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Abstract

BackgroundsThe periaqueductal gré§AG) plays an important role in the
descending pain modulation systems, which has been known to inhibit incoming
nociceptive signals at the level of the spinal dorsal hornp8iat mechanism

involves the brain and the spinal cord to maintain homeostasise@@tically pain
modulation mechanism should involve both direction: ascending and descending
pathways to the brain and spinal cord dorsal horn. However, literature addressing this
guestion is limited. The sensory thalamus is the most important braireaeang
sensory signals. Moreovewjth the fact that evidenaadicateshe FAG and the
thalamus have functionabnnectionsthereforewe wanted to test if there is a
functional connection between the PAG and the sensory thalamus related to pain
moduktion.

Aims To investigate the functional connectivity betweke periaqueductal greyd
the sensory nuclei of the thalamngain modulation

Methods Three experiments have been conducted. The first experiment is to
investigate the effect of PAG DB the sensory thalamus, andevieersa, in

chronic neuropathic pain patients. The second experiment is to estimeteurige

of spectral coherence between the sensory thalamus and thduPiaG various pin
stateswhen chronic neuropathic pain patemtere beig peripheral stimulated by

ice to evoke painThe third experiment is to test whether the functional connectivity
between the two areaguld be affected by general anaesthetics propofol.

ResultsPAG DBSinhibited the sensory thalamus with degsing thalamic delta,
theta, alpha and beta powandsensory thalamuSBS excitedthe PAG with

increasing PAG delta and theta powEne PAG and the sensory thalamus interact
reciprocally at short latency, which gnbe related to pain modulationh& £nsory
thalamus and the periaqueductal gaéso have high gamma coheremdsch would

be inhibited by painThis high-gamma coherence was increased dupirggpofol
induction period which is compatible with the hypothesis that propofol induces loss
of congiousness via its GABAergic activity.

ConclusionsThis thesis suggests that the sensory thalamus and the periaqueductal
grey have a reciprocal connection. Functionally this connectivity might be related to
pain modulation. Also this functionabnnectivity might represent the fact that the
transmission and processing of pain signals is always monitored and modified by
central pain modulation systems so that organisms can respond properly to the
incoming signals.
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Abbreviations

ACC: anterior cingular cortex

BOLD: blood-oxygenatiorleveldependent
CNS: central nervous system

CT: x-ray computed tomography

DBS: deep brain stimulation

dIPAG: dorsolateral PAG

DLPT: dorsolateral pontine tegmentum
DTI: diffusiontensor imaging

DTI: diffusion tensor imaging

EEG: electroencephalogram

EQ-5D: Euroqol fivedimensional assessment tool
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MD: medial dorsal thalamic nucleus

M O R :-opieid receptor

MPQ: McGill pain questionnaire

MRI: magnetic resonance imaging
MSC: magnitude squared coherence
MUA: multi-unit activity

NCCP: nonrcardiac chest pain



NRM: nucleus raphe magnus

NTS: nucleus tractus solitarius

PAG: periaqueductal grey

PD: parabrachial area

PET: positron emission tomography

PFC: prefrontal cortex

PVG: periventricular grey

rCBF: reginalcerebral blood flow

RVM: rostral ventromedial medulla

SF-36: short form 36

SI: primary somatosensory cortex

Sll: secondary somatosensory cortex

SPECT: singlgphoton emission computed tomography
SRD: subnucleus reticularis dorsalis

STFT: shoritime fast Fouer transforms

SUA: single unit activity

VAS: visual analogue scale

VIPAG: ventrolateral PAG

Vmpo: posterior part of the ventromedial nucleus of thalamus
VPL: ventral posterior lateralis

VPM: ventral posterior medialis
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Chapter 1: Introduction - How do we perceive pain

1.1 The puzzle of pairthe variable link between pain and injury

Because the link between injury and pain seems to be obvious, it is generally

believed that pain is permanently the outcome of physical injury anthéhpain

strength we sense is related to the severity of injury. Generally speaking, this
association between injury and pain remains valid; however, there are many
occurrences in which the relationship does not hold up. For instance, some people are
bornwithout the ability to feel pain even when they are seriously injured, and many

of us have injuries such as cuts and bruises without feeling any pain until many
minutes or hours later. In contrast, there are severe pains that are not associated with
any krown tissue damage or that persist for years after an injury has apparently
healed. Clearly, the connection between pain and injury is extremely variable: pain

may happen without injury, and injury without pain.

People who are born unable to feel pain (eomigl analgesia) offer convincing
evidence on the value of pgiiternbach 1968ternbach reported that many of
these people bore extensive bruises, burns, and laceratimn they were children,
regularly bit deep into the tongue while eating food, and struggled to learn how to
avoid causing severe wounds on themselves. The inability to feel pain after an
appendix rupture, which is usually go with severe abdominal jeg@irip neardeath

in one case. Another person walked on a leg with a fractured bone until it broke
completely. Most people who are insensitive to pain learn, with difficulty, to avoid
damaging themselves severely. However, they survive because theyriguagkato

symbolise potential danger and to communicate. Animals, who have no such verbal



communication, would have died. It is very clear that pain plays an important role in

survival.

During the Second World War, BeecliBeecher 195%bserved the behaviour of
soldiers that were wounded severely and found that most of them denied having pain.
Melzack and colleagud®elzack et al1982)also found that 37% of the people who
arrived at the accident and emergency unit with various injuries reported that they

did not feel any pain until many minutes or hours after the injury. These situational

analgesia highlights the variable libktween injury and pain.

1.2 The psychology of pain

Psychological studies have revealed that pain is not just a function of the quantity of
bodily injury alone. Rather, the quantity and quality of pain we perceive are also
determined by our earlier expenices and how well we recall them, by our capability

to appreciate the source of the pain and to grasp its consequences. Even the culture in
which we have been brought up plays an essential role in how we feel and respond to
pain. Whether we perceive painnot, then, cannot be defined simply in terms of
particularly types of stimuli. Rather, it is an extremely personal experience, which
depends on cultural background, factors that are unique to each individual, and the

meaning of the situation.

Manyfacte s can i nfluence quality and intensit
thar unique past history, the meaning they giwehe pairproducing situation and

their state of minét the moment. As the resuttjs notstimulation of nociceptive
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receptorghatmakes the start of the gin process. Noxious stimuli produce signals
entemng adynamic nervous sysin that is already influenced byperience, culture,
anticipation, anxiety and so forth. These brain processes ac®lelst, abstract and

syntheszeinformation from the total sensory input.

1.3 The physiology of pain:organisation of central pain pathways

Just as aforementioned, pain is vital for our existence,lendanneabn of pain to

noxious stimuli is multifacete@Wall 1979)

Noxious stimulation inducesseries of physiological changes in the organism. When
harmful stimuli are appliedin order to minimise the risk of injury, the stimuli will
excite a range of affective responses and motivational chatgiesals that are
suffering from noxious stimuli Wialso have behavioural responses to pain, usually
starting witha rapid withdrawal from the site of stimulatidn addition, other
responses to pain may also occur, including motor behaviour, such as filigtt,

and autonomic activityesponses shcaschanges in respiration, heart rate and blood
pressure, and muscle tariehe purpose of those wide ranges of modulations is to
preparehe body for emergency and escadereover, he nature, location, and
intensity of the pain will also be registeraad the environmental context in which

the pain occurred will be stored for future reference.

If noxious stimulation causes injuries, the pain sensitivity around the wounds will
increase. There are several changes peripherally and centrally to cause the

phenomenon, including local changes in the small diameter nociceptive sensory

11



neurons and changes in the spinal <cord

increase of pain sensitivity will also induce a motivational change to encourage rest
to enhancevound healing. Descending pain pathways from the brain, at all times,
influence and controlgn processing at spinal levelghich registers both the
environmental and bodily stat{Bester et al. 2000; Bester et al. 2001PACraig
2002; Hunt and Mantyh 200Which maintaing balance between pain sensitivity
and survival after injy. However, in some cases chronic pain would develdpew
the pain remains after recovery from injuoy results from direct injury to the
nervoussystemthe normal controls from the brain to modulate pain sensitivity will
be undermined, whose mechanism is still not fully understtlod multifaceted
response to harmfgkimuli over time suggests that nociceptive information is
processed at diffent levels of the brain and spinal cord to deliver an integrated

response.

It has been argued that pain ladfective anddiscriminative components. Moreover,
at least in humanshese two componenksve been showthat they carbe

dissociable by hypnasior following cortical lesionsuch as anterior cingulotomy
(Hofbauer et al. 2001; Price 2000; Rainville et al. 1999; Rainville 2002
discriminative dimension describes the location and defines the feeling of the pain

stabbing burning, and so onThe affective dimensigron the other hand, is

responsiblefoan dunpl eas ant ndtsshéughtthathe @matyo t he

sensory cortex is to analyse, at leti®, first levels osensory discriminatiof that
i s, the 0 wh ahepaintulrstimulationiTleedirebic systém, including
the limbic cortex and subcortical structuseh as the amygdala, has something to

do with the affective component of pain, which is attributethe incoming

12

anec



nociceptivenformation based on the pdsstory of the animal and the current
behavioural contexéffective component of pain causes behavioural reactions that
include a cohesive autonomic response through activation of brainstem and spinal

centres that control sympathetic and parasympathetilow to the body.

Memory also plays an important role in the mechanism of pain perception. Many
chronic pain statesarry with them a memory of past peripheral injury, for example,
with painful events that occurred before amputation of a (iatz and Melzack

1990) Pain memories can also be recovered in the absencegoiranpain by
stimulation of particular areas of the thalamus, and retain both a discriminative and
affective dimensioriLenz et al. 1995)Pain memories thus may be triggered by
peripheral stimulation but do notesa to rely purely on activity within ascending

pathways from the spinal cord and may require cortical involvement.

Nociceptive information leaves the spinal cord by a number of distinct pathways and
terminates within other areas of the spinal cord andetsareas of the brainstem

and the thalamus, and nociceptive information must gain access to the areas of the
spinal cord and brain that are concerned with patterning the fully elaborated and

integrated pain response.

13
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Fig 1.1 The connection of nociceptive input to pain perception is multifaceted.

1.4The ascending pain pathways

1.4.1 Primary afferent termination within the spinal cord

Somatosensory information reaches the spinal cord and areas of the brainstem

throughprimary afferent sensory fibréslunt and Rossi 1985; Hunt and Mantyh

2001; Nagy and Hunt 1983; Snider and McMatk888) Throughout the dorsal

horn, paricularly laminae i1l and Vi VII, nociceptive information iselayed to

spinal cord neuron®leurons within laminae | and Il and V and VI receive

noci ceptive

nf or mat i

on

t hrough

unmyelinat

sensory afferents. C fibres form the major part of the sensory input to the cord.

Nociceptive information from the skin isstributed between laminae I, II, and V,

14



while visceral input terminates largely within laminae | and V, avoiding lamina Il
(Cervero 1994; Cervero and Laird 1999; Hunt and Rossi 1985; Lawson 2002;
Sharkey et al. 1987;nf®ler and McMahon 1998However, it should be noted that
both lamina | neurons and lamina V neurdnghe origins of two of the major

ascending pathway$ potentially receive all types of nociceptive input.

