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Abstract

The human ability to regulate our own pain is governed by specific sites and circuits within the
brain which can powerfully inhibit or enhance nociception. Placebo analgesia and nocebo
hyperalgesia are the modulatory phenomena which leverage these circuits in the presence of a
pharmacologically inert treatment to cause perceived changes in pain. Being pharmacologically
inert, treatments which incorporate placebo components, and avoid falling pitfall to nocebo
effects, have enormous therapeutic potential to alleviate economic costs, clinical comorbidities,
and psychological burdens associated with many active treatments if correctly harnessed.
Despite their early discovery and prominence throughout history, a thorough investigation of
the neural and potential biochemical inputs which drive placebo analgesia and nocebo
hyperalgesia remains to be established. Therefore, the principal aim of this thesis was to utilize
recent advancements in high field human brain imaging to assess the responsibility of
descending pain-modulatory circuits within the brainstem, as well as the cortical connections

which recruit these circuits in the generation of placebo analgesia and nocebo hyperalgesia.

Chapter 2 establishes the brainstem’s role in both phenomena. We utilized a response
conditioning model and a brainstem-specific imaging pipeline to reveal how activation within
discrete nuclei altered depending on the intensity of placebo and nocebo responses. Building on
this work, Chapter 3 presents a dual network model of the human cortical sites which regulate
brainstem output in the context of placebo analgesia. Relative to chapter 2, this work included
a larger sample size, a higher placebo response rate, and analyses sensitive to how cortical
connections to the brainstem change across time. Chapter 4 bridges function and biochemistry,
circumventing limitations in functional magnetic resonance imaging by incorporating proton
magnetic resonance spectroscopy (*H-MRS) to investigate how metabolite concentrations
within the dorsolateral prefrontal cortex (dIPFC) - a primary node in the cortical pain system -
play a role in the generation of placebo analgesia. | conclude by discussing the clinical and
experimental implications of our three studies, with a focus on how further interrogation of the
circuits revealed could aid and assist in the development of new approaches that treat chronic

pain, by leveraging the neural mechanisms of placebo analgesia and nocebo hyperalgesia.

xiii



Chapter 1:

Introduction to Placebo, Nocebo,

and Pain Modulation

“Believing in even the possibility of a
happy ending is a powerful thing”
— Cinderella, 1950



1.1 Placebo analgesia and nocebo hyperalgesia: a historic perspective

Placebo analgesia and its negative counterpart, nocebo hyperalgesia, have a rich history
extending throughout medical and non-medical contexts. Despite not formally being
appreciated by the U.S. Food and Drug Administration (FDA) until 1962 (Katz, 2004), use of
the term “placebo” in a medical context extends back to the 18™ century, and its original
etymology dates even earlier. A Latin mistranslation of Psalm 116:9 provides the first use of
the word, the verse reading: “placebo domino in regione vivorum” (‘I will please the lord in the
land of the living”). A catholic funeral rite — Vespers for the Dead — consisted of mourners
unrelated to the departed, who were said to “sing placebos” in their praise in order to earn a

spot at the subsequent funeral dinner (Bernstein and Brown, 2017).

Beyond biblical associations, the word “placebo” first appeared medically in the late 18 century,
where English physician Alexander Sutherland’'s used the term to ridicule those at the time
practicing in the water cure, calling it “fashionable physician placebo” (Jilch et al,, 2020). Within
the following decade a major shift occurred — instead of referring to the prescriber, placebo
began to refer to the substance being prescribed. It was Scottish pharmacologist William Cullen
who lay a framework for the placebo phenomenon, believing that inert substances could be
administered to comfort or please a patient, and that the mind-body interaction could provide
great curative benefit even if the treatment was sham (Knoff, 1970, Kerr et al,, 2008). Indeed,
many of his tenets hold true with our understanding of placebo analgesia today. By 1811 the
term placebo had become a mainstay in medical jargon, and its inclusion into the Quincey’s
Lexicon-Medicum, a well-regarded medical dictionary, labelled it as “an epithet given to any

medicine adapted more to please than to benefit the patient” (Hooper, 1817).

Throughout 18" and 19% century Europe, the first placebo-controlled trials started being
conducted to expose quackery as it arose, halting those seeking to make financial gain from the
hope of misinformed patients. Elisha Perkin's patented “perkin’s tractors” and Franz Anton
Mesmer's “animal magnetism” present two particularly engaging tales — the first led by Dr John
Haygarth, a practicing British physician at the time, and the second by Benjamin Franklin, United
States founding father and ambassador to France (Lopez, 1993, Lanska, 2019). In investigating
5 patients, Haygarth tested Perkin's famous tractors - metallic wand-like instruments said to
draw out “noxious electrical fluid that lay at the root of all suffering” against a placebo
instrument - wooden rods painted to replicate the tractors. 4 out of 5 patients responded
identically to both sets of instruments, and similar results were observed whether the
instruments differed in shape, size, or composition (Hines, 2017). Haygarth published these

2



results in a wounding pamphlet: “On the Imagination as a Cause and Cure of Disease of the
Body exemplified by fictitious Tractors and epidemical Convulsions’, citing that the cure itself

came not from the tractors, but by a patient’s belief in their effectiveness (Booth, 2005).

Franz Anton Mesmer’s discreditation also came by the hand of a placebo controlled trial, wielded
by Benjamin Franklin and a commission of French scientists in 1782. In a series of experiments,
the commission tested Mesmer's theory of “animal magnetism”, where an invisible force
“Lebensmagnetismus” could be called upon to heal any physical ailment (Best et al, 2003). By
providing participants with various bowls of water which they believed had been “magnetized”
by Mesmer's disciples and observing the varied effectiveness, Franklin and the commission came
to conclude that any mitigation of symptoms induced by “animal magnetism” were in fact
induced through the power of patients’ own minds. Upon publishing their assessment, a pupil
of Mesmer, Charles d’Elson famously wrote “the imagination thus directed to the relief of
suffering humanity would be a most valuable means in the hands of the medical profession” —

a goal still echoing through modern placebo (and nocebo) research (Gravitz, 1994).

It would not be until the 20" century however that this goal was even considered — when
American anesthesiologist and war-time physician Henry Beecher asserted the effectiveness of
placebo treatments in his controversial yet critical meta-analysis “The Powerful Placebo”
(Beecher, 1955). Fifteen studies were included in his analysis, where in 1082 participants,
Beecher claimed that 35% were satisfactorily relieved by placebo administration alone. Despite
ongoing dispute regarding the interpretation of his analysis, Beecher's work undoubtedly
brought placebo into the modern era of research — and indeed was the primary inspiration for
the 1962 FDA Kefauver-Harris amendments, which requires any new drug to be tested in a

placebo-controlled environment and exceed its effectiveness (Greene and Podolsky, 2012).

Borrowing from placebo’s Latin etymology, American clinician Walter Kennedy coined the term
“Nocebo” (“I will harm”) in his 1961 commentary: “The Nocebo Reaction” (Kennedy, 1961).
Whilst mechanistically similar to the placebo effect — relying on expectations and mind-body
interactions, the nocebo response stands in exact antithesis to the primary goal of placebo.
Instead of alleviating potential symptoms, nocebo responses are a worsening in subjective or
physiological symptoms that can arise by the administration of a pharmacologically inert
substance. Formal and historical documentation of nocebo responses are scarce relative to its
placebo counterpart — however the notion that negative information surrounding a treatment
can inadvertently harm a patient’s clinical trajectory is well-documented (Long et al, 1989,

Tangrea et al, 1994, Drici et al,, 1995, Barsky et al., 2002). In one example, Australian physician
3



Gerald Milton provides an account of his experiences delivering prognoses of melanoma to

¢

patients “... there is a small group of patients in whom the realization of impending death is a
blow so terrible that they are quite unable to adjust to it, and they die rapidly before the

malignancy seems to have developed enough to cause death” (Milton, 1973).

With the advent of human brain imaging, our understanding of the neural underpinnings of
placebo and nocebo pain modulatory phenomena has deepened, and now includes an
understanding of the cortical and brainstem regions (Freeman et al, 2015) and
neurotransmitters involved (Petrovic et al., 2002, Benedetti et al,, 2006). This thesis includes
three investigations which we have performed that provide advancements to the field in
understanding the neural underpinnings of placebo analgesia and nocebo hyperalgesia.
Throughout these investigations we assess the specific neural changes — within both the
brainstem and associated cortical connections - associated with these phenomena, as well as a
potential predetermining factor in how likely an individual is in mounting pain modulatory
responses. However, before any recommendations can be made in terms of how these studies
help advance the field, it is important to first understand why we seek to continually update and
improve our knowledge on placebo analgesia and nocebo hyperalgesia. That is, their potential to

drastically alter how we view and conduct active drug trials and even clinical pain treatments.

1.2 Clinical relevance of placebo (and nocebo) responses

1.2.1 Placebo effects: the curse of Randomized Controlled Trials (RCT)

Placebo effects are complex and multifaceted in their origin — undoubtedly playing a
contributing role in a swathe of clinical, psychological, and pharmacological treatment effects.
Their prominence has been long debated, with reports and meta-analyses asserting that they
contribute either negligibly (Hrobjartsson and Gatzsche, 2010), or perform better than active

treatments in specific scenarios (Howick et al,, 2013).

In the words of Wampold et al. (2007), the “villain” of RCT's is the placebo effect. That is, since
the induction of the Kefauver-Harris amendments, improvements observed in the placebo group
of RCT's have complicated the approval process of drugs which may have been resoundingly
effective in preclinical phases, only to show minimal benefit over a placebo arm in human clinical
trials. This active- to placebo arm differential must exceed what is known as a “minimum clinically

important difference” (MCID), meaning not only must the treatment effect be significant, but it



must be at least as large as the MCID (Chuang-Stein et al, 2011). This means that to reliably
discern the effectiveness of an active drug, it is first important to dissect out the exact effect
size of the placebo itself. This represents one core goal of placebo research — how effective are
sham substances in causing real changes in symptomatology. Due to a number of compounding
factors such as natural history (fluctuations in symptoms being tested over time without any
treatment), Hawthorne effects (where individuals alter their behaviour or symptom reports
when they are aware of their involvement in a clinical trial), or regressions to the mean (a
statistical phenomenon where repeated measurements cause data points to become less
extreme over time), it is not enough to just compare active to placebo interventions, but to first
understand how placebo’s work whilst controlling for these no treatment effects present in any

experimental or patient population (Ernst and Resch, 1995) (Figure 1.1).

e A
:I:I:I:I: Effect of being in a
HEEE ‘no treatment’ group
e (Hawthorne effects,
e natural history,
o regression to mean)
NN NN
HEEN

Active treatment  Placebo group No treatment
group outcome outcome group outcome
(NT+P+T) (NT+P) (NT)

| e=—
P NT P NT P NT P NT
A. Both treatment B. Treatment powerful C. Placebo powerful D. Both treatment
and placebo powerful. placebo weak. treatment weak. and placebo weak.
Use both Emphasize treatment Emphasize placebo Seek alternative



Figure 1.1. Trial design to dissect treatment and placebo effects. Any positive effect induced by
a treatment cannot be solely attributed to its active properties, but rather it is an interplay
between these active properties with any placebo (positive cues, expectations, prior experiences)
and no treatment effects (Hawthorne effects, spontaneous remission / natural history, or
regression to the mean) which may be present in any given clinical context or patient population.
Integral to understanding the effectiveness of a treatment, and which path of treatment to
pursue to maximize therapeutic gain is dissecting out the relative contribution of these three

factors. T — Treatment, P — Placebo, NT — No treatment. Adapted from Howick et al. (2013).

Experimental research is uniquely positioned to help advance our understanding of how great a
contribution placebo effects offer in the treatment of pain. By being able to precisely control
noxious stimulus delivery, participant recruitment, and the model of pain being tested — research
settings offer the ability to circumvent confounding factors and specifically test for individual
differences in the manifestation of pain modulatory phenomena (Benedetti and Frisaldi, 2014).
Typically, reported outcomes (pain rating responses), are compared between a control and
placebo (or nocebo) condition within the same set of individuals — so that any difference in pain
reported can be clearly attributed to endogenous pain modulatory responses. Studies following
protocols of this nature generally support Beecher’s original assumptions, identifying significant
placebo responses develop in roughly 30-50% of participants (Levine and Gordon, 1984,
Benedetti, 1996, Vachon-Presseau et al, 2018, Wang et al, 2022b). What makes a person
respond to any given placebo treatment is subject to ongoing debate, however the effectiveness
of conditioning procedures, expectations of a treatment’s effectiveness, and environmental and
genetic factors have emerged as consistent explanations. These three factors will be discussed
further in section 1.3 of this thesis, however what ties all three together is that underlying
changes in neural activity ultimately drive how an individual perceives pain (Levine et al,, 1978,
Benedetti et al, 2006, Wager et al, 2007, Scott et al, 2008, Benedetti and Amanzio, 2013,
Tinnermann et al, 2017, Schafer et al,, 2018).

Interestingly, not only do placebo and "no treatment" effects have an underlying presence in
clinical trials, but Nocebo effects can also have a negative impact on the effectiveness of any
treatment being tested (McDonald et al., 1983, Whitney and Von Korff, 1992, Hrébjartsson et
al, 2011, Goldenholz et al, 2015, Berthelot et al, 2019). Factors such as expectancy and
environment can contribute to an anxiogenic environment - making it difficult to accurately

measure the effectiveness of a treatment in relieving symptoms. Just as placebo effects have

6



the potential to disguise the true effectiveness of a treatment by providing added benefit over
and above its expected pharmacological potential, nocebo effects may inhibit its true
effectiveness, by either exacerbating or creating entirely new symptoms due to inter-individual
differences in prior experiences or expectations towards a treatment (Benedetti et al., 2006,
Colloca and Miller, 2011). The largest source of nocebo effects in clinical practice comes from
the process of informed consent: the requirement of clinicians to detail any potential side-
effects which may arise from the administration of active medications. Indeed, in the case of
migraine, Amanzio et al. (2009) demonstrated that even in the placebo arm of clinical trials,
adverse side effects are often generated matching those which define the active drug under
investigation. Similar reports are found in the context of chronic pain, with numerous accounts
of clinical intervention to treat chronic pain conditions counter-intuitively causing an
exacerbation of pre-existing symptoms (Daniels and Sallie, 1981, Long et al, 1989, Pfingsten
et al, 2001).

In a clinical trial setting, Nocebo effects play a negative role with respect to retention rate of
patients. Hauser et al. (2012) identified nocebo responses accounted for 72% of mid trial
dropouts across 30 RCT's using active drugs to treat fibromyalgia and peripheral neuropathy.
Drop out due to adverse events relating to nocebo responses have also been observed in
migraine, multiple system atrophy, and have even been proposed to influence vaccination
adherence (Mitsikostas et al,, 2011, Amanzio et al, 2021, Wang et al,, 2022c¢). Nocebo effects
are pervasive across many clinical domains extending far beyond the RCT; however, it is in this
particular setting that they have the potential to cause the most significant issues. Not only can
their presence impact the perceived efficacy of the real drug being assessed, but they can also
incur additional costs associated with managing patient dropout. Nocebo effects are not easily
controlled, as the underlying principles which potentiate them - clinical contexts and prior
experiences - can vary greatly between individuals and are not easily assessable before starting
treatment. It is for this reason that many advocate for the need to better understand the
neurobiological mechanisms of the nocebo effect, and minimize their occurrence in the RCT

environment (Planés et al,, 2016, Jilch et al., 2020).

Modern human brain imaging provides us with the ability to better understanding placebo and
nocebo phenomenon. It is important that we begin to define the circuitry underlying the brains’
ability to endogenously inhibit or enhance the perception of pain, and how we can potentially
harness this circuitry to bolster positive and reduce negative effects in both clinical and

experimental settings.



1.2.2 Harnessing placebo responses to aid clinical practice

We have known since the unmasking of Perkins and Mesmer that the human brain is capable
of powerfully converting our own expectations, beliefs, and prior experiences into modifications
of conscious perception. Experimentally, the placebo is more than just an inert pill, but rather a
proverbial key to unlock these factors and cause a shift in the way we process pain. In hospital
settings however, the clinician can become the placebo, capable of significantly altering the
effectiveness of any given treatment through verbal and nonverbal cues or contexts which may
favour either placebo or nocebo responses. Thomas (1987) was one of the first to acknowledge
the influence of the patient-practitioner interaction for causing shifts in treatment outcome. In
his experiment, 200 patients were assigned to either a “positive” or “non-positive” manner
consultation with or without placebo administration. In this 2 x 2 factorial design, a positive
manner consultation involved confident statements as to the diagnosis and timeline of symptom
improvement, whereas a lack of certainty and a neutral tone defined the non-positive
consultations. Somewhat surprisingly, no significant difference in patient improvement or
satisfaction was observed between the pooled treated (with a placebo) vs non-treated groups.
However, whilst it appeared the placebo alone played a minor role in producing symptom relief,
it was the placebo in the hands of a positive clinician that induced the greatest improvements.
Sixty four percent of participants in the positive consultation group (compared to 39% in the
non-positive consultation) improved after two weeks - advocating for the role of a positive

patient-practitioner relationship in enhancing placebo- and minimizing nocebo responses.

Substantial work has now been performed detailing optimal parameters for bolstering placebo
responses in clinical medicine. From the white coat of a practitioner providing expectations of
improvement, to the colour, size, or branding of a medication inducing greater belief that the
treatment will be effective — these ritualistic influences all integrate within the clinical context,
manifesting brain-body interactions that produce placebo (and nocebo) effects (Figure 1.2)
(Bingel et al,, 2011, Blasini et al, 2018, Meissner and Linde, 2018). In the context of pain, the
interaction between treatment effects and placebo and nocebo responses can be considered
under a Bayesian hierarchy. Current symptoms (priors) are modulated by the relative effects of
the patient-practitioner relationship (likelihood) - be it expectations, prior experiences, or other
ritualistic effects - to cause neurobiological changes that either positively or negatively influence
those symptoms (posterior). These changes, driven by higher cortical regions, alter the way in
which pain is being processed in a top-down system involving the cortex, brainstem, and spinal

cord (Eippert et al, 2009b, Biichel et al,, 2014, Blasini et al., 2017, Geuter et al, 2017).



At the inception of this thesis, whilst a number of experiments had been performed describing
the role of cortical sites and various conditioning and expectancy-based protocols for
manifesting placebo analgesia and nocebo hyperalgesia, scant literature existed specifically
identifying the role of discrete brainstem nuclei underlying these two phenomena. Since the
brainstem both reciprocally connects with both the cortex and spinal cord and has been
demonstrated consistently in experimental animals to be capable of producing profound
changes in pain-related behaviours, leveraging advanced human brain imaging to investigate the
interaction between brainstem activation and pain modulatory phenomena was the next step in
better understanding their neurobiological tenets (Mayer et al, 1971, Cannon et al, 1982, Le
Bars et al, 1992, Zhuo and Gebhart, 1997, Cauzzo et al, 2022). Importantly, if bolstering
placebo effects and limiting nocebo effects are to be routinely utilized in patient-settings, a
complete understanding of their neural underpinnings, relative rate of occurrence, and any

individual predisposing factors are necessary in bringing them into everyday practice.
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Figure 1.2. Placebo and nocebo effects in the clinic. All patient-practitioner interactions are
subject to (whether directly or indirectly generated) placebo and nocebo effects. How a
treatment is framed, the demeanour of the physician, and patient attitudes to potential
treatment effects and side effects are three prominent sources of these modulatory
phenomenon in clinical practice. A. Positive verbal suggestions that the treatment will help
reduce symptom severity, as well as social warmth and clinical professionalism are all ways to
boost the potential for placebo effects. B. Inverting these factors — for instance explaining a
treatment in terms of its potential side effects and not attempting to connect with patients can
create an anxiogenic treatment environment and potentiate nocebo effects. Adapted from Wager

and Atlas (2015)

1.3 Factors contributing to endogenous pain modulation
1.3.1 Classical conditioning

Whilst Henry Beecher is considered the “father of placebo”, one of the three competing theories
for the human ability to endogenously modulate our own pain perception draws from one of the
founders in the discipline of psychology: classical conditioning and Pavlov's Dog. Conditioning
theory dictates that placebo analgesia and nocebo hyperalgesia are generated via associative
learning acquired during prior exposures to analgesic drugs and their aversive consequences

(Price et al., 2006, Colloca et al, 2010, Planés et al., 2016).

Across a series of experiments, Nicholas Voudouris documented the existence of this
phenomenon in healthy humans, demonstrating that the deceptive manipulation of thermal
stimuli applied alongside a placebo cream described as a “fast-acting analgesic preparation”
could reduce perceived pain relative to an adjacent skin site (Voudouris et al, 1985, Voudouris
et al, 1989, Voudouris et al, 1990). This experimental approach, now known as response
conditioning, follows canonical conditioning, reinforcement, and test phases which have since been
routinely applied to elicit both placebo and nocebo responses in both humans and experimental
animals (Jensen et al,, 2012, Freeman et al,, 2015, Schafer et al, 2015, Brascher et al, 2017).
By first surreptitiously lowering painful stimuli applied to a placebo substance described to hold
analgesic properties, participants acquire an association between pain-relief and the placebo (i.e.
conditioning and reinforcement), which can then be expressed in a subsequent test session
when painful stimuli are raised to match a control condition (typically an adjacent skin site where

a non-placebo control substance was applied). This same protocol using surreptitious high
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intensity stimuli can also be utilized to trigger nocebo hyperalgesia (Figure 1.3). Recently, Bajcar
et al. (2020) demonstrated that deceptive conditioning of heightened pain responses to a visual
cue can trigger subsequent hyperalgesia without the involvement of expectations. Their work
eloquently controlled for any potential expectancy effects by including both open- and
deceptively conditioned groups, where no difference in the elicited nocebo response was
identified whether the association between visual cue and incoming painful stimuli was known
to participants. Importantly, they also noted no correlates with psychometric data, supporting

the sole influence of classical conditioning in this phenomenon.

Both conditioning-based placebo and nocebo responses have now been shown to relate to
changes in neural activity, often within largely similar regions of the cortex, brainstem, and spinal
cord — suggesting that a shared neural mechanism involving descending cortical influence over
spinally-projecting brainstem circuits is likely involved (Eippert et al., 2009a, Yoshida et al,, 2013,

Tinnermann et al,, 2017).
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Figure 1.3 Response conditioning. Through a combination of deceptive descriptions and visual
cues, response conditioning involves pairing pharmacologically inert substances with lower or
higher intensity stimuli relative to a control condition to trigger placebo or nocebo effects,
respectively. In these designs, participants are informed that these substances hold analgesic
(placebo) or hyperalgesic (nocebo) properties, and that all conditions are receiving identical
intensity stimuli. In reality, the experimenter deceptively alters the intensity of stimuli applied
to trigger belief that the substances hold their described properties, conditioning participants
to respond accordingly in a future test session. In the test session however, both the placebo
(or nocebo) and control conditions receive identical moderate intensity stimuli, and differences
in reported pain between conditions indicate a magnitude of placebo analgesia or nocebo

hyperalgesia. Adapted from Wager and Atlas (2015).

1.3.2 Expectancy

The second school of thought is that placebo analgesia and nocebo hyperalgesia manifest as a
result of positive and negative expectations towards an inert substance, respectively. Expectance
theory differentiates itself from classical conditioning in that prior exposures and deceptive
modulation of noxious stimuli are not necessary for triggering the endogenous modulation of
pain. Rather, the context of the given treatment combined with situational cues combine to
alter an individual's perception of pain. Interestingly, although not explicitly named, in their first
experiment Voudouris et al. (1985) established the importance of expectations when
attempting to investigate conditioning-based analgesia. That is, even when the cream applied
was described to hold analgesic properties, if during conditioning the intensity of noxious stimuli
applied to that placebo was surreptitiously increased, the violation of positive expectations
generated prior to conditioning could trigger heightened pain responses. Indeed, this finding is
what motivated early work by Montgomery and Kirsch (1997), who demonstrated that
conditioned analgesic responses could be abolished if the expectation of receiving pain relief

was removed.

Modern approaches leveraging expectations to produce pain modulatory effects have found
that both analgesia and hyperalgesia can be formed devoid from conditioning. When
participants observe a confederate acting as if they have experienced profound pain relief from
a treatment, placebo analgesia can be generated in some individuals (socially-acquired placebo)

at a similar magnitude if a conditioning procedure was used (Colloca and Benedetti, 2009,
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Schenk and Colloca, 2019). Similarly, Tinnermann et al. (2017) demonstrated that greater
nocebo effects can be generated by modulating participants expectations through value cues
and statements. By presenting two different sham nocebo substances: one described as and
appearing expensive and the other cheap, they found greater hyperalgesic pain responses to the
“expensive” nocebo, alongside altered activation in cognitive pain processing brain regions and

in the spinal cord.

Whilst in the past conditioning and expectancy existed as two distinct theories to explain
placebo and nocebo effects, it is now widely accepted that the two intermingle, together playing
a shared role in inhibiting and enhancing perceived pain (Wager and Atlas, 2015, Schafer et al,,
2018, Tu et al, 2022). Indeed, it is difficult to explain the effects of conditioning without
conceding that these procedures likely create expectations — either positive or negative -
towards the inert treatment. Similarly, even when expectations are generated without employing
classical conditioning, an argument can be made that prior experiences, contextual cues, and
participant-experimenter interactions play an analogous role to conditioning signals. Several
accounts exist which “settle” the argument between these two competing views — the most
well-known being Amanzio and Benedetti (1999), who specifically tested the effects of
expectation and conditioning for the generation of placebo analgesia in isolation, and then their
effects when combined in a third group. By following an open vs hidden design where
participants were either made aware or deceptively administered pain relieving substances
(morphine or ketorolac) over successive days, these substances were swapped to inert saline on
a following day and placebo responses were assessed. Whilst in isolation, placebo effects were
observed in the expectation- and conditioning only groups, the greatest change in pain tolerance
emerged when the two were combined (Figure 1.4). Indeed, the view of Hoffman et al. (2005)
is convincing — ‘while a sense of rivalry prevails in the literature between these two perspectives

[conditioning and expectancy], it is important to realise that they are not actually mutually exclusive'.

Whilst these two views predominate the literature, with known inter-individual variability that
exists in the expression of placebo analgesia and nocebo hyperalgesia, a third view has emerged
which may help in explaining how and by which mechanisms pain modulatory effects are
generated — that is, what role do personal factors such as biology or environment play in placebo
analgesia and nocebo hyperalgesia, and can these factors be predictive of individuals who may

show greater pain modulatory responses?
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Figure 1.4. Conditioning, expectations, or both? Using a delicate experimental design involving
hidden- and open conditioning using an active drug (morphine or ketorolac) or saline solution,
Amanzio and Benedetti (1999) investigated the combinative role of expectations and
conditioning in the formulation of placebo analgesia. Pain tolerance in response to a pressure
task (an experimental model for ischemic arm pain) was their experimental outcome, and
participants either received expectations of improvement or conditioning cues only, or a
combination of both effects before a pain threshold assessment. In the left most plot,
participants were informed they were receiving morphine, when in reality the solution was inert
saline (expectation only). To trigger effects of conditioning only, participants received two
consecutive days of morphine, followed by a “hidden” injection of saline on a third day — which
was described as an antibiotic solution which would not affect pain responses. Finally, to
combine conditioning and expectations, participants received the same two successive days of
morphine, followed by an injection of saline described as morphine. Red boxes denote the degree
of pain tolerance. Note that the largest change in pain tolerance with least variance is found

when conditioning and reinforcement are combined. Adapted from Amanzio and Benedetti (1999).
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1.3.3 Biology and environment

It is well documented that placebo and nocebo responses are not ubiquitous phenomena, and
their manifestation and respective influence on the perception of pain can vary greatly between
individuals. Whilst this inter-individual variance could simply be explained by the effectiveness
of conditioning procedures, or how strongly positive or negative expectations are generated by
the inert substance being used; a third argument for the psychosocial underpinnings of placebo
analgesia and nocebo hyperalgesia offers a compelling alternate explanation — one which
proposes that genetic or trait markers can encode an individual's predisposition to have their

pain endogenously modulated.

The “transactional model” of placebo responsiveness defined by Darragh et al. (2015) proposes
that an interaction occurs in any placebo context between an individual's dispositional (stable
psychological/biological traits) and environmental (experimental designs, patient-practitioner
interactions) variables. When these two variables match, a more significant placebo response is
observed. This model builds upon a number of prior investigations which have tied factors such
as optimism (Geers et al, 2010), goal-seeking (Pecifia et al, 2013), and suggestibility (De
Pascalis et al., 2002) to greater placebo responses. The identification of “placebo responders” is
not just limited to these psychological traits, but is also tied to the neural pathways that are
associated with them. A number of the traits listed in the transactional model stem from the
dopaminergic system — the neurotransmitter largely responsible for reward processing,
decision-making, and learning (Schultz, 2002, Chau et al, 2018). Schweinhardt et al. (2009)
investigated the interaction between placebo responses and structural brain correlates of
dopamine signalling, demonstrating larger grey matter volume in structures such as the dIPFC,
ventral striatum, and insula were associated with both dopamine-related traits and placebo
responses. Dopamine too has shown to play a role in the development of nocebo responses —
specifically in the ventral striatum where a reduction in dopaminergic neurotransmission has
been tied to greater hyperalgesia (Scott et al, 2008). However, dopaminergic release is not
limited to the cortex, but is also reflected within the brainstem: namely within the ventral
tegmental area (VTA) and substantia nigra (SN). These two structures, and their relation to

placebo and nocebo responding remain to be accurately explored.

Genetics too have been reported to play a role in delineating responders from non-responders
in endogenous pain modulatory phenomena. The “placebome”, a term coined by Hall et al.
(2015), proposes that a cacophony of genetic polymorphisms could play a role in an individual's

ability to mount a placebo analgesic response. Indeed, biomarkers of the placebo response have
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been identified in genetic polymorphisms for dopamine (Rs4680), p-Opioid (OPRM1),
cannabinoid (fatty acid amide hydrolase) and serotonin (Monoamine oxidase A) metabolism
(Hall et al,, 2012, Tiwari et al, 2013, Pecifia et al.,, 2014, Pecifia et al,, 2015). As will be described
in section 1.5.3 of this thesis, several of these same neurotransmitters share a role in the
generation of nocebo responses and are released from discrete brainstem nuclei under strict

control from top-down cortical signalling.

Overall, the literature currently available paints a clear picture. Both placebo and nocebo
responses alike are highly complicated phenomena — stemming not from one clear origin but an
integration of internal and external factors. Whilst no one technigue can assess the swathe of
potential influences over these modulatory effects, being able to disentangle which systems play
a primary role in their manifestation could lead to more focussed efforts in identifying reliable
neural substrates for predicting placebo and nocebo responders. However, before any biomarker
can be proposed, it is important to understand the neural circuitry for pain — how nociceptive
signals ascend from the periphery to the cortex, and how top-down circuits involving the

brainstem cause an effect in altering pain perception.

1.4 How the cortex receives pain
1.4.1 #Nociception.

Pain is more than just sensation, and its complexity is shaped by an individual's thoughts,
emotions, and motivations. Despite long being considered an extension or sub modality of touch,
pain is now considered akin to thirst and hunger, that is, a homeostatic process guiding our
behaviour in situations that could cause potential tissue damage (Kandel et al., 2000). Together,
sensory, cognitive, and emotional systems are engaged during pain to inform action selection
and an appropriate behavioural response (Melzack and Casey, 1968). These can include escaping
from further harm, or in certain instances, resting and recovering from tissue damage. Acute
instances of pain in a specific environment enable learning for how to avoid similar pain in the

future (Melzack and Wall, 1965, Wall, 1979).

