertinent for the regulation of respiratory informa-
tion sent between the cortex and the autonomic respiratory centres in the brainstem. The
thalamus is major subcortical gateway that has a well-documented involvement in sensory
integration, including during functional respiratory tasks such as breath-holds (Pattinson
et al., 2009b). However, the respiratory functions of the PAG indicate its potential in-
volvement in a further sub-cortical system between the thalamus and brainstem, which can
sub-consciously modulate respiration (Subramanian et al., 2008). Similarly, the PAG has
previously been suggested as a site for the integration of autonomic cardiovascular infor-
mation (Green et al., 2007), and with its respiratory functions it appears a likely candidate
for similar respiratory control.

It is possible that the respiratory functions of the PAG act in conjunction with the hy-

10
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pothalamus, as the caudal and dorsomedial hypothalamic nuclei (CH and DMH) have also
been implicated in respiratory modulation (Horiuchi et al., 2009; Ryan and Waldrop, 1995).
Direct connections have been identified between the PAG and both CH and DMH nuclei
(Cameron et al., 1995; Horiuchi et al., 2009; Vertes and Crane, 1996), and it appears that the
PAG may be influenced by the hypothalamus for integrated control of breathing (Dampney
et al., 2008; Horn and Waldrop, 1998). For example, the respiratory outputs of the dIPAG
can be virtually abolished by inhibition of the DMH, while inhibition of the PAG did not
affect the respiratory responses that can be generated by disinhibition of the DMH (Hori-
uchi et al., 2009). The DMH also has a well-documented role in the pathway between the
suprachiasmatic nucleus and the ventrolateral preoptic area for control of the transition be-
tween sleep and wakeful states (Chou et al., 2002), and the relationship between the DMH
and PAG in respiration may support the observation that a subset of PAG cells correlate with
respiratory patterns in a sleep state-dependent manner (Harper et al., 1991). Furthermore,
connections between cortical motor areas and locomotor areas of the hypothalamus (Baev
et al., 1985; Eldridge et al., 1981) may incorporate the PAG into the feedforward control
of respiration associated with exercise, an idea that has been discussed elsewhere (Pater-
son, 2013). Therefore, it appears likely that the respiratory functions of the PAG act within
a network that incorporates the CH and DMH, allowing respiratory control according to
states of consciousness and activity.

Evidence also exists for ascending connections from the periphery to the PAG, and
onwards to higher areas of sensation. Firstly, Eldridge et al. (1981) tested decerebrated,
paralysed and ventilated cats, and found that afferent information from the vagus nerve
inhibited the firing of midbrain respiratory neurons. Furthermore, Cameron et al. (1995)
used an anterograde tracer to identify afferent ascending connections from the PAG to the
hypothalamus, thalamus and other areas of the forebrain, which indicate possible feedback
loops to the higher subcortical and cortical structures of the respiratory network. Onwards
from the thalamic relay centres to the cortex in humans, Pattinson et al. (2009a) suggested
different areas of the thalamus connect more strongly to different cortical regions based on
diffusion tractography results, including connections between the thalamic ventral postero-
lateral (VPL) nuclei and the motor and sensory cortices, as well as connections between
the thalamic anteroventral (AV) nuclei and the amygdala, prefrontal cortex and anterior
cingulate cortex. Therefore, the PAG provides an optimal site for the integration of the
passing motor, limbic and sensory respiratory information, with evidence to suggest resul-
tant respiratory responses can be evoked directly from the firing of neurons within the PAG
(Subramanian, 2012; Subramanian et al., 2008).

While the mechanisms of the respiratory actions generated by the PAG are not yet
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thoroughly understood, it has been proposed that the PAG acts on respiratory neurons in
both the medulla and nucleus tractus solitarius (Duffin and Hockman, 1972; Huang et al.,
2000; Sessle et al., 1981), with mediation from the parabrachial nucleus of the pons (Hay-
ward et al., 2004) (Figure 1.2). Most recently, Subramanian (2012) directly stimulated
the sub-divisions of the PAG in rats, and examined the effect on both medullary respi-
ratory neurons and the resultant respiratory behaviours. Dorsal PAG stimulation resulted
in tachypnoea with excitation of both late inspiratory (late-I) and post-inspiratory (post-I)
medullary neurons, which are believed to be involved with the conversion of inspiration to
expiration (Morschel and Dutschmann, 2009; Rybak et al., 2004). Conversely, IPAG stim-
ulation caused inspiratory prolongation (with activation of late-I with inhibition of post-I
neurons), while vIPAG caused expiratory prolongation (activation of post-I neurons) (Sub-
ramanian, 2012). While these medullary outputs are yet to be confirmed in humans, this
evidence supports the influence of the PAG on brainstem respiratory centres for control of
breathing.

Care must be taken when attempting to translate these animal findings into human ex-
periments. Non-invasive investigation of human respiratory control often employs a reverse
model to animal experiments; where ventilatory tasks are conducted and brain activation
is measured, as opposed to direct stimulation of neurons and measurement of respiratory
responses. However, preliminary investigations in humans have suggested midbrain struc-
tures such as the PAG to be possibly involved in respiratory control (Horn and Waldrop,
1998). Midbrain activation has been identified during hypercapnic-stimulated breathing
(Corfield et al., 2005), maximal inspirations (Topolovec et al., 2004) and resistive inspi-
ratory loading (Gozal et al., 1995). However, the interpretation of the midbrain results of
these studies is further limited by spatial resolution constraints, and thus an inability to lo-
calise activations within the subdivisions of the PAG. While there is enormous potential to
contribute to our understanding of respiratory control with future PAG research, the chal-
lenge remains to accurately and non-invasively investigate the activation of the PAG and its

sub-structures within the wider respiratory control network in humans.

1.3.4 PAG in response to threat

The columns of the PAG have been identified to function within a broad range of behaviours
beyond respiration, including cardiovascular, motor and pain responses (De Oca et al.,
1998; Mobbs et al., 2007; Pereira et al., 2010; Tracey et al., 2002; Benarroch, 2012; Pater-
son, 2013). Therefore, the PAG has been postulated to act as a behavioural modulator as

part of the integrated defence system in animals Dampney et al. (2013); Keay and Bandler
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(2001). A review by Dampney et al. (2013) highlighted the potential involvement of the dI-
PAG as a key structure within this defence system. Direct stimulation of the dIPAG results
in tachypnea, a distinctly different respiratory behaviour to other areas of the PAG, and
which Dampney et al. (2013) deemed consistent to the respiratory changes induced during
a fight/flight defensive reaction. Furthermore, rat defensive behaviour upon exposure to
a predator (cat) evoked increased c-Fos expression (marker of neuronal activation) in the
rostral and intermediate dIPAG (Canteras and Goto, 1999), while purely physical stimuli
such as radiant heat or muscle pain evoked c-Fos expression mainly in the IPAG or vIPAG
(Keay and Bandler, 2001). This evidence was taken to suggest that the dIPAG may be a
central command site within the defensive system in animals (Dampney et al., 2013).

Alternatively, rather than the dIPAG being the site of ‘central command’, the functional
organisation of the columns of the PAG has been hypothesised to consist of active and
passive coping strategies (Bandler and Shipley, 1994; Bandler et al., 2000). The 1IPAG
and dIPAG are thought to employ active coping strategies for escapable stressors, which
would be consistent with the tachypnea observed in animals (Subramanian et al., 2008),
while the vVIPAG employs passive coping strategies for inescapable stressors (VIPAG), such
as that seen with physical stimuli (Keay and Bandler, 2001). Active coping strategies in
the IPAG/dIPAG would require direct motor input from superior cortical structures, while
passive strategies in the VIPAG would possibly require greater communication with the
prefrontal and limbic areas to assess inescapable threat.

Importantly, recent work using diffusion tractography has revealed consistent colum-
nar structure to animal models within the human PAG (Ezra et al., 2015), and differential
connectivity patterns from the PAG columns to cortical structures (Figure 1.4). Ezra et al.
(2015) found predominating frontal and limbic connections to the VIPAG, while sensory
and motor areas connected to the dIPAG and IPAG. Therefore, both functional and con-
nectivity differences suggest that the columns of the PAG have distinctive roles within the
networks responsible for both respiratory control and threat perception, and may act as a

gateway for incoming sensory information from the chest.

1.3.5 Literature review summary

In this review we have shown that converging evidence from animal models, DBS and pre-
liminary imaging studies implicate the PAG in the intricate control of respiration. While
animal models have shown that subdivisions of the PAG can produce distinct respiratory
outputs, that same level of spatial resolution and localisation of signal has not yet been

available in human imaging research. It has been suggested that the PAG modulates respi-
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Figure 1.4: Schematic of the diffusion-based connectivity results in Ezra et al. (2015). Left: Three-
dimensional fibre tracking of cortical and subcortical projections from the four division of the hu-
man PAG in a single subject. Tractography demonstrates differential connectivity patterns arising
from the Dorsomedial (Red), Dorsolateral (Blue), Lateral (Green) and Ventrolateral (Yellow) as-
pects of the PAG (Image produced using DSI Studio). Right: Radial diagram of relative connectivity
of the clusters to predefined targets averaged over 19 subjects. where the PAG is hypothesised to
fit within the wider respiratory circuit, receiving both descending and ascending respiratory infor-
mation. Shaded red area indicates the position of the PAG. Abbreviations: vIPAG, ventrolateral
periaqueductal gray, IPAG, lateral periaqueductal gray; dIPAG, dorsolateral periaqueductal gray;
dmPAG, dorsomedial periaqueductal gray.
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ration in times of stress, where columns of the PAG are differentially involved according to
whether a threat is perceived as escapable or inescapable. Lastly, recent diffusion imaging
research has revealed connectivity patterns that support this columnar threat hypothesis in
humans. Therefore, in an extension of the current literature, in this Thesis we will now
explore the roles of the PAG columns in human respiratory control and in the threatening

perception of breathlessness.

1.4 PAG in breathlessness

Breathlessness debilitates countless sufferers of chronic obstructive pulmonary disease
(COPD), asthma, cardiovascular and neuromuscular diseases, cancer or panic disorder. Al-
ternatively, self-imposed breathlessness can be experienced by people enduring extreme
exercise, such as endurance athletes or high altitude climbers (Abraini et al., 1998). It is
considered the main symptom of COPD, which leads to approximately 25 million certified
sickness days, costs the NHS more than 4 billion, occupies more than 1 million inpatient
UK bed days and generates approximately 40 million drug prescriptions each year (British
Thoracic Society, 2006). Furthermore, breathlessness severity is a better predictor of mor-
tality in patients with COPD than lung function (Celli et al., 2004).

Although the breathlessness in COPD is traditionally explained in terms of lung dam-
age, discrepancies between breathlessness severity and objective measures of lung func-
tion are well known and remain unexplained (Herigstad et al., 2011; Lansing et al., 2009).
Commonly, these discrepancies are rationalised in terms of abnormal muscle function and
inaccurate lung function tests. An alternate explanation relates to abnormal brain process-
ing of respiratory sensations. Breathlessness is a multi-dimensional sensation, including
perception of ‘work of breathing” from respiratory muscles in the torso, ‘air hunger’ from
chemoreceptive signals in the blood, ‘chest tightness’ from and obstruction or restriction to
the airways, to name a few (Lansing et al., 2009). To generalise across these dimensions,
breathlessness can be roughly divided into sensory and affective components. If sensations
of breathlessness are interpreted as threatening within the affective domain they can evoke
a fearful response, which has been hypothesised to be caused by the mismatch of informa-
tion between afferent respiratory signals and efferent ventilatory drive (Schwartzstein et al.,
1989). With the differing respiratory functions and possible roles in threat perception, it
is plausible that the columns of the PAG play distinctive roles within these components of
breathlessness perception.

In human imaging research, the processing of breathlessness sensations in the brain

has been identified non-invasively with functional magnetic resonance imaging (fMRI)
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so far in the limbic insular cortex, anterior cingulate cortex and amygdala (outlined in
Herigstad et al. (2011)). This limbic system involvement highlights affective components
of breathlessness, where factors such as emotion and attention can also modulate the per-
ception of breathlessness (De Peuter et al., 2004). Many emotive, cognitive, contextual
and physiological factors can weigh in on the perception of breathlessness, in addition to
the pathophysiology of a disease (for a full review see Hayen et al. (2013b)). However, a
complete understanding of the mechanisms of breathlessness has not yet been deciphered
(Nishino, 2011), including how structures such as the PAG can modulate ascending and
descending respiratory information. Interestingly, a study by Brannan et al. (2001) used
positron emission tomography (PET) imaging with a hypercapnia-induced hyperventila-
tion stimulus in healthy individuals, and the activated response network included the pons,
midbrain (including the PAG) and hypothalamus, in conjunction with limbic and paralim-
bic areas. While it must be noted that the large voxels associated with PET imaging limit
the confidence of the localisation of activation to within the PAG, this study supports the
notion that the midbrain is intricately involved in the integration of breathlessness sensa-
tions. Additionally, an fMRI study by Pattinson et al. (2009b) found a profoundly reduced
urge to breathe score associated with voluntary breath holds following infusion of the drug
remifentinal, and an associated decrease in activation of the PAG. These studies are the first
implications that the PAG may be involved in the pathway of breathlessness perception, al-
though these imaging techniques do not have the resolution to dissociate the columns of
the PAG.

1.4.1 Conditioned breathlessness anxiety

Conditioning is a process of learning an association between two unrelated stimuli, such
that a previously neutral stimulus may then evoke a fearful response (Pavlov and Anrep,
2003). For sufferers of breathlessness, the learned associations between environmental cues
(such as climbing the stairs) and the fearful sensations of breathlessness can further perpet-
uate debilitating anxiety. This anxiety can lead to panic and ultimately activity avoidance
(Hill et al., 2004; Lansing et al., 2009), meaning that the effects of breathlessness extend
beyond just sensation management during the stimulus. Therefore, to fully understand
breathlessness, we need to investigate the brain networks involved with both the manage-
ment of breathlessness sensations, and the anticipatory network employed during a con-
ditioned response to impending breathlessness. Understanding the relationships between
these two conditions, as well as their contribution(s) to perception of breathlessness inten-

sity and anxiety may help us to better target treatments and management of breathlessness
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in patients with chronic respiratory disease.

Our understanding of fear conditioning has been substantially enhanced by modern
neuroimaging techniques. Despite differences in conditioning paradigms, a consistent net-
work of fear-related brain areas has been identified, including the amygdala, insula, and
anterior cingulate cortex (Sehlmeyer et al., 2009). However, the ability to investigate the
contribution of smaller nuclei, such as the columns of the PAG, to this fear-conditioning
network is often limited in neuroimaging by resolution and statistical power. It is possible
that the PAG columns may have fundamental roles within this network, and may be key

contributors to misappropriated threat perception of breathlessness.

1.4.2 Breathlessness exposure and adaptations of the PAG

The ability of brain networks to adapt is imperative to maintain function throughout chang-
ing environments. The term ‘plasticity’ refers to the brain’s ability to modify neuronal net-
works, often in conjunction with changes in behaviour. Brain plasticity is due to individual
physical experiences and learning (Amunts et al., 1997), even beyond the major brain de-
velopments that occur throughout adolescence (Kolb and Whishaw, 1998). The neuronal
modifications and adaptations can include changes in metabolic activity, increases in den-
dritic length, changes in spine density, synapse formation or increased glial cell activity
(Kolb and Whishaw, 1998). Respiratory networks have been shown to exhibit plasticity as
a result of stimuli such as intermittent hypoxia (Mitchell et al., 2001), hypercapnia (Baker
et al., 2001), exercise (Turner et al., 1997), neural injury (Golder et al., 2001), and condi-
tioning to a respiratory response (Gallego et al., 2001). These respiratory network adap-
tations serve to maintain the regulation of breathing in the face of development, changing
environments or disease (Feldman et al., 2003).

Patients who suffer from repeated bouts of breathlessness may evoke plasticity within
the pathways of respiratory sensation. In chronic pain patients, states of persistent hyperal-
gesia are thought to result from a ‘central sensitisation’ of the pain network; when cellular
changes occur in the pain perception pathway. The PAG has been identified in descending
pathways that facilitate pain transmission in hyperalgesia, and thus suggested to play a role
in central sensitisation to pain (Gwilym et al., 2009; Lee et al., 2008; Zambreanu et al.,
2005). It is possible that the PAG may play a similar role in sensitisation to breathless-
ness as that suggested within the pain network. Interestingly, a voxel-based morphometry
MRI study found relative increases in midbrain grey matter of patients with panic disor-
der (Uchida et al., 2008), and while one fMRI imaging study compared breathlessness

activations in the PAG between asthmatics and controls (von Leupoldt et al., 2009), any
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differences in groups could not be interpreted due to inconsistencies in respiratory stim-
uli. Further research is needed to accurately investigate any differences in PAG activation
during perception in those patients who are chronically exposed to threatening sensations
of breathlessness. More specifically, if the proposed role of the PAG columns in the be-
havioural responses to threat perception applies in humans, it may be possible that breath-
lessness perception includes a heightened PAG response in these patients. Understanding
the role of the PAG and its subdivisions in the modulation of breathlessness sensations may
reveal a potential drug target for future treatments strategies in patients who experience
debilitating sensations of breathlessness.

Currently, the most effective treatment for breathlessness in COPD is pulmonary reha-
bilitation, which is usually delivered as a 6 week course of exercise and education. Pul-
monary rehabilitation does not affect lung function, but is thought to mediate its effects
by desensitising and reducing the threat value of respiratory sensations (Brenes, 2003;
Janssens et al., 2011b; Emery, 1994; Ries et al., 1995). With pulmonary rehabilitation,
breathlessness related anxiety is reduced more than its physical intensity (Carrieri-Kohlman
etal., 2001, 1996), and the magnitude of fear of breathlessness assessed prior to pulmonary
rehabilitation predicts treatment success (Janssens et al., 2011b). It is thought that repeated
exposure to “safe” breathlessness during pulmonary rehabilitation is what reduces its threat
value, changing the underlying brain networks of breathlessness anxiety.

The act of exercise training in pulmonary rehabilitation may provide both positive
breathlessness associations, and enhance this conditioning process. Gallego et al. (2001)
suggested that learning processes underlie adaptations in respiratory control, and exercise
is known to enhance general learning processes. This is supported by an increase in hip-
pocampal neurogenesis following exercise training, associated with increased serum levels
of brain derived neurotrophic factor (Erickson et al., 2011) and also possibly mediated by
the exercise-induced increase in circulating insulin-like growth factor (Trejo et al., 2001).
Therefore, exercise may be a key component within pulmonary rehabilitation to re-establish
perception and anxiety of breathlessness, which may be determined by cortical adaptations
occurring in both the cortex and columns of the PAG.

Performing repeated bouts of exercise involves repeated changes in respiration and res-
piratory stress. This training is known to evoke adaptations within the respiratory muscles
themselves, and animal models have begun to provide specific evidence for correlating res-
piratory network plasticity. Notably, it has been found that chronic exercise training can in-
duce structural remodelling in cardiorespiratory areas of the brain and brainstem, including
the PAG (Ichiyama et al., 2002; Nelson et al., 2005). A decrease in dendritic connections of

the PAG and other cardiorespiratory areas in the cortex and brainstem was found following
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85 or 120 days of voluntary training in rats, and detraining reversed these adaptations (Nel-
son and Iwamoto, 2006). Furthermore, activation of the caudal hypothalamus, PAG and
other cardiorespiratory centres in the rat diencephalon and brainstem were also reduced
during a bout of submaximal exercise (as indicated by c-Fos labelling), following 80-100
days of exercise training (Ichiyama et al., 2002). These results imply plasticity of the PAG
as a result of exercise training, although they cannot determine whether these changes are

associated with altered perceptions of breathlessness.

1.5 Functional imaging of the PAG during breathlessness

A variety of imaging techniques exist to examine brain structure and function. The inven-
tions of X-ray computerised axial tomography (CAT) and positron emission tomography
(PET) in the in the 1970’s were revolutionary in brain imaging, but both require the use
of radioactive contrast material to determine the structure (CAT, PET) or function (PET)
of the brain. However, a brain scanning technique that does not require radiation and in-
stead utilises the magnetic properties of brain tissue (magnetic resonance imaging; MRI)
was introduced in the 1980’s, and quickly became the most widely-used imaging modal-
ity. However, despite the advantages of MRI for it’s non-invasive nature, the population of
people who can be scanned is restricted to those with no pacemakers or electrical implants,
no (or non-ferrous) metallic implants and those who can lie still and flat on their back for

the scan (usually 30 to 60 minutes).

1.5.1 Overview of MRI

MRI is a non-invasive method of brain scanning, manipulating magnetic properties within
tissues to image the structure or function of the brain. The change in neuronal activity
within areas of the brain can be approximated using functional MRI (fMRI). As neurons
increase (or decrease) their firing rate, the subsequent change in the metabolic demand
of the cells induces an change in blood flow and supply of metabolic oxygen to those
neurons (Belliveau et al., 1991; Ogawa et al., 1992; Kwong et al., 1992). For increased
neuronal firing, a local oversupply of blood results in an increased ratio of oxygenated to
deoxygenated haemoglobin, and a change in the local magnetic properties within a tissue.
This change in magnetism as a result of metabolic and blood flow changes gives us the
blood oxygen level dependent (BOLD) contrast, and a non-invasive way of (indirectly)
measuring changes in brain activity. When a subject performs a task inside the scanner, the

correlating changes in BOLD from baseline can approximate changes in neuronal activity
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in local areas of the brain associated with that task. The changes in signal are measured
within ‘voxels’ (3 dimensional pixels) in the brain, and when larger static magnetic fields
(BO) are used, more signal within the brain tissue allows for finer resolution and smaller
voxels to better differentiate brain structures. Typically available scanning strengths are
either 1.5 or 3 Tesla (BO field strength), with voxel resolutions of 2-3 mm? or above. With
the recent introduction of 7 Tesla MRI, functional resolutions can now be pushed to 1 mm?,
opening up the possibility of differentiating divisions of small nuclei such as the columns
of the PAG.

1.5.2 Breathlessness within MRI

Breathlessness is a multidimensional sensation that is difficult to reproduce within the con-
fines of an fMRI protocol. While it is possible to exercise in a supine position on a re-
cumbent bicycle in an attempt to produce breathlessness, the movement induced by this
task will mask all but the largest of BOLD activity within the brain. Alternatively, changes
in hypercapnia can induce hyperventilation and subjective feelings of ‘air hunger’, which
could be used to induce feelings of breathlessness. However, this is not possible with
BOLD imaging as the cerebral vasodilatory effects of increased arterial pressure of carbon
dioxide (PCOy) will mask the local BOLD changes in functioning brain structures. Finally,
an alternative stimulus that induces increased ventilatory effort and a simulation of breath-
lessness is the use of inspiratory resistive loading. Inspiring against an external resistor
requires increased ventilatory work for adequate ventilation, and has been shown to induce
a stable administration of respiratory discomfort for laboratory studies of breathlessness
(Hayen et al., 2015). As discussed previously, a fundamental aspect of clinical breath-
lessness is the cued anticipation and threat perception of an impending aversive breathing
stimulus. Therefore, as a model of breathlessness in the latter studies of this Thesis, we
conditioned subjects to associate neutral stimuli to upcoming inspiratory loading, allowing
us to investigate the PAG and wider cortex during both the anticipation and perception of

the aversive respiratory stimulus.

1.6 Conclusion

The current literature has identified the columns of the PAG to be involved with respira-
tory control in animals, and it is hypothesised that these columns are differentially involved
in the behavioural responses to different forms of threat. Therefore, the PAG is an ideal

candidate in the perceptual and response pathways to the respiratory threat of breathless-
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ness. Furthermore, due to the known plasticity of the PAG, the reduction in breathlessness
anxiety found with exercise training in patients with chronic lung disease may be linked to

underlying changes in the columns of the PAG within this breathlessness network.

1.7 Thesis outline, aims and hypotheses

The aim of this Thesis was to investigate the roles of the PAG columns in human respira-
tory control and perceptions of breathlessness. From the animal literature and preliminary
findings in humans we hypothesise that the columns of the PAG will play important and
distinctive roles within the sensation of ventilatory signals and the threat perception of
breathlessness, with plastic changes evoked by exercise underlying alterations in breath-
lessness perception in health and disease. Therefore, in this Thesis we conducted a healthy
volunteer investigation of the columns of the PAG in respiratory control and breathlessness,

using the following series of studies:

1. Development of an fMRI protocol to identify activity in the columns of the human
PAG during respiratory tasks using ultra high-field 7 T fMRI (Chapter 2).

2. Investigation of the roles of the PAG columns at high resolution in both conditioned

anticipation and during breathlessness (Chapter 3)

3. Investigation of the place of the PAG columns within the wider cortical breathless-
ness network (Chapter 5), and any potential differences in subjective perception of
breathlessness (Chapter 4) and associated changes in the function and connectivity of
the PAG columns (Chapter 5) corresponding with exposure to exercise, using com-

parisons between of a group of endurance athletes and matched sedentary controls.

In the final Chapter of this Thesis (Chapter 6) we discuss the findings of these three
studies, outlining their relevance and how they extend on the current animal and human

literature of respiratory control and breathlessness.
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Functional subdivision of the human
PAG in breath holding
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CHAPTER 2. PAG IN RESPIRATORY CONTROL

2.1 Abstract

The periaqueductal grey (PAG) is a nucleus within the midbrain, and evidence from animal
models has identified its role in many homeostatic systems including respiration. While
the PAG has been extensively studied in animals, and has been identified previously in
human imaging work (Corfield et al., 2005; Topolovec et al., 2004; Gozal et al., 1995;
Pattinson et al., 2009b), attempting to localise respiratory-related activity to the columns
of the human PAG has not yet to our knowledge been attempted. Animal models have also
demonstrated a columnar structure that subdivides the PAG into four columns on each side,
and these subdivisions have different functions with regard to respiration. In this Chapter
we used ultra-high field functional MRI (7 T) to image the brainstem and superior cortical
areas at high resolution (1 mm? voxels), aiming to identify activation within the columns
of the PAG associated with respiratory control. Our results showed deactivation in the
lateral and dorsomedial columns of the PAG corresponding with short (<10 s) breath holds,
along with cortical activations consistent with previous respiratory imaging studies. These
results demonstrate the involvement of the lateral and dorsomedial PAG in the network
of conscious respiratory control for the first time in humans. This Chapter also reveals
the opportunities of 7 T functional MRI for non-invasively investigating human brainstem

nuclei at high-resolutions.
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2.2 Introduction

The study of respiratory control is largely focused on the nuclei of the respiratory rhythm
generators in the medulla, whilst suprapontine control of respiration is less well under-
stood. The midbrain periaqueductal grey (PAG) is located at the junction of descending
efferent commands and ascending sensory information, and has been suggested by animal
models to participate within the localised pathway of respiratory response (Kabat, 1935;
Subramanian et al., 2008; Subramanian, 2012). The PAG has been proposed to be subdi-
vided into four columns on each side; ventrolateral (vIPAG), lateral (IPAG), dorsolateral
(dIPAG) and dorsomedial (dmPAG) (Bandler and Shipley, 1994; Dampney et al., 2013;
Subramanian et al., 2008; Subramanian, 2012). Direct excitation of these columns in ani-
mals has revealed distinct respiratory functions, such as irregular breathing with the vIPAG,
prolonged inspirations, expirations and vocalisations from the IPAG, active breathing and
tachypnea from the dIPAG, and slow, deep breathing from the dmPAG (Subramanian et al.,
2008; Subramanian, 2012).

Whilst animal models allow detailed investigation of functional neuroanatomy, subse-
quent studies in humans are essential to understand the role of these PAG subdivisions. Hu-
man respiratory control networks cannot be assumed to match those derived from animals.
Additionally, humans allow the study of conscious control of breathing with the addition
of subjective feedback, which is not possible in animals. Understanding these respiratory
networks is imperative for effective treatment of breathing disorders, such as breathless-
ness from chronic obstructive pulmonary disease and heart failure (Hayen et al., 2013b;
Herigstad et al., 2011), sleep disordered breathing (Morrell et al., 2000), and the dangerous
respiratory depression associated with opioid painkillers (Pattinson et al., 2009b).

Functional magnetic resonance imaging (fMRI) is a non-invasive technique that allows
high-resolution functional imaging in humans (2-3 mm? voxels at 3 T). The recent intro-
duction of ultra-high-field fMRI at 7 Tesla (7 T) vastly improves the signal-to-noise ratio
of previous imaging, potentiating even higher resolution functional imaging (<2 mm?)
and the ability to specifically investigate small nuclei such as the subdivisions of the PAG,
previously not possible at 3 T. However, 7 T imaging requires added methodological con-
siderations during both scanning and analysis. Greater BO inhomogeneities at 7 T cause
increased distortion and drop-out during echo-planar imaging (EPI), and increases in res-
olution require longer acquisition times (TR) and decreases in temporal signal-to-noise.
Additionally, high resolution functional scanning may reveal greater structural and func-
tional differences between individuals, amplifying the importance of image registration for

successful group statistical analysis.
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Using MRI to investigate respiratory control presents further methodological challenges
and requires additional considerations. Arterial pressure of carbon dioxide (PaCO,) is a
potent vasodilator of cerebral vessels, and thus changes in PaCO, often induced by res-
piratory challenges confound the blood oxygen level dependent (BOLD) signal (Pattinson
et al., 2009a,b). Additionally, bulk susceptibility variations in the lungs during the respira-
tory cycle cause changes in the BO magnetic field, producing physiological noise related to
respiratory changes (McKay et al., 2008; Raj et al., 2001; Pattinson et al., 2009a). Finally,
the location of the brainstem close to arteries and pulsating fluid-filled spaces (due to car-
diac and respiratory cycles) (Cohen et al., 2002; Brookes et al., 2013) results in a particular
susceptibility to physiological noise artifacts, yet it is of great importance as it houses many

respiratory control centres.

2.2.1 Hypotheses

In this study we used 7 T scanning to investigate the role of the subdivisions of the PAG
in short respiratory tasks, taking careful consideration of respiratory imaging confounds.
Based on previous work in animals, we hypothesised that BOLD signal changes within the
IPAG and dmPAG (associated with prolonged expirations and depressed breathing) would
be associated with the inhibitory respiratory tasks of breath holds and vocalisations, but not

associated with a simple sensory and motor task.

2.3 Methods

2.3.1 Subjects

The Oxfordshire Clinical Research Ethics Committee approved the study and subjects gave
written, informed consent. Sixteen healthy, right-handed volunteers (10 males, 6 females;
mean age + SD, 28 £ 7 years) undertook one training session, followed immediately by
one MRI scanning session. One subject was excluded from the analysis due to an inability
to comply with experimental protocol. Prior to scanning, all subjects were screened for any

contraindications to magnetic resonance imaging at 7 T.

2.3.2 Stimuli and tasks

During the BOLD scan, subjects performed 14 repeats of the following tasks: expiratory
breath hold, vocalisation and the functional localiser finger and thumb opposition task (de-

scribed to subjects as “finger tapping”’; see explanation under Functional localiser below).
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Figure 2.1: Example four minutes of the BOLD functional task, repeated throughout the acquisition.
The order of the breath holds and vocalisations was semi-randomised between the finger opposition
and CO9 stimuli.

Carbon dioxide (CO-) challenges were also interspersed between stimuli Changes in venti-
lation due to respiratory tasks can often cause increases in PaCO, (hypercapnia), which is a
potent modulator of cerebral vessels and resultant cerebral blood flow (Cohen et al., 2002).
Therefore, CO, challenges were administered to dissociate the changes in global BOLD
signal due to changes in arterial pressure of CO, from the local BOLD signal changes cor-
relating to activity associated with breath holds and vocalisations (Pattinson et al., 2009a,b).
This paradigm was adapted from previous breath hold research (McKay et al., 2008; Pattin-
son et al., 2009a). Cues for these tasks were presented on the screen as the words ‘HOLD’,
‘SING’ and ‘TAP’ (‘REST’ was displayed for the remainder of the experiment, and COy
challenges were not indicated to subjects), in white letters on a black background. During
the training session, the subjects had a chance to practice each of the tasks under observa-
tion. The instructions for the breath hold were to stop breathing at the end of the current
breath, maintaining the hold until the ‘HOLD’ cue was exchanged for ‘REST’. At the ter-
mination of the breath hold, the subject was asked to breathe out any remaining air in their
lungs for an end-tidal CO, reading (PzrCOs; taken as an approximation for PaCOy). The
instructions for the vocalisation were to produce a closed-mouth single note from the top
of the next breath, for the duration of the ‘SING’ cue. Both the ‘HOLD’ and ‘SING’ cues
were presented for duration of 10 s; therefore the tasks were each less than 10 s. The finger
opposition task consisted of an opposition movement conducted with the right hand, and
the “TAP’ cue was presented for 15 s. Each of the three tasks was repeated 14 times within
the BOLD scan of each subject.
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Functional localiser Due to the size and location of the PAG, coupled with high res-
olution (1 mm? voxels) scanning, accurate registration in the cortex and brainstem was
prioritised in all studies of this Thesis. A functional localiser task of finger opposition was
included in each respiratory functional scan. It is well known that the cuneate nucleus of
the medulla is a sensory nucleus in the fine touch and proprioception pathway, prior to de-
cussation (Craven, 2011). Therefore, activation of the ipsilateral cuneate associated with
the finger opposition task was used by Pattinson et al. (2009b), as a functional localiser to
provide confidence in the precision of brainstem registrations. We repeated this task in the
present study, to validate our methodology and assure the accuracy of the registration of

the 1 mm? functional images.

2.3.3 Breathing system

A breathing system was used to allow the administration of small CO, challenges mixed
with room air, via a venturi entrainment system (Figure 2.2). During scanning, medical air
was administered through a loose fitting venturi mask (Ventimask, Intersurgical Ltd, Berk-
shire, UK) with a 1:1 entrainment ratio of compressed gas : room air. Gas was delivered to
the mask a rate of 20 L/min, and the mask was designed to entrain an equivalent amount of
room air. The resulting high gas flow rate delivered by this system (40 L/min) minimises re-
breathing of expired gases. The ventimask is loose fitting and therefore considerably more
comfortable than a tight fitting mask, but its predictable gas delivery characteristics allows
control of end-tidal gases in the volunteer. For administration of short CO, challenges dur-
ing the functional scan, medical air was substituted for a CO, mixture (10% COs, 21% O,
balance nitrogen) at 20 L/min for periods of 10 seconds, the entrainment system meant that
approximately 5% CO, was delivered to the face mask. The CO, challenges aimed to ele-
vate P CO» (taken as an indicator of PaCO-) by approximately 0.8%, to match elevations

caused by breath holds and vocalisations.

2.3.4 Physiological measurements

Physiological measures were recorded continuously during the training session and MRI
scan. Chest movements were measured using respiratory bellows surrounding the chest at
the approximate level of the 10th rib, and heart rate was measured using a pulse oximeter
(9500 Multigas Monitor, MR Equipment Corp., NY, USA). Pr7CO, was sampled via nasal
cannula, and subjects were asked to breathe through their nose (Salter Labs, California,
USA). Expired gases were determined using a rapidly-responding gas analyser (CD-3A;
AEI Technologies, Pittsburgh, USA). All physiological devices were connected to a data
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Figure 2.2: Schematic diagram of the venturi mask used in the breathing system.

acquisition device (MP150; Biopac Systems Inc., California, USA) coupled to a desktop
computer with recording software (AcKnowledge 4.2; Biopac Systems Inc., California,
USA).

2.3.5 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) for

this and all following studies.

2.3.5.1 Brainstem BOLD scanning

A T2*-weighted, gradient echo EPI was used for functional scanning. To allow high reso-
lution (1 mm?®) scanning, a reduced field of view (FOV) was used, with a coronal-oblique
slice centred over the brainstem and superior cortical structures (Figure 2.3). The FOV
comprised 54 coronal-oblique slices (sequence parameters: TE, 24 ms; TR, 5 s; flip angle,
90°; voxel size, 1 x 1 x 1 mm; field of view, 192 mm; GRAPPA factor, 3; echo spacing,
1 ms; slice acquisition order, descending), with 333 volumes acquired (scan duration, 28

mins 10 s).
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Figure 2.3: Functional scan resampled into structural space. The area of interest, the periaqueduc-
tal gray, is circled in red.

2.3.5.2 Structural scanning

A T1-weighted structural scan (MPRAGE, sequence parameters: TE, 2.96 ms; TR, 2200
ms; flip angle, 7°; voxel size, 0.7 x 0.7 x 0.7 mm; field of view, 224 mm; inversion time,
1050 ms; bandwidth; 240 Hz/Px) was acquired. This scan was used for registration of

functional images.

2.3.5.3 Additional scanning

A single volume whole brain EPI was also acquired, with matched sequence parameters to
the functional scan and extended slices (128 slices), to assist with registration. Fieldmap
scans (sequence parameters: TE1, 4.08 ms; TE2, 5.1 ms; TR, 620 ms; flip angle, 39°; voxel
size, 2 x 2 x 2 mm) of the B0 field were also acquired to assist distortion-correction.