1.4.2 The projection from the superficial dathorn

The lamina Ipathway has been repeatedBscribed in numerous studies and in a
variety of animals including humans, where it is thought to have reached the highest
degree of differentiation. Several sites of termination of the pathway have been
described which hint at the function of this pathway in both homeostatic regulation
and in supplying information to areas of the brain concerned with discrimination,

affect and autonomic regulation.

It has been argued, especially®raig and his colleaguéa. D. Craig 2002)that

the lamina | pathwaplays an important role homeostasisThey also argued that

the lamina | pathwayian 6 af f er ent s,whighditedideothi cd pat hwa
interoceptive and extereoceptive informatiorareas of the CNS concerned with

autonomic regulation and affective expression. Other evidence also supports the view

that the lamina | pathway is crucial for the regulation of spinal cord excitability, and

therefore pain behaviour, through the actmatdf descending inhibitory and

excitatory pathways from the brainstéBester et al. 2001; Suzuki et al. 2002)

The nociceptive projection pathway originating from the superficial dorsal horn (the
0l amina | pathwayd) ari s Bestefetab™I5neur ons me

Bester et al. 2000; Wall 197But with a small contribution from laminae Ill and IV

15



neurongDing et al. 1995; Naim et al. 1997; Todd et al. 2000; Todd 2003)
theanterior white commissuyéhe axons of the tca cells cross ovep the other side
of the spinal cord, ahtothe spinal corénterolateral corneDecussation typically

happens £ ginal nerve segments above trgry point.

1.4.3Spinal cord and medulla

Within the spinal cordf is demonstratedhat,in thoracic cord segmeniascending
fibres terminate around the sympathetic preganglionic motor neurons of the
intermediolateral columfA. D. Craig 1996, 2000, 2002After that, theycontinue
on to terminate in association with discrete areas of the caudal braittssefound
that heavy termination is in areas relateth cardiovascular and viscéragulation,
particularly the nucleus tractus solitarius (NTSamboaEsteves et al. 200Bnd
ventro lateral medulléBourgeais et al. 2001; Lima et al. 200Rgainful stimulation
producesesponses in the respiratayd cardiovasculaystems and afferents from

both of these systems terminate within the NJ&hig and Habler 2000)

Other areasf termination include the dorsal reticular nucleus, also known as the
subnucleus reticularis dorsalis (SRD), and possibly the lateral reticular nucleus and
adacent reticular formation which has motor functions related to the cerebellum. The
SRD receives bilateral input from deep and superficial layers of the spinal cord
which is | argely nociceptive and for ms
projecs to the medial thalamus and projects back upon the spinal cord modulating
nociceptive transmissiofi.ima and Almeida 2002; Monconduit et al. 200Phis is

one of many brain areas that both receive nociceptive input fronpitred sord and

project back upon the dorsal horn to regulate the flow ofpated information.

16
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Such neural loopsonnecting the brain and spinal cord appear to be crucial to the
ways in which pain sensitivity is regulated in the behaving animal. SRDme

have extremely large receptive fields, in some cases covering the whole body. The
dorsal part of the nucleus receives largely ipsilateral nociceptive input from laminae |
and X, and destruction of the nucleus depresses nociceptive responsesdoccute

inflammatory nociception.

1.4.4Pons and mesencephalon

Further rostrally, axons from the lamina | pathway terminate heavily within the
contralateral parabrachial area (RBgrnard et al. 1995; Feil and Herbert 1986)
PAG (Villanueva and Bernard 1999)he PB area probably receives the densest set
of terminal projections originating in spinal lamina I. PB is am dnat integrates
information from the NTS and visceral and somatic information from the body
through the spinal cord. Neurons respond almost exclusively to nociceptive
stimulation and their receptive fields can be extremely large, imgutle whole of
the body are@Bernard and Besson 1990; Bernard et al. 1994; Bester et al. 1995;
Matsumoto et al. 199@&)s well as responding to visceral stimulation, such as
following colorectal stimulatioriBernard et al. 1992B neurons are therefore
exquisitely sensitive to intensity of the noxious stimulus rather than location or

nature of the stimulus.

Limbic system, such as tlventromedial hypothalamuy®ester et al. 19974nd the
central mdeus of the amygdal@ernard et al. 1993)eceives heg projections
from PB, which provideghe nociceptive input to areas of the brain classically

associated with affe¢Bernard and Besson 1990; Bester et al. 1995; M. Davis and

17



Shi 1999; Shi and Davis 1999Jhe ventromedial hypbalamus has been associated
with rage and aggression and projects upon the @&&@y and Bandler 2002The
amygdala regulates autonomic function and is necessary for fear conditioning
(Adamec and Starkadamec 1983; Roeling et al. 19%tether these areas may be
important in regulating pairelated emotional responses, as well as in modulating
longerterm functions such as motivational and metabolic statesath@awfinjury.
Importantly, these structures give rise to powerful descending projections that

modulate nociceptive processing at the level of the spinal cord.

The primary brainstem route for modulating and coordinating pain behaviours is
through the PAG othe midbrainBasbaum and Fields 1984; Urban and Gebhart
1999) As would be expected, apart from receiving direct nociceptive inputs from
lamina | neurons and neurons of the lateral spinal nucleus, the PAGcdaese

substantial inputs from PB and the ventromedial hypothalamus.

1.4.5Diencephalon

It remains controversial aboute organization of nociceptive inputsthe thalamus
andto the cerefal cortex(A. D. Craig and Blomqvist 2002; Gauriau and Bernard
2004a, 2004b; E. G. Jones 2002; Treede 2002; W. D. Willis et al..ZD@B¥ically,

it had been maintained thewme specific parts of the medial datkral thalamus
receive nociceptive signalShe medial pathway, projected from deeper spinal
laminae, terminated within nuclei of the intralaminad anedial thalamic nuclei that
projected upon areas of limbic cortexhich islinked to affect and motiven. On

the other handhe lateral thalamic nuclei, received nociceptive information from the

superficial layers of the spinal dorsal horn, projected to primary somatosensory

18



cortex which is related taliscriminative characteristics of pain processiMglzack
and Casey 1968However, recent data has blurred this simple mediolateral
distinction. Anterograde tracing studies following small injections of tracer into
lamina | of the spinal cord indicated a projection from lamina | and from the lateral
spiral nucleus to the adjacent medial dorsal thalamic nucleus (MD) that projects
upon theorbital and mediagbarts of the frontal cortex and to the cingulate cortex.
That is,it is now argued that thereasprojection from lamina | to both medial and
lateralthalamic territoriesand this lamina | pathway hascess to both
somatosensory cortend limbic corteA. D. Craig 2002; Gauriau and Bernard

2002 2004a, 2004b; W. D. Willis, Jr. and Westlund 2001)

In primatesjt has been argued that Vmp&. D. Craig et al. 1994; A. D. Craig et al.
2000) a pasterior part othe ventromedial nucleus of thalamugaiseceive input

only from lamina | nociceptive and temperatgensitive neurons and to project to
insula cortexA. D. Craig 2002; A. D. Craig and Blomqvist 200®)hasalsobeen
claimed that the projection area of Vmpo within the insula cortex represents a
primary sensory representation for pain, temperature, itch, and other feelings from
the body Moreover,in humanswhenVmpois stimulated, it can evoke pain and
temperature sensation, and whénpo or its cortical fields lesioned, these

sensations can be reduced specificélyD. Craig 2002)

1.4.6Deep projections WII

Deepetlying neuons, particularly lamina V and the adjacent laminae IV and/Vi
neurons of the spinal cord, also receive substantial nociceptive input and give rise to

a major ascending pathway to the brain. Compared to lamina | neurons however,
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they generally have aide dynamic range of response and are rarely nociceptive
specific, have larger receptive field sizes, and respond to a variety of noxious and
nonnoxious stimuli, as well as showing viseemmatic convergendBesson and
Chaouch 1987; Hoffman et al. 1981, Le Bars et al. 1986; Maixner et al. 1989; Treede
2002; W. D. Willis and Coggeshall 199T)his has led to the suggestion that they are
well fitted to providing information about the intensity but not the location of the

stimulus.

1.4.7Summary

The detailed anatomy of the ascending pain pathways is still not fully understood,
but many studies have identified projections that terminate in a large number of
different areas of the brain associated with autonomic, motor, discriminative,

affecive, cognitive, and motivational aspects of pain behaviour.

Deep and superficial pathways from the dorsal horn terminate in discrete areas of the
brainstem. The superficial lamina | pathway, which reaches its highest level of
differentiation in primates,eems to have a particular role in delivering nociceptive
information to areas of the brain concerned with discrimination, affect, cognition,

and motivation and from which extensive descending pathways emerge to modulate
activity in many other areas of theain and spinal cord. Deeper lying dorsal horn
neurons can support nociceptive behaviour but the resetting of nociceptive sensitivity
following skin or peripheral nerve damage critically requires the lamina | pathway

and the engagement of descending patfsithat regulate spinal sensitivity. How

pain is perceived and located is still largely unknown but is assumed to require

cortical processingf nociceptive information that could be provided through deep

20



and superficial spinal pathways and from polysyitgpathways within the

brainstem.

Ascending Descending

Cortex

Thalamus
Amygdala Amygdala
Hypothalamus Hypothalamus

Periaqueductal grey

Parabrachial area —

Rostroventral medulla

Fig 1.2 Ascending and descending pain pathways
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Fig 1.4 Descending pain inhibition and enhancement mechanisms.
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1.5Descending control of pain processing

1.5.1 Perspective

Therewas a report by ReynoldReynolds 1969)that generated widespread interest

in descending control of spinal pain processing. He demonstrated that during, and for
some time after, electrical stimulation in the rat midbrain PAG, abdominal surgery in
the absence of an anaesthetic coulddréed out. The stimulatieproduced effects

were subsequently confirmed and extended to huiikdosobuchi et al. 1977;

Richardson and Akil 1977ayvhich established the relationship between stimulation
produced antinociception in animals and stimulapooduced analgesia in mans.

Further study revealed that opioids given directly into the same area of the PAG
produced antinociception. Opioid receptors and endogenous opioid peptides were
subsequently shown to be present in these and other areas in the brainstem that have

sincebeen implicated in nociception or modulation of nociception.