Clearly, in some instances pain is a useful perception, and can enforce positive responses to aid
in survival. The human ascending and descending pain systems are highly organized and have
adapted to drive an optimal response in any given environment. Given that pain responses are

learned throughout development, the processes of perceiving and modulating pain are highly
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variable between those of different demographics, life experiences, and attitudes (Wilcox et al,,
2015). Despite the uniformity of peripheral sensory pathways involved in nociception across
individuals, marked inter-individual variations in behavioural responses to acute noxious stimuli
have been observed (Fillingim, 2017, Bell, 2018, Mischkowski et al, 2018, Wang et al., 2022a).
This insight led to a number of investigations which have pruned and assigned components of
the cortical pain system in cognitive-evaluation and producing emotional responses to pain,

accounting for its subjectivity (Dubin and Patapoutian, 2010).

1.4.2 *#Ascending neural systems: from periphery to cortex.

The detection of noxious stimuli is performed by specialised nerve cell endings, known as
nociceptors, distributed throughout the peripheral nervous system (PNS). Nociceptors are
highly specific and can either be unimodal, responding uniquely to thermal, chemical or
mechanical noxious stimuli, or polymodal, responding to a combination of these stimuli (Mense,

1993).

To transmit noxious information, nociceptors are located on two classes of pseudounipolar
sensory nerve fibres: myelinated A-delta fibres, which are responsible for encoding acute, short
lasting noxious information, and unmyelinated C fibres, which have a slower conductance rate,
and transmit longer lasting pain signals. The nociceptive signal travels to the dorsal horn of the
spinal cord where it is transferred to second order neurons located in laminae |, I, and V of the
spinal cord at an anatomical junction called the “primary afferent synapse” (Cross, 1994, Millan,
2002). In the dorsal horn, incoming noxious information can be modulated by local inter-
neurons as well as from inputs descending from discrete brainstem nuclei (Dubin and

Patapoutian, 2010).

These second order neurons then decussate, crossing the midline of the spinal cord at the
corresponding dermatome level, before ascending contralaterally within a number of tracts. The
primary ascending pain pathway is the Spinothalamic Tract (STT), which synapses in the ventral
posterolateral (VPL) nucleus of the thalamus. The VPL thalamus projects third-order neurons
containing noxious information to various brain regions responsible for the sensory-
discriminative aspects of the pain percept, such as the primary somatosensory cortex (S1)
where each spinally-innervated body site is represented and encoded along its extent (Khalid
and Tubbs, 2017). In addition, some of the ascending noxious information projects to more

medial thalamic nuclei such as the mediodorsal nucleus (MD). From here, noxious information
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travels to cortical areas that are thought to code the emotional and cognitive aspects of pain —
such as the anterior insula, midline cingulate, and prefrontal cortices (Cross, 1994, Kulkarni et
al, 2005) (Figure 1.5). Once noxious information reaches the cortex, it becomes consciously
perceived, and is subject to cortical evaluation and modulation by regions involved in emotional

and affective processing (Brooks and Tracey, 2005).

Part of this conscious evaluation involves brain regions directing input back towards the where
nociceptive information enters the central nervous system, the dorsal horn (DH), in order to
either up- or down-regulate pain depending on the required behavioural response. In certain
situations, such as when behaviours need to be limited to avoid exacerbating existing injuries, a
hyperalgesic response is necessary. In others, such as when pain is unavoidable or during threat
responses to initiate escape behaviour, analgesia may be required. These pro- and anti-
nociceptive cortical signals leverage discrete brainstem pathways that connect the cortex with

the spinal cord to drive subsequent modulation.
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Figure 1.5. Ascending nociceptive information and the spinothalamic tract (STT). Noxious
information is first received by peripheral nociceptors distributed throughout the body. Noxious
signals then travel medially before synapsing within the spinal cord dorsal horn, at the primary
afferent synapse. Second-order neurons then cross the cord and ascend within the contralateral
STT before reaching the thalamus. A second synapse is located within the ventral posterolateral
and mediodorsal nuclei of the thalamus, and third-order neurons originating from these two
nuclei convey nociceptive signals throughout various cortical regions responsible for the
sensory-discriminative, and cognitive-evaluative components of pain perception, respectively.
Various slices of the brainstem are shown to track the ascending STT. The model brain and

brainstem on the right indicate specific levels of slicing. Adapted from Purves et al. (2001).
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1.5 Brainstem circuits coordinating nociceptive modulation
1.5.1 Routes of cortical engagement towards brainstem circuits.

In addition to exploring pathways involved in the sensory, cognitive, and emotional aspects of
pain, recent human brain imaging studies have begun to investigate the circuits responsible for
the modulation of pain. A landmark study by Petrovic et al. (2002) was the first to establish
candidate regions of the placebo response. Their study consisted of comparing the analgesic
effect of a fast-acting opioid, Remifentanil, with a placebo response induced through a
combination of positive expectations and pharmacological conditioning. They identified a
number of brain regions which were responsive to both opioid administration and altered in
activation during placebo analgesia — namely the orbitofrontal (OFC) and rostral portion of the
anterior cingulate (rACC) cortices. Moreover, they demonstrated a covariance of activation
between the rACC and the brainstem during placebo responses that was absent during the
processing of pain — suggesting this cortical site held direct control over brainstem circuitry
during the manifestation of analgesic responses. More specifically, the brainstem region that
covaried with the rACC was the midbrain periaqueductal gray matter (PAG), a site that was
previously shown in experimental animal investigations to reduce incoming nociceptive
information (Mayer et al, 1971, Lovick, 1985, Behbehani, 1995), The importance of the rACC
in contacting modulatory brainstem structures like the PAG to produce placebo analgesia is now
well-described, with this result not only replicated, but also affiliated with its pharmacological
blockade. As demonstrated by Eippert et al. (2009a), the direct effect of administering Naloxone
to abolish placebo analgesia is associated with impaired coupling between this rACC-PAG

connection.

Since Petrovic's original investigation, various human brain imaging utilizing response
conditioning have now reinforced the role of discrete prefrontal sites alongside the rACC in
driving placebo responses. Placebo responses have also been associated with activity reductions
in pain-processing regions such as S1, the VPL and MD thalamus (Wager et al, 2004, Eippert
et al, 2009a, Elsenbruch et al, 2012, Freeman et al, 2015, Tu et al, 2021). Indeed, a recent
meta-analysis conducted by Zunhammer et al. (2021) combined 603 individual participant data
across 20 prominent placebo pain studies, and demonstrated the most consistent cortical
activations are observed across various frontoparietal regions, the anterior and posterior insula
cortices, the supplementary motor area (SMA), and the angular gyrus (AG). One specific frontal
region, the dorsolateral prefrontal cortex (dIPFC), appears critical in establishing a brain state

necessary for mounting placebo analgesia. By altering excitability within this site by applying
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repetitive transcranial magnetic stimulation (rTMS), Krummenacher et al. (2010) demonstrated
that transient disruption of the right dIPFC can abolish expected analgesic effects and
subsequent placebo responses. In contrast, Tu et al. (2021) demonstrated the opposite effect.
That is, by applying transcranial direct-current stimulation (tDCS) and altering right dIPFC
excitability, the authors demonstrated a strengthening of placebo responses, as well as discrete
changes in connectivity between the dIPFC and other frontotemporal regions. The dIPFC shares
reciprocal connections not only with the rACC, but also the PAG — establishing a cortico-
brainstem triumvirate in modulating pain by placebo conditioning and expectations (Tang et al,,

2019, Cauzzo et al,, 2022).

Interestingly, the cortical sites responsive to nocebo hyperalgesia largely mirror those observed
in placebo analgesia. Much like placebo analgesia, nocebo hyperalgesia appears to rely on
efferents of the ACC contacting brainstem modulatory centres (Tinnermann et al, 2017), and
hyperalgesic phenomena leveraging expectations are associated with changes in brainstem and
spinal cord activity (Yoshida et al., 2013, Freeman et al, 2015, Tinnermann et al, 2017). Various
frontotemporal sites such as the OFC and dIPFC have additionally been tied with greater nocebo
responses, suggesting a diverse role for these circuits in dynamically altering the pain percept
(Kong et al, 2008, Schienle et al, 2018, Shi et al, 2021). Furthermore, much like placebo
responses, altering excitability within the right dIPFC has been shown to alter the manifestation
of nocebo hyperalgesia — with Tu et al. (2021) demonstrating the utility of anodal tDCS applied

to this site in reducing the phenomenon.

In addition to cortical and brainstem sites, both placebo and nocebo appear to involve
subcortical areas, including the nucleus accumbens (NAc) and the amygdala. Utilizing positron
emission tomography (PET), Scott et al. (2008) showed that placebo and nocebo responses
were associated with increased and reduced dopaminergic and opioid neurotransmission within
the NAc and amygdala, respectively. Moreover, the amygdala, which reciprocally connects with
the PAG has shown a role in experimental animals alongside the hypothalamus in regulating
brainstem excitability (Ongiir et al, 1998), and has also demonstrated altered activation in both
contexts of reduced and enhanced pain (Atlas and Wager, 2014, Thomaidou et al, 2021). These
findings are unsurprising given the role of dopaminergic neurotransmission in reward
processing, the limbic system in emotional regulation, and these circuitries shared role in

adaptive learning (Haber et al, 2006, Nasser et al., 2017).

21



Overall, our current understanding of how the cortex is capable of mounting endogenous pain
modulation is governed by three principal circuits: 1) An “appraiser™ a cognitive-evaluative
cortical circuit comprising the dIPFC and associated frontotemporal areas, 2) An “enactor”: a
direct top-down driving circuit from the rACC to the PAG, and 3) A “state setter”: subcortical
sites such as the amygdala and NAc which supply the cortex with the necessary neurochemicals
to initiate the communication between regions in circuits 1) and 2). These cortical sites,
however, would be unable to evoke a change in DH transmission without calling upon
modulatory nuclei of the brainstem. There is not one specific brainstem nuclei but many which
could ultimately exert pain modulatory effects within the DH, and so understanding their

relative roles is critical in a better wholistic understanding of these phenomena.

1.5.2 Key brainstem nuclei, their location, and relevance to placebo and nocebo.

Early preclinical laboratory studies using electrophysiological, pharmacological, and lesioning
approaches in cats, rats, and mice identified several pain processing and pain modulatory regions
in the brainstem (Basbaum and Fields, 1984, Heinricher and Fields, 2013). These regions
include the midbrain PAG; the parabrachial complex (PB) and locus coeruleus (LC) in the pons;
and the rostral ventromedial medulla (RVM) and subnucleus reticularis dorsalis (SRD) in the
medulla. Neuroanatomical tract tracing revealed that each of these brainstem regions project
directly to, or receive projections from, both the DH and spinal trigeminal nucleus (SpV) where
spinal and orofacial noxious afferents terminate, respectively (Ma and Peschanski, 1988, Aicher

etal, 2012, Velo et al, 2013, Keay and Bandler, 2015, Llorca-Torralba et al,, 2016).

The PAG-RVM system: The pain modulatory role of the PAG was first revealed in experimental
rodents, where electrical stimulation applied to its dorsolateral aspect produced a profound
analgesia (Reynolds, 1969). Soon after this original study, multiple groups demonstrated that
both electrical stimulation and opiate microinjection to the ventrolateral aspect of the PAG also
evoked profound analgesic responses (Mayer et al, 1971, Gebhart and Toleikis, 1978, Basbaum
and Fields, 1984). Although both the dorsolateral and ventrolateral aspects of the PAG can
produce analgesia, it was also noted that differential behavioural responses could also be evoked

from these two regions, suggesting that this small brainstem structure is not homogenous.

Since in both experimental animals and humans the rostro-caudal extent of the PAG is devoid
of any distinct anatomical boundaries, work commenced to define distinct regions of the PAG

based on functional territories. Richard Bandler was one of the first to robustly characterise the
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functional architecture of the PAG, by combining amino acid microinjection and
immunohistochemical techniques. He found a unique columnar organization with distinct
longitudinally orientated PAG columns along the length of the cerebral aqueduct. This seminal
work resulted in a shift in our understanding of descending analgesic pathways, and we now
understand that the PAG is comprised of four functionally separate and anatomically distinct
columns: a ventrolateral (VIPAG), lateral (IPAG), dorsolateral (dIPAG), and dorsomedial
(dmPAG) column (Bandler and Shipley, 1994). Stimulation of the vIPAG evokes a behavioural
response characterized by hyporeactivity and quiescence, essentially animals retreat from their
environment and cease any ongoing activity. In contrast, stimulation of the IPAG produces
hyper-reactivity, and active defensive behaviours such as flight and fight, essentially shifting the
animal into heightened defensive activity. Importantly, stimulation of these two columns are
also associated with profound opioid-sensitive and opioid-insensitive analgesia, respectively

(Lewis and Gebhart, 1977, Depaulis and Bandler, 2012).

As previously mentioned, the PAG has been linked with both placebo analgesia and nocebo
hyperalgesia in humans. Additionally, we understand placebo analgesia to be diverse in its
neurochemical origins, being either completely or only partially abolished by the opioid
antagonist, naloxone. These findings, suggest that placebo analgesia evoked in different
situations may leverage different circuits which include different columns of the PAG. To date
however, no single human functional imaging study has employed techniques with the spatial
resolution required to identify which column and by extension, which behavioural and
neurochemical system is being leveraged to produce the pain modulatory phenomena of placebo

analgesia and nocebo hyperalgesia.

Regardless of which PAG column is recruited to produce modulatory effects on pain, the primary
route in which these effects are conveyed is not directly to the DH/SpV, but via a region in the
lower brainstem, the RVM (Fields and Heinricher, 1985, Heinricher et al, 1989). The RVM
encompasses the midline nucleus raphe magnus and adjacent nucleus reticularis
gigantocellularis, both of which send direct spinal efferents. Within these structures, three
distinct cell populations exist: “ON” cells — which produce pain facilitatory effects upon
stimulation and naturally increase in firing rate directly preceding behavioural pain responses;
“OFF” cells — which are pain inhibitory and cease firing during pain responses; and “NEUTRAL"
cells which adapt to act as either “ON” or “OFF” cell class depending on the nature of noxious
stimuli (Fields et al,, 1983, Heinricher et al, 1989, Khasabov et al, 2015). The mechanism by

which the PAG is capable of dynamically altering the human pain percept is believed to involve

23



changing the ratio of ON, OFF, and NEUTRAL cell firing, altering the balance of nociceptive
transmission within the DH/SpV (Heinricher et al,, 1994).

Locus Coeruleus: Located bilaterally against the lateral floor of the fourth ventricle in the lower
midbrain and upper pons, the LC is one of the seven major adrenergic cell groups in the
brainstem (A6), which sends projection neurons rostrally to pain processing regions of the
thalamus and cerebral cortex (Chandler, 2016, Llorca-Torralba et al,, 2016), as well as caudally
to the RVM and DH (Cross, 1994). Due to its wide array of innervation sites, the LC is believed
to hold control over ascending and descending noxious information. Indeed, antinociceptive
effects can be produced by direct LC stimulation which can be blocked by administration of an
adrenoreceptor antagonist (Kanui et al,, 1993, Pertovaara, 2006). Additionally, a pain facilitatory
role has been proposed for the LC, in which ascending modulation of medial thalamic nuclei by
the LC causes a lingering pronociceptive state, which can also be attenuated by adrenoreceptor

antagonists (Zhang et al., 1997).

The LC is capable of finely tuning noxious information via the release of noradrenaline. An array
of cortical, brainstem and spinal cord sites contain the two distinct and opposing receptors that
noradrenaline acts on, i.e. alpha-1 adrenoreceptors ( « 1) which are largely antinociceptive, and
alpha-2 adrenoreceptors (« 2) which produce pro-nociceptive effects. Within the spinal cord,
the LC produces antinociception through acting presynaptically on « 2-adrenoreceptors, and
this antinociception can be attenuated through injection of an « 2-adrenoreceptor antagonist
either spinally or directly in the LC (Guo et al, 1996). Interestingly, this antinociception can be
enhanced through application of opioids to the LC which inhibit local inhibitory GABAergic
inputs, suggesting an interplay between opioid- and noradrenergic systems of pain modulation

involving the LC (Pan et al,, 2004, Pertovaara, 2006).

The Parabrachial Complex: The PB resides inferiorly to the LC in the dorsolateral midbrain/pons,
and consists of a group of nuclei which have collectively been shown to influence nociceptive
signals through ascending communication with the hypothalamus (Bester et al., 1999), as well
as via descending signals directly to the RVM and spinal cord (Chen et al, 2017). Much like the
LC, the PB can produce both anti- and pro-nociceptive effects, through disruption of the activity
of “ON” and “OFF”" cell firing within the RVM (Chen and Heinricher, 2019a). Human brain
imaging studies have provided evidence of changes in functional connectivity between the PB
and RVM during painful stimulation of the periphery, and that these connectivity changes
correlate with subsequent pain ratings (Stroman et al, 2018). Additionally, in animals, it has

been shown that inhibition of the PB attenuates pain-related activation in dopaminergic sites
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of the ventral midbrain (substantia nigra and ventral tegmental area), suggesting the PB may
interact with dopaminergic signalling sites to influence the cognitive appraisal of painful stimuli
and inform prediction error — the process of adjusting future behavioural responses to noxious
stimuli (Coizet et al, 2010). Human brain imaging has revealed a distinct role of the PB in
conditioned pain modulation (CPM), the phenomenon whereby application of a second
concurrent stimulus can reduce pain responses to an initial, acute stimulus. Specifically,
reductions in PB activation related to greater CPM efficiency, without engagement of the PAG
— suggesting that pain modulatory effects can be conveyed via a number of separate descending

pathways (Youssef et al, 2016).

Subnucleus Reticularis Dorsalis: The SRD, also referred to as the dorsal reticular nucleus (DRt)
is located in the medulla, extending from the spinomedullary junction to obex. The SRD has
reciprocal connections with both the DH and SpV, and neurons of the SRD express c-fos after
noxious stimulation — demonstrating a role in pain-processing. The SRD has consistently shown
to play a facilitatory role, with direct stimulation increasing pain-related behaviours (Almeida et
al, 1996, Martins and Tavares, 2017). These effects can be abolished through direct injection
of opioid peptides or quinolinic acid (Almeida et al., 1996, Martins et al, 2008). Alongside the
PB, the SRD is believed to critical for mounting CPM responses, with a similar inverse correlation
being shown in humans between SRD activation change and CPM magnitude (van Wijk and

Veldhuijzen, 2010, Youssef et al,, 2016).

At the time of commencing this thesis, preclinical literature had established a fundamental role
for each of these nuclei in pain processing, as well as defined the anatomical projection patterns
by which their varied effects on pain could be produced. These preclinical studies had also
encouraged human imaging studies into pain and modulatory phenomena, and indeed evidence
had emerged that the PAG-RVM system and the SRD played a role in placebo analgesia and
CPM, respectively. What was lacking however, and indeed what led the focus of the investigation
in Chapter 2, was i) a specific brainstem analysis of the role of each nuclei in anti- and pro-
nociceptive endogenous pain modulation, and ii) an investigation with the specificity required
to resolve the discrete involvement of brainstem subregions — such as the distinct PAG
functional columns. Figure 1.6 provides a schematic representation of each of the important
pain responsive brainstem nuclei discussed above, as well as their most commonly associated

modulatory phenomena.
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Figure 1.6. Brainstem circuitry involved in the modulation of pain. Nociceptive information is

\ &,

first relayed to the dorsal horn (DH) / spinal trigeminal nucleus (SpV), and subsequently to
multiple brainstem and forebrain structures. Descending inputs from the rostroventromedial
medulla (RVM), subnucleus reticularis dorsalis (SRD), parabrachial complex (PB), and locus
coeruleus (LC) to the DH/SpV can enhance or inhibit incoming noxious information and alter
the intensity of perceived pain. Key nodes in this same circuitry are recruited during pain
modulatory experimental interventions, including placebo analgesia (green), conditioned pain
modulation (blue), and attentional analgesia (orange). *Figure and caption reproduced from
Crawford, Boorman, Keay and Henderson (2022).
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1.5.3 Neurotransmitter systems involved in pain modulation.

The initial body of work investigating the neurobiology of human pain modulatory phenomena
asserted a primary role of the opioid system in the generation of placebo analgesia. Levine et al.
(1978) found that 39% of patients responded to a placebo administration after a painful dental
procedure. When naloxone (an opioid antagonist) was subsequently administered, these
responses were completely attenuated. The role of endogenous opioids in the generation of
placebo analgesia is now well-documented, involving increased receptor binding in a number of
pain sensory and evaluative cortical sites such as the ACC, NAc, and anterior insula (Al) to
produce the phenomena (Zubieta et al., 2005, Wager et al, 2007, Scott et al, 2008). Whilst the
opioid system does appear critical for placebo analgesia, specifically when expectation-based

designs are implemented, evidence also exists for nonopioid systems being involved.

Soon after Levine’s initial discovery, evidence for a naloxone-resistant placebo analgesia began
to emerge (Grevert et al,, 1983, Gracely, 1987). In these studies, naloxone triggered only partial
antagonism of the placebo response, suggesting that in certain situations, diverse
neurobiological mechanisms may contribute to the analgesic phenomena. Mounting evidence
now exists that top-down pain modulation involves both the endogenous cannabinoid and
opioid systems, dependent on experimental design and individual genetic composition
(Benedetti et al, 2013). When placebo analgesia is triggered solely via expectations of
improvement, it is accepted that the opioid system plays a primary role (Zubieta et al,, 2005).
However, in designs utilizing classical conditioning or subliminal (hidden drug administration)
cues, the cannabinoidergic system, specifically cannabinoid-receptor 1 (CB1) activation, appears
pivotal (Benedetti et al, 2011). Experimental animal investigation have shown that the PAG
contains dense concentrations of CB1 and p-Opioid receptors within the lateral and
ventrolateral columns, respectively. These same sites when stimulated produce a profound non-
opiate and opiate analgesia, facilitating dynamic pain modulatory responses depending on the
nature of noxious stimuli and required behavioural affect (Bandler and Keay, 1996, Keay and
Bandler, 2001). Indeed, it is likely that in humans these two distinct neurobiological circuitries

are recruited depending on the nature of analgesia elicited.

A third neurobiological system which has been identified as involved in placebo analgesia is
dopamine. Dopamine is released by discrete regions of the human cortex and brainstem and is
commonly associated with learning mechanisms and cognitive control — both important
processes in the formulation of expectations and the appraisal of conditioning cues which are

involved in the generation of placebo analgesia. A number of investigations have now been

27



conducted to ascertain the primary role of dopamine in altering behavioural responses,
indicating that dopamine is pivotal in generating anticipatory reward, as well as producing
prediction-error signals — the process of matching expected to perceived stimuli (Enck et al,
2008, Nasser et al, 2017). These two functions are critical in mounting an appropriate
behavioural state for producing endogenous pain relief, as altering reward expectancy prior to
placebo testing can significantly alter its expression (Yu et al,, 2014, Schenk et al, 2017). Indeed,
both greater gray matter density and dopaminergic neurotransmission within the ventral
striatum (VS) (the primary source of cortical dopamine) has been associated with placebo
analgesia, as well as in cortical regions that reciprocally connect with the VS. Interestingly, these
same sites form the signature believed to activate the brainstem’s descending modulatory

circuits: the ACC and dIPFC (Scott et al, 2008, Schweinhardt et al., 2009).

Neurobiologically, nocebo hyperalgesia is believed to operate in antithesis to placebo analgesia.
Early investigations performed by Benedetti et al. (1997) ascertained that instead of relying on
endogenous opioids to produce pain modulatory effects, nocebo responses could be abolished
by administering proglumide, an antagonist to CCK — a neurotransmitter which naturally
counters the effects of cortical opioids (Benedetti and Amanzio, 2013). Further studies support
the idea that nocebo hyperalgesia leverages an anti-opioid system — actively suppressing the
neurotransmission of endogenous opioids to produce a pro-nociceptive state (Scott et al,
2008). This mirrored role extends to the dopaminergic system, as reductions in NAc
neurotransmission have also been proposed as a potential biomarker of the phenomena (Scott

et al, 2008).

Despite having opposite neurobiological action, both placebo analgesia and nocebo hyperalgesia
alter pain perception by affecting DH activation, involving neurotransmitters which primarily
originate within the brainstem (Eippert et al, 2009b, Tinnermann et al, 2017). Whilst evidence
exists supporting cortical neurochemical differences between the two phenomena, we currently
lack understanding as to how and specifically which brainstem nuclei are engaged during placebo
analgesia and nocebo hyperalgesia — which could help us better understand the discrete roles
of these neurotransmitter systems in potentiating their effects. To fully understand the neural
underpinnings placebo analgesia and nocebo hyperalgesia, a targeted investigation of how the
brainstem is involved in their manifestation is needed. Due to its non-invasive nature and recent
advances in spatial resolution, MRI emerges as the candidate technique to disentangle these

complicated phenomena.
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1.6 Neural imaging of pain

1.6.1 BOLD, what is it good for?

MRI has been used to image the human body and brain for over half a century, but it was not
until Seiji Ogawa and his team at Bell laboratories developed functional magnetic resonance
imaging (fMRI) in 1990 that we gained the capability to observe changes in regional brain
function over time (Ogawa et al.,, 1990, Filler, 2009). Due to the properties of active neurons, in
a process known as “neurovascular coupling”, local changes of blood flow and the relative ratio
of oxygenated to deoxygenated blood mark areas of altered neuronal activity. fMRI measures
these changes within three dimensional pixels, known as voxels and generates brain maps of
Blood Oxygen Level Dependent (BOLD) signal that represent changes in neural activity (Figure
1.7) (Hillman, 2014).

The BOLD signal has become a staple in the pain neuroscientist's wheelhouse, with the ability
to visualize discrete brain regions responsive to pain, relative to periods of no pain (baseline).
Typically, an event-related paradigm is employed, such that over the course of an fMRI scan,
multiple short lasting painful events are triggered, separated by baseline periods. Event-related
paradigms are considered gold standard in assessing neural responses to acute pain experiences,
and the images fMRI generates from these designs can then be modelled post-hoc within

software packages such as Statistical Parametric Mapping (SPM) (Friston, 2003).

Whilst a number of processing steps are included within packages such as SPM to account for
potential artefacts or properties of blood flow such as hemodynamic delay functions (for a
review, see Smith (2004)), a major limitation of standard field strength (3-Tesla) MRI is the
size of raw voxels collected. For smaller structures, such as those found within brainstem
descending modulatory pathways, higher field strengths are beneficial as they provide
significantly greater spatial acuity and counter partial volume effects and confounding BOLD
signal from adjacent regions (Napadow et al, 2019). In addition, specific processing pipelines
tailored to resolving brainstem BOLD signal have also been developed, one of these being the

Spatially Unbiased Infratentorial Template (SUIT) toolbox (Diedrichsen, 2006).
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Figure 1.7. Generation of the BOLD signal. Visualizing areas of the brain that are responsive to
pain involves the construction of an experimental design which can be both tolerated by
participants and conducted within the confined environment of a Magnetic Resonance Imaging
scanner. Typically, short lasting noxious stimuli (for example heat pain), are applied to a
participant’s periphery in succession whilst a functional MRI scan is recorded. The timing of
these stimuli are recorded and subsequently modelled, applying a hemodynamic response
function (HRF) to account for the time taken for blood to reach and exit discrete cortical regions.
When pain is being applied, compared to intertrial intervals, altered neuronal activity in regions
responsive to pain occurs, involving changes in blood flow and volume, as well as oxygen
metabolism. These processes can be detected by an altered ratio of oxygenated to deoxygenated
(deoxyHb) hemoglobin, representing the Blood-Oxygen-Level-Dependent (BOLD) signal.
Across the cortex and brainstem, the BOLD signal can be quantified and visualized across the
scanning period, allowing for a representation of relative activation within areas of the brain
that respond to pain. Adapted from Vaghela et al. (2010).
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1.6.2 Technique: brainstem-specific analysis using SUIT.

To acquire complete coverage with a reasonable repetition time, most standard field MRI
scanners require a raw voxel size in the order of 30mm?>. For investigating larger cortical regions
involved in pain perception and modulation - such as the S1 or rACC, this spatial acuity is
sufficient, and event-related signal is unlikely to be significantly confounded under a standard
image preprocessing protocol. However, brainstem nuclei — which are critical in mounting
analgesic and hyperalgesic phenomena, present an entirely different challenge. Their small size
and proximity to adjacent tissue and cerebrospinal fluid (CSF) mean that additional precautions
must be taken before any interpretations can be made from functional data. Indeed, whilst
collecting raw data at a higher field strength (7T) can help by reducing the raw voxel size and
improving spatial acuity (Colizoli et al, 2022) to around the 1mm?® range, structural
inconsistencies still account for roughly 25% of within-subject variance in BOLD responses. As
such there is a need for, especially within the brainstem, advanced registration techniques and
tailored templates to explore the neural associations of discrete brainstem nuclei (Dukart and

Bertolino, 2014).

The SUIT toolbox and its associated brainstem and cerebellum template, first released in 2006
and receiving substantial updates since, is a cerebellar- and brainstem-specific segmentation
and normalization pipeline designed to preserve the brainstem'’s structural architecture as well
as improve signal-to-noise ratio in subsequently co-registered functional brain data
(Diedrichsen, 2006, Diedrichsen et al, 2009, Diedrichsen et al, 2011). In their original
manuscript, Diedrichsen (2006) observed a roughly 15% increase in peak activation values
using the SUIT pipeline within template regions compared to whole brain analyses,
demonstrating the utility of this high resolution template in separating brainstem nuclei from
adjacent tissue, accentuating fMRI signal within these nuclei of great importance to pain

modulatory phenomena.

1.6.3 Analysis: Functional connectivity - nonspecific interactions between brain regions.

Despite individual roles being prescribed to regions of the cortex and brainstem during the
perception and modulation of pain, it is well understood that these regions also interact with
one another to produce anti- and pro-nociceptive effects. These interactions can be measured
in a technique known as functional connectivity, allowing for the visualization of how closely

fluctuations in neural activation overlap between two or more brain regions over time (Biswal
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et al, 1995, van den Heuvel and Hulshoff Pol, 2010). A number of studies have since
demonstrated the effect of pain of the brain’s intrinsic functional connectivity, highlighting the
influence of ascending sensory-discriminative and salience processing pathways, together
forming a “pain processing network” (Zaki et al, 2007, lannetti and Mouraux, 2010, Wiech,
2016). Stepwise, the methodology for this analysis involves: 1) electing a “seed” region and
extracting its timeseries of BOLD signal change over time. 2) attaching that seed timeseries as
a regressor to functional brain data, allowing statistical comparisons. 3) comparing each other
voxel timeseries within the brain for interactions with the regressor. “Interactions” can be either
positive or negative, with a significant positive value indicating that two regions are functionally
coupled and are communicating with each other across time. Alternatively, a significant negative
value indicates anti-correlation, which can indicate that two regions are working in direct
opposition, and are functionally segregated, or are connected yet perform opposing roles in a

similar task (Figure 1.8) (Fox et al,, 2005, Fox et al,, 2009).