2.3.6 Analysis
2.3.6.1 Preprocessing

Image preprocessing was performed using the Oxford Centre for Functional Magnetic Res-
onance Imaging of the Brain Software Library (FMRIB, Oxford, UK; FSL version 5.0.8;

http://www.fmrib.ox.ac.uk/fsl/). The following processing methods were used prior to sta-
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tistical analysis: motion correction and motion parameter recording (MCFLIRT (Jenkin-
son et al., 2002)), removal of the non-brain structures (skull and surrounding tissue) (BET
(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 fit-
ting; 120 s). BO field unwarping was conducted with a combination of FUGUE and BBR
(Boundary-Based-Registration; part of FEAT: FMRI Expert Analysis Tool, version 6.0
(Greve and Fischl, 2009)).

2.3.6.2 Image registration

Careful attention was paid to image registration, as the finer resolution afforded by 7 T MRI
requires greater registration accuracy for group statistics to be possible. After preprocess-
ing, the functional scans were registered to the MNI152 (1 mm?®) standard space (average
T1 brain image constructed from 152 normal subjects at the Montreal Neurological Insti-

tute (MNI), Montreal, QC, Canada) using a three-step process:

e Linear registration (FLIRT) with 6 DOF was used to align the partial FOV scan to
the whole-brain EPI image (Jenkinson et al., 2002).

e Registration of subjects whole-brain EPI to T1 structural image was conducted us-
ing BBR (6 DOF) with (nonlinear) fieldmap distortion-correction (Greve and Fischl,
2009).

e Registration of the subjects T1 structural scan to 1 mm standard space was performed
using an affine transformation followed by nonlinear registration (FNIRT) (Anders-
son et al., 2007).

2.3.6.3 Voxelwise analysis

fMRI data processing was performed using FEAT (FMRI Expert Analysis Tool), version
6.0, part of FSL (FMRIBs Software Library; www.fmrib.ox.ac.uk/fsl). Previous research
has indicated that variations in the haemodynamic response function (HRF) are apparent
throughout the brainstem and cortex (Woolrich et al., 2004a; Devonshire et al., 2012), and
between subjects (Handwerker et al., 2004). To account for some of the noise as a result
of possible delays in the HRF or slice-timing differences, we used an optimal basis set of
three waveforms (FLOBS: FMRIBs Linear Optimal Basis Sets, default FLOBS supplied
in FSL (Woolrich et al., 2004b)), instead of the standard gamma waveform. This models
the changes induced by altered HRFs or slice-timing, but does induce some bias into the

estimation of the main effect size. This bias takes the form of an underestimation of the
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effect size, which is a conservative error that affects the statistical power, and therefore
will not inflate the false positive rate. The second and third FLOBS waveforms, which
model the temporal and dispersion derivatives, were orthogonalised to the first waveform,
of which the parameter estimate was then passed up to the higher level to be used in group
analysis. Time-series statistical analysis was performed using FILM, with local autocor-
relation correction (Woolrich et al., 2001). The general linear model displayed in Figure
2.4 displays the explanatory variables (EVs) used to regress the components of the signal
within the functional scan, including breath holding, vocalisations and finger opposition.
PrrCO, was included as an additional regressor, de-correlating the CO, induced BOLD
changes from the respiratory stimuli throughout the functional scan. This trace was formed

by linearly interpolating between the expired CO, peaks.

2.3.6.4 Retrospective image correction (RETROICOR)

One method for accounting for physiological noise is to retrospectively estimate and regress
out noise from fMRI data using physiological recordings (Glover et al., 2000) (for a full
review of physiological noise methods see (Brookes et al., 2013)). The cardiac and respi-
ratory processes that were recorded along with scanner triggers, allowed determination of
cardiac and respiratory phase with each acquired slice in the imaged volume. This assigned
phase is then entered into a low-order Fourier expansion (Brooks et al., 2008; Glover et al.,
2000; Harvey et al., 2008) to derive time course regressors that explain potential signal
changes associated with cardiac and respiratory (or interacting) processes. We generated 3
cardiac, 4 respiratory and 1 interaction regressor, according to previous model optimisation
research (Harvey et al., 2008). This process is automated using FEATs PNM (Physiolog-
ical Noise Modelling) tool (Glover et al., 2000). These regressors were then entered into

the statistical model as noise regressors of no interest.

2.3.6.5 Group analysis

The first EV for each of the three FLOBS regressors in the voxelwise statistical analysis
using basis functions was extended to calculate mean activity at a group level for each of
the breath hold, vocalisation, finger opposition and Pr7CO-, in a mixed-effects analysis
using FLAME (FMRIBs Local Analysis of Mixed Effects) (Woolrich et al., 2004a). Whole
brain analysis was performed, where Z (Gaussianised T/F) statistic images were thresh-
olded using clusters determined by Z > 2.3 and a (corrected) cluster significance threshold
of p < 0.05. A small-volume-corrected analysis of the PAG (as our a-priori area of interest;

mask = 698 voxels) was then conducted, with the PAG mask made based on anatomical
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Figure 2.4: General linear model used in each single subject lower level analysis within FEAT. The
EVs for each of the tasks (breath hold, vocalisation, finger opposition, and the P COs trace) are
in sets of 3 for each of the FLOBS regressors used to model the task. The onset and duration of
the breath holds and vocalisations were calculated from the recorded physiology traces, while the
finger opposition onset and duration was taken from the logfile of the presented ‘TAP’ stimulus.
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boundaries. Thresholding was conducted using both standard cluster-based thresholding
and threshold-free cluster enhancement (TFCE) corrected for family-wise error. TFCE
provides an alternative method to enhance cluster-like structures in an image, without a
pre-determined initial cluster-forming threshold (Smith and Nichols, 2009). TFCE pro-
duces an output where voxel-wise values represent the amount of cluster-like local support,
illustrating the significance of voxels within a cluster rather than the significance of the
cluster as a whole, whilst maintaining strict false positive control by using permutation-

based family-wise-error correction.

2.4 Results

2.4.1 Physiology

Group average heart rate (£SD) during the brainstem BOLD scanning was 65 (£11)
beats per minute. An example respiratory trace is given in Figure 2.5. Baseline Pr7CO,
(£SD) was 4.7% (0.7%), with breath holds increasing Pr7COs by 0.8% (40.2%) and
0.6% (£0.2%) with vocalisations. CO5 challenges induced an average increase in Pp7CO,
of 0.9% (£0.1%).

2.4.2 Periaqueductal gray analysis

The results from a small-volume family-wise-error corrected analysis of the PAG revealed
significant (p < 0.05) deactivation in two areas correlating with the breath hold task (Fig-
ure 2.6). One of these deactivation clusters followed the lateral column on the right side
of the PAG (12 voxels), and the second was located in the right caudal dorsolateral PAG
(8 voxels). Uncorrected z scores within the PAG are also presented in Figure 2.6, demon-
strating the deactivations extending to the inferior border of the PAG. Column locations
were defined using tractography results from a recent diffusion tensor imaging study (Ezra
et al., 2015). No significant activations or deactivations were found in the PAG for either

vocalisation or the finger opposition task.

2.4.3 Cortex

We observed significant signal increases bilaterally in the motor cortex, supplementary
motor cortex, middle cingulate and paracingulate cortices, primary sensory cortex, ante-

rior insula and putamen (Figure 2.7). Breath holds also correlated with bilateral BOLD
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Figure 2.5: a) Schematic diagram of the venturi mask used in the breathing system. A: Loose plastic
venturi mask B: Venturi entrainment device (1:1). b) A section of a respiratory trace from one sub-
Jject demonstrating the tidal CO» trace (top) and the tidal volume trace from the bellows (bottom).
The end-tidal COy (PErCO2) trace was formed by interpolating between the end expiration peaks
(dotted line, top trace). The breath hold duration was calculated from the time between the end of
expiration COs trace and the beginning of the subsequent expiration trace, to minimise inclusion of
head movement. The vocalisation duration was calculated from the duration between the beginning
and end of a vocalisation expiration trace.
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P value (corrected)  0.05 =0.0
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Figure 2.6: Periaqueductal gray (PAG) response to breath hold. A. Representation of the location
of the PAG within the brain, three axial slices and the subdivisions of the PAG. B. Localisation of
the functional decreases in BOLD signal within the PAG (p < 0.05; small-volume-corrected for
multiple comparisons using overlaid PAG mask), where the images consist of a colour-rendered
statistical map superimposed on a standard (MNI 1 mm?3) brain. Dashed line represents Z -10
location. C. Uncorrected Z score image of PAG deactivation from whole brain analysis, prior to
masking. Abbreviations: SN, substantia nigra;, RN, red nucleus; SC, superior colliculus; SCP,
superior cerebellar peduncle; ICN, inter-colliculi nucleus; IC, inferior colliculus; vl, ventrolateral
PAG, [, lateral PAG; dl, dorsolateral PAG; dm, dorsomedial PAG; sag, sagittal.
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Figure 2.7: BOLD response to breath holds, vocalisations and finger opposition in 15 subjects,
having accounted for COs-induced vasodilation. The images consist of a colour-rendered statis-
tical map superimposed on a standard (MNI 1 mm?) brain. The bright grey region represents the
coverage of the coronal-oblique functional scan. Significant regions are displayed with a thresh-
old Z > 2.3, with a cluster probability threshold of p < 0.05 (corrected for multiple comparisons).
Abbreviations: M, motor cortex; Caudate, caudate nucleus; SMC, supplementary motor cortex;
Put, putamen; A, auditory cortex; Hip hippocampus; Am, amygdala; thalamic nuclei: VPM ven-
tral posteromedial nucleus; VPL, ventral posterolateral nucleus; MDN, medial dorsal nuclei; a-In,
anterior insula;, m-In, middle insula; p-In, posterior insula; PP, planum polare; STN, subthalamic
nucleus; Red, Red nucleus; STG, superior temporal gyrus, GP, globus pallidus, OP, operculum; S,
post central gyrus (sensory cortex); paraCG, paracingulate gyrus; activation, increase in BOLD
signal; deactivation, decrease in BOLD signal. R (right) and L (left) indicate image orientation.
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Figure 2.8: A. Global BOLD signal change correlating with changes in end tidal carbon dioxide
(PErCO2). The red lines indicate the edges of the the brain, derived from the MNI (1 mm?®) standard
brain. Image on the right is a zoom to show signal changes within the PAG (outlined in red). B.
Statistically significant generalised gray matter signal increases as a result of hypercapnia. PAG
outlined in black on the far right. An end-tidal carbon dioxide (PrrCO2) trace was created by
extrapolating between P g CO4 peaks, and small hypercapnic challenges were administered during
rest periods to dissociate hypercapnic effects from respiratory challenges. The images consist of a
colour-rendered statistical map superimposed on a standard (MNI 1 mm?) brain. Significant regions
are displayed with a threshold Z > 2.3, with a cluster probability threshold of p < 0.05 (corrected
for multiple comparisons).

signal increases in the supramarginal gyrus and caudate nucleus, whilst vocalisations cor-
related with right side supramarginal gyrus activation. Vocalisations were also associated
with thalamic activation bilaterally in the VPL nucleus, Heschls gyrus (primary auditory
cortex) and the planum polare. Conversely, breath holds were associated with right side
BOLD signal increases in the thalamus (posterolateral and ventral posteromedial nuclei),

subthalamic nucleus and red nucleus.

2.4.4 CO; challenges

The hypercapnia challenges and the resultant PzrCO, regressor produced strong BOLD

signal increases throughout the gray matter of the brain. Furthermore, increases in BOLD
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signal correlating to the P CO, regressor were observed within the PAG, localised to the

grey matter and excluding the aqueduct (Figure 2.8).

2.4.5 Finger opposition task

Finger opposition resulted in significant signal increases bilaterally in the motor cortex
(more extensive activation in the contralateral left motor cortex), supplementary motor cor-
tex, middle cingulate and paracingulate cortices, primary sensory cortex, anterior insula
cortex, operculum, caudate nucleus and putamen (Figure 2.9). Bilateral signal increases
were seen in the thalamic VPL nuclei, as well as the left thalamic VPM nucleus. In ad-
dition, activations were observed in the left subthalamic and red nuclei, left pons, right
(ipsilateral) cuneate nucleus of the medulla, and bilateral cerebellum (VI and VIIla lob-

ules).

2.5 Discussion

2.5.1 Main findings

Assuming that the human PAG has a columnar structure similar to that in animals, and cor-
responding with recent human neuroimaging findings (Ezra et al., 2015) (included in Ap-
pendix), we have identified respiratory-related activity that appears to be localised within
the lateral and caudal dorsomedial columns of the PAG. Cortical activity associated with
breath holding was consistent with previous results (Cowie and Holstege, 1992; McKay
et al., 2008; Pattinson et al., 2009a), and highly localised within cortical regions. As ex-
pected, with the control sensory and motor task of finger opposition, BOLD activity was
identified within the ipsilateral cuneate nucleus in the medulla, a sensory nucleus process-

ing fine touch and proprioception, validating our methodology.

2.5.2 PAG and respiratory control

This study has demonstrated differential activity localised within the columns of the PAG
(IPAG and dmPAG), correlating with the respiratory task of a breath hold. In comparison,
no observable differences in any areas of the PAG were found with a respiratory vocali-
sation task, nor with a motor finger opposition task. This study is the first to functionally
localise respiratory activity within the human PAG, with sufficient resolution (1 mm?) to
have confidence in the positions of activations in relation to the current theory of columnar

subdivisions. Using a Gaussian kernel of 2 mm (FWHM) for spatial smoothing, blurring
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2.3 Zscore 3.5

Figure 2.9: Demonstration of the use of finger opposition as a functional localiser in brainstem
FMRI at 3T and at 7T, by imaging activation in the ipsilateral cuneate nucleus of the medulla
(z -54). The 3T data is derived from previously-published results (Pattinson et al., 2009b). This
technique provides confidence in the analysis model and registration accuracy of the current 7 T
study. The images consist of a colour-rendered statistical map superimposed on a standard (MNI 1
mm?) brain. Significant regions are displayed with a threshold Z > 2.3, with a cluster probability
threshold of p < 0.05 (corrected for multiple comparisons). The sagittal image on the right displays
the position of slices, for clarity only displayed from the 7T acquisition. Abbreviations: R, raphe
nuclei; ret, nuclei reticularis; VII, facial nucleus; Amb, nucleus ambiguous, IX, glossopharyngeal
nucleus; NTS, nucleus tractus solitaries; GC, gracile (medial) and cuneate (lateral) nuclei (in blue).
R (right) and L (left) indicate image orientation. Original line drawings adapted from Duvernoy
(Duvernoy, 1995)
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of the BOLD signal changes within the PAG was minimised. The deactivation seen within
the 1PAG, in particular, follows a columnar structure that is consistent with previous work
from animal models.

Whilst there have been previous neuroimaging studies reporting involvement of the
PAG as a whole, the function(s) of the PAG have predominantly been linked to pain, anxi-
ety, bladder and bowel control, and cardiovascular regulation (Linnman et al., 2012). There
have been some implications of PAG involvement in respiratory control (Corfield et al.,
2005; Pattinson et al., 2009b; Topolovec et al., 2004), however this research has been lim-
ited by functional resolution, extensive smoothing, or registration issues that have impeded
group-level analysis, making accurate localisation to the PAG or its subdivisions impossi-
ble. In addition, significant results within the PAG have been found using statistics uncor-
rected for multiple comparisons (Mobbs et al., 2007), and a more recent 7 T study used a
column segmentation of the PAG that is inconsistent with animal literature, and masking
of the cerebral aqueduct to dissociate activity within PAG columns (Satpute et al., 2013).
Therefore, the results of this study demonstrate the potential for 7 T MRI to be used to
investigate the roles of the subdivisions of the PAG within respiratory control using robust
statistical methodology, when careful attention is paid to registration and noise correction
of functional data.

Deactivation within the PAG was localised to the lateral column and caudal section of
the dorsomedial column. This activity during inhibition of ventilation is consistent with
previous respiratory control experiments in animals, where these columns have been asso-
ciated with ventilatory behaviours such as prolonged inspirations and expirations (IPAG),
and slow, deep breathing (dmPAG). Conversely, the vVIPAG and dIPAG have been associ-
ated with more active (dIPAG) and irregular (vIPAG) ventilation in animals (Subramanian
et al., 2008; Subramanian, 2012). Whilst excitation of the vIPAG and IPAG in decerebrate
cats has previously produced vocalisations of mews and hisses (Subramanian et al., 2008),
we did not see activation in any of the PAG columns during vocalisations. It is possible
that the vocalisation pathway within the cortex and brainstem is not consistent from ani-
mals to humans, or possibly that brainstem movement during vocalisations masked these
activations in the current experiment.

Whilst one cannot determine from the BOLD signal whether the deactivations in the
PAG represent either changes in motor drive or incoming sensory information, it has been
established that the lateral PAG receives somatotopically organised spinal sensory afferents
(Craven, 2011; Keay and Bandler, 2001) and could thus be involved in monitoring ventila-
tory feedback from the chest. Conversely, evidence exists for direct descending connections
from the lateral and dorsomedial PAG to the midline medulla (Cowie and Holstege, 1992),
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demonstrating the potential for involvement in descending motor commands to respiratory
centres in the medulla. Ezra et al. (2015) revealed strong connectivity between the lateral
column of the PAG and the primary motor and sensory cortices in humans, which supports
our hypothesis of the potential role of the IPAG in either respiratory sensation or in the
descending motor drive for changes in ventilation. Therefore, it is possible that the IPAG is
involved with monitoring respiratory sensations from the chest as they ascend up to higher
cortical areas of sensation or, together with the dmPAG, in the descending motor drive for
changes in respiration.

The secondary findings of this study were that cortical activations associated with
breath holding at 7 T largely agree with previous breath hold research at 3 T (Feinberg
et al., 2010; McKay et al., 2008; Pattinson et al., 2009a), with a higher degree of local-
isation. It is possible that the cortical results were underestimated, due to slice-timing
differences across the field of view with a 5 second TR. However, despite the possibly con-
servative nature of these results, the cortical consistency displayed with short 10 second
breath holds, and additional deactivation of the IPAG and dmPAG, suggests that these PAG
areas are part of the conscious breathing control network that is invoked during voluntary

cessation of breathing.

2.5.3 Finger opposition task

As well as a control sensorimotor task, the finger tap analysis was used as a robust com-
parison between ultra-high field and lower field fMRI studies, for confidence in analysis
techniques and subsequent interpretation of results. Importantly, we had a firm a priori
hypothesis that localised BOLD signal increase would be seen in the ipsilateral cuneate nu-
cleus of the medulla, which is a sensory nucleus in the fine touch and proprioception path-
way (Craven, 2011). This activation was consistent with previous findings at 3 T (Figure
2.9), and demonstrates the registration accuracy within the brainstem to allow activations
within small nuclei to survive group analysis. Therefore, this medullary activity was used
to validate the registration and modelling in the current study. However, medullary and
pontine activations previously seen with breath holds at 3 T (McKay et al., 2008; Pattinson
et al., 2009b) were only apparent subthreshold in this study, and did not survive multiple
comparison correction, possibly due to the reduction in signal experienced when voxel size

is reduced to 1 mm?.
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2.5.4 Scanning and analysis techniques

While the use of ultra-high field MRI at 7 T permits improved spatial resolution in func-
tional imaging, it is accompanied by a compounding of many of the challenges experienced
with lower resolution imaging. The use of 7 T increases intrinsic voxel signal compared
to 3 T, whilst decreasing the voxel size to 1 mm? reduces this signal, requiring longer scan

3 yoxels re-

acquisitions to amass adequate statistical power. Furthermore, acquiring 1 mm
quires a longer repetition time (TR) compared to larger voxels for the same brain coverage.
To limit the TR to 5 seconds we restricted our field of view to a coronal-oblique slice, to
collect enough time points within the functional scan for adequate temporal SNR. Restrict-
ing the field of view compromises wider brain network analysis, and techniques such as
parallel imaging (Arthurs and Boniface, 2002; Feinberg et al., 2010) may allow broader
brain coverage in future high-resolution studies.

Previous research has shown a widespread decrease in BOLD signal with breath holds,
proposed as a result of vascular effects (Thomason et al., 2005). However, as can be seen
in Figure 2.7, this study found differential activation and deactivation, rather than a global
decrease in BOLD signal correlating with breath holds. There are some key differences in
techniques and analysis methods that may explain the possible discrepancies between the
current study and previous fMRI investigations. Firstly, the breath hold used in the current
study is an end-of-breath hold, which produces a different chest diameter in the scanner
bore, and will result in differences in intrathoracic pressures and physiological noise in the
BO field. Further, Thomason et al. (2005) postulated that the decrease in BOLD signal
resulted from a decrease in intrathoracic pressure and cerebral blood flow (CBF), while
a recent paper by Hayen et al. (2013a) showed that a decrease in intrathoracic pressure
(while maintaining stable end-tidal CO,) actually resulted in a small increase in CBF. Ad-
ditionally, Thomason et al. (2005) did not report any measurements of Pz7-CO-, and thus
the effect of hypercapnia in this study cannot be fully explored. Therefore, while there
are significant challenges in dissociating task-specific fMRI signal from residual vascular
effects of breath holds, we feel the techniques used in the current study have minimised the
influence of this task-related noise.

This novel study of the PAG columns in respiratory control is both encouraging in its
respiratory results, and a useful methodological development for high-resolution imaging
practice. To improve the quality of our data, in the following study (Chapter 3) we chose to
increase our voxel size from 1 to 1.5 mm?, as the intrinsic spatial SNR of 1 mm? voxels may
not be great enough to detect more complicated functional changes such as those involved
in the perception of breathlessness. Increasing the voxel size (whilst remaining centred over
the PAG with a reduced FOV) also allows a shortened TR for increased temporal SNR, and
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aids registration of functional scans with improved alignment of larger voxels. Lastly, we
chose to continue to include the finger opposition task as a functional localiser, as this has

proven extremely useful for confirming both accurate registration and task modelling.

2.6 Conclusions

Imaging the brainstem using 7 T MRI is known to be extremely challenging. However,
with rigorous physiological noise modelling, consideration of different HRF within the
brainstem, and careful attention to distortion minimisation, we have successfully imaged
respiratory-related activity within columns of the PAG. In particular, reductions in the
BOLD signal within the IPAG and dmPAG was associated with short breath holds, consis-
tent with animal research. Therefore, these results indicate that the lateral and dorsomedial
PAG columns are activated as part of the volitional respiratory control network, and are in-
volved with either the motor inhibition or sensation of depressed ventilation, or both. This
study demonstrates that 7 T MRI can successfully be used for functional investigations into
brainstem respiratory nuclei, and that the columns of the PAG may have an important role
within the respiratory control network in humans.

To extend these findings from respiratory control into investigations of breathlessness,
in the following Chapter (Chapter 3) we used an aversive inspiratory resistance stimulus in
place of simple respiratory manoeuvres. Both anticipation of resistance and resistance itself
were of particular interest, as the anticipation of the impending threat of breathlessness
may have differential involvement of the PAG compared to the response of the aversive

respiratory stimulus itself.
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3.1 Abstract

The sensation of life-threatening breathlessness is the most important disabling symptom
of respiratory disease. The periaqueductal gray (PAG) has been suggested to be intricately
involved in integrating the behavioural and respiratory response to threat in animals. Fol-
lowing our findings of the involvement of the columns of the PAG with simple respiratory
control, here we aimed to investigate how the different columns of the PAG are involved
with the perceived threat of breathlessness. In line with animal models, we tested the hy-
pothesis that the ventrolateral PAG is involved in passive anticipation while the lateral PAG
is involved in the active response during an aversive breathing stimulus. Such an under-
standing might reveal potential future targets for (mal)adaptation in respiratory disease.
Eighteen healthy subjects were conditioned to associate three shapes with certain, uncer-
tain or no impending inspiratory resistance in an aversive delay-conditioning paradigm,
and scanned the following day using brainstem optimised functional MRI at 7 T. Our re-
sults showed decreased BOLD signal in the IPAG during resistive loaded breathing, and
during anticipation BOLD signal scaled with resultant breathlessness intensity perception.
Conversely, an increase in BOLD signal was seen in the VIPAG during the anticipation
of resistive loaded breathing, which was reduced with a less well-conditioned anticipation
cue. We propose that IPAG activity is involved with the sensorimotor active response to
breathlessness, while the VIPAG lies within the threat perception network for impending
breathlessness. Our results demonstrate, for the first time in humans, the differential roles

of the subdivisions of the PAG in response to the respiratory threat of breathlessness.
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3.2 Introduction

Continued respiratory function is crucial for sustaining life, and perceived threat to res-
piration can induce an integrated stress reaction and crippling anxiety to its sufferers. A
potentially pivotal nucleus within the breathlessness perception pathway is the midbrain
periaqueductal gray (PAG). The PAG is well situated to play a role in the threat identifica-
tion and integrative response to breathlessness, as it has major cortical inputs from areas
involved with emotional regulation such as medial prefrontal, insula, anterior cingulate cor-
tices and amygdala (Beitz, 1982; Gabbott et al., 2005; Rizvi et al., 1991), and descending
connections to the respiratory nuclei of the medulla (Huang et al., 2000; Sessle et al., 1981;
Hayward et al., 2004). In Chapter 2 we showed that activity associated with respiratory
control can be identified within columns of the human PAG, and these columns have been
proposed to act within active coping strategies for escapable threat (IPAG and dIPAG), or
passive coping strategies to inescapable threat (vVIPAG) in animal models (Keay and Ban-
dler, 2001; Bandler and Shipley, 1994; Bandler et al., 2000). However, the roles of the
different columns in human respiratory threat perception are yet to be investigated.

Clinical populations such as those with chronic obstructive lung disease (COPD), asthma,
heart failure, cancer and panic disorder suffer from debilitating breathlessness. Importantly,
conditioned anticipation of environmental cues associated with breathlessness is integral to
its threat detection and designated response. Misappropriated threat perception during an-
ticipation can cause incapacitating anxiety in its own right, and may exacerbate the resultant
symptoms (Porro et al., 2002; Price et al., 1999; Wager et al., 2004).

Anticipation of threatening sensations relies on cues from the environment. Condition-
ing is a process of learning an association between two unrelated stimuli, such that a previ-
ously neutral stimulus (conditioned stimulus, CS) may evoke anxiety due to learned asso-
ciations with an aversive stimulus (unconditioned stimulus, US) (Pavlov and Anrep, 2003).
Our understanding of anticipation of conditioned threat has been substantially enhanced
by modern neuroimaging techniques, and despite differences in conditioning paradigms, a
consistent network of brain areas has been identified, including the amygdala, insula, and
anterior cingulate cortex (Sehlmeyer et al., 2009). However, despite the proposed integral
role of the PAG in threat perception, the ability to investigate contributions of smaller nuclei
is often limited in neuroimaging by resolution and statistical power, and thus key structures
such as the PAG have not yet been investigated in humans.

The aim of this study was to investigate the roles of the PAG columns during both the
perception of breathlessness and its anticipation. We used an aversive delay-conditioning

paradigm to associate neutral shapes with upcoming resistive loaded breathing. To in-
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vestigate if uncertainty of an aversive breathing stimulus altered the threat response, as
previously reported in pain (Rhudy and Meagher, 2000; Ploghaus et al., 2003), we used
three separate anticipation cues with a CS-US contingency pairing of 100%, 50% and 0%.

3.2.1 Hypotheses

In accordance with animal models, we hypothesised that the vVIPAG would be active during
anticipation of resistance, as threat is detected and passive coping strategies are employed
to manage an upcoming inescapable stressor. Conversely, we hypothesised activity in the
IPAG during inspiratory resistive loading with slowed, deep breathing, corresponding with
results in animals (Subramanian et al., 2008; Subramanian, 2012) and our previous work
in Chapter 2.

3.3 Methods

3.3.1 Subjects

Eighteen healthy, right-handed volunteers (12 males, 6 females; mean age + SD, 28 + 4
years) undertook one training session, followed by one MRI scanning session within 24
hours. Prior to scanning, all subjects were screened for any contraindications to magnetic

resonance imaging at 7 T.

3.3.2 Stimuli and tasks

Subjects were trained using an aversive delay-conditioning paradigm to associate simple
shapes with an aversive inspiratory resistive loading stimulus. Conditioned responses to
cues that depict an upcoming respiratory stressor may motivate avoidance behaviours in
patients who suffer from chronic airways disease (Ley, 1999), and may increase perception
of respiratory stress if unavoidable (De Peuter et al., 2004). Therefore, conditioning a
group of healthy subjects to associate neutral cues with an aversive respiratory stimulus
allows us to create a platform of understanding of the underlying brain networks, from
which we may better understand how patient groups with chronic airways disease deviate
from these norms. Furthermore, this methodology allows us to investigate brain networks
associated with both conditioned response to an upcoming aversive respiratory stimulus
(resistive loading), as well as the response to the stimulus itself.

Conditioning of upcoming inspiratory resistance to neutral cues was conducted in a

separate training session, between 12 and 24 hours prior to the MRI scan. The purpose
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of the conditioning session was for subjects to learn to associate a different symbol (star,
triangle or square; randomised order) to three breathing conditions, and the conditioned
response to these symbols was then investigated by repeating the protocol with fMRI. The

breathing conditions were as follows:

e Certain upcoming inspiratory resistance: symbol presentation always paired with

inspiratory resistance (100% contingency pairing)

e Uncertain upcoming inspiratory resistance: symbol presentation paired with inspira-

tory resistance during 50% of the occasions (50% contingency pairing)

e No upcoming resistance: symbol presentation is never paired with inspiratory resis-

tance (0% contingency pairing)

The certain or uncertain resistance symbol was presented on the screen for 30 s, which
included a 5-15 s anticipation period before the resistance was applied (where applicable).
The symbol depicting no upcoming resistance was presented for 20 s, and each condition
was repeated 10 times in a semi-randomised order (Figure 3.1). A finger opposition task
was also included in the protocol, where an opposition movement was conducted with the
right hand, with the cue TAP presented for 15 s (10 repeats).

Rating scores of breathing difficulty were recorded after every symbol and at the be-
ginning and end of the task, using a visual-analogue scale (VAS) with a sliding bar that the
subjects moved between ‘Not at all difficult’ (0%) and ‘Extremely difficult’ (100%). Sub-
jects were also asked to rate how anxious each of the symbols made them feel using a VAS
between ‘Not at all anxious’ (0%) and ‘Extremely anxious’ (100%) immediately following
the functional protocol. Subjects were asked to record how many hours of physical activity
they typically completed per week, the intensity of the exercise (easy, moderate or intense)

and what types of exercise they performed.

3.3.3 Breathing system

A breathing system was constructed to remotely administer periods of inspiratory resis-
tance during scanning (Figure 3.2). During rest periods, compressed medical air was de-
livered to the breathing system and gas flow was maintained at a rate that was sufficient
to allow free breathing, so that the reservoir bag never collapsed on inspiration. During
inspiratory resistance, delivery of compressed air was stopped, and once the reservoir bag
collapsed, inspiration was through the resistance arm of the circuit inhaling atmospheric air

(see Figure 3.2 for details).
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Figure 3.1: Top: Experimental overview. Bottom: Example four minutes of the BOLD sequence,
repeated throughout the acquisition. The order of the cues was semi-randomised between the finger
opposition and COq stimuli, and the shapes were randomised acrossed subjects.
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To minimise the effect of changing arterial oxygen and carbon dioxide levels upon the
BOLD signal, the following steps were employed: 1) Additional medical oxygen was de-
livered, and the flow rate was manually adjusted to minimise fluctuations in pressure of
end-tidal oxygen (Pz70-), aiming to keep PO, at 18 kPa (very slightly above normal),
and 2) At designated time points during rest periods of the functional scan, CO, challenges
were administered by switching the flow of compressed air for a 10% CO; mixture (10%
COg3; 21% Oo; balance nitrogen) at 20 L/min for periods of 5-10 seconds, aiming to raise
Pr1rCO, an equivalent amount as observed during the resistive loading periods. The sub-
jects nose was blocked using foam earplugs and they were asked to breathe through their

mouth for the duration of the experiment.

3.3.4 Physiological measurements

Physiological measures were recorded continuously during the training session and MRI
scan. Chest movements were measured using respiratory bellows surrounding the chest at
the approximate level of the 10th rib, and heart rate was measured using a pulse oxime-
ter (9500 Multigas Monitor, MR Equipment Corp., NY, USA). PgrCO4 and PO, were
sampled via a port beside the mouth piece of the breathing system. Expired gases were
determined using a rapidly-responding gas analyser (Gas Analyser; ADInstruments Ltd,
Oxford, United Kingdom), and pressure at the mouth was measured using a pressure trans-
ducer (MP 45, 50 cmH20, Validyne Corp., Northridge, CA, USA) connected to an ampli-
fier (Pressure transducer indicator, PK Morgan Ltd, Kent, UK). All physiological devices
were connected to a data acquisition device (Powerlab; ADInstruments Ltd, Oxford, United
Kingdom) coupled to a desktop computer with recording software (Labchart 7; ADInstru-
ments Ltd, Oxford, United Kingdom).

3.3.5 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).
3.3.5.1 Brainstem BOLD scanning

A T2*-weighted, gradient echo EPI was used for functional scanning. To allow high reso-
lution (< 2 mm?) scanning, a reduced field of view (FOV) was used, with a coronal-oblique
slice centred over the brainstem and superior cortical structures. The FOV comprised 36

slices (sequence parameters: TE, 24 ms; TR, 2.11 s; flip angle, 90 deg; voxel size, 1.5 x 1.5
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Figure 3.2: Schematic diagram of breathing system that allows remote administrations of inspira-
tory resistance. Medical air is supplied through a flow meter to the subject, with a reservoir of 2
L. Excess flow and expiration escapes through the one-way expiratory valve, close to the mouth to
minimise re-breathing (inspiratory and expiratory valves: Hans Rudolf, Kansas City, MO, USA).
Resistive loading is induced by stopping the delivery of medical air, and when the reservoir bag
has deflated the subject draws air through the resistor (porous glass disc). Normal breathing is
resumed by resupply of the medical air to the inspiratory arm and reservoir bag. A diving mouth-
piece (Scubapro UK Ltd, Mitcham, UK) connects to a bacterial and viral filter (GVS, Lancashire,
UK), and respiratory gases and respiratory pressure are sampled via polyethylene extension tubing
(Vygon SA, Ecouen, France). One sampling line leads to a pressure transducer (MP 45, 50 cmH20,
Validyne Corp., Northridge, CA, USA) connected to an amplifier (Pressure transducer indicator,
PK Morgan Ltd, Kent, UK), and a second sampling line to a gas analyser that samples oxygen and
CO2 (Gas Analyser; ADInstruments Ltd, Oxford, United Kingdom). A hyperoxic state was achieved
through a constant administration of oxygen at a rate of 0.5 L/min. Small carbon dioxide challenges
(10% CO> at 20 L/min mixed with medical air at 20+ L/min, raising Py COq to match inspiratory
resistance PprCO> fluctuations) were administered periodically throughout scanning.
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x 1.5 mm; field of view, 192 mm; GRAPPA factor, 3; echo spacing, 1 ms; slice acquisition

order, ascending), with 835 volumes (scan duration, 29 mins 40 s).

3.3.5.2 Structural scanning

A T1-weighted structural scan (MPRAGE, sequence parameters: TE, 2.96 ms; TR, 2200
ms; flip angle, 7°; voxel size, 0.7 x 0.7 x 0.7 mm; field of view, 224 mm; inversion time,
1050 ms; bandwidth; 240 Hz/Px) was acquired. This scan was used for registration of

functional images.

3.3.5.3 Additional scanning

A single volume whole brain EPI was also acquired, with matched sequence parameters
to the functional scan and extended slices, to assist with registration. Fieldmap scans (se-
quence parameters: TE1, 4.08 ms; TE2, 5.1 ms; TR, 620 ms; flip angle, 39°; voxel size, 2

x 2 x 2 mm) of the BO field were also acquired to assist distortion-correction.

3.3.6 Analysis
3.3.6.1 Preprocessing

Image preprocessing was performed using the Oxford Centre for Functional Magnetic Res-
onance Imaging of the Brain Software Library (FMRIB, Oxford, UK; FSL version 5.0.8;
http://www.fmrib.ox.ac.uk/fsl/). The following processing methods were used prior to sta-
tistical analysis: motion correction and motion parameter recording (MCFLIRT (Jenkin-
son et al., 2002)), removal of the non-brain structures (skull and surrounding tissue) (BET
(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 fit-
ting; 120 s). BO field unwarping was conducted with a combination of FUGUE and BBR
(Boundary-Based-Registration; part of FEAT: FMRI Expert Analysis Tool, version 6.0
(Greve and Fischl, 2009)).

Data demonising was conducted using a combinations of independent components anal-
ysis (ICA) and retrospective image correction (RETROICOR). ICA can be used to decom-
pose fMRI data into different spatial and temporal components. Noise components can
then be identified and removed from the 4D fMRI data. FSL’s MELODIC (Multivariate
Exploratory Linear Optimised Decomposition into Independent Components) was used to

decompose data, prior to manual classification and removal of movement, cerebral spinal
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fluid (CSF) and scanner artifact noise components. Classification of noise was based on
spatial location of signal and signal frequency (Griffanti et al., 2014).

The cardiac and respiratory processes that were recorded (along with scanner triggers)
allowed determination of cardiac and respiratory phase with each acquired slice in the
imaged volume, and subsequent denoising using RETROICOR. This assigned phase is then
entered into a low-order Fourier expansion (Brooks et al., 2008; Glover et al., 2000; Harvey
et al., 2008) to derive time course regressors (3 cardiac, 4 respiratory and 1 interaction
regressor) that explain potential signal changes associated with cardiac and respiratory (or
interacting) processes. This process is automated using FEATs PNM (Physiological Noise
Modelling) tool (Glover et al., 2000).