1.5.2 Anatomical organization of descending pain modulation

Early studies rapidly established the central importance of the ventrolateral PAG
(VIPAG) in descending pain modulation. Selectivevation of neurons in the

VIPAG by excitatory amino acids or opioid analgesics such as morphine injected into
the VIPAG was shown to inhibit spinal nociceptive reflefdesS. Jensen and Yaksh
1984; Yaksh and Rudy 1978hd spinal nociceptive transmissi L. Jones and
Gebhart 1988)It was soon realised, however, that descending effects from the
VIPAG were indirect and acted through relays in the brainstem region known as the

rostral ventromedial medulla (RVM). This region includes adargmber of

24



serotonincontaining neurons in the nucleus raphe magnus (NSktjnbusch 1981)

that project to the spinal cord dorsal h@@owker et al. 1982)

The contribution of spinally projecting RVM serotonin neurons to the
antinociception produced by activation of neurons in the vIPAG was demonstrated
by numerous studiggimone et al. 1987; Fang and Proudfit 1996; T. S. Jensen and
Yaksh 1984; Yaksh 1979; Yaksh and Tyce 1919)as soon established that direct
activation of spinally projecting neurons in the RVM produced antinociceptiomg us
the same agents that were antinociceptive when applied in the VIPAG (electrical

stimulation, glutamate, or morphine).

1.5.3. Descending inhibition

Spinal nocicepte transmission can be inhibiteg stimulation in the sensory cortex,
ventrobasal thalamus, hypothalamus, and widespread areas in the midbrain, pons,
and medullgGelhart 1986; Donna L. Hammond 1986; S. L. Jones

1992) Descending influences from these sites contribute to inhibition of spinal
nociceptive transmission indirectly by rtiaheuronal relays in the brainstem, where
they modulate the excitability of neurons that send projections to all levels of the
spinal cord. Descending inhibition from the PAG or RVM is mediated by both
serotonergic and noradrenergic receptors in the lspomd. In addition, it was shown
that electrical stimulation in RVM increased the spinal release of both noradrenaline

and serotonirfD. L. Hammond et al. 1985)
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Midbrain = _——-——___

Fig 1.5

Summary obrainstem pain modulation pathways that reflects the current state of
understanding. Neurons in the VIPAG modulate the activity of neurons in both the
RVM and the DLPT that constitute parallel descending pathways to the spinal cord
dorsal horn. These desuBng pathways can both inhibit and facilitate nociceptive
processing in the dorsal horn, and the relative activity of these opposing actions
controls the output of second order nociceptive neurons that project to more rostral
brain sites that relay nocigttve information to somatosensory cortical and other
brain regions where pain is perceived and interpreted. Abbreviations: DLPT,
dorsolateral pontine tegmentum; PAG, periaqueductal gray; RVM, rostral

ventromedial medulla; +/excitatory/inhibitory.

26



Theexistence of an endogenous pain modulation system implies a physiological
function that can be engaged or activated by appropriate stimuli. The stimuli that
activate this modulatory system have been studied and several classes of such stimuli
identified. Certainly, opioids given systemically for control of pain produce receptor
mediated actions in the PAG and RVM, and thus functionally activate the

endogenous pain inhibitory system. Although opioids like morphine generally inhibit
neurons, they appear tadirectly activate descending inhibitory neurons by

inhibition of local GABAergic interneurons that disinhibit (activate) the descending
neurons. For example, in the PAG it has been shown that morphine inhibits a
GABAergic interneuron that disinhibits desaling excitatory influences on neurons

in the RVM(Moreau and Fields 1986)

Natural stimuli that have also been shown to engage the endogenous pain control
system include stss (stressrduced analgesia), fear and anxiety, intense exercise
(e.g. running a marathon), and sexual actifi@gdnar 1986; Watkins and Maier
2000) Some forms of acupuncture may also access this sySieem et al. 1998)
Disease states also certainly engage the endogenous modulatory system. For
example, cardiopulmonary inp(Randich and Maixner 1984, 1986; Randich and
Gebhart 1992and experimentaljnduced illnesgWatkins and Maier 200@joth

alter nociceptive response thresholds by accessing the modulatory system.
Experimentally increasing blood pressure in normotensive individuals increases
responsehresholds to experimentally applied noxious stinfMiaixner and Randich
1984) whereas illness behaviour typically leads to increased sensitivity to stimuli, or

hyperalgesigWatkins and Maier @00).
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/ Serotonin,
Enkephalin norepinephrine

To thalamus

Opioids in the paimodulation circuit in the spinal cord dorsal horn.

Th e pr ot -ogiodpeceptar (MOR) agoniss morphinelt is through both
pre- and postsynaptic mechanisms at multiple CNS #ii@sVIOR agonists produce
analgesiaThrough actions on primary affererftein et al. 2003and nociceptive
relay neurons in the dorsal hd@laum et al. 1994; Gru@ind Williams 1994)

MOR agonists can directly inhibit pain transmission at spinal leVéls MOR can
be foundin the insular cortex, amygdala, hypothalamus, PBE®T, RVM and
spinal cord dorsal hormvhich areknown supraspinal components of tlearp
modulation circuitBehaviourakesponses to noxious stimulation can be inhibited

whenMOR agonist@are microinjectednto each of these sites.
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1.54 Summary

Since the seminal observation by ReyndiRsynolds 1969)more and more

evidence have been found to help us underdtandircuitry and function of

brainstem neurons that modulate nociception. There is now compelling evidence that
neurons in the VIPAG control the activity of neurondath the RVM and the DLPT
thatconstitue a parallel descendingin modulatiorpathway to the spinal cord

dorsal hornNociceptive processing in the dorsal horn can be both inhibited and
facilitated by hese descending pathways, #rnid the relative activity of these

opposing actionthatcortrols the output of second order nociceptive neurons that
project to more rdsal brain sites that relay nociceptisignals to somatosensory

cortical and other brairegions where pain is perceived and interprelée.

presence of persistent or chronidérpean significantly altertte function of

descending control systems, which appears to be at least partially accountable for the

origination and maintenance of these pain states.

1.6 Neurosurgical treatment of chronic neuropathic pain

Neurosurgeons hataken advantage of the aforementioned knowledge and
translated it to clinical use, using DBS to treat chronic neuropathic pain patients.
First | shall briefly summary what neuropathic pain is and then introduce the deep

brain stimulation treatment for pain
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1.6.1Neuropathic pain

Neuropathic pain hdseenredefined by International Association for the Study of

Panas fipain caused by a | esion (broels8.i sease
Jensen et al. 2011blRegarding nociceptive pain (6gsue damageljt is the

otherwise normal somatosensory system that hasdleases of peripheraloxious

stimulation (egnflammatory mediatorsYOn the contrary, the lesion or disease that

leads to an abnormal and dysfunctional somatosensory sigstieenmain cause of

neuropathic pain i@NVoolf 2004) According to the definition, neuropathic pain
includesvariousclinical conditions thiacan be characterised in terms of anatomy

(eq, peripheral vs central) and aetiology (eg, traumatic, infectious, degenerative,

toxic and metabolic).

Neuropathic paisymptomscan be categorised into two groups: positive and
negative. The positive symptorosntain botrspontaneouss{imulusindependent
andevoked gtimulusdependentpain and other symptoms includitiggling (ie,
paresthesiag)Gilron et al. 2006) The negative signs and symptoms in the involved
nerve territory include weakness, numbness, and loss of deep tendon reflexes.
Neuropathic pain can be continuous or intermittent and may be described with
various descriptorsf pain quality Allodynia (pain in response to armally
nonpainful stimulus, such @asntact of clothing onkén), and hyperalgesiancreased
pain in response to a normally painful stimylase the pain evoked by stimuluis
can often be observed thaese sensory abrmalitiesextend beyond dermatomal or
nerveterritory distributions, which leads to the wrotiggnosis of a functional or

psychosomatic disorder.
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1.6.2 Deep brain stimulation for pain

Disorders or injuries in the somatosensory systeangpcoduce neuropathic pgih.

S. Jensen et al. 2011and patients with this type of paisually suffer from more

severe and prolonged pain symptoms than patients with other types of chronic pain
(Torrance eal. 2006) For decades neurosurgeons around the world have made great
attempts trying to find better treatment options for medicgiactory pain patients

and have tested numerous pesfated components of the human nervous system.
They have lesioed, injected analgesics or anaesthetics, or electrically stimulated
those pairrelated structures to see if these procedures could relieve pain. Those
painrelated structures include the peripheral nervous system, the spinal cord,
midbrain and thalamus. Sar there have been many neurosurgical treatments for

chronic neuropathic pain patients, one of whicBES (Boccard et al. 2013)

The history of taking advantage of invasive stereotactic brain stimulation with

electricity as an investigation tool can be traced back to the beginning of the

twentieth century, when Horsley and Clarke were still worldihgCL. Scientists

used this technique to activate the central nervous system and by observation of the
physiologic responses to the stimuli they were able to determine the function of the

regions stimulate@an and Black 2002However, using electrical stimulation in

the central nervous system to modulate the functions of brain circuits to obtain

medical effects is a relatively new addition to the options for intractable pain.

Because of the pr ocedorside@ffectthstrgatmenat i vel y |

intervention has been studied and refined enthusiastically. It can be reasonably
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predicted that DBS has the potential to positively affect all of the previously

untreatable pain in the future.

There have been many reportenfr 1950s, about electrical stimulation of certain
human brain areas that could relieve pain, even though some of the brain regions
were not intended to be stimulated for pain at the beginning, but at least those reports
demonstrated the possibility oéreoral eledrical stimulation as a pain treatment.

Heath noticed thatn a patient with terminal cancer, stimulating the septalrawvea

only reduced her depression and stress of her terminal ill by producing dysphoria and
euphoria, but also relieved haip(Heath 195) In addition to Heath, there were

also some other scientists who found similar outcomes of septal stimulation. In 1956,
Pool et al. demonstratéhat the septal area in the area of the anterior third ventricle
could be a target of stimulation to relieve p@Motkin 1983. Later Gol also

described some pain patients treatgith septalelectrica stimulation although his

result was not very significantly positiy&ol 1967.

In 1969, Reynolds described that the rats could bear surgical procedures on them
without evidence of pain when the periaqueductal grey was electrically stimulated,
which produced deep analge@iReynolds 196p In 1971, Mayer et al. also

demonstrated a similar phenomenon of periaquatigoty stimulation in the rat.

Both of these studies encouraged abundant animal studies to examine the underlying
mechanism of pain modulation by exogenous brain stimulétiayer et al. 1971)

Based on these studies, in order to find suitable sites for chronic stimulation to treat
pain, Akil and Richardson initiatedraumanstudy to investigate the outcome of

acute periventricular (PVG) and periaquedu(PalG) stimulation They reported

that analgesia effect could be attained if the stimulation was on the region along the
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third ventricle wallwhich extenddrom a centimetre above the intercommissural
line caudally into the area of the raphae nu¢kRichardson and Akil 1977b)
Moreover, they selected a Idmm in the PVG for chronic investigatiobgcause
stimulation at this area produteninimal side dects, compared with stimulating
thesites farther caudal in the brainst@/ichardson and Akil 197711977a) So far

it has been shwn that stimulation in the PVG afAG area, where is believed to be

the endogenous opiate systeran relievechronic pain.