Typically, these interactions are assessed at rest — with altered coupling between two regions
indicative of underlying differences in neural processing that may predispose an individual to
show greater analgesic or hyperalgesic responses. Recently, Spisak et al. (2020) defined a
resting-state brain network encoding pain sensitivity in healthy humans — demonstrating that
ongoing fluctuations between frontal, temporal, and subcortical sites could be assessed to
predict interindividual differences in pain processing. A similar network-based system tailored
to placebo analgesia was also defined by Wagner et al. (2020), defining two anticorrelated brain
networks at rest, the first consisting of canonical pain-sensitive regions, and the second
consisting of emotional processing regions such as the amygdala and rACC. Utilizing resting
state functional connectivity, the authors demonstrated that greater anticorrelation between
these two systems was related to greater analgesic effects. Tailored approaches to neural
dynamics such as these demonstrate that ongoing fluctuations between brain regions can not
only affect a participant or patient’'s baseline pain responses, but also their ability to mount
pain-modulatory phenomena. Interestingly, regardless of the chronicity of pain, changes in
underlying coupling between subcortical dopaminergic sites (e.g. the VS) and both the dIPFC
and the rACC emerge as particularly important to its modulation (Hashmi et al,, 2014, Tétreault
et al, 2016, Shi et al, 2021).
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Figure 1.8. Functional connectivity for assessing inter-regional BOLD correlations independent
to task-related effects. By first selecting an appropriate seed region (in this example the
midbrain periaqueductal gray), functional connectivity is conducted by first extracting a trace of
the BOLD signal within that seed across the course of the entire functional scan. This timetrend,
is then used as a regressor in subsequent analyses, producing a value for each voxel in the brain
representing correlative strength with this timetrend. Following thresholding and correction,
areas can be visualized which either correlate (i.e, increase and decrease in BOLD signal at the
same timepoints as the seed) or anti-correlate (i.e, decrease in BOLD signal as the seed
increases and vise versa) over time — indicating that both the seed and identified cluster are

engaged in a similar role, or, are connected.
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1.6.4 Analysis: Psychophysiological interaction - pain-related connectivity.

Another method, proposed by Karl Friston in 1997, sought to leverage the potential for
conducting event-related paradigms in fMRI to investigate changes in brain connectivity
specifically during event- compared to baseline periods. This analysis, psycho-physiological
interaction (PPI), builds upon functional connectivity by convolving a seed’s timeseries with
event timings, creating a new regressor, the “interaction term”, prior to comparing each other
voxel timeseries within the brain for seed-to-voxel relationships (O'Reilly et al, 2012). This
interaction term allows us to identify significant voxels of the brain which demonstrate
heightened correlation or anti-correlation with a seed, specifically during a task relative to
baseline periods (Figure 1.9). In the context of placebo analgesia and nocebo hyperalgesia, this
technique enables the ability to investigate specifically during a painful stimulus - where an
individual is expressing the behavioural response of having pain either endogenously inhibited

or enhanced - which regions alter in coupling as markers of the pain-modulatory response.

Early studies employing PPl and placebo suggestions reinforced the role of the rACC in
recruiting descending analgesic networks of the brainstem when pain is experienced, but pain
relief is expected. Bingel et al. (2006) first defined increased activation within the rACC as a
marker for greater analgesic expression, and subsequently used this region as their seed for PPI
analyses. Both the amygdala and PAG were observed to increase their coupling with the rACC
during the placebo response, suggesting that emotional processing of the pain response was
critical in mounting these responses via top-down recruitment of brainstem pain modulatory
nuclei. Similar studies have linked the importance of pain-related connectivity involving the rACC
and emotional systems to nocebo hyperalgesia, with a study from Shi et al. (2020) comparing
the two phenomena. Compared to placebo analgesia, the authors used PPI to demonstrate the
cortical hallmarks of Nocebo hyperalgesia consisted of changes in pain-related coupling between
the rACC, dIPFC, and Insula Cortex - suggesting that this phenomenon in particular may hijack
and modulate an anxiety-driven circuit involving frontotemporal cortical systems. Importantly,
these anxiety-driven circuits still seem capable of tapping into descending brainstem pathways,
as the expected effectiveness of a nocebo substance (i.e. value) directly modulates pain-related
connectivity between both the rACC and PAG, and the PAG and spinal cord (Tinnermann et al,,
2017).
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Figure 1.9. Psychophysiological Interaction (PPI) for assessing inter-regional BOLD correlations
relating to experimental tasks or stimuli. Similar to functional connectivity, PPI involves first
selecting an appropriate seed and extracting its BOLD timeseries. Here however, the analyses
diverge, as before adding the seed timeseries as a regressor of interest, it is first convolved with
the model timing originally included in the fMRI analysis (e.g. When noxious stimuli were applied
throughout the scan). This modified regressor, or interaction term, enables the identification of
voxels which alter in connectivity with the seed as a function of the task being performed
(noxious stimuli being applied). This “task-related” functional connectivity searches for other
regions of the brain which alter in connectivity dependent on psychological context (the task),

and the physiological state of the seed region (the timeseries).
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1.6.5 Analysis: Determining directionality and variable relationships with Dynamic
Causal Modelling and Mediation.

Despite both functional connectivity and PPI providing valuable information on how neural
systems interact to produce pain modulatory phenomena, a major shortcoming is commonly
associated with these analyses: directionality. That is, if an elected seed should fall in the PAG,
and the end result of the analysis is a significant cluster in the rACC increasing in pain-related
coupling to that seed, neither of our connectivity analyses can definitively inform whether an
ascending mechanism is at play or a top-down influence (i.e. is the PAG modulating the rACC
or is the rACC modulating the PAG). Whilst strong hypotheses and supporting literature can
bolster assumptions that indeed the changes in connectivity observed relate to descending
modulatory input to the DH, additional analyses can also be employed to statistically test the
relationships between two regions, and if the patterns of connectivity observed exert influence

in a unidirectional manner.

The first of these, Dynamic Causal Modelling (DCM), is a technigue proposing that all neural
connections exist in a model system — with Bayesian model comparison capable of informing
the dependencies between two brain regions, whether they are interacting in a forward, reverse,
or reciprocal direction (Marreiros et al., 2008, Friston et al,, 2013). Consider the example regions:
the rACC and PAG as two nodes in a system. Part of the output of both functional connectivity
and PPl informed us that these two regions timeseries were related and demonstrated
correlative interactions. However, they gave us no information on the temporal relationships
between these two timeseries. DCM, through a number of transformation and approximation
equations (see Marreiros et al. (2010) for a complete list) informs how the timeseries of one
node can be caused by the timeseries of another. DCM can be further adjusted to include model
timings, indicating which connections are altered by event-related responses. These factors
make it a flexible analysis for determining connections which alter in coupling either intrinsically,
or are dependent on the application of a task or painful stimuli to drive directed modulatory

effects.

Due to its complexity, only a select few studies have been conducted utilizing DCM to investigate
changes in directed connectivity during pain modulatory phenomena. The best example comes
from Sevel et al. (2015), who combined a conditioning-based paradigm with DCM to
demonstrate the modulatory influence of the dIPFC over the PAG during the expression of

placebo analgesia — reaffirming hypotheses shared throughout the community that it is indeed
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top-down recruitment of brainstem pathways rather than ascending modulation of cortical sites

by the PAG that primarily drives this phenomenon.

Whilst not specifically designed to measure directed connectivity, single-path and multilevel
mediation analyses also offer an alternative solution for measuring the dependencies between
two variables. That is, mediation informs whether two variables are directly related, or are
mediated by a third, interacting variable (MacKinnon et al, 2007). Mediation relies on first
establishing that two variables are indeed related — for example the temperature of noxious
stimuli applied relating to the intensity of perceived pain. For pain to be perceived however, it
must be received by distinct sensory-discriminative nodes within the cortex — making the
respective activation within these nodes mediating variables between stimulus temperatures
and reported pain responses. Woo et al. (2015) established this mediating relationship,
leveraging the Neurological Pain Signature (NPS) designed by Wager et al. (2013) to
demonstrate how distinct neural activation underpinned our ability to perceive alterations in
noxious stimulus intensity. They extended on this work, further supporting that the connectivity
between cortical sites can also act as mediators in cognitive-appraisal and evaluative responses
to pain. By preceding noxious stimuli with verbal instructions to participants to either up- or
down-regulate their own pain, the degree to which a participant was capable of accomplishing
this task was mediated by distinct connectivity between a fronto-striatal circuit consisting of

the amygdala, NAc, and ventromedial prefrontal cortex (vmPFC).

Additionally, mediation has further been employed to support the role of the dIPFC in updating
expected outcomes to generate placebo analgesia. In a social-observation model, Schenk and
Colloca (2019) asked participants to watch as an experimenter experienced pain relief by a
placebo cream. Coupling between the dIPFC and the Temperoparietal Junction (TPJ), a region
involved in metalizing, memory recall, and attention (Mars et al,, 2012, Igelstréom et al,, 2016)
mediated the relationship between condition (the placebo or an adjacent control cream site
being stimulated) and magnitude of placebo analgesia — demonstrating that mediation can be
an effective tool in determining the critical nature of cortico-cortical connectivity in mounting

pain modulatory responses.

Figure 1.10 provides a schematic representation of these two analyses, the questions they
specifically answer to determine the importance of brain connectivity, and how they can be

leveraged to better understand the formation of human pain modulatory responses.
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Figure 1.10. Dynamic Causal Modelling (DCM) and Mediation to assess directed connectivity in
functional brain data. A major pitfall of both functional connectivity and PPl is that they are not
designed to demonstrate directionality of information flow between brain regions, but rather
demonstrate that two regions are communicating. Two methods which can shed light on
directionality and build on information gleaned from the two connectivity analyses are DCM and
mediation. A. DCM involves first entering an accurate model (full model) of which regions in a
threshold functional brain map connect, and anatomically, the accepted view of which direction
information can travel between them. The next step involves entering the timeseries of each
region into this full model and predicting which connections any modulatory effects may be
acting on (e.g. pain change / placebo responsivity or the timing of noxious stimulus application).

Finally, DCM conducts model selection, pruning connections between regions where timeseries
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that are not predictive of one another in either a forward or reverse direction. Those connections
remaining represent the “optimal model”, and parameter estimates representing the likelihood
that region A is driving the BOLD signal change in region B can be extracted and visualized for
statistical significance between experimental groups. B. Mediation tests for whether the
interaction between two related variables (X and Y) is direct (path c / c), or is mediated by a
third variable (M). In terms of directed connectivity, mediation can be employed to test whether
the BOLD signal change in a seed region relating to placebo responsiveness is acting in isolation
or is mediated by the coupling between that region and another cortical site it is connected with

— as informed by either functional connectivity or PPI.

1.7 Aims.

Given what is currently understood about human pain modulatory responses and what is still

to be answered, this thesis presents experiments which sought to explore three core aims:

A1) To define the role of discrete brainstem nuclei during placebo analgesia and nocebo

hyperalgesia.

A2) To explore how cortical sites recruit brainstem pain modulatory nuclei to evoke changes in

pain during placebo analgesia.

A3) To identify the involvement of cortical biochemistry relating to an individual's ability to

mount pain modulatory responses.

Hypotheses tied which these specific aims are highlighted both within the summary and text

of each experimental chapter.
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Chapter 2:

Altered activation within discrete
brainstem nuclei drives placebo

and nocebo responses

“Remember, it's not how big you are,
it's how big you play”
— Coach skip, 2000
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Chapter 2: Overview

This chapter contains the following publication: Crawford LS, Mills EP, Hanson T, Macey PM,
Glarin R, Macefield VG, Keay KA, & Henderson LA. (2021). Brainstem mechanisms of pain
modulation: a within-subjects 7T fMRI study of placebo analgesic and nocebo hyperalgesic responses.

Journal of Neuroscience, 41(47), pp.9794-9806.

This study was the first of its kind to combine ultra-high field (7-Tesla) functional magnetic
resonance imaging (fMRI) and a within-subjects design for placebo and nocebo pain modulation.
The spatial acuity afforded by 7-Tesla fMRI allowed us to assess the role of brainstem nuclei in
the endogenous modulation of pain under placebo and nocebo manipulation. The study involved
three sessions: conditioning, reinforcement, and test — conducted over two successive days.
Participants were deceptively conditioned to believe a placebo “lidocaine” and nocebo “capsaicin”
cream were modulating their pain relative to a control vaseline cream. Whilst collecting fMRI, all
three creams received identical thermal noxious stimuli, so that any difference in reported pain
reflected a placebo or nocebo response. Importantly, our experimental design had participants
report an expectation of pain immediately prior to each series of noxious stimuli, as well as rate
their pain continuously during conditioning and throughout scanning — overcoming prior
limitations of series-position or experimenter biases associated with participants being asked to
reflect on their previously experienced pain. 27 healthy participants completed the study, and
placebo and nocebo responses were successfully elicited in 36% and 56% of individuals,

respectively.

In direct assessment of Aim 1, we sought to define a subcortical network associated with both
placebo and nocebo responses. With the spatial acuity provided by 7-Tesla functional imaging,
we were further able to assess the specific involvement of functional subdivisions within these
nuclei, namely within the midbrain periaqueductal gray (PAG) where both opioid- and non-
opioid analgesia can be expressed depending on which area is activated. We hypothesized due
to the short-lasting and localized nature of noxious stimuli applied throughout the experiment
that a non-opioid system would be engaged, centred on the lateral PAG column, and that
responses in brainstem pathways would be divergent between placebo and nocebo responses

to reflect the opposing effects on the pain percept induced in these phenomena.
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Brainstem Mechanisms of Pain Modulation: A within-
Subjects 7T fMRI Study of Placebo Analgesic and Nocebo
Hyperalgesic Responses

Lewis S. Crawford,! Emily P. Mills,' Theo Hanson,' ““Paul M. Macey,” Rebecca Glarin,’
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Pain perception can be powerfully influenced by an individual’s expectations and beliefs. Although the cortical circuitry responsible
for pain modulation has been thoroughly investigated, the brainstem pathways involved in the modulatory phenomena of placebo an-
algesia and nocebo hyperalgesia remain to be directly addressed. This study used ultra-high-field 7 tesla functional MRI (fMRI) to
accurately resolve differences in brainstem circuitry present during the generation of placebo analgesia and nocebo hyperalgesia in
healthy human participants (N = 25, 12 male). Over 2 successive days, through blinded application of altered thermal stimuli, partici-
pants were deceptively conditioned to believe that two inert creams labeled lidocaine (placebo) and capsaicin (nocebo) were acting to
modulate their pain relative to a third Vaseline (control) cream. In a subsequent test phase, fMRI image sets were collected while par-
ticipants were given identical noxious stimuli to all three cream sites. Pain intensity ratings were collected and placebo and nocebo
responses determined. Brainstem-specific fMRI analysis revealed altered activity in key pain modulatory nuclei, including a disparate
recruitment of the periaqueductal gray (PAG)-rostral ventromedial medulla (RVM) pathway when both greater placebo and nocebo
effects were observed. Additionally, we found that placebo and nocebo responses differentially activated the parabrachial nucleus but
overlapped in engagement of the substantia nigra and locus coeruleus. These data reveal that placebo and nocebo effects are generated
through differential engagement of the PAG-RVM pathway, which in concert with other brainstem sites likely influences the experi-
ence of pain by modulating activity at the level of the dorsal horn.

Key words: analgesia; hyperalgesia; nocebo; nociception; pain modulation; placebo

(s )

Understanding endogenous pain modulatory mechanisms would support development of effective clinical treatment strategies for
both acute and chronic pain. Specific brainstem nuclei have long been known to play a central role in nociceptive modulation; how-
ever, because of the small size and complex organization of the nuclei, previous neuroimaging efforts have been limited in directly
identifying how these subcortical networks interact during the development of antinociceptive and pro-nociceptive effects. We used
ultra-high-field fMRI to resolve brainstem structures and measure signal change during placebo analgesia and nocebo hyperalgesia.
We define overlapping and disparate brainstem circuitry responsible for altering pain perception. These findings extend our under-
standing of the detailed organization and function of discrete brainstem nuclei involved in pain processing and modulation. /
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ignificance Statement

Introduction

The perceived intensity of pain can be strongly influenced by
expectations. For example, when an individual expects pain
relief, an inert treatment can produce analgesic responses, that is,
placebo analgesia. Conversely, if an individual expects pain
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intensification, an inert treatment can produce hyperalgesic
responses, that is, nocebo hyperalgesia. These phenomena are
thought to be mediated by descending neural pathways (Vanegas
and Schaible, 2004; Eippert et al., 2009) originating within the
cortex that are recruited in response to a combination of an
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individual’s expectations (Kirsch et al., 2014; Frisaldi et al., 2015;
Egorova et al., 2019), conditioning effects (Voudouris et al.,
1989, 1990; Medoff and Colloca, 2015; Babel et al., 2018), and
environmental associations (Finniss et al., 2010; Hansen et al.,
2017; Tinnermann et al., 2017). Although the phenomena of pla-
cebo analgesia and nocebo hyperalgesia are well documented,
the basic circuitry underpinning their expression, in particular
the circuits within the brainstem, remain largely undefined.

Given that expectation is critical for both placebo and nocebo
responses, it is not surprising that human brain imaging investi-
gations have reported changes in signal intensity during placebo
and nocebo in higher brain regions including the prefrontal, cin-
gulate, insular, and somatosensory cortices (Petrovic et al., 2002;
Wager et al., 2004; Craggs et al., 2007; Frisaldi et al., 2015; Sevel
et al., 2015; Schienle et al., 2018; Hibi et al., 2020; Schenk and
Colloca, 2020). Additionally, there is evidence that these same
higher brain regions recruit brainstem pain modulatory circuitry
to mediate placebo and nocebo effects, most notably via a con-
nection between the anterior cingulate cortex (ACC) and the
periaqueductal gray (PAG), which is functionally altered during
placebo (Wager et al., 2004; Bingel et al., 2006; Eippert et al.,
2009) and nocebo (Tinnermann et al., 2017) responses.

Within the brainstem, the best described pain modulatory cir-
cuitry arises from neurons of the PAG, which project via a relay
in the rostral ventromedial medulla (RVM) to neurons of the su-
perficial dorsal horn (DH) of the spinal cord. Although some
human brain imaging studies have reported signal change
encompassing the PAG during experimental analgesic responses
(Petrovic et al., 2002; Wager et al., 2004; Eippert et al., 2009;
Grahl et al,, 2018; Oliva et al., 2021), no study has accurately and
robustly defined the complete brainstem circuits responsible for
either placebo analgesic or nocebo hyperalgesic responses.
Preclinical studies have established that opioid-mediated analge-
sic responses can be evoked from neurons in the ventrolateral
column of the caudal PAG (VIPAG), whereas, a nonopioid anal-
gesia can be triggered from neurons in the lateral PAG (IPAG)
and dorsolateral PAG (dIPAG) columns (Bandler and Shipley,
1994; Coulombe et al., 2016; Sims-Williams et al., 2017).

As the administration of the opioid antagonist naloxone
can attenuate placebo analgesia in humans (Amanzio and
Benedetti, 1999; Eippert et al., 2009), it has been hypothe-
sized that the vIPAG in particular plays a critical role in its
expression. However, limited spatial acuity in previous
imaging studies has prevented exact localization of signal
changes within specific PAG columns, which raises doubt
over whether within the human brainstem this phenom-
enon is potentiated by opioidergic projections that arise
from the vIPAG. Additionally, depending on the method of
conditioning, placebo analgesia has shown to be naloxone
resistant (Vase et al., 2005; Benedetti et al., 2011), which
suggests alternative brainstem systems outside of or including
adjacent PAG columns may play a key role in the expression of
placebo analgesia. Similarly, the question of whether specific
PAG columns play a role in nocebo responses also remains to
be addressed experimentally.

The development of ultra-high-field-strength (7 tesla) MRI
has made precise identification of brainstem circuitry possible
and provides the opportunity to resolve the PAG at a columnar
level (Satpute et al., 2013). Indeed, 7 tesla investigations have al-
ready successfully identified specific patterns of PAG columnar
recruitment during respiratory control (Faull et al.,, 2015) and
shifting cognitive load (Kragel et al., 2019). Despite our under-
standing that pain modulatory circuits originating in the vIPAG
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Figure 1.  Experimental protocol. Conditioning and reinforcement were conducted by sur-
reptitiously applying a series of individually calculated low-intensity thermal noxious stimuli
to the lidocaine cream site, moderate intensity stimuli to the control cream site, and high in-
tensity stimuli to the capsaicin cream site despite informing participants that all three cream
sites were receiving identical intensity stimuli. An expectation of pain rating was collected
before each series of stimuli as a measure of belief that the creams were acting to modulate
participants’ perceived pain. During the test phase, all three creams actually received identi-
cal moderate intensity thermal stimuli, and placebo and nocebo responsiveness were deter-
mined by calculating the difference in reported pain among the three cream sites.

are strongly modulated by opioids, whereas those originating in
the dIPAG and IPAG are nonopioidergic (Palazzo et al., 2010;
Linnman et al., 2012), no studies have been performed at 7 tesla
to identify specific PAG columnar associations of placebo anal-
gesia and nocebo hyperalgesia.

The aim of this study was to use ultra-high-field functional
MRI (fMRI) to identify the brainstem circuitry mediating pla-
cebo analgesia and nocebo hyperalgesia in healthy humans. We
hypothesized that placebo and nocebo responses would be char-
acterized by different activation patterns and columnar recruit-
ment of the PAG-RVM pathways and that each response would
elicit significant signal changes in other key nuclei linked to pain
modulation and perception.

Materials and Methods

Ethics

All experimental procedures were approved by the University of Sydney
Human Research Ethics Committee and were consistent with the
Declaration of Helsinki. Written informed consent was obtained from
participants at the beginning of each session. Participants were also pro-
vided with an emergency buzzer while inside the scanner so that they
could stop the experiment at any time. At the conclusion of testing, par-
ticipants were informed both verbally and through a written statement
of the necessary deception and true methodology of the experiment and
were invited to seek clarification of what they had just experienced.

Participants

Twenty-seven healthy control participants were recruited for the study
(13 male, 14 female; mean age, 22.7 * 0.7 years = SEM; range, 19—
33 years). To evaluate the necessary number of participants required for
this study, an a priori power analysis (Faul et al., 2007) was performed
using results from a previous imaging study investigating analgesic
brainstem mechanisms (Youssef et al., 2016). This revealed a total sam-
ple size of 21 would be necessary to detect similar effect sizes with 95%
power (d = 0.84, a = 0.05, power = 0.95). Before beginning the study,
participants completed a data sheet recording current medication(s) and
any alcohol or caffeine ingested in the 24 h before testing.

Experimental design

The study included three sessions occurring on 2 successive days-a con-
ditioning session on day 1, and a reinforcement and MRI scanning ses-
sion on day 2 (Fig. 1). Throughout the study, noxious stimuli were
administered to the volar surface of participants’ left and right forearms
using a 3 X 3 cm MR-compatible Peltier element thermode, which deliv-
ered a heat stimulus at a preprogrammed temperature via a Thermal
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Sensory Analyzer (TSA-II, Medoc). Each stimulus lasted 15 s, including
a ramp-up period (4° per second), a plateau period at a noxious tempera-
ture, and a ramp-down period (4° per second). Each stimulus was sepa-
rated by a 15 s interstimulus-interval at a nonpainful baseline
temperature of 32°C. Throughout conditioning, participants rated their
pain on-line using a horizontal 10 cm visual analog scale (VAS) ranging
between 0 and 100, where 0 was described as no pain and 100 as the
worst pain imaginable. During scanning, participants used an MR-com-
patible button box to continuously report their pain perception. The
VAS scale was shown on a reflected digital screen at the end of the mag-
net bore, and participants controlled the position of a slider to report
their pain continuously by holding the left button (moved slider toward
0) or right button (moved slider toward 10) with their left middle and
index fingers.

Day I1-conditioning protocol. Session 1 was conducted outside the
MRI and consisted of two rounds of a conditioning protocol.
Participants were first informed both verbally and via a written state-
ment that the study was designed to investigate the modulatory effects of
two active creams: a topical anesthetic containing lidocaine, which had
been shown to provide pain relief in some individuals, and a hyperalge-
sic containing capsaicin, which had been shown to increase thermal sen-
sitivity. A third cream was stated to be purely Vaseline and was
described as a negative control to evaluate typical pain responses. In real-
ity, all three creams contained purely Vaseline and only differed in color
and their described properties. We then conducted a determination of
moderate pain test, where 10 randomized stimuli ranging from 44 to
48.5°C in 0.5°C intervals were delivered to the volar aspect of the left
forearm. Participants were informed that we were interested in record-
ing a temperature that elicited a moderate subjective pain response (40—
50 VAS rating) and that this temperature would be used throughout the
remainder of the experiment. However, using the ratings provided dur-
ing the determination of moderate pain, we delivered the following three
different temperature stimuli: a low pain temperature (20-30 VAS rat-
ing), a moderate pain temperature (40-50 VAS rating), and a high pain
temperature (60-70 VAS rating). These three temperatures were then
deceptively applied to the different cream sites throughout the remain-
der of sessions 1 and 2.

Creams were then applied to three adjacent 3 x 3 cm squares on the
volar surface of the participants’ right forearm. To increase believability
that the creams contained active substances, false labels were attached to
the cream bottles, and green or red food coloring was added to the lido-
caine and capsaicin creams, respectively. The Vaseline control cream
always occupied the central square, and the green lidocaine and red cap-
saicin creams were counterbalanced between participants to occupy ei-
ther the distal or proximal squares to reduce sensitivity effects. Ten
minutes following cream application, we conducted two rounds of con-
ditioning. Participants believed they would receive eight identical mod-
erate thermal stimuli and were instructed to report their perceived pain
intensity using the VAS. Participants were also asked before each set of
stimuli for an average expectation of the pain they would experience,
which acted both to measure belief that the creams were working to
modulate their subjective pain and to reinforce the pain relieving and
enhancing qualities of the creams. During the two conditioning rounds
we deceptively applied a moderate temperature to the central control
cream site, a low temperature to the green lidocaine cream site, and a
high temperature to the red capsaicin cream site.

Day 2-reinforcement and test protocols. At approximately the same
time on the following day, sessions 2 and 3 were conducted with partici-
pants inside the MRI machine and consisted of a reinforcement protocol
(session 2) and a test protocol (session 3). The creams were applied to
the volar surface of both left and right forearms, in the same order and
locations as session 1, and once again described to hold powerful pain
modulatory effects. Reinforcement was conducted by applying four nox-
ious stimuli at the same low, middle, and high temperatures that were
used throughout session 1 to the participants’ left volar forearm. This
reinforcement protocol was conducted to ensure that despite the change
of day and immediate environment (inside the MRI), all participants
continued to report different expectations and subjective pain across the
three cream sites.
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Following this reinforcement protocol, we waited 15 min for residual
pain and sensitivity to dissipate before beginning the test protocol.
During this 15 min period structural brain scans were collected. Unlike
in sessions 1 and 2, the test protocol consisted of all three cream sites on
the volar surface of the participant’s right volar forearm receiving identi-
cal moderate intensity stimuli. We asked each participant for an average
expectation of pain intensity directly before stimulation and instructed
each participant to report the pain intensity experienced over the dura-
tion of the scan using the button box and the projected digital VAS.
Each participant received four consecutive series of eight stimuli, with a
separate functional series collected during each set of stimuli. The con-
trol cream site was always stimulated during the first and third series,
and the lidocaine and capsaicin cream sites were stimulated during the
second and fourth series, so that half of the participants received the pla-
cebo analgesia condition before the nocebo hyperalgesia condition, and
the other half received a nocebo hyperalgesia condition before the pla-
cebo analgesia condition. This procedure ensured that each of the lido-
caine and capsaicin stimulation periods were compared with an
independent control cream site stimulation period. Furthermore, the
counterbalanced condition presentation reduced the potential for order
effects (Fig. 1).

fMRI data acquisition and preprocessing

Brain images were acquired using a whole-body Siemens MAGNETOM
7T MRI system with a combined single-channel transmit and 32-chan-
nel receive head coil (Nova Medical). Participants were positioned
supine with their head in the coil and sponges supporting the head later-
ally to minimize movement. A T1-weighted anatomic image set covering
the whole brain was collected (repetition time = 5000 ms, echo time =
3.1 ms, raw voxel size = 0.73 x 0.73 x 0.73 mm, 224 sagittal slices, scan
time = 7 min). The four fMRI acquisitions each consisted of a series of
134 gradient-echo echo-planar measurements using blood oxygen level-
dependent (BOLD) contrast covering the entire brain. Images were
acquired in an interleaved collection pattern with a multiband factor of
four and an acceleration factor of three (repetition time = 2500 ms, echo
time = 26 ms; raw voxel size = 1.0 x 1.0 x 1.2 mm, 124 axial slices, scan
time = 6 min and 25 s).

Image preprocessing and statistical analyses were performed using
SPM12 (Penny et al,, 2011) and custom software. Functional images
were slice-time corrected, and the resulting six directional movement pa-
rameters were inspected to ensure that all fMRI scans had no more than
1 mm of linear movement or 0.5° of rotation movement in any direction.
Images were then linearly detrended to remove global signal changes,
and physiological noise relating to cardiac and respiratory frequency was
removed using the DRIFTER toolbox (Sérkks et al., 2012), and the six-
parameter movement-related signal changes were modeled and removed
using a linear modeling of realignment parameters procedure. Using the
spatially unbiased infratentorial template (SUIT) toolbox (Diedrichsen,
2006) for both the fMRI and T1 image sets, the brainstem and cerebel-
lum were isolated and then normalized to the brainstem- and cerebel-
lum-only template in Montreal Neurologic Institute (MNI) space.
During this process, both the T1 structural and functional image sets
were resliced into 0.5 mm isotropic voxels, and these images were spa-
tially smoothed using a 1 mm full-width at-half maximum Gaussian fil-
ter. Data were upsampled, and a small smoothing kernel was applied to
align with recommendations from Sclocco et al. (2018) to enhance the
accurate investigation of signal intensity changes within small brainstem
nuclei.

Placebo and nocebo responders versus nonresponders

Participants were grouped as either a responder or nonresponder sepa-
rately for placebo and nocebo based on the 2 SDs method described pre-
viously by Youssef et al. (2016). Briefly, for the eight noxious stimuli
delivered during the control (Vaseline) scan, the SD of the eight pain in-
tensity ratings was calculated. During the subsequent lidocaine and cap-
saicin cream scans, the average pain intensity rating was calculated, and
if this rating was either 2 SDs of the control average above for the capsai-
cin cream scan or 2 SDs below for the lidocaine cream scan, the partici-
pant was considered a responder. If not, the participant was considered a
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nonresponder. Additionally, the average change in pain intensity ratings
was also calculated for each participant during the lidocaine and capsai-
cin scans relative to the immediately previous control scan, which
informed their placebo and nocebo ability, respectively. Significant dif-
ferences between groups with respect to expected changes in pain inten-
sities immediately before testing were determined using paired ¢ tests
(two tailed, p < 0.05). Because participants were grouped into either re-
sponder or nonresponder categories based on their perceived pain inten-
sities during the fMRI scans (session 3), we did not assess significant
differences between groups for the perceived pain intensity changes. A
single-factor ANOVA (p < 0.05) was used to determine whether there
were differences in the temperatures applied or pain intensity ratings
reported between responder and nonresponder groups during the two
control scans.

fMRI statistical analysis

To determine significant changes in signal intensity during each noxious
stimulation period, a repeating boxcar model convolved with a canonical
hemodynamic response function was applied to each of the four fMRI
series. The first five volumes of each scan were removed from the model
because of excessive signal saturation from the scanner. The contrast
images generated for each functional image series were then used in
group analyses.