To ensure noise was not reintroduced through the combination of ICA denoising and
RETROICOR, the following process was followed:

1. ICA DENOISING

ICA decomposition of raw fMRI data using MELODIC

Manual noise classification and removal of noise components (ICA noise) from raw
fMRI (Salimi-Khorshidi et al., 2014; Griffanti et al., 2014) = FIXed data

2. PNM REGRESSION

e PNM time course regressors created from physiological recordings

Calculation of signal associated with PNM noise:

— PNM regression of FIXed data using FEAT
— Residual 4D fMRI data following PNM regression = PNM residuals

— Calculation of signal identified by PNM regressors: Subtraction of PNM resid-
uals from FIXed data = PNM signal

3. COMBINING ICA DENOISING AND PNM REGRESSION

e Remove overlap between FIX noise and PNM signal: Run PNM signal through
FIX cleanup (FIX (Salimi-Khorshidi et al., 2014; Griffanti et al., 2014)) using FIX
noise = FIXed PNM signals

e Remove FIXed PNM signals from FIXed data = clean fMRI data
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3.3.6.2 Image registration

Careful attention was paid to image registration accuracy for group statistics in small brain-
stem nuclei to be possible. After preprocessing, the functional scans were registered to
the MNI152 (1 mm?) standard space (average T1 brain image constructed from 152 nor-
mal subjects at the Montreal Neurological Institute (MNI), Montreal, QC, Canada) using a

three-step process.

e Linear registration (FLIRT) with 6 DOF was used to align the partial FOV scan to
the whole-brain EPI image (Jenkinson et al., 2002).

e Registration of subjects whole-brain EPI to T1 structural image was conducted us-
ing BBR (6 DOF) with (nonlinear) fieldmap distortion-correction (Greve and Fischl,
2009).

e Registration of the subjects T1 structural scan to 1 mm standard space was performed
using an affine transformation followed by nonlinear registration (FNIRT) (Anders-
son et al., 2007).

3.3.6.3 Voxelwise and group analysis

Voxelwise analysis incorporated HRF modelling using three FLOBS regressors (as de-
scribed in Chapter 2), and the first level model is demonstrated in Figure 3.3. The first of
each of the three FLOBS regressors from the voxelwise statistical analysis was extended
to a group level, in a mixed-effects analysis using FLAME (FMRIBs Local Analysis of
Mixed Effects) (Woolrich et al., 2004a). PzCO, was included as an additional regressor,
de-correlating the CO, induced BOLD changes from the respiratory stimuli throughout
the functional scan. This trace was formed by linearly interpolating between the expired
CO, peaks. We included packyears (cigarettes per day x number of years) as a confound
regressor to account for any minimal subject history of smoking. Z statistic images were
thresholded using clusters determined by Z > 2.3 and a (corrected) cluster significance
threshold of p < 0.05. Univariate analysis of the group mean was performed, and anxiety
ratings were used as a covariate of interest in a whole-brain linear regression. Small-volume
masks of the VIPAG and 1PAG (adapted from diffusion-based segmentation of the human
PAG (Ezra et al., 2015)) and a mask of the whole PAG were used to investigate a-prior
areas of interest, using standard cluster thresholding (Z > 2.3). A further higher level co-
variate analysis was performed, which included additional resistance and anxiety scores as

demeaned regressors in the higher level analysis, where the average resistance score across

55



CHAPTER 3. PAG IN BREATHLESSNESS

trials was calculated for each subject, and the anxiety score was taken as the anxiety of
certain resistance (demonstrated in Figure 3.4).

3.3.6.4 Conditioned anticipation contrasts

It is common practice within the learning literature to contrast the conditioned cue that is
paired with the stimulus (CS+) with a cue that is unpaired with the stimulus (CS-) (Biichel
et al., 1998; Gottfried et al., 2002; Gottfried and Dolan, 2004; LaBar et al., 1998), which
in the current study would be the certain (or uncertain) anticipation of resistance and the
anticipation of no resistance, respectively. However, this contrast is not feasible beyond
targeted PAG column analysis in the current study, as the length of the inspiratory resistance
stimulus required to amass statistical power limits the number of possible repeats of each
condition. Therefore, beyond the targeted analysis of the VIPAG during certain anticipation
of resistance greater than anticipation of no resistance, the anticipation conditions have
been analysed against baseline. However, the inclusion of three anticipatory cue conditions
does allow greater decorrelation of the general cue response to each anticipation condition
in the model.

3.4 Results

3.4.1 Behavioural scores

Mean anxiety and intensity scores for conditioned responses to the respiratory tasks are
given in Table 3.1. Anxiety values were recorded immediately following the functional
protocol in the scanning sessions, and intensity values recorded following each respiratory
stimulus throughout the functional scan. Anxiety scores were significantly higher for the
certain anticipation cue compared to the uncertain cue, and subsequent resistance was rated
at a greater intensity following the certain cue.

Table 3.1: Mean (+sd) anxiety and intensity ratings to the conditioned respiratory tasks. *Sig-

nificantly (p < 0.05) different from no impending resistance condition; **Significantly (p < 0.05)
different from no impending resistance and uncertain impending resistance

No resistance Uncertain resistance Certain resistance
Anxiety (%) 43(5.1) 36.7 (22.3)* 48 (26.7)**
Intensity (%) 4.7 (3.1) 55.5 (20.9)* 62.9 (21.5)**
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Figure 3.3: General linear model used in each single subject lower level analysis within FEAT. The
FLOBS function creates three EVs for each regressor. The ‘resistance’ onset and duration were
calculated from the recorded inspiratory pressure physiological traces, while the anticipation du-
rations were calculated from the onset of the stimulus to the beginning of the resistance. For the
‘uncertain anticipation’ trials where the resistance was not applied, the anticipation duration was
calculated from the onset of the stimulus to the maximum anticipation duration for each subject. The
remainder of the presentation of the uncertain anticipation cue was modelled in a separate regres-
sor (‘no resistance’). The ‘PprCOs’ trace was included to de-correlate the COs induced BOLD
changes from the respiratory stimuli throughout the functional scan, and was formed by linearly
interpolating between the expired CO4 peaks. Anticipation of no resistance (‘no anticipation’) and
‘finger opposition’ onset and duration represented the presentation of the corresponding stimuli on
the screen, and ‘relief from resistance’ was modelled as the rest periods immediately following each
resistance application, prior to ratings (4 s duration). The ‘act of rating’ regressor was included
to remove noise from the physical act of pressing the button box, and spanned each of the rating
periods. Finally, ‘demeaned ratings’ matched the ‘resistance’ regressor for timings, and the inten-
sity of the regressor was the demeaned intensity value assigned to each of the inspiratory resistance
blocks. Contrasts consisted of mean values of the first EV of each set of three regressors.
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Figure 3.4: General linear model used in the group higher level analysis within FEAT. For each
lower level contrast, positive and negative contrasts were calculated for the group mean (‘mean’),
plus covariates of the average intensity ( ‘average intensity’; calculated from lower level intensity
ratings for each subject) and anxiety of certain upcoming resistance (‘certain anxiety’). A pack
years covariate of no interest was also included to account for any small history of smoking in each
of the subjects (‘pack years’). An initial model of the first two regressors (‘mean’ and ‘pack years’)
only was also conducted to maximise statistical power in the PAG.
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Table 3.2: Mean (£sd) physiological variables across conditioned respiratory tasks. *Significantly
(p < 0.05) different from no impending resistance condition. Abbreviations: PgrCQs, pressure of
end-tidal carbon dioxide; PgrO2, pressure of end-tidal oxygen; RVT, respiratory volume per unit
time; bpm, breaths per minute. Pressure values are calculated as the average mouth pressure across

all ventilatory cycles.

Anticipation Resistance
None Uncertain Certain On

Average mouth pressure (cmH>0) | -0.14 (0.11) -0.17 (0.12) -0.18 (0.24) | -5.80 (3.64)*
Peak mouth pressure (cmH>0) - - - -14.7 (8.3)
PrrCO, (%) 441 (0.71) 4.410.67) 4.32(0.68)* | 4.46 (0.67)
PrrOs (%) 18.1 (1.0) 18.1 (1.0) 18.3 (1.1)* 18.5 (1.0)*
Respiratory rate (bpm) 12.8 (3.7) 12.5 (3.8) 12.4 (3.6) 11.2 (4.6)

RVT (%) -4.4 (7.4) 7.8 (19.6)* 11.0 (23.0)* | -16.1 (21.6)*

3.4.2 Physiology

Group average heart rate (£sd) during the brainstem BOLD scanning was 68 (£9) beats per
minute. Ventilatory variables during each of the respiratory conditions are given in Table
3.2. While PgrO- did rise marginally during inspiratory resistance and anticipation of
resistance, the effect on global BOLD signal is approximately 70 times less than the effect
of Pg7rO4 (Prisman et al., 2008), and would underestimate the effect size in a conservative

manner that will not inflate the rate of false positives.

3.4.3 PAG analysis

The results of the targeted PAG subdivision analyses revealed significant increased BOLD
activity in the vIPAG during the contrast of certain anticipation of resistance above an-
ticipation of no resistance, and decreased BOLD in the IPAG during inspiratory resistance
(Figure 3.5). A further exploratory analysis of the whole PAG showed that these activations
were isolated to the vIPAG and IPAG in these conditions, although certain anticipation of
resistance was now analysed against baseline for adequate statistical power (Figure 3.6).
Furthermore, activity in the IPAG during certain anticipation of resistance was found to
scale with intensity ratings across subjects (Figure 3.9). No areas of the PAG or cortex
significantly scaled with intensity or anxiety ratings during inspiratory loading.

When comparing uncertain and certain anticipation of breathlessness, no significant

difference was found in the PAG between the two conditions. However, during uncertain
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anticipation of resistance, subthreshold PAG activity (p = 0.11) was identified in the same
area of the right vVIPAG as the significant cluster found with certain anticipation of resis-
tance (Figure 3.7). Activity in neither the vIPAG, nor the IPAG scaled with anxiety across

subjects.

ANTICIPATION: vIPAG RESISITANCE: IPAG

z-13 Z -8
P value (corrected) (.05 rmmmmm 0.0 P value (corrected)  0.05 = 0.0

Figure 3.5: Left: Schematic representation of the columns of the midbrain periaqueductal gray
(PAG), which almost surrounds the aqueduct. Middle: Ventrolateral PAG (vIPAG) activation during
anticipation of resistance (certain anticipation > anticipation of no resistance; middle). Right: Lat-
eral PAG (IPAG) deactivation during inspiratory resistance. Statistics are small-volume-corrected
for multiple comparisons using highlighted PAG column masks, adapted from Ezra et al. (2015),
and the images consist of a colour-rendered statistical map superimposed on a standard (MNI 1
mm?) brain.

3.4.4 Cortical and subcortical respiratory results

We observed significant BOLD signal increases bilaterally in the motor cortex, supple-
mentary motor cortex, primary sensory cortex, middle and posterior cingulate cortices,
operculum, medulla and middle insular cortex, and decreased BOLD signal in the bilateral
hippocampus and IX cerebellar lobe, for both certain and uncertain anticipation against
baseline, and during inspiratory resistance (Figure 3.8). Inspiratory resistance also corre-
lated with activations in the bilateral putamen, caudate, ventral posterior lateral nucleus of
the thalamus (VPL) and subthalamic nucleus, and deactivations in the bilateral amygdala,
IPAG and posterior nuclei of the thalamus. Additionally, both certain and uncertain antici-
pation correlated with deactivations in bilateral posterior insula. No significant cortical or

subcortical differences were seen between certain and uncertain anticipation.
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sagittal X -2

RESISITANCE P value (corrected)  0.05 = 0.0
sagittal X 4

ANTICIPATION P value (corrected) 0.05 = 0.0

Figure 3.6: Periaqueductal gray (PAG) activation. Left: 3D representation of the PAG activations
on the right. Right, top row: Deactivation during inspiratory resistance in bilateral IPAG (p =
0.007). Bottom row: Activation in the vVIPAG during anticipation of certain resistance against base-
line (p = 0.021). Statistics are small-volume-corrected for multiple comparisons using highlighted
PAG mask, and the images consist of a colour-rendered statistical map superimposed on a standard
(MNI 1 mm?) brain. Dashed line represents Z location.

3.4.5 Finger opposition

Finger opposition resulted in consistent significant signal increases in both the brainstem
and cortex with results from Chapter 2 and previous research (Pattinson et al., 2009b)
(Figure 3.10), including bilateral activation in the motor cortex (more extensive activation
in the contralateral left motor cortex), supplementary motor cortex, middle cingulate and
paracingulate cortices, primary sensory cortex, anterior insula cortex, operculum, caudate
nucleus and putamen (Figure 3.8). Bilateral signal increases were seen in the thalamic VPL
nuclei, as well as the left thalamic ventral posterior medial (VPM) nucleus. In addition,
activations were observed in the left subthalamic and red nuclei, right (ipsilateral) cuneate

nucleus of the medulla, and bilateral cerebellum (VI and VIIlIa lobules).

3.4.6 Breathlessness anxiety and exercise

While the effect of exercise was not investigated within brain networks of breathlessness
in this study (due to limited statistical power and restricted field of view), a correlation was
conducted between the anxiety scores for certain impending resistance and exercise expo-
sure (number of hours of exercise per week x intensity; where 1 = easy, 2 = moderate, 3

= intense). A significantly negative correlation (R = -0.59; p = 0.009) was found between
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sagittal X 4
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B) certain P value (corrected) 0.15 mmmmm 0.0

Figure 3.7: vIPAG activations during uncertain (A) and certain (B) anticipation of impending
breathlessness. Uncertain anticipation produces subthreshold vIPAG activation in a consistent area
to the certain condition. PAG mask displayed by light grey region. Images consist of a colour-
rendered statistical map superimposed on a standard (MNI 1 mm?) brain. Dashed line represents Z
location.

these two variables (Figure 3.11).

3.5 Discussion

3.5.1 Main findings

In this Chapter we identified differential activity in the lateral and ventrolateral columns
of the PAG during different respiratory tasks. We found decreased BOLD activity in the
IPAG (bilateral) during an inspiratory resistance, and activity in this area during cued antic-
ipation scaled with ratings of resistance intensity. Additionally, activity in the right vVIPAG
was identified during the cued anticipation of inspiratory resistance, with certain antici-
pation associated with significant increases in BOLD signal, while uncertain anticipation
activity remained subthreshold. This reduced vIPAG activity during uncertain anticipation
was paired with decreased anxiety ratings and intensity scores of the following stimulus,
indicating a reduction in the conditioned threat response to a 50% (uncertain) predictive

cue, compared to the 100% predictive cue (certain).
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INSPIRATORY CERTAIN UNCERTAIN FINGER
RESISTANCE ANTICIPATION ANTICIPATION OPPOSITION

activation 2.3 MMM 4 Zscore 2.3 M 4 deactivation

Figure 3.8: Mean cortical activations and deactivations identified during inspiratory resistance,
certain anticipation, uncertain anticipation and finger opposition. The images consist of a colour-
rendered statistical map superimposed on a standard (MNI 1 mm?) brain. The bright grey region
represents the coverage of the coronal-oblique functional scan. Significant regions are displayed
with a threshold Z > 2.3, with a cluster probability threshold of p < 0.05 (corrected for multiple
comparisons). Abbreviations: VPL, ventral posterior lateral nucleus (thalamus); M1, primary mo-
tor cortex; S1, primary sensory cortex; CN, caudate nucleus; Put, putamen; Hipp, hippocampus;
STN, subthalamic nucleus; PCC, posterior cingulate cortex; MCC, middle cingulate cortex; p-In,
posterior insular;, m-In, middle insular;, OP, operculum; SMC, supplementary motor cortex; PCG,
paracingulate gyrus; PN, posterior nuclei of the thalamus; PAG, periaqueductal gray; M, solitary
nucleus of the medulla; Cu, cuneate nucleus (medulla); I-1V, I-1V cerebellar lobe; IX, IX cerebellar
lobe.
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Figure 3.9: Correlations during certain anticipation with intensity and anxiety scores. Right: Pos-
itive correlation in the IPAG with intensity ratings (green uncorrected Z score, red/yellow TFCE-
corrected for IPAG activity, PAG displayed in light grey). Left, top: Cortical correlations with
average intensity score. Left, bottom: Cortical correlations with anxiety score for certain anticipa-
tion. Images consist of a colour-rendered statistical map superimposed on a standard (MNI 1 mm3)
brain.
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Figure 3.10: Demonstration of the use of finger opposition as a functional localiser in brainstem
FMRI at 7 T, imaging activation in the ipsilateral cuneate nucleus of the medulla (z -54). The
7 T 1 mm?® voxel data is derived from Chapter 2 (14 repeats of 15 sec finger opposition, 1 mm>
voxels and TR = 5 sec) vs. the current 7 T study (10 repeats of 15 sec finger opposition, 1.5
mm? voxels and TR = 3.11 sec). This technique provides confidence in the analysis model and
registration accuracy. The images consist of a colour-rendered statistical map superimposed on a
standard (MNI 1 mm?) brain. Significant regions are displayed with a threshold Z > 2.3, with a
cluster probability threshold of p < 0.05 (corrected for multiple comparisons). The sagittal image
on the right displays the position of slices, for clarity only displayed from the 7 T 1 mm?> acquisition.
Abbreviations: R, raphe nuclei; ret, nuclei reticularis; VII, facial nucleus; Amb, nucleus ambiguous;
IX, glossopharyngeal nucleus; NTS, nucleus tractus solitaries; GC, gracile (medial) and cuneate
(lateral) nuclei (in blue). R (right) and L (left) indicate image orientation. Original line drawings
adapted from Duvernoy (Duvernoy, 1995).
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Figure 3.11: Plot of anxiety scores for certain impending resistance against exercise exposure score
(number of hours of exercise per week x intensity; where 1 = easy, 2 = moderate, 3 = intense).
Black lines represent regression line and 95% confidence intervals.

3.5.2 PAG and threat

Significantly, recent work using diffusion tractography has revealed consistent columnar
structure to animal models within the human PAG (Ezra et al., 2015). During response
to threat, functional organisation of these animal PAG columns has been hypothesised to
consist of active and passive coping strategies (Keay and Bandler, 2001; Bandler and Ship-
ley, 1994; Bandler et al., 2000). The IPAG and dIPAG are thought to employ active coping
strategies for escapable stressors, consistent with the tachypnea observed in animals on
stimulation of these columns (Subramanian et al., 2008), while the vVIPAG employs passive
coping strategies for inescapable stressors (VIPAG) such as that seen with a range of phys-
ical stimuli (Keay and Bandler, 2001). In the current investigation of the threat response
to breathlessness, the aversive resisted breathing stimulus was an upcoming inescapable
stressor, activating the VIPAG, while during the active stimulus response we observed IPAG
activity. These results are the first in humans to adhere to the current models of distinctive
threat perception of the animal PAG columns. While one recent study has also used 7 Tesla
functional MRI to identify highly localised activity in areas of the PAG during exposure to
aversive images in humans (Satpute et al., 2013), this study did not adhere to the colum-

nar model of the PAG, nor consider the characteristic functions of these columns within
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threat perception. We will now discuss each of the activated PAG columns and their po-
tential role in the specific threat response to an aversive breathing stimulus as a model of

breathlessness.

3.5.3 IPAG in conditioned breathlessness

The decrease in BOLD signal in the IPAG during an inspiratory resistance is consistent
with our previous PAG findings. In Chapter 2 we identified decreased BOLD signal in
the IPAG during the respiratory challenge of breath holds, and animal models have pro-
posed the IPAG may play a role in respiratory behaviours such as prolonged inspirations
and expirations (Subramanian et al., 2008). It is possible that the IPAG is an integral nu-
cleus within the somatomotor pathways of respiratory control, and anatomical evidence
exists to support this hypothesis. The IPAG has been reported to receive somatotopically
organised spinal sensory afferents (Craven, 2011; Keay and Bandler, 2001), which could
provide sensory information from the chest, and it propagates direct efferent connections
to the midline medulla for possible descending respiratory motor commands. Additionally,
human diffusion imaging has suggested preferential connectivity between somatomotor re-
gions and the IPAG, compared to the vIPAG (Ezra et al., 2015). Our findings of activity in
the IPAG whilst producing elevated inspiratory pressure supports the idea that this column
of the PAG is involved in altered respiratory work, although whether this is in a motor or
sensory capacity (or both) is currently unknown.

Interestingly, activity in the IPAG during anticipation was found to scale with perceived
stimulus intensity across subjects. Anticipation of a stimulus allows system preparation
and response selection, and activity in the IPAG that scales with the perceived intensity of
the forthcoming stimulus indicates a possible top-down control during preparation for in-
spiratory resistance. The cortical structures that scaled alongside the IPAG with perceived
intensity included the premotor cortex and hippocampus, which may indicate increased
motor preparatory activity (Grafton et al., 1998; Rizzolatti et al., 2002) and greater work-
ing memory of the stimulus between the hippocampus and prefrontal cortex (Laroche et al.,
2000). Conversely, IPAG activity during anticipation did not correlate with anxiety scores.
This indicates that IPAG activity is less likely to be involved in the emotional component
of resistance anticipation, whereas activity in structures such as the middle insula, which
is known to be involved in self-awareness (Critchley et al., 2004; Gray et al., 2007), are
coupled with anxiety ratings. Future work towards understanding whether the role of the
IPAG is causative within this breathlessness intensity network may be integral to pinpoint-

ing perceptual disruptions in chronic sufferers of breathlessness.
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3.5.4 vVvIPAG in conditioned breathlessness

The increase in BOLD signal identified in the vIPAG implies a role of the VIPAG in the
conditioned response to the anticipation of breathlessness. Anticipation of resistance also
activated a cortical network of motor, sensory and interoceptive areas, indicating the po-
tential position of the vIPAG within a threat detection and preparatory network stimulated
by a conditioned breathlessness cue. Additionally, although prefrontal cortical areas were
not imaged in this study, human connectivity research suggests the vIPAG receives the pre-
dominant proportion of the input from the prefrontal cortex (Ezra et al., 2015), and animal
models report direct connections between the posterior orbital frontal and anterior insula
cortices to the VIPAG (An et al., 1998). Therefore, it is possible that communication be-
tween the VIPAG and areas of executive function, interoception and motor preparation are
vital to the threat detection and response selection that occur during the cued anticipation
of breathlessness. While this study has made inroads into functionally differentiating the
columns of the PAG at high resolution, in Chapter 5 we explore how these columns func-
tion and communicate with the wider cortex to more fully understand their roles within the
integrative breathlessness network.

Interestingly, there did not appear to be any significant differences (both within the
vIPAG and superior cortical network) between uncertain and certain anticipation of resis-
tance, but rather subthreshold vIPAG activity with uncertain anticipation. Furthermore,
the reduction in VIPAG activity was paralleled by reduced anxiety and intensity scores in
uncertain anticipation, indicating a smaller conditioned response was elicited by this cue.
This supports the idea that the vIPAG is involved within the threat perception network
for breathlessness, and the magnitude of this activity reflects greater conditioning and in-
creased anticipatory preparation. Interestingly, it does not appear that uncertainty drives
hypersensitivity and resultant increased anxiety or rating scores (Table 3.1), differing from
previous research in pain (Ploghaus et al., 2003; Rhudy and Meagher, 2000). However,
previous pain research has often used no anticipation cue to generate an uncertain stimulus

response, which differs to our current approach of a less-predictive conditioned stimulus.

3.5.5 Breathlessness anxiety and exercise

Although not the primary focus of this study, anxiety scores for certain upcoming resistance
were found to significantly negatively correlate with the subjects’ regular exposure to ex-
ercise. This appears to align with the results from pulmonary rehabilitation studies, where
treatment with exercise for those suffering COPD reduces breathlessness anxiety, possi-

bly through desensitisation and/or reduction of the threat value of respiratory sensations
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(Carrieri-Kohlman et al., 2001, 1996). The limited statistical power and restricted field of
view in this study did not allow us to explore the brain mechanisms that may be modulat-
ing this change in anxiety, and the possible role of the PAG in these changes. Therefore, a
primary aim of the final study of this Thesis is to investigate both the underlying physio-
logical and psychological changes to ventilation and breathlessness with exercise, and the

associated brain mechanisms (Chapters 4 and 5).

3.6 Conclusions

The results of this study suggest that the columns of the PAG may be differentially involved
in the perception of breathlessness. This study corroborates with recent findings that the
IPAG may be involved with the sensorimotor aspect of breathing control during the active
response to breathlessness (Chapter 2), and top-down anticipatory activity may influence
intensity perception of breathlessness. Conversely, the VIPAG appears to be only activated
during anticipation of breathlessness, with decreased anticipatory cue conditioning result-
ing in reduced vIPAG activity. We propose that the vIPAG is involved with the learned
anticipatory threat detection of a breathlessness stimulus, corroborating with the proposed
model of the VIPAG in the passive threat response to an inescapable stressor.

Having thus far directed our investigation primarily at the columns of the PAG dur-
ing respiratory control and breathlessness, from here we now need to investigate how this
fits within the wider cortical network of breathlessness. This involves examining the co-
activation of the PAG columns with the full cortex and sub-cortex, and the connectivity of
the columns to these structures. Furthermore, previous research informs us that exercise
treatment in COPD can decrease breathlessness perception. Therefore, we can begin to
investigate the possible mechanisms of action of exercise within the PAG columns by ex-
amining any differences present in a group of individuals who regularly undergo exercise
training (endurance athletes). These questions will be address in the final study of this

Thesis, which is presented in Chapters 4 and 5.
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Chapter 4

Exercise and the physiology and
psychology of breathlessness
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4.1 Abstract

Exercise can evoke sensations of breathlessness, either at prolonged high exercising inten-
sities in healthy individuals, or at reduced exercise intensities when respiratory capacity
is impeded in disease. Breathlessness is a frightening sensation that may impair exercise
capacity, from healthy athletes through to sufferers of respiratory disease. While exercise
training is used to evoke physiological system adaptations to improve health and perfor-
mance, the effect of this training on our perceptions of physiological sensations is rarely
considered. Therefore, in this Chapter we examined the effect of exercise training on the
physiology and psychology of breathlessness, comparing a group of 20 endurance athletes
and 20 age and sex-matched sedentary controls, before exploring any related differences
in brain networks of breathlessness in Chapter 5. Subjects completed baseline spirome-
try and anxiety questionnaires, and both an incremental exercise test to exhaustion and a
steady-state hypercapnic hyperventilatory challenge, with concurrent measures of breath-
lessness and breathing anxiety. While we found no evidence of de-sensitisation to respi-
ratory sensations and breathlessness in athletes, we observed that athletes appear to have
improved accuracy in the perception of their ventilation. Furthermore, athletes reported
greater breathlessness anxiety at maximal exercise, possibly due to the increased homeo-
static signalling caused by operating at high proportions of their maximal ventilatory ca-
pacity. Therefore, the results of this study can help us understand some of the contributing
physiological factors to breathlessness perceptions, and how repeated exposure to breath-
lessness may improve ventilatory awareness in both athletes and patients with respiratory

disease.

72



CHAPTER 4. EXERCISE AND BREATHLESSNESS

4.2 Introduction

In this Thesis we have thus far investigated the differential roles of the PAG columns in res-
piratory control and breathlessness. To further this investigation, we now need to explore
how the PAG columns contribute within the wider cortical network of breathlessness, and
how these brain networks might be altered to change perceptions of breathlessness. Our
previous results in Chapter 3 indicated that exercise exposure is inversely proportional to
breathlessness anxiety. Therefore, in this Chapter we first conduct a thorough investiga-
tion into the physiology and psychology of any exercise-induced changes in breathlessness
perception, before we are able to understand corresponding changes in brain networks of
breathlessness presented in Chapter 5.

Breathlessness is the sensation of not getting enough air, and can be induced when res-
piratory needs are perceived to outstrip current ventilation. Breathlessness can be induced
in health or disease; in health either by increasing ventilatory needs through maximal ex-
ercise, or exercising in an environment with reduced atmospheric pressure (such as at high
altitudes), or in disease when ability to ventilate is impaired. While ventilatory control
during exercise is studied as a key component of exercise performance (Turner et al., 1997,
Mahler et al., 1982; Martin et al., 1978; Schoene et al., 1984), the perception of ventilatory
signals and breathlessness has received little attention. However, as exercise intensity can
be consciously modulated based on perceived exertion and anxiety induced by sensations
such as breathlessness, this may be a key component in the limitations of athletic perfor-
mance. Furthermore, understanding how exercise induces adaptations in breathlessness
perception may lead to more targeted training for improved performance, and enlighten us
as to how exercise may be used to help the suffers of breathlessness associated with chronic
respiratory disease.

Ventilation during exercise is tightly controlled. A balance of neurally-modulated initial
increases in ventilation and peripheral feedback stimulate increased ventilation that corre-
sponds with exercise intensity (Waldrop et al., 1996; Kaufman and Forster, 1996). The
increased CO. production with increasing exercise effort is a subtle form of hypercapnia
(elevated COs), which is intricately linked to the multidimensional sensation of breathless-
ness. Hypercapnia drives the sensation often labelled as ‘air hunger’ within breathlessness
(Banzett et al., 1996), and together with the top-down neural drive to breathe results in a
cascade of information up to emotional limbic and sensory areas of breathlessness percep-
tion in the brain (Liotti et al., 2001). The linear relationship between exercise intensity and
arterial CO, continues until a point labelled the ‘anaerobic threshold’, where ventilation

increases disproportionately to exercise intensity. Deviation from this linear trend is cur-
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rently understood to be due to the additional involvement of anaerobic metabolism, with
the added respiratory drive allowing buffering of the produced lactic acid by HCO3 ions,
resulting in the expulsion of CO, (Stegmann et al., 1981). This capacity to ‘over-ventilate’
beyond our metabolic needs also maintains blood-oxygen saturation (for exercising at sea
level) during even maximal exercise in the majority of individuals, and thus ventilation
itself has typically not been considered a limiting factor to exercise performance (McAr-
dle et al., 2006; Bassett and Howley, 2000). However, the modulating influence of the
perception of breathlessness during this ventilatory response at sub-maximal and maximal
exercise intensities has not yet been considered.

Breathlessness can be induced with even low intensities of exercise when respiratory
capacity is impaired, such as in chronic obstructive pulmonary disease (COPD), asthma,
cardiovascular and neuromuscular diseases, cancer or panic disorder. In COPD, breath-
lessness is considered the most debilitating symptom of the disease. Patients with COPD
have increased work of breathing due to their obstruction, reduced maximal lung capacities
and maximal ventilation, and as a result are repeatedly exposed to breathlessness with min-
imal exercising exertions as a result of their disease. Despite the root of this disease lying
within the lungs, perception of breathlessness is not directly related to lung (dys)function
and is actually a better predictor of disease mortality (Celli et al., 2004). The discrepancies
between breathlessness severity and objective measures of lung function may be explained
by abnormal brain processing of respiratory sensations.

Currently, the most effective treatment for breathlessness in COPD is pulmonary re-
habilitation, involving 6 weeks of exercise training and education. Despite no changes
in lung function, breathlessness and its associated anxiety are reduced as a result of this
treatment (Carrieri-Kohlman et al., 2001, 1996), and the pre-treatment magnitude of symp-
tom perception predicts treatment success (Janssens et al., 2011b). So how does exercise
treatment change the misappropriated respiratory sensations? Does exercise reduce the in-
tensity and ‘de-sensitise’ patients to respiratory sensations? Or does repeated exposure to
‘safe’ breathlessness during exercise in pulmonary rehabilitation reduce the threat value of
breathlessness? While there is mixed opinion in the literature as to whether exercise can
alter the ventilatory response to hypercapnia (Mucci et al., 1998; Byrne-Quinn et al., 1971;
Godfrey et al., 1971; Scoggin et al., 1978; Mahler et al., 1982), there is almost no reported
evidence on whether exercise (independent of disease) changes the perception of breath-
lessness. Understanding the mechanisms by which exercise reduces breathlessness anxiety
will help us to better target treatment of this symptom in chronic respiratory disease.

Therefore, in this study we tested whether exercise ‘de-sensitises’ healthy volunteers to

sensations of breathlessness. We investigated the differences in perception of breathless-
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CONDITIONING SCANNING PHYSIOLOGY
SESSION SESSION SESSION

- Conditioning of respiratory cues |10.04 s | - fMRI of conditioned respiratory | 24nrs+ - Anxiety questionnaires
stimuli and motor/sensory _)
—) - Lung function testing

* = upcoming control task
resistance 0 .
- Hypercapnic hyperventilator
. - Structural MRI cI{:IIen Z L Y
A =no upcoming g
resistance - Resting state fMRI - Maximal exercise test

Figure 4.1: Experimental overview of Chapters 4 and 5. The testing session discussed in this
Chapter is identified in grey.

ness in two groups of subjects who greatly differ in their exposure to exercise and breath-
lessness: endurance athletes and sedentary individuals. As well as physiological measures,
we assessed subjective perceptions of breathlessness and anxiety of breathing during sub
maximal and maximal exercise, and during isolated increases in ventilation (hyperventi-
lation). Understanding the effect of exercise exposure on breathlessness perception is an
important step in both the clinical understanding of the effects of exercise as a treatment
option for breathlessness, and may also improve our understanding of the limits of athletic

performance.

4.2.1 Hypotheses

In accordance with the inverse relationship found between exercise and breathlessness in
Chapter 3 and pulmonary rehabilitation studies (Carrieri-Kohlman et al., 2001, 1996), we
hypothesised that athletes would be ‘de-sensitised’ to breathlessness during exercise. This
would manifest itself in decreased intensity and anxiety of breathlessness scores relative to
ventilatory changes at both sub-maximal and maximal exercise. Correspondingly, we also

expected to see decreased breathlessness scores during hyperventilation alone.

4.3 Methods

4.3.1 Experimental overview

This Chapter contains the protocols and findings of the physiology session of the final study
of this Thesis (demonstrated in Figure 4.1).
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4.3.2 Subjects

In this Chapter we compared 20 endurance athletes and 20 age- and sex-matched sedentary
subjects (20 males, 20 females; mean age 4+ SD, 26 + 7 years; age-matched +2 years) in
a cross-sectional design, as a longitudinal study of the effects of exercise was not feasible
within the scope of this Thesis. The athlete group consisted of subjects who participated
in organised endurance exercise training 5 or more times per week, while the sedentary
group comprised subjects who were not involved in any organised exercise, and minimal
commuting exercise. One athlete subject did not complete the maximal exercise test due to

injury.

4.3.3 Questionnaires

Due to the cross-sectional nature of this experiment, a thorough baseline comparison be-
tween the two groups was necessitated. Psychological questionnaires were included and
chosen to allow a comprehensive scoring of each subject’s general anxiety and depression,

as well as anxiety of bodily sensations. The questionnaires consisted of:
e Spielberger State-Trait Anxiety Inventory (STAI (Spielberger, 2010))
e Anxiety Sensitivity Index (ASI (Reiss et al., 1986))
e The Centre for Epidemiologic Studies Depression Scale (CES-D (Radloff, 1977))

Subjects were asked to record how many hours of physical activity they typically completed
per week, the intensity of the exercise (easy, moderate or intense) and what types of exercise
they performed. They were also asked to recall and record their last week of exercising

activity.

4.3.4 Spirometry

Spirometry was used to asses lung capacity and function. A full inspiration and expiration
was used to measure forced vital capacity (FVC) of the lungs, and the best of three FVC
measurements was recorded. The corresponding fraction of expired volume in the first sec-
ond (FEV1/FVC) was recorded as an indicator of any airway obstruction (FEV1<70%).
Maximal voluntary ventilation (MVV) was also tested to assess each subject’s ability to
ventilate of their own volition, where subjects were asked to maximally ventilate through
the mouthpiece and turbine for 10 sec. The best of two MVV measurements were recorded.

Spirometry measurements were recorded using a mouthpiece (Hans Rudolf, Kansas City,
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MO, USA) and turbine connected to gas and flow analyser (Cortex Metalyser 3B, Cranlea
Human Performance Ltd., Birmingham, UK), and subjects wore a nose clip for all spirom-
etry tests. Metasoft studio software (Cortex, Versions 3.9.9 and 4.9.0, Cranlea Human

Performance Ltd., Birmingham, UK) was used to calculate all spirometry measurements.

4.3.5 Steady-state hypercapnic ventilatory response test

One of the key components of breathlessness is an increase in ventilatory drive, and both
the physiological and subjective responses to elevated ventilation may be an important
component of breathlessness perception. Therefore, in this Chapter we also measured the
physiological and subjective effects of an isolated increase in ventilation (hyperventilation),
using a hypercapnic stimulus (increased partial pressure of arterial CO5).

To administer the hypercapnic stimulus, a breathing system was designed to administer
adjustable quantities of humidified medical air, CO, and O, and gas sampling was dis-
played on a computer (using Labchart 7; ADInstruments Ltd, Oxford, United Kingdom)
to monitor expired gases at all times (Figure 4.2). Expired gases were determined us-
ing a rapidly-responding gas analyser (Gas Analyser; ADInstruments Ltd, Oxford, United
Kingdom), and ventilatory flow and volume were determined using a spirometer (ADIn-
struments Ltd, Oxford, United Kingdom).