The thalamus has also been thoroughly studied as an area that has the potential to be
an effective target for pain treatment, especially the sensory nuclei of the thalamus.
Thesensory nuclei of the thalamage thought to be sensory relagntres, including

the ventral posterolater@/PL) and ventraposteromedialVPM) nuclei,which

receive sensory signdi®om the main touch and proprioception sensory tracts
projecting from the dorsal column(&rvin et al. 1966) Mazars et al., in 1960,
demonstated thalvPL stimulationrelieved pain(Mazars et al. 1960)n 1966,

Ervin et al. also statdthat thalamic stimationrel i eved a patient és
to human studies, animal experiments also showeilesinesults. There were
experimentsn the cat showing that electrical stimulation of the sensory thalamus
induced analgesigRichardson 1970 In the early 1970s, Hosobudt al., further

started usinghronicstimulation of thenternal capule (IC)and VPM originally, to

relieve the symptomsf anaesthesia dolorosa, which followed section of the fifth

nerve to treatrigeminal neuralgigHosobuch et al. 1973%timulating these nuclei
produces paraesthesia in fhegnarea, and thepatients loséhe chronic burning

paresthetic and aching quality of the pain.
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In addition to the aforementioned brain regions, an area more laterghéhBAG,
the lateral upper brain stem (the nuclear mass of Kallikese) was also revealed
the ability to reduce pain whetiraulated. In 1992 Young et akportedthat, in
three of his patients, analgesia was producechbgnic stimiation of this area

(Young et al. 1992)

In terms of physiologypain relief produced by AG stimulation and sensory
thalamus stimulation may be due to different nagtdms. Originally, scientists
thought it was the direct effects on pain transmission produced by stimulation of
these areas that caused pain relief, but when later Akil and Liebeskind found that
naloxone, a specific opiate antagonist, could inhibit the redief effect induced by
PVG stimulation, it began to be thought that the underlying mechanism of
modulation of pain was more complicatgkkil et al. 1976) It has been noteithat,

in the rodentresearchers founckll bodies for the cerdt opiate pathways various
areas of the hypothalamus: the infundibudacuate and periventricular nucleus of
the hypothalamusAnteriorly the cell bodieproject axons througthe septal area,
and thensuperiorly and posteriorlyhrough the septarea and radial to the
thalamus in the periventricular greythe raphe nuclei in the ventRRAG and

inferior to the locus @eruleus, where this tract termina{®gatson et al. 1977)
Pilcher et a(Pilcher et al. 1988)as alsadentifiedthis betaendorphin systerim the
human brainRichardsorand his colleagues revealed, in patients, that analgesia

could be produced by stimulati@gywhere along this syste(Richardson 1982)

The norarenergidibres from the locus ceruleasd he secondary serotonergic
fibres from the rehae nuclethen t hr ou g h t domolatemfunicaus, cor d 6 s

descend to ipinge on thespinal corddorsal horniBasbaum et al. 1976; Basbaum
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1992) It has been suggested tlaat intermediate opioid interneuranexisted ands
activated by thesdes@nding tracts that then stopain at the first synapse in the
spinaldorsal hornBasbaum et al. 1976As a resultthe primary #ect of PVG and
PAG stimulation is thought to excitee samgathwaythat is activated by systemic
opioids of the mu typ@Akil and Liebeskind 1975; Rhodes and Liebeskind 1978)
which activates secondarithe descending inhibitory tracts originating from the
raphe nucleand locus coeruleus apassibly theparabrachiahndKollikeri Fuse
nucleus, to stop incoming signdfem somatic origin at the first synapse for pain

impulses in the dorsal ho(iYoung et al. 1992)

There are some controversiassed about whethamnalgesia produced by activating
these tracts is via opiate pathwaxkil et al. (Akil et al. 1978b; Akil et al. 1978a)
have revealed that endogenous opiatesreleaseihto the ventricular fluidvhen

this systenis activated, and naloxone blocked analgasenimals(Akil et al. 1976)
andreducedanalgesian humangHosobuchi et al. 1977; Richardson and AKil
1977a) Fessl er et al . (Fesslerstiali1684eoditheNdcti | 6 s r epo
that Akil and his colleagues usedntrat material to visualise the cerebral ventricles
during operation thielp place electrodebut Akil and his colleagues argued that, in
their studes,they took the baseline levels @biatein the ventricleand thepost
stimulatian opiate level$ong after ontrast materiahdministration(Akil et al.

1978b; Akil et al. 1978aMoreover,Yaksh et alhave demonstrated thédirect

opiate aavation of the PVG/PAG hashown activation of serotonecgand
noradrenergic mechanisms in g@nalcord, and the effect of pain relief by
stimulationis reduced by chemicallylocking of these monoangmmechanisms

(Yaksh 1979, 1985,98B7). LaterYoung et al. in the human patiealso found that
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PVG stimulationnduced methionin enkephleland betaendorphin releasgroung

and Chambi 1987; Young et al. 1998hus, it is believed th&AG and PVG
stimulation excite®piate fibreghat extendrom thehypothalamus (PVGp the

raphe nucleus and locusezuleus, where they terminate and stimulate noradrenergic
and serotonergifibresthat descenthrough the dorsolateral funiculus, which
terminate in thepinaldorsal horn to inhibit pain at the firstrgpse, possibly

through an opiate interneurdm. the parabrachial nuclei ar¢he Kollikeri Fuse
nucleushas been defineals owmng noradrenergicell bodies projecting inferiorl§o

the spinal cord. Thereforstimulating theone might diredy activatethe

descending noradrenergic inhibitidores to the dorsal horn and produpasn relief.

As a result, stimulating regions like this wouwlgt one synapse ithe chain of

events, sincdirectly it excites the descending noradrenergic fibres and conggquen
is more effective in patients thhawve a faulty opiate mechanism, high opiates
tolerance ohabituation It has beemeported that stimulation results stight adverse
side effects andn three of six patients, was effective to relieve gaioung et al.

1992)

It remains unclear, at least in detail, abdwat inhibtory mechanism of stimulating
theinternal capsulandthe VPL and VPMof the thalamudt is known that
stimul ati on orudetsiCeniatsigandnGaakilis cao relg\e pain,
through whichthe internal capsulend the VPL and VPM of the thalamaise
extensions of theatsal columns extending upwaitexperimentsn the catshow that
the effectsof pain relief by stimulating the spinal dorsal column are not obliterated
completely by sectioning of the dorsal colub®elow the level of activationyhich

indicatesthe existence of aadditionalmore central inhibitory paway (Richardson
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1970) Furthermorgsensory thalamusngle-cell recordings demonstiean on/off
mechaism triggered by the dorsal colurstimulation which wouldsuggesa
multifaceted inhibitory mechanism of communication betweempdséion, touch
and proprioception sense fibresthe dorsal columns and the pain transmission
systemin the dorsal horn at the origin of the ventrolats@hothalamicand spine
reticulartracts spinal cord, as well as in the synapses indhex of the brain,
thalamus and the brainstgRichards 1973)in 1960,Mazars et al.(Mazars et al.
1960)reported that stimulatindpe somatosensory pathways in spenal cord
producedelief of painand Ervin et al(Ervin et al. 1966jreated one patient

suffering from pairwhen stimulating the sensomyclei of thethalamus.

Taking advantagef chronicthalamic stimulationvas reported by Hosobuchi et al.
for trigeminal rhizotomyinduced anaesthesia dolorgssobuch et al. 1973)
However, they reported thiatis needed to usatermittent stimulatiorcontinuously
over a long period of tig by a programmed type of stimulaticio obtain good pain
relief, for thestimulationwould become less effectiwertime. The inhibibry
mechanism of stimulatinthe sensory nuclei of the thalamusternal capsuland
dorsal columns thgtiroducegaraesthesiainti@a t i e ndared s acpoadingito
thehgeatt heory of plhMdlzack dand \Wall savelpaisrésearncheo ,
(Melzack and Wall 1965)resenting thgpaininhibition could be produced by
activatingproprioceptiorand touch fibresThe effect ofstimulation ofdorsal column
and VPM/VPL/IC is multifaceted. Thmechanisnof the inhibitionseemso be
drivenat each synapse of tpathwayof painthrough the dorsal horn, brainstem,
andthalamusnot only depend omechanismsf inhibitioninvolving the entry

mechanism in the spinal cord as in the opiate syfRamardson 1970Hence
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activation of the VPM, VPLand IC is more effective for relieving deafferentation
pain, as well as pain producedthe nervous system because it is ablmhibit pain

neurons at multiple levels, if these structures are intact.

As aforementioned, thReAG has been known to play an important role in
modulation of pain perceptiqiBandler and Shipley 199 Basbaum and Fields 1984;
Budai et al. 1998; Heinricher et al. 2009; Millan 2QG2)dDBS of the region has
been successfully carried out all over the ward has effectively relieved many
chronic medicingefractory pain patients, even though this treatment is still not a
proven therapy in the US because of its lack of a randomized controll€@itizt

et al. 2005; Boccard SG 2012; Levy et al. 2010)

In addition to its descending projections, the PAG also provides efferents to the
forebrain, which target the thalamus anddtixalamus. Thus whether tRAG
modulates pain via its descending projections alone is still debated. In monkeys
neuroanatomical tracing studies have shown that the PAG has direct ascending
projections to the nucleus reticularis thalami, the nucleus nedmisalis, the
intralaminar thalamic nuclei and the midline thalamic nuclei, through the
periventricular bundléBenarroch 2012; Krout and Loewy 2000a; Mantyh 198Bb)
humans, diffusion tensor imaging (DTI) stusligave also demonstratednnections
between the PAG and the medial dorsal nucleus of the thal&tadgpavlou et al.
2006; Linnman et al. 2012; Sillery et al. 200&yen though current DTI methods do
not allow for inference on the directionglnf information flow within tractand

have an obvious limitation in tiraesolution to detect synaptic activitiddoreover,
Nandi and colleagues have shown that stimulation of the human periventricular grey

affected the sensory thalamic local field patals immediately, which was
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correlated with pain religiNandi et al. 2002; Nandi at. 2003) Thus itis still
possible that th®AG may exert its paimodulation effect by its ascending

projections in addion.

1.7 Connectivity of the PAG

1.7.1 Diffusion tensor tractography

Through probabilistic Diffusion tensor imaging (DTI) tractographg are allowed
to identify white matter tractsy dffusion weighted imagingThe principle
diffusivity direction carbe followedin a voxel to voxel manngewhich helps us
achieve thedentificationof white matter tracks. Even thoughterograde and
retrograde tract tracing in animatmainghe gold standargarticularly in primates
(Aggleton et al. 1980; Dujardin and Jurgens 2005; Mantyh 1983b, 1988s¢
pathways in humansan also be confirmed with the help of DDue to the
limitations of arrent resolutiontractographys only suitable primarily for large
fibre pathways. Thereforpathwayghrough regions of fibre crossimg complexity
or smaller pathwaysiay not be identified-urthermore,tishould be noted th&T]
alsohas other limitations: linference on the directionality of information flow
within tractscannot be drawn bgurrent DTl methodsand 2) the temporal
resolution of DTI is not good enough to detect the changes of synaptic activities.
Even thoughthe PAGconnectiongannot be addressed directyTI has been used
to helpidentify several cerebral circuits, includitige superior, medial, and inferior
cerebellar pedunclethe temporéeparieta/occipitopontine tracthe frontopontine

tract medial lemniscs, andthe coticospinal trac(Stieltjes et al. 2001Besides,
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there areseveral studiethat have taken advantage dfusion imaging tractography
using the PAG as the starting pofhiadjipaviou et al. 2006; Owen et al. 2007; Owen
et al. 2008; E. A. C. Pereira et al. 2010a; Sillery et al520hePAG has been

found to have connections withefrontopolar and middle frontal gyihe rostral
ventral medullathe dorsomedial, ventromedial anerolateral prefrontal cortex,

the amygdaldthrough the thalamus and hypothalamasdthe tralamus(medial
dorsal nucleus). Probabilistic Difl pre-operativepatients with PA@BS for

chronic painalso found snilar results(Owen et al. 2007; Owen et al. 2008)
Moreover,it has also been argued that when futechincal has been advanceahe
dayprobabilisticDTI can be used asphanning tooffor operationlt is also noted
thatventral PAGhas connections with anterior cingulate cortex, nucleus accumbens,
ventromedial prefrontal corteend amygdalaWhile dorsal RG connects with

primary somatosensory cortardventral posterior thalamus.