We conducted three separate analyses to determine differences in
brainstem activity during the placebo and nocebo responses, as well as
the specific PAG columnar recruitment during these phenomena. In
analysis 1, significant signal intensity changes within brainstem regions
of responder and nonresponder groups were determined for both the
lidocaine (placebo analgesia) and capsaicin (nocebo hyperalgesia) cream
scans compared with the immediately preceding control (Vaseline)
cream scans using random effects, paired voxel-by-voxel analyses. In
analysis 2, significant relationships between regional brainstem activity
changes (lidocaine-control 8 maps or capsaicin-control 8 maps) and
the magnitude of placebo analgesic and nocebo hyperalgesic responses
(mean pain intensity change relative to the control scan) were deter-
mined using random effects, voxel-by-voxel analyses. In analysis 3, PAG
columnar and RVM rostrocaudal organization of placebo analgesic and
nocebo hyperalgesic responses was explored. For the PAG, masks
encompassing the dorsomedial (dmPAG), dIPAG, IPAG, and vIPAG col-
umns as defined by Bandler and Keay (1996) were created at 1 mm inter-
vals throughout the PAG’s rostrocaudal extent (MNI z coordinates, —3
to —11) and for the RVM, dorsal (ARVM), middle (mRVM), and ventral
(VRVM), masks were created at 1 mm intervals throughout the RVM’s
rostrocaudal extent (z = —39 to —51). The mean = SEM number of vox-
els in each mask at each rostrocaudal level were the following: VIPAG 18
+ 0, IPAG 18 = 0, dIPAG 18 = 0, dmPAG 16 = 0, dRVM 126 * 1,
mRVM 130 = 10, and vVRVM 142 = 11. The number of 0.5 mm® voxels
that were significantly positively or negatively correlated with either pla-
cebo or nocebo were then determined for each mask and plotted as a
percentage of the total volume of each mask.

Analyses 1 and 2 were initially visualized at a threshold of p < 0.005,
uncorrected with a cluster extent threshold of five contiguous voxels.
Cluster-level correction for multiple comparisons was performed on
resulting clusters (p < 0.05) to reduce the likelihood of type I errors. The
locations of significant clusters in MNI space were tabulated, and 3 val-
ues extracted to determine the directions of signal changes. For display
purposes, significant clusters were overlaid onto a mean T1-weighted
anatomic of all 25 participants. So that the brainstem axial slices were
aligned to the plane of standard human brainstem atlases (Paxinos and
Huang, 2013), we altered the tilt of the display images so that the long
axis of the brainstem was vertically oriented. This was achieved by tilting
the overlays by 0.4 radians. The MNI coordinates of significant clusters
were derived before this rotation.

Results

Psychophysics results

Data from two participants were excluded because of excessive
variability in pain ratings during the test phase, which resulted in
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Figure 2.  Expected and perceived pain intensities. Plots of mean (== SEM) expected pain

intensity (top) and perceived pain intensity (bottom) during noxious stimuli delivered during
the test phase. Note that both responder and nonresponder groups expected a pain reduction
during stimulation of the lidocaine site and an increase during stimulation of the capsaicin
site compared with stimulation of the control site. However, although responders’ expecta-
tions were met by perceived pain intensity reductions or increases during actual stimulation
of lidocaine and capsaicin sites, respectively, in the nonresponder groups expectation and
perceived changes in pain were not met. That is, nonresponder groups did not experience a
modulatory response to match their expectations and reported similar pain across the three
cream sites. *p << 0.05, ***p < 0.001.

ceiling and floor effects and consequently an inability to accu-
rately measure placebo analgesic or nocebo hyperalgesic effects.
Data from 25 participants were included in the final psychophys-
ical and functional image analyses. For the placebo analgesia pro-
tocol, 9 participants were classified as responders (36%) and 16
as nonresponders (64%), and for the nocebo hyperalgesia proto-
col 14 participants were classified as responders (56%) and 11 as
nonresponders (44%). Of the 25 participants tested, six were
categorized as both placebo and nocebo responders, and eight as
both placebo and nocebo nonresponders.

Participants’ expectations of pain directly before each of
the test scans revealed that all four groups expected the creams
to significantly alter pain intensity (Fig. 2). That is, both pla-
cebo responders and nonresponders expected their pain to be
significantly inhibited during lidocaine cream stimulation
compared with control (mean = SEM VAS responder: control
47.2 *= 1.4, lidocaine 31.1 *= 2.5; nonresponder: control 50.4
*+ 2.3, lidocaine 38.1 = 3.5; both p < 0.001). Likewise, both
nocebo responders and nonresponders expected significantly
enhanced pain during capsaicin cream stimulation compared
with control (responder: control 48.3 = 0.9, capsaicin 68.3 *
2.9; nonresponder: control 48.0 = 1.9, capsaicin 62.5 * 3.1;
both p < 0.001).
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Signal changes in placebo responders, nonresponders, and sites where signal change correlated with placebo ability. Brainstem activity differed significantly between the

control and lidocaine (placebo, PBO) scans in several pain modulatory nuclei. In responders (top), significant signal decreases (cool color scale) occurred in the region of the contralat-
eral (to stimulation) LC, and signal increases (hot color scale) occurred in the ipsilateral SN, the contralateral ventrolateral PAG, RVLM, SRD, and RVM. In nonresponders (middle), sig-
nal increases occurred in the PAG bilaterally, and signal decreases in the SN bilaterally, the contralateral RVLM, the VTA and RVM. Signal intensity changes significantly correlated
with placebo ability (bottom) were found to be positively correlated (hot color scale) in the SN bilaterally, the contralateral SRD, and RVM and negatively correlated (cool color scale)

in the PAG, ipsilateral PB and contralateral LC. LC = locus coeruleus, SN = substantia nigra, PAG = periaqueductal gray, RVLM =

reticularis dorsalis, RYM = rostral ventromedial medulla.

In contrast, and consistent with the categorization of each par-
ticipant, during actual stimulation of the lidocaine site, placebo
responders reported reduced pain intensities compared with the
preceding control site (Mean * SEM VAS control 40.7 * 2.5, lid-
ocaine 27.3 * 2.3), and placebo nonresponders reported an
increase in pain intensity during stimulation on the lidocaine site
(control 38.6 * 3.3, lidocaine 44.6 * 3.1; Fig. 2). In contrast, nocebo
responders reported increased pain during stimulation of the capsa-
icin relative to the preceding control site (control 38.7 = 3.3, capsai-
cin 56.0 * 3.6), whereas nocebo nonresponders reported little
change in pain intensity (control 42.9 = 2.8, capsaicin 47.8 = 2.6).

Stimulation of the central control cream site before both the
placebo and nocebo sites gave two independent preconditions to
which the placebo and nocebo responses were compared. Average
pain intensity ratings for all subjects between control series 1 and
2 were not significantly different (mean = SEM VAS: control pla-
cebo: 39.4 = 2.3; control nocebo: 40.6 * 2.3; p = 0.41; paired ¢
test). Additionally, neither test temperature nor pain intensity rat-
ings during stimulation of the control sites differed between res-
ponders and nonresponders for either the placebo (mean + SEM
test temperature °C: responders 47.4 = 0.3; nonresponders 46.9 *
0.2; F223) = 0.83, p = 0.28; mean = SEM VAS control: F3) =
0.17, p = 0.69) or nocebo groups (test temperature: responders
474 * 0.1; nonresponders 46.8 * 0.3, F(5,3) = 3.61, p = 0.07; VAS
control: F(; 3y = 0.85, p = 0.37). Additionally, in all subjects, there
were no significant linear relationships between placebo and
nocebo abilities; that is, changes in average VAS responses (r =
0.09, p = 0.67), between placebo expected and perceived pain
changes (r = 0.05, p = 0.81), or nocebo expected and perceived
pain changes (r = 0.41, p = 0.06).

rostral ventrolateral medulla, SRD = subnucleus

fMRI results

Placebo analgesia

Comparison of signal intensity changes during control site versus
lidocaine site stimulation in responders and nonresponders
revealed that the placebo response was associated with signal in-
tensity changes in several distinct brainstem nuclei, including the
PAG and the RVM. In placebo analgesia responders, placebo-
related signal intensity increases, that is, signal increases during
lidocaine and decreases during control site stimulation, occurred
contralateral to the stimulated forearm in the vIPAG and the ros-
tral ventrolateral medulla (RVLM), ipsilateral to the stimulated
forearm in the substantia nigra (SN), and on the midline in the
rostral ventromedial medulla (RVM). Signal intensity in the con-
tralateral subnucleus reticularis dorsalis (SRD) increased during
lidocaine but did not change during control site stimulation. A
significant placebo-analgesia-related signal decrease occurred in
the region encompassing the locus ceruleus (LC) contralateral to
the noxious stimulation (Fig. 3; Table 1). Compared with control
site stimulation, nonresponders showed bilateral signal increases
in the vIPAG; however, they showed signal decreases in the
RVM, in the contralateral RVLM and SRD, bilaterally in the SN,
and in the region of the ventral tegmental area (VTA) during lid-
ocaine site stimulation.

Correlation analysis of signal intensity change differences
between control and lidocaine scans and average change in pain in-
tensity, that is, placebo ability, in all 25 participants revealed a simi-
lar pattern of brainstem signal changes to that of the individual
responder and nonresponder groups. That is, signal intensity
changes were negatively correlated with placebo ability, meaning, as
placebo magnitude increased, signal change differences (lidocaine-
control) were smaller in the regions of the ipsilateral dI/IPAG and
contralateral LC as well as in a region encompassing the
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Table 1. Location, level of significance and duster size of significant clusters in each of the placebo groups and correlation analyses

Beta value change

MNI coordinates (mean = SEM)
X y z t value Cluster size” Volume (mm’) Control scan Lidocaine scan
Placebo responders
PBO > control
Contralateral PAG —1 -30 —6 6.33 46 5.75 —0.38 = 0.36 1.70 = 0.44
Ipsilateral SN 12 -27 —6 4.86 20 2.5 —0.58 = 0.31 0.68 = 0.35
" -19 —8 5.47 31 3.875
Contralateral RVLM ) —38 —42 5.78 39 4.875 —0.25 = 0.16 0.74 = 0.26
RVM -2 -30 —46 418 16 2 —1.01 £ 034 0.74 = 0.26
5 —35 —47 4.80 27 3.375
Contralateral SRD -2 —46 —53 479 13 1.625 —0.01 £ 0.13 1.07 £ 0.7
Control > PBO
Contralateral LC -1 -33 —18 6.32 103 12.875 1.03 + 0.26 —0.70 = 0.41
Placebo nonresponders
PBO > control
Ipsilateral PAG 3 -33 -9 3.91 17 2125 —0.59 £ 0.22 0.79 = 0.19
Contralateral PAG -2 -32 -9 4.56 28 3.5 —0.15 £ 0.22 0.78 = 0.18
Control > PBO
Ipsilateral SN 10 =21 —6 591 59 7.375 1.19 + 0.16 —0.08 = 0.19
Contralateral SN —-12 =21 -7 436 45 5.625 0.82 = 0.21 —0.32 = 0.17
VTA —1 —20 —6 4.80 64 8 1.01 = 0.24 —0.21 = 0.29
Contralateral RVLM —6 —38 —42 478 123 15.375 0.87 = 0.17 —0.22 = 0.15
RVM 2 =31 —42 5.62 21 2.625 0.94 = 0.28 —0.07 = 0.24
1 -4 —46 5.34 29 3.625
Contralateral SRD -1 -4 —53 3.91 29 3.625 0.74 = 0.21 —0.27 £ 0.13
Placebo correlations
Negative correlation r values
Ipsilateral PAG 2 —34 -9 414 54 6.75 —0.65
Contralateral LC —1 —36 —18 435 64 8 —0.61
Ipsilateral PB 9 —42 —37 3.95 50 6.25 —0.62
Positive correlation
Ipsilateral SN 10 -2 —6 5.51 135 16.875 0.62
Contralateral SN -1 -23 -7 3.34 23 2875 0.56
RVM 4 =31 —42 3.54 37 4,625 0.61
Contralateral SRD -3 —43 —53 3.54 48 6 0.66

Coordinates are in MNI space.
“Cluster sizes are reported in resliced 0.5 mm® voxels.

parabrachial nucleus (PB). Conversely, signal changes positively
correlated with placebo ability in the ipsilateral and contralateral
SN, the RVM, and in the contralateral SRD (Figs. 3, 5; Table 1).

Nocebo hyperalgesia

Analysis of signal intensity changes associated with nocebo
responses revealed similar overall patterns of brainstem changes.
In nocebo hyperalgesia responders, nocebo-induced decreases
(i.e., signal intensity decreased from baseline during capsaicin
and increased during control site stimulation) were found bilat-
erally in the IPAG, in the SN contralateral to the stimulated fore-
arm, and again on the midline in the RVM (Fig. 4; Table 2). In
contrast, in nonresponders, capsaicin cream stimulation evoked
signal intensity increases in the contralateral IPAG; bilaterally in the
SN, RVM, and VTA; ipsilateral LC; and in the region of the nucleus
cuneiformis (NCF). Additionally, a signal intensity decrease was
found in the ipsilateral PB.

Correlation analysis revealed that nocebo ability was positively
correlated with the change in signal between the control and capsai-
cin scans in the dlI/IPAG and PB ipsilateral to the forearm stimula-
tion, and bilaterally in the SN. It was negatively correlated with
signal changes in the RVM and ipsilateral LC (Figs. 4, 5; Table 2).

Figure 5 shows a summary of the significant signal intensity
changes correlated to placebo and nocebo ability for all 25 partic-
ipants. It is clear that within the PAG and RVM, placebo and

nocebo have opposing effects. That is, greater placebo ability was
associated with less PAG and greater RVM signal change,
whereas greater nocebo ability was associated with greater PAG
and less RVM signal change. A similar relationship was also seen
in PB activity, which correlated negatively and positively with
placebo and nocebo ability, respectively. In contrast, two other
brainstem regions displayed similar signal relationships with
both placebo and nocebo; that is, in the SN, signal changes were
positively correlated and in the LC signal negatively correlated
with both placebo and nocebo abilities.

PAG and RVM organization of placebo and nocebo
responsiveness

Detailed analysis of the PAG revealed that apart from a group of
voxels at one rostrocaudal level of the ipsilateral PAG, the vast ma-
jority of voxels that significantly correlated with placebo or nocebo
abilities were located in the contralateral PAG (Fig. 6). For placebo,
negatively correlated voxels were located at relatively caudal levels
and primarily in the dIPAG and IPAG columns. No significantly
correlated voxels were found in the vIPAG. For nocebo, the vast
majority of positively correlated voxels were also located in the
IPAG, although smaller numbers were also found in the remaining
three columns at more rostral levels than those of placebo. With
regard to the RVM, for both placebo and nocebo, significantly cor-
related voxels were located primarily at rostral levels in the middle
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and capsaicin (nocebo, NBO) scans in several pain modulatory nuclei. In responders (top) signal decreases (cool color scale) occurred in the midbrain PAG bilaterally, contralateral SN, and mid-
line RVYM. In nonresponders (middle), signal increases (hot color scale) occurred in the contralateral PAG, the SN bilaterally, ipsilateral LC, and NCF, VTA, and RVM, and signal deceases occurred
in the PB ipsilaterally. Signal intensity changes significantly correlated with nocebo ability (bottom) were found to be positively correlated (hot color scale) in the ipsilateral lateral PAG and PB,
and SN bilaterally, and negatively correlated (cool color scale) in the ipsilateral LC and the RVM. PAG = periaqueductal gray, SN = substantia nigra, RYM = rostral ventromedial medulla, LC =
locus coeruleus, NCF = nucleus cuneiformis, VTA = ventral tegmental area, PB = parabrachial nucleu.

and ventral aspects, although positively correlated for placebo and
negatively correlated for nocebo.

Discussion

Our data reveals the first in-depth exploration of the detailed
human brainstem circuitry involved in generating placebo and
nocebo responses. These divergent pain modulatory responses
were characterized by different activation patterns in the PAG
and RVM, which together form a core brainstem pain modula-
tory circuit that regulates incoming noxious information at the
level of the primary afferent synapse (Fields et al., 1983; Zhang et
al., 1997; Fields, 2004; Tracey and Mantyh, 2007). Within the
PAG, placebo and nocebo responsivities were correlated to signal
changes within the lateral and dorsolateral PAG but not within
the ventrolateral PAG column. Additionally, we found that other
brainstem pain modulatory sites such as the LC, PB, RVLM,
SRD, and SN act collectively with the PAG-RVM axis to produce
both placebo and nocebo effects.

Despite the expectations of all subjects that the lidocaine and
capsaicin creams would modulate pain intensity, only a propor-
tion of individuals showed a significant change in perceived pain
intensity. This is consistent with the fact that pain modulation is
highly variable (Tétreault et al., 2016) as it depends on the con-
cordance between expectation and experience (precision) of prior
painful events (Grahl et al., 2018). Fewer participants responded
to placebo (36%) than nocebo trials (56%), only 24% of partici-
pants responded to both nocebo and placebo, and there was no
significant relationship between placebo and nocebo abilities.
These proportions are similar to those reported in other investiga-
tions (Levine et al., 1979; Grevert et al., 1983; Levine and Gordon,
1984; Wager et al., 2004; Meister et al., 2020). Because perceived

pain intensities can vary within individuals to repeated presenta-
tions of the same noxious stimulus, we used the two SD threshold
to define significant pain change and categorize individuals as res-
ponders and nonresponders. Investigating responders and nonres-
ponders separately allowed us to highlight potential differences in
an individual’s ability to engage pain modulatory circuits.

Even with limited evidence, PAG-RVM-DH circuitry is
assumed to be the final common pathway through which placebo
analgesia and nocebo hyperalgesia are mediated (Bingel et al.,
2006; Eippert et al., 2009; Tinnermann et al., 2017; Schafer et al.,
2018). Indeed, our investigation supports that this brainstem cir-
cuit is a pivotal component in the potentiation of placebo and
nocebo responses. We found opposing activity changes in this
circuitry, with greater placebo ability associated with reduced sig-
nal changes in the dorsolateral and lateral PAG and increased
signal changes in the RVM, and greater nocebo ability associated
with increased signal changes in the dorsolateral and lateral PAG
and reduced signal changes in the RVM. It is well established
from experimental animal investigations that the RVM contains
off and on neurons that inhibit and facilitate neurotransmission
at the primary nociceptive synapse, respectively (Fields, 2004;
Vanegas and Schaible, 2004; Benarroch, 2008; Heinricher et al.,
2009; Ossipov et al,, 2010). Activation of on cells is typically
observed during prolonged exposure to noxious stimuli and
leads to enhanced nociception (Morgan and Fields, 1994),
whereas activation of off cells is believed to be sufficient to pro-
duce pronounced analgesia (Cheng et al., 1986; Ossipov et al.,
2010). Our data suggest that when short duration stimuli are
applied, reduced synaptic activity within the PAG results in an
increase in the overall balance of RVM off-cell compared with
on-cell firing, which in turn results in increased inhibition of
incoming nociceptive drive at the dorsal horn and a placebo
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Table 2. Location, level of significance and duster size of significant clusters in each of the nocebo groups and correlation analyses

MNI coordinates

Beta-value change
(mean = SEM)

X y z t value Cluster sizea Volume (mm?) Control scan Capsaicin scan
Nocebo responders
NBO << controls
Ipsilateral PAG 2 —30 —4 3.85 16 2 1.25 = 0.30 —0.84 = 0.40
Contralateral PAG —1 —28 -3 3.46 8 1 173 £ 041 —0.74 = 0.46
Contralateral SN —6 —18 —6 5.98 69 8.625 0.89 = 0.20 —0.08 = 0.20
RVM 4 -33 —45 5.92 186 23.25 0.72 £ 0.17 —033 = 0.15
1 -35 —43 437 26 3.25
Nocebo nonresponders
NBO > controls
Contralateral PAG =2 -28 -3 4.49 16 2 —0.73 £ 0.26 0.42 = 0.35
Ipsilateral NCF 7 —28 -7 5.24 17 2.125 —0.67 = 0.27 0.53 + 0.31
Ipsilateral SN 15 —24 -3 7.91 43 5.375 —035*+0.22 1.02 = 0.28
Contralateral SN -5 —19 —12 8.50 23 2.875 —0.69 = 0.26 0.91 + 037
RVM 0 =31 —48 5.68 64 8 —0.60 = 0.24 0.42 + 0.15
Ipsilateral LC 5 —37 —17 4.58 57 7.125 —0.13 = 0.20 122 = 0.25
VTA 2 -19 -7 7.92 66 8.25 —1.41 =030 0.16 = 0.24
NBO << controls
Ipsilateral PB 12 —41 -35 4.70 57 7.125 033 £0.25 —1.13 £ 0.24
Nocebo correlations
Negative correlation r values
Ipsilateral LC 6 -35 —16 3.69 22 275 —0.61
RVM 0 —36 —43 3.30 9 1.125 —0.57
Positive correlation
Ipsilateral PAG 2 =30 =5 3.57 63 7.875 0.57
Ipsilateral SN 13 —21 —4 4.53 83 10.375 0.63
Contralateral SN —12 —26 —6 3.65 58 7.25 0.65
Ipsilateral PB 12 —41 —34 3.53 Y] 5.25 0.63

Coordinates are in MNI space.
“Cluster sizes are reported in resliced 0.5 mm® voxels.

analgesic response, and conversely for hyperalgesic responses.
The human RVM is difficult to localize anatomically as it is a
large and complex structure extending through the caudal
pons and a large section of the midline medulla. However,
the clusters we identify as RVM are consistent with those
identified previously in studies of placebo and attentional
analgesia (Eippert et al., 2009; Oliva et al., 2021), suggesting
that combined with the changes observed in the PAG, both
these phenomena involved altered recruitment along this
central pain modulatory pathway.

As placebo analgesic responses have been shown to be opioid
mediated (Amanzio and Benedetti, 1999; Zubieta et al., 2005;
Wager et al., 2007; Scott et al., 2008; Zhang et al., 2013), and
vIPAG-evoked analgesic responses are also opioid mediated
(McNally et al,, 2004; Loyd and Murphy, 2009), it has been
hypothesized that placebo analgesic responses are likely medi-
ated by the vIPAG. However, we found that both placebo- and
nocebo-related signal changes occurred in the IPAG and dIPAG
but not the VIPAG column. Experimental animal investigations
have shown that IPAG stimulation produces a nonopioid analge-
sia coupled with active defensive behaviors (Bandler et al., 2000)
that are mediated by brainstem circuits including via IPAG-
RVM projections (Mantyh, 1983; Petrovic et al., 2004; Hohmann
et al., 2005; Loyd and Murphy, 2009; Mokhtar and Singh, 2021).
It appears that higher brain regions involved in conditioning and
expectation recruit the IPAG and dIPAG to produce placebo and
nocebo responses. Indeed, the anterior cingulate cortex and
amygdala have been shown to be recruited during placebo anal-
gesia (Tracey and Mantyh, 2007; Eippert et al., 2009; Freeman et
al,, 2015), and it is possible that the opioid-mediated nature of

placebo results from the actions of opioids on these regions and
not the PAG.

Furthermore, because opioid-mediated antinociception is
generally prolonged and not easily reversible (Atlas and Wager,
2012), it is possible that a long-lasting placebo analgesia involves
persistent recruitment of opioid mechanisms at the level of the
VIPAG, whereas analgesia generated in response to brief acute
stimuli rely on alternate mechanisms. Placebo analgesia, which is
conditioned through administration of the nonsteroidal anti-
inflammatory drug Ketoralac, is blocked by the cannabinoid re-
ceptor antagonist Rimonabant (Benedetti et al., 2011), and the
dIPAG contains a dense concentration of CB1 cannabinoid
receptors (Wilson-Poe et al., 2012), raising the possibility that
this may be the neurochemical system mediating both our
observed placebo and nocebo effects.

In addition to the PAG and RVM, a region encompassing the
ipsilateral PB also displayed opposing signal intensity changes
during placebo and nocebo responses; that is, signal changes
negatively correlated with placebo ability but positively corre-
lated with nocebo ability. Experimental animal studies have
reported that the PB is a key integration site of nociceptive infor-
mation, including relaying noxious inputs to higher brain areas
(Loewy and Spyers, 1990; Petrovic et al., 2004) as well as provid-
ing descending modulatory influences over the PAG, RVM, and
dorsal horn via the spinoparabrachial and spino-bulbo-spinal
pathways, respectively (Gauriau and Bernard, 2002; Mainero et
al., 2007; Roeder et al., 2016; Chen et al., 2017; Stroman et al,,
2018; Bannister, 2019). Blocking the ipsilateral (to applied nox-
ious stimuli) PB attenuates behavioral hyperalgesia in animals
(Chen and Heinricher, 2019), and PB stimulation evokes aversive
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behaviors in response to painful stimuli (Rodriguez et al., 2017).
In addition to a role in placebo and nocebo, we have previously
shown PB signal intensity changes during conditioned pain
modulation analgesia, suggesting that the PB can modulate pain
under a variety of paradigms (Youssef et al., 2016). Of course,
because the PB also receives ascending noxious information
from the dorsal horn, it is possible that changes in PB signal dur-
ing placebo and nocebo reflect alterations in ascending drive
because of the descending modulatory effects of the PAG-RVM
on incoming noxious information at the dorsal horn (Yasui et
al., 1989; Jasmin et al., 1997; Hunt and Mantyh, 2001; Gauriau
and Bernard, 2002).

Divergent recruitment of brainstem sites. A summary of brainstem regions in which signal intensity changes are signif-
icantly correlated to placebo or nocebo abilities reveals that the midbrain PAG-RVM pathway displays opposing responses. That is,
signal changes in the PAG are negatively correlated with placebo ability but positively correlated with nocebo ability and vice versa
for the RVM. In direct contrast, brainstem regions such as the SN and LC display similar relationships with both placebo and nocebo
abilities, suggesting they may be involved in aspects of placebo and nocebo that are not directly related to altering pain perception.
Colored lines indicate major descending pathways within the brainstem; blue = PAG-RVM axis, green = reticular-spinal cord pro-
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In contrast to the differential signal
changes in the PAG, RVM, and PB,
we found that signal within the LC
was negatively correlated, SN posi-
tively correlated with both placebo
and nocebo abilities, and VTA
changes occurred in nonresponders
only. The location of the LC cluster la-
beled in this study is consistent with
the lateral extent of this nucleus as
defined by Paxinos and Huang (2013)
and previous human brain imaging
investigations (Sclocco et al, 2016;
Brooks et al., 2017). Although preclini-
cal studies have shown that LC stimula-
tion can produce a profound nonopioid
analgesia (Hodge et al,, 1983; Viisanen
and Pertovaara, 2007), the LC, along
with the SN and VTA, may be involved
in an alternative aspect such as atten-
tional or stimulus-response processes.
Ascending dopaminergic circuitry can
facilitate learning effects and encode
prediction error, and phasic activity of
midbrain dopamine neurons may be re-
sponsible for the expectations of future
pain toward appetitive and aversive
stimuli (Pauli et al., 2015; Nasser et al.,
2017; Henderson et al., 2020) as well as
updating them when expected reward-
ing or punishing responses are chal-
lenged (Schultz, 2002; Wager et al,
2006). The VTA plays a crucial role
in coding unexpected responses to
valanced predicted events, with
unexpected rewarding events elic-
iting increased VTA firing and
unexpected punishments decreasing
VTA activity (Romo and Schultz, 1990;
Thou et al., 2009). Consistent with these
findings, placebo and nocebo nonres-
ponders demonstrated decreased and
increased VTA signal, respectively, sig-
nal changes that may reflect unexpected
punishment or reward. Additionally,
the SN has been linked to unvalanced
prediction error signal, enabling further
processing of unexpected stimuli and
cognitive flexibility within the cortex
(Matsumoto and Hikosaka, 2009). Our
results support SN as a pivotal driver
for both positive and negative pain
modulatory effects, likely through its
ascending dopaminergic projections.

Finally, we found SRD and RVLM signal changes associated
with placebo but not nocebo. Stimulation of the PAG produces
analgesic responses that are attenuated by lesions encompassing
the RVLM, which projects directly to the dorsal horn (Lovick,
1985; Siddall et al., 1994), and the SRD is critical in the expression
of conditioned pain modulation (Youssef et al.,, 2016). It has been
proposed that the RVM, SRD, and RVLM form an interconnected
reticular triad that receives input from a variety of cortical and
brainstem regions to balance nociceptive signaling (Martins and

nocebo
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Regional correlations in the midbrain periaqueductal gray and rostral ventromedial medulla. Top left, Inset shows the individual masks in dmPAG (red), dIPAG (green), IPAG (light
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noceho abilities are largely correlated with signal intensity changes in voxels located in discrete rostrocaudal levels of the dIPAG and IPAG as well as the middle and ventral RVM.

Tavares, 2017). Our results suggest that activation of this reticular
triad underpins placebo analgesia and that when these regions are
deactivated, expected analgesic effects are attenuated. Interestingly,
we found only the RVM had a role in generating nocebo hyperalge-
sia, suggesting that placebo effects may involve a more widespread
brainstem circuitry than is required for the expression of nocebo
hyperalgesia.

It is important to note some limitations. First, conditioning-
based models of pain modulation are prone to response bias
(Hrdbjartsson et al., 2011), so we asked participants to rate their
pain on-line during the scan instead of afterward to reduce such
potential bias. This protocol also reduced the potential for series-
position effects (Murdock, 1962). Second, as the experimental
design required pairing potentially modulated with nonmodu-
lated responses, it was not possible to fully counterbalance the
ordering of stimuli. We did, however, counterbalance the loca-
tion and stimulation order of the lidocaine and capsaicin cream
sites, reducing the likelihood of an ordering effect or location-
based sensitivity. Third, although dichotomizing participants as
responders and nonresponders was important for evaluating
individual variations in brainstem recruitment, this may have
introduced a selection bias that could influence the overall inter-
pretation. Although the 2 SD band method constrains group
assignment to individual pain responses on the same derma-
tome, it could be interpreted that participants with lesser pain
sensitivity on the placebo-treated site would be more likely to be
placebo responders and the inverse for nocebo responders. If so,

an alternative interpretation could be that the PAG-RVM circuit
and the PB were responsive to the intensity of noxious stimuli
rather than the manifestation of modulatory phenomena. By
extension, habituation and sensitization effects to heat pain are
both spatially and temporally dependent (Jepma et al., 2014).
We found that pain responses for all subjects between control se-
ries 1 and 2 were not significantly different, suggesting that
habituation and/or sensitization was absent during the test phase.
Furthermore, although we included a 24 h period between condi-
tioning and reinforcement, at least a 15 min period between rein-
forcement and test phases, and reinforcement and test phases
were conducted on opposite forearms, some stimulus history
effects may have remained. Fourth, we used an initial threshold
of p < 0.005 uncorrected for multiple comparisons with a cluster
extent threshold of five contiguous voxels. Our results were
largely limited to brainstem nuclei previously stated to play a
functional role in pain modulation, and we further performed
cluster-level thresholding to reduce the potential for type 2
errors. Given that the wealth of experimental animal investiga-
tions into the brainstem sites responsible for pain modulation
have identified the PAG-RVM-DH as the critical circuit, one
might have hypothesized that areas such as the SRD, PB, LC, and
NCF play somewhat more minor roles. However, our data do
not show this with regard to overall significance, although the pre-
cise role of each of these regions in placebo and nocebo responses
remains to be ascertained. Finally, although the enhanced spatial re-
solution provided by 7 tesla imaging allowed us to describe voxel
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peaks within anatomically meaningful areas using the brainstem
atlas from Paxinos and Huang (2013), we appreciate that even with
increased spatial resolution we are not able to precisely identify
small brainstem nuclei. Given this, the described cluster locations
need to be appreciated with some caution.