Hypercapnia protocol Subjects were positioned supine and attached to the breathing
system. Eight minutes of resting breathing was initially recorded, with subjects rating
their breathlessness and anxiety of breathing every four minutes using a visual analogue
scale (VAS; 0-100%) presented on a screen and controlled via a button box. Resting val-
ues of PrCOs and PO, were determined during this baseline period, before two levels
of hypercapnia were administered. The hypercapnic periods involved a 3 min elevation
in PgpCO4 of 0.8% (6.1 mm Hg) and 1.5% (11.2 mm Hg) (randomised order, separated
by four minutes of breathing medical air) whilst Px7O, was maintained at resting levels
throughout the experiment (iso-oxia). A final four minutes of breathing medical air fol-
lowed the second hypercapnic stimulus to finish the test. Subjects were asked to rate their

breathlessness and anxiety at the end of each block of hypercapnia and medical air.

4.3.6 Maximal exercise test

To assess any possible changes in breathlessness perception as a result of exercise, sub-
jects performed an incremental sub-maximal to maximal exercise test with concurrent ven-

tilatory and breathlessness measures. A relative sub-maximal point of reference of the
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Figure 4.2: Breathing system used to administer hypercapnic challenges. At rest, humidified medi-
cal air is administered into the mixing chamber at a rate sufficient to avoid re-breathing of expired
gases. A diving mouthpiece (Scubapro UK Ltd, Mitcham, UK) connects to a bacterial and viral
filter (GVS, Lancashire, UK), and respiratory gases are sampled via polyethylene extension tubing
(Vygon SA, Ecouen, France). A sampling line connects to a gas analyser that samples O2 and
CO; (Gas Analyser; ADInstruments Ltd, Oxford, United Kingdom), and end-tidal oxygen (PgT0O2)
and carbon dioxide (P CO2) were monitored at all times using physiological monitoring software
(Labchart 7; ADInstruments Ltd, Oxford, United Kingdom) on a computer monitor. During hyper-
capnia, the medical airflow was reduced and a CO2 mixture (25% CQOs; 21% O»; balance N2 ) was
delivered into the mixing chamber to adjust expired P COs to either 0.8 % or 1.5 % (randomised)
above rest, and a hypoxic mixture (7% Os; balance N2 ) was added to maintain Pp1O> at rest levels.
A spirometer connected to a data acquisition device (Spirometer and Powerlab; ADInstruments Ltd,
Oxford, United Kingdom) simultaneously recorded ventilatory flow and volume within Labchart.
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‘anaerobic threshold’ was used for comparison between the two groups, as well as maxi-
mal exercise measures.

The incremental exercise test to exhaustion was completed on a stationary bike. A
face mask (Hans Rudolf, Kansas City, MO, USA) and turbine were connected to a gas
and flow analyser (Cortex Metalyser 3B, Cranlea Human Performance Ltd., Birmingham,
UK) to measure expired gases and ventilatory flow on a breath-by-breath basis (Metasoft
studio software, Cortex, Versions 3.9.9 and 4.9.0, Cranlea Human Performance Ltd., Birm-
ingham, UK). Exercise began between 50-150 W (depending on predicted VOg,.;) at a
self-selected cadence (target of 90 rpm), and 3 min stages of 50 W increments were com-
pleted until exhaustion. Breathlessness and anxiety of breathing were rated on a 0-100%
VAS scale at the beginning of the exercise test, in the last 30 sec of each stage and at
exhaustion. Anaerobic threshold was determined by visual inspection using the V-slope
method (Stegmann et al., 1981).

4.4 Results

4.4.1 Baseline physiology and psychology

Differences in baseline physiological measures were observed between the two subject
groups, while there were no differences in any baseline psychological measures. Athletes
were significantly taller, with larger lung vital capacities, larger predicted value lung capac-
ities and maximal voluntary ventilation (Table 4.1). All subjects had a FEV1/FVC fraction
greater than 0.7, with no differences between the groups, indicating no airway obstruction
(Swanney et al., 2008).

4.4.2 Incremental exercise test to exhaustion

A summary of the physiological and psychological variables measured during incremental
exercise are presented in Table 4.3. As expected, work rate is greater in athletes at both
anaerobic threshold and maximal exercise, and the anaerobic threshold of athletes is at
a greater percentage of their maximum, indicating increased aerobic fitness (Bassett and
Howley, 2000). At maximal exercise, the increase in ventilation from baseline is greater in
athletes, and peak volume of oxygen consumption (VOq,.s) 1s larger in the athlete group.
At maximal exercise, athletes ventilated at a much greater proportion of their MVV than
their sedentary counterparts.

While no there was no difference in breathlessness intensity values at maximal exer-
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Table 4.1: Mean (+sd) baseline group physiology measures. Abbreviations: BMI, body mass index;
FVC, forced vital capacity; FEVI/FVC, forced expiratory volume in I second as a fraction of forced
vital capacity; MVV, maximal voluntary ventilation. Exercise exposure (‘Exercise’) was measured
as the number of hours per week x intensity of exercise (1-3: easy, moderate, intense). *Significantly
different (p<0.05) between groups

Athletes Sedentary

Height (m)* 1.8 (0.9) 1.7 (0.1)
Weight (kg) 75.2.(10.1)  68.7 (13.6)
BMI (kg/m?) 23.1 (2.8) 23.3 (3.5)
FVC (L)* 5.7(0.9) 4.2 (1.2)
FVC (% predicted)* 109.5(9.4) 91.0(19.5)
FEVI1/FVC (%) 78.2 (7.0) 81.3 (4.6)
MVV (L/min)* 150.9 (42.8) 113.0(39.5)

Exercise (volume x intensity)*  20.3 (6.0) 1.8 (1.9)

Table 4.2: Group questionnaire scores (mean (£sd)). *Significantly different (p<<0.05) between
groups

Athletes  Sedentary
Trait anxiety 29.6 (5.9) 30.8 (6.8)
Pre-exercise state anxiety 27.8 (6.5) 25.6(5.4)
Anxiety sensitivity index 13.5(6.1) 16.1 (7.7)
Depression 6442 767

cise between the groups, athletes rated significantly higher in breathlessness anxiety than
sedentary subjects. Further investigation revealed that breathlessness anxiety at maximal
exercise positively correlated with measured VOg)..;, while breathlessness intensity did
not (Figure 4.4).

4.4.3 Steady-state hypercapnic ventilatory response test

Mean group values for end-tidal gases, ventilation and subjective ratings of breathlessness
during rest and the two steps of the hypercapnic hyperventilatory challenge are presented
in Table 4.4. Ventilation is presented as both an absolute value and percentage change from
baseline, to account for differences in lung physiology between the groups (Table 4.1).

No differences were observed between groups for subjective ratings of either intensity and
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Figure 4.3: Breathlessness intensity and anxiety scores (on a scale of 0-100%) at anaerobic thresh-
old and maximal exercise for both athletes and sedentary subjects. Bars represent group mean, and
error bars standard deviation. *Significantly different between the groups (p < 0.05).
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Table 4.3: Physiological and psychological variables during an incremental exercise test to exhaus-
tion on a cycle ergometer (mean (+sd)). Subjective scores are change from baseline. Abbreviations:
VOq, volume of oxygen consumed; Vg, ventilation; MVV, maximal voluntary ventilation. *Signifi-
cantly different (p<0.05) between groups

Anaerobic threshold Athletes Sedentary
Work rate (% of max)* 67.6 (7.7) 59.7 (12.8)
VO, (mL/kg/min) 19.5 (4.4) 20.3 (4.5)
Vg (% of max) 53.4 (10.0) 52.6 (13.3)
Breathlessness intensity (%) 22.9 (17.1) 16.1 (13.2)
Breathlessness anxiety (%) 5.9 (8.2) 5.2(9.6)
Maximal exercise Athletes Sedentary
Work rate (W)* 325.0 (59.5) 173.8 (45.5)
VOgpeqr, (mL/kg/min)* 50.8 (7.3) 31.6 (7.4)
V£ (% above baseline)* 1051.7 (276.0) 665.7 (298.2)
Vi (% MVV)* 101.6 (27.2) 73.7 (30.1)

Breathlessness intensity (%) 80.7 (22.7) 72.5(17.2)
Breathlessness anxiety (%)* 45.3 (36.3) 22.3(20.0)
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Figure 4.4: Subject-specific anxiety and intensity scores plotted against peak volume of oxygen
consumption (VOapeak ), measured during an incremental exercise test to exhaustion on a stationary
bike. Intensity of breathlessness is plotted in the left column, and anxiety of breathlessness in the
right column. *R correlation coefficient significant (p < 0.05).
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Table 4.4: Physiological and psychological variables during rest and two levels of a hypercapnic hy-
perventilatory challenge (mild hypercapnia: aim of 0.8% (6.1 mm Hg),; and moderate hypercapnia:
aim of 1.5% (11.2 mm Hg) increase in P CO3). The order of hypercapnia levels was randomised
between subjects, and results are presented as mean (£sd). Subjective ratings, P CO2 and Pg10-
during hypercapnia stages are presented as change from baseline. Abbreviations: PgrCOs, partial
pressure of end-tidal carbon dioxide; Vg, ventilation. *Significantly different (p<<0.05) between
groups

Rest Athletes Sedentary
PrrCO; (%) 5.12 (0.67) 5.28 (0.46)
PrrOs (%) 15.30 (1.01)  15.22(0.85)
Ventilation (I/min)* 13.01 (3.63) 10.48 (2.54)
Intensity rating (%) 3.1 (4.5) 4.6 (3.8)
Anxiety rating (%) 3.14.1) 51(.1)
Mild hypercapnia Athletes Sedentary
Pr1rCO, increase (%)* 0.93 (0.10) 0.84 (0.12)
Pr710O5 increase (%) -0.2 (0.5) 0.0 (0.6)
Ventilation (I/min) 23.27 (10.23)  20.59 (4.80)
Change in ventilation (%)  87.2 (84.7) 104.3 (58.5)
Intensity rating (%) 23.0 (20.0) 17.3 (14.6)
Anxiety rating (%) 15.8 (16.3) 12.0 (12.8)
Moderate hypercapnia Athletes Sedentary
PrrCO, increase (%)* 1.54 (0.12) 1.46 (0.11)
PO, increase (%) -0.0 (0.7) 0.3 (0.5)
Ventilation (I/min) 34.03 (14.59) 31.15(11.45)
Change in ventilation (%) 174.4 (115.4) 205.6 (121.4)
Intensity rating (%) 38.9 (24.0) 43.2 (12.6)
Anxiety rating (%) 33.5(25.4) 27.1 (15.0)

anxiety of breathlessness at both levels of hypercapnia, and Pz1O- remained stable across
the entire experiment in both groups.

Hypercapnic ventilatory response (HCVR) was calculated using a linear regression be-
tween ventilation and PzCO-, and no difference was found between the groups (mean
(£sd): athletes 13.7 (9.6) vs sedentary 14.0 (7.4) (I/min / % change in CO,)). For visual
representation of individual subject HCVR see Figures D.1 and D.2.

As the hypercapnic ventilatory response did not differ between the two groups, we were
then able to investigate the simple relationship between isolated changes in ventilation and
the corresponding anxiety/intensity scores, to assess subjective awareness of changes in

ventilation. During both mild and moderate hypercapnia, the athlete group showed a pos-
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Table 4.5: Regression (slope and regression coefficient) of changes in ventilation against subjec-
tive scores of intensity and anxiety of breathlessness, during mild and moderate hypercapnia (mild
hypercapnia: aim of 0.8%; and moderate hypercapnia: aim of 1.5% increase in PprCQOs). *Sig-
nificant regression coefficient; and ** significant regression coefficient that differs from sedentary
group (p<0.05).

Mild hypercapnia Athletes Sedentary

Intensity vs ventilation 5.41(0.79* 1.75(0.38)
(slope (regression coefficient; R))

Anxiety vs ventilation 4.21 (0.70)** -0.25 (0.06)
(slope (regression coefficient; R))

Moderate hypercapnia Athletes Sedentary

Intensity vs ventilation 3.52 (0.64)**  2.00 (0.43)
(slope (regression coefficient; R))

Anxiety vs ventilation 3.10 (0.59)** -0.45(0.11)

(slope (regression coefficient; R))

itive linear correlation for both intensity and anxiety with ventilation, while the sedentary
group did not (Figures 4.5 and 4.6). This correlation was significantly greater in athletes
than sedentary subjects for anxiety in both mild and moderate hypercapnia, and for inten-
sity in moderate hypercapnia. Regression slopes and coefficients are presented in Table
4.5. Therefore, while mean differences in intensity and anxiety scores were not observed
between the groups, it appears that an increase in ventilation closely corresponds with sub-
jective ratings of breathlessness anxiety (and intensity) amongst the athlete group, while
the sedentary group do not display any correspondence between ventilatory changes and

breathlessness scores.

4.5 Discussion

4.5.1 Main findings

In this Chapter, we found that athletes do not appear to have reduced subjective perceptions
of breathlessness intensity nor anxiety during exercise or hyperventilation alone. There-
fore, it is unlikely that exercise ‘de-sensitises’ individuals to respiratory sensations, instead
possibly inducing reappraisal of the threat of breathlessness when used as a treatment for
patients with chronic respiratory disease.

We did find that athletes reported increased anxiety of breathlessness (but not intensity)
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Athletes Sedentary
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Figure 4.5: Subject-specific change in breathlessness anxiety scores plotted against percentage
change in ventilation from baseline induced by both mild (top) and moderate (bottom) hypercapnia
(mild hypercapnia: aim of 0.8%; and moderate hypercapnia: aim of 1.5% increase in PrCO>).
Athletes are plotted in the left column, and sedentary subjects in the right column. For both mild
and moderate hypercapnia, athletes display a linear correlation between change in ventilation and

change in anxiety score, that significantly differs from the null relationship seen in sedentary sub-
Jjects.
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Figure 4.6: Subject-specific change in breathlessness intensity scores plotted against percentage
change in ventilation from baseline induced by both mild (top) and moderate (bottom) hypercapnia
(mild hypercapnia: aim of 0.8%; and moderate hypercapnia: aim of 1.5% increase in Pp7CO2).
Athletes are plotted in the left column, and sedentary subjects in the right column. For moder-
ate (but not mild) hypercapnia, athletes display a linear correlation between change in ventilation

and change in intensity score that significantly differs from the null relationship seen in sedentary
subjects. 95% Confidence intervals are shown.
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at maximal exercise, and were operating at a greater percentage of their maximal voluntary
ventilation compared to sedentary subjects. As patients with chronic respiratory disease
display reduced maximal ventilation, even low intensities of exercise can often induce ven-
tilation at a high proportion of this MVV. Therefore, we can use these findings to better
understand the breathlessness perception that occurs when operating at high proportions
of maximal ventilatory capacities in both health and disease. Additionally, during isolated
hyperventilation we found that athletes were more aware of changes in breathing compared
to their sedentary counterparts. This may reflect adaptation resulting from increased expo-
sure to breathlessness, which may also help us to understand some of the physiological and

perceptual adaptations occurring with breathlessness in COPD.

4.5.2 Breathlessness and exercise

In contrast to our hypothesis, athletes were not desensitised to breathlessness during either
sub-maximal or maximal exercise, and actually displayed increased breathlessness anxi-
ety at their measured peak VO,. This increase in breathing anxiety was not apparent at
anaerobic threshold in athletes, indicating that this is not a general hypersensitivity to ex-
ercising breathlessness, but rather limited to maximal efforts. Interestingly, the ventilation
reached during maximal exercise in athletes was a significantly greater proportion of mea-
sured maximal voluntary ventilation than sedentary subjects. This may be due to improved
muscular metabolism and exercising capacity to place greater demands on the cardiorespi-
ratory system, as this was also paired with a significantly greater increase in ventilation in
the athlete group. Reaching a higher proportion of perceived maximal ventilation may re-
sult in conflicting feedback between a greater drive to breathe and the strain of ventilatory
muscle work (Kaufman and Forster, 1996; Waldrop et al., 1996), contributing to an in-
crease in breathing anxiety (Altose, 1985). Furthermore, the relationship between maximal
exercising breathlessness anxiety and measures of peak VO, suggests that greater oxygen
consumption by exercising muscles (measured using VO, (Stegmann et al., 1981)) may
be involved in a feedback loop that drives increased ventilation and increases conscious
sensory perceptions of breathing. Therefore, while exercise exposure does not appear to
increase or decrease sensitivity to breathlessness, it may allow individuals to reach closer
to their maximum ventilatory capacity and subsequently induce increased breathlessness

anxiety.
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4.5.2.1 Performance implications

Current opinion in the literature is that ventilation is not a limiting factor to exercise perfor-
mance at sea level (McArdle et al., 2006; Bassett and Howley, 2000). However, this view
of ventilation disregards the subjective perception of athletes who approach maximal ven-
tilation, or the impact of ventilatory muscle fatigue (Romer and Polkey, 2008) which may
regulate and limit performance in some individuals. Measures of VO, indicate the rate of
metabolic consumption of oxygen by the working muscles (Stegmann et al., 1981), while
above anaerobic threshold ventilation is driven beyond VO, demand by the accumulation of
hydrogen ions from lactic acid produced by additional anaerobic metabolism (Wasserman
et al., 1973). Endurance exercise training works by improving the efficiency and capacity
of muscles to utilise oxygen and minimise anaerobic contribution to a sustainable power
output, as well as improving the delivery of oxygen to tissues via the cardiorespiratory sys-
tem (Hoffman, 2014; McArdle et al., 2006). However, the subjective effects of ventilatory
drive as a result of the inevitable contribution of anaerobic metabolism at maximal exercise
is not often considered. While debate thrives as to whether peripheral muscle factors or
central cardiorespiratory factors limit exercise performance (Bassett and Howley, 2000), it
may be that the athletes who are genetically endowed with a smaller lung volume, ventila-
tory capacity or respiratory muscle endurance, or a higher sensitivity to ventilatory signals
are also at risk of breathlessness anxiety limiting their performance. In these athletes, addi-
tional targeted training of ventilatory muscle capacity and endurance through methods such
as resisted breathing may improve their performance; a training method that has previously
reported some positive results (Boutellier and Piwko, 1992; Volianitis et al., 2001; Sonetti
et al., 2001). Therefore, while we are not suggesting that anxiety of breathlessness is the
sole limiting factor to performance, it may be an indicator of nearing ventilatory capacity

and a possible area for targeted improvement in susceptible athletes.

4.5.2.2 Clinical implications for patient groups

The exercise results of this study may contribute to our understanding of anxiety changes
in clinical breathlessness. Patients with lung disease have reduced maximal voluntary ven-
tilation (Aldrich et al., 1982), which may hasten the onset of exercising breathlessness
anxiety by increasing the mismatch between ventilatory drive and feedback from the chest.
Through repeated exposure to this increased exercising breathlessness, patients begin to
fear and avoid activities that may induce this sensation, resulting in further deterioration
of the ventilatory muscles in the chest and further reduction in maximal voluntary venti-

lation. This worsening cycle of breathlessness occurs as a result of conditioned responses
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to breathless stimuli (Ley, 1999), although the exact physiological mechanisms inducing
breathlessness anxiety as a result of disease are not yet known (Lansing et al., 2009). The
treatment success of pulmonary rehabilitation has been linked to pre-treatment measures
of anxiety (Janssens et al., 2011b), which may be associated with either higher sensitivity
to this ventilatory mismatch, or a more significant drop in previous maximal ventilation
caused by the disease. If so, pulmonary rehabilitation may act by increasing maximal
ventilation through the work capacity of ventilatory muscles (independent of forced vital
capacity), thus reducing anxiety and deconditioning patients to the association between ex-
ercise and anxiety to break the cycle. Future investigations in patients with COPD would
need to test the changes in both sensitivity to ventilation and maximal voluntary ventilation

relative to changes in breathlessness anxiety to further investigate this hypothesis.

4.5.3 Breathlessness and hyperventilation

In this Chapter we found no group differences between athletes and sedentary subjects
in the physiological ventilatory response to hypercapnia, nor the subjective breathlessness
ratings during hyperventilation. Therefore, it does not appear that the athletes tested in
this Chapter are perceptively de-sensitised to either the physiology or subjective response
to isolated hyperventilation, either by self-selection or as a result of training. However,
further investigation revealed that athletes’ breathlessness scores during hyperventilation
positively correlate with the change in ventilation during the hypercapnic challenge, while
the sedentary subjects did not. This relationship between the physiological change in venti-
lation and breathlessness implies a more finely-tuned perception of changes in breathing in
athletes, possibly as a result of repeated exposure to elevated ventilation and breathlessness

during endurance exercise training.

4.5.3.1 Performance implications

While a decrease in hyperventilatory response to hypercapnia in athletes has been debated
in the literature (Mucci et al., 1998; Byrne-Quinn et al., 1971; Godfrey et al., 1971; Scoggin
et al., 1978; Mahler et al., 1982), studies to date have used cross-sectional designs and
therefore it is plausible that these discrepancies in reported results are due to underlying
genetic differences of the samples studied. However, improved perception of ventilatory
responses found in this study may allow better monitoring of exercise intensity and pacing
during sporting performance. Fatigue of ventilatory muscles has been suggested as an
important factor in endurance exercise, due to the competition for blood and metabolites

with the working peripheral muscles (Harms et al., 2000; Johnson et al., 1996; Romer
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and Polkey, 2008), and thus appropriate pacing may reduce this impact on performance.
However, to fully understand the effect of exercise on the hypercapnic-hyperventilatory
response, perceptions of breathlessness and any potential contributions to performance,

dedicated longitudinal and placebo-controlled studies are required.

4.5.3.2 Clinical implications for patient groups

If repeated exposure to breathlessness can improve the accuracy of perception of changes in
ventilation, chronic sufferers of lung disease may also have heightened perception of their
breathing. However, due to the associations between breathlessness and disease amongst
patients, improved ventilatory perception may contribute to increased anxiety in this group,
enhancing the aversive conditioning to breathlessness cues (Ley, 1999). While the hyper-
ventilatory response to hypercapnia has been previously found to be reduced in patients
with COPD (Van de Ven et al., 2001), little research has been conducted into the subjec-
tive response to this hyperventilation. In an elegant review by Smoller et al. (1996), the
intricacy of the relationship between physiological and subjective sensations of ventilation
in panic anxiety, hyperventilation and breathlessness is outlined. The presence of chronic
breathlessness can be considered a risk factor for anxiety and panic attacks, while panic dis-
order patients can also report debilitating sensations of breathlessness that exacerbate their
anxiety (Smoller et al., 1996). It is possible that a tuned perception towards ventilation is a
common contributing factor to these classes of disease, which may be enhanced by repeated
breathlessness exposure. Therefore, one of the mechanisms for successful treatment with
pulmonary rehabilitation might be the cognitive-behavioural effect of associating increases
in ventilation with positive exercise training for health, rather than as a symptom solely of

disease.

4.5.4 Study design

The use of an athlete model to understand exercise-induced adaptations to breathlessness is
of course limited in its ability to understand disease. While this investigation can address
possible de-sensitisations to intensity of respiratory sensations, it is limited in the ability
to understand changes in anxiety of breathlessness. COPD patients have shown elevated
anxiety of breathlessness to healthy controls (Janssens et al., 2011b), and thus there is scope
to reduce anxiety, whereas the sedentary group studied in this experiment did not display
elevated anxiety of breathlessness or other physiological sensations (ASI questionnaire).
Interestingly, the two groups also did not differ in their general anxiety questionnaire

scores. While this does instill some confidence that any observed changes in breathless-
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ness anxiety would not result from underlying differences in general anxiety, there is some
evidence to suggest that exercise (and in particular aerobic endurance exercise) can have
antidepressant and anxiolytic effects (Salmon, 2001). Therefore, while there is not a defini-
tive stance in the literature that people who exercise are less anxious than those who are
sedentary, it is possible that the demanding nature of this study was self-limiting to subjects
who have generally low anxiety, and thus the sedentary group may not be a representation
of their population. Therefore, as with all cross-sectional studies, care must be taken when
interpreting findings and attributing any differences found in these results (or further imag-
ing results) to be characteristic of all athletes or sedentary individuals.

Lastly, the nature of a cross-sectional study design itself limits the causal inference
that can be placed on group comparisons, as measurements taken at a single time point
do not encompass potential underlying subject differences in physiology and psychology.
Therefore, considerations must be taken to account for fundamental differences between
the groups when attempting to make comparisons. In one example of baseline group dif-
ferences in this study, we observed that athletes had a greater predicted forced vital capacity
of the lungs, maximal voluntary ventilation and resting ventilation. Therefore, particular
care was taken in the analysis to normalise data within each subject for exercise and hy-
perventilation measures, such as calculating ventilation as a change from baseline or as a
percentage of maximum, and using relative measures of exercise intensity (such as each
subject’s anaerobic threshold and maximum) at which to report subjective measures of

breathlessness.

4.6 Conclusions

The results of this Chapter suggest that the athletes in this study are not desensitised to
breathlessness during exercise or hyperventilation compared to sedentary controls, contrary
to our hypotheses. Therefore, it is possible that previously-reported observed changes in
breathlessness anxiety in patients with COPD undergoing exercise treatment is due to alter-
ation of the threat perception of breathlessness. This study therefore provides the grounding
to better understand future studies of breathlessness adaptations as a result of exercise in
patient groups, and highlights the need for further mental skills training to improve threat
perceptions of breathlessness.

In terms of the increased anxiety of breathlessness observed in athletes at maximal
exercise, we postulate that this may be due to athletes reaching a greater proportion of
their maximal ventilatory capacity. This may represent both a performance limitation and

a clinically important homeostatic signalling system, which may be exacerbated in lung
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disease patients with reduced maximal ventilation and a lower threshold for this signalling.
Furthermore, while breathlessness perception during hyperventilation alone was not sig-
nificantly different between the groups, athletes had a significantly different, linear rela-
tionship between changes in ventilation and subjective breathlessness scores compared to
sedentary subjects. We hypothesise that this relationship may represent improved percep-
tion of changes in ventilation in athletes. Enhanced perception of ventilation may be an
important adaptation in patients with chronic breathlessness and requires consideration in
future studies, as this may lead to heightened anxiety of breathing and an increase in debil-
itation and morbidity of the disease.

We now take these results and incorporate them into our final study of the PAG within
the wider breathlessness network, allowing us to also investigate the effect of exercise on
these brain networks (Chapter 5). As the current results have shown no de-sensitisation in
breathlessness anxiety during sub-maximal exercise or to hyperventilation in athletes, it is
unlikely that there will be any significant differences in anxiety of inspiratory resistance
in these subjects. However, if exercise does indeed evoke a reappraisal of the threat of
breathlessness, it may be possible to observe subtle differences in the vVIPAG and fronto-

limbic activity of these athletes.
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The PAG within sensory and affective

brain networks of breathlessness
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5.1 Abstract

The multidimensional sensation of breathlessness is evoked when our ability to adequately
ventilate is impaired, and comprises both sensory and affective components. Investigating
the brain networks responsible for these components is integral in our understanding of mis-
perceptions of ventilatory sensations, which may lead to excessive breathlessness anxiety
in health or disease. We have previously shown that the columns of the PAG play impor-
tant roles in human respiratory control and breathlessness (Chapters 2 and 3), and the PAG
activity identified during anticipation of breathlessness suggests these columns are under
top-down control from the higher cortex. Therefore, in this final Chapter we investigated
the place of these PAG columns within the wider cortical breathlessness network, and the
possible exercise-induced changes in the affective sub-network, as our results from Chap-
ter 4 indicate that exercise does not produce global ‘de-sensitisation’ to breathlessness. 40
subjects (20 endurance athletes and 20 matched sedentary controls) were conditioned to
associate cues with either certain upcoming resistive loading or no loading in a training
session 12-24 hours prior to scanning, using an aversive delay-conditioning protocol. Dur-
ing scanning, subjects completed an anticipation and perception of resistive loading task
protocol, and a resting state scan for functional connectivity analysis of the PAG columns.
Our results showed that both VIPAG and IPAG activity were active within a broad cor-
tical network during anticipation of breathlessness, with IPAG activity also scaling with
the subjective intensity ratings of breathlessness during resistive loading. Functional con-
nectivity analysis revealed preferential connectivity of the vIPAG to prefrontal and limbic
structures within this network, while 1IPAG connected to sensorimotor structures. These
findings indicate the the VIPAG is active within the affective cortical network of breath-
lessness, while the IPAG lies within the sensory component, making the PAG an important
point of distinction within breathlessness perception. Finally, in the exercise comparison,
athletes displayed increased activity in the vIPAG and medial prefrontal cortex during an-
ticipation of aversive resistive loading, indicating possible adaptation within the affective
perception of breathlessness. Together, these results suggest that the columns of the PAG
have differing roles in breathing perception and distinct interactions with cortical areas,
with the VIPAG and affective breathlessness network a legitimate target for future research

towards understanding (mal)adaptations of breathlessness perception in health and disease.
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5.2 Introduction

Breathlessness is a complex, multi-dimensional sensation that can cause crippling anxiety.
The perception of breathlessness relies on an intricate network of sensory and affective
components within the brain (Herigstad et al., 2011; Hayen et al., 2013b; Lansing et al.,
2009), both perceiving ventilatory afferents and evaluating the threat of these respiratory
sensations. While animal models have implicated the midbrain periaqueductal gray (PAG)
as a key neural component in the behavioural modulation of breathing (Subramanian et al.,
2008; Subramanian, 2012) and threat responses (Keay and Bandler, 2001; Bandler and
Shipley, 1994; Bandler et al., 2000), our previous work has revealed that consistent activity
can be localised to the columns of the human PAG during simple respiratory control (Chap-
ter 2), and in the anticipation and response to breathlessness (VIPAG and 1PAG: Chapter 3).
However, while these results indicate that the columns of the PAG are potentially differen-
tially involved in breathlessness perception, we do not yet know how this activity operates
within the complex network of higher cortical structures.

The anticipation of impending breathlessness can evoke severe anxiety and contribute
to the debilitating nature of breathlessness (as previously discussed in Chapter 3). These
anticipatory responses come from learned cues from the environment (Pavlov and Anrep,
2003), and evoke top-down activity in brain networks to predict forthcoming sensory events
(Engel et al., 2001) and influence symptom perception (Porro et al., 2002; Price et al., 1999;
Wager et al., 2004). Therefore, the brain activity evoked from conditioned cues may reveal
top-down processing of ventilatory sensations for breathlessness perception. While PAG
activity has previously been reported to reside within top-down pathways of pain anticipa-
tion (Mobbs et al., 2007; Wager et al., 2004; Fairhurst et al., 2007) and perception (Tracey
et al., 2002; Bingel et al., 2006; Fields, 2004; Zambreanu et al., 2005), the conflicting in-
creases and decreases of PAG activity may be explained by the previous inability to localise
this activity to the distinctly different PAG columns.

Furthermore, determining the connectivity between the PAG columns and remote areas
of the brain can help us to identify whether these columns are modulated within sensory or
affective sub-networks of breathlessness perception. ‘Functional connectivity’ within neu-
roimaging is a measure of the temporal synchronicity of activity within structures across the
brain, and is dependent on the temporal coherence of neuronal spike trains in anatomically
distinct regions (Gerstein and Perkel, 1969; Van Den Heuvel and Pol, 2010). Therefore,
the co-activation of fMRI timeseries in the PAG columns and cortex at rest can be used as a
measure of the functional connectivity between regions (Mandelbrot and Van Ness, 1968).

In this Chapter we included both a breathlessness task of conditioned inspiratory resistive
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loading and a resting-state functional scan, to investigate both the activity and connectivity
of the columns of the PAG with the cortex and subcortex, and potentially revealing how this
might delineate the functional contributions of the columns of the PAG to the perception of
breathlessness.

Finally, identifying areas of change in brain structure and function (termed ‘plasticity’)
within these top-down networks may help us to understand misperceptions of ventilatory
symptoms and exacerbated breathlessness in health and disease. Exercise is known to in-
duce changes in brain structure and function in both the cortex (Erickson et al., 2011; Turner
et al.,, 1997) and PAG (Ichiyama et al., 2002; Nelson et al., 2005; Nelson and Iwamoto,
2006), and has also been used to successfully decrease breathlessness in patients with
chronic obstructive pulmonary disease (COPD) (Carrieri-Kohlman et al., 2001, 1996). In
Chapter 4 we observed that exercise does not appear to induce a global ‘de-sensitisation’
to breathlessness perception, and thus it is likely that any cortical adaptation as a result
of exercise lies within the affective, emotional evaluation component of breathlessness,
re-evaluating the threat of the imposed symptoms. Therefore, as well as attempting to de-
compose breathlessness perception into sensory and affective brain networks between the
PAG and cortex, in this study we also begin to explore the mechanism of action of exer-
cise on these networks, to better understand and develop treatment for misperceptions of

breathlessness.

5.2.1 Hypotheses

In line with animal models and our previous PAG results (Chapters 2 and 3), in this Chapter
we hypothesised that the vIPAG would be functionally active with, and display preferential
connectivity to frontal and limbic structures as part of the top-down affective network of
breathlessness perception. Conversely, the IPAG will be functionally active with (and con-
nected to) sensorimotor cortical structures, as part of the sensory aspect of breathlessness.
Lastly, we also hypothesised that exercise exposure would correspond with altered activ-
ity in the vIPAG and fronto-limbic areas during anticipatory threat-detection of inspiratory

resistive loading, with a possible decrease in breathlessness anxiety rather than intensity.
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CONDITIONING SCANNING PHYSIOLOGY
SESSION SESSION SESSION

- Conditioning of respiratory cues 1-.04 s - fMRI of conditioned respiratory 24 hrs+ | - Anxiety questionnaires
stimuli and motor/sensory _)
) - Lung function testing

* = upcoming control task

ieEiEs - Structural MRI - Hypercapnic hyperventilatory
A = no upcoming challenge

resistance - Resting state fMRI - Maximal exercise test

Figure 5.1: Experimental overview of Chapters 4 and 5. The testing sessions discussed in this
Chapter are identified in grey.

5.3 Methods

5.3.1 Subjects

In this Chapter we studied 40 healthy, right-handed subjects, consisting of a group 20 en-
durance athletes and 20 age and sex-matched sedentary individuals (20 males, 20 females;
mean age + SD, 26 + 7 years; age-matched £2 years). Athletes were amateur sportspeople
who participated in organised endurance exercise training 5 or more times per week, while
the sedentary subjects were not involved in any organised exercise, and minimal commut-
ing exercise. These subjects also participated in the physiology testing session described in
Chapter 4 (and outlined in Figure 5.1).

5.3.1.1 Experimental overview

Subjects completed one training session followed by one MRI scanning session, 12-24
hours later (highlighted in grey in Figure 5.1). Figure 5.1 demonstrates how the training
and scanning sessions described in this Chapter were conducted with reference to the phys-
iological testing session described in Chapter 4, which was conducted after the scanning

sessions so as not to interfere with these results.

5.3.2 Stimuli and tasks

Subjects were trained using an aversive delay-conditioning paradigm to associate simple
shapes with an upcoming inspiratory resistance stimulus. Two conditions were trained: 1)

A shape that always predicted upcoming resistance (100% contingency pairing), and 2)
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A shape that always predicted no upcoming resistance (0% contingency pairing) (Figure
5.2). This was altered from Chapter 3 to remove the uncertain anticipation condition (50%
contingency pairing).

The ‘certain upcoming resistance’ symbol was presented on the screen for 30 s, which
included a 5-15 s anticipation period before the resistance was applied. The ‘no resis-
tance’ 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). All subjects were checked following the training
session and immediately prior to the MRI scan to verify that cues had been conditioned
adequately.

Rating scores of breathing difficulty were recorded after every symbol and at the be-
ginning and end of the task, using a visual-analogue scale (VAS) with a sliding bar that the
subjects moved between ‘Not at all difficult’ (0%) and ‘Extremely difficult’ (100%). Sub-
jects were also asked to rate how anxious each of the symbols made them feel using a VAS
between ‘Not at all anxious’ (0%) and ‘Extremely anxious’ (100%) immediately following
the functional protocol. Subjects were asked to record how many hours of physical activity
they typically completed per week, the intensity of the exercise (easy, moderate or intense)

and what types of exercise they performed.

w L

CO:

finger tap
no resistance
finger tap
CO,
[ |
no resistance

M + resistance

M + resistance

¥ + resistance

0 1 2 3 4
time (minutes)

Figure 5.2: Example four minutes of the BOLD sequence, repeated throughout the acquisition.

5.3.3 Breathing system

A breathing system was used (previously described in Chapter 3; Figure 3.2) to remotely
administer periods of inspiratory resistance as predicted by the conditioned cues. During
rest periods, compressed medical air was delivered to the breathing system and gas flow

was maintained at a rate that was sufficient to allow free breathing, so that the reservoir bag
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never collapsed on inspiration. During inspiratory resistance, delivery of compressed air
was stopped, and once the reservoir bag collapsed, inspiration was through the resistance
arm of the circuit to inhale atmospheric air.