DTI tractogaphy studies have also been perfornmeldealthy controlsand the
seeds were reported lesion sitess noted thatseds in the sites for libic
leucotomy subcaudate tractotomy and anterior capsulotalirtyadprojectonsto

the PAG(SchoeneBake et al. 2010)
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Patient 1 Patient 2 Patient 3 Patient 4

10 O 5000

Figl6DTIl tractography showdwergS. Llreetd AGOS coni
(2008), 'Preoperative dti and probabilisitic tractography in four patients with deep

brain stimulation for chrord pain',Journal of Clinical Neuroscientg,(7), 80105)

1.7.2 Functional connectivity

The correlations between spatially remote neurophysiological evamtse defined

as the functional connectivity between sit@sneuroimaging, a temporal corretet
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between regional fluctuations in cerebral blood flow or BOLD signasually used

to mearfunctional connectivity

Resting state connectivity of the PAG

Cerebral bloodflod s correl ated sl ow fluctuations cée
regions, andhis finding can be used foesting state functional connectivigRlI

(Friston et al. 1993 BOLD signal (Blood-oxygenatiodeveldependent(Biswal et

al. 1995)can also show this phenomenon. Even though functional connedibéasy
notmeasurexnatomic connectivitgr directionality directly, more and more

evidencehas suggestetthe fact thaanatomyadequately constrainddnctional

connectivity, whichallows researchers to charactertee architecture of distinct

brain systemgVan Dijk et al. 2010)Tomasi and colleagues conductestudy to

analyse functional hubs B79 healthy subjec{§ omasi and Volkow 2011}t was

revealed that three subcortical networks involve the PAGthemketwork hubsvere

in the the amygdaldahe thalamusnd the cerebellunThe PAG waslsofound, in

an independent component analysis, to belc
nodes in orbital frontoinsular corticaad dorsal anterior cingulatBeeley et al.

2007) Kong and colleagues conducted a study ingeatit i n g esBnf Gales r

connectivity in 100 healthy controls using a seed based appmaatidemonstrated

thatthe anterior insulahe hippocampushe globus pallidughe ventromedial

medullg the cerebellumandthe rostral and pregenual AG@vesignificant

functionalconnectivity to the PAGNegative functional connectivity was seen to the

lateral orbital prefrontal cortexhe posterior insuldhe middle occipital gyruand

the postcentral gyrusFurthermore, females had a higher functionahemtivity to
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the midcingulate cortex, and maleghe right prefrontal cortexeft medial orbital

prefrontal cortexthe left uncusnd the right insuléong et al. 2010)

There are also some clinical studiestlo®PAGO eesting state connectivity: the PAG
is connected functionally tine dorsal putamein healthy subjects, bin obsessivie
compulsive disordgpatients the connectivity sgnificantly less sgHarrison et al.
2009) The basolateral amygdala connectivity to the R&@wer thantie
centromedial amygdala contieity to the PAG butthere isno sgnificant

differences betweeealthy controls andeneralized anxiety disordpatients(Etkin

et al. 20@). In fibromyalgiapatients with severgpontaneous paithe connectivity

is compromisedbetween the PAG anifht executive attention network, including
posterior parietal regions overlapping the superior parigbailé and intraparietal

sulcus, andlorsolateral prefrontal corteNapadow et al. 2010)

Even though fMRI has helped demonstrate many functional connectivity between
brain areas, we should bear in mind the fa&
enough to detect synaptic activity, therefore we should be very cautious when

determine whetlrevarious brain areas are directly connected or not.
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vl = Ventrolateral

| = Lateral

dl = Dorsolateral
dm = Dorsomedial

Fig 1.7 Position othe PAG within thehumanmidbrain surrounding the cerebral

aqueduct, andidsions of the PAG derived from animal models.

1.7.3 Functional organization of the PA& two formsof analgesia

Analgesia evoked from the PAG is best viewed as a component of one or more
complex adaptive emotional coping responses. The PAG is functionally organized

into four longitudinal columns of neurons. Two distinct forms of analgesisbe
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producel from activation specifically of the ventrolateral PAG coluamthe
dorsolateral/lateral PAG column§ypically as a response to extreme, inescapable
physical stress, including traumatic injurglong-acting, opioidmediated analgesia
is a component add vVIPAG mediated passive coping or conservatiathdrawal
reaction whit promotes recovery and healing contrast, a shegcting, non
opioid-mediated analgesia represents a component of a dIBABAG-mediated
active coping or defensive reactionaio escapable threat or stress, including acute

pain.

Anatomical data indicate that each PAG column lies embedded within a distinct
forebrain circuit that includes select medial and orbital PFC, hypothalamic and
amygdaloid areas. These circuits provide sibarhereby psychological (as well as
physical) stressors can influence neural activity in the PAG in a graded and distinct

columnar manner.

Activation of the PAG is invariably accompanied by pronounced changes in

autonomic function. In humans, an involvem of the PAG has been implicated in

several Oviscerald pain states (e.g. migrze
cases, pain may arise as a consequence of abnormal activity in the PAG which
generates pain as a r e shangasorgpasmdndeggismalunct i or

smooth muscle and/or alterations in descending antinociceptive control.

1.8 Cerebral signature of pain the pain matrix revealed by imaging

studies
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1.8.1 Acute pain experience and its neural correlates

Numerous studies haween performed that used various imaging methods to
perceive the brain areaghich are active during acute painful stimulation. In most
studies, he insulay secondary somatosensory (Sll), and anterior cingulate (ACC)
cortices (Brodman areas (BA) 24 ang 8&re active, usually bilateral(A. K. P.
Jones et al. 1991; Tracey and Mantyh 200Y)nany studies, additional areas of
activation included primary somatosensory cortex (Sl) contralateral to the
stimulation, the thalamus, the prefrontal cortex (BA 10, 45, 46, 47), the
supplementary motor area, the cerebellum, the basal ganglia (striatum), the
peraqueductal grey, the amygdala, the hippocampus, and the posteetad pariex

(BA 40).

1.8.2 The centratepresentation of chronic pain

Di Pieroet al.(Dipiero et al. 1991ysed PET to determine paielated activation

paterns in patients with cancer pain and found, as the most prominent characteristic,
decreased rCBF in the thalamus. In a subsequent study, patients who underwent
cordotomy, with substantial pain relief, were tested and reversal of this activation
pattern wa observed. The reduced activation in the thalamus in states of chronic
pain and its increase related to effective treatment was confirmed in several other
studies 6neuropathic pain conditior{®uncan et al. 1998; Hsieh et al. 1995;

ladarola et al. 1995

Several studies have examirahtral activation patterns in fiboromyalgia syndrome
(FMS). Mountzet al.(Mountz et al. 1998)eviewed PET and $HLT studies in FMS

and came to the conclusion that the most prominent finding in chronic patients is a
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reduced activation in the thalamus. In addition, FMS patients showed reduced blood
flow in the region of the caudate nucleus. The authors related #vessed

activations to hypersensitivity of spinal cord neurons. Using fMRI, Graately

al. (Gracely et al. 2002)oticed thatn fibromyalgia patientsa number of brain
regionsshowednoticeablyhyperreaate to painful stimulationincluding SI cortex.
These data are in accordance with previous EEG studies that examined|&sedr
evoked responses and found enhanced activityeoloinglatency components in

FMS patientgGibson et al. 1994; Lorenz et al. 1996)

Silvermanret al. (Silverman et al. 1997pund that painful colorectal distention in
irritable bowel syndrome patients did not activate the ACC as in healthy controls, but
activation was found in the left prefrontal cortex (BA10), suggesting that chronic

pain might activate other brain regions than does experimental pain. Geichev

al. (Grachev et al. 200@)sed proton magnetic resonance spectroscopy to determine
to what extent abnormal brain chemistry is present in the anterior cingulate, the
thalamuspr the prefrontal cortex. They observed reduced levelsaddtyl

aspartate and glucose in the dorsolateral prefrontal cortex in patients with chronic

low back pain.

Several studies have inspected the central correlates of headache. &vailler
(Welller et al. 1995jound activation othe auditory and visual assoatat cortices,
the cingulate cortexas well as an area in the dorsal midbrain that included the
periaqueductal gregnd dorsolateral pontine tegmentum, including the nucleus
ceruleus, related to migraine attacks without aura. These activations seem to be
specific for migraine headach@glay et al. 200Q)In cluster headache, by contrast,

the posterior hypothalamus may play a special iy and Goadsby 2001)
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The neuratorrelates of allodynia have been examined in patients with neuropathic
pain and in normal subjects, using capsapiovoked allodyniawWhether related to
capsaicin applicationr neuropathic pain, some data suggest that allodiynia
processed in a diffent way in the cerebral cortex than is nociceptive pain. Wiging
al. (Witting et al. 2001)using a capsaiciavoked tactile allodynia, found an
allodyniaspecific activatio in parietal association cortex (BA5/7). Lorestz

al.(Lorenz et al2002) comparing heat pain and thermal allodynia PEA" study,

found allodyniaspecific activations in the medial thalamus, putamen, and prefrontal
cortex. Further, Peyroet al.(Peyron et al. 1998; Peyron et al. 20@@uld not find
activationof the ACCduring allodynia inpatiens with central pain, even thougjte
ACC is almost always activated studies of nociceptive pain usiRET or MRI.
Baronet al.(Baron et al. 1999xmilarly, also did not detedctivationof the ACC
wheninvestigatingdynamic tactile allodynia during a capsaicin model in normal
subjects andrgie d t hnzediated pain has a unique cortical presentation.
However, this explanatiois not supported by other investigators; they rather argued
thatultimatelythe same cortical structurase activated bpain arising from aberrant
or normal processes. For instanafter capsaicinvas injectedn normal subjects
ladarolat al. (ladarola et al. 1998fvealedactivationof the ACCduring dynant

tactile allodynia. Similarly, Petroviet al. (Petrovic et al. 199%9howed ACC

activation related to dynamic tactileadlynia in a neuropathic pain patient.