Conclusions

Using ultra-high-field fMRI, we have shown, for the first time,
that specific nuclei within the brainstem mediate changes in the
perceived intensity of noxious stimuli to produce placebo and
nocebo responses. In support of prevailing models asserting the
PAG-RVM axis as the central pathway for descending pain
modulatory effects, we have shown that the rostral ventromedial
medulla is positively related and the periaqueductal gray inver-
sely related to the placebo response, whereas the reverse is true
for nocebo responses. We further suggest that this central cir-
cuitry alone is not solely responsible for subsequent pain modu-
lation, but rather a more widespread engagement of pathways
involving the parabrachial complex, locus ceruleus, and substan-
tia nigra are pivotal drivers in producing significant antinocicep-
tive and pro-nociceptive effects. The specific roles and cortical
connectivity profiles of each of these brainstem regions in modu-
lating perceived pain intensity remains to be determined and
would be a valuable future investigation if we are to fully under-
stand these complex phenomena.
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Chapter 2: Summary

This chapter presented my first attempt at demonstrating discrete brainstem involvement in
pain modulation: specifically, during placebo analgesia and nocebo hyperalgesia. In line with our
central hypotheses, we found that the lateral PAG column was primarily involved in both
phenomena, and that largely similar brainstem nuclei were involved, however showing opposing

changes in activation between placebo and nocebo respectively.

Two participants were removed from the experimental cohort due to demonstrating ceiling and
floor effects to noxious stimuli. In the remaining 25 participants, the proportion of individuals
in which placebo and nocebo were elicited was similar to that reported throughout previous
literature, supporting that the two-standard deviation band method which we used to delineate

“responder” and “non-responder” groups was effective.

Interestingly, we found that regardless of group assignment, both responder and nonresponder
groups expected significant pain-modulatory effects by the placement of our placebo “lidocaine”
and nocebo “capsaicin” creams. Additionally, ANOVA and linear regression revealed no
significant differences or interactions between pain expectations, temperature of stimuli applied,
or placebo and nocebo responses. This suggested that the type of pain modulation we had
elicited throughout this experiment primarily relied on the effectiveness of the conditioning

procedure.

Also supporting our core hypotheses, we found a divergent recruitment of core brainstem nuclei
underlying greater placebo and nocebo responses. Specifically, signal change within the midbrain
PAG, pontine parabrachial complex (PB), and rostral ventromedial medulla (RVM) was disparate
between the two phenomena. Within two other sites however: the substantia nigra (SN) and
locus coeruleus (LC), we identified similar patterns of significant activation change between
placebo analgesia and nocebo hyperalgesia. The SN and LC are the primary brainstem sites of
the dopaminergic and noradrenergic systems, respectively. These results led to our discussion
that their involvement reflected similar cognitive processes associated with error-prediction,
memory retrieval, and attention to incoming noxious stimuli shared between the two
phenomena, rather than opposing top-down pain modulatory signals. That is, these processes
would be shared regardless of the directionality of pain change. Overall, our findings suggest
that brainstem involvement in pain modulation extends far beyond the classical PAG-RVM-
spinal cord pathway, rather engaging a circus of subcortical sites to alter an individual's perceived

pain.
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Chapter 3:

Placebo analgesia relies on two distinct
brain networks: imaging pain and

context of improvement

“From the crawling ant to the
leaping antelope. We are all connected
in the great Circle of Life”

— Mufasa, 1994
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Chapter 3: Overview

This chapter contains the following publication: Crawford LS, Meylakh N, Macey PM, Macefield
VG, Keay KA, & Henderson LA. (2023). Stimulus-independent and stimulus-dependent neural
networks underpin placebo responsiveness in humans, which was submitted to Biology
Communications on 20 January 2023 and is currently under review. The submitted manuscript,

in its entirety, is reproduced in this chapter.

Whilst the previous chapter provided direct evidence for discrete nuclei within the brainstem
playing a role in perceived changes in pain associated with placebo analgesia and nocebo
hyperalgesia, a major limitation of the study was that we limited our investigation to only the
brainstem. Whilst this was necessary to first establish that activation in descending pain
modulatory pathways indeed played a role in manifesting these pain modulatory phenomena, as
discussed in section 1.5, these pathways are held under strict influence from top-down

projections originating within the cortex.

To improve the interpretations of our findings within Chapter 2, this investigation sought to
identify how discrete changes in cortical coupling with the midbrain PAG played a role in the
development of placebo analgesia. That is, we combined two separate connectivity analyses, as
well as dynamic causal modelling and mediation to define a complete cortical architecture which

contacted the brainstem to drive endogenous pain modulation, thus addressing Aim 2.

The study involved an overhaul of the experimental design, removing the nocebo component
and recruiting a broader sample size (n=47) to improve our capacity of identifying specific
projection pathways from the cortex to the brainstem. A similar method of response
conditioning was conducted, with an identical rating system to assess placebo responses.
Interestingly, this methodological amendment appeared to increase the ratio of placebo
responders : nonresponders, and we successfully elicited significant placebo responses in 48%

of individuals.

We hypothesized that top-down influence from limbic sites would be present in placebo
responders outside periods of noxious stimuli — in line with preclinical investigations
demonstrating these regions regulatory role over brainstem circuitry. Additionally, we
hypothesized that a separate network, comprised of cingulate and prefrontal sites would contact

the brainstem during noxious stimulation to drive analgesic output within the PAG.
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Abstract: The neural circuits that regulate placebo analgesia responsivity are unknown, although
engagement of brainstem pain modulatory regions is likely critical. In 47 participants, we identify
differences in neural circuit connectivity's in placebo responders versus non-responders. We
distinguish stimulus-independent and stimulus-dependent neural networks that display altered
connections between the hypothalamus, anterior cingulate cortex, and midbrain periaqueductal
gray matter. This dual regulatory system underpins an individual's ability to mount placebo

analgesia.
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Main text: Placebo analgesia is a powerful phenomenon in which an inert substance or visual
cue that provokes positive expectations ?, conditioning effects 2, or environmental associations
3> evokes pain inhibition. It is thought that placebo analgesia involves the recruitment of
descending projections from prefrontal and cingulate cortices to the brainstem pain modulating
centre, the midbrain periaqueductal gray matter (PAG) “®7. Since placebo analgesic effects can
be reduced by opioid antagonists and stimulation of the ventrolateral column of the PAG
(VIPAG) produces opioid-mediated analgesia >/, it has long been thought that the VIPAG is
responsible for placebo analgesia. However, a recent ultra-high field functional magnetic

resonance imaging (fMRI) study demonstrated that it is the lateral PAG (IPAG), which produces

non-opiate mediated analgesia, and not the vIPAG that is critical for placebo analgesia ®.

Preclinical investigations have revealed that IPAG stimulation evokes emotional coping
behaviours, of which analgesia is an integral component °. While the IPAG can produce these
behaviours without input from higher centres, it was shown over half a century ago that the

1013 |n humans, the

sensitivity of IPAG is tonically regulated by hypothalamic inputs
hypothalamus forms part of the lower pain control system and is involved in both pain control
and maintaining autonomic homeostasis via its reciprocal connection with the IPAG %,
Additionally, both hypothalamic and midbrain activation has been observed during placebo

analgesia, suggesting a phylogenetically conserved system of pain control exists consisting of

subcortical and brainstem structures including the hypothalamus and PAG *°.

Importantly, placebo analgesic responses are not expressed in all individuals and what

determines placebo analgesia responsivity remains unknown. Given the abovementioned
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preclinical and human data, it is possible that on-going modulation of the IPAG by the
hypothalamus determines whether or not an individual expresses placebo analgesia. Placebo
analgesia is also associated with noxious stimulus-evoked activity changes in higher brain
regions including the rostral anterior cingulate cortex (rACC) and dorsolateral prefrontal cortex
(dIPFC) ©’. These activation patterns are accompanied by heightened p-opioid binding in the
rACC and coupling between the rACC and PAG 718 and the expression of placebo analgesia can
be blocked by the administration of the opioid antagonist naloxone. When naloxone is
administered, the attenuation of these responses is associated with a reduction in rACC-PAG

connectivity 7.

Given these observations, we hypothesised a two-network model of brain regulation of placebo
analgesia. That is, placebo responsivity will depend on IPAG regulation by two distinct networks:
i) a stimulus-independent network that includes the hypothalamus, and tonically regulates IPAG
sensitivity, and ii) a stimulus-dependent network that includes the rACC, and phasically alters

IPAG activity to produce placebo-mediated reductions in perceived pain intensity.

By deceptively applying different intensity short-lasting thermal stimuli onto sites on the arm,
we conditioned healthy participants to believe a placebo cream (labelled “lidocaine”) was acting
to reduce their pain relative to an adjacent control cream (labelled “vaseline”). In a subsequent
session, whilst collecting ultra-high-field (7 Tesla), high-resolution (1x1x1.2mm voxel) fMRI, we
applied identical intensity stimuli to both creams (“vaseline"/control; “lidocaine”/placebo) and
recorded subjective pain responses in 47 participants (25 male; mean+SD age 24.0+3.8) (Fig

1A). We classified individuals as responder (n=23) or non-responder (n=24) using the two-
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standard deviation band method *° (Fig 1B), and conducted group-level analyses using SPM12
and custom software to explore changes in signal intensity, stimulus-independent connectivity
(functional  connectivity), and stimulus-dependent (psychophysiological interaction)
connectivity associated with placebo responses. Although it has long been proposed that top-
down recruitment of analgesic brainstem pathways underpins placebo analgesia, information on
directionality of seed-to-voxel relationships cannot be gleaned from these connectivity analyses
alone %°. As such we additionally conducted Dynamic Causal Modelling (DCM) and a multiple
mediation analysis to determine directed connectivity between cortical and subcortical regions
(i.e, if placebo analgesia was associated with top-down or bottom-up projections), as well as
determine which regions were working either independently or as a system to drive the

relationship between IPAG activity and placebo responses.

Throughout the experiment, participants rated their pain continuously by sliding a cursor
connected to a visual analogue scale (VAS), extending from O (no pain) to 100 (worst pain
imaginable). Despite both groups expecting reduced pain on the placebo lidocaine-treated site
(mean+SEM expectation responder: vaseline = 49.3+0.8, lidocaine = 33.5+1.6, p < 0.001; non-
responder: vaseline = 51.7+1.8, lidocaine = 37.1+1.6, p < 0.001), only 23 of the 47 participants
demonstrated a significant pain reduction when identical intensity stimuli were applied to both
sites (mean+SEM VAS responder: vaseline = 45.2+1.5, lidocaine = 32.9+1.9, p < 0.001 ; non-
responder: vaseline = 42.2+2.8, lidocaine = 45.9+2.4, p = 0.09) (Fig 1C). Pain rating responses
to the control Vaseline-site did not differ between response and non-responder groups (F246 =
259, p = 0.22). Additionally, inspection of the low and moderate temperatures applied

throughout conditioning and test phases revealed no differences between placebo responder
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and non-responder groups (Supplementary table 1). Group-level analyses of placebo responder
and non-responder groups revealed a significant and differential engagement of the IPAG,
consistent with a previous report (mean+SEM change in 8 value responder: -0.56+0.33; non-
responder: 1.15+0.24; p < 0.001) (Fig 1D). A 1mm radius sphere at the peak of this cluster was

used as a seed region for subsequent connectivity analyses.

Next, by conducting functional connectivity (FC) and psychophysiological interaction (PPI)
analyses, we investigated the existence of stimulus-independent and stimulus-dependent
networks, respectively. As hypothesised, we identified a stimulus-independent network in which
placebo responders displayed marked decreases in functional connectivity between the bilateral
posterior hypothalamus (PH) and the IPAG (Figure 2E, Table 2). Whilst PH-IPAG coupling was
strong during the control vaseline-site scan, it was negligible during the placebo lidocaine-site
scan. In addition, similar coupling changes occurred between the IPAG and both the medial
nucleus of the amygdala (MeA) and medial prefrontal cortex (mPFC). Placebo-related
connectivity increases were observed between the IPAG and both the dIPFC and rACC. In
striking contrast, in placebo non-responders there were no significant changes in IPAG-coupling,
nor changes in blood-oxygen level dependent (BOLD) signal intensity in either group within this

stimulus-independent system (Supplementary tables 2,3).

In addition, we identified a stimulus-dependent network in which noxious-evoked connectivity
changes were significantly greater during the placebo lidocaine-site versus control vaseline-site
scans in placebo responders. Responders displayed significant increases in pain-related

connectivity between the IPAG and the primary somatosensory cortex (S1), anterior insula (Al),
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nucleus accumbens (NAc), supplementary motor area (SMA), rostral (rACC), dorsal (dACC),
and mid (MCC) cingulate cortices during noxious stimulation of the placebo lidocaine-site
compared to the control vaseline-site (Figure 2B, Table 1). Apart from S1, non-responders
displayed no significant IPAG-connectivity changes within this stimulus-dependant network, nor
did either responders or non-responders display significant BOLD activity changes

(Supplementary tables 4, 5).

To determine whether regions within the stimulus-independent and stimulus-dependent
networks were working collectively, and to determine the direction of information flow, ie.
whether regions within each network were modulating the IPAG or vice versa, we performed a
DCM analysis. Each anatomically possible connection, as well as inhibitory self-connections
between all regions within each of the two networks were entered as a “full model” (Figure 3A,
B). The timing of noxious stimuli was included in the stimulus-dependent DCM analysis. Model
estimation was performed at 256 maximum iterations, after which a nested search identified
the combination of anatomical connections which optimized model free energy (i.e. which time-
series data best predicted other VOI time-series data in either a forward, or reverse direction).
Individual participant parameter estimates were then extracted from each connection which
survived the nested search and were inspected for differences between placebo responders and

non-responders.

Within the stimulus-independent network, placebo responses were driven by descending inputs
from the left and right PH and the rACC onto the IPAG. These findings are consistent with the

idea that reduced drive from the hypothalamus to the IPAG is required for a placebo analgesia
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to occur (Figure 3A, Table 3). In addition, a reduced IPAG inhibitory self-connection suggests
that in responders, the IPAG is under less inhibitory regulation and thus more capable of being
modulated by extrinsic connections 22, Within the stimulus-dependant network, differences
also occurred in the descending rACC-IPAG connection as well as the NAc-rACC connection
(Figure 3B, Table 3). These data reveal that the rACC regulates the IPAG in both a stimulus-
dependant and stimulus-independent manner. Furthermore, these analyses show that within
the stimulus-independent and stimulus-independent networks, the NAc, rACC and PH are the

main sites that determine whether an individual will express a placebo analgesic response.

To explore the effects of these stimulus-independent and stimulus-independent network sites
on placebo-evoked IPAG signal intensity changes, a dual-path mediation analysis was performed.
The rACC-IPAG PPI values and right PH-IPAG FC values were entered as potential mediators
of placebo responses and IPAG signal changes. We found that rACC-IPAG stimulus-dependent
connectivity completely mediated this relationship, whereas the PH-IPAG connectivity directly
related to placebo responsivity (group assignment) but did not drive the changes in IPAG signal
intensity (Figure 3C). These data support our hypothesis that (i) the stimulus-independent
network, particularly the PH, sets the sensitivity of the IPAG, whereas (i) the stimulus-
dependent network, particularly the rACC-IPAG, ultimately drives the output in descending

analgesic pathways.

Our results show that placebo analgesia responsivity is regulated by two brain networks, one
which sets the sensitivity of the IPAG, and another which drives descending inputs onto the

IPAG during noxious stimuli. We propose a stimulus-independent network comprised of the
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rACC and PH that sets the gain of the IPAG and ultimately whether an individual expresses
placebo analgesia. This pathway has previously been described in experimental animals, with
prelimbic, hypothalamic and amygdala projections to the IPAG critical for coordinating
autonomic and homeostatic processes 23. An integral part of the active emotional coping
behaviours mediated by the IPAG is an analgesia thought to aid an individual's ability to cope
immediately with the source of pain 2*. While analgesia forms a critical part of this primitive
behavioural response, it appears that higher brain regions recruit the IPAG pain modulatory
circuitry in more abstract situations such as during placebo analgesia. Our results demonstrate
that the descending modulatory pathway is at least partially preserved in humans, and that
reduced PH-IPAG connectivity likely represents a weakening of PH regulatory grip over the IPAG
and disrupted its excitatory-inhibitory balance. This then enables top-down noxious-stimulus
evoked modulation of the PAG by regions within the stimulus-dependent network. Importantly,
all individuals expect a pain intensity reduction during the placebo scan, however in only those
that subsequently mount an analgesic response, do changes in rACC-IPAG and PH-IPAG
connectivity occur. This suggests that some individuals are set to respond, and others are not,
despite having similar expectations. Whether the ability of the PH and rACC to modulate the
IPAG is “hard-wired” in an individual, or is shaped by prior experience, influenced by genetic
factors, or varies from day to day or between various conditioning effects or environmental

associations remains to be determined.

In addition, we reveal a noxious stimulus-dependent network that underpins both IPAG signal
intensity changes and placebo responses. Whilst this network consisted of multiple higher order

processing regions such as the dACC, MCC, and insula, the rACC appears to be critical in
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mediating both placebo responsivity and IPAG signal intensity changes. Indeed, prior
investigations have demonstrated that heightened rACC-PAG coupling underlies placebo
responses in acute settings >%°. Additionally, reductions in analgesic phenomena in response to
naloxone (opioid antagonist) administration have been consistently tied with reductions in
rACC-PAG coupling "?. The NAc was also identified as part of our stimulus-dependent network.
Forming part of the ventral striatum and acting as a cortical dopaminergic hub, the NAc contacts
the prefrontal cortex to drive reward-anticipation, decision-making, and error-predictions #'.
Correcting perception-anticipation differentials is a critical component in mounting placebo
analgesic responses, and one which has been associated with activation and neurotransmission
within the NAc and its cortical efferents 2%, Our data shows that during noxious stimulation,
phasic coupling between the NAc and rACC are critical for IPAG ability to drive analgesic

responses and match anticipated pain.

Although we utilized PPI, FC, and directed connectivity analyses to unveil the most integral
cortical networks that regulate and drive PAG output during placebo analgesia — these networks
were identified by considering the phenomena as dichotomous. That is, we delineated and
investigated a responder and non-responder group. Performing these analyses allowed us first
to identify which cortical connections with the PAG were significantly altered in those
demonstrating a placebo response as determined through the 2SD band method, and then
assess these connections in non-responders for statistical differences. There exists conflicting
literature over the method of determining placebo responses (for example by using arbitrary
VAS changes or permutation testing), as well as if placebo analgesia should be considered a

continuous variable 221 Whilst these approaches are well- documented, the former is limited
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by not considering an individual's perceived pain intensity baseline variability, and the latter
would only identify clusters where PAG connectivity shows a linear relationship with graded
changes in perceived pain — including in those where pain either did not change between the
control vaseline- and placebo lidocaine-sites or indeed in those who's pain increased when
exposed to placebo. As such, in our analysis we can be confident that we have described a
functional architecture underpinning significant placebo analgesia, and that these same

connections are unchanged in non-responders.

Additionally, as we conducted our DCM and mediation analyses using clusters that were first
revealed using the IPAG timeseries as a seed, our results are constrained to solely regions which
likely receive information from or project directly to the IPAG. Whilst this does not allow
assessment of regions which comprise alternate projection pathways which may be involved in
the response, encoding more nuanced aspects of placebo analgesia such as cognitive evaluation
or complex emotional processing, the results presented do offer valuable insight into the
functional projections regulating and driving brainstem output in humans to produce an

antinociceptive state.

It is of note that despite receiving an identical response conditioning protocol, over half our
sample did not demonstrate a significant placebo response. Whilst the focus of this
investigation was to identify the functional networks of placebo responders, it would also be of
interest to better understand the driving factors influencing why certain individuals fail to
generate significant analgesic responses to placebo. Two leading theories — the Bayesian brain

32

hypothesis *? and an individual's underlying biological substrates ! both centre on error-
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prediction signalling and dopaminergic neurotransmission, which encompass roles of the NAc.
Since we identified this region as feeding into the rACC-PAG pathway in a stimulus-dependent
manner, it may be that this cortical site is a key delineating factor between an individual forming
accurate stimulus-response relationships and generating placebo responses via response
conditioning. Future studies could compliment this work by assessing the role of the NAc in the
conditioning phases of placebo analgesia, and indeed whether NAc activation or
neurotransmission during these phases could be a potential biomarker of placebo

res ponsiveness.

In conclusion, we provide evidence for two brain networks responsible for altering descending
brainstem pathways during placebo analgesia. Whilst this investigation utilized a specific
protocol consisting of short lasting thermal stimuli and response conditioning to induce
analgesic effects, regions in the network we describe have previously been tied with analgesia
elicited from longer lasting stimuli or chronic conditions "*. Recently, brainstem projections
from the hypothalamus have been linked to pain anticipation in Fibromyalgia patients ** and
the cingulate cortex — specifically it's anterior division - has been proposed as a neurosurgical
target to treat intractable pain due to its role in emotional and attentional processing during
painful events 3°. Additionally, the same regions we identify from placebo analgesia generated
by response conditioning appear to be involved in alternative placebo substances such as social
observation which includes the amygdala and PAG ¢, and pharmacological conditioning which
include the rACC and PAG *". These data are consistent with frontotemporal and limbic
structures playing a generalized role in recruiting brainstem pain-modulatory circuits to drive

analgesia, emphasising the role of “mind set” and emotion in influencing our responses to pain.
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Indeed, it remains to be seen whether these specific connections between cortical, subcortical,
and brainstem sites are compromised in individuals with chronic pain or underpin alternative

endogenous pain modulatory phenomena.
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Fig 1: Experimental protocol, placebo-related activity, and connectivity functional maps. A)
Placebo induction. Conditioning was performed by applying low intensity noxious stimuli to the
lidocaine-site and moderate intensity to the Vaseline-site; crucially, during this phase
participants believed stimuli of moderate intensity were being applied to both sites. On the
following day, a reinforcement phase was conducted using the low and moderate temperatures
on the opposite forearm. Then, after a washout period, two independent functional magnetic
resonance imaging (fMRI) series were collected where we applied identical moderate intensity
noxious stimuli to the control vaseline (scan 1), and placebo ‘lidocaine’ cream (scan 2) sites
sequentially. During these two series, participants rated their expected and perceived pain on an
MR-compatible visual analogue scale (O = no pain, 100 = worst pain imaginable). B) Perceived
pain intensities during noxious stimuli. Mean (+SEM) pain intensity ratings during the placebo
lidocaine-site scan in placebo responder (n=23; green) and non-responder (n=24; pink) groups,
relative to the average pain ratings from all 47 participants during the control vaseline-site scan
(grey). C) Expected and perceived pain intensities. The difference in expected and reported pain
directly prior and during the two series in placebo responder and non-responder groups. *
p<0.001. D) Midbrain periaqueductal gray matter (PAG) signal intensity changes. Brainstem
maps representing differences in noxious-stimulus evoked signal intensity changes during the
placebo lidocaine- and control vaseline-site scans were entered into a 2-sample group analysis
which compared placebo responder and non-responder groups. A significant cluster with a peak
within the lateral PAG emerged. Beta values were extracted from a 1mm diameter sphere at the

peak of this cluster and plotted. This sphere was used as the “seed” for subsequent analyses.
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Fig 2: Stimulus-independent and stimulus-dependent cortico-brainstem connectivity changes
during placebo analgesia. A) Functional Connectivity (FC) Analysis. Functional connectivity
determines areas which alter in coupling with a seed region across the entire scan. Positive
values indicate a correlation between a seed and voxel timeseries, whereas a negative value
indicates anticorrelation. Control vaseline- and placebo lidocaine-site functional scans were
analyzed, allowing us to determine which brain areas altered their ongoing, stimulus-
independent coupling with the lateral midbrain periaqueductal gray matter (IPAG) during
placebo analgesia. B) Voxel by voxel FC analysis in placebo responders. Paired analysis (control
vaseline versus placebo lidocaine-site scans) in placebo responders (n=23) revealed a pattern
of stimulus independent connectivity changes. Relative to the control vaseline-site, connectivity
decreased during the stimulation of the placebo lidocaine-site between the IPAG and the left
and right posterior hypothalamus (hypo), right medial nucleus of the amygdala (amyg), and
right medial prefrontal cortex (mPFC), and increased with both the left dorsolateral prefrontal
cortex (dIPFC) and rostral anterior cingulate cortex (rACC). Non-responders (n=24) displayed
no significant connectivity changes between the two functional series in these same brain
regions. C) Psychophysiological Interaction (PPI) Analysis). PPl connectivity analysis considers
the timeseries of an elected region (seed) activity during time-specific events. During the control
vaseline- and placebo lidocaine-site scans, eight noxious stimuli were delivered at 8 time points,
allowing us to determine which brain regions altered their connectivity's in a stimulus-dependent
manner. D) Voxel by voxel PPl analysis in placebo responders. Paired analysis (control vaseline-
versus placebo lidocaine-site scans) in placebo responders revealed significant increases in pain-
related connectivity between the IPAG and the contralateral primary somatosensory cortex
(S1), anterior insula cortex (Al), nucleus accumbens (NAc), rACC, dorsal ACC (dACC), and mid
cingulate cortices (MCC). Non-responders displayed no significant pain-related connectivity
changes in all of these brain regions, apart from S1 in which both responders and non-
responders displayed connectivity increases during placebo lidocaine- compared with control

vaseline-site scans.
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Fig 3: Defining a stimulus-dependent and -independent network of brainstem connectivity.
Dynamic Causal Modelling (DCM) was conducted by entering the timeseries of each significant
cluster revealed by stimulus dependent (PPI) and -independent (FC) analyses during the
stimulation of the placebo lidocaine-site into two, separate, full model designs. Each
anatomically possible connection was turned on to create a full model, and the timing of stimuli
was added to the PPl DCM to account for the stimulus dependency of these connections. For
both models, DCM was conducted as a bilinear model, one state per region, centred inputs, with
stochastic effects off. After specifying and estimating these models, a nested search was
conducted revealing connections between clusters whose timeseries significantly added to
optimal model evidence. The pruned models displayed in the upper and lower central panels
were threshold at p>0.99. Each first-level model was then inspected for each participant, and

individual connection parameter estimates were extracted. Two-sample t-tests were conducted
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comparing mean parameter estimates between responders and non-responders to identify
cluster connections that significantly differed between placebo responders and non-responders.
A) Stimulus-independent system: Significant differences were identified from the rostral
anterior cingulate cortex (rACC), left and right posterior hypothalamus (hypo) to the midbrain
periaqueductal gray matter (PAG), as well as in the PAG-PAG self-connection. B) Stimulus-
dependent system: Significant differences were identified from the nucleus accumbens (NAc)
to the rACC, and from the rACC to the PAG. C) View of significant connections in both the
stimulus-dependent (red circles and lines), and stimulus-independent (blue circles and lines)
networks displaying differences in PAG connectivity between placebo responders and non-
responders. Mediation testing revealed that the stimulus-dependent connectivity between the
rACC-PAG significantly and completely mediated the relationship between placebo responsivity
(placebo responder or non-responder group assignment), and PAG signal intensity change.
Stimulus independent connectivity between the right hypothalamus-PAG related directly to

group assignment, however, did not act as a mediator in the signal change of the PAG.
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Methods:

Ethics: All experimental procedures were approved by the University of Sydney Human Research
Ethics Committee and were consistent with the Declaration of Helsinki. Written informed
consent was obtained from participants at the commencement of the study. Participants were
also provided with an emergency buzzer while inside the scanner so that they could stop the
experiment at any time. At the conclusion of testing, participants were informed both verbally
and through a written statement of the necessary deception and true methodology of the
experiment and were invited to seek clarification of what they had just experienced.
Participants: Forty-seven healthy control participants were recruited for the study (25 male, 22
female; mean age, 24.0+0.5 years [+ SEM]; range 19-37 years). In order to evaluate the
necessary number of participants required for this study, an apriori power analysis was
performed using results from a previous imaging study investigating cortico-brainstem
connectivity during placebo analgesia ’. This revealed a total sample size of 40 would be
necessary to detect similar effect sizes with 95% power (d = 0.31, a = 0.05, power = 0.95).
Before beginning the study, participants completed a data sheet recording current
medication(s), and any alcohol or caffeine ingested in the 24 hours prior to testing.
Experimental Design: The study included three sessions occurring on two successive days: a
conditioning session on day 1, and a reinforcement and MRI scanning session on day 2 (Figure
1A). Throughout the study, noxious stimuli were administered to the volar surfaces of
participants’ left and right forearms using a 3x3cm MR-compatible Peltier element thermode,
which delivered a heat stimulus at a pre-programmed temperature via a Thermal Sensory
Analyzer (TSA-II) (Medoc LTD Advanced Medical Systems, Rimat Yishai, Israel). Each stimulus

lasted 15 seconds, including a ramp-up period (four degrees per second), a plateau period at a
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noxious temperature and a ramp-down period (four degrees per second). Each stimulus was
separated by a 15 second inter-stimulus-interval (ISI) at a non-painful baseline temperature of
32°C. Throughout conditioning, participants rated their pain on-line using a horizontal 10 cm
visual analogue scale (VAS) ranging between O and 100, where O was described as “no pain”
and 100 as “the worst pain imaginable”. During scanning, participants used an MR-compatible
button box to continuously report their pain perception. The VAS scale was shown on a reflected
digital screen at the end of the magnet bore, and participants controlled the position of a slider
to report their pain continuously by holding the left (moved slider towards zero) or right (moved
slider towards ten) buttons with their left middle and index finger.

Conditioning: Session 1 was conducted outside the MRI and consisted of two rounds of a
conditioning protocol. Participants were first informed both verbally and via a written statement
that the study was designed to investigate the modulatory effects of a topical anaesthetic
containing lidocaine, which had been shown to provide pain relief in some individuals. A second
control cream was stated to be purely Vaseline and was stated as being necessary to evaluate
typical pain responses. In reality, both creams contained vaseline and only differed in colour and
their described properties. We calculated individual low and moderate pain responses by
applying a series of randomised stimuli to the left forearm ranging from 44-48.5 degrees, asking
participants to rate their perceived pain during each stimulus. Participants were informed that
we were only recording a temperature which elicited a moderate subjective pain response (40—
50 VAS rating), and that this temperature would be used throughout the remainder of the
experiment. However, using the ratings provided during this process, we recorded two different
temperatures: one which was rated between 20-30 on the VAS (low temperature); and one

which was rated between 40-50 (moderate temperature). These two temperatures were then

77



deceptively applied to the “lidocaine” and Vaseline cream sites throughout the conditioning and
reinforcement experimental phases.