To minimise the effect of changing arterial oxygen and carbon dioxide levels upon the
BOLD signal, the following steps were employed: 1) Additional medical oxygen was de-
livered, and the flow rate was manually adjusted to minimise fluctuations in pressure of
end-tidal oxygen (Pg1O-), aiming to keep Pr1rO- at 18 kPa (very slightly above normal),
and 2) At designated time points during rest periods of the functional scan, CO, challenges
were administered by switching the flow of compressed air for a 10% CO5 mixture (10%
COg; 21% Os; balance nitrogen) at 20 L/min for periods of 5-10 seconds, aiming to raise
Pr7CO, an equivalent amount as observed during the resistive loading periods. The sub-
jects nose was blocked using foam earplugs and they were asked to breathe through their

mouth for the duration of the experiment.

5.3.4 Physiological measurements

Physiological measures were recorded continuously during the training session and MRI
scan. Chest movements were measured using respiratory bellows surrounding the chest at
the approximate level of the 10th rib, and heart rate was measured using a pulse oxime-
ter (9500 Multigas Monitor, MR Equipment Corp., NY, USA). PgrCO, and PgrO, were
sampled via a port beside the mouth piece of the breathing system. Expired gases were
determined using a rapidly-responding gas analyser (Gas Analyser; ADInstruments Ltd,
Oxford, United Kingdom), and pressure at the mouth was measured using a pressure trans-
ducer (MP 45, 50 cmH50, Validyne Corp., Northridge, CA, USA) connected to an ampli-
fier (Pressure transducer indicator, PK Morgan Ltd, Kent, UK). All physiological devices
were connected to a data acquisition device (Powerlab; ADInstruments Ltd, Oxford, United
Kingdom) coupled to a desktop computer with recording software (Labchart 7; ADInstru-
ments Ltd, Oxford, United Kingdom).

5.3.5 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).
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5.3.5.1 Brainstem BOLD scanning

A T2*-weighted, gradient echo EPI was used for functional scanning. The FOV covered
the whole brain and comprised 63 slices (sequence parameters: TE, 24 ms; TR, 3 s; flip
angle, 90°; voxel size, 2 x 2 x 2 mm,; field of view, 220 mm; GRAPPA factor, 3; echo
spacing, 0.57 ms; slice acquisition order, descending), with 550 volumes (scan duration,
27 mins 30 s). A resting-state acquisition (eyes open) with a matching scan sequence was

also performed, with 190 volumes (scan duration, 9 mins 30 s).

5.3.5.2 Structural scanning

A T1-weighted structural scan (MPRAGE, sequence parameters: TE, 2.96 ms; TR, 2200
ms; flip angle, 7°; voxel size, 0.7 x 0.7 x 0.7 mm; field of view, 224 mm; inversion time,
1050 ms; bandwidth; 240 Hz/Px) was acquired. This scan was used for registration of

functional images.

5.3.5.3 Additional scanning

Fieldmap scans (sequence parameters: TE1, 4.08 ms; TE2, 5.1 ms; TR, 620 ms; flip angle,
39°; voxel size, 2 x 2 x 2 mm) of the BO field were also acquired to assist distortion-

correction.

5.3.6 Analysis
5.3.6.1 Preprocessing

Image preprocessing was performed using the Oxford Centre for Functional Magnetic Res-
onance Imaging of the Brain Software Library (FMRIB, Oxford, UK; FSL version 5.0.8;
http://www.fmrib.ox.ac.uk/fsl/). The following processing methods were used prior to sta-
tistical analysis: motion correction and motion parameter recording (MCFLIRT (Jenkin-
son et al., 2002)), removal of the non-brain structures (skull and surrounding tissue) (BET
(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 fit-
ting; 120 s). BO field unwarping was conducted with a combination of FUGUE and BBR
(Boundary-Based-Registration; part of FEAT: FMRI Expert Analysis Tool, version 6.0
(Greve and Fischl, 2009)).

Data denoising was conducted using a combination of independent components analy-
sis (ICA) and retrospective image correction (RETROICOR), described in Chapter 3.
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5.3.6.2 Image registration

After preprocessing, the functional scans were registered to the MNI152 (1 mm?) stan-
dard space (average T1 brain image constructed from 152 normal subjects at the Montreal

Neurological Institute (MNI), Montreal, QC, Canada) using a two-step process.

e Registration of subjects whole-brain EPI to T1 structural image was conducted us-
ing BBR (6 DOF) with (nonlinear) fieldmap distortion-correction (Greve and Fischl,
2009).

e Registration of the subjects T1 structural scan to 1 mm standard space was performed
using an affine transformation followed by nonlinear registration (FNIRT) (Anders-
son et al., 2007).

5.3.6.3 Functional voxelwise and group analysis

Functional voxelwise analysis incorporated HRF modelling using three FLOBS regressors
(as described in Chapter 2), and the first level model is demonstrated in Figure 5.3. The first
of each of the three FLOBS regressors in the voxelwise statistical analysis was extended
to a group level, in a mixed-effects analysis using FLAME (FMRIBs Local Analysis of
Mixed Effects (Woolrich et al., 2004a)), with the group model demonstrated in Figure 5.4.
In the higher level model, as well as mean BOLD activity, intensity and anxiety covariates
were included to investigate BOLD activity in the PAG and cortex that scaled with these
behavioural scores. Finally, an exercise group regressor was included in the model, to
test whether exercise exposure induces differences in the function of the PAG columns
and cortex during conditioned anticipation or resistive loading. Z statistic images were
thresholded using clusters determined by Z > 2.3 and a (corrected) cluster significance
threshold of p < 0.05. A small-volume mask of the whole PAG was used to investigate

a-prior areas of interest, using standard cluster thresholding (Z > 2.3).

5.3.6.4 Resting functional connectivity analysis

Voxelwise single subject and group analyses were also performed on the acquired resting
state scan. Masks of the PAG columns of interest that showed significant activation in the
functional results (IPAG and vIPAG) were made within a whole-brain PAG mask, modelled
on the diffusion-based segmentation of the PAG (Ezra et al., 2015), then transformed into
subject space, and the mean timeseries within these seeds for each subject was used as a

regressor in the design matrix at the lower level. A control seed of similar size to the PAG
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Figure 5.3: General linear model used in each single subject lower level analysis within FEAT. The
FLOBS function creates three EVs for each regressor. The ‘resistance’ onset and duration were cal-
culated from the recorded inspiratory pressure physiological traces, while the anticipation duration
(‘anticipation’) was calculated from the onset of the stimulus to the beginning of the resistance. The
‘PrrCO2’ trace was included to de-correlate the CO2 induced BOLD changes from the respiratory
stimuli throughout the functional scan, and was formed by linearly interpolating between the ex-
pired CO peaks. Anticipation of no resistance ( ‘no anticipation’) and ‘finger opposition’ onset and
duration represented the presentation of the corresponding stimuli on the screen, and ‘relief from
resistance’ was modelled as the rest periods immediately following each resistance application,
prior to ratings (4 s duration). The ‘no resistance’ regressor was a single trial where no resistance
was applied following an anticipation period, allowing greater decorrelation between the antici-
pation and resistance regressors. The ‘act of rating’ regressor was included to remove noise from
the physical act of pressing the button box, and spanned each of the rating periods. Finally, ‘de-
meaned ratings’ matched the ‘resistance’ regressor for timings, and the intensity of the regressor
was the demeaned intensity value assigned to each of the inspiratory resistance blocks, to remove
the trial-by-trial variability of subjective perceptions of resistive loading from the mean ‘resistance’
regressor. Contrasts consisted of mean values of the first EV of each set of three regressors.
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Figure 5.4: General linear model used in the group higher level analysis within FEAT. For each
lower level contrast, positive and negative contrasts were calculated for the group mean (‘mean’),
plus covariates of the average resistive loading intensity (‘average intensity’; calculated from lower
level intensity ratings for each subject) and anxiety of upcoming resistance ( ‘anticipation anxiety’).
Lastly, an ‘exercise’ group comparison regressor was included to investigate differences between
athletes and sedentary subjects.
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seeds was made in the left primary auditory cortex in standard space, transformed into sub-
ject space and the mean timeseries calculated to act as a control connectivity analysis. 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 timeseries from
the cerebrospinal fluid and white matter were included as noise regressors of no interest. A
convolution was not applied to any of the regressors, as the timeseries were taken from the
preprocessed data rather than an external timing file. However, a temporal derivative was
included for each regressor, to account for small delays in the connectivity between areas
of the brain, producing a total of two EVs for each model regressor. This first level model
is demonstrated in Figure 5.5. Each of the timeseries regressors were then extended to a

mean at the group level.

5.4 Results

5.4.1 Functional breathlessness network results
5.4.1.1 Resistive loading physiology and psychology

All subjective measures included in the analysis are from the MRI scanning session. Mean
anxiety and intensity scores for conditioned responses to the respiratory tasks in the whole
group are given in Table 5.1, and display a conditioned anticipatory response to the certain

upcoming resistance condition.

Table 5.1: Mean (+sd) anxiety and intensity ratings to the conditioned respiratory tasks. *Signifi-
cantly (p < 0.05) different from no impending resistance condition.

No resistance Certain resistance
Anxiety (%) 2.5(3.9) 34.0 (18.8)*
Intensity (%) 2.8 (3.5) 46.5 (16.0)*

5.4.1.2 Mean functional breathlessness network activity

The main contrasts of interest presented in these results are the activity during resistive
loading (resistive loading > baseline), and the aversive anticipation of resistive loading

(anticipation of resistance > anticipation of no resistance; CS+ > CS-). The results of the

104



CHAPTER 5. PAG IN BRAIN NETWORKS OF BREATHLESSNESS

AUDITORY
CONTROL
MATTER
NOISE

} IPAG SEED
} CSF NOISE

} vIPAG SEED
WHITE

Figure 5.5: General linear model used in each single subject lower level PAG seed resting state
analysis within FEAT. Each regressor also has a temporal derivative added, to account for small
connectivity or noise delays across the brain. A mask of the vVIPAG and IPAG columns were made
from previous diffusion-based segmentation of the human PAG (Ezra et al., 2015), and transformed
into subject space. The mean timeseries of these masks were calculated and entered into the model
as the first two regressors of interest (‘VIPAG seed’ and ‘IPAG seed’). A control seed in the pri-
mary auditory cortex (similar size to the PAG masks) was made in standard space, transformed into
subject space and the mean timeseries calculated to act as a control (‘auditory control seed’). Fi-
nally, two noise regressors were included in this model: White matter and cerebrospinal fluid (CSF)
(‘white matter noise’ and ‘CSF noise’). The mean timeseries for these regressors were calculated
using subject-specific masks of the white matter and CSF. The contrast of interest consisted of group
mean values of the first EV of each set of two regressors.
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Table 5.2: Mean (£sd) physiological variables across conditioned respiratory tasks. *Significantly
(p < 0.05) different from no impending resistance anticipation condition. Abbreviations: PrCO»2,
pressure of end-tidal carbon dioxide; Pp1QO2, pressure of end-tidal oxygen; RVT, respiratory vol-
ume per unit time; bpm, breaths per minute.

Anticipation Anticipation  Resistance
of nothing  of resistance On
Average mouth pressure (cmH>O) -0.35(0.77) -0.46 (0.91) -5.69 (2.99)*

Peak mouth pressure (cmH50) - - -14.7 (8.3)

PrrCO, (%) 4.67 (0.62) 4.62(0.66)* 4.72 (0.72)

PrrOs (%) 17.4 (1.6) 17.3 (1.4) 17.7 (1.7)*

Respiratory rate (bpm) 11.8 (3.4) 11.5 (3.8) 10.5 (4.5)*
RVT (%) -2.3(7.0) 3.0 (15.9)* -16.6 (26.2)*

contrast of anticipation of resistance > baseline are presented in the Appendix for Chapter

5, for comparisons with results in Chapter 3.

Anticipation Significantly increased BOLD activity was seen in both the vIPAG and
IPAG, and cortically/subcortically in the dorsolateral prefrontal cortex, supplementary mo-
tor cortex, middle and posterior cingulate cingulate cortices, anterior and middle insula,
subthalamic nucleus, operculum, cerebellar I-IV, primary visual cortex and primary sen-
sory 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 amygdala, primary sensory cortex, pontine nuclei,

ventral inferior nuclei of the thalamus and cerebellar IX (Figure 5.6).

Resistive loading During resistive loading, significantly increased BOLD activity was
seen in the dorsolateral prefrontal cortex, ventral posterolateral nucleus of the thalamus,
putamen, caudate nucleus, and primary sensory and motor cortices, supplementary motor
cortex, middle cingulate cortex, anterior and middle insula, subthalamic nucleus, opercu-
lum, cerebellar I-IV, primary visual cortex and primary sensory cortex. Decreased BOLD
activity was seen in the anterior and posterior cingulate cortices, ventromedial prefrontal
cortex, inferior precuneus, hippocampus and amygdala, primary sensory cortex, and pon-

tine nuclei (Figure 5.6).
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INSPIRATORY RESISTANCE

Cortex Z score activation 2.3 mmmmmm 5 2.3 Il 5 deactivation PAG p value 0.05 mmmmmm 0.0

Figure 5.6: Mean BOLD response to inspiratory resistive loading and anticipation of aversive re-
sistance (CS+ > CS-). The images consist of a colour-rendered statistical map superimposed on a
standard (MNI 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 bright
grey region represents the periaqueductal gray, with significant clusters overlaid (p < 0.05; small-
volume-corrected for multiple comparisons using represented PAG mask). Abbreviations: PAG,
periaqueductal gray; vIPAG and IPAG, ventrolateral and lateral PAG; S1, primary sensory cortex;
CN, caudate nucleus;, SMC, supplementary motor cortex;, Put, putamen; ACC, anterior cingulate
cortex; MCC, middle cingulate cortex; PCC, posterior cingulate cortex;, PC, precuneus; dIPFC,
dorsolateral prefrontal cortex; dmPFC, dorsomedial prefrontal cortex; vimPFC, ventromedial pre-
frontal cortex; Hipp hippocampus; amyg, amygdala; a-In, anterior insula;, m-In, middle insula;
p-In, posterior insula; STN, subthalamic nucleus; RN, Red nucleus; OP, operculum; VI, primary
visual cortex; IX and I-1V, cerebellar lobes; thalamic nuclei: VPL, ventral posterolateral nucleus;
VIN, ventral inferior nuclei; activation, increase in BOLD signal; deactivation, decrease in BOLD
signal.
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5.4.1.3 Breathlessness network activity scaling with subjective ratings of intensity

and anxiety

Anticipation BOLD activity that scaled with anxiety scores in the contrast of aversive
anticipation of resistance was observed in the primary and supplementary motor cortices,
superior parietal lobule, lateral occipital cortex and cuneus, while only activity in the bilat-

eral ventral anterior nucleus of the thalamus scaled with intensity scores (Figure 5.7).

Resistive loading BOLD activity that scaled with subjective anxiety scores during resis-
tive loading was observed in the IPAG, primary motor and sensory cortices, supplementary
motor cortex, dorsolateral prefrontal cortex, middle insula, ventral posterolateral nucleus
of the thalamus, and subthalamic nucleus. Only the middle insula correlated with intensity

during resistive loading (Figure 5.7).

5.4.2 Functional connectivity of the IPAG and vIPAG

VIPAG The resting state connectivity analysis revealed significant functional connectivity
between the VIPAG and the dorsomedial prefrontal cortex, dorsolateral prefrontal cortex,
anterior insula, right middle insula, operculum, anterior cingulate, paracingulate gyrus, pre-
cuneus, visual cortex, hippocampus, subthalamic and red nuclei, parahippocampal gyrus,
left supplementary motor cortex, caudate nucleus, and superior cerebellar lobes (Figure
5.8).

IPAG The resting state connectivity analysis of the IPAG revealed connectivity with the
primary motor cortex, left primary sensory cortex, left superior parietal lobule, putamen,

hippocampus and left amygdala, and right lateral occipital cortex (Figure 5.8).

Auditory control seed The resting state connectivity of the auditory control seed was

predominantly to the auditory cortex, insula and primary sensory cortex (Figure 5.8).

5.4.3 The effect of exercise
5.4.3.1 Exercise and anxiety of inspiratory resistive loading

The negative correlation between exercise exposure and anxiety of inspiratory resistance
was not found to be significant across the 40 subjects in this investigation (R = -0.17; p =

0.29; Figure 5.9), in contrast to the results presented in Chapter 3.
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Figure 5.7: BOLD activity that scales with intensity (blue) and anxiety (yellow) ratings for inspira-
tory resistive loading and anticipation of aversive resistance (CS+ > CS-). The images consist of
a colour-rendered statistical map superimposed on a standard (MNI 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 bright grey region represents the periaqueductal
gray, with significant clusters overlaid (p < 0.05; small-volume-corrected for multiple comparisons
using represented PAG mask). Abbreviations: PAG, periaqueductal gray; IPAG, lateral PAG; S1,
primary sensory cortex; M1, primary motor cortex; SMC, supplementary motor cortex; PCC, pos-
terior cingulate cortex; Cun, cuneus, pC, precuneus, dIPFC, dorsolateral prefrontal cortex; m-In,
middle insula; CN, caudate nucleus; STN, subthalamic nucleus; LOC, lateral occipital cortex; VPL,
ventral posterolateral nucleus of the thalamus; VAN, ventral anterior nucleus of the thalamus.
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Figure 5.8: Mean resting state functional connectivity of the vIPAG and IPAG masks, and an au-
ditory control seed. The images consist of a colour-rendered statistical map superimposed on a
standard (MNI 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: S1,
primary sensory cortex; M1, primary motor cortex; SMC, supplementary motor cortex; CN, caudate
nucleus; Put, putamen; ACC, anterior cingulate cortex; MCC, middle cingulate cortex; paraCG,
paracingulate gyrus, dIPFC, dorsolateral prefrontal cortex; dmPFC, dorsomedial prefrontal cor-
tex; Hipp hippocampus; a-In, anterior insula;, m-In, middle insula; Ins, insula; PC, precuneus;
SMG, supramarginal gyrus; STN, subthalamic nucleus; RN, red nucleus;, OP, operculum; AC, au-
ditory cortex; V, visual cortex.
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Figure 5.9: Plot of anxiety scores for certain impending resistance against exercise exposure score
(number of hours of exercise per week x intensity; where 1 = easy, 2 = moderate, 3 = intense).
Black lines represent regression line and 95% confidence intervals.
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Table 5.3: Physiological and psychological variables during inspiratory resistance protocol (mean
(£sd)). *Significantly different (p < 0.05) between groups

Athletes Sedentary
Peak inspiratory resistance (cmH0) -14.4 (8.5) -12.0(5.8)

Resistance intensity rating (%) 46.3 (14.1) 46.7 (18.1)
Resistance anxiety rating (%) 31.9(17.8) 36.1(20.0)
No resistance intensity rating (%) 2.3(3.5) 3434
No resistance anxiety rating (%) 2.8 (4.8) 22 2.7

5.4.3.2 Physiology and psychology of breathlessness

No differences between athletes and sedentary subjects were observed in any physiology
measures reported in Table 5.2. Group results for subjective perceptions of resistive loading
are presented in Table 5.3, and while no significant differences were apparent, a small
(subthreshold; p = 0.24) decrease in anxiety was observed in the athlete group compared

to sedentary subjects.

5.4.3.3 Functional activity differences between exercise groups

Anticipation The differences in brain activity between exercise groups did not survive
thresholding in the aversive anticipation condition (anticipation of certain resistance > an-
ticipation of no resistance; CS+ > CS-), and thus the results presented in this section are
for the contrast of anticipation of certain resistance > baseline. During this anticipation
of resistance (> baseline), athletes had greater BOLD activity in the VIPAG (using a spe-
cific vIPAG region of interest mask; p = 0.05), ventromedial prefrontal cortex, anterior and

posterior cingulate cortices, paracingulate cortex and posterior insula (Figure 5.10).

Resistive loading BOLD activity was greater in sedentary subjects during inspiratory
resistive loading in the middle insula, caudate nucleus, primary motor and sensory cortices,
supramarginal gyrus, superior parietal lobule, operculum and cerebellum. In contrast, no
BOLD activity was significantly greater in athletes than sedentary subjects during resistive
loading.
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Figure 5.10: BOLD response that correlates with exercise group (athletes > sedentary in yellow;
sedentary > athletes in blue) during inspiratory resistance and the anticipation of resistance. The
images consist of a colour-rendered statistical map superimposed on a standard (MNI 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: ACC, anterior cingulate cortex;
PCC, posterior cingulate cortex; paraCG, paracingulate gyrus; vinPFC, ventromedial prefrontal
cortex; p-In, posterior insula; m-In, middle insula; CCI, cerebellar crus I; CVI, cerebellar VI.
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5.5 Discussion

5.5.1 Main findings

In this Chapter we have shown that the columns of the PAG are potentially integrally and
differentially involved in the top-down networks involved with the anticipation of breath-
lessness. Activity was identified in both the IPAG and vIPAG during conditioned antici-
pation of resistive loading within a network of complex cortical circuitry. To disentangle
the influence of these cortical structures on the PAG columns, a resting state functional
connectivity analysis revealed that these PAG columns have different connections within
this breathlessness network, with vVIPAG preferentially connecting to prefrontal areas and
IPAG to motor and sensory areas. Therefore, we have revealed that the PAG may be im-
perative for separating top-down modulation of the sensory and affective components of
breathlessness perception.

It is already known that exercise treatment reduces breathlessness perception in pa-
tients with COPD, independent of changes in lung function (Carrieri-Kohlman et al., 2001,
1996). Therefore, in this study we also compared athletes and sedentary individuals to as-
sess whether exercise can induce adaptations in the PAG columns or wider cortex of the
breathlessness network, in a preliminary investigation of exercise-induced plasticity inde-
pendent of disease. While our previous results (Chapter 4) had shown that athletes did
not appear to be ‘de-sensitised’ to perceptions of breathlessness, we speculated that any
adaptations induced by exercise were thus likely due to reappraisal of the threat perception
of breathlessness. In line with this hypothesis, in this study we found that athletes dis-
played altered vIPAG activity during anticipation of resistance compared to their sedentary
counterparts. VIPAG activity was coupled with increased activity in prefrontal and sensory
cortical areas, potentially reflecting different activity within the threat perception system of
breathlessness, and possibly manifesting in the small (sub-threshold) decrease in anxiety
of breathlessness observed in athletes. These findings provide a platform by which to in-
vestigate (mal)adaptation and altered breathlessness perception in diseases such as COPD

and asthma, with the potential to understand and enhance treatment effects.

5.5.2 PAG columns within the anticipatory breathlessness network

Activity in both the vIPAG and IPAG was observed during aversive anticipation of re-
sistive loading (CS+ > CS-), indicating that both of these structures are involved in the
top-down conditioned response to an impending breathlessness stimulus. As well as PAG

activity, a widespread cortical network of breathlessness anticipation was also identified,
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reflecting the complex processing of breathlessness as both a sensory and affective stimulus
(Herigstad et al., 2011; Lansing et al., 2009; Hayen et al., 2013b). Activity was identified
in limbic and evaluative structures such as the anterior and posterior cingulate cortices, an-
terior and middle insula (Vogt et al., 1992; Craig, 2009, 2002, 2003), and the dorsolateral
prefrontal cortex, known to be involved in executive attention and working memory (Kane
and Engle, 2002; MacDonald et al., 2000; Miller and Cohen, 2001). Additionally, activ-
ity in sensory awareness and preparatory motor structures was also identified, including
primary sensory cortex (Calford, 2002), precuneus (Kjaer et al., 2001, 2002) and supple-
mentary motor area (Roland et al., 1980; Fried et al., 1991; Nambu et al., 1996).

But how do we disentangle the roles of these PAG columns within the top-down senso-
rimotor and affective components of breathlessness? While both the IPAG and vIPAG were
active during aversive anticipation of resistive loading, our functional connectivity results
revealed that connectivity of the VIPAG appears to be extensive within limbic and frontal
regions of the brain, consistent with previous diffusion imaging results (Ezra et al., 2015)
(included in Appendix). Of particular note, vVIPAG has high connectivity to many of the ex-
ecutive control and limbic structures active during anticipation of resistance, including the
dorsolateral prefrontal cortex, and the anterior cingulate and paracingulate cortices. The
VIPAG also preferentially communicates with the anterior insula and precuneus, known
to play fundamental roles in the interoceptive sense of self (Cavanna and Trimble, 2006;
Craig, 2009, 2002, 2003). Therefore, the extensive connectivity of the vIPAG to frontal
and limbic structures supports the notion that it may play a key role in threat perception
and affective evaluation of breathlessness within this complex cortical network.

Comparatively, resting state functional connectivity analysis of the IPAG revealed con-
nections to sensorimotor areas of the brain, supporting the hypothesis that the IPAG is inte-
grally involved in the sensorimotor aspect of breathlessness. Mean connectivity was shown
to the primary sensory and motor cortices, middle insula and putamen, all areas identified
within the sensorimotor circuitry of the brain (Purves et al., 2001; Simmons et al., 2013;
Goble et al., 2012; Wymbs et al., 2012). To further support the role of the IPAG in the
sensorimotor network of breathlessness, functional activity of the IPAG during the task
of resistive loading was found to scale with ratings of breathlessness intensity, meaning
greater IPAG activity was observed in subjects who perceived higher intensities of breath-
lessness during resistive loading. Therefore, it appears that the IPAG is a key component
of the neural circuitry determining the subjective perception of breathlessness intensity,
alongside other activated cortical structures such as the posterior insula. The posterior in-
sula has been identified as part of the somatosensory system, with stroke lesions linked to

somatosensory deficit (Cereda et al., 2002). Furthermore, the posterior insula has been pos-
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tulated to contain a sensory representation prior to communication with the anterior insula
in the pathway of interoception (Craig, 2002), and it is therefore possible that the IPAG and
posterior insula are communicating to modulate the afferent sensation and efferent motor
output of ventilation to regulate the perceived intensity of breathlessness.

While these results have shown that the complex, multi-dimensional anticipation of
aversive breathlessness employs simultaneous activity in both the vIPAG and IPAG columns,
both functional and connectivity results reveal that these are likely to be playing distinctly
different roles within this perception. Animal models have previously hypothesised in-
volvement in passive coping towards an inescapable threat from the vIPAG, and active re-
sponse to threat in the IPAG (Keay and Bandler, 2001; Bandler and Shipley, 1994; Bandler
et al., 2000), but are unable to link this to functional activity in the wider cortex or subjec-
tive perceptions due to decerebrate preparations (Subramanian et al., 2008; Subramanian,
2012). While our previous results (Chapter 3) revealed PAG activity that was consistent
with animal models of threat, the current results demonstrate that these PAG columns are
more than primitive threat reflexes; rather intricately and differentially linked to distinctive
cortical networks. Therefore, it is now apparent that these active and passive responses to
the threat of breathlessness result from a top-down modulation by a fronto-limbic (VIPAG)
or sensorimotor sub-network (IPAG).

This decisive division in function and connections of the PAG columns within breath-
lessness perception may prove to be of great clinical importance. Conditions such as
chronic lung disease or asthma are often characterised by misperception of respiratory
symptoms, and we can now begin to provide a platform for investigating related adap-
tations of the PAG columns in disease. The most effective treatment currently for COPD is
the use of exercise within pulmonary rehabilitation, resulting in a decrease in breathlessness
anxiety (Carrieri-Kohlman et al., 2001, 1996). We have postulated this to be due to a reap-
praisal of the threat of breathlessness due to positive associations with exercise (Chapter 4),
which may thus present itself in functional adaptations of the VIPAG and fronto-limbic cor-
tical network. Therefore, we will now examine our group comparison between individuals
who regularly partake in endurance exercise training and those who are sedentary, using a
healthy volunteer model to understand how the PAG may be involved in this reappraisal of

threatening breathlessness.

5.5.3 Effect of exercise on cortical networks of breathlessness

Indeed, a group comparison between athletes and sedentary subjects showed an increase in

VvIPAG and cortical activity during anticipation of resistance in athletes, but only in the con-
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trast of anticipation > baseline, as results in anticipation of resistance > anticipation of no
resistance did not survive thresholding (Figure 5.10). Additionally, an increase in cortical
sensorimotor structures was observed in sedentary subjects during resistive loading (Fig-
ure 5.10). However, no significant difference in subjective ratings of breathlessness anxiety
was apparent between the groups, nor a negative correlation between exercise exposure and
and breathlessness anxiety (Figure 5.9), therefore these results are somewhat speculative.

Despite the consistency in breathlessness ratings between the groups, it is possible that
altered function in the neuronal networks involved with cognitive evaluation and threat ap-
praisal of breathlessness exist, driving the sub-threshold reduction in breathlessness anxiety
observed in athletes (Table 5.3). This may explain the network of structures that showed
altered functional BOLD activity in athletes during anticipation of resistance (> baseline),
including the vIPAG, ventromedial prefrontal cortex, cingulate, and posterior insula. The
posterior insula and posterior cingulate cortex have both been shown to have sensory func-
tions (Vogt et al., 1992; Craig, 2009, 2002, 2003), and coupled with activity in the ventro-
medial prefrontal cortex and anterior cingulate, known for their roles in emotional process-
ing (Roy et al., 2012; Bechara et al., 2000; Tranel et al., 2002; Urry et al., 2006; Biichel
et al., 2002), may be involved in positive associations and reduced threat of breathlessness
in athletes.

Remarkably, the activity observed in the ventromedial prefrontal cortex and anterior
cingulate cortex are strikingly similar to that observed in patients with COPD, in a recent
study examining brain responses to breathlessness-related-word-cues to model anticipa-
tory breathlessness activity (Herigstad et al., 2015). These areas were found to scale with
scores of depression and vigilance in patients, and it is therefore possible that they (and the
vIPAG shown here) are integral to the modulation of threat perception in breathlessness.
Therefore, these preliminary findings of exercise-induced changes in the brain circuitry of
breathlessness indicate involvement of the VIPAG, providing a first step in the understand-
ing of the mechanisms of exercise reducing heightened breathlessness anxiety in patients
with chronic lung disease.

Lastly, while there was no difference in intensity perception between the groups, and
no associated differences in IPAG activity, increased BOLD activity was found in cortical
sensorimotor areas including the primary motor and sensory cortices, the caudate nucleus
and middle insula (Purves et al., 2001; Simmons et al., 2013; Goble et al., 2012; Wymbs
et al., 2012) during resistive loading in sedentary subjects. This difference between the
groups may reflect a more efficient cortical processing of ventilatory sensation and drive in
athletes, similar to that hypothesised in piano players during a finger tapping task (Jincke

et al., 2000). Plasticity of the cortex is known to occur with repeated motor and sensory
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experiences (Stefan et al., 2000; Sanes and Donoghue, 2000; Calford, 2002; Trachtenberg
et al., 2002), and while exercise may not have desensitised this group of athletes to the
perception of breathlessness, neuronal circuitry may adapt to allow for more metabolically-
efficient control of ventilation, or perhaps even the enhanced perceptions of ventilatory

sensations observed in Chapter 4.

5.5.4 Methodological considerations

In the functional connectivity analysis of this study, care was taken to include a control seed
region in the auditory cortex to compare with results from the columns of the PAG. This
auditory control seed displayed high connectivity to the bilateral somatosensory and audi-
tory cortical regions, consistent with the literature on the connections of the auditory cortex
(Wild et al., 2012). Furthermore, white matter and cerebrospinal fluid timeseries were also
included in this analysis, in addition to extensive denoising using ICA and RETROICOR
during preprocessing, to dissociate the noise of global head movement and the pulsating
aqueduct from the adjacent PAG columns.

In this study we were able to analyse the aversive anticipation of breathlessness contrast
(CS+ > CS-) when examining whole-group results, consistent with that typically used in
conditioning and learning literature. The increase in statistical power required to analyse
this contrast resulted from a simplified anticipation protocol from Chapter 3, with only
certain anticipation of resistance and anticipation of no resistance, together with a greater
number of subjects (n=40 vs n=18 in Chapter 3) and larger voxels (at the expense of a
loss in resolution; voxel size 2 mm? vs 1.5 mm? in Chapter 3). Care must be taken as
the increased voxel size in this study introduces potential blurring between the PAG and
aqueduct. This may be problematic with interpretation of functional activity that scales
with breathlessness intensity ratings, as this may be a simple reflection of increased noise
generated by increased mouth pressure. However, the activity in the activated area of the
IPAG did not correlate with mouth pressure (see Appendix for Chapter 5), and thus we are
confident this is not due to increased noise from the aqueduct.

While the results from this study continue to support the hypothesis that the 1IPAG is
involved in the active sensorimotor aspect of breathlessness, we did not find mean deacti-
vation of the IPAG during inspiratory resistance that was observed in our previous results
(Chapter 3). Instead, we found activity in the IPAG during resistive loading that scaled with
intensity. This discrepancy may be explained by the reduction in perceptions of intensity
by the subjects in this study compared to Chapter 3 (mean resistance rating (4sd) Chapter
5 vs Chapter 3: 46.5 (16.0) vs 62.9 (21.5); p = 0.002) despite similar inspiratory resistance
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pressures (average peak mouth pressure (£sd) (cmH;O) Chapter 5 vs Chapter 3: -14.7 (8.3)
vs -13.2 (7.3); p = 0.51), or the increased voxel size contributing larger partial voluming
effects and masking mean activity in the IPAG. Furthermore, in the aversive anticipation
contrast, mean activity was also detected in the IPAG as well as the VIPAG activity reported
in Chapter 3. It is possible that this activity represents preparatory activity in the IPAG of
the somatomotor system for impending breathlessness, while this was unable to be detected

in Chapter 3 due to the reduced statistical power.

5.6 Conclusions

In the final Chapter of this Thesis we have found that both the vIPAG and IPAG are active
during conditioned anticipation of an aversive respiratory load, within a broad network
of cortical structures that reflect the sensory and affective components of breathlessness.
However, the connectivity of these PAG columns reveal distinctly different profiles to the
higher cortical structures within this network, with the VvIPAG preferentially connecting to
fronto-limbic structures within the affective component of breathlessness perception, while
the IPAG connects to sensorimotor structures within the sensory component. Furthermore,
the IPAG is also involved with the active response to a resistive load, in a manner that scales
with the perceived intensity of the stimulus. Therefore, it appears that the PAG may be a
critical point of divergence within the perception of breathlessness, which is a key step
forward in our understanding of this complex, frightening and often debilitating sensation.

To begin to understand the affect of exercise on brain networks of breathlessness, we
also compared athletes to matched sedentary individuals in this study. In our previous
Chapter (Chapter 4) we revealed that exercise does not appear to ‘de-sensitise’ athletes to
the intensity of breathlessness, and we speculated that any induced changes would be due
to reappraisal of the threat of breathlessness sensations. While no significant reduction in
breathlessness intensity or anxiety was reported between the two groups in this Chapter, we
found a difference in functional activity in the vIPAG and an affective cortical network in-
volving the ventral prefrontal cortex in athletes during anticipation of resistance. Therefore,
we have shown the vIPAG may be a key structure within a network of plasticity altered by
exercise, and may be an important therapeutic target for misperceptions of breathlessness

in diseases such as COPD.
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6.1 Abstract

The aim of this Thesis was to investigate the roles of the PAG columns in respiratory control
and breathlessness, and the potential changes in breathlessness induced by exercise. In
Chapter 2 we presented a study that revealed the ability of 7 Tesla MRI to detect activity
within columns of the PAG during simple respiratory tasks. In Chapter 3 we showed that
the vIPAG and IPAG are differentially involved in breathlessness perception, in a manner
fitting with animal models of the PAG in response to threat. In Chapter 5 we extended these
results to reveal that beyond reflexive ventilatory coping strategies residing within the PAG,
the connectivity of these columns to higher cortical structures suggests that they are under
top-down cortical control, and represent a divergence of the sensory (IPAG) and affective
(VIPAG) networks underlying the multidimensional nature of breathlessness. Lastly, in
Chapters 4 and 5 we investigated the effect of exercise on perceptions of breathlessness and
underlying brain networks. In Chapter 4 we found that exercise does not appear to globally
‘de-sensitise’ individuals to breathlessness, and we thus hypothesised that any changes
associated with exercise may be affective in nature, with a re-evaluation of the threat of their
respiratory sensations. Correspondingly, in Chapter 5 we found a difference in functional
activity of the VIPAG and prefrontal cortex during anticipation of breathlessness, despite
no significant differences in subjective ratings of breathlessness intensity or anxiety. These
results reveal the possibility that the VIPAG is within a network of plasticity evoked by
exercise training that may contribute to potential changes in affective breathlessness, and
may be an important therapeutic target for future treatments of respiratory disease.

In this final Chapter we outline the main findings of this Thesis and discuss how these
compare to the current animal and human PAG and breathlessness literature, revealing
an integral place of the PAG within this perceptual network. We will briefly touch on
how we might better understand the physiology of breathlessness by examining athletes
operating at high proportions of their ventilatory capacity, and discuss how exercise might
alter breathlessness perception and possible underlying adaptations of the PAG and cortex.
We will address the methodological considerations of both imaging breathlessness and
the use of 7 Tesla brainstem fMRI, before concluding by outlining the importance of this

research in the understanding and treatment of breathlessness in the future.
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6.2 Main Thesis findings

The primary aim of this Thesis was to investigate the role of the human PAG columns in
respiratory control and perception of breathlessness. In accordance with animal models of
PAG respiratory function and threat perception, we have found activity in the IPAG that
occurs during voluntary changes in ventilation for both breath holds and breathing against
an inspiratory resistance, while activity in the VIPAG occurs only during conditioned an-
ticipation of an aversive breathing stimulus. Further connectivity analysis of these PAG
columns revealed that the VIPAG preferentially communicates with prefrontal and limbic
structures, and the IPAG to sensorimotor structures, leading us to believe that this may be
a focal point of differentiation into the sensory and affective sub-networks of respiratory
control and breathlessness.