1.8.3 Chronic pain and cortical reorganization

Animal models have revealed tisginal cord neurons can be sensitised by intensive
and/or longlasting state of paifWoolf and Salter 2000Also this abnormal pain

state can causechangedepresentation of the painful area in the cof@enoist et
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al. 1999)andthe thalamugVos et al. 2000)In patientssuffering from chronic pain

it can be observed that they are hyperreat¢tiactile or noxioustimuli. These
modificaions in nociceptive sensitivity might be related ¢otical changeseven
thoughsome data have already suggestedgbate of these changes in nociception

are associated witberipheral as well aspinal and thalamic mechanisms.

Flor et al. (Flor et al. 1997¥tatedthat,in patientswith chronic painraised responses
to painful and nofpainful tactile stimulatiorrould be notedby
magnetencephalographd.significantly higher magnetic fieJdn thetime window

less than 100 msecould be revealed kgimulation at the affected site of the kac

but not at the fingemwhereasin the later time windowsoth types of stimulation
caused higher fields in patients compared to contvéhen the patientsad a longer
history of low back pain, thisyperreactivity of the somatosensory systeas noted
more severéWhenresearchers localiseéde source of this early activitthey found

it was originatd from Sl. Althoughthere was no significant differenbetween

patients and controla terms ofthe localization of the fingers, in the patietiteas
noted thathe localization of the back was more inferior and mediaigestin@n
expansiorandshift toward the cortical representation of the leg. Thizga suggest
that chronic paimnducedan extension of the cortical representation zone connected
to nociceptive input, similar tthe extensiorof cortical representations that have
beenreportedto happen with other sorts of behawially relevant stimuwdtion.
Nociceptive input iwery important tahe creature, and it might be beneficial to
augment the representation of this type of stimulation to prepare the creature for the

satisfactory response. The quantity of increase of the back region was positive
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correlated with disease history indicating the faet thispain-related cortical

reorganigtion develops over time.

This kind of cortical modification malye similarto what Katz and MelzadiKatz

and Melzack 1990have termegdin phantom linb pain patients6 s o mat osensory
pai n meahhiterthgydeferred mainly to explicit memories (i.e. the
patientsodérecollection that the phantom pai
pains), somatosensory memories can also be implicit. Implicitrpamories are

based on changes in the brain that are not open to conscious awareness but lead to
behaviarral and perceptual changes of which the patient is not aware, such as

hyperalgesia and allodynia. It is therefore impossible for the patient to cactnter

these pain memorieBl the absence of peripheral stimulatipain perceptiortan be

produced byhis sort of memory tracéecausean increase of a representational zone

is linked to higher acuity in the perception of tactile input.

In patients wittcomplex regional pain syndrong@milar modifications in the

cortical processing of sensory information wal®o noticedJuottonen et al. 2002)
These reorganadional processes are also modifiable by cognitive and affective
processes. For example, Buchaeal.(Buchner et al. 1999howed that atteian
modifies the somatotopic map in Sl cortex. Klelor 2002)reported that verbal
reinforcement of increased or decreased pain ratings leads to a persistence of
elevated pain ratings in chronic pain patients that are accompanied by an elevated

electrocortical resptse oiginating in Sl cortex.
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1.9 The question the thesis would like to address: The gap in the literature

PAG DBS can relieve chronic neuropathic pain but we know that 1) the descending
pain modulation pathway is contralateral to the pain transmissioasde?)

symptoms of neuropathic pain does not rely on peripheral nociceptive stimulation.
As a result, it can be argued that the PAG might have the ability to modulate pain via
its ascending connections with other brain regions, in addition to modulaging t
activity in the spinal dorsal horn. Furthermore, it is believed that sensory systems are
simply mapping from stimuli to responggzarpenteand Reddi 2012)e sensory
processing is for organism to have proper responses to maintain homeostasis, pain
signals can be modified if needed. Sensory thalamus is the most important area to
receive sensory information, therefore it is logical tokhimether the activity in it

could be modulated, and the PAG is one of the possible areas to play the role, for the
PAG is in a vital position in the descending pain modulation system, and the
descending pain pathways, from the brain, at all timisence and control pain
processingwhich registers both the environmental and bodily stfisseover,
becauseiffective component of pain causes behavioural reactions that include a
cohesive autonomic response through activation of brainstem andcgtras that
control sympathetic and paanpathetic outflow to the bodtheoretically,

endogenous pain modulation mechanisms should involve both directions (upwards to
the brain and downwards to the spinal cord). Therefore, the study of functional
connetions between the PAG and the sensory thalamus is important if we want to
understand pain mechanism better; however, we could only find little literature

addressing this question.
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1.10 The aimof the thesis

The aim of the thesis is to identify the fulmctal connectivity between the sensory

thalamus and the periaqueductal grey in pain modulation.

We estimatd the functionalconnectivity between the sensory thalamus and the
periaqueduct al grey by 1) studying these t
site, 2) calculating thespectral conerenacehange al ong with the pa
pain states, and &)vestigatingthe effect of general anaestlts on the functional

connectivity between these two areas, to see if therphited functional connection

can be affected by GABfnediated activity.

I shall discuss the methodology of this thesis in chapter2, and pladedleta

experiment methods in the following result chapters
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Chapter 2 Methodology

2.1 Deep brain stimulation as an investigation probe

The experiments presented in this thesis were all taking advantage of the deep brain
stimulationbs extraordinary versatility ir
Deep brain stimulation, which introduces electrodes and then delivers beneficial

electrical stimulatiorin braincircuitswith dysfunction not only produces lessening

of symptoms but also presenisthe exceptional opportunity for investigating these

circuitsd  f u nAs & resoln deep brain stimulation offers usatrance intdoran

c i r cworkingsadd dynamics.

ImplantingDBS electrodes israinvasive neurosurgical procedure. However, it is
regularly done under local assthesiaandprecise stimulation mappirgan be
performed becaugmtientsarefully awake. Aftersurgeon$ave implanted the leads
in the desired target below the bramnvexity they connect the leads a
programmable pulse generaft?G), which is similar to contemporary cardiac
pacemakersSurgeons then implant IP@ a subcutaneous pockstlow the
collarbone. Once implanteghysicians caexternallyacces©BS devices and
adjust stimulation parameteis clinical effectsPhysicians are able to firtane
electrical stimulation to get beslinical effects andpreventunwantedsideeffectsor
off-targe spread of currenParameterghat can be modifiethclude the optimal
contactselection Within the electrode arraywhether to stimulatbipolady or

monopolaly, stimulationfrequency amplitude, and pulse width.
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Why DBS is usefulto neuroscientistis mainly because it can be udeithasa
investigationtool andas amodulator of neuronal activit§Kringelbach et al. 2010;
Lozano et al. 2010When doingphysblogical mapping to seletihte most suitable
brain target for electrode placemesiirgeons can record signéism single or
populations of neurts,and the neurons can berestor in response to various
cognitive or motordsks(Androulidakis et al. 2008; K. D. Davis dt 2005; Sheth et
al. 2012) Abundantdatahave been generated by this, whighelping us better
understand theircuitry andthe anatomy of psychiatric and neurological conditions.
Electrophysiological signatures of target neuroas be identified, in awake humans,
by microelectrode recordings along brarajectoriesandit can also be revealdww
target neuronare involvel in regulating miscellaneous functions such as movement
(Hutchison et al. 1998pain(Hutchison et al. 1999)yeward(Zaghloul et al. 2009)
decision makingSheth et al. 2012jand plasticityK. D. Davis et al. 1998)DBS
electrodexan be externalised, and researchers have the opporturetyora local
field potentials from DBS macroelectrodes placed within deapturesin the brain
Many important findings have been made g methodincluding characteration

of pathological activity such as beta oscillations in PD patisntshalamic nucleus
(STN) (C. Hammond et al. 2007; Jenkinson and Brown 2011; Kuehn et al. 2008;
Kuehn et al. 2009; Kuhn et al. 2008pwmovement planning and executimvolve
basal ganglia nucleictivity (Paradiso et al. 2004and studies about modulation of
autonomic functions and pafreen et al. 2006b; Green et al. 2007; Green and
Paterson 2008; Green et al. 2010; Erlick A. C. Pereira et al. 2010b; Erlick A. C.

Pereira et al. 2010c; Sitsapesan et al. 2013; Sverrisdottir et al. 2014; Wu et al. 2014)

54



In terms of medical benefitsegardlessfaclinical indication to stimulateneuronal
targets so that thectivity of pathology can be modifiad the principle of DBS
treatmentand by this mean® affectup- and downstreanregionalandlocal
projections Therefore py its functional connectivityrelative prominenceand role
within a circuit drivingthe target behavior or symptom, physicians define a
theoretically effectivearget.A rich opportunity for discoverigs provided by
tracking the behavigal and molecular redslof stimulation within these

pahological circuits

2.2DBS of the sensory thalamus and the periaqueductal grey in pain

patients

2.2.1 Patient selectionindication for DBS pain treatment

What kinds of pain patients are suitafile DBS? Patients who are suffering from
chronic medicingefractory neuropathic pain are indicated for the treatment. The
specific aetiology of the chronic pain seems to be less important to DBS efficacy
than its symptom history. However, the pain musehadefinable organic origin

with the patient refractory to or poorly tolerant of pharmacological treatments.

Abundant evidence has showrat chronic pain causes brain modification; therefore,
chronic medicingefractory pain can be seancentral painthus neuropathiddence
one important thing to patientleet i on f or DBS i s to ensure t

pain i neuropathic, ngisychogenic. In order to achieve that we at least need a team
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of neurosurgeons, neuropsychologists and pain specatistérmine the characters

of pain.

In order to select suitable chronic pain patients for DBS treatment, we need to do
many evaluations, such as bneprehensivaeuropsychological evaluatiota

exclude psychoses, adtdon and medically refractory psyettric disorders and

ensure minimal cognitive impairme2) quantitative pain assessment and health
related quality of life: VAS (scal@-10) to rate pain intensityhe McGill pain
guestionnaire (MPQ) for pairvaluation andadditional quétative information and
quality of life assessmenthart form 36 (SF36) and the VAS part of the Euroqol
five-dimensional asssment tool (E€D)t o assess patiAent so
aforementioned, these assessments are for DBS patient selection, not for tire study

this thesis.

2.22 DBS targets

Thalamic and midbrain DBS targets are contralateral to the painful side of the body.
Sites for DBS can be divided anatomically first into somaesthetic regions of the
ventrobasal thalamus (sensory thalamus), second inte mmedial midbrain regions

surrounding the aqueduct of Sylvius (PAG).