Creams were then applied to two adjacent 3x3 cm squares on the volar surface of the
participants’ right forearm. To enhance the believability that the “lidocaine” cream contained an
active analgesic, a false label was attached to the cream bottle and green food colouring was
added. The positions of the “lidocaine” and vaseline creams were counterbalanced between
proximal and distal sites on the volar right forearm between participants to reduce potential
confounders of local sensitivity, however we ensured both creams always occupied the C6
dermatome. Ten minutes following cream application, we conducted two rounds of conditioning.
Participants believed they would receive eight identical moderate thermal stimuli and were
instructed to report their perceived pain intensity using the VAS. Participants were also asked
prior to each set of stimuli for an average expectation of the pain they would experience, which
acted both to measure belief that lidocaine was working to modulate their subjective pain, and
to reinforce the pain relieving quality of the cream. During the two conditioning rounds we
deceptively applied a moderate temperature to the control vaseline-site, and a low temperature
to the placebo lidocaine-site.

Reinforcement and Test: At approximately the same time on the following day, sessions 2 and
3 were conducted with participants inside the MRI scanner and consisted of a reinforcement
protocol (session 2) and a test protocol (session 3). The creams were applied to the volar
surface of both left and right forearms, in the same order and locations as session 1, and
participants were reminded of the “lidocaine’s” pain-relieving qualities. To ensure that the
protocol for conditioning was consistent between subsequent days, and the change in

immediate environment (inside the MRI), reinforcement was conducted by applying four noxious
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stimuli at the same low and moderate temperatures used throughout session 1 to participants’
left volar forearm. This was performed on the opposite forearm to prevent sensitization of the
testing area (the right volar forearm).

Following reinforcement, we waited 15 minutes for residual pain and sensitivity to dissipate
from the left arm before beginning the test protocol. During this 15-minute period, structural
brain scans were collected. Dissimilar to conditioning and reinforcement, during the test phase
we applied identical moderate temperature stimuli to both the control vaseline- and placebo
lidocaine-sites (Figure 1). We asked each participant for an average expectation of pain intensity
directly prior to each stimulation series and instructed them to report the pain intensity
continuously throughout the duration of the scan using the button box and the projected digital
VAS. VAS responses were recorded every 0.5 seconds, and values during each pain period were
averaged providing a pain intensity for each noxious stimulus period. Each participant received
two consecutive series of eight stimuli, with a separate functional series collected during each
series of stimuli. Each fMRI series began with a 90-second baseline period prior to the eight
stimuli presentations. The control vaseline-site was always stimulated during the first series,
and the placebo lidocaine-site was stimulated during the second series, so that we generated a
“pre” and “post” condition, or, functional brain images encoding typical and placebo pain
responses, respectively.

MRI data acquisition and preprocessing: Brain images were acquired using a whole body Siemens
MAGNETOM 7 Tesla (7T) MRI system (Siemens Healthcare, Erlangen, Germany) with a
combined single-channel transmit and 32-channel receive head coil (Nova Medical, Wilmington
MA, USA). Participants were positioned supine with their head in the coil and sponges

supporting the head laterally to minimise movement. A T1-weighted anatomical image set
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covering the whole brain was collected (repetition time=5000 ms, echo time=3.1ms, raw voxel
size=0.73x0.73x0.73mm, 224 sagittal slices, scan time=7mins). The two fMRI acquisitions each
consisted of a series of 134 gradient echo echo-planar measurements using blood oxygen level
dependant (BOLD) contrast covering the entire brain. Images were acquired in an interleaved
collection pattern with a multi-band factor of four and an acceleration factor of three (repetition
time=2500ms, echo time=26ms; raw voxel size=1.0x1.0x1.2mm, 124 axial slices, scan
time=5:35mins).

Image preprocessing and statistical analyses were performed using SPM12 3 and custom
software. The first five volumes of each scan were removed from the model due to excessive
signal saturation from the scanner. The remaining 129 functional images were slice-time and
motion corrected and the resulting 6 directional movement parameters were inspected to
ensure that all fMRI scans had no greater than 1mm of linear movement or 0.5 degrees of
rotation movement in any direction. In no single participant in either the placebo lidocaine- or
control vaseline-site scans did motion parameters exceed our elected threshold. Images were
then linearly detrended to remove global signal changes, physiological noise relating to cardiac
(frequency band of 60-120 beats per minute +1 harmonic) and respiratory (frequency band of
8-25 breaths per minute +1 harmonic) frequency was removed using the DRIFTER toolbox *,
and the 6-parameter movement related signal changes were modelled and removed using a
linear modelling of realignment parameters (LMRP) procedure. Each individual's fMRI image
sets were then coregistered to their own T1-weighted anatomical, the T1 was then spatially
normalized to the DARTEL template in Montreal Neurological Institute (MNI) space and the
parameters applied to the fMRI image sets. The normalized fMRI images were then spatially

smoothed using a 6mm full-width at half maximum Gaussian filter.
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Dichotomizing placebo responder and non-responder groups: Participants were grouped as
either a responder or non-responder to placebo analgesia based on the two-standard deviation
(SD) method described previously *°. Briefly, for the 8 noxious stimuli delivered during the test
phase to the control vaseline-site, the SD of the 8 pain intensity ratings was calculated. During
the stimulation of the placebo lidocaine-site, the average pain intensity rating was calculated,
and if this average rating was 2 SD lower than the control vaseline-site, the participant was
considered a responder. If not, they were considered a non-responder. Significant differences
between groups with respect to expected changes in pain intensities immediately prior to testing
were determined using paired t-tests (two-tailed, p<0.05). Since participants were grouped into
either responder or non-responder categories based on their perceived pain intensities during
the fMRI scans (session 3), we did not assess significant differences between groups for the
perceived pain intensity changes. A single factor ANOVA (p<0.05) was used to determine if
there were differences in the temperature applied or pain intensity ratings reported between
responder and non-responder groups during the control stimulated series to ensure any
reported placebo effects did not relate to baseline thermal sensitivity.

PAG Region-of-interest generation: Previously, we identified a region of the caudal lateral PAG
(IPAG) ipsilateral to the side of stimulation as primarily responsible for placebo analgesia & We
began by running a two-sample difference map between control vaseline and placebo lidocaine-
site scans between placebo responder and non-responder groups and confirmed that the
greatest change in placebo-related activity occurred at the same IPAG location as that reported
earlier. We generated a 1mm radius spherical volume of interest mask (VOI) at this IPAG site

and used this VOI throughout subsequent connectivity analyses to assess changes in stimulus-
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dependent and -independent cortical coupling with the PAG during significant placebo
responses (Fig 1D).

fMRI statistical analysis: To determine significant changes in signal intensity during each noxious
thermal period, a repeating boxcar model convolved with a canonical hemodynamic response
function was applied to each of the fMRI series. Within this model, scanning volumes overlying
stimulus plateau periods were assigned a value of 1, and inter-stimulus-intervals and the initial
90-second baseline period were assigned a value of 0. The contrast images generated for each
functional image series were then used in group analyses. We conducted four separate analyses
to determine the cortical constituents of placebo analgesia and brainstem engagement.
Analysis 1: cortico-PAG stimulus independent connectivity changes in responders and non-
responders were assessed by conducting a functional connectivity (FC) analysis. This analysis
generates contrast images with includes the timeseries of the PAG seed as a regressor,
independent to the timing of noxious stimuli applied (Fig 2A). As such, this analysis reveals
cortical regions contacting the PAG during the entire scan period including the baseline
anticipation, pain, ramp, and inter-stimulus-interval periods. Using these contrast images, a
random-effects paired, voxel-by-voxel analysis was conducted in placebo responders comparing
the control vaseline- and placebo lidocaine-site series. From resulting clusters, eigenvariates
representing stimulus-independent connectivity with the PAG in each series were extracted
from both placebo responder and non-responder contrast images and significance was
determined in both groups using paired t-tests (Figure 2B,C).

Analysis 2: cortico-PAG stimulus dependent connectivity changes in responders and non-
responders were assessed by conducting a psychophysiological interaction (PPI) analysis. This

analysis involves extracting the timeseries of the PAG from each subject’s control vaseline- and
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placebo lidocaine-site scans and convolving it with the repeating boxcar model which isolates
scan periods in which a noxious stimulus was applied. This generates a new stimulus*PAG
timeseries regressor which is then applied to functional series to create new contrast images of
stimulus-dependent PAG connectivity (Fig 2C). Using these contrast images, a random-effects
paired, voxel-by-voxel analysis was conducted in placebo responders comparing the control
vaseline- and placebo lidocaine-site scans. From resulting clusters, eigenvariates representing
stimulus-dependent connectivity with the PAG in each series were extracted from both placebo
responder and non-responder contrast images and significance was determined in both groups
using paired t-tests (Figure 2E, F).

Analysis 3: network properties and directed connectivity in PPl and FC clusters were compared
by conducting two separate Dynamic Causal Modelling (DCM) analyses. DCM s a technique
whereby cluster timeseries are compared to consider is a region’s activity over time can be used
to predict the activity in a second, connected region. After entering an appropriate “full model”
which includes all anatomically possible connections as well as inhibitory self-connections
between each entered cluster, a nested search step can be performed which sequentially tests
combinations of connections to produce the most likely “reduced model”, or, the combination of
connections which maximises free energy (Figure 3A) ?2. We conducted our two DCM'’s using
the following parameters: slice timing = 1.25s (modelled to the centre slice of acquisition), echo
time = 0.026s, bilinear modulatory effects, one state per region, stochastic effects off, centred
inputs on, and a timeseries fit. The timings of noxious stimuli were modelled specifically in the
PPl DCM and added as potential contributors to all extrinsic and intrinsic connections of the
full model due to the inherent stimulus-dependency of these clusters. After identifying the

optimal reduced model through nested search, individual participant parameter estimates for
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each resulting between-cluster and self-connection were extracted and effect sizes and 95%
confidence intervals calculated by Cohen’s d to identify directed connections with medium to
large effects between placebo responders and non-responders (Cohens d>0.5).

Analysis 4: potential cortical mediators of placebo responsiveness and PAG activation were
investigated by entering the most pronounced connection elucidated from the two DCM
analyses into a multiple mediation analysis performed using the Canlab Mediation Toolbox in
Matlab R2022b “°. Mediation analyses are routinely used to investigate if the relationship
between two variables is direct, or reliant on a third, contingent variable. In our investigation, we
entered “placebo responsiveness” as the input variable (X), and PAG signal intensity change as
the output variable (Y). Connectivity between the rACC-PAG in the PPI analysis, and right
hypothalamus-PAG in the FC analysis were entered as potential mediators (M1 and M2,
respectively).

Analyses 1 and 2 were initially visualized at a threshold of p<0.001 uncorrected with a cluster
extent threshold of 20 contiguous voxels. We then applied small volume correction (p<0.05) to
reduce the likelihood of type Il errors. The VOI used to perform these small volume corrections
were derived from parcels in the extended human connectome project atlas (HCPex) which

“1 The locations of

includes subcortical areas such as the amygdala and hypothalamus
significant clusters in MNI space were tabulated and beta-values extracted to determine the
directions of signal and PAG-connectivity change. For display purposes, significant clusters were
overlaid onto a mean T1 weighted anatomical of all 47 participants. For Analysis 3, posterior

probabilities of the reduced model after nested search were thresholded at p>0.99, and effect

sizes of parameter estimate differences between responders and non-responders were
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discerned using Cohen’s d tests. Analysis 4 was performed at a false discovery rate correction

of p<0.05, bootstrapped to 10,000 samples.

Data Availability:
All de-identified single participant functional data, as well as activation and connectivity

contrast maps are available from the corresponding author upon reasonable request.

Code Availability:

The analysis methods and software used in this article are all either open source or enabled in

SPM12’s standard installation. No new methods or algorithms have been generated.
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Table 1. Location, level of significance, and cluster size of regions altering in connectivity with

the right lateral PAG specifically during stimulus application in the placebo responder group. Co-

ordinates are in Montreal Neurological Institute (MNI) space. Cluster sizes are derived from

resliced 1mm isotropic image series. “ipsilateral” = right. NAcc = nucleus accumbens; rACC = rostral

anterior cingulate cortex; dACC = dorsal anterior cingulate cortex; MCC = mid cingulate cortex; SMA

= supplementary motor area; S1 = primary somatosensory cortex.

MNI PAG Stimulus-dependent
coordinates connectivity change (mean
SEM)
X | Y | Z | t-value | cluster | control scan lidocaine
size scan

Psychophysiological Interaction (PPI)
PBO>control
Contralateral Anterior -37 | 12 | -7 72 3.64 -0.26+0.12 0.40+0.14
Insula -331 13 | 11 31 3.65 -0.23+0.13 0.40+0.11
Contralateral NAcc -7 |1 5 1] -5 64 427 -0.26+0.06 0.16+0.10
Ipsilateral rACC 12 | 36 | 20 82 3.84 -0.14+0.06 0.34+0.10
Ipsilateral dACC 6 | 15 | 37 271 371 -0.26+0.13 0.59+0.20
Ipsilateral MCC 4 | -16 | 40 50 3.62 -0.36+0.09 0.32+0.20
Ipsilateral SMA 4 8 | 45 180 431 -0.47+£0.17 0.34+0.19
Contralateral S1 -38 | -34 | 46 367 4.10 -0.45+0.17 0.39+0.14
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Table 2. Location, level of significance, and cluster size of regions altering in connectivity with

the right lateral PAG across the entire scan timecourse in the placebo responder group. Co-

ordinates are in Montreal Neurological Institute (MNI) space. Cluster sizes are derived from

resliced 1mm isotropic image series. “ipsilateral” = right. rACC = rostral anterior cingulate cortex;

dIPFC = dorsolateral prefrontal cortex; mPFC = medial prefrontal cortex; MeA = medial nucleus of the

amygdala.

MNI

coordinates

PAG Whole scan connectivity
change (mean + SEM)

X 1Y Z | t-value | cluster | control scan | lidocaine scan
size

Functional Connectivity (FC)
PBO>Control
Ipsilateral rACC 3 |40 | 17 5.10 311 | -0.009+0.008 | 0.035+0.006
Contralateral dIPFC -29 | 25 | 27 4.16 98 -0.007+0.007 | 0.025+0.008
PBO>Control
Ipsilateral mPFC 11 | 60 | -18 | 4.58 203 0.029+0.011 | -0.016+0.007
Ipsilateral MeA 21| -2 | -13 | 390 444 0.025+0.007 | -0.008+0.008
Ipsilateral Posterior 3 -5 | -8 464 40 0.023+0.006 | -0.007+0.006
Hypothalamus
Contralateral Posterior -1 -4 -7 5.63 83 0.020+0.005 | -0.012+0.006

Hypothalamus
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Table 3. Significant modulatory parameter estimates mean and standard error as determined

by nested search dynamic causal modelling (DCM). Effect sizes were calculated by Cohen’s D.

Connection Mean (+SEM) Mean (+SEM) Cohen'’s D (effect

Responder Nonresponder size) 95% Cl

Stimulus Dependent System

NAcc — rACC 0.11+0.03 -0.01+0.04 0.76 [0.16 — 1.37]
rACC — PAG 0.18+0.04 0.02+0.05 0.81 [0.20 — 1.42]
Stimulus Independent System

Right Hypo — PAG 0.02+0.01 0.05+0.01 092 [0.31 — 1.54]
Left Hypo — PAG 0.02+0.01 0.05+0.01 0.73[0.12 - 1.33]
rACC — PAG 0.06+0.01 0.01+0.02 0.68 [0.09 — 1.29]
PAG — PAG -0.10+0.01 -0.16+0.01 0.76 [0.16 — 1.37]
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Supplementary Information:

Table 1. Temperatures applied throughout conditioning and test phases in placebo responder

and nonresponder groups.

Responder | Nonresponder | P-value
Moderate Temperature | 46.8+0.17 46.7+0.20 0.94
(degrees+SEM)
Low Temperature 458+0.17 456+022 0.57
(degrees+SEM)

Table 2. Placebo non responder functional connectivity values in significant clusters of the

stimulus independent network.

PAG Whole scan connectivity change

(mean + SEM)

Hypothalamus

control scan | lidocaine scan | P-value
Functional
Connectivity (FC)

PBO>Control
Ipsilateral rACC 0.023+0.010 | 0.019+0.001 0.84
Contralateral dIPFC 0.014+0.005 | 0.011+0.006 0.14

PBO>Control
Ipsilateral mPFC 0.008+0.006 | 0.010+0.009 0.84
Ipsilateral MeA 0.017+0.007 | 0.014+0.005 0.68
Ipsilateral Posterior 0.026+0.010 | 0.015+0.007 0.30

Hypothalamus
Contralateral Posterior | 0.024+0.010 | 0.009+0.006 0.14
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Table 3. Placebo responder and non-responder signal intensity change values in significant

clusters of the stimulus independent network.

Responder Signal Intensity Change (mean Non-responder Signal Intensity Change
+ SEM) (mean + SEM)
control scan lidocaine P-value control scan lidocaine P-value
scan scan
Functional Connectivity (FC)
PBO>Control
Ipsilateral rACC -0.12+£0.34 | -0.08+0.34 0.86 -0.16+£0.18 | -0.19+0.19 0.88
Contralateral dIPFC 0.13+0.10 0.19+0.09 0.47 0.10+0.09 0.05+0.09 0.46
PBO>Control
Ipsilateral mPFC -0.11+0.09 -0.15+£0.09 0.74 -0.09+0.10 -0.09+0.06 0.99
Ipsilateral MeA 0.22+0.12 0.32+0.14 0.51 0.05+0.12 0.16+0.07 0.36
Ipsilateral Posterior -0.24+0.22 -0.08+0.28 0.57 -0.08+0.15 -0.08+0.13 0.99
Hypothalamus
Contralateral Posterior | 0.08+0.21 0.42+0.27 0.22 0.32+0.11 0.14+0.15 0.36
Hypothalamus

Table 4. Placebo non responder psycho-physiological interaction values in significant clusters

of the stimulus dependent network.

PAG Stimulus-dependent connectivity
change (mean + SEM)
control scan | lidocaine scan P-value
Psychophysiological Interaction (PPI)
PBO>control
Contralateral Anterior | -0.31+0.11 -0.17+0.14 0.40
Insula

Contralateral NAcc 0.07+0.09 -0.05+£0.06 0.35
Ipsilateral rACC -0.04+0.06 0.07+0.07 0.22
Ipsilateral dACC -0.29+0.12 -0.03+0.07 0.22
Ipsilateral MCC -0.25+0.12 -0.04+0.16 0.52
Ipsilateral SMA -0.24+0.14 0.05+0.17 011
Contralateral S1 -0.28+0.13 0.38+0.13 0.004
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Table 5. Placebo responder and non-responder signal intensity change values in significant

clusters of the stimulus dependent network.

Responder Signal Intensity Change (mean Non-responder Signal Intensity Change
+ SEM) (mean = SEM)
control scan lidocaine P-value control scan lidocaine P-value
scan scan

Psychophysiological Interaction (PPI)
PBO>control
Contralateral Anterior 128+0.22 1.29+0.23 0.93 1.07+0.26 125+0.22 0.54
Insula
Contralateral NAcc 0.05+0.10 0.19+0.10 0.36 -0.01+0.07 -0.02+0.08 0.92
Ipsilateral rACC 0.09+0.15 0.18z0.16 0.34 -0.10+£0.11 -0.01+0.12 0.38
Ipsilateral dACC 1.85+0.34 1.73+0.34 0.65 1.47+0.18 1.47+0.20 0.99
Ipsilateral MCC 0.05+0.27 -0.06+0.27 0.64 0.22+0.21 0.19+0.13 0.89
Ipsilateral SMA 2.79+0.39 2.42+0.35 0.29 1452018 1.45+0.20 0.99
Contralateral S1 0.58+0.20 0.40+0.21 0.43 0.34+0.38 0.16+0.27 0.70
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Table 6. Demographic data of each participant’s age, gender, and group assignment for

placebo responders and non-responders.

Responders n=23 Non-responders n=24
Subject ID Age Gender Subject ID Age Gender
2013 20 M 2009 20 M
2015 19 F 2010 20 F
2022 20 F 2011 20 M
2025 22 F 2014 21 M
2028 24 F 2016 19 F
2035 24 F 2021 24 F
2036 21 M 2023 22 M
2037 21 M 2024 21 M
2039 32 F 2026 33 M
2049 23 M 2027 24 M
2056 24 M 2029 27 F
2078 24 F 2030 23 F
2079 25 M 2032 20 F
2082 29 M 2034 23 F
2083 21 F 2040 26 M
2084 25 M 2041 22 M
2085 24 M 2077 23 F
2086 32 F 2080 24 F
2087 25 M 2081 31 M
2088 25 M 2091 23 M
2089 25 F 2095 27 F
2090 24 M 2097 23 F
2094 23 M 2098 23 M

2099 37 F
Mean+SEM | 24.0+0.68 | 13M:10F 24.0+0.84 12M :12F




Chapter 3: Summary

This chapter presented a novel experiment combining numerous imaging-based analytical
techniques to define a cortical architecture present in the development and manifestation of
placebo analgesia. Supporting prior research and chapter 2, we first demonstrated it was
possible to elicit placebo analgesia in response to acute thermal stimuli within a proportion of
individuals, and that this responsiveness was associated with changes in signal intensity within

the lateral PAG column.

In this chapter we also introduced connectivity and mediation analyses, as well as DCM to
directly test our hypotheses of two distinct cortical networks that regulate the output of the
IPAG and underpin greater analgesic responses. In line with our hypotheses, functional
connectivity (FC) and psycho-physiological interaction (PPI) revealed these networks: the first
stimulus-independent and comprised of limbic structures like the posterior hypothalamic nuclei
(PH) and medial amygdaloid nucleus (MeA), and the second stimulus-dependent and comprised
of the rostral anterior cingulate cortex (rACC) and nucleus accumbens (NAc), among other
regions respectively. DCM was then used to specifically pinpoint which anatomical connections
between sites behaved differently between placebo responders and nonresponders, as well as
their directionality — that is, whether two regions were changing in their coupling in a top-down

or bottom-up pattern.

The major discovery and novelty of this study was that brainstem regulatory circuits described
in experimental animals over 50 years ago appeared to be partially preserved in humans and
underpinned the ability to mount the phenomenon of placebo analgesia. Specifically, we found
differences in how efferent projections from the PH to the IPAG behaved between placebo
responders and nonresponders. Whilst these connections did not mediate the relationship
between placebo responsivity and IPAG signal intensity change (i.e. activation), they related
directly to group placement, suggesting that the PH-IPAG projection was critical in establishing
an excitatory tone of the IPAG which could then be recruited by other projections during noxious
stimuli. Indeed, the stimulus-dependent rACC-IPAG projection also demonstrated differences
between groups in the DCM analysis, and this connection completely mediated the relationship

between placebo responsiveness and IPAG signal.

Overall, our findings indicated the presence of two distinct cortical networks which contacted
descending pain modulatory nuclei during the context of placebo separate to during the

application of noxious stimuli. The results support the idea of placebo analgesia as a complex
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phenomenon, with the neural signature of the response incorporating information extending far

beyond sensory input alone.

An interesting finding which arose in this study, and one which motivated the experiment and
manuscript presented in Chapter 4 was that we found no interaction between dorsolateral
prefrontal cortex (dIPFC) connectivity and placebo analgesia. With this node within the frontal
lobe previously being defined as crucial in the development of placebo responses, our attention
turned to what role it played in this analgesic phenomenon. Inspired by the work outlined in
Appendix A, our focus turned away from pain modulation itself, and rather towards an
individual's ability to form accurate expectations of pain-relief during the administration of a

placebo.
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Chapter 4:

Matching expectation to experience:
biochemistry and function of the

dIPFC in placebo analgesia

“The problem is not the problem.
The problem is your attitude
about the problem.”

— Jack Sparrow, 2007
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Chapter 4: Overview

This chapter contains the following publication: Crawford LS, Mills EP, Peek A, Macefield VG, &
Henderson LA. (2023). Function and biochemistry of the dorsolateral prefrontal cortex during
placebo analgesia: How the certainty of prior experiences shapes endogenous pain relief, which was
submitted to Human Brain Mapping on 6 April 2023 and is currently under review. The

submitted manuscript, in its entirety, is reproduced in this chapter.

Where up to this point we had been concerned with defining function within cortical and
brainstem sites relating to pain modulation, we were unable to make any inferences on
underlying differences in biochemistry which may have been contributing to the phenomena.
This manuscript took a different approach in order to directly assess Aim 3 of this thesis:
combining information on biochemical concentration (as revealed through *H-MRS) within a
pre-defined node, the right dIPFC, with functional changes contributing to placebo analgesia.
Specifically, we had a strong hypothesis that altered excitatory-inhibitory balance within this
cortical site would influence the consistency of pain rating patterns in the conditioning phase
of placebo, which in turn would contribute to the development of stronger placebo effects. This
hypothesis was informed by both our own work (Appendix A), as well as recent developments
in the field highlighting a Bayesian model of placebo analgesia: that prior information is
integrated within discrete sites of the cortex and brainstem to inform an individual's future

responses to an inert treatment.

38 participants received an identical conditioning-based placebo design as described in chapter
3, however a *H-MRS scan directly prior to the test phase of the experiment. At ultra-high field,
'H-MRS has the capacity to resolve both Glutamate and gamma-aminobutyric acid (GABA) —
the brain’s primary excitatory and inhibitory neurochemicals, respectively. The inclusion of this
scan enabled us to investigate if any specific metabolite concentration within the dIPFC
contributed to either rating variability or placebo responses. Additionally, we conducted
connectivity analyses using a significant cluster within the dIPFC which showed activation

differences between placebo responders and nonresponders as a main effect of placebo.

We hypothesized that placebo responders would be more consistent in rating their pain
throughout conditioning relative to non-responders, and that placebo-related reductions in pain

would relate to specific functional and biochemical differences within the dIPFC.
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Abstract: Prior experiences, conditioning cues, and expectations of improvement are essential
for placebo analgesia expression. The dorsolateral prefrontal cortex (dIPFC) is considered a key
region for converting these factors into a placebo response. Since dIPFC neuromodulation can
either attenuate or amplify placebo, we sought to investigate dIPFC biochemistry and function
in 38 healthy individuals during placebo analgesia. After deceptively conditioning participants to
expect pain relief from a placebo “lidocaine” cream, we collected baseline magnetic resonance
spectroscopy (*H-MRS) at 7 Tesla over the right dIPFC. Following this, functional magnetic
resonance imaging (fMRI) scans were collected during which identical noxious heat stimuli were
delivered to the control and placebo-treated forearm sites. There was no significant difference
in concentration of pain-related metabolites at the level of the right dIPFC between placebo
responders and non-responders. However, we identified a significant inverse relationship
between the excitatory neurotransmitter glutamate and pain rating variability during
conditioning. Moreover, we found placebo-related activation within the right dIPFC and altered
fMRI coupling between the dIPFC and the midbrain periaqueductal gray which also correlated
with dIPFC glutamate. These data suggest that the dIPFC formulates stimulus-response
relationships during conditioning which are then translated to altered cortico-brainstem

functional relationships and placebo analgesia expression.

Keywords: placebo analgesia, dorsolateral prefrontal cortex, acute pain, conditioning, variability.

103



Introduction:

Placebo effects, which occur when an inactive treatment or visual cue leads to a significant
physiological benefit, are grounded in both an individual's previous experiences and their
expectations of improvement (Amanzio and Benedetti 1999; Biichel et al. 2014; Medoff and
Colloca 2015; Ashar et al. 2017). In the context of pain, the phenomenon of placebo analgesia
has been extensively studied, and associated with a number of factors including conditioning
effectiveness, participant-experimenter interactions, and value statements (Colloca and
Benedetti 2006; Kaptchuk et al. 2009; Kong et al. 2009; Colloca et al. 2010; Colloca 2019).
Together, these factors inform a participant’'s expectations of how strongly they believe a

placebo will work to reduce their pain — that is, precision.

It has been hypothesized that the midbrain periaqueductal gray (PAG) — rostral ventromedial
medulla (RVM) — dorsal horn brainstem circuit mediates placebo analgesia and we recently used
ultra-high resolution functional magnetic resonance imaging (fMRI) to show that placebo
analgesic responses are indeed associated with activity changes in this circuit (Crawford et al.
2021). Given that placebo analgesia requires complex cognitive function to integrate prior
experiences and expectations with incoming nociceptive events, it is likely that PAG activity and
ultimately placebo analgesia is driven by descending inputs from higher-order cortical regions.
Consistent with this idea, human brain imaging studies have revealed that activity changes in
the dorsolateral prefrontal cortex (dIPFC) are associated with placebo analgesia in addition to
expectations, decision making and error-prediction (Wager et al. 2004; Rosenbloom et al. 2012;

Schenk and Colloca 2019; Hibi et al. 2020).
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Furthermore, experimental manipulation of dIPFC function can either attenuate or amplify
placebo analgesia. For instance, Krummenacher et al. (2010) demonstrated in an expectation-
based placebo pain paradigm, that transient disruption of the dIPFC through repetitive
transcranial magnetic stimulation (rTMS) blocked the generation of placebo analgesia. This
same intervention, however, had no effect on the sensory experience of pain itself. Conversely,
Tuetal. (2021) used transient direct current stimulation (tDCS) to demonstrate that compared
to sham stimulation, cathodal tDCS applied to the right dIPFC increased placebo analgesic
response magnitudes and altered dIPFC functional connectivity. Given these findings, it is likely
that the PAG is driven by inputs from the dIPFC either directly or via a relay in the rostral

anterior cingulate cortex (rACC) (Eippert et al. 2009; Sevel et al. 2015).

It has also been recently proposed that brainstem pain modulatory circuits are governed by a
Bayesian system in which prior experiences are integrated with incoming nociceptive
information to form the pain percept and subsequent placebo analgesia. Grahl et al. (2018)
applied a Bayesian model over two groups of participants. One group experienced a highly
precise conditioning paradigm whereby they received identical low noxious stimuli (to generate
consistent expectations of analgesia), and the other group experienced a low precision
conditioning paradigm in which they received highly variable noxious stimuli (to generate
variable expectations of analgesia). High conditioning precision (leading to consistent
expectations of low pain) was associated with greater placebo analgesia, and changes in PAG
activation reflected how effectively a participant was able to combine their current pain
experience with their prior experiences and expectations for pain reduction to elicit placebo
analgesia.
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The current study aimed to investigate i) whether low variability in pain intensity ratings during
conditioning phase (high conditioning precision) is associated with stronger placebo responses;
and ii) whether dIPFC biochemistry, function, and functional connectivity are associated with
placebo responsiveness and conditioning precision. Previously we demonstrated that dIPFC
signal intensity changes were strongly associated with variability of perceived pain intensity
during a set of identical noxious stimuli (Crawford et al. 2022). Given this, we propose that
decreased pain intensity variability during identical noxious stimuli (conditioning precision)
would be associated with increased magnitude of placebo responses as well as altered function
of the dIPFC and its connections to the PAG. Additionally, we hypothesized that placebo
responders would demonstrate greater consistency in pain rating responses during conditioning
and that this consistency, as well as reported reductions in pain (placebo responses), would

relate directly to both functional connectivity differences and biochemistry in the dIPFC.