To investigate the importance of the PAG columns within these breathlessness sub-
networks, we tested the idea that the plasticity of the PAG may be involved in modulating
previously-reported reductions in breathlessness using exercise treatment in patients with
chronic obstructive pulmonary disease (COPD). Using an healthy volunteer athlete model,
we found that exercise does not appear to globally ‘de-sensitise’ individuals to breathless-
ness, and instead any changes are possibly due to altered threat perceptions of breathless-
ness stimuli. Correspondingly, we found preliminary evidence for functional adaptations
within a brain network encompassing the vIPAG and prefrontal cortex in athletes, exposing
this as a legitimate target for potential (mal)adaptions in disease.

The physiological and psychological investigations into breathlessness perception in
athletes during exercise can also provide some useful insights into breathlessness in dis-
ease. While our athlete model did not provide the expected significant reduction in breath-
lessness anxiety, possibly due to the comparative low anxiety of the sedentary subjects
tested, we did find an increase in anxiety at maximal exercise and improved ventilatory
perceptions in our athlete group. We have postulated that exercising anxiety may be due
to increased homeostatic signalling from the chest when operating at high proportions of
maximal ventilatory capacity, possible in both athletes and those with reduced lung func-
tion in respiratory disease, whereas typically ventilation has not been considered a limiting
factor to exercise capacity. Lastly, more accurate ventilatory perception may be a result of
repeated exposure to operating within a high proportion of ventilatory capacity, where this
heightened awareness may serve to further facilitate anxiety in patients due to their asso-
ciations between breathlessness and disease. Therefore, through the study of the effects of
exercise on breathlessness independent of disease, we are able to deepen our understanding

of both the effect on breathlessness perception and the underlying brain network adapta-
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tions, and the physiology and psychology of operating at high proportions of ventilatory

capacities.

6.3 Functional dissociation of the human PAG

6.3.1 IPAG functions and cortical connections

In all three respiratory imaging studies in this Thesis we have identified activity in the IPAG
corresponding with volitional changes in ventilation. The ventilatory tasks employed were
breath holding (Chapter 2) and breathing against an inspiratory resistive load (Chapters 3
and 5); which are both associated with a decrease in rate of breathing from resting values.
These results align with animal models, where the IPAG has been associated with prolonged
inspirations and expirations (summarised in Figure 6.1).

Beyond respiratory control, animal models have also hypothesised the IPAG to reside
within a pathway of active response to an escapable threat. As the activity seen in the IPAG
has corresponded with active, volitional responses to respiratory challenges, our results
also align with this threat model of the PAG. Furthermore, activity in the IPAG was found
to scale with perceived intensity of resistance during both cued anticipation and resistive
loading (Chapters 3 and 5), with greater activity in those who perceive the stimulus as more
intense. Therefore, it appears that the IPAG is not only acting in a reflexive, active response
to a respiratory threat, but is under top-down modulation from a higher cortical network
to anticipate and interpret the ventilatory sensations. Correspondingly, in Chapter 5 we
observed preferential functional connectivity between the IPAG and sensorimotor areas of
the cortex, consistent with recent work using using diffusion imaging (Ezra et al., 2015),
and validating the IPAG within this sensorimotor network. Therefore, we propose that the
IPAG has an integral place within the sensorimotor component of respiratory function and

breathlessness.

6.3.2 VIPAG functions and cortical connections

In Chapters 3 and 5 of this Thesis, we found vIPAG activity during cued aversive anticipa-
tion of inspiratory resistance. The VIPAG has been hypothesised to contribute to the passive
behavioural response to an identified inescapable threat, and our study design of applied
inspiratory loading was an anticipated, inescapable respiratory threat. Furthermore, with a
condition of 50% certainty of an upcoming inspiratory resistance in Chapter 3, we observed

reduced activity in the VIPAG and a corresponding reduction in breathlessness anxiety and
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Figure 6.1: Top: Summary of the evidence from animals for PAG respiratory functions (right) and
theorised role in threat perception/response (left). Bottom: Summary of the PAG results in this
Thesis: vIPAG activity in the anticipatory threat detection of an aversive inescapable breathing
response, and IPAG activity during anticipation and the volitional changes in ventilation (breath
holds and breathing against an inspiratory resistance).
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Figure 6.2: Summary of the cortical connections of the PAG in humans from previous diffusion
research (right) and the functional connectivity results found in this Thesis (left).
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intensity, indicating reduced vIPAG involvement when the conditioning of a predictive cue
is weaker. However, the vIPAG is not acting in isolation during the anticipation of breath-
lessness, and the connectivity results in Chapter 5 extend the role of the vIPAG beyond
primitive coping behaviours. We have shown that vIPAG preferentially communicates with
prefrontal and limbic structures in a network that may represent the affective component
of breathlessness, allowing for this cognitive assessment of respiratory threat. Therefore,
the results of this Thesis support the model of the vVIPAG involvement in passive response
to an inescapable respiratory threat, and show that this is likely to occur within a top-down

network of cognitive evaluation of breathlessness.

6.4 Cortical networks

Although the cortical networks of breathing control were not the primary interest of this
Thesis, we found remarkably consistent activity during both volitional changes in breath-
ing and anticipation of inspiratory loading across studies (Figure 6.3). Conscious changes
in breathing involve both sensorimotor and affective processing, as adequate ventilation is
integral to sustaining life and thus closely monitored by homeostatic mechanisms (Bran-
nan et al., 2001; Dempsey et al., 1985; Klein, 1993). Within the limited field of view of
Chapters 2 and 3, the cortical network associated with breath holding, vocalisations and
breathing against an inspiratory load covers a network of primary motor and sensory struc-
tures, the subcortical basal ganglia and limbic areas such as the insula (Figure 6.3). These
cortical areas align with previous breath hold research at 3 T (Feinberg et al., 2010; McKay
et al., 2008; Pattinson et al., 2009a) and hypercapnia-stimulated hyperventilation using PET
(Brannan et al., 2001), providing confidence in the legitimacy of the network of breathing
control within which our PAG activations lie. Interestingly, improved statistical power in
Chapter 5 revealed that much of this network more closely scales with scores of anxiety
rather than perceived intensity of breathing. Therefore, it is possible that increased BOLD
activity within this network is reflective of increased conscious awareness of breathing,
and this awareness is tightly coupled with anxiety relating to the strong homeostatic drive
towards sustainable ventilation (Brannan et al., 2001; Klein, 1993).

In Chapters 3 and 5 a consistent network was also found during the anticipation of
inspiratory loading (> baseline, Figure 6.3). Activity in primary motor and sensory struc-
tures was less extensive in anticipation compared with inspiratory loading, while activity
was maintained in preparatory motor structures such as the supplementary motor cortex
and basal ganglia (Groenewegen, 2003; Mink, 1996; Alexander et al., 1986). The full brain

coverage in Chapter 5 revealed that this network extends to prefrontal cognitive evaluation
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VOLITIONAL CHANGE IN VENTILATION

»
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CHAPTER 2 (BREATH HOLDS) (INSPIRATORY RESISTANCE)

Figure 6.3: BOLD activity comparisons across studies: Chapter 2 (represented in yellow/orange;
limited field of view), Chapter 3 (represented in red; limited field of view), and Chapter 5 (repre-
sented in blue; full brain coverage). Top: BOLD activity that corresponds with volitional changes
in ventilation (Chapters 2, 3 and 5). Bottom: BOLD activity that corresponds with anticipation
of inspiratory resistance (Chapters 3 and 5). The images consist of a colour-rendered statistical
map superimposed on a standard (MNI 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 com-
parisons). Abbreviations: M1, primary motor cortex, a-In, anterior insula; SMC, supplementary
motor cortex; MCC, middle cingulate cortex; Put, putamen; VPL, ventral posterolateral nucleus of
the thalamus.
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structures such as the dorsolateral prefrontal cortex (Kane and Engle, 2002; MacDonald
et al., 2000; Miller and Cohen, 2001), and parietal structures for sensory awareness (Kjaer
et al., 2001, 2002). Chapter 5 also revealed extensive deactivation of the resting ‘default
mode’ during anticipation of resistance, which has been previously well-reported in task
fMRI and reinforces the cognitively demanding nature of the anticipation of inspiratory
loading (Raichle et al., 2001; Greicius and Menon, 2004; Fransson, 2005) (can be seen in
Figure 5.6, Chapter 5). Therefore, the cortical networks associated with both volitional
changes in ventilation and anticipation of an aversive breathing stimulus are consistent
with previous literature, and instill confidence in the protocol and modelling in this Thesis

to explore the role of the PAG columns within these breathing networks.

6.5 The effect of exercise on breathlessness

Due to previously reported findings of decreased breathlessness in patients with COPD fol-
lowing a course of pulmonary rehabilitation (Carrieri-Kohlman et al., 2001, 1996), we in-
vestigated the effect of exercise on the physiological, psychological and brain mechanisms
of breathlessness within a healthy volunteer model. Despite no significant differences in
perceptions of breathlessness during inspiratory loading, submaximal exercise or hyper-
capnic hyperventilation in a group of endurance athletes compared to matched sedentary
controls, functional activity in the VIPAG was greater in athletes during anticipation of in-
spiratory resistance. Alongside the vIPAG, increased BOLD activity was observed in the
ventral prefrontal cortex and anterior cingulate cortex, in a remarkably similar manner to
activity recently shown in COPD patients prior to treatment (Herigstad et al., 2015) (Fig-
ure 6.4). Therefore, as opposed to our predicted ‘de-sensitisation’ to breathlessness anxiety
with exercise, we found activity more similar to patients with COPD. However, activity in
the same areas of the cortex does not equate to the same brain representations or cognitive
processes (Poldrack, 2006), but rather may represent different adaptations in similar corti-
cal structures. It may be that breathlessness holds greater associations in these two groups,
with positive associations as a result of exercise exposure, and disease associations in pa-
tients with COPD. However, what this consistency in activity shows us is that this brain
network (including the vIPAG) is likely an important contributor to the emotional evalua-
tion of breathlessness, and potentially imperative in the treatment of heightened anxiety of
breathlessness apparent in respiratory disease.

The strong associations formed between breathlessness and threat values may be due to
repeated exposure to breathlessness in both athletes and patients with COPD. In Chapter 4

of this Thesis we found that athletes experience anxiety about their breathing during max-
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ATHLETES > SEDENTARY

Figure 6.4: Top: Functional increase in prefrontal cortical activity during anticipation of breath-
lessness in athletes greater than matched sedentary controls (Data from Chapter 5). Bottom: Func-
tional increase in prefrontal activity during presentation of breathlessness words in patients with
COPD greater than matched controls (Data from Herigstad et al. (Herigstad et al., 2015)). The
images consist of a colour-rendered statistical map superimposed on a standard (top, MNI 1 mm3;
bottom, MNI 2 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).
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imal exercise more than sedentary subjects, and were ventilating at a significantly greater
proportion of their recorded maximal voluntary ventilation. Therefore, we have postulated
that greater homeostatic signalling and threat detection may occur as a result of ventila-
tion reaching close to maximal capacity, leading to increased anxiety. While athletes may
associate their changes in ventilation and exercising breathlessness anxiety with positive
performance outcomes, patients with COPD have reduced maximal voluntary ventilation
(Aldrich et al., 1982) and will be exposed to threatening, anxiety-inducing breathlessness
signalling with minimal physical effort associated with their disease. Furthermore, possibly
as a result of exposure to this ventilatory exertion at high intensities of exercise, we found
that subjective breathlessness scores in athletes more closely matched their changes in ven-
tilation during hypercapnia, suggesting an improved ventilatory awareness. However, if a
corresponding improvement in awareness of ventilation occurs in patients, this may serve
to heighten breathlessness anxiety. Therefore, this cortical network (including the vIPAG)
identified in athletes may be a site of adaptation during the positive or negative threat per-
ception of breathlessness, which may exacerbate breathlessness anxiety in patients with
COPD.

6.6 Methodological considerations

6.6.1 Imaging breathlessness

Breathlessness is a multifaceted sensation that is not yet fully understood (Herigstad et al.,
2011; Hayen et al., 2013b; Janssens et al., 2011a). We know that perceptions of breath-
lessness can be exacerbated in respiratory disease (Bailey, 2004), and to understand the
mechanisms of this exacerbation we first need to investigate breathlessness within a healthy
population. Therefore, to examine the potential role of the PAG in breathlessness in this
Thesis we chose to work within a healthy volunteer model. Furthermore, the resolution
required to dissociate the PAG columns is possible only when using the 7 Tesla scanner,
and current safety considerations exclude many patient groups from this machine. We also
chose to use a simple anticipation-stimulus protocol in these initial studies of the PAG in
breathlessness, without any element of subject control. In real life, a breathlessness cue
(such as walking up the stairs) can often be avoided through the decisions made by an indi-
vidual. Therefore, further studies that incorporate perceived subject control over upcoming
stimuli, such as using a cognitive task to avoid a stimulus, may reveal different activity
within PAG columns and the anticipatory network to those observed in these studies.

Even amongst healthy volunteers, imaging breathlessness is a difficult task. While
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7 Tesla functional MRI can give us excellent resolution compared to other neuroimag-
ing techniques such as PET, it is particularly susceptible to noise created by head and
body movement, and any changes in Pr7CO,. Therefore, we cannot apply a breathless-
ness stimulus evoked by exercise nor air huger from inhalation of carbon dioxide (Liotti
et al., 2001), and imagination of breathlessness cannot be assumed to be the same as ac-
tual breathlessness. Instead, we chose to apply an adverse respiratory stimulus in the form
of inspiratory resistance as an abstract form of breathlessness. While inspiratory resistive
loading does not incorporate the multiple dimensions of real-world breathlessness, it does
induce a threat to respiration that requires adequate preparation and a volitional change in
ventilation. Although care must be taken when interpreting these results to breathlessness
in the environment and to patients with respiratory disease, these results show that it is
possible to identify changes in the columns of the human PAG, and it does appear to play
a role when respiration is threatened. Lastly, while resistive loading has been shown to in-
crease cerebral blood flow to a small degree (Hayen et al., 2013a), this global change would
underestimate the effect size in a conservative manner rather than inflating false positives

within the results.

6.6.2 Brainstem fMRI

A particular problem with brainstem fMRI is the inherently low signal to noise compared to
cortical areas (Devonshire et al., 2012; Brookes et al., 2013; Harvey et al., 2008). The brain-
stem suffers from a larger influence of physiological noise, necessitating the use of either
retrospective imaging techniques such as RETROICOR (RETROspective Image CORrec-
tion; (Glover et al., 2000; Harvey et al., 2008)), or data-driven approaches such as indepen-
dent component analysis (ICA, reviewed in (Brookes et al., 2013)) to correct for cardiac
and respiratory artifacts. RETROICOR was used in all studies, and ICA denoising was also
added to preprocessing in Chapters 3 and 5 where shorter repetition time (TR) of functional
scans allowed more reasonable separation of signal and noise within ICA decomposition.
Additionally, special care was taken during the registration of functional images in these
studies. While greater details of brainstem structures in functional scans are able to be vi-
sualised with 1-2 mm? voxels, so too are the differences seen between individual brains,
between hemispheres of a cerebrum or even between sides of a brainstem. Therefore, reg-
istration of functional scans through to the standard brain must be extremely accurate to
allow reflective group statistics, particularly for smaller structures such as those within the
brainstem. Registrations were performed outside of FEAT for Chapters 2 and 3, and rig-

orously checked in all studies, to ensure accurate alignment of the functional scans into
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standard space. Furthermore, statistical results of respiratory tasks were not considered
until the control motor/sensory task of finger opposition produced the expected activity in
small brainstem nuclei, particularly the ipsilateral cuneate nucleus of the medulla, confirm-

ing accurate registrations and appropriate statistical modelling.

6.6.3 Subject selection

The cross-sectional nature of the comparisons made in Chapters 4 and 5 makes it difficult
to isolate the effect of exercise across the two subject groups. Although the groups were
matched for age, sex, handedness, and history of respiratory disease, many underlying ge-
netic and environmental factors may influence their perception of breathlessness as well as
exposure to exercise. Furthermore, the demanding and adverse nature of the study likely
determined that only low-anxiety subjects volunteered to participate, and it is possible that
these groups are not a representative sample of their respective populations. Further re-
search using a longitudinal, placebo-controlled study design with an exercise intervention
would be required to more accurately identify the effects of exercise on breathlessness

perceptions and brain networks, as this was not within the scope of this Thesis.

6.7 Conclusion and implications

In this Thesis we have found that the columns of the human PAG are integrally and dif-
ferentially involved in respiratory control and the perception of breathlessness. We have
shown that the IPAG is involved within a sensorimotor network governing breath holds and
breathing against an inspiratory load, with connectivity of the IPAG indicating it functions
within the sensory aspect of breathlessness perception. Conversely, the VIPAG appears to
be involved in the anticipation of an inescapable breathlessness stimulus, within a cortical
network of cognitive and limbic structures for affective evaluation within the perception
of breathlessness. Lastly, we revealed that exercise does not appear to de-sensitise indi-
viduals to breathlessness when using a model of endurance athletes compared to sedentary
controls, although functional differences were apparent in a prefrontal and vIPAG network
during anticipation of resistive loading. These differences adhere to the theory that exer-
cise exposure may induce cognitive reappraisal of the threat of breathlessness, resulting in
reduced breathlessness anxiety in patients with COPD. Therefore, as well as better under-
standing the role of the PAG in the complex, multi-dimensional sensation of breathless-
ness, we have revealed the PAG column as legitimate targets to understand and treat brain

(mal)adaptations leading to debilitating anxiety in patients with chronic respiratory disease.
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The periaqueductal grey (PAG) is a nucleus within the midbrain, and evidence from animal models has identified
its role in many homeostatic systems including respiration. Animal models have also demonstrated a columnar
structure that subdivides the PAG into four columns on each side, and these subdivisions have different functions
with regard to respiration. In this study we used ultra-high field functional MRI (7 T) to image the brainstem and
superior cortical areas at high resolution (1 mm?® voxels), aiming to identify activation within the columns of
the PAG associated with respiratory control. Our results showed deactivation in the lateral and dorsomedial
columns of the PAG corresponding with short (~10 s) breath holds, along with cortical activations consistent
with previous respiratory imaging studies. These results demonstrate the involvement of the lateral and
dorsomedial PAG in the network of conscious respiratory control for the first time in humans. This study also
reveals the opportunities of 7 T functional MRI for non-invasively investigating human brainstem nuclei at

high-resolutions.

© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

Introduction

The study of respiratory control is largely focused on the nuclei of the
respiratory rhythm generators in the medulla, whilst suprapontine con-
trol of respiration is less well understood. The midbrain periaqueductal
grey (PAG) is located at the junction of descending efferent commands
and ascending sensory information, and has been suggested by animal
models to participate within the localised pathway of respiratory
response (Kabat et al., 1935; Subramanian, 2012; Subramanian et al.,
2008). The human PAG is approximately 14 mm long and 4-5 mm
wide (either side of the aqueduct), and almost completely encircles
the aqueduct. The PAG has been proposed to be subdivided into four
columns on each side; ventrolateral (VIPAG), lateral (IPAG), dorsolateral
(dIPAG) and dorsomedial (dmPAG) (Bandler and Shipley, 1994;
Dampney et al., 2013; Subramanian, 2012; Subramanian et al.,
2008). Direct excitation of these columns in animals has revealed
distinct respiratory functions, such as irregular breathing with the
VIPAG, prolonged inspirations, expirations and vocalisations from
the IPAG, active breathing and tachypnea from the dIPAG, and
slow, deep breathing from the dmPAG (Subramanian, 2012;
Subramanian et al., 2008).

* Corresponding author at: Nuffield Department of Clinical Neurosciences, University of
Oxford, Oxford, UK. Fax: +44 1865 23079.
E-mail address: olivia.faull@ndcn.ox.ac.uk (O.K. Faull).

http://dx.doi.org/10.1016/j.neuroimage.2015.02.026

Whilst animal models allow detailed investigation of functional neu-
roanatomy, subsequent studies in humans are essential to understand
the role of these PAG subdivisions. Human respiratory control networks
cannot be assumed to match those derived from animals. Additionally,
humans allow the study of conscious control of breathing with the
addition of subjective feedback, which is not possible in animals.
Understanding these respiratory networks is imperative for effective
treatment of breathing disorders, such as breathlessness from chronic
obstructive pulmonary disease and heart failure (Hayen et al., 2013a;
Herigstad et al., 2011), sleep disordered breathing (Morrell et al.,
2000), and the dangerous respiratory depression associated with opioid
painkillers (Pattinson, 2008).

Functional magnetic resonance imaging (fMRI) is a non-invasive
technique that allows high-resolution functional imaging in humans
(2-3 mm? voxels at 3 T). The recent introduction of ultra-high-field
fMRI at 7 T vastly improves the signal-to-noise ratio of previous imaging,
potentiating even higher resolution functional imaging (<2 mm?) and
the ability to specifically investigate small nuclei such as the subdivisions
of the PAG, previously not possible at 3 T. However, 7 T imaging
requires added methodological considerations during both scanning
and analysis. Greater By inhomogeneities at 7 T cause increased
distortion and drop-out during echo-planar imaging (EPI), and increases
in resolution require longer acquisition times (TR) and cause decreases
in temporal signal-to-noise. Additionally, high resolution functional
scanning may reveal greater structural and functional differences
between individuals, amplifying the importance of image registration

1053-8119/© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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for successful group statistical analysis. Therefore, this study aimed
to investigate and establish methods to image brainstem centres at
7T.

Using MRI to investigate respiratory control presents further
methodological challenges and requires additional considerations.
Arterial pressure of carbon dioxide (PaCO,) is a potent vasodilator
of cerebral vessels, and thus changes in PaCO, often induced by
respiratory challenges confound the blood oxygen level dependent
(BOLD) signal (Pattinson et al., 2009a; Pattinson et al., 2009b). Addi-
tionally, bulk susceptibility variations in the lungs during the respira-
tory cycle cause changes in the B, magnetic field, producing
physiological noise related to respiratory changes (Glover et al., 2000;
Harvey et al., 2008; Raj et al., 2001). Finally, the location of the
brainstem close to arteries and pulsating fluid-filled spaces (due to
cardiac and respiratory cycles) (Brooks et al., 2013; Cohen et al.,
2002) results in a particular susceptibility to physiological noise
artefacts, yet it is of great importance as it houses many respiratory
control centres.

In this study we used 7 T scanning to investigate the role of the
subdivisions of the PAG in short respiratory tasks, taking careful con-
sideration of respiratory imaging confounds. Based on previous work
in animals, we hypothesised that BOLD signal changes within the
IPAG and dmPAG (associated with prolonged expirations and
depressed breathing) would be associated with the inhibitory respiratory
tasks of breath holds and vocalisations, but not associated with a simple
sensory and motor task.

Materials and methods
Subjects

The Oxfordshire Clinical Research Ethics Committee approved the
study and volunteers gave written, informed consent. Sixteen healthy,
right-handed volunteers (10 males, 6 females; mean age + SD, 28 +
7 years) undertook one training session, followed immediately by one
MRI scanning session. One subject was excluded from the analysis due
to an inability to comply with experimental protocol. Prior to scanning,

PCO2 (mm Hg)

vocalisation
1 |

357

all subjects were screened for any contraindications to magnetic
resonance imaging at 7 T.

Breathing system

A breathing system was used to allow the administration of small
CO, challenges mixed with room air, via a venturi entrainment system
(Fig. 1a). The CO, challenges were administered to dissociate the changes
in global BOLD signal due to changes in arterial PCO, from local BOLD
signal changes correlating to activity associated with breath holds and
vocalisations (Pattinson et al., 2009a). During scanning, medical air was
administered through a loose fitting venturi mask (Ventimask,
Intersurgical Ltd, Berkshire, UK) with a 1:1 entrainment ratio of
compressed gas:room air. Gas was delivered to the mask at a rate
of 20 L/min, and the mask was designed to entrain an equivalent
amount of room air. The resulting high gas flow rate delivered by
this system (40 L/min) minimises rebreathing of expired gases. The
ventimask is loose fitting and therefore considerably more comfortable
than a tight fitting mask, but its gas delivery characteristics allows
control of end-tidal gases in the volunteer. For the CO, challenges
during the functional scan, the medical air was substituted for a
CO, mixture (10% CO,, 21% O,, balance nitrogen) at 20 L/min for
periods of 10 s, the entrainment system meant that approximately
5% CO, was delivered to the face mask. The CO, challenges aimed
to elevate end-tidal partial pressure of CO2 (PgrCO,) by approxi-
mately 0.8%, to match elevations caused by breath holds and
vocalisations.

Physiological measurements

Physiological measures were recorded continuously during the
training session and MRI scan. Chest movements were measured
using respiratory bellows surrounding the chest at the approximate
level of the 10th rib, and heart rate was measured using a pulse oximeter
(9500 Multigas Monitor, MR Equipment Corp., NY, USA). The end-tidal
partial pressure of CO, (PgrCO,) was sampled via nasal cannula (Salter
Labs, California, USA) and determined using a rapidly-responding gas

CO: challenge
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20 l/min
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A
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Fig. 1. a) Schematic diagram of the venturi mask used in the breathing system. A: Loose plastic venturi mask B: Venturi entrainment device (1:1). b) A section of a respiratory trace from
one subject demonstrating the tidal CO, trace (top) and the tidal volume trace from the bellows (bottom). The end-tidal CO, (PgrCO,) trace was formed by interpolating between the end
expiration peaks (dotted line, top trace). The breath hold duration was calculated from the time between the end of expiration CO, trace and the beginning of the subsequent expiration
trace, to minimise inclusion of head movement. The vocalisation duration was calculated from the duration between the beginning and end of a vocalisation expiration trace.
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analyser (CD-3A; AEI Technologies, Pittsburgh, USA). Subjects were
asked to breathe through their nose for the entire experiment. All
physiological devices were connected to a data acquisition device
(MP150; Biopac Systems Inc., California, USA) coupled to a desktop
computer with recording software (Acknowledge 4.2; Biopac Systems
Inc., California, USA).

Magnetic resonance imaging

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). The fMRI experimental design is
illustrated in Fig. 2.

Brainstem BOLD scanning

A T2*-weighted, gradient echo EPI functional scan consisted of 333
volumes, and lasted 28 mins and 10 s. The field of view (FOV)
comprised 54 coronal-oblique slices of the brainstem and cortex
(sequence parameters: TE, 24 ms; TR, 5 s; flip angle, 90°; voxel size,
1 x 1 x 1 mm; GRAPPA factor, 3; echo spacing, 1 ms; slice acquisition
order, descending).

Structural scanning

A T1-weighted structural scan (MPRAGE, sequence parameters: TE,
2.96 ms; TR, 2200 ms; flip angle, 7°; voxel size, 0.7 x 0.7 x 0.7 mm;
inversion time, 1050 ms; bandwidth; 240 Hz/Px) was acquired. This
scan was used for registration of functional images, and anatomical
overlay of brain activations.

Additional scanning

A single volume whole brain EPI was acquired with 128 slices in the
same orientation as the functional scan (matched sequence parameters)
for registration purposes. Fieldmap scans (sequence parameters:
TE1, 4.08 ms; TE2, 5.1 ms; TR, 620 ms; flip angle, 39°; voxel size,
2 x 2 x 2 mm) of the By field were also acquired in the same orientation
to assist distortion-correction of scans.

Stimuli and tasks

During the BOLD scan, subjects performed 14 repeats of the following
tasks: expiratory breath hold, vocalisation and finger and thumb opposi-
tion task (described to subjects as “finger tapping”). This paradigm was
(adapted from previous breath hold research (McKay et al., 2008;
Pattinson et al., 2009a)). Cues for these tasks were presented on the
screen as the words ‘HOLD', ‘SING’ and ‘TAP’ (‘REST’ was displayed for
the remainder of the experiment), in white letters on a black back-
ground. During the training session, the subjects had a chance to practice
each of the tasks under observation. The instructions for the breath hold
were to stop breathing at the end of the current breath, maintaining the
hold until the ‘HOLD’ cue was exchanged for ‘REST'. At the termination of
the breath hold, the subject was asked to breathe out any remaining air
in their lungs for an end-tidal CO, reading. The instructions for the
vocalisation were to produce a closed-mouth single note from the top

of the next breath, for the duration of the ‘SING’ cue. Both the ‘HOLD’
and ‘SING’ cues were presented for a duration of 10 s; therefore the
tasks were each less than 10 s. The finger opposition task consisted of
an opposition movement conducted with the right hand, and the ‘TAP’
cue was presented for 15 s. It is well known that the cuneate nucleus
of the medulla is a sensory nucleus in the fine touch and proprioception
pathway, prior to decussation (Craven, 2011). Therefore, activation of
the ipsilateral cuneate associated with the finger opposition task was
used by Pattinson et al. (2009a), as a functional localiser to provide
confidence in the precision of brainstem registrations. We repeated
this functional localiser task in the present study, to validate our
methodology and assure the accuracy of the registration of the
1 mm? functional images. Each of the three tasks was repeated 14
times within the BOLD scan of each subject.

The respiratory stimuli of breath holding and vocalisations both
cause an increase in arterial PCO, (hypercapnia), which leads to vasodi-
lation of the cerebral vessels and an increase in blood flow (Cohen et al.,
2002). Hypercapnia increases the grey matter BOLD signal in correlation
with the local BOLD signal of interest from these stimuli. Therefore, to
decorrelate the effects of hypercapnia from the localised BOLD
responses correlating with breathing control, additional, repeated CO,
challenges were interspersed during rest periods in the protocol. This
means that the timecourse of the CO, is different to the time course of
the breath holds. A CO, regressor was then created by extrapolating
between end-tidal peaks, and this trace was entered into the general
linear model as a physiological regressor of no interest (described in
detail in Pattinson et al., 2009a).

Analysis

Preprocessing

Image preprocessing was performed using the Oxford Centre for
Functional Magnetic Resonance Imaging of the Brain Software Library
(FMRIB, Oxford, UK; FSL version 6.0; http://www.fmrib.ox.ac.uk/fsl/).
The following processing methods were used prior to statistical analysis:
motion correction (MCFLIRT; Jenkinson et al., 2002), removal of the
nonbrain structures (skull and surrounding tissue) (BET; Smith, 2002;
Woolrich et al.,, 2001), spatial smoothing using a full-width half-
maximum (FWHM) Gaussian kernel of 2 mm, and high-pass temporal
filtering (Gaussian-weighted least-squares straight line fitting; 120 s
cutoff period). By field unwarping was conducted with a combination
of FUGUE and BBR (Boundary-Based-Registration; part of FEAT: FMRI
Expert Analysis Tool, version 6.0) tools (Greve and Fischl, 2009;
Jenkinson et al., 2002), and the functional scans were corrected
for cardiac- and respiratory-related noise with RETROICOR (Brooks
et al., 2008; Glover et al., 2000; Greve and Fischl, 2009; Harvey et al.,
2008). Time-series statistical analysis was performed using FILM, with
local autocorrelation correction (Andersson et al., 2007; Woolrich
etal, 2001).

Image registration
Careful attention was paid to image registration, as the finer
resolution afforded by 7 T MRI requires greater registration accuracy
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Fig. 2. Example four minutes of the BOLD sequence, repeated throughout the acquisition. The order of the breath holds and vocalisations was semi-randomised between the

finger opposition and CO, stimuli.
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for group statistics to be possible. After preprocessing, the functional
scans were registered to the MNI152 (1 mm?) standard space [average
T1 brain image constructed from 152 normal subjects at the Montreal
Neurological Institute (MNI), Montreal, QC, Canada] using a three-step
process.

Linear registration (FLIRT) with 6 degrees of freedom (DOF) was used
to align the partial FOV scan to the whole-brain EPI image (Jenkinson
et al,, 2002; Worsley, 2001).

Registration of subjects’ whole-brain EPI to T1 structural image
was conducted using BBR (6 DOF) with (nonlinear) fieldmap
distortion-correction (Devonshire et al., 2012; Greve and Fischl,
2009).

Registration of the subjects’ T1 structural scan to 1 mm standard space
was performed using an affine transformation followed by nonlinear
registration (FNIRT) (Andersson et al., 2007; Handwerker et al.,
2004).

Voxelwise analysis

fMRI data processing was performed using FEAT (FMRI Expert
Analysis Tool), version 6.0, part of FSL (FMRIB's Software Library;
www.fmrib.ox.ac.uk/fsl). The first-level analysis in FEAT incorporated
a general linear model, where the finger opposition regressor was
derived from the protocol timing values by convolution with an HRF
basis set (see below). The two respiratory stimuli (breath holds and
vocalisations) timings were modelled from the respiratory physiological
traces (Fig. 1b). PgrCO, was included as an additional regressor, de-
correlating the CO,-induced BOLD changes from the respiratory stimuli
throughout the functional scan. This trace was formed by linearly in-
terpolating between the expired CO, peaks. This technique assumed
a linear rise in PgrCO, throughout a breath hold, as values were only
available for the breath immediately before and at the end of each
hold. Previous research has indicated that variations in the haemo-
dynamic response function (HRF) are apparent throughout the
brainstem and cortex (Devonshire et al., 2012; Woolrich et al.,
2004b), and between subjects (Handwerker et al., 2004; Smith and
Nichols, 2009). To account for possible changes in the HRF, including
slice-timing delays, we used an optimal basis set of three waveforms
(FLOBS: FMRIB's Linear Optimal Basis Sets, default FLOBS supplied in
FSL (Woolrich et al., 2004a)), instead of the standard gamma wave-
form. This models the changes induced by altered HRFs or slice-
timing, but does induce some bias into the estimation of the main ef-
fect size. This bias takes the form of an underestimation of the effect
size, which is a conservative error that affects the statistical power,
and therefore will not inflate the false positive rate. The second and
third FLOBS waveforms, which model the temporal and dispersion
derivatives, were orthogonalised to the first waveform, of which
the parameter estimate was then passed up to the higher level to
be used in group analysis.

Voxelwise statistical analysis using basis functions was extended
to a group level, in a mixed-effects analysis using FLAME (FMRIB's
Local Analysis of Mixed Effects) (Woolrich et al., 2004b). Z statistic
images were thresholded using clusters determined by Z > 2.3 and
a (corrected) cluster significance threshold of p < 0.05. A small-
volume-corrected analysis of the PAG (as our a-priori area of
interest; mask = 698 voxels) was then conducted, using threshold-
free cluster enhancement (TFCE) corrected for family-wise error.
TFCE provides an alternative method to enhance cluster-like
structures in an image, without a pre-determined initial cluster-
forming threshold (Smith and Nichols, 2009). TFCE produces an out-
put where voxel-wise values represent the amount of cluster-like local
support, illustrating the significance of voxels within a cluster rather
than the significance of the cluster as a whole whilst maintaining strict
false positive control by using permutation-based family-wise-error cor-
rection (Smith and Nichols, 2009).

Results
Physiology

Group average heart rate (4SD) during the brainstem BOLD
scanning was 65 (411) beats per minute. An example respiratory
trace is given in Fig. 1b. Baseline PgrCO, (4SD) was 4.7% (40.7%),
with breath holds increasing PgrCO, by 0.8% (+0.2%) and 0.6%
(£0.2%) with vocalisations. CO, challenges induced an average increase
in PrCO, of 0.9% (40.1%).

Periaqueductal grey analysis

The results from a small-volume family-wise-error corrected analysis
of the PAG revealed significant (p < 0.05) deactivation in two areas
correlating with the breath hold task (Fig. 3). One of these deactivation
clusters followed the lateral column on the right side of the PAG
(12 voxels), and the second was located in the right caudal dorsolateral
PAG (8 voxels). Uncorrected z scores within the PAG are also
presented in Fig. 3, demonstrating the deactivations extending to the
inferior border of the PAG. Column locations were defined
using tractography results from a recent diffusion tensor imaging study
(Ezra et al., ISMRM abstract, 2014). No significant activations or
deactivations were found in the PAG for either vocalisation or the finger
opposition task.

Cortex

We observed significant signal increases bilaterally in the motor
cortex, supplementary motor cortex, anterior cingulate (ACC) and
paracingulate cortices, primary sensory cortex, anterior insula and
putamen (Fig. 4). Breath holds also correlated with bilateral BOLD
signal increases in the supramarginal gyrus and caudate nucleus,
whilst vocalisations correlated with right side supramarginal
gyrus activation. Vocalisations were also associated with thalamic
activation bilaterally in the VPL nucleus, Heschl's gyrus (primary
auditory cortex) and the planum polare. Conversely, breath holds
were associated with right side BOLD signal increases in the thala-
mus [ventral posterolateral (VPL) and ventral posteromedial
(VPM) nuclei], subthalamic nucleus and red nucleus.

CO; challenges

The hypercapnia challenges and the resultant CO, regressor
produced strong BOLD signal increases throughout the grey
matter of the brain. Furthermore, increases in BOLD signal
correlating to the CO, regressor were observed within the PAG,
localised to the grey matter and excluding the aqueduct (supple-
mentary Fig. 1).