The surgeondés ultimate adjustment of
awake patient reports of somaesthetic localisation duringameesative stimulation.
Such subjectie information may alter the final electrode position by up to several
mm from preoperative target cordinatesThe targeting was performed on fused

stereotactic magnetic resonance imaging/computed tomographic scans of 2 mm in
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thickness, using Radioni¢siage Fusion (Radionics, Burlington, MA) and

StereoPlan (Radionics). The sensory thalamus targets (VPL/VPM) are described as
follows; The VPM lies medial to VPL and is targeted for facial pain, whereas the
more lateral VPL is targeted for arm and leg gaonsistent with the known
homunculus of a horizontal man). As these targets cannot be distinguished visually,
the thalamic targets are based on coordinates relative to the midcommissural point
(MCP). For VPM this is 8mm posterior (y), d2mm lateral (xand at the level of

the AGPC plane (z=0). For VPL, y and z are the same, but xh2m and just

medial to the posterior limb of the internal capsule. Awake intraoperative testing
confirms that the stimulation is somesthetically correct and the eleateodbeae-

sited if necessary. THRAG is targeted at the level of the superior colliculus but with
the electrode tip in the ventrolateral PAG regio®n3m from the midline and just
anterior to the aqueduct. The anterior and posterior commissures esmtiéed on

the axial images. The intended target for placing the deepest electrode contact was
marked at the PAG at a level of less than 10 mm below the anterior
commissure/posterior commissure line; between the dorsal part of the red nucleus
and the sup@r colliculus in the anteroposterior plane; and approximately 5 mm
lateral to the lateral boundary of the aqueduct and the third ventricle. All electrodes

were localised on postperative CT fused to pr@perative MRI to confirm location.

2.2.3 Surgicaltechniques

Informed written patient consent is obtained after detailed explanations of the
surgical risks and potential benefits of the procedure and counselling for its duration
of approximately two hours under moderate sedation and local anaesthesrgewith

head fixed and cranial stereotaxis applied. A week or more prior to surgery, patients
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have a T1 weighted MRI scan. For surgery, a CosRarertsWells (CRW) base
ring is applied to the patientodos head unde
the performed and the MRI scan is volumetrically fused to it using computerised
image fusion and stereotactic planning programmes to eliminate spatial distortions
that arise from magnetic field effects. Theardinates for the P& and VPL/M and
entry poiris are then calculated frontal trajectory avoiding the lateral ventricle is
preferred in order to prevent 1) deflection of electrodes as they traverse the
ependymal surface en route to the brain parenchyma and 2) bleeding in any of the
number of vasculastructures prest in the ventricle. Moreoveseyidence shows that
avoidingthe ventricles seems to ek the need for multiple insertion through the
brain to arrivethe favourite target, and cgmneatlyimproves the accuracy of

anatonical targeting dung placemenbf the electrodéor DBS (Zrinzo et al. 2009)

After a 3cm parasagittal scalp incision and separate 2.7mm twist drill craniostomy
per electrode, both VP and PAG have been implanted with Medtronic model 3387 or
St Jude Medical model 6143 quadripolar electrodes. Final electrode position is
determined byntraoperative clinical assessment reliant upon subjective reporting by
the conscious patient. Bipolar3® Hz stimulation is performed initially, pulse width
100450 ps, amplitude 0-3 V. Sensory thalamus stimulation aims to supplant

painful sensation bgleasant paraethesia and PAG stimulation seeks to induce a
sensation of warmth or analgesia in the painful area. Adjustment is primarily
somatotopic so as to evoke appropriate topographic responses, but the assessor
should be alert to pyramidal signs sagting capsular involvement with thalamic

DBS, and with PAG DBS for oscillopia and reports of visual disturbances caused by

superior collicular involvement or facial paraesthesia arising from medial lemniscus
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stimulation. Each electrode is fixed to thelsky a miniplate and its lead
externalised parietally via temporal extensions. Immediately after surgery, a further
stereotactic CT is performed and@gistered as before to confirm electrode

position.

After a week of posbperative clinical assessmeatdecision is made whether to
permanently implant the electrodes in a second operation under general anaesthesia.
They are connected to an IPG implanted subcutaneously, usualkglafreularly or

alternately intreabdominally in subcutaneous fascia.
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Electrode, lead contact, and stylet.

DBS electrodes: Medtronic model 3387
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Device specifications? for lead Models !

Description Model 3387
Connector Quadripolar, in-line
Shape Straight
Conductor resistance® <100 O
Length 10-50cm
Diameter 1.27 mm
Distal end
Number of electrodes 4
Electrode shape Cylindrical
Electrode length 1.5 mm
Electrode spacing 1.5 mm
Electrode distance 10.5 mm
Distal tip distance 1.5 mm
Proximal end
Lead contact length 2.3 mm
Lead contact spacing 4.3 mm
Lead contact distance 16.6 mm
Stylet handle length 40.1 mm

a All measurements are approximate.
b Electrical resistance is proportional to lead length.

2.2.4 Clinical Assessmentor stage 2 operation (IPG implantation)

All electrodes are externalised for a week of trial stimulation. During this period, the
patient records VAS scores at least twice a day and is kept blinded to DBS settings.
Targets are trialled individually for2 days using the stimulator parameters

de<ribed to determine which settings of quadripolar electrode contact polarities

confer maximum analgesia to the optimal somatic region. Monopolar stimulation is
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also trialled if bipolar settings fail to give pain relief. After this period, both
electrodes e trialled together for-2 days. If the patient is satisfied with the degree
of pain relief obtained, full implantation of the efficacious electrodes is performed
and the DBS commenced at the optimised stimulation parameters. In general,
surgeons do natecide between permanent implantation of PAG, sensory thalamus
or dual site stimulation on any criteria other than demonstrable efficacy in each

individual patient.

Patients ideally leave hospital the day after IPG implantation and their progress is
followed by clinic appointments at one month, three months, six months and then six
monthly thereafter. Initially they are given a pain diary to record their VAS and
stimulator settings weekly for review at follewp. In addition to being able to switch

the DBSon and off at will, they are usually only given control over its voltage up to

6V.

2.3 Local field potentialsrecorded from DBS electrodes

ExternalisedDBS electrodes can be used to record local field poteftiBRs)from

DBS contacts placed within dp brain stuctures.

LFPs are a summation of synchronized dendritic, synaptic and membrane currents
that areaveraged over a volume of tissue extending a few millimeters from the tip of
the recording electrod@itzdorf 1987). In the brain, they reflect the average

electrical activity of thousands of neurons. The LEfPsduced by a group of cells
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canalsq in an indirect wayreflect thechanges omembgane potentialthe synaptic

and action potentidiswhich the celb undergo coordinateljHubbard et al. 1969)

Thus studies using such potentials produgeortantdataaboutthec e | | s 6 aver age
activity in the group, and iselpful for us to understanthe physiological

characteristics of any neural assemfplybbard et al. 1969Mostresearcheragree

that the activity of nearby neurodeminates the composition of LFBressler et al.

1993; Eckhorn et al. 1988; Roelfsema et al. 198Xperiments omnaesthetized

monkeys involving comparing simultaneously recorded neuronal signalkjdimgy

LFPs, single unit activity (SUA) and mulinit activity (MUA), andfunctional

magnéic resonance imaging (fMRI), from the visual cortex, have also demonstrated

the functional relevance of LFR$was noticedhat among other signals such as

MUA and SUA, LFPs showed the bestrrelation withBOLD fMRI signals

(Logothetis et al. 2001).FPs contains importanhtegrative synapticnpcesses that

cannot be captured by inspegga f ew neur on saonesgeenkhoughy act i v
the signal is ambiguous and more difficult to interpret than spikes, for multiple

neuronal processes contribute to the $APis now widely recognised that local

field potentials can index processes and events that are causal to action potentials

(Kajikawa and Schroeder 201BndLFP changes in amplitude and frequency can

reflect the changes of local neuronal actiyByzsaki et al. 2012; Einevoll et al.

2013)
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2.3.1 Signal analysis of Local field potentials

Neuronal oscillations are thought to play a key role in processing neural information.
Oscillatory activity of a neuronal ensemble can respond to stimulus inputs by

changes in frequen@nd amplitude or show a temporary interruption, which is

referred to as phase resett{iignevoll @ al. 2013) Therefore, we analysed recorded

signal sé6 amplitude change by calculating t
transform, which provides spectral power that identifies the amplitudes of sine

functions of various frequencies. Moreover, neatascillations are dynamic, with

frequency content changing over time, so the stioe fastFourier transforms were

performed to do timdérequency analysis, mapping a edienensional signal in the

time domain into a twalimensional timdrequency repreentation of the signal.

One assumption of the Fourier transform is that the data analysed are stationary, the
statistics of the data do not change over time. This is clearly not the case for LFP
data: the frequency structure of neurophysiological activity changes over time.
Violations of stationarity can decrease the peakiness of the result of the Fourier
transform, which makes the spectral peaks for the nonstationary data less well
defined, and limits its ability to estimate low frequency power. Therefore, we should
be careful wen reporting the results of low frequency power calculation. Wavelet
approaches might have provided better short time scale low frequency estimates
because the stationarity assumption of wavelet convolution is that the signal is
stationary only during theme period in which the wavelet looks like a sine wave
(Cohen 2014)But | alsodid temporally localized frequency decomposition methods,
(Hilbert transform and shotiime fast Fourier transform) for the limitations of the

Fourier transform.
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Comparing oscillations between different brain regions offers insight into how
distributed neuronal oscillations work together to complex brain functions.

Therefore, regarding tharctional connectivity between the sensory thalamus and

the periaqueductal grey, we simultaneously recorded local field potentials from these

two areas, and calculated spectral coherence to show their functional connectivity.

Fig 2.2 Fused MRI and CT irgas highlighted using heat mapping showing left
PAG electrode placement.
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2.4 Functional Connectivity vs Anatomical Connectivity

Cerebralconnectivitycan be referred to a pattern of anatomical links ("anatomical
connectivity") or of statisticalependencies (“functional connectivity") between
distinct units within anervous systemrand the units can bedividual neurons,
neuronal populations, or anatomically segregated brain re@onostural links such
as synapses or fibre pathwdgsm the @nnectivity patternConnectivity can also
represenstatistical relationships measured as spectral coher€noeectivity
constrains aural activity,and by extension neural cod@&ain connectivity is
therefore vitato understandingow neurons and neal networks process

information.
2.4.1 Methods to calculate functional connectivity

The MagnitudeSquared Coherence was used to analyse functional connectivity
between the sensory thalamus and the periaqueductallgepower spectra, using
thewindowed FFT, is computed.dihg the FFTbased weighted overlappsdgment
averaging methqdve estimateite magnitude squed coherence (MSCTwo

signals x(t) and y(t) are divided into nd segments with an overlap of L; each segment
is multiplied by a smoth weighting window, and then the averaged cepsesctral

and the power spectral densities are obtained from the nd segments. The MSC is

estimated as

Z -(.f‘)l‘”‘ Z 1Y)
i=1
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Here, * denotes the complex conjugate, Xi(f) and Yi(f) are the FFT of the ith of the
weighted segmentsf the stochastic processes x(t) and y(t) (Carter, 1987).