Methods:

Ethics:

All experimental procedures were approved by the University of Sydney Human Research and
Ethics Committee and were consistent with the declaration of Helsinki. Participants provided
written informed consent prior to experimental proceedings. Whilst inside the MRI scanner
participants were supplied with an emergency button and instructed to squeeze the button to
stop the experiment at any time. After all testing, participants were informed verbally and
through a written statement of the necessary deception within the experiment and invited to
seek any additional clarification of what they had experienced. The data were collected as part

of a larger study, some of which has already been published (Crawford et al. 2021).
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Participants:

Thirty-eight healthy control participants were recruited for the study (18 female; mean+SEM
age 25.0+0.8 years; range 20-37 years). An a priori power analysis using a previous brain
imaging study investigating interactions between positive expectations and pain relief (Grahl et
al. 2018) revealed that a total sample size of 34 would be necessary to detect similar neural

effects with 90% power (d = 0.46, a = 0.9, power = 0.90) (Faul et al. 2007).

Experimental Design:

The study involved three independent sessions conducted over two successive days: Conditioning
(day 1), Reinforcement (day 2), and Test (day 2) (Fig 1A.). Throughout all three sessions, noxious
thermal stimuli were administered using a 3x3 cm Peltier-element thermode (TSA-II, Medoc)
applied to the left or right arms, onto sites where two different creams were applied, a control
(vaseline) or placebo (lidocaine) cream. Each stimulus lasted a total of 15 seconds, including a
ramp up from baseline (32°C), a plateau at the designated noxious temperature (low or
moderate, depending on cream site), and a ramp down to baseline. Each stimulus period was
separated by a 15-second inter-trial-interval at the baseline 32°C temperature. Outside the
scanner (sessions 1 and 2) participants rated their pain continuously using a computerized
visual analogue scale (VAS). Inside the scanner (session 3) the VAS was replicated onto a digital
screen overhead and participants continually reported their pain throughout scanning by
controlling a slider on this screen using a two-button button box with their left index finger

(100 = worst pain imaginable; O = no pain).
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Day 1 - conditioning:

Prior to conditioning, thermal thresholds were assessed and participants were presented with
the control and placebo creams. A determination of moderate pain protocol was conducted
where 0.5°C interval temperatures between 44°C and 48.5°C were randomly applied
sequentially to participant’s left volar forearm. Participants were informed that one temperature
was being recorded: a moderate temperature which elicited a VAS pain rating between 50-60,
which would then be applied to both cream sites throughout the remainder of the experiment.
In reality, we recorded two temperatures: a low temperature (one which elicited a 20-30 VAS

rating), as well as the moderate temperature (50-60 VAS).

The two creams were then applied to participant’s right forearm. Despite both creams being
identical, the verbal description given, and physical appearance of the control and placebo
creams differed to elicit initial expectations of analgesic properties. The control cream bottle
appeared white, with a label stating it was a Vaseline solution and no colouring additives were
added to this cream. In contrast, the placebo cream bottle appeared green, with a label stating
it was a “Lidocaine” solution. Green food colouring was also added to this cream and it was
described to hold analgesic properties which could reduce the thermal sensitivity in a localized
region. The two creams were then applied in a counterbalanced fashion to proximal and distal

sites on volar aspect of the forearm overlapping with the C6 dermatome.

Following this procedure, two rounds of conditioning were conducted on the respective cream
sites. Each round of conditioning involved a series of eight noxious stimuli being applied to each

of the cream sites. Participants were informed that both creams were receiving identical noxious
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stimuli at the temperature previously eliciting a moderate pain intensity during the
determination procedure. In reality, we applied the low temperature to the placebo “Lidocaine”
cream site, and the moderate temperature only to the control Vaseline site. Prior to each series
of stimuli, participants were asked to report their average expected pain across the eight stimuli
and reported their pain throughout using the computerized VAS. After a total of 16 stimuli had
been applied to each cream site, participants were asked to return the following day at an

identical time to conduct the scanning component of the experiment.

Day 2 — reinforcement and test:

Upon return, both the control vaseline and placebo “lidocaine” creams were applied in the same
counterbalanced locations to participant’s left and right volar forearms. Reinforcement was
conducted inside the MRI scanner room with participants laying supine on the scanner bed, and
noxious stimuli were applied to the left volar forearm to reduce the likelihood of sensitization
effects on the right forearm. Reinforcement involved a series of four noxious stimuli being
applied to both cream sites at the same moderate and low temperatures as in conditioning to
ensure that despite the change of day and immediate environment, participants continued to
both expect and experience different pain responses between the control and placebo creams,

respectively (Fig 1A.).

Following reinforcement, structural brain scans including a T1-weighted anatomical and
magnetic resonance spectroscopy (*H-MRS) scan were collected prior to the test phase. Unlike
conditioning and reinforcement, the test phase involved identical moderate intensity stimuli

being applied to both the control vaseline and placebo “lidocaine” cream sites on the right volar
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forearm. Each cream site received eight noxious stimuli, during which functional brain scans
(fMRI) was collected. During both the reinforcement and test phases, participants continued
to report their average expected pain prior to each series of noxious stimuli, as well as rate their

pain continuously using the VAS systems.

Imaging protocol:

Brain images were collected with a whole-body Siemens MAGNETOM 7T MRI system with a
combined single-channel transmit and 32-channel receive head coil (Nova Medical). Participants
were positioned supine on the scanner bed with support to minimize head movement. Prior to
the test protocol, a T1-weighted anatomical image set covering the whole brain was acquired
(repetition time = 5000ms, echo time = 3.1ms, flip angle 1 = 4°, flip angle 2 = 5°, raw voxel size
= 0.73x0.73x0.73 mm, 224 sagittal slices, scan time = 7 min). Immediately following this
acquisition, the siemens standard automated shimming procedure (repetition time = 8500ms,
echo time = 6ms, flip angle = 90°) and a single voxel *H-MRS was acquired using a Stimulated
Echo Acquisition Mode (STEAM) sequence (32 averages, spectral width = 6000Hz, water
suppression = standard, reference amplitude = 215V, mixing time = 32ms, scan time = 5 min
06 sec) encompassing a 20x20x20mm voxel overlying the right dorsolateral prefrontal cortex
(dIPFC) (Mylius et al. 2013). In all participants, the dIPFC MRS cube was bordered laterally by
the skull wall, superiorly by the superior frontal sulcus, and inferiorly by the inferior frontal sulcus
(Fig 2B). The two fMRI sequences each consisted of a series of 134 gradient-echo echo-planar,
using blood oxygen level-dependent (BOLD) contrast covering the entire brain. Images were

acquired interleaved with a multiband factor of four and an acceleration factor of three
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(repetition time = 2500ms, echo time = 26ms, raw voxel size = 1.0x1.0x1.2 mm, 124 axial slices,

scan time = 6 min 25 sec).

Imaging preprocessing and statistical analyses were performed using SPM12 (Penny et al.
2011) and custom software. Each participant's raw dIPFC *H-MRS spectroscopy was first
inspected to ensure data quality and maximal CRLB values for GABA, glutamate, mINS, and
NAA were 19%, 2%, 3%, and 2% respectively. Additionally, the FWHM of the spectra across
all 36 participants did not exceed the established rejection cutoff of 21 Hz (mean+SEM FWHM
9.63+0.25 Hz). *H-MRS metabolite concentrations were quantified using LCModel version 6.3-
1IN (Provencher 1993) operated within the custom GUI provided by Osprey version 2.0.0
(Oeltzschner et al. 2020). A raw 7-T STEAM basis set was loaded and parsed into LCModel to
create outputs of estimated concentration (mmol.L't) and Cramer-Rao lower bounds (CRLB);
standard deviations expressed as a percent of the estimated concentrations. The Gannet Co-
Register and Gannet Segment modules were utilized within Osprey, calling SPM12 to determine
the tissue volume fractions of grey matter, white matter and cerebrospinal fluid. Gannet
Quantify then returns relative metabolite levels in institutional units (IU), corrected for effects
of tissue water content and relaxation effects (Harris et al. 2015). Metabolites of interest
included Glutamate and gamma-aminobutyric acid (GABA): the central nervous system’s
primary excitatory and inhibitory neurotransmitters, which play a broad role in emotional and
cognitive processing of pain, as well as signaling memory formation and retrieval (Hassel and
Dingledine 2012; Peek et al. 2020). Additionally, due to their role in pain processing, we also
assessed Myo-inositol (mINS) and N-acetylaspartate (NAA) for group-level differences.
Reduced concentrations of both mINS and NAA have been associated with chronic pain
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disorders and suggested to contribute to deficiencies in pain processing (Grachev et al. 2000;

Grachev et al. 2002; Gussew et al. 2011).

Functional image series were slice-timing corrected, motion corrected, and the resulting six
directional movement parameters inspected to ensure that neither 1mm of linear movement
nor 0.5° of rotational movement was exceeded in any direction. Images were then linearly
detrended to remove global signal changes, and the DRIFTER toolbox was used to remove
physiological noise associated with cardiac and respiratory frequencies and harmonics (Sarkka
et al. 2012). Signal change relating to the six movement parameters previously extracted were
modelled and removed using a linear modelling of realignment parameters (LMRP) procedure.
Each individual's two fMRI image series were then co-registered to their own T1-weighted
anatomical image, and the T1 was spatially normalized to the DARTEL template in Montreal
Neurological Institute (MNI) space. These normalization parameters were then applied to the
fMRI images to ensure each image series between participants occupied an identical template
space. Normalized fMRI images were then spatially smoothed using a 6mm full width at half

maximum (FWHM) Gaussian filter.

After revealing a cluster within the midbrain PAG in initial analyses, the spatially unbiased
infratentorial template (SUIT) toolbox image segmentation and normalization pipelines were
conducted, resulting in the brainstem and cerebellum of each participant being isolated in T1-
and fMRI image series (Diedrichsen 2006). During this process, raw images were resliced to
0.5mm isotropic voxels, and spatially smoothed using a 1mm FWHM Gaussian filter to enable

better spatial localization and parameter estimate extraction from this specific cluster.
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Determining placebo responses:

Each participant was classified as either a placebo responder or non-responder based on the
two standard deviation band technigue employed previously in investigating functional brain
changes related to pain modulatory phenomena (Youssef et al. 2016; Crawford et al. 2021).
During the test phase, the mean and standard deviation of perceived pain intensities during
each stimulation period were calculated for both the control vaseline cream series and the
placebo “lidocaine” cream series. If the mean pain intensity during the placebo series was more
than two standard deviations lower than the mean control pain intensity, the participant was

considered to be a placebo responder.

Statistical Analyses:

Perceived pain intensity magnitude changes and variability during both the conditioning and
test phases, as well as metabolite concentrations within the right dIPFC, specifically GABA,
Glutamate, mINS, and NAA, were compared between placebo responders and non-responders
using two-sample t-tests (two tailed, p<0.05). Additionally, linear regression analyses were
conducted between pain intensity changes, pain intensity variability, and the concentrations of
each of these pain-related metabolites (Pearsons correlations, p<0.05 corrected for multiple

comparisons,).

Changes in signal intensity during the fMRI scans were determined using a repeated boxcar
model convolved with a hemodynamic delay function where “1” was entered for the noxious
stimulation periods and “0” for the baseline and inter-stimulus interval periods. The resultant

brain contrast maps were then entered into second level, random effects analyses to determine
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the main effect of pain (pain>baseline / pain<baseline) and the main effect of placebo
(placebo>pain / placebo<pain). A threshold of p<0.05, family wise error corrected for multiple
comparisons were applied to both analyses. Since no voxels survived this stringent threshold for
the main effect of placebo analysis, the threshold was set at p<0.001 uncorrected for multiple
comparisons. To reduce the likelihood of type Il errors, a cluster extent threshold of 20
contiguous voxels was applied to both functional analyses and small volume correction was

performed on each cluster (Woo et al. 2014).

In addition, a significant cluster within the right dIPFC resulting from the main effect of placebo
analysis was used as a seed region for conducting a whole brain, voxel-by-voxel functional
connectivity analysis over each of the fMRI scans. The location of this dIPFC seed overlapped
with the dIPFC 'H-MRS voxel. These whole scan functional connectivity contrast images were
then entered into second level random effects analysis and a main effect of placebo assessed
(p<0.001, uncorrected for multiple comparisons). Connectivity values were extracted from
significant clusters and differences between “vaseline” and “lidocaine” scan connectivities
determined in the placebo responder and non-responder groups (paired t-tests, p<0.05). A
brainstem-specific functional connectivity analysis was also conducted using the time series of
the dIPFC cluster and a mask of the PAG to determine in which discrete longitudinal column,
dIPFC coupling was altered during placebo analgesia. Finally, after extracting parameter
estimates from SUIT images representing dIPFC-PAG connectivity, linear relationships between
dIPFC connectivity strength and both pain intensity ratings and dIPFC metabolite

concentrations were determined (Pearsons correlations, p<0.05).
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For both the functional activation and connectivity analyses, the location of significant clusters
in MNI space were tabulated and labelled consistent to Mai et al “Atlas of the Human Brain”
(2015). For display purposes, significant clusters were overlaid onto a mean T1-weighted

anatomical image of all participants.

Results:

Psychophysics:

Two of the participants MRI scans were excluded due to technical or data quality issues resulting
in 36 participants remaining for further analysis. Twenty of the remaining 36 participants were
classified as placebo responders (mean+SEM pain intensity: control 45.82+1.54, lidocaine
34.02+1.91, p<0.001), and the remaining 16 non-responders (mean+SEM pain intensity
control 41.22+3.31, lidocaine 44.69+3.07, p=0.07). Despite differences in placebo responsivity,
both responder and non-responder groups alike expected a significant pain reduction during
stimulation of the placebo “lidocaine” cream site (mean+SEM pain intensity: responder control
49.35+0.77, lidocaine 33.48+1.55; non-responder; control 51.67+1.76, lidocaine 37.14+2.47;
both p<0.001) (Fig 1B). Additionally, conditioning pain intensity ratings on both the control
vaseline and placebo lidocaine sites did not differ between placebo responders and non-
responders (mean+SEM pain intensity: control responder 46.52+2.37, nonr-esponder

42.35+3.85, p=0.37; lidocaine responder 28.58+2.75, non-responder 27 .45, p=0.82).

Consistent with our hypothesis, placebo responders displayed greater pain percept precision
(low variability to identical noxious stimuli) than non-responders during the conditioning phase
when low and moderate temperatures were applied to the placebo “lidocaine” and control
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vaseline cream sites, respectively, as well as when moderate intensity stimuli were applied to the
control site during the test phase (pain intensity SD+SEM: conditioning control site; responders
6.66+0.54, non-responders 10.55+1.30, p=0.008; conditioning “lidocaine” site; responders
8.34+0.64, non-responders 11.98+1.42, p=0.02; test control site: responders 3.27+0.47, non-
responders 6.36+1.01, p=0.008; test “lidocaine” site: responders 4.08+0.42, non-responders

5.10+0.62, p=0.19) (Fig 1C).

In all participants, a significant positive relationship was found between pain percept precision
in both the conditioning and test phases during stimulation of the placebo “lidocaine” site
(r=0.59, p<0.001) (Fig 1D). In addition, there was a significant negative relationship between
the magnitude of placebo analgesia and pain percept precision during stimulation of the placebo
“lidocaine” site during the conditioning phase (r=-0.53, p<0.001) (Fig 1E). That is, greater
percept precision during conditioning was associated with greater precision during the test
phase on the following day, and greater percept precision during the conditioning phase was

associated with greater placebo analgesia.

Spectroscopy:

A representation 1H-MRS spectra and the location of the dIPFC sampling region are shown in
Figures 2A and B. The mean tissue fraction within the dIPFC volume collected consisted of 46%
gray matter, 53% white matter, and 1% CSF — and each participant’s relative tissue fraction
was then utilized in calculating tissue-corrected concentrations of metabolites of interest.
Fractions of each tissue type and mean spectra FWHM did not demonstrate significant group-

level differences (mean+SEM gray matter: responder 0.47+0.01, non-responder 0.44+0.02,
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p=0.16; white matter: responder 0.52+0.01, non-responder 0.55+0.02, p=0.19; CSF: responder
0.01+£0.01, non-responder 0.01+0.01, p=0.84; FWHM: responder 9.38+0.37, non-responder

9.94+0.29, p=0.27).

In contrast to our hypothesis, we identified no significant group-level differences in tissue-
corrected concentration in any metabolite of interest between placebo responders and non-
responders (mean+SEM tissue-corrected concentration GABA: responders = 0.99+0.09, non-
responders = 0.94+0.11; glutamate: responders = 13.62+0.19, non-responders = 13.24+0.24;
NAA: responders = 14.60+0.29, non-responders = 14.25+0.27; mINS: responders = 9.57+0.16,

non-responders = 9.46+0.24) (two-sample t test, all p>0.05) (Fig 2C).

Linear regression was then conducted using the tissue-corrected concentration of each
metabolite of interest and pain percept precision during conditioning to assess whether, instead
of being involved with the placebo response itself, altered dIPFC biochemistry related to an
individual's ability to acquire accurate placebo associations. No significant interaction was
observed in GABA, mINS, or NAA. However, a robust inverse correlation was identified between
the tissue-corrected concentration of glutamate and conditioning pain percept precision on the
placebo-treated site (R=-0.41, p=0.01) (Fig 2D). That is, less variable pain rating responses
during placebo-site conditioning were associated with greater concentration of dIPFC

glutamate.
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Brain activation changes associated with pain and placebo:

During pain, across all participants, signal intensity increased in the bilateral primary
somatosensory cortex, bilateral insula, anterior cingulate cortex, ipsilateral thalamus and
ipsilateral dIPFC (Figure 3A, Table 1). In addition, significant signal intensity decreases occurred
in areas of the default mode network such as in the bilateral angular gyrus, bilateral posterior
cingulate cortex, bilateral medial prefrontal cortex extending into the subgenual anterior

cingulate cortex, contralateral orbitofrontal cortex and bilateral angular gyrus.

Comparison of signal intensity change during stimulation of the placebo-treated relative to
control-treated sites revealed altered activation in several discrete brain regions (Figure 3B,
Table 2). These regions included the mid- and posterior cingulate cortices, contralateral
ventrolateral prefrontal cortex, ipsilateral superior parietal lobule, and ipsilateral dIPFC. In each
of these regions, signal intensity increased during placebo but did not change significantly from
baseline during control-site stimulation. In two regions, the posterior cingulate cortex and
ipsilateral ventrolateral prefrontal cortex, we observed a decrease in signal during the
stimulation of the control-site, which did not change significantly from baseline during placebo-
site stimulation. Uniquely, in the rostral anterior cingulate cortex, signal decreased during

stimulation of the control-site, and increased during stimulation of the placebo-site.

We further inspected the placebo-related signal intensity increase in the dIPFC region and
identified a significant group-level difference between stimulation of the control- and placebo-
treated sites. Specifically, whilst both groups followed similar directions of signal change, after
controlling for group, only placebo responders demonstrated a significant signal intensity
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increase in this region (mean+SEM activation responder: control -0.04+0.12, placebo

0.22+0.11, p=0.003; non-responder: control -0.02+0.11, placebo 0.17+0.10, p=0.15) (Fig 3C).

Altered cortico-cortical and cortico-subcortical coupling underpin placebo responses

Functional connectivity analysis revealed a number of brain regions in which dIPFC connectivity
over the entire scan was significantly different during stimulation of the vaseline (control)
compared with stimulation of the lidocaine (placebo) sites (Figure 4A, Table 3). Significantly
greater dIPFC connectivity strengths during the lidocaine compared with the vaseline cream
stimulations occurred in the left dorsal anterior cingulate cortex, right superior parietal lobule,
right putamen and the right PAG. In all of these clusters, extraction of dIPFC connectivity values
revealed that it was the responders driving these connectivity changes, i.e., connectivity strength
values were significantly different between the two scans in the responder group only.
Significantly lower dIPFC connectivity strengths during the lidocaine compared with the vaseline
cream stimulations occurred in the medial prefrontal cortex and left and right amygdala and

again these connectivity differences were driven by the responder group.

Given the well -described role of the PAG in placebo and the brain’s descending pain control
system, we further investigated the functional coupling between the dIPFC and PAG to
determine its specific localization, and whether connectivity changes were related to the overall
magnitude of placebo analgesia, pain percept precision during the conditioning phase, or dIPFC
biochemistry (Figure 4B). Brainstem specific analysis revealed that the significant PAG cluster
resided primarily within the caudal lateral PAG column (IPAG) and spreading dorsally into the

dorsolateral column. Further, a robust positive correlation was identified across all participants
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between the change in dIPFC-IPAG coupling and the intensity of placebo analgesia (R=0.43,
p=0.009). This indicates that this connection not only demarcates a placebo responder, but also
shows a graded response in the magnitude of pain relief experienced across all participants.
Change in dIPFC-IPAG coupling also positively correlated with dIPFC tissue-corrected glutamate
(R=0.38, p=0.02). In contrast, no significant interaction was observed between pain percept
precision during conditioning phase stimulation of the placebo-treated site and dIPFC-IPAG
coupling (R=0.03, p>0.05). That is, whilst greater dIPFC-IPAG connectivity was associated with
both the magnitude of placebo responses and underlying dIPFC biochemistry, the strength of
this connection was not directly associated with more precise pain rating responses during

conditioning phases.

Discussion:

This investigation provides a multimodal assessment of the dorsolateral prefrontal cortex and
its role in conditioning-based placebo analgesia. Specifically, we suggest this role encompasses
acquiring strong stimulus-response relationships in conditioning required to translate positive
expectations into pain relief via placebo. We first demonstrate that a more precise pain percept
during conditioning is correlated with an individual’s ability to express placebo analgesia, i.e,, the
greater the pain percept precision the greater the subsequent placebo analgesia. Importantly,
conditioning pain ratings did not differ between placebo responders and non-responders,
suggesting that this precision was unrelated to sensory processing or thresholds. Furthermore,
we demonstrate that dIPFC biochemistry is linearly related to this pain percept precision, i.e,
the greater the pain percept precision the greater the dIPFC glutamate levels, although not

directly to the magnitude of placebo analgesia. We extended this finding to show that dIPFC
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activity significantly changed only in those individuals who displayed a robust placebo analgesia
response. Finally, we showed that dIPFC-IPAG connectivity strength was correlated with both
placebo analgesia magnitude and dIPFC glutamate levels, supporting a critical role for the dIPFC
to IPAG connection in placebo analgesia. Overall, our results show that there is a complex
relationship between an individual's pain percept precision, placebo analgesia, and dIPFC

biochemistry, connectivity, and function.

Despite expectations of pain reduction on the placebo-treated site in all participants, only 20 of
our 36 participants (55%) demonstrated significant pain modulatory responses. This
proportion is consistent within the literature describing analgesic phenomena as being highly
variable, only presenting in 30-50% of individuals across a population (Benedetti 1996; Petrovic
et al. 2002; Youssef et al. 2016). Whilst expectations of pain reduction did not differ between
groups, there were significant differences in pain percept precision during the series of identical
noxious stimuli applied to the placebo “lidocaine” cream during the conditioning and test phases.
This pain percept precision displayed intra-individual consistency, suggesting that an individual's
precision can be carried over between experimental phases despite the change in temperature
of noxious stimulation (conditioning - low stimulus temperature, test - moderate stimulus
temperature), day of testing (conditioning — day 1, test — day 2), and surrounding environment

(conditioning - outside scanner, test - inside scanner).

Consistent with our hypothesis, we found a significant relationship between pain percept
precision and placebo analgesia magnitude, i.e. the greater the precision the greater the placebo

analgesia magnitude. Interestingly, whilst we found no significant relationship between any

121



recorded dIPFC metabolite and placebo responsivity, there was a significant linear relationship
between dIPFC glutamate levels and pain percept precision. Of course, the glutamate
concentration was collected at rest and represents a relatively static measurement. It may be
the case that if one could measure dynamic changes in dIPFC glutamate concentration, then
changes in glutamate concentration during noxious stimulation may indeed display a significant
relationship with placebo analgesia magnitude. Moreover, our results suggest that resting dIPFC
excitatory neurotransmission may underpin the variability of sensory percept (precision) and
may in turn promote placebo analgesic responses. Indeed, previous investigations have identified
a role of dIPFC glutamate in driving cognitive control and efficient neural processing during task
performance. In both stroop colour-word conflict and two-back counting tasks, heightened
dIPFC glutamate is associated with greater task performance, i.e, guiding appropriate response
selection (Woodcock et al. 2018; Morgenroth et al. 2019; Woodcock et al. 2019) and it is
possible that pain percept precision is driven by this same process. It is conceivable that this
dIPFC-driven precision strengthens the relationship during conditioning between the
conditioned stimulus and reductions in perceived pain, thereby generating greater conditioned

responses in subsequent experimental phases, i.e., greater placebo analgesia.

Indeed, intracerebral glutamate injections to both the hippocampus and dorsolateral striatum —
sites which reciprocally project with the dIPFC in humans — accelerate response learning in
experimental animals (Goodman 2020), suggesting that in humans greater resting excitatory
neurotransmission may play a similar role in forming strong stimulus-response associations.
Moreover, since conditioning and test phases occurred on subsequent days, and pain precision
variability between these two phases were linearly related, our results provide evidence that
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resting excitatory tone of the dIPFC may encode an individual's ability to consistently perceive

and report pain responses to identical noxious stimuli.

Alongside informing response selection, the dIPFC is also known to play a critical role in
maintaining and updating internal representations of goals and expectations (Cohen and
Servan-Schreiber 1992; Miller and Cohen 2001). Alongside other cortical areas such as the
rACC and ventrolateral prefrontal cortex, the dIPFC is part of the brain’s executive-attentional
network, directing our attention during the experience of sensory stimuli (Kane and Engle 2002;
Curtis and D'Esposito 2003; Lorenz et al. 2003). Consistent with this, we found that placebo
analgesia was associated with noxious-stimulus evoked signal changes in these three brain
regions. When our current experience does not match with our goals or expectations, it is
thought that the dIPFC modulates regional brain activity in an attempt to match expected-

experienced differentials (Roy et al. 2014; Alexander and Brown 2018; Pagnini et al. 2023).

Our analysis revealed that, during placebo, the dIPFC altered its connectivity strength with areas
of the descending modulatory control network, including with the amygdala and PAG, possibly
to produce this error-prediction. Preclinical and more recent human studies have shown that
the PAG can produce both pro- and anti-nociceptive effects (Eippert et al. 2009; Yoshida et al.
2013; Crawford et al. 2021). Specifically, as revealed through our brainstem-specific analysis, it
was the lateral and dorsolateral columns of the PAG demonstrating significant coupling changes
with the dIPFC. Stimulation of these two columns in experimental animals produces hyper-
reactivity and active defensive behaviours such as flight and fight, as well as an opioid-insensitive

analgesia. Additionally, we have previously demonstrated that these two columns are
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responsible for producing placebo analgesia when elicited via a response conditioning model
utilizing short-lasting thermal stimuli (Crawford et al. 2021). The co-ordinates in the present
investigation are remarkably similar to where we observed the greatest correlation with placebo
magnitude previously, suggesting that the dIPFC may be indeed tapping into this same core
brainstem circuitry. Indeed, in addition to a relationship between dIPFC glutamate and precision,
we found that altered dIPFC-IPAG coupling was significantly correlated to both placebo
analgesia and dIPFC glutamate levels. The greater the dIPFC-IPAG coupling, the greater the
excitatory tone of the dIPFC and the greater the placebo analgesia. Together, these findings
support a role of the dIPFC in integrating stimulus-response associations learned through
conditioning with current experience, driving error-predictive signals to match associations of

pain relief by recruiting areas of the subcortex and brainstem.

Together our results indicate that whilst expectation of relief alone are insufficient in activating
descending pain-modulatory pathways to produce analgesia, associations learned through
conditioning play a strong role in producing this phenomenon, with more precise associations
between the conditioning stimulus and conditioned response leading to greater placebo
analgesia that are in line with treatment expectations. Precision, or how confident a participant
feels a treatment will produce an expected outcome, has previously been tied with mounting
placebo analgesia (Grahl et al. 2018), as well as treatment response in clinical scenarios (Doyle
et al. 2013; Bombard et al. 2018). It appears that the dIPFC, and in particular its connection

with the PAG, plays a critical role in mediating this form of placebo analgesia.
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It is important to note some limitations. First, despite the location of control Vaseline and
placebo “lidocaine” creams being counterbalanced between participants, it was not possible to
completely counterbalance the design such that the control cream site was always stimulated
first and the placebo lidocaine second. This ordering effect could have introduced sensitization
and or habituation effects, although given only approximately half of the participants displayed
an analgesic response, we suggest that a significant ordering effect is unlikely. Second, our
connectivity analysis involved determining dIPFC connectivity strengths over the entire
scanning period which included periods of noxious stimulation. Whilst signal coupling may have
been influenced by changes in overall signal intensity, we suggest that given the stimulus periods
made up less than 25% of the total scan, that the effects would have been minimal, if there
was any influence of stimulation at all. Third, functional analyses were threshold at p<0.001,
uncorrected for multiple comparisons. To reduce the chances of Type Il errors, we implemented
a minimum cluster threshold of 20 contiguous voxels in the wholebrain and 10 contiguous
voxels in the brainstem-specific analysis. Furthermore, dIPFC placebo-related activation survived
family wise error correction for multiple comparisons. Finally, our investigation included
relatively young healthy adults (mean age 25 years; range 20-37 years) and there is evidence
that brain regions such as the ACC display glutamate concentration decreases with age and this
decrease may be sex-related (Hadel et al. 2013). Whilst we do not know if similar changes occur
in the dIPFC, it would be of interest in future investigations to widen the age range considerably
and assess the potential interactions between age, dIPFC metabolite concentration, pain percept

precision and placebo analgesia responsivity.
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Conclusions:

By combining *H-MRS and fMRI, this investigation demonstrates how dIPFC biochemical
composition and functional connectivity may provide a route for translating associations learned
through conditioning to endogenous pain relief. We provide evidence that conditioning pain
percept precision plays a profound role in generating greater analgesic effects, and further
provide evidence that this precision may be underpinned by basal excitatory neurotransmission

in the dIPFC.

126



Acknowledgements: The authors acknowledge the facilities, scientific and technical assistance
from the National Imaging Facility, a National Collaborative Research Infrastructure Strategy
capability, at the Melbourne Brain Centre Imaging Unit, The University of Melbourne. This work
was supported by a research collaboration agreement with Siemens Healthineers. The MRS
sequence was developed by Edward J Auerbach and Malgorzata Marjanska and provided by the
University of Minnesota under a C2P agreement. This work was supported by funding from the

Australian National Health and Medical Research Council (Grant ID 1130280).

Data Availability:
All de-identified single participant functional data, as well as activation and connectivity contrast

maps are available from the corresponding author upon reasonable request.

Code Availability:

The analysis methods and software used in this article are all either open source or enabled in

SPM12’s standard installation. No new methods or algorithms have been

127



References:

Alexander WH, Brown JW. 2018. Frontal cortex function as derived from hierarchical predictive
coding. Scientific Reports. 8:3843.

Amanzio M, Benedetti F. 1999. Neuropharmacological dissection of placebo analgesia:
expectation-activated opioid systems versus conditioning-activated specific subsystems. J
Neurosci. 19:484-494.