Finger opposition task

Finger opposition resulted in significant signal increases bilaterally
in the motor cortex (more extensive activation in the contralateral left
motor cortex), supplementary motor cortex, anterior cingulate (ACC)
and paracingulate cortices, primary sensory cortex, anterior insula
cortex, operculum, caudate nucleus and putamen (supplementary
Fig. 1). Bilateral signal increases were seen in the thalamic VPL nuclei,
as well as the left thalamic VPM nucleus. In addition, activations were
observed in the left subthalamic and red nuclei, left pons, right
(ipsilateral) cuneate nucleus of the medulla (Fig. 5), and bilateral
cerebellum (VI and Vllla lobules).
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P value (corrected)  0.05

Z score (uncorrected) 2.0 3.0

Fig. 3. Periaqueductal grey (PAG) response to breath hold. A. Representation of the location of the PAG within the brain, three sagittal slices and the current opinion of the subdivisions of
the PAG. B. Localisation of the functional decreases in BOLD signal within the PAG (p < 0.05; small-volume-corrected for multiple comparisons using overlaid PAG mask), where the images
consist of a colour-rendered statistical map superimposed on a standard (MNI 1 mm?) brain. Dashed line represents Z-10 location. C. Uncorrected Z score image of PAG deactivation from
whole brain analysis, prior to masking. Abbreviations: SN, substantia nigra; RN, red nucleus; SC, superior colliculus; SCP, superior cerebellar peduncle; ICN, inter-colliculi nucleus; IC,
inferior colliculus; vl, ventrolateral PAG, 1, lateral PAG; dI, dorsolateral PAG; dm, dorsomedial PAG.

Discussion
Main findings

Assuming that the human PAG has a columnar structure similar to
that in animals, and corresponding with recent human neuroimaging
findings (Ezra et al., 2014 ISMRM abstract; paper under review), we
have identified respiratory-related activity that appears to be localised
within the lateral and caudal dorsomedial columns of the PAG. Cortical
activity associated with breath holding was consistent with previous re-
sults (Cowie and Holstege, 1992; Pattinson et al., 2009b; McKay et al.,
2008), and highly localised within cortical regions. As expected, with
the control sensory and motor task of finger opposition, BOLD activity
was identified within the ipsilateral cuneate nucleus in the medulla, a
sensory nucleus processing fine touch and proprioception, validating
our methodology.

PAG and respiratory control

This study has demonstrated differential activity localised within the
columns of the PAG (IPAG and dmPAG), correlating with the respiratory
task of a breath hold. In comparison, no observable differences in any
areas of the PAG were found with a respiratory vocalisation task, nor
with a motor finger-tapping task. This study is the first to functionally
localise respiratory activity within the human PAG, with sufficient
resolution (1 mm?) to have confidence in the positions of activations
in relation to the current theory of columnar subdivisions. Using a
Gaussian kernel of 2 mm (FWHM) for spatial smoothing, blurring of
the BOLD signal changes within the PAG was minimised. The deactivation
seen within the IPAG, in particular, follows a columnar structure that is
consistent with previous work from animal models.

Whilst there have been many neuroimaging studies reporting
involvement of the PAG (Linnman et al., 2012), the function(s) of the
PAG have predominantly been linked to pain, anxiety, bladder and
bowel control, and cardiovascular regulation (Linnman et al., 2012).
Whilst there has been some implications of PAG involvement in respira-
tory control (Corfield et al., 1995; Pattinson et al., 2009a; Topolovec
et al,, 2004) this research has been limited by functional resolution, ex-
tensive smoothing, or registration issues that have impeded group-level
analysis, making accurate localisation to the PAG or its subdivisions im-
possible. In addition, significant results within the PAG have been found
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using statistics uncorrected for multiple comparisons (Mobbs et al.,
2007), and a more recent 7 T study used a column segmentation of
the PAG that is inconsistent with animal literature, and masking of the
cerebral aqueduct to dissociate activity within PAG columns (Satpute
et al., 2013). Therefore, the results of this study demonstrate the poten-
tial for 7 T MRI to be used to investigate the roles of the subdivisions of
the PAG within respiratory control using robust statistical methodology,
when careful attention is paid to registration and noise correction of
functional data.

Deactivation within the PAG was localised to the lateral column and
caudal section of the dorsomedial column, (Ezra et al., ISMRM abstract,
2014). Activity in the lateral and dorsomedial columns of the PAG
during inhibition of ventilation is consistent with previous respiratory
control experiments in animals, where these columns have been
associated with depressed ventilatory behaviours such as prolonged
inspirations and expirations (IPAG), and slow, deep breathing
(dmPAG). Conversely, the vVIPAG and dIPAG have been associated with
more active and irregular ventilation in animals (Subramanian, 2012;
Subramanian et al., 2008). Whilst excitation of the vIPAG and IPAG in
decerebrate cats has previously produced vocalisations of mews and
hisses (Subramanian et al., 2008), we did not see activation in any of
the PAG columns during vocalisations. It is possible that the vocalisation
pathway within the cortex and brainstem is not consistent from ani-
mals to humans, or possibly that brainstem movement during
vocalisations masked these activations in the current experiment.

Whilst one cannot determine from the BOLD signal whether the
deactivations in the PAG represent either changes in motor drive or
incoming sensory information, it has been established that the lateral
PAG receives somatotopically organised spinal sensory afferents
(Craven, 2011; Keay and Bandler, 2001) and could thus be involved in
monitoring ventilatory feedback from the chest. Conversely, evidence
exists for direct descending connections from the lateral and dorsomedial
PAG to the midline medulla (Cowie and Holstege, 1992), demonstrating
the potential for involvement in descending motor commands to respi-
ratory centres in the medulla. Therefore, it is possible that the IPAG is in-
volved with monitoring respiratory sensations from the chest as they
ascend up to higher cortical areas of sensation or, together with the
dmPAG, in the descending motor drive for changes in respiration.

A recent study used diffusion tensor imaging (DTI) to segment the
human PAG (Ezra et al., 2014 ISMRM abstract; paper under review),
and found a similar four-column structure with animal models of the
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Fig. 4. BOLD response to breath holds, vocalisations and finger opposition in 15 subjects, having accounted for CO,-induced vasodilation. The images consist of a colour-rendered statistical
map superimposed on a standard (MNI 1 mm?) brain. The bright grey region represents the coverage of the coronal-oblique functional scan. Significant regions are displayed with a
threshold Z > 2.3, with a cluster probability threshold of p < 0.05 (corrected for multiple comparisons). Abbreviations: M, motor cortex; Caudate, caudate nucleus; SMC, supplementary
motor cortex; Put, putamen; A, auditory cortex; Hip, hippocampus; Am, amygdala; thalamic nuclei: VPM, ventral posteromedial nucleus; VPL, ventral posterolateral nucleus; MDN, medial
dorsal nuclei; a-In, anterior insula; m-In, middle insula; p-In, posterior insula; PP, planum polare; STN, subthalamic nucleus; Red, Red nucleus; STG, superior temporal gyrus; GP, globus
pallidus; OP, operculum; S, post central gyrus (sensory cortex); paraCG, paracingulate gyrus; activation, increase in BOLD signal; deactivation, decrease in BOLD signal. R (right) and L (left)

indicate image orientation.

PAG (Subramanian, 2012; Subramanian et al., 2008). Ezra et al. (2014)
revealed strong connectivity between the lateral column of the PAG
and the primary motor and sensory cortices in humans, which supports
our hypothesis of the potential role of the IPAG in either respiratory
sensation or in the descending motor drive for changes in ventilation.
Further research combining functional and structural techniques (such
as DTI) may help to advance our understanding of the role of the
subdivisions of the PAG in human respiratory control.

The secondary findings of this study were that cortical activations
associated with breath holding at 7 T largely agree with previous breath
hold research at 3 T (Feinberg et al., 2010; Pattinson et al., 2009a; McKay
et al., 2008), with a higher degree of localisation. It is possible that the
cortical results were underestimated, due to slice-timing differences
across the field of view with a 5 second TR. However, despite the possi-
bly conservative nature of these results, the cortical consistency
displayed with short 10 second breath holds, and additional deactiva-
tion of the IPAG and dmPAG, suggests that these PAG areas are part of
the conscious breathing control network that is invoked during volun-
tary cessation of breathing.

Finger opposition task

As well as a control motor task, the finger opposition task was
used as a robust comparison between ultra-high field and lower
field fMRI studies, for confidence in analysis techniques and subse-
quent interpretation of results. Importantly, we had a firm a priori
hypothesis that localised BOLD signal increase would be seen in
the ipsilateral cuneate nucleus of the medulla, which is a sensory nu-
cleus in the fine touch and proprioception pathway (Craven, 2011).
This activation was consistent with previous findings at 3 T (Fig. 5),
and demonstrates the registration accuracy within the brainstem to
allow activations within small nuclei to survive group analysis.
Therefore, medullary motor activity was used to validate the regis-
tration and modelling in the current study. However, medullary
and pontine activations previously seen with breath holds at 3 T
(Pattinson et al., 2009a; McKay et al., 2008) were apparent sub-
threshold, but did not survive multiple comparison correction, pos-
sibly due to the reduction in signal experienced when voxel size is
reduced to 1 mm?>,
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Fig. 5. Demonstration of the use of finger opposition as a functional localiser in brainstem fMRI at 3 T and at 7 T, by imaging activation in the ipsilateral cuneate nucleus of the medulla (z -54). The
3 Tdata is derived from previously-published results (Pattinson et al., 2009a). This technique provides confidence in the analysis model and registration accuracy of the current 7 T study. The
images consist of a colour-rendered statistical map superimposed on a standard (MNI 1 mm?) brain. Significant regions are displayed with a threshold Z > 2.3, with a cluster probability threshold
of p < 0.05 (corrected for multiple comparisons). The sagittal image on the right displays the position of slices, for clarity only displayed from the 7 T acquisition. Abbreviations: R, raphe nuclei;
ret, nuclei reticularis; VII, facial nucleus; Amb, nucleus ambiguous; IX, glossopharyngeal nucleus; NTS, nucleus tractus solitaries; GC, gracile (medial) and cuneate (lateral) nuclei (in blue). R
(right) and L (left) indicate image orientation. Original line drawings adapted from Duvernoy (1995).

Scanning and analysis techniques

Whilst the use of ultra-high field MRI at 7 T permits improved spatial
resolution in functional imaging, it is accompanied by a compounding of
many of the challenges experienced with lower resolution imaging. The
use of 7 T imaging increases intrinsic voxel signal compared to 3 T,
whilst decreasing the voxel size to 1 mm?> reduces this signal, requiring
longer scan acquisitions to amass adequate statistical power.
Furthermore, acquiring 1 mm?> voxels requires a longer repetition
time (TR) compared to larger voxels for the same brain coverage. To
limit the TR to 5 s we restricted our field of view to a coronal-oblique
slice, to collect enough time points within the functional scan for
adequate temporal SNR. Restricting the field of view may compromise
wider brain network analysis, and techniques such as parallel imaging
(Arthurs and Boniface, 2002; Feinberg et al., 2010) may allow broader
brain coverage in future high-resolution studies.

Brain imaging of respiratory tasks can be challenging due to
stimulus-correlated noise, such as induced changes in blood gases
and possible task-related head movement. To address these issues,
the duration of the respiratory tasks in this study was limited to
10 s to minimise the changes in PaCO, and movement. The resulting
unavoidable small changes in PaCO, were dissociated from the BOLD
signal of the respiratory stimuli using short periods of additional CO,
(10% CO in air). However, the long TR (5 s) reduced statistical
power by limiting the number of data points collected within each
stimulus. This could be addressed in future studies by reducing the
TR by either further decreasing the field of view, increasing the
voxel size, or using parallel imaging techniques (Feinberg et al.,
2010), which would allow more measured volumes within a short
respiratory task.
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Previous research has shown a widespread decrease in BOLD signal
with breath holds, proposed as a result of vascular effects (Thomason
et al., 2005). However, as can be seen in Fig. 4, this study found differen-
tial activation and deactivation, rather than a global decrease in BOLD
signal correlating with breath holds. There are some key differences in
techniques and analysis methods that may explain the possible discrep-
ancies between the current study and previous fMRI investigations.
Firstly, the breath hold used in the current study is an end-of-breath
hold, which produces a different chest diameter in the scanner bore,
and will result in differences in intrathoracic pressures and physiologi-
cal noise in the By field. Further, Thomason et al. (2005) postulated
that the decrease in BOLD signal resulted from a decrease in intrathoracic
pressure and cerebral blood flow (CBF), whilst a recent paper by Hayen
et al. (2013b) showed that a decrease in intrathoracic pressure (whilst
maintaining stable end-tidal CO,) actually resulted in a small
increase in CBF. Additionally, Thomason et al. (2005) did not report any
measurements of end-tidal CO,, and thus the effect of hypercapnia in
this study cannot be fully explored. Therefore, whilst there are
significant challenges in dissociating task-specific fMRI signal from resid-
ual vascular effects of breath holds, we feel the techniques used in the cur-
rent study have minimised the influence of this task-related noise.

A particular problem with brainstem fMRI is the inherently low
signal to noise compared to cortical areas (Brooks et al., 2013;
Devonshire et al., 2012; Harvey et al., 2008). The brainstem suffers
from a larger influence of physiological noise, necessitating the use of
either retrospective imaging techniques such as RETROICOR (RETROspec-
tive Image CORrection; Glover et al., 2000; Harvey et al., 2008), or
data-driven approaches such as independent component analysis
(ICA, reviewed in Brooks et al., 2013) to correct for cardiac and respiratory
artefacts. RETROICOR was used in the current study, but as no formal



APPENDIX A. PUBLISHED PAPERS

O.K. Faull et al. / Neurolmage 113 (2015) 356-364 363

comparison has been made between retrospective correction and ICA
techniques, future work may benefit from ICA analysis or even a
combination of both.

A current problem with brainstem imaging is at the existence of
greater static By field inhomogenieties compared to many areas of the
cortex, due to proximity to bone and air-filled cavities. In this study
significant signal loss was often seen in areas such as the anterior
pons, although the degree of dropout varied between individuals.
Whilst we did not explore the role of pontine nuclei in this study, future
investigations may need to address this issue for further brainstem
imaging.

Finally, special care was taken during the registration of functional
images in this study. Whilst greater details of cerebral structures in
functional scans are able to be visualised with 1 mm? voxels, so too
are the differences seen between individual brains, between hemi-
spheres of a cerebrum or even between sides of a brainstem. Therefore,
registration of functional scans through to the standard brain must be
extremely accurate to allow reflective group statistics, particularly for
smaller structures such as those within the brainstem.

Whilst this study has shown that investigation of small brainstem
nuclei is possible using ultra-high field fMRI, future research would
greatly benefit from incorporating multiband echo planar imaging
acquisition strategies (Moeller et al., 2010). This would reduce the TR,
allowing more time points, greater brain coverage or even finer resolution
scanning, for more detailed explorations into brainstem respiratory nuclei
such as the PAG.

Conclusions

Imaging the brainstem using 7 T MRI is known to be extremely chal-
lenging. However, with rigorous physiological noise modelling, consid-
eration of different HRF within the brainstem, and careful attention to
distortion minimisation, we have successfully imaged respiratory-
related activity in distinct columns of the PAG. In particular, reductions
in the BOLD signal within the IPAG and dmPAG were associated with
short breath holds, consistent with animal research. Therefore, these re-
sults indicate that the lateral and dorsomedial PAG columns are activated
as part of the volitional respiratory control network, and are involved
with either the motor inhibition, or sensation of depressed ventilation,
or both. This study demonstrates that 7 T MRI can successfully be used
for functional investigations into brainstem respiratory nuclei, and that
the columns of the PAG may have an important role within the
respiratory control network in humans.
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Abstract: The periaqueductal gray matter (PAG) is a midbrain structure, involved in key homeostatic
neurobiological functions, such as pain modulation and cardiorespiratory control. Animal research has
identified four subdivisional columns that differ in both connectivity and function. Until now these find-
ings have not been replicated in humans. This study used high-resolution brainstem optimized diffusion
magnetic resonance imaging and probabilistic tractography to segment the human PAG into four subdivi-
sions, based on voxel connectivity profiles. We identified four distinct subdivisions demonstrating high
spatial concordance with the columns of the animal model. The resolution of these subdivisions for indi-
vidual subjects permitted detailed examination of their structural connectivity without the requirement of
an a priori starting location. Interestingly patterns of forebrain connectivity appear to be different to those
found in nonhuman studies, whereas midbrain and hindbrain connectivity appears to be maintained.
Although there are similarities in the columnar structure of the PAG subdivisions between humans and
nonhuman animals, there appears to be different patterns of cortical connectivity. This suggests that the
functional organization of the PAG may be different between species, and as a consequence, functional
studies in nonhumans may not be directly translatable to humans. This highlights the need for focused
functional studies in humans. Hum Brain Mapp 00:000-000, 2015.  © 2015 The Authors Human Brain Mapping Pub-
lished by Wiley Periodicals, Inc.

Key words: diffusion; magnetic resonance imaging; periaqueductal gray; pain; cardiovascular; segmen-
tation; brainstem; human; respiratory; fear

* *

INTRODUCTION

This research was supported by an MRC (G0802826) Centenary
Award as part of an MRC Clinician Scientist Fellowship awarded to
KTSP. KTSP and ME were further supported by the National Insti-
tute for Health Research, Oxford Biomedical Research Centre based
at Oxford University Hospitals NHS Trust and University of Oxford.
*Correspondence to: Martyn Ezra, Nuffield Department of Clinical
Neuroscience, University of Oxford, Oxford, Oxfordshire, OX3
9DU, United Kingdom. E-mail: martyn.ezra@conted.ox.ac.uk

The periaqueductal gray matter (PAG) is a poorly differ-
entiated midbrain structure, known to be involved in a
number of key homeostatic neurobiological functions, such
as pain modulation and cardiorespiratory control [Linn-
man et al., 2012]. Situated at the confluence of ascending
sensory and descending higher center pathways, the PAG
plays an essential role in the integrations of these inputs
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[Benarroch, 2012].

Currently, most of our understanding of its structure
and function comes from animal research. Despite its
cytoarchitectonic homogeneity, animal models have shown
significant heterogeneity with respect to anatomical
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Figure I.
a. Position of PAG within the midbrain surrounding the cerebral
aqueduct. b. Divisions of the PAG derived from animal models.
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

connections, functional, and chemical properties between
subdivisions of the PAG [Dampney et al., 2013]. These
subdivisions are proposed as four longitudinal columns
parallel to the aqueduct: the dorsomedial (dmPAG), dorso-
lateral (dIPAG), lateral (IPAG), and ventrolateral (VIPAG)
(Fig. 1). The ventromedial aspect is not considered part of
the PAG and is comprised of discrete nuclei.

The ability to differentiate these distinct subdivisions in
vivo is critical to improving our understanding of the
PAG and the efficacy of interventional therapies such as
chronic pain modulation using deep brain stimulation
(DBS). Thus, far attempts to segment the human PAG
have yielded disappointing results in part due to its small
size and location within the brainstem surrounding the
cerebral aqueduct. Structural magnetic resonance imaging
(MRI) studies have failed to differentiate subdivisions
even in high-resolution ex vivo studies [Lambert et al.,
2013]. Functional imaging techniques [positron emission
tomography (PET), functional magnetic resonance imaging
(fMRI)] do not yet possess the resolution required [Linn-
man et al., 2012], althought 7T fMRI is beginning to show
promise [Faull et al., 2015].

Tracer studies performed in animals have demon-
strated that subdivisions of the PAG have different ana-

tomical connection patterns. This suggests the possibility
of segmenting the human PAG based on anatomical
connections to other areas of the brain. Diffusion-based
tractography is a noninvasive MRI technique able to
identify inter-regional white matter connectivity in vivo
and has been successfully applied in several studies to
segment other subcortical regions such as the thalamus
[Johansen-Berg et al., 2005] and substantia nigra [Menke
et al., 2010].

There have been a limited number of tractography stud-
ies of the human PAG, predominantly examining gross
PAG cortical and subcortical connectivity [Linnman et al.,
2012]. Only one study [Pereira et al., 2010] has investigated
heterogeneity of anatomical connectivity within the PAG.
However, this study was limited by only examining the
ventral and dorsal aspects of the PAG and in the a priori
selection of the seed locations. Interestingly they identified
difference in connectivity, which did not completely match
the nonhuman tracer studies.

It is the aim of this study to utilize high-resolution,
brainstem optimized diffusion MRI to classify PAG voxels
according to their connectivity profiles, and thus, segment
the PAG into the four distinct connectivity defined regions
predicted by the animal model of the PAG. These derived
regions will be formed without a priori knowledge of their
locations or structure and will enable detailed examination
of the connectivity properties of the human PAG. We
hypothesized that the connectivity defined regions, would
correspond in spatial location to the animal model. How-
ever, these regions may demonstrate different connectivity
profiles based on human variation observed in previous
tractography studies.

MATERIALS AND METHODS
Subjects

Nineteen healthy subjects were included in this study (6
women and 13 men; mean*SD age, 31.1 =52 years;
range, 23-40 years; all right handed). All volunteers were
screened for MR compatibility and scanned with ethical
approval and informed consent in accordance with the
Oxfordshire Clinical Research Ethics Committee. The
research materials supporting this publication can be
accessed by contacting martyn.ezra@conted.ox.ac.uk.

Image Acquisition

All images were acquired on a Siemens (Erlangen, Ger-
many) Trio 3T scanner with a 12-channel head coil. Diffu-
sion weighted images were acquired in the axial plane
using an echo planar imaging sequence (3 acquisitions of
60 directions with 5 nondiffusion weighted images, b-value
1,000 s mm 2, voxel size 1.5 X 1.5 X 1.5 mm, 100 slices).
Field of view incorporated the whole brain including
brainstem. Cardiac gating was performed to minimize
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artifacts from pulsatile flow of the cerebrospinal fluid of
which the brainstem is particularly sensitive [Brooks et al.,
2013; Harvey et al., 2008]. Brainstem optimization has
resulted in a unique high quality dataset that is not avail-
able on public databases. Each subject also had a T1
weighted high-resolution (1 X 1 X 1 mm voxels) structural
image acquired to aid registration.

Diffusion MRI Data Preprocessing

Preprocessing was performed using FMRIB’s diffusion
toolbox (FDT) in the FSL software package (http://www.
fmrib.ox.ac.uk/fsl/). This included extraction of non-brain
tissue using brain extraction tool (BET) [Smith, 2002] and
affine registration to a reference volume to correct for
eddy currents and head motion using EDDYCORRECT
[Jenkinson and Smith, 2001]. The data from the three
acquisitions for each subject were averaged to improve the
signal to noise ratio and voxelwise estimates of fiber orien-
tation and uncertainty was carried out using BEDPOSTX
[Behrens et al., 2003b, 2007].

Image Registration

After preprocessing, each subject’s diffusion weighted
scans were registered to the MNI152 1 mm standard space
(average T1 brain image constructed from 152 normal sub-
jects at the Montreal Neurological institute, Montreal, QC,
Canada). Registration was performed as a three-step pro-
cedure via the high-resolution Tl-weighted structural
image with linear registration using FLIRT and nonlinear
registration using FNIRT [Jenkinson and Smith, 2001; Jen-
kinson et al., 2002].

Definition of Seed and Target Masks

The PAG seed mask was drawn by hand using FSLview
in FSL (http://www.fmrib.ox.ac.uk/fsl/). Each subject
had a left and right PAG mask drawn in diffusion space
using the B0 image as a template; this was made with ref-
erence to Duvernoy’s atlas of the Human Brainstem and
Cerebellum [Duvernoy, 2009]. The mask represents a con-
servative estimate of the PAG, to reduce contamination of
our results by inclusion of adjoining areas.

The cortical and subcortical masks were defined from
the Harvard Oxford cortical and subcortical structural
atlases (part of FSLview), which are population-based
probability atlas in MNI152 standard space. Masks were
thresholded to include only voxels estimated at greater
than 50% of probability of being in that structure. Masks
of the medulla, pons and PAG were drawn in MNI152
standard space using FSLview with reference to Duver-
noy’s atlas of the Human Brainstem and Cerebellum
[Duvernoy, 2009]. The hypothalamus mask was drawn in
reference to an MRI atlas of the hypothalamus [Baroncini
et al., 2012].

Probabilistic Tractography

Probabilistic tractography was carried out for each sub-
ject using previously described methods [Behrens et al.,
2003b, 2007] with FDT (http://www.fmrib.ox.ac.uk/fsl/)
with 10,000 samples per voxel. Estimates of the connec-
tions between each voxel in the PAG seed region and
every voxel of the whole brain were then calculated. This
generates a connectivity profile for each seed voxel and is
derived from the number of samples that arrive at each
target voxel. To reduce the false-positive connections, the
path distribution estimates were thresholded to a connec-
tion probability of P <0.0003. A high sample number and
low threshold was chosen to improve identification of
small cortical tracts. A cross-correlation matrix between
the connectivity profiles of all voxels in the seed mask was
then calculated [Johansen-Berg et al., 2004].

Tractography-Based Segmentation

The cross-correlation matrix was fed into a k means
clustering algorithm [MacQueen, 1967]. K means treats
each observation as having a location in space and uses an
iterative algorithm to find partitions in which objects
within each cluster are as close to each other, and as far
from objects in other clusters as possible. The result is to
cluster voxels together that share connectivity profiles.

K means clustering requires the number of clusters to be
selected a priori, the animal model of the PAG has four dis-
tinct columns exist either side of the aqueduct. The left and
right PAG were examined individually, with four clusters
for each side being selected. Mapping the individual subject
clusters on to a PAG mask drawn in MNI152 standard
space and adding them together created group probability
maps. This was performed by using linear transformation
matrices generated by the registration of the individually
drawn PAG masks in diffusion space to the PAG mask
drawn in MNI152 standard space using FLIRT. This
method was chosen opposed to using the whole brain
registrations as it resulted in better spatial alignment of the
results. The group probability maps for each cluster were
thresholded to include >30% of the population.

Selection and Thresholding of the Clusters

The results of the clustering were examined to deter-
mine if it had been successful at an individual subject
level. Successful clustering was defined as identification of
a distinct cluster that had a spatial representation as pre-
dicted by the animal model of the PAG, that is, a cluster
that was parallel to the aqueduct in the dorsomedial, dor-
solateral, lateral, or ventrolateral aspect of the PAG. Previ-
ous tractography segmentation studies [Behrens et al.,
2003a] have identified that results were reproducible in
approximately 70% of subjects due to the performance of
tractography. K means clustering is a hard clustering tech-
nique that will identify a predetermined number of
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clusters. Therefore, arbitrary segmentation may take place
in some subjects where tractography has been unable to
identify any differences. To improve assessment of the
connectivity profiles of the different columns, selection
was performed to remove failed segmentation. This is
based on the assumption that the human PAG is in con-
cordance with the animal model. The clusters that were in
concordance with the animal model of the PAG were
selected for thresholding.

The human PAG is approximately 14 mm long and 4-
5 mm wide either side of the aqueduct. Due to the spatial
constraints of diffusion MRI (1.5 mm isotropic voxels)
there is likely to be significant overlap between PAG col-
umns within individual voxels. It is, therefore, necessary
to threshold out the PAG voxels that poorly belong to any
cluster. This was achieved by deriving the silhouette value
for each voxel; this represents a measure of how similar
that voxel is to other voxels in its own cluster, when com-
pared to voxels in other clusters. Values below 0.25 were
chosen to signify that the voxels were poorly differentiated
[Kaufman and Rousseeuw, 1990]. The thresholded clusters
were used for the generation of connectivity profiles and
spatial maps.

Connectivity Profiles

To test if the connectivity profiles of the different col-
umns of the human PAG resemble those derived from
nonhuman tracer studies, we analyzed the probabilistic
connections between each PAG column and predefined
target regions (Table 1). The target regions examined have
been shown to exhibit PAG connectivity in previous ani-
mal and human studies. Total PAG connectivity was first
calculated for each subject to each target region, using
probabilistic tractography (10,000 samples per voxel). To
reduce the false-positive connections, target regions with
average connection probability of P < 0.0003 were removed
from the cluster connectivity profile analysis. Probabilistic
tractography was then used to calculate the probability of
connection between each column and the target region
that survived thresholding for each subject. These results
were then used to create anatomical connectivity profiles
for each column, using the average relative connectivity
between each column within the PAG to the individual
target regions. Statistical analysis of connection probabil-
ities was performed using SPSS 21.0 (SPSS). Repeated-
measures MANOVA was performed to visualize the ana-
tomical connection probabilities differences across the four
columns.

Whole Brain Connectivity

To better assess the spatial patterns of whole brain con-
nectivity to each PAG cluster we back-projected the results
of the clustering onto the brain. This method has been
described in detail previously [Menke et al., 2010], but in

TABLE I. Cortical and subcortical target regions known
to demonstrate PAG connectivity in Humans and/or
Animals

Cortical Subcortical
Frontal Pole Amygdala
Middle Frontal Gyrus Hypothalamus
Superior Frontal Gyrus Thalamus
Anterior Division of the Cingulate Gyrus Pons
Paracingulate gyrus Medulla

Precentral Gyrus
Postcentral Gyrus
Insular Cortex

Superior Parietal Lobule
Occipital Pole

brief it involves identifying which column each voxel in
the brain demonstrates the strongest connectivity to
(thresholded at P <0.0003). The result is a spatial map of
the brain that demonstrates which locations are most likely
to connect to each of the divisions of the PAG. Transform-
ing the individual subject spatial maps into MNI152 space
and adding them together created group probability maps.
The group probability maps for each spatial map were
thresholded to include > 30% of the population.

RESULTS
Clustering

Group probability maps of the clustering results for all
subjects reproduced in MNI152 standard space demon-
strated four distinct clusters either side of the cerebral
aqueduct. These results demonstrate good spatial concord-
ance with the columns derived from animal model of the
PAG (Figs. 2 and 3). We suggest that cluster 1 (Red) is the
dmPAG, cluster 2 (Blue) the dIPAG, cluster 3 (Green) the
IPAG, and cluster 4 (Yellow) the vIPAG.

Performance of the tractography-based k-means segmen-
tation at the subject level was assessed by visual inspec-
tion of the clusters in the subject’s individual diffusion
space. Successful clustering was defined as distinct clusters
that have a spatial representation predicted by the animal
model of the PAG. This was present in 100% of the left/
right PAGs examined for cluster 4 (vVIPAG). Clusters 1
(dmPAG), 2 (dIPAG), and 3 (IPAG) demonstrated success-
ful clustering in 61%, 55%, and 84%, respectively (Fig. 4).
The most common alternative spatial representation was a
failure to segment cluster 1 (dmPAG) and cluster 2
(dIPAG) in parallel to the aqueduct but instead into rostral
and cephalad clusters (26%).

Connectivity Profiles

The total PAG connectivity to the five subcortical (Fig.
5) and 10 cortical (Fig. 6) target regions demonstrates
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Figure 2.
Group probability maps of clustering results over PAG mask (Pink). Axial and right sided sagittal
(left side omitted as equivalent to right) slices taken at the average the center of gravity of the
cluster(s). Coordinates given in anatomical space. Results thresholded to include >35% of the

population. [Color figure can be viewed in the
library.com.]

dominant connectivity of the PAG to the hypothalamus
superiorly. The anterior division of the cingulate gyrus
and paracingulate gyrus failed to reach the threshold
of P>0.0003 and were removed from subsequent
analysis.

The relative connectivity of the columns to the target
regions revealed different connectivity profiles for each
cluster (Fig. 7). The vIPAG demonstrated dominant con-
nectivity to the prefrontal cortical structures, hypothala-
mus, amygdala, precentral gyrus, and medulla. The IPAG
had dominant postcentral gyrus and pontine connectivity,
in addition to similar weaker connectivity to the prefrontal
cortical areas, hypothalamus, and precentral gyrus. The
dmPAG and dIPAG had similar patterns of cortical con-
nectivity, but the dIPAG demonstrated distinct brainstem
connectivity to the pons and medulla. The dIPAG also
demonstrated stronger mean occipital pole connectivity;
however, this was not statistically significant (Table 2),
due to a large variance in occipital pole connectivity. Con-
nectivity to the thalamus, and insular cortex was similar
across all columns.

Repeated measures MANOVA tests were performed to
assess the differences between the columns with respect
to connectivity probability to all the target regions. Uni-
variate tests were also performed to test the difference
between columns for each target region (Table 2). The
results showed there was no significant difference
between the dmPAG and dIPAG (P =0.124) and also the
dIPAG and IPAG (P =0.08) when comparing the proba-
bility of connection to the predefined target regions.
There was a significant difference between the dmPAG

online issue, which is available at wileyonline

and IPAG (P=0.031), dmPAG and vIPAG (P <0.001),
dIPAG and VvIPAG (P=0.01), and IPAG and vIPAG
(P <0.001).

Back-Projections

Whole brain back-projections were used to assess the
topographical distribution of the connectivity of each PAG
column. Visualization of the cortical spatial maps revealed
that the voxels most likely to connect to each PAG column
had a similar distribution as identified by their connectiv-
ity profiles (Fig. 8).

Back-projections were also used to examine the spatial
patterns of connectivity of the different PAG columns
within specific subcortical structures, known to have dif-
ferential patterns of PAG connectivity.

Hypothalamus

Within the hypothalamus VIPAG voxels were most
likely to connect to voxels in the ventromedial hypothala-
mus, whereas IPAG voxels were most likely to connect to
the dorsomedial hypothalamus (Fig. 9).

Midbrain

Within the midbrain, dIPAG voxels were most likely to
connect to voxels of the nucleus cuneformis (NCF), where
as the vIPAG voxels were most likely to connect to voxels
of the ventral tegmental area (VTA) and the dorsal raphe
nucleus (DRN) (Fig. 10).
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Figure 3.

PAG connectivity atlas. Axial slices through the whole PAG showing edges of thresholded (>35%
of the population) group probability maps. X- and Y-axes give coordinates in anatomical space.
Z-coordinate of each slice is indicated in the top left corner. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

150



APPENDIX A. PUBLISHED PAPERS

Figure 4.
Connectivity-based segmentation of the PAG in nineteen subjects. Top left panel indicates loca-
tion of axial PAG slice with anatomical coordinate (taken at the midpoint of the PAG). Each sub-
sequent panel represents data from an individual subject. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Connectivity Probability

Subcortical Target Region

Figure 5.
This graph displays the mean connectivity probability between
the whole PAG seed region and the subcortical targets. Error
bars demonstrate the standard error of the mean.

Pons

In the dorsolateral pons, voxels were most likely to con-
nect to the dIPAG. This region is consistent with locus cer-
uleus medially and parabrachial/Kolliker-Fuse complex
laterally. In the dorsomedial pons, voxels were most likely
to the vIPAG. This region is consistent with the pontine
reticular formation (Fig. 10).

Medulla

Within the medulla, the dorsolateral voxels containing
the nucleus tractus solitarius, gracile nucleus, and dorsore-
ticular nucleus were most likely to connect to the vIPAG.
The ventrolateral medulla (VLM) voxels were most likely
to connect to the dIPAG (Fig. 10).

DISCUSSION

High-resolution brainstem optimized diffusion MRI has
enabled the segmentation of the human PAG into four dis-
tinct subdivisions parallel to the cerebral aqueduct, similar
to that identified in nonhuman studies. This has permitted
detailed examination of their structural connectivity with-
out requiring an a priori starting location.

Clustering

At a group level, clustering was able to correctly iden-
tify four distinct clusters with a spatial representation pre-
dicted by the animal model of the PAG. At an individual

subject level, clustering correctly identified these clusters
in the majority of subjects. Although the clustering tech-
nique is unable to conclude how many columns the
human PAG is derived from, while aiming to resolve four
clusters, we identified a structure similar to that seen in
the animal model.

Clustering was least successful in differentiating the
dmPAG and dIPAG. The dmPAG and dIPAG possess sim-
ilar patterns of cortical connectivity, but clear differences
in brainstem connectivity. It is possible that the rostral-
cephalic segmentation observed in some subjects may not
result from arbitrary incorrect segmentation but from the
organization of inputs into the individual PAG columns.
Animal studies have identified a rostral-cephalic somato-
trophic organization of inputs into the individual segments
of the PAG, this may explain the pattern of segmentation
observed. [Bandler et al.,, 2000; Keay and Bandler, 2001,
2002; Parry et al., 2008].

Connectivity Profiles

Total PAG connectivity to the cortical and subcortical
target regions was consistent with other diffusion MRI
studies [Hadjipavlou et al., 2006; Owen et al., 2007, 2008;
Pereira et al., 2010; Sillery et al., 2005]. Connectivity to the
anterior division of the cingulate gyrus and paracingulate
gyrus failed to reach the threshold, despite strong connec-
tivity being demonstrated in animal tracer studies [An
et al., 1998]. This has been previously noted and is thought

1.5m

Connectivity Probability
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O
e
&
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Cortical Target Region

Figure 6.
This graph displays the mean connectivity probability between
the whole PAG seed region and the cortical targets and thresh-
old level (dotted line). Error bars demonstrate the standard
error of the mean.
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Figure 7.

Radial diagram of relative connectivity of the clusters to predefined targets. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

to be due to the tracts perpendicular to, and passing
through the corpus callosum bundle being blocked by
large white matter tracts [Hadjipavlou et al., 2006].