B & MM is the magnitude crosgpectrum between x(t) and y(t). The MSC

is the normalised crospectral density by the power spectral density. Statistical
evaluation on the significece of the coherence estimate was based on the
independence threshold and the 90% confidence interval of the coherence estimates
(Wang et al., 2004)T'he MagnitudeSquared Coherenceas calculated for each
recording to analyse functional connectivity betwéhe sensory thalamus and the
periaqueductal grey. This method is a pHaased connectivity analysis, which relies
on the distribution of phase angle differences between two electrodes, with the idea
that when neural populations are functionally couplled timing of their oscillatory

processes, as measured through phase, becomes synchronised.

Calculation of functional connectivity using the Magnittfiguared Coherence

should give a better measure of functional connectivity than functional MRI, for the
spatiotemporal resolution of fMRI is not as good as that of LFPs; from the figure
belowwe can see that field potential studies provide a much better spatiotemporal

resolution than fMR([Sejnowski et al. 2014)
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as well as the electrode LFAHe aim of the thesis is to detect the functional

connectivity between the sensory thalamus and the PAG in pain modulation,

therefore whemhe experiments were planned, EEG was not considered to be

recorded. However, EE€hould have been measuimtause more information of

sOs

the pain matrix would have gathered and that would have helped make the argument

andexperimentdetter
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Chapter 3 Result (1): Reciprocal interactions between the
sensorythalamus and periaqueductal grey may be

important for pain perception

3.1 Summary

Background PAG stimulation can decrease pain but it is not clear whether it only
decreasgthe incoming nociceptive signals at tkgel of the spinal dorsal horn.
However,pain mechanism involves the brain and the spinal cord to maintain
homeostasis, and with the fact that the DTI indiciteAG and the thalamus have
functional connectionso we postulated that the PAG may also modulate pain by
inhibiting the sensorthalamus, and that these may also reciprocally influence the

PAG.

Methods Four patients with deep brain stimulation treatment for pain relief were
studied. Each had a PAGagebrain stimulator and a second electrode inserted into

the sensory thalamukocal field potentialsvere recorded from the PAG electrodes

when the thalamus was being stimulated, and vice versa. Power spectra of the signals

were obtained and averaged eedlpotential analysis was performed.

ResultsStimulating the PAG decreased the thalamic LFP delta power most,
followed by theta, alpha and beta, but did not change gamma &#tweulating the
sensory thalamus increased the PAG delta LFP power mostyédallby thetabut

did not change alpha, beta or gamma powke. stimulation frequency with the most
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powerful effect in modulating the LFPs of the PAG or sensory thalamus
corresponded to that eliciting the most pain relief. PAG stimulation resulted in an
evoked potential in the sensory thalamus, and thalamic stimulation resulted in an

evoked potential in the PAG with short latencies.

ConclusionsThe PAG and the sensory thalamus interact reciprocally at short

latency, which may be related to pain modulatio

3.2 Methods

Standard Protocol Approvals, Registrations, and Patient Consents

This study was approved by the local Ethics Committee. Four male patients

undergoing DBS for alleviation of chronic neuropathic pain gave informed consent.

Subjects

Table3.1 shows the demographics of the patients, the aetiology of the pain and the
DBS targets. Their mean age was 42.5 years. Each patient had a deep brain
stimulator in the ventrolater®AG and a second electrode in the sensory thalamus,
either in the thalaic ventral posterolateral (VPL) or veritposteromedial (VPM)

nucleus.
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Gender Age Diagnosis Trial Responsiv Best VAS VAS after History  Pain

targets e targets responsiv before  permanen of pain  distributio
e targets op t n
implant
Male 44 Phantom RPAG RPAG R VPL 7 2 5 Left
limb, left RVPL RVPL 30&50 years  phantom
leg Hz leg
Male 39 Trigeminal RPAG RPAG R PAG 6 2 13 Left
neuralgia RVPM RVPM 20Hz years  supra-
orbital
Male 49 Failed LPAG LPAG LVPL 8 4 8 Back
back LVPL LVPL 50 Hz years  Right
surgery lower leg
Male 38 Phantom RPAG RPAG R PAG 8 1 5 Left
limb, left RVPL RVPL 20 Hz years  phantom
arm arm

Table3.1. Summary of patient demographics, diagnoses and stimulation parameters.
Trial targets the anatomic sites where DBS electrods were inserted and stimulated.
Responsive tgets- patients felt pain relief when these nuclei were stimulated. Best
responsive targetshe most effective site for panelief, where the permanent DBS
electrode was implanted. VAS= visual analog scale for pain (10: most severe; 0: no
pain). VPL= tlalamic ventral posterolateral nucleus. VPM=thalamic ventral

posteromedial nucleus. PAG=periaqueductal grey.

Measurements

We recorded LFPs simultaneously from both the thalamus and the PAG at rest, and
during stimulation at either site. These recordiwwgse phaséocked so that we
could determine temporal relationships between areas. Each electrode has 4

circumferential contacts placed linearly, and therefore each electrode can yield three
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bipolar recordings. We did bipolar recordings in all the patjemtd in two of them
we also made unipolar recordings, using left or right mastoid as the reference. In
total we report results from 12 bipolar and 8 unipolar recordings. The stimulation
parameters were: frequency, 5Hz to 50Hz; pulse width, 200 to 45@gsnaplitude,

0.5 to 3V.

Before experiments a full range of combinations of contacts, frequencies, pulse width
and amplitude were trialled to determine the contacts and parameters providing best
subjective analgesia. The deep brain stimulator was initialhed off for at least 10

min prior to experiments. We started lwi-min LFP recordings fror®AG and

VPL/VPM without stimulation. Then weecorded thalamic LFPs witPAG

stimulator on at the contact determined and with various frequencies. In each
frequency state we recorded for 5 min, and between each state we stoppeithgecor

for5min. WerecordeB AGdés field potentials with the

These experiments are separate to the O0ext
was carried out overeriod of one week. During this period, different combinations

of contacts, and electrical parameters were assessed in relation to immediate pain

relief (within5-1 0 mi nut es). OEffectived settings w
hours or even-2 days taconfirm pain relief prior to the implantation of the pulse

generator.

Signal processing and statistical analysis

LFPs were first amplified x 10,000, and then digitised (CED 1401 mark I,

Cambridge Electronic Design, Cambridge, UK) at a sampling rat@koifi2.
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Power spectra were calculated using the fast Fourier transform (slidingindew
5s with 3s overlap). In each recording, threesBbond segments were analysed and

the three spectra were averaged.

Power spectra were calculated from the LFP diogs for five frequency bands:
delta (04Hz), theta (48Hz), alpha (8L3Hz), beta (1380Hz) and gamma (380Hz).
Large respiratory and blood pressure artefacts contaminated powgrsat@ and
were therefore removedXie et al. 2006) We removed power at 481 Hz whenwe
calculated beta power 8fAG and thalamic EPs under 20Hz thalamic aRAG
stimulation respectively. In addition, we removed power a#t BBz, 5961Hz and
79-81Hz when calculating gamma power under 20 Hz stimulation condition, and
removed power at 491Hz when calculating gamma power under 50Hz stimulation
condition. Power during stiulation periods was normalized by dividing it by resting
state power. Thus a normalized power of greater than 1 indicates that stimulation

increased it, and less than 1 indicates a decrease.

In addition to the spectral analysis, we also performed evaketial analysis to
determine the latency of peak responses to stimulation. Continuous LFP data were
analysed. LFP epochs containing the deep brain stimulation artefacts were extracted.
We removed trials contaminated by artefacts due to gross movemedgniify

evoked potential components, LFP sweeps-meked to the stimulation artefacts

were averaged. Each LFP recording had thousands of trials, depending on the

stimulation frequencies.

Statistical significance was assessed using paitests orhe Wilcoxon signed

ranks test, if the data were not normally distributed, as assessed by the Kolmogorov
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Smirnov test. In the PAG none of the normalised powers were normally distributed,;
therefore the Wilcoxon signed ranks test was used. However, the isaunabwers

in the thalamic local field potentials in all but the beta and gamma bands were
normally distributed, so paireetésts were performed. The Wilcoxon signed ranks

test was used for the beta and gamma bands.

Averaged evoked potential analysiasyperformed using Spike 1l software®

(version 5, Cambridge Electronic Design, Cambridge, UK).

Computation was carried out using MATLAB® (R2010b SP1, Mafibrks Inc.,
Ma, USA) and SPSS (Version 20, SPSS Inc., IL, USA). All p values ar¢ailed
and adjsted in accordance with the numbers of comparisons (significant p value

=0.05/n).

3.3 Results

Effective DBS targets in pain relief

Stimulation n either the®?AG or sensory thalamus relieved pain to different degrees
in different patients. Two expenced the most relief withRAG stimulation at 20 Hz,
and less with thalamic stimulation. The other two had the most relief with thalamic
stimulation at 30 or 50 H and benefitted less from PAG stimulation (Table 3.1).

PAG stimulation at 50 Hz made thaip worse in these four patients.

Power spectrum analysis
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Because the patients felt 20 HZAG stimulation best and 50 Hz worst in pain relief,
so we compare the LFP changesnssn these two frequencié¥AG stimulation at
20 Hz decreased the power of #raic LFPs in the delta (:4Hz, pairedests,
n=20, P=0.001), theta{8Hz, pairedtests, n=20, P<0.001), alphal8Hz, paired
t-tests, n=20, P<0.001) and beta band3@BIz, Wilcoxon siged ranks test, n=20,
P=0.014) but not gammwjth the largesthanges occurring in the delta bafe
3.1b, 1d). But at 50 HRAG stimulation only decreased the power of thalamic LFPs
significantly in the theta and alpha bands (pairgzbsts, n=20, p = 0.003 and 0.002,
respectively. 20 Hz stimulation of th®AG was significantly more powerful in
suppression of thalamic LFEsan 50 Hz in all frequency bands that we examined
except beta and gamma (Rdb, 1d, paired-tests, n=20, P=0.004, 0.002, 0.017,

respectively).

Sensory thalamus stimulation at 50 Hz sigaifity increased the power 8fAG

local field potentials in both the delta and theta bands (Wilcoxon signed ranks test,
n=20, p = 0.002); the greatest increase was in the delta bar@i{€ide).

Moreover, 50 Hz stimulation was significantly more effegtiian 20 Hz in the

delta, theta and alpha bands (Fig 1c, 1e, Wilcoxon signed ranks test, n=20, P=0.03,

<0.001, =0.006, respectively).

Peak response latency of averaged evoked potentials

PAG stimulation resulted in an evoked potential in the sensory thajaand
thalamic stimulation resulted am evoked potential in tHeAG. These latencies
were about 5 milliseconds (FiguBe2), with no significant differences between

targets andgtimulation frequencieP@AG stimulation: at 20 Hz, mean 4.39, s.e.m
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0.84;at 50Hz, mean 4.26, s.e.m 1.02; sensory thalamus stimulation: at 20Hz, mean

4.85, s.e.m 0.84; at 50Hz, mean 4.15, s.e.m 0.59).

Fig 3.1 Power spectra analysis of local field potentials of the sensory thalamus and

the peiventricular/periaqueductal gye(a) shows an exaote of LFP recording of
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