Pereira et al. [2010], identified heterogeneity between
dorsal and ventral PAG connectivity, which did not
entirely correlate with animal studies. There are, however,
limitations to their approach. Tractography was performed
in healthy individuals, with seed locations derived from
the mean electrode position of a different subject cohort
receiving DBS. Differentiation of DBS electrode position
used predefined anatomical relationships with other struc-
tures. This implies uniformity to the structure and position
of the PAG, which cannot be assumed to be true. There-
fore, the exact position of the seed location for tractogra-

phy cannot be guaranteed. By segmenting the PAG using
connectivity patterns and using these divisions to perform
connectivity analysis we have overcome these limitations.
We have been able to examine the connectivity of all four
columns of the PAG without any prior assumptions of the
location of different segments.

Patterns of cortical connectivity were generally consistent
with the findings of animal tracer studies, with the excep-
tion of the prefrontal cortex (PFC). The precentral gyrus
demonstrates dominant connectivity to the IPAG and
vIPAG, and the occipital cortex strong connectivity to the
dIPAG. This is in agreement with studies in rats; where pri-
mary motor areas project exclusively to the IPAG and
vIPAG, while the secondary visual cortex preferentially

TABLE 2. Differences in anatomical connectivity probabilities for pairs of PAG columns, shown with P values
(Bonferroni corrected)

dmPAG dmPAG dmPAG dIPAG dIPAG IPAG
vs. dIPAG vs. IPAG vs. VIPAG vs. IPAG vs. VIPAG vs. VIPAG
Amygdala 0.63 0.291 0.001 0.017 <0.001 <0.001
Frontal Pole 0.685 0.002 0.001 0.002 0.001 <0.001
Hypothalamus 0.359 <0.001 <0.001 <0.001 <0.001 <0.001
Insular Cortex 0.247 0.418 0.54 0.45 0.801 0.318
Medulla 0.012 0.003 0.001 0.047 0.072 0.004
Middle Frontal 0.504 0.006 0.002 0.01 0.002 <0.001
Gyrus Occipital Pole 0.386 0.129 0.257 0.305 0.338 0.291
Pons 0.032 0.02 0.013 0.406 0.151 0.181
Postcentral Gyrus 0.139 0.18 0.547 0.974 0.003 <0.001
Precentral Gyrus 0.007 0.006 0.017 0.05 0.207 0.814
Superior Frontal Gyrus 0.426 0.01 0.023 0.009 0.028 0.009
Superior Parietal Lobule 0.783 0.582 0.066 0.069 0.001 0.005
Thalamus 0.589 0.362 0.622 0.079 0.417 0.447
Multivariate 0.124 0.031 <0.001 0.08 0.01 <0.001
*9 e

153



APPENDIX A. PUBLISHED PAPERS

¢ Ezraetal ¢

dmPAG dIPAG

IPAG

VIPAG

S4m——? S>4meeesssss1? SO mmm———15 >0 E——

19 Subjects

Figure 8.
Axial and sagittal cortical slices in MNI152 standard space of group probability maps of back pro-
jections from all four PAG columns. Coordinates given in anatomical space. Results thresholded
to include >35% of the population. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

innervate the dIPAG [Newman et al.,, 1989]. Furthermore,
sensory cortex connectivity arose predominantly from the
dIPAG and IPAG. This agrees with animal studies where
dIPAG and IPAG receive somatotopically organized inputs
from superficial nociceptors [Bandler et al., 2000; Keay and
Bandler, 2001, 2002; Lumb, 2004; Parry et al., 2008].
Interestingly, we found significant differences in PFC
connectivity. Tracer studies in macaques have shown dis-
tinct patterns of columnar PAG connectivity with different
PFC structures. In animals, the dIPAG receives the domi-

>50L s 15 >0

19 Subjects

Figure 9.

Sagittal slice of the hypothalamus in MNII52 standard space of
group probability maps of back projections. IPAG (Green) pass-
ing through the dorsomedial hypothalamus and vIPAG (Yellow)
passing through the ventromedial hypothalamus. Hypothalamus
mask superimposed (Pink). Coordinates given in anatomical
space. Results thresholded to include >35% of the population.
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

nant PFC input, primarily arising from the medial PFC. In
contrast, the VIPAG receives input from orbital and ante-
rior insular areas and the IPAG from the dorsomedial PFC
[An et al., 1998]. Our results do not demonstrate the same
columnar pattern of PFC connectivity, which arises pre-
dominantly from the VIPAG and partially from the IPAG,
with minimal connectivity to the dIPAG.

Patterns dIPAG subcortical connectivity also differed to
nonhuman studies. Hypothalamic and amygdala connectiv-
ity was modest when compared to the IPAG and vIPAG.
This is in contrast to nonhuman studies in which some of
the primary connections of the dIPAG arise from ventrome-
dial hypothalamus via the amygdala [Motta et al., 2009].
Moreover, the spatial maps derived from the back-
projections, identified dominant VIPAG connectivity to the
ventromedial hypothalamus, rather than the dIPAG [An
et al., 1998]. Our findings identified dIPAG connectivity to
the brainstem, previously not demonstrated in animals.
However, this may result from connectivity via the NCF as
diffusion MRI cannot determine if a tract is direct or indi-
rect. Connectivity between the NCF and dIPAG, and
between the NCF and brainstem has been demonstrated in
animals [Bernard et al., 1989; Redgrave et al., 1988, 1990].

Back-Projections

The PAG is proposed to function by orchestrating differ-
ent coping strategies when exposed to external stressors.
Differential PAG column connectivity to nuclei within the
brainstem and subcortical structures is thought to play a
critical role in orchestrating these differing responses.

Human DBS and animal studies have identified that
dIPAG activation triggers active coping strategies,

* 10 ¢
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Figure 10.

Axial slices in MNI152 standard space of group probability maps
of back projections from dIPAG (Blue) and vIPAG (Yellow) col-
umns. Results thresholded to include >35% of the population.
Coordinates given in anatomical space. VTA, ventral tegmental
area; DRN, dorsal nucleus raphe; NCF, nucleus cuneformis; Ret

involving sympathoexcitation, hyperventilation and short-
duration, non-opioid-mediated analgesia [Bandler et al.,
2000; Green et al., 2005; Keay and Bandler, 2001; Pereira
et al., 2010]. Our results are consistent with these observa-
tions. Within the midbrain dIPAG demonstrates connectiv-
ity with the NCF. This structure has nocifensive functions
[Haws et al., 1989] and as previously discussed connectiv-
ity to the dIPAG. Furthermore, the dIPAG demonstrates
connectivity to brainstem regions integral to cardiorespira-
tory control (either directly or indirectly). The dorsolateral
pontine connectivity is likely to represent the locus ceru-
leus and parabrachial/Kolliker-Fuse complex, nuclei
responsible for sensory processing of respiratory signals
[Smith et al., 2009]. Connectivity in the VLM is like repre-
sent the ventral respiratory group, which includes the
rhythm generating structures nucleus ambiguus, pre-
Botzinger complex, and retrotrapezoid nucleus [Smith
et al., 2009]. In addition the rostral VLM also contains the
C1 group of adrenaline-synthesizing neurons, which acts
as a key blood pressure regulatory center [Guyenet, 2006].

In contrast, VIPAG activation elicits passive strategies,
involving long duration, opioid-dependent analgesia associ-
ated with cardiovascular and respiratory depression

pontine reticular formation; KF, Kolliker-Fuse; PB, parabrachial;
VLM, ventrolateral medulla; NTS, nucleus tractus solitarius. Line
drawing adapted from Duvernoy [Duvernoy, 2009]. [Color fig-
ure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

[Bandler et al., 2000; Keay and Bandler, 2001; Lumb, 2004].
Again our findings support these functional observations.
Within the midbrain the vIPAG demonstrates connectivity
to the VTA and DRN. The VTA represents part of the mes-
olimbic reward circuitry [Oades and Halliday, 1987] and
has a role in pain and aversive processing in humans
[Dunckley et al., 2005]. Moreover, the serotonergic systems
within the DRN are involved in the modulation of ongoing
anxiety-related behavior and in behavioral sensitization
[Abrams et al., 2004]. Connectivity in the dorsomedial
medulla is likely to represent the nucleus tractus solitarius,
a major relay of homeostatic information from the respira-
tory, cardiovascular and gastrointestinal systems [Bailey
et al., 2007]. These structures have also been shown in non-
humans tracer studies to possess connections to the vIPAG
[Herbert and Saper, 1992; Kirouac et al., 2004].

Interpretation of Connectivity Patterns

Although our results demonstrate consistency in the
organization of hindbrain and midbrain connections with
nonhuman tracer studies, there are significant differences
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in the connectivity patterns to the forebrain. Connectivity
between the PAG and the hypothalamus, amygdala, and
PFC are derived predominantly from the vIPAG rather
than the dIPAG. These structures are key to processing
fear, stress and anxiety [Shin and Liberzon, 2010], which
influence the homeostatic neurobiological roles of the
PAG. This suggests that the VIPAG maybe involved in
these processes and would certainly tie in with the hind-
brain connectivity seen, relating to anxiety and aversion
processing. Interestingly, these findings correlate with
human fMRI studies of visceral and somatic pain process-
ing [Dunckley et al., 2005], where correlation between
PAG activation and anxiety was observed during visceral
pain (VIPAG processed) but not during somatic pain
(dIPAG processes).

While significant correlation between humans and non-
human primates” white matter anatomy has been observed
using diffusion MRI [Jbabdi et al., 2013], there are some
major differences, particularly within the PFC [Thiebaut de
Schotten et al., 2012]. This is perhaps unsurprising given
the degree of evolutionary expansion in this region [Semen-
deferi et al., 2001] and supports our findings of interspecies
differences. It is important to remember that tractography
does not inform us about precise nature of the synaptic
connections made between two areas or their functional sig-
nificance. These findings are important as a complement to
the interpretation of functional imaging studies, particularly
as high field strength fMRI becomes able to resolve activa-
tion within individual columns [Faull et al., 2015].

Limitations

As we have alluded to in the discussion, our study does
not aim to identify the number of columns in the human
PAG. We have sought to identify the structure and connec-
tivity patterns of the PAG with the prior assumption that
there are four columns either side of the cerebral aqueduct
[Dampney et al., 2013]. We have chosen this approach for a
number of reasons. First, there is convincing evidence from
cross species nonhuman experiments that the PAG is com-
prised of four columns and importantly these divisions are
not solely based on connectivity patterns but also functional
and biochemical differences [Dampney et al., 2013]. Second,
we believe that inferential statistics performed to identify
the optimum number of clusters, would be of limited use.
This would reflect only the mathematical distinctions within
the connectivity data and would not take into account the
unmeasured functional and biochemical difference. Division
based on identifying the most distinct clusters would likely
produce two clusters of the ventral and dorsal aspects of
the PAG, where connectivity differences are greatest. We
believe that the resolution of a structure similar to that of
the animal model of PAG when aiming to resolve four col-
umns, demonstrates that our data fits this model of the
PAG. We accept the limitations of this design but feel that
the assumptions we have made are not without strong sci-
entific merit.

Conclusion

We have demonstrated, for the first time, subdivisions of
the human PAG, as predicted by animal models. This has
enabled resolution of individual column connectivity and the
comparisons with animal tracer studies. Patterns of forebrain
connectivity appear to be different to those found in nonhu-
man studies, whereas midbrain and hindbrain connectivity
appears to be maintained. This suggests altered fear and
anxiety processing in humans compared to animals. This
study will aid the interpretation of future research into the
PAG as well as translating clinically into improved planning
of stereotactic interventions such as DBS.
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B.1 Peak voxel locations

Table B.1: Locations of signal maxima in response to the group mean breath hold regressor. Values
derived from cluster-based analysis. The most significant maximum is listed for each anatomical
location. Co-ordinates are in mm in standard space of MNI (1 mm?®): x, distance right (+) or left (-)
of the mid saggital line; y, distance anterior (+) or posterior (-) from a vertical plane through the
anterior commissure; z, distance above (+) or below (-) the intercommisurial plane.

Left Right
X y z  Zscore X y z  Zscore

Activations
Motor cortex 59 420 4.64 51 9 22 5.34
Motor cortex 43 -15 43 4.28 44  -13 40 4.2
Putamen 200 -2 5 4.79 29 -14 2 4.83
Anterior Insula 40 5 1 3.27 40 6 2 4.57
Cingulate cortex -1 14 30 3 3 13 29 3.38
Paracingulate cortex -4 8 48 3.03 7 8 45 5.02
Supramarginal gyrus -59 24 26 3.54 63 -22 26 4.89
Sensory cortex -42  -17 43 4.55 43  -11 36 4.27
Supplementary MC -5 6 54 3.82 3 7 64 43
Caudate nucleus -17 -16 20 3.92 15 -9 20 3.77
Thalamus 11 -16 4 3.82
Thalamus 9 -14 11 4.11
Subthalamic nucleus 8 -11 -7 3.45
Red nucleus 6 -19 4 3.26
Deactivations
Middle Insula -39 -6 13 3.97 39 35 3.9
Hippocampus -32 20 -15 3.7 30 -13 -15 4.14
Parahippocampal gyrus -26 -35 -15 343 27 32 -16 3.87
Amygdala 22 -7 -11 4.25 26 -6 20 372
Pons S5 26 27 3.8
Pons -4 37 -36 3.35
Cerebellum 2 51 46 431
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C.1 Peak voxel locations

Table C.1: Co-ordinates of local maxima of significant increases (activations) and decreases (de-
activations) in the group BOLD response to inspiratory loading. Values derived from cluster-based
analysis. The most significant maximum is listed for each anatomical location. Co-ordinates are in
mm in standard space of MNI (1 mm3): x, distance right (+) or left (-) of the mid saggital line; y,
distance anterior (+) or posterior (-) from a vertical plane through the anterior commissure; z, dis-
tance above (+) or below (-) the intercommisurial plane. Abbreviations: VPL, ventroposterolateral
nucleus of the thalamus.

Left Right
X y z  Zscore X y z  Zscore

Activations

Motor cortex 58 470 6.73 59 2 40 6.55
Supplementary motor cortex -3 -1 60 6.73 1 -4 70 4.82
Putamen 25 -10 3 6.44 27 20 -2 4.09
Sensory cortex 59 -17 34 5.88 62 -13 28 5.41
Cingulate cortex -6 13 35 3.59 9 13 37 4.32
Paracingulate cortex -7 7 44 3.33 3 18 49 5.46
Operculum 49 0 3 5.06 59 -1 10 479
Medulla 2 47 -64 3.5 7 -45 -64  3.58
Middle insula 372 5 5.21 39 2 6 4.96
Caudate nucleus -13 -3 22 3.69 15 0 18 4.00
VPL (thalamus) 12 24 2 4.64 4 20 4 4.43
Subthalamic nucleus 220 -3 5.11 13 -19 4 3.55
Deactivations

Hippocampus 28 -14 -16  4.56 21 20 -15 432
Amygdala 221 -6 -12 521 20 22 -19 4.7
Cerebellum -7 -48 -48 3.76 8 -49 45 3.77
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Table C.2: Co-ordinates of local maxima of significant increases (activations) and decreases (de-
activations) in the group BOLD response during certain anticipation of inspiratory loading (>
baseline). Values derived from cluster-based analysis. The most significant maximum is listed for
each anatomical location. Co-ordinates are in mm in standard space of MNI (1 mm?3): x, distance
right (+) or left (-) of the mid saggital line; y, distance anterior (+) or posterior (-) from a verti-
cal plane through the anterior commissure; z, distance above (+) or below(-) the intercommisurial
plane.

Left Right
X y z  Zscore X y z  Zscore

Activations

Motor cortex -48 -6 47 3.42 49 2 50 4.43
Supplementary motor cortex -1 -1 72 498 6 6 66 397
Sensory cortex -58 -18 34 344 3 -19 27 443
Cingulate cortex -1 23 30 395 3 -19 27 443
Paracingulate cortex -1 14 43 4.6 1 14 42 3.93
Operculum -45 4 0 2.94 49 2 4 4.6
Medulla 5 -40 -60  3.25
Middle insula 38 2 1 3.51 42 5 3 3.81
Deactivations

Hippocampus 34 23 -16  4.07 26 -11 -16 393
Amygdala -19 -6 -13 424 16 20 -1 4.07
Posterior insula 36 -16 18 2.98 36 -18 19 33
Cerebellum 7 -52 51  3.64
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Table C.3: Co-ordinates of local maxima of significant increases (activations) and decreases (de-
activations) in the group BOLD response during uncertain anticipation of inspiratory loading (>
baseline). Values derived from cluster-based analysis. The most significant maximum is listed for
each anatomical location. Co-ordinates are in mm in standard space of MNI (1 mm3). x, distance
right (+) or left (-) of the mid saggital line; y, distance anterior (+) or posterior (-) from a verti-
cal plane through the anterior commissure; z, distance above (+) or below(-) the intercommisurial
plane.

Left Right
X y z  Zscore X y z  Zscore

Activations

Motor cortex -47 -6 47 391 55 9 41 3.62
Supplementary motor cortex -1 -2 71 4.53 6 0 71 4.23
Sensory cortex 55 -18 27 3.64 50 -15 25 3.93
Anterior cingulate cortex -7 15 39 3.73 9 15 40 4.01
Posterior cingulate cortex -1 21 32 3.61 4 -19 27 3.81
Operculum -43 -4 13 3.28 46 4 3 3.39
Middle insula -39 3 3 3.53 42 5 2 3.52
Deactivations

Hippocampus 33 -23 -12 336 22 -15 -14 331
Amygdala 20 -7 -12 3.63 21 -12 -12 29
Posterior insula 35 22 20 344 37 -18 18 3.36
Cerebellum 5 -56 -46  3.77
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Table C.4: Co-ordinates of local maxima of significant increases (activations) and decreases (deac-
tivations) in the group BOLD response to a finger opposition task. Values derived from cluster-based
analysis. The most significant maximum is listed for each anatomical location. Co-ordinates are in
mm in standard space of MNI (1 mm3): x, distance right (+) or left (-) of the mid saggital line; y,
distance anterior (+) or posterior (-) from a vertical plane through the anterior commissure; z, dis-
tance above (+) or below (-) the intercommisurial plane. Abbreviations: VPL, ventroposterolateral
nucleus of the thalamus.

Left Right
X y z  Zscore X y z  Zscore

Activations
Motor cortex -44  -16 52 6.07 52 -3 47 3.6
Supplementary motor cortex -1 -5 57 5.21 5 0 58 4.72
Putamen 31 -10 -1 6.63 24 7 2 4.83
Sensory cortex -57 23 23 4.1 58 -17 25 3.46
Cingulate cortex -5 11 35 4.29 5 -7 37 3.88
Paracingulate cortex -4 12 42 486 12 8 41 3.96
Operculum 43 0 11 6.89 49 1 7 6.21
Medulla -1 47 -61 3.3 5 -49  -60 4.6
Caudate nucleus -10 0 16 3.52 10 4 12 34
VPL (thalamus) -15 24 5 6.54 12 -18 12 4
Deactivations
Hippocampus 27 20 -13  3.66
Motor cortex -45  -11 37 448 58 -4 35 4.04
Posterior insula 36 -5 15 4.34
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C.2 Respiratory activity in the medulla

Mean BOLD activity was observed in the medulla, consistent with the location of respira-
tory nuclei during both inspiratory resistance and certain anticipation of resistance. This is

displayed in Figure C.1.

RESISTANCE ANTICIPATION

Z score
. 4

23

Figure C.1: Demonstration of the BOLD activity in the medulla during certain anticipation of resis-
tance and throughout inspiratory resistance. The images consist of a colour-rendered statistical map
superimposed on a standard (MNI 1mm?) brain. Significant regions are displayed with a threshold
Z > 2.3, with a cluster probability threshold of p < 0.05 (corrected for multiple comparisons). Ab-
breviations: ret, nuclei reticularis; Amb, nucleus ambiguous; IX, glossopharyngeal nucleus; NTS,
nucleus tractus solitaries; GC, gracile (medial). Original line drawings adapted from (Duvernoy,

1995).
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C.3 End-tidal pressure of carbon dioxide

The group BOLD activity relating to the Py CO- trace in Chapter 3 is displayed in Figure
C.2 below. BOLD activity is localised to the grey matter in the cortex and brainstem,
including the PAG.

Z score

Figure C.2: Global BOLD signal change correlating with changes in end tidal carbon dioxide
(PErCO>). The red lines indicate the edges of the the brain, derived from the MNI (1mm?) standard
brain. Image on the right is a zoom to show signal changes within the PAG (outlined in red). A
PrrCOq trace was created by extrapolating between end-tidal CO+ peaks, and small hypercapnic
challenges were administered during rest periods to dissociate hypercapnic effects from respiratory
challenges. The images consist of a colour-rendered statistical map superimposed on a standard
(MNI Imm?) brain. Significant regions are displayed with a threshold Z > 2.3, with a cluster
probability threshold of p < 0.05 (corrected for multiple comparisons).
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D.1 Hypercapnic ventilatory response

The hypercapnic ventilatory response (HCVR) was calculated from the steady state hyper-
capnic ventilatory response test in Chapter 5, using a linear regression between ventilation
and Pz7CO,. Single subject regressions can be seen in the following figures for athletes

(Figure D.1) and sedentary subjects (Figure D.2).
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Figure D.1: Demonstration of the regression slopes between ventilation and P CO> in each of 20
amateur endurance athletes.
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healthy sedentary subjects.
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E.1 Peak voxel locations

Table E.1: Co-ordinates of local maxima of significant increases (activations) and decreases (de-
activations) in the group BOLD response to inspiratory loading. Values derived from cluster-based
analysis. The most significant maximum is listed for each anatomical location. Co-ordinates are in
mm in standard space of MNI (1 mm?): x, distance right (+) or left (-) of the mid saggital line; v,
distance anterior (+) or posterior (-) from a vertical plane through the anterior commissure; z, dis-
tance above (+) or below (-) the intercommisurial plane. Abbreviations: VPL, ventroposterolateral
nucleus of the thalamus.

Left Right
X y z  Zscore X y z  Zscore

Activations

dorsolateral prefrontal cortex  -34 52 24 5.88 36 46 27 6.72
primary motor cortex -48  -10 46 6.81 54 -3 36 6.27
supplementary motor cortex -7 4 48 6.82 6 -6 63 6.49
primary sensory cortex 56 -22 23 6.4 50 -9 36 6.21
middle cingulate cortex -9 13 39 577 7 14 38 6.38
operculum 45 -1 7 6.15 36 17 11 6.38
middle insula cortex 39 1 6 5.81 45 4 4 6.02
anterior insula cortex 35 6 6 5.5 39 19 7 5.79
putamen 23 1 6 4.53 23 0 8 5.87
caudate nucleus -16  -15 22 425 19 17 4 4.94
VPL -9 20 -1 4.74 10 -18 1 4.28
subthalamic nucleus -4 21 -6 3.38 8 21 -7 2.77
Deactivations

anterior cingulate cortex -8 47 3 3.95 1 35 4 3.82
posterior cingulate cortex -5 37 36 5.15 6 -38 36 4.3
hippocampus 27 -31 -8 4.2 25 -9 21 471
amygdala 33 -1 -16 492 22 -9 -12 552
ventromedial prefrontal cortex -6 49 -5 391 7 53 -5 4.04
inferior precuneus -3 -65 24 4091 4 -64 25 5.23
primary sensory cortex -2 -36 61 4.27 3 -33 58 3.14
pontine nuclei -6 -32 -35 4.36 6 -25 -36 4.16
primary motor cortex -3 -33 61 3.74 5 2271 4.24
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Table E.2: Co-ordinates of local maxima of significant increases (activations) and decreases (deac-
tivations) in the BOLD response during the contrast of certain anticipation of inspiratory loading
(> anticipation of no resistance). Values derived from cluster-based analysis. The most significant
maximum is listed for each anatomical location. Co-ordinates are in mm in standard space of MNI
(1 mm3): x, distance right (+) or left (-) of the mid saggital line; y, distance anterior (+) or pos-
terior (-) from a vertical plane through the anterior commissure; z, distance above (+) or below(-)
the intercommisurial plane.

Left Right
X y z  Zscore X y z  Zscore

Activations
dorsolateral prefrontal cortex 42 47 8 4.06
supplementary motor cortex 2 -1 6l 4.88 4 2 64 5.03
posterior cingulate cortex -2 20 31 2.95 4 -25 30 3.76
anterior cingulate cortex 8 16 40  4.63
operculum 36 20 4 5.24 48 113 5.34
middle insula cortex -39 1 6 5.06 39 21 1 6.47
Deactivations
anterior cingulate cortex -9 49 2 4.18 7 -34 36 39
posterior cingulate cortex -4 -38 36 5.35 2 -55 22 4.92
dorsomedial prefrontal cortex -5 59 8 4.62 4 52 24 379
hippocampus 25 -12 22 6.32 33 28 -15 5.02
amygdala 25 -5 25 482 22 -10 -13 4382
ventromedial prefrontal cortex -1 53 -4 4.71 10 53 -1 3.51
inferior precuneus -2 -63 15 5.6 13 55 16 5.49
primary sensory cortex -12 41 67 3.36 3 -23 63 3.61
pontine nuclei -3 23 -39 472 7 25 34 428
posterior insula 34 25 17 3.83 39 -18 18 3.71
cerebellar IX 6 -46  -42 434
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Table E.3: Co-ordinates of local maxima of voxels where BOLD activity positively correlates with
subjective scores of breathlessness intensity and anxiety across subjects, during both inspiratory
resistive loading and anticipation of resistance (> anticipation of no resistance). Values derived
from cluster-based analysis. The most significant maximum is listed for each anatomical location.
Co-ordinates are in mm in standard space of MNI (1 mm?®): x, distance right (+) or left (-) of the
mid saggital line; y, distance anterior (+) or posterior (-) from a vertical plane through the anterior
commissure; z, distance above (+) or below(-) the intercommisurial plane. Abbreviations: VPL,
ventroposterolateral nucleus of the thalamus; VAN, ventral anterior nucleus of the thalamus.

Left Right
X y z Zscore X y z Zscore

Resistive loading intensity
middle insula 36 -8 1 391
Resistive loading anxiety

dorsolateral prefrontal cortex

23 56 30 4.5

primary motor cortex -60 4 28 428 58 -3 43 4.06
primary sensory cortex -61 -10 37 3.72 52 -21 51 431
supplementary motor cortex 2 7T 44 401 3 -15 54 4.56
middle insula -34 22 19 4.67 37 -16 17 4.1
VPL -7 -14 0 3.44 8 -13 -2 3.85
subthalamic nucleus -13 -17 -5 385 9 -14 -3 391
Anticipation intensity

VAN -8 -8 -2 362 10 -9 -4 346
Anticipation anxiety

primary motor cortex 34 21 66 3.82 48 -10 51 3.76
superior parietal lobule -28 =52 51  3.73 34 42 56 3.77
lateral occipital cortex -27 -88 25 398

cuneus -11 73 24 3.89 18 -67 21 3.86
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Table E.4: Co-ordinates of local maxima of voxels with the highest functional connectivity to their
seed masks. Seed masks are the bilateral ventrolateral periaqueductal gray (vVIPAG), lateral peri-
aqueductal gray (IPAG) and left primary auditory cortex. Values derived from cluster-based anal-
ysis. The most significant maximum is listed for each anatomical location. Co-ordinates are in
mm in standard space of MNI (1 mm?®): x, distance right (+) or left (-) of the mid saggital line;
y, distance anterior (+) or posterior (-) from a vertical plane through the anterior commissure; z,
distance above (+) or below(-) the intercommisurial plane.

Left Right
X y z  Zscore X y z  Zscore

VIPAG connectivity
dorsomedial prefrontal cortex -8 48 12 5.13 27 40 31 4.03
anterior insula 27 19 -10  4.05 29 26 -3 3.48
middle insula 37  -10 -3 4.36
operculum 34 11 12 3.84 35 11 15 4.56
anterior cingulate cortex 20027 21 5.03 3 21 29 4.3
paracingulate gyrus 8 19 39 4.3
precuneus 23 56 6 5.19 9 55 14 3.26
hippocampus 26 25 -13 4.63 29 31 9 3.94
parahippocampal gyrus 30 35 -14 427 30 -30 -21 4.62
supplementary motor cortex 2 -2 60 4.77
caudate nucleus -12 6 18 4.08 14 6 15 4.5
visual cortex -14 71 4 4.39 14 -70 8 4.59
superior cerebellum 5 53 9 5.83 6 -44  -15 543
IPAG connectivity
primary motor cortex I5 -19 76 4.07
primary sensory cortex 36 -39 44 4.16
middle insula 34 4 -14 426 41 -10 3 3.86
superior parietal lobule 29 42 43 4.03
putamen 25 2 9 5.63
hippocampus 21 -16 -16  3.87 27 38 -1 3.48
amygdala 23 -12 -12 457
lateral occipital cortex 15 -60 63 4.28
Auditory cortex connectivity
auditory cortex 41 -19 8 6.38 36 23 10 5.62
primary sensory cortex 54 -18 37 5.35 49 -12 34 535
anterior insula cortex 33 16 11 4.07 30 16 8 5.5
middle insula cortex 35 22 7 5.68 39 -1 3 5.89
posterior insula cortex 37 25 8 6.19 37 22 7 5.89
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Table E.5: Co-ordinates of local maxima of significantly greater voxels in athletes greater than
sedentary subjects during inspiratory resistive loading and anticipation of loading (> baseline).
Values derived from cluster-based analysis, with negative z-scores indicating greater activity in
sedentary subjects compared to athletes. The most significant maximum is listed for each anatomical
location. Co-ordinates are in mm in standard space of MNI (1 mm?): x, distance right (+) or left (-)
of the mid saggital line; y, distance anterior (+) or posterior (-) from a vertical plane through the
anterior commissure; z, distance above (+) or below(-) the intercommisurial plane.

Left Right
X y z  Zscore X y z  Zscore

Resistive loading

middle insula 37 2 13 -3.7
caudate nucleus 14 -6 21 331
primary sensory cortex 54 23 47 -4.23 58 -12 40  -3.75
supramarginal gyrus -62 -30 30 -3.85 58 21 27 -3.74
superior parietal lobule 36 -47 51 -4.68

primary motor cortex 45 1 45 -3.6l1
operculum -40 20 7 -4.63 49 -2 11 -4.07
cerebellar crus I 38 -45 -36 -4.04
cerebellar VI 38 -53 -23 -4.63

Anticipation (> baseline)

ventromedial prefrontal cortex -3 51 -10 34 6 46 -10 3.38
paracingulate gyrus -11 49 -2 3.59 7 44 -7 343
anterior cingulate cortex 3 39 -7 3.04
posterior cingulate cortex -4 -33 39 3.09 5 -38 39 3.68
posterior insula 36 -33 16 4.18
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E.2 Comparisons with Chapter 3

E.2.1 Anticipation of resistance > baseline

In this final study we reproduced the activity in the vIPAG and cortex in the contrast of an-
ticipation of resistance > baseline seen in Chapter 3 (Figure E.1). In addition, significantly
increased BOLD activity was also observed in the IPAG during anticipation > baseline in
Chapter 5, and cortically/subcortically in the dorsolateral prefrontal cortex, supplementary
motor cortex, middle and posterior cingulate cingulate cortices, anterior and middle in-
sula, subthalamic nucleus, operculum, cerebellar I-IV, primary visual cortex and primary
sensory cortex, and decreased BOLD activity in the anterior and posterior cingulate cor-
tices, ventromedial prefrontal cortex, dorsomedial prefrontal cortex, posterior insula, infe-
rior precuneus, hippocampus and amygdala, primary sensory cortex, pontine nuclei, ventral

inferior nuclei of the thalamus and cerebellar IX.

E.2.2 Anticipation of resistance > baseline scaled with breathlessness
ratings

Consistent with Chapter 3 results, in this study we found IPAG activity that scaled with
intensity of resistance during the anticipation period (anticipation > baseline: Figure E.2).
Additional BOLD activity that scaled with anxiety scores during anticipation (> baseline)
in Chapter 5 was identified in the dorsolateral prefrontal cortex, primary motor and sen-
sory cortices, supplementary motor cortex, superior parietal lobule, lateral occipital cor-
tex, cuneus and posterior cingulate cortex, and scalings with intensity scores included the
middle insula, putamen, posterior cingulate cortex, inferior frontal gyrus and the middle

temporal gyrus.
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CHAPTER 3 ANTICIPATION OF RESISTANCE ( > BASELINE)
PCC VIPAG
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Figure E.1: Contrast of anticipation of resistive loading > baseline for Chapter 3 and Chapter 5.
The images consist of a colour-rendered statistical map superimposed on a standard (MNI 1mm?)
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 bright grey region repre-
sents the periaqueductal gray (larger mask used in Chapter 5 to accommodate larger functional
voxels), with significant clusters overlaid (p < 0.05; small-volume-corrected for multiple compar-
isons using represented PAG mask). Abbreviations: PAG, periaqueductal gray; vIPAG and [PAG,
ventrolateral and lateral PAG; S1, primary sensory cortex; CN, caudate nucleus;, SMC, supplemen-
tary motor cortex; Put, putamen; ACC, anterior cingulate cortex; MCC, middle cingulate cortex;
PCC, posterior cingulate cortex; PC, precuneus;, PCG, paracingulate gyrus; dIPFC, dorsolateral
prefrontal cortex; dmPFC, dorsomedial prefrontal cortex; vimPFC, ventromedial prefrontal cortex;
Hipp hippocampus; amyg, amygdala; a-In, anterior insula; m-In, middle insula; p-In, posterior
insula; STN, subthalamic nucleus; RN, Red nucleus; OP, operculum; VI, primary visual cortex;
IX and I-1V, cerebellar lobes; thalamic nuclei: VPL, ventral posterolateral nucleus; VIN, ventral
inferior nuclei; activation, increase in BOLD signal; deactivation, decrease in BOLD signal.
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CHAPTER 3 ANTICIPATION OF RESISTANCE ( > BASELINE)
PMC /SMC IPAG
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Figure E.2: BOLD response that scales with intensity (blue) and anxiety (yellow) ratings for an-
ticipation > baseline in Chapter 3 and Chapter 5. The images consist of a colour-rendered sta-
tistical map superimposed on a standard (MNI 1mm?) brain, and significant regions are displayed
with a threshold Z > 2.3, with a cluster probability threshold of p < 0.05 (corrected for multi-
ple comparisons). Right: The bright grey region represents the periaqueductal gray (larger mask
used in Chapter 5 to accommodate larger functional voxels), with significant clusters overlaid (p
< 0.05; small-volume-corrected for multiple comparisons using represented PAG mask). Abbrevi-
ations: PAG, periaqueductal gray, IPAG, lateral PAG; S1, primary sensory cortex; M1, primary
motor cortex; SMC, supplementary motor cortex; PCC, posterior cingulate cortex; Cun, cuneus;
pC, precuneus; dIPFC, dorsolateral prefrontal cortex; m-In, middle insula; CN, caudate nucleus;
STN, subthalamic nucleus; LOC, lateral occipital cortex; VPL, ventral posterolateral nucleus of the
thalamus; VAN, ventral anterior nucleus of the thalamus.
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E.3 Inspiratory resistance trial-by-trial variability

The ratings of intensity of breathing following each inspiratory resistance challenge were
included as demeaned regressors in both Chapters’ 3 and 5 single subject GLMs. Including
this rating regressor removes trial-by-trial variability from the inspiratory resistance mean
regressor, modelling brain activity that varies depending on the change in subjective inten-
sity ratings of each resistance stimulus. The results from the trial-by-trial rating regressor

from Chapter 5 are presented here in Figure E.3.

Z score
activation 2.3 I——— 4 2.3 B 4 deactivation

Figure E.3: Mean BOLD activity of the subject ratings of inspiratory resistance breathing intensity
on a trial-by-trial basis. The images consist of a colour-rendered statistical map superimposed on
a standard (MNI 1mm?) brain. Significant regions are displayed with a threshold Z > 2.3, with a
cluster probability threshold of p < 0.05 (corrected for multiple comparisons). Abbreviations: PC,
precuneus;, MCC, middle cingulate cortex; PCC, posterior cingulate cortex; m-In, middle insula;
paraCG, paracingulate gyrus.
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E.4 Validation of IPAG activity scaling with intensity scores

The loss of resolution in Chapter 5 with voxels of 2 x 2 x 2 mm reduces definition and the
ability to dissociate between the PAG and the cerebral aqueduct. Therefore, we wanted to
ensure that the activity seen in the IPAG during inspiratory resistance (scaled with intensity
scores) was not simply a reflection of increased signal in the aqueduct as a result of in-
creased inspiratory mouth pressure. A correlation between inspiratory mouth pressure and
cope activity within the activated cluster in the IPAG across subjects was not significant (R
= 0.20; p = 0.23; Figure E.4), providing confidence that this signal is a reflection of the
IPAG involvement in the perception of intensity, and not noise from the aqueduct due to

inspiratory pressure.

+ R =0.20
p=0.23

— —
S

—
?

Mean mouth pressure (cmH20)

T T T T T T
-2 -1 0 0 1 1

IPAG cope activation (% signal change from baseline)

Figure E4: No correlation was found between the cope activity in the activated region of the IPAG
against the mean mouth pressure during inspiratory resistance.
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