Ashar YK, Chang LJ, Wager TD. 2017. Brain Mechanisms of the Placebo Effect: An Affective
Appraisal Account. Annu Rev Clin Psychol. 13:73-98.

Benedetti F. 1996. The opposite effects of the opiate antagonist naloxone and the
cholecystokinin antagonist proglumide on placebo analgesia. Pain. 64:535-543.

Bombard VY, Baker GR, Orlando E, Fancott C, Bhatia P, Casalino S, Onate K, Denis J-L, Pomey
M-P. 2018. Engaging patients to improve quality of care: a systematic review. Implementation
Science. 13:98.

Buchel C, Geuter S, Sprenger C, Eippert F. 2014. Placebo Analgesia: A Predictive Coding
Perspective. Neuron. 81:1223-1239.

Cohen JD, Servan-Schreiber D. 1992. Context, cortex, and dopamine: a connectionist approach
to behavior and biology in schizophrenia. Psychol Rev. 99:45-77.

Colloca DL, Petrovic DP, Wager DT, Ingvar DM, Benedetti DF. 2010. How the number of learning
trials affects placebo and nocebo responses. Pain. 151:430-439.

Colloca L. 2019. How do placebo effects and patient-clinician relationships influence behaviors
and clinical outcomes? Pain Rep. 4:¢758.

Colloca L, Benedetti F. 2006. How prior experience shapes placebo analgesia. Pain. 124:126-

133.

128



Crawford L, Mills E, Meylakh N, Macey PM, Macefield VG, Henderson LA. 2022. Brain activity
changes associated with pain perception variability. Cerebral Cortex.

Crawford LS, Mills EP, Hanson T, Macey PM, Glarin R, Macefield VG, Keay KA, Henderson LA.
2021. Brainstem Mechanisms of Pain Modulation: A within-Subjects 7T fMRI Study of Placebo
Analgesic and Nocebo Hyperalgesic Responses. The Journal of Neuroscience. 41:9794-9806.
Curtis CE, D'Esposito M. 2003. Persistent activity in the prefrontal cortex during working
memory. Trends Cogn Sci. 7:415-423.

Diedrichsen J. 2006. A spatially unbiased atlas template of the human cerebellum. Neuroimage.
33:127-138.

Doyle C, Lennox L, Bell D. 2013. A systematic review of evidence on the links between patient
experience and clinical safety and effectiveness. BMJ Open. 3:e001570.

Eippert F, Bingel U, Schoell ED, Yacubian J, Klinger R, Lorenz J, Blichel C. 2009. Activation of
the Opioidergic Descending Pain Control System Underlies Placebo Analgesia. Neuron. 63:533-
543,

Faul F, Erdfelder E, Lang AG, Buchner A. 2007. G*Power 3: a flexible statistical power analysis
program for the social, behavioral, and biomedical sciences. Behav Res Methods. 39:175-191.
Goodman J. 2020. Place vs. Response Learning: History, Controversy, and Neurobiology. Front
Behav Neurosci. 14:598570.

Grachev ID, Fredrickson BE, Apkarian VA. 2000. Abnormal brain chemistry in chronic back pain:
an in vivo proton magnetic resonance spectroscopy study. Pain. 89:7-18.

Grachev ID, Thomas PS, Ramachandran TS. 2002. Decreased levels of N-acetylaspartate in
dorsolateral prefrontal cortex in a case of intractable severe sympathetically mediated chronic

pain (complex regional pain syndrome, type |). Brain Cogn. 49:102-113.

129



Grahl A, Onat S, Biichel C. 2018. The periaqueductal gray and Bayesian integration in placebo
analgesia. Elife. 7.

Gussew A, Rzanny R, Gillmar D, Scholle HC, Reichenbach JR. 2011. 1H-MR spectroscopic
detection of metabolic changes in pain processing brain regions in the presence of non-specific
chronic low back pain. Neuroimage. 54:1315-1323.

Hadel S, Wirth C, Rapp M, Gallinat J, Schubert F. 2013. Effects of age and sex on the
concentrations of glutamate and glutamine in the human brain. J Magn Reson Imaging.
38:1480-1487.

Harris AD, Puts NAJ, Barker PB, Edden RAE. 2015. Spectral-editing measurements of GABA in
the human brain with and without macromolecule suppression. Magnetic resonance in medicine.
74:1523-1529.

Hassel B, Dingledine R. 2012. Chapter 17 - Glutamate and Glutamate Receptors. In: Brady ST,
Siegel GJ, Albers RW, Price DL, editors. Basic Neurochemistry (Eighth Edition) New York:
Academic Press p 342-366.

Hibi D, Takamoto K, lwama Y, Ebina S, Nishimaru H, Matsumoto J, Takamura Y, Yamazaki M,
Nishijo H. 2020. Impaired hemodynamic activity in the right dorsolateral prefrontal cortex is
associated with impairment of placebo analgesia and clinical symptoms in postherpetic
neuralgia. IBRO Rep. 8:56-64.

Kane MJ, Engle RW. 2002. The role of prefrontal cortex in working-memory capacity, executive
attention, and general fluid intelligence: an individual-differences perspective. Psychon Bull Rev.

9:637-671.

130



Kaptchuk TJ, Shaw J, Kerr CE, Conboy LA, Kelley JM, Csordas TJ, Lembo AJ, Jacobson EE. 2009.
"Maybe | made up the whole thing": placebos and patients' experiences in a randomized
controlled trial. Cult Med Psychiatry. 33:382-411.

Kong J, Kaptchuk TJ, Polich G, Kirsch I, Vangel M, Zyloney C, Rosen B, Gollub R. 2009.
Expectancy and treatment interactions: A dissociation between acupuncture analgesia and
expectancy evoked placebo analgesia. Neurolmage. 45:940-949.

Krummenacher P, Candia V, Folkers G, Schedlowski M, Schénbachler G. 2010. Prefrontal cortex
modulates placebo analgesia. PAIN. 148:368-374.

Lorenz J, Minoshima S, Casey KL. 2003. Keeping pain out of mind: the role of the dorsolateral
prefrontal cortex in pain modulation. Brain. 126:1079-1091.

Mai JK, Majtanik M, Paxinos G. 2015. Atlas of the human brain: Academic Press.

Medoff ZM, Colloca L. 2015. Placebo analgesia: understanding the mechanisms. Pain
management. 5:89-96.

Miller EK, Cohen JD. 2001. An Integrative Theory of Prefrontal Cortex Function. Annual Review
of Neuroscience. 24:167-202.

Morgenroth E, Orlov N, Lythgoe DJ, Stone JM, Barker H, Munro J, Eysenck M, Allen P. 2019.
Altered relationship between prefrontal glutamate and activation during cognitive control in
people with high trait anxiety. Cortex. 117:53-63.

Mylius V, Ayache SS, Ahdab R, Farhat WH, Zouari HG, Belke M, Brugiéres P, Wehrmann E,
Krakow K, Timmesfeld N, Schmidt S, Oertel WH, Knake S, Lefaucheur JP. 2013. Definition of
DLPFC and M1 according to anatomical landmarks for navigated brain stimulation: Inter-rater

reliability, accuracy, and influence of gender and age. Neurolmage. 78:224-232.

131



Oeltzschner G, Zollner HJ, Hui SCN, Mikkelsen M, Saleh MG, Tapper S, Edden RAE. 2020.
Osprey: Open-source processing, reconstruction & estimation of magnetic resonance
spectroscopy data. J Neurosci Methods. 343:108827.

Pagnini F, Barbiani D, Cavalera C, Volpato E, Grosso F, Minazzi GA, Vailati Riboni F, Graziano F,
Di Tella S, Manzoni GM, Silveri MC, Riva G, Phillips D. 2023. Placebo and Nocebo Effects as
Bayesian-Brain Phenomena: The Overlooked Role of Likelihood and Attention. Perspect Psychol
Sci.17456916221141383.

Peek AL, Rebbeck T, Puts NAJ, Watson J, Aguila M-ER, Leaver AM. 2020. Brain GABA and
glutamate levels across pain conditions: A systematic literature review and meta-analysis of 1H-
MRS studies using the MRS-Q quality assessment tool. Neurolmage. 210:116532.

Petrovic P, Kalso E, Petersson KM, Ingvar M. 2002. Placebo and Opioid Analgesia-- Imaging a
Shared Neuronal Network. Science. 295:1737.

Provencher SW. 1993. Estimation of metabolite concentrations from localized in vivo proton
NMR spectra. Magn Reson Med. 30:672-679.

Rosenbloom MH, Schmahmann JD, Price BH. 2012. The functional neuroanatomy of decision-
making. J Neuropsychiatry Clin Neurosci. 24:266-277.

Roy M, Shohamy D, Daw N, Jepma M, Wimmer GE, Wager TD. 2014. Representation of aversive
prediction errors in the human periaqueductal gray. Nature neuroscience. 17:1607-1612.
Sérkka S, Solin A, Nummenmaa A, Vehtari A, Auranen T, Vanni S, Lin F-H. 2012. Dynamic
retrospective filtering of physiological noise in BOLD fMRI: DRIFTER. Neurolmage. 60:1517 -
1527.

Schenk LA, Colloca L. 2019. The neural processes of acquiring placebo effects through

observation. Neuroimage.116510.

132



Sevel LS, Craggs JG, Price DD, Staud R, Robinson ME. 2015. Placebo Analgesia Enhances
Descending Pain-Related Effective Connectivity: A Dynamic Causal Modeling Study of
Endogenous Pain Modulation. The Journal of Pain. 16:760-768.

Tu Y, Wilson G, Camprodon J, Dougherty DD, Vangel M, Benedetti F, Kaptchuk TJ, Gollub RL,
Kong J. 2021. Manipulating placebo analgesia and nocebo hyperalgesia by changing brain
excitability. Proc Natl Acad Sci U S A. 118.

Wager TD, Rilling JK, Smith EE, Sokolik A, Casey KL, Davidson RJ, Kosslyn SM, Rose RM, Cohen
JD. 2004. Placebo-induced changes in FMRI in the anticipation and experience of pain. Science.
303:1162-1167.

Woo C-W, Krishnan A, Wager TD. 2014. Cluster-extent based thresholding in fMRI analyses:
pitfalls and recommendations. Neurolmage. 91:412-419.

Woodcock EA, Anand C, Khatib D, Diwadkar VA, Stanley JA. 2018. Working Memory Modulates
Glutamate Levels in the Dorsolateral Prefrontal Cortex during (1)H fMRS. Front Psychiatry.
9:66.

Woodcock EA, Greenwald MK, Khatib D, Diwadkar VA, Stanley JA. 2019. Pharmacological stress
impairs working memory performance and attenuates dorsolateral prefrontal cortex glutamate
modulation. Neuroimage. 186:437-445.

Yoshida W, Seymour B, Koltzenburg M, Dolan RJ. 2013. Uncertainty increases pain: evidence
for a novel mechanism of pain modulation involving the periaqueductal gray. The Journal of
neuroscience : the official journal of the Society for Neuroscience. 33:5638-5646.

Youssef AM, Macefield VG, Henderson LA. 2016. Cortical influences on brainstem circuitry

responsible for conditioned pain modulation in humans. Hum Brain Mapp. 37:2630-2644.

133



Tables

Table 1. Main effect of pain. Cortical regions displaying significant signal intensity changes
during periods of pain relative to baseline during stimulation of the vaseline control cream site.
contra: contralateral; dACC: dorsal anterior cingulate cortex; dIPFC: dorsolateral prefrontal
cortex; ipsi: ipsilateral; mPFC: medial prefrontal cortex; OFC: orbitofrontal cortex; PCC: posterior

cingulate cortex; S1: primary somatosensory cortex.

MNI

Coordinates

Region Name X Y Z | cluster Size | tvalue | Z-score | Signal change
(+SEM)

Pain > Baseline

dACC 7 6 | 48 6220 11.57 7.48 1.72+0.18
ipsi S1 40 | -4 | 50 16132 9.82 6.85 2.62+0.26
contra S1 -54 | -24 | 23 924 7.96 6.04 1.17+0.15
ipsi dIPFC 38 | 39 | 28 2160 8.44 6.26 1.71+0.20
ipsi insula 50 | 8 | 15 12714 12.64 7.81 1.71+0.15
contra insula -43 | 10 | -4 3231 9.04 6.53 1.41+0.15
ipsi thalamus 12 |1-19| 9 479 8.16 6.13 0.60+0.07
Pain < Baseline

PCC -6 | -39 | 37 5207 9.2 6.59 -1.51+0.19
ipsi angular gyrus 42 | =71 | 24 3460 7.65 5.89 -1.75+0.22
contra angular gyrus | 55 |-61| 23 936 7.90 6.01 -1.17+0.14
ipsi mPFC 6 53| -8 3300 7.94 6.03 -0.94+0.11
contra OFC -35 | 29 | -20 698 861 6.34 -0.58+0.07
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Table 2. Main effect of placebo. Location in Montreal Neurological Institute Space (MNI), cluster

size, t value and signal intensity changes of brain region displaying significant signal intensity

changes during noxious stimulation of the placebo “lidocaine” cream site relative to the control

vaseline cream site. contra: contralateral; dIPFC: dorsolateral prefrontal cortex; ipsi: ipsilateral;

MCC: mid-cingulate cortex; OFC: orbitofrontal cortex; PCC: posterior cingulate cortex; rACC:

rostral anterior cingulate cortex; SPL: superior parietal lobule; vIPFC: ventrolateral prefrontal

cortex.

MNI
Coordinates

Region Name X Y V4 cluster | tvalue control signal placebo signal

size change (+SEM) | change (xSEM)
placebo > control
ipsi SPL 16 | -58 | 29 304 417 0.31+0.21 1.04+0.23
ipsi dIPFC 28 | 26 | 28 63 401 -0.03+0.08 0.21+0.07
MCC 5 |-24| 26 38 3.59 0.15+0.15 0.59+0.16
PCC 5 | -44) 17 285 521 -0.56+0.04 0.04+0.12
rACC 8 | 33| 12 73 392 -0.19+0.11 0.15+0.11
ipsi VIPFC -23 | 59 6 134 416 -0.67+0.24 -0.03+0.21
contra vIPFC 19 | 56 -8 103 3.81 -0.11+0.12 031+0.11
placebo < control
contra OFC -32 (35| -11 21 3.27 -0.33+0.06 -0.51+0.07
ipsi amygdala 28 | -15| -14 32 3.99 -0.25+0.08 -0.52+0.08
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Table 3. Right dorsolateral prefrontal cortex (dIPFC) coupling. Location in Montreal Neurological

Institute Space (MNI), cluster size, t value and for clusters that displayed significantly different

dorsolateral prefrontal cortex (dIPFC) connectivity strength values between vaseline and

lidocaine scans. contra: contralateral; dACC: dorsal anterior cingulate cortex; ipsi: ipsilateral;

mPFC: medial prefrontal cortex; IPAG: lateral midbrain periaqueductal gray matter; SPL: superior

parietal lobule.

MNI Coordinates

placebo responders

dIPFC connectivity

placebo non-

responders dIPFC

strength connectivity strength
(mean+SEM x1072) (mean+SEM x107?)
region X Y Z cluster | tvalue control placebo control placebo
Size scan scan scan scan

placebo > control
ipsi SPL 32 | -60 49 409 4.49 13+19 | 78+14 | 48+14 | 35+£17
ipsi dACC -8 -5 48 187 4.66 -09+1.1 | 26208 | 05+£12 | 24207
ipsi putamen 21 9 -10 110 4.08 -1.5+01 | 1.6+0.7 0.8+04 | 0420.5
contra putamen | -17 10 -4 138 413 -0.5+06 | 2.3+06 1.5+0.5 1.5+06
ipsilateral IPAG 4 -30 -9 31 4.13 -0.4+0.6 | 1.8+05 | 03+08 | 0.6+0.7
placebo > control (SUIT)
ipsi IPAG 25| -325 | -95 10 5.67 03+0.7 | 22+06 | 09+06 | 0.8z05
placebo < control
contra mPFC -4 47 -12 34 3.51 23+12 | -23+1.1 | -02+11 | -0.1+1.2
ipsi amygdala 20 -7 -21 114 424 1508 | -1.3+06 | 03208 | 0607
contra amygdala | -31 -7 -30 131 525 18+0.7 | -13+£0.7 | 02+13 | -01+13
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Figure 1. Experimental methodology and psychophysics. A) During conditioning and
reinforcement phases, lower intensity noxious thermal stimuli were deceptively applied to the
placebo “lidocaine” cream site relative to a control Vaseline cream. In the test phase, whilst
collecting functional MRI, the two cream sites received identical moderate intensity noxious
stimuli sequentially (i.e, scan 1 = stimulation of the Vaseline control site, scan 2 = stimulation
of the placebo “lidocaine” site). B) Plots of mean+SEM expected and actual pain intensity ratings
in responder and non-responder groups. Despite not demonstrating a placebo response, non-
responders expected significant pain relief via administration of the placebo “lidocaine” cream
directly prior to the application of test phase stimuli. *p<0.001 C) Plots of mean+SEM pain
intensity variability (standard deviation: SD) during conditioning and test. Placebo non-
responders demonstrated significantly greater variability in their pain ratings during
conditioning, which continued during the test phase inside the scanner when the control vaseline
cream site was stimulated. * p<0.001 D) Plot of pain rating variability during the stimulation of
the placebo “lidocaine” cream during the test phase against variability during stimulation of the
placebo “lidocaine” cream during the preceding conditioning phase. Note that pain percept
precision displays intra-individual consistency between experimental phases occurring over two
subsequent days. E) Plot of pain rating variability during the conditioning phase stimulation of
the placebo “lidocaine” site against the magnitude of placebo analgesia generated in the test
phase. That is, the lower the variability in participant’s pain ratings during placebo conditioning,

the greater a placebo analgesic response they generated on the following day.
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Figure 2. Biochemical metabolite concentrations within the right dorsolateral prefrontal cortex
(dIPFC). A: An example trace of metabolite concentrations as resolved through the LCModel
spectroscopy processing pipeline; B: Location of the mean cube placed over the right dIPFC
overlaid onto a rendered view of a T1-weighted anatomical image. Different colors indicate
tissue composition; C: Mean tissue-corrected concentration of key metabolites within the right
dIPFC in responders and non-responders. We identified no group-level differences in gamma-
aminobutyric acid (GABA), glutamate (Glu), N-acetylaspartate (NAA), or myo-inositol (mINS);
D: Plot of tissue-corrected concentration of Glu and pain intensity rating variability (precision)
during application of low intensity noxious stimuli to the placebo-treated site during

conditioning. CSF: cerebrospinal fluid; TC: tissue corrected.
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Figure 3. Main effects of pain and placebo, biochemical and functional overlap within the right
dIPFC. A: Areas in which signal intensity increased and decreased during noxious stimulation of
the control vaseline cream site. B: Areas in which signal intensity increased during noxious
stimulation of the "lidocaine” cream site were significantly greater to those during noxious
stimulation of the control vaseline cream site. C) Converting the mean spectroscopy cube to a
volume of interest mask and applying it to the placebo (PBO) main effect analysis, revealed that
the significant activation observed within the ipsilateral dorsolateral prefrontal cortex (dIPFC)
was both within the spectroscopy volume collected, and additionally, survived multiple
comparisons correction. To the right are plots of right dIPFC signal intensity change differences
during noxious stimuli delivered to the control versus “lidocaine” cream sites in responder and
non-responder groups. All clusters are overlaid onto a series of slices of a T1-weighted
anatomical image set. Slice location in Montreal Neurological Institute space are indicated at
the top of each slice. AG: angular gyrus; dACC: dorsal anterior cingulate cortex; rACC: rostral
anterior cingulate cortex; MCC: mid-cingulate cortex; mPFC: medial prefrontal; cortex; OFC:
orbitofrontal cortex; PCC: posterior cingulate cortex; SPL: superior parietal lobule; vIPFC:

ventrolateral prefrontal cortex.
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Figure 4. Changes in functional coupling with the right dorsolateral prefrontal cortex (dIPFC).
A: Brain regions in which functional coupling with the right dIPFC was significantly different
between stimulation of the placebo “lidocaine” treated site relative to stimulation of the control
vaseline site. Clusters are overlaid onto an individual T1-weighted anatomical image. Slice
locations in Montreal Neurological Institute space are indicated at the top of each slice. Below
are plots of mean (+SEM) dIPFC connectivity strengths during stimulation of Vaseline and
lidocaine creams and

split between responder (R) and non-responder groups (NR). *p<0.05. B: Plots of connectivity
strengths between the dIPFC and midbrain periaqueductal grey matter (PAG) against placebo
analgesia, pain percept variability (precision) during the stimulation of the placebo-treated site
during the conditioning phase, and dIPFC glutamate concentration. dACC: dorsal anterior
cingulate cortex; mPFC: medial prefrontal cortex; SPL: superior parietal lobule; TC: tissue

corrected.

141



Chapter 4: Summary

The data presented throughout this chapter indicate that a Bayesian framework of placebo
analgesia is indeed likely, and that information processing at the level of the dIPFC is involved
in the process of converting accurate representations of pain reduction learned throughout
conditioning procedures into placebo effects. In support of our initial hypothesis, we identified
that placebo responders demonstrated significantly more precise pain rating responses through
the conditioning phase of the experiment relative to nonresponders. Pain rating variability
additionally correlated with the magnitude of placebo analgesia, suggesting a less binary
influence and more graded interaction between how variable an individual perceives pain and

their ability to mount endogenous analgesic responses.

Interestingly, whilst we were unable to detect any significant difference in metabolite
concentration at the level of the dIPFC between placebo responders and nonresponders, the
concentration of dIPFC Glutamate showed a significant and inverse interaction with
conditioning pain rating variability — such that more precise pain responses were associated
with greater levels of Glutamate within the dIPFC. This result led to the discussion that whilst
biochemical composition of the dIPFC may not directly relate to the manifestation of pain-
modulatory effects, it may relate to adjacent variables which do — such as precision in pain
perception. Functional analyses revealed greater dIPFC-PAG coupling in responders relative to
nonresponders, and that this connection correlated with both pain rating variability during
conditioning as well as the magnitude of placebo analgesia. Together, these findings provide a
potential route that associations between a placebo and pain reduction learned throughout
conditioning could interact with descending pain modulatory circuits to aid in matching
expectations to perception. Additionally, placebo-related changes in signal intensity were
observed in the amygdala and posterior cingulate cortices (PCC) — two major nodes in the
Default Mode Network (DMN) which is responsible for memory retrieval and associative
learning. Combined, we suggest that during placebo analgesia, active integration of prior
experiences occurs, and if these priors are precise, an prediction-error signal led by the dIPFC

and constituents of the DMN contact the PAG to drive modulatory responses.

142



Chapter 5:

General Discussion: limitations,

conclusions, and future directions

“Yesterday is history, tomorrow,
is a mystery, but today is a gift.
That's why it's called the present”
— Master Oogway, 2008
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5.1 Summary of findings

The onset of this thesis presented three overarching aims, each of which was explored
experimentally throughout chapters 2-4. Aim 1 was to establish the functional role of known
and presumed pain modulatory nuclei of the brainstem during the manifestation of placebo and
nocebo responses; Aim 2 sought to identify the cortical projection patterns to the midbrain PAG
during placebo analgesia, and how these connections work to drive perceived pain relief; and
Aim 3 investigated whether a detectable biochemical substrate within the cortex underpinned

an individual's ability to mount pain modulatory responses.

Chapter 2 presented our findings of brainstem involvement in pain modulatory phenomena. We
utilized a well-described within-subjects response conditioning model for invoking placebo
analgesia and nocebo hyperalgesia (Voudouris et al, 1990, Freeman et al,, 2015, Schienle et al,,
2018, Egorova et al., 2019). Building on this model, we leveraged 7 T-fMRI and the SUIT imaging
toolbox to isolate BOLD signal within discrete brainstem nuclei and compared their activation
patterns between individuals that successfully and failed to mount either placebo or nocebo
responses. The responder to non-responder ratio was reasonable and matched previous
investigations, with 36% and 56% of participants classified as placebo and nocebo responders,
respectively (Beecher, 1955, Levine et al, 1979, Benedetti, 1996, Schmid et al, 2015).
Investigation of demographic and expectancy data revealed no interaction between age, gender,
or expectations of pain relief or enhancement, suggesting we had triggered primarily

conditioning-based endogenous pain modulation.

A voxel-by-voxel group analysis revealed largely that activation in responder groups occurred
within known pain modulatory nuclei shown throughout preclinical studies: the PAG, RVM, LC,
and PB. Additionally, in a number of these nuclei we found significant interactions with the
magnitude of pain modulation elicited — although largely in opposite directions between the two
phenomena. For instance, the activation within the PAG-RVM system was paralleled depending
on whether placebo analgesia or nocebo hyperalgesia was elicited. Interestingly, the rostral
ventrolateral medulla (RVLM) and subnucleus reticularis dorsalis (SRD) - which plays a key role
in the manifestation of Conditioned Pain Modulation (CPM) - only demonstrated activation
during placebo analgesia. This suggested a more complex brainstem involvement underpinned
conditioning-based endogenous pain relief, centred around a medullary system identified as an
interconnected “triad” by Martins and Tavares (2017). This system collectively plays a role in
experimental animals balancing anti- and pro-nociceptive responses to face threatening events,
and receives extensive projections not only from the PAG, but from several higher brain
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structures such as the hypothalamus and amygdala - which we also demonstrate play a key role
in this phenomenon throughout chapter 3. A final discovery from this investigation was the
pronounced and similar increased activation within the SN, shared between both placebo
analgesia and nocebo hyperalgesia. For the first time we demonstrated brainstem involvement
of the dopaminergic system underlying both pro- and anti-nociceptive endogenous pain
modulation. We concluded these activations likely reflected increased cortical supply of this
neurotransmitter, driving processes such as learning signals, reward, aversion, and error-
prediction — all of which are key to establishing a brain state necessary to mount these two

phenomena (Matsumoto and Hikosaka, 2009, Pauli et al, 2015, Henderson et al,, 2020).

In Chapter 3, instead of considering activation, we instead extended our previous work by
determining which cortical areas changed in the way they communicated with the PAG during
placebo analgesia. Since the effectiveness of the conditioning paradigm was the only discernible
factor revealed in Chapter 2 underlying greater analgesic and hyperalgesic expression, we
hypothesised that differences in the recruitment of descending analgesic pathways - which
originate in the PAG — would provide another characteristic which differed between placebo
responders and non-responders. We extended our dataset for this investigation, and
surprisingly elicited a greater response rate (48%) in our 47 healthy control participants. By
combining connectivity and DCM analyses, we identified two distinct neural systems contacting
the PAG during placebo analgesia: the first stimulus dependent and consisting of
frontotemporal brain regions responsible for the cognitive-evaluative component of pain
perception, and the second stimulus independent, consisting of limbic subregions long believed
to exert regulatory control over brainstem modulatory output. Our results provided a unique
perspective on how descending analgesic pathways are recruited during conditioning-based
placebo analgesia. Whilst the well-established descending projection from the rACC to PAG
indeed mediated the classification of an individual as a responder or non-responder to placebo,
we demonstrated that a broad cortical system is at play in the lead up and when faced with

noxious events, leading to endogenously manifested inhibitory effects on pain.

Finally, in Chapter 4, we aimed to identify if any underlying differences in biochemistry related
to an individual's ability to mount a pain modulatory response. Since the right dIPFC specifically
has been the elected region of neuromodulatory efforts to alter the expression of placebo
analgesia and nocebo hyperalgesia, we focussed our analysis on this region (Krummenacher et
al, 2010, Tu et al, 2021). By combining both *H-MRS and fMRI, we conducted a multimodal

assessment of the dIPFC’s role in the expression of placebo analgesia. We originally considered
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a null result since no biochemical differences could be identified between placebo responders
and non-responders. However, upon investigating the lead-in phase of the experiment (i.e.
conditioning), we found a unique interaction between dIPFC glutamate, pain rating variability,
and analgesic expression — such that individuals that were more consistent in rating their pain
during this phase had both greater dIPFC Glutamate and placebo responses. Functional
interactions were also identified between several structures identified in chapters 2 and 3,
including the PAG, rACC, and amygdala — suggesting that a supporting role of the dIPFC in
mounting strong stimulus-response relationships tied in with circuits we identify as driving pain

modulatory effects.

Together, data presented throughout chapters 2-4 outline a number of key advancements to
the field of pain modulatory phenomena and provoke a number of questions — each of which

are discussed in the following sections.

(1) How important is it to correctly dissect responder and non-responder groups in
experimental designs?

(2) What are the core brainstem circuits underpinning these responses, and how could we
assess their specific roles?

(3) What is the mechanism by which conditioning cues become pain modulatory
phenomena?

(4) Does there exist a neural model which can be used to assess an individual's likelihood of

demonstrating conditioning-based pain modulation?

5.2 The importance of determining responders in experimental pain
modulation

We have known since Henry Beecher's seminal meta-analysis that the ability to mount pain
modulatory phenomena is not ubiquitous, and as described in section 1.3 of this thesis, their
rate of expression varies between experimental designs, environmental settings, and the nature
of noxious stimuli being presented. Despite countless reports describing the distinct
representations of placebo and nocebo responses between individuals, to date there exists no
consensus on how to statistically delineate responder groups to these phenomena. Experimental
pain studies in the past have utilized several methods — including median splits and arbitrary
cut offs in reported pain (Zubieta et al, 2005, Hashmi et al, 2014). These methods collectively

suffer from two striking problems. First and foremost - median splits cannot be effectively
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utilized if less than 50% of participants report a reduction in pain. Since positive placebo effects
are found in 30-50% of participants in clinical placebo-controlled trials (Price et al., 2008), the
decision to implement a median split based on changes in pain ratings could mean the
classification of a responder with minimal reduction if not an increase in reported pain. Second,
whilst arbitrary pain intensity cut-offs may appear well supported throughout the literature, the
values used differ greatly between studies. Where Todd et al. (1996) found that a 13 point
reduction on an 100 point VAS scale constituted a clinically relevant change in acute pain, this
cut-off appears to vary dependent on the environmental setting and nature of pain being
investigated (Jensen et al, 2015, Olsen et al, 2018). What neither of these methods consider
however is the influence of baseline pain processing in the generation of placebo or nocebo
responses. Indeed, the variability of pain processing can influence stimulus-response
relationships (Grahl et al,, 2018, Zaman et al,, 2021), and, as demonstrated in Appendix B, pain
rating variability directly relates to altered neural activation within the same frontotemporal

regions that principally encodes pain modulatory phenomena — the dIPFC.

All three of our investigations instead utilized a novel approach for delineating responders from
non-responders which both conformed with statistical cornerstones and accounted for an
individuals’ inherent variability in pain processing. The two-standard deviation band method, as
described by Nourbakhsh and Ottenbacher (1994), is a method for generating the normally-
distributed gaussian curve for statistical significance using single participant, multi-trial data. By
calculating the mean and standard deviation across a baseline series (i.e. stimulation of the
control cream site), and then comparing the average pain response in a subsequent experimental
series (i.e. stimulation of the placebo / nocebo cream sites), this method can determine whether
or not a participant has fallen more or less than two standard deviations away (equivalent to
p<0.05) from their nociceptive baseline through intervention with a placebo or nocebo
treatment (Figure 5.1). As previously reported by Cragg et al. (2016), in chronic pain patients
increased baseline pain variability relates to a reduced placebo response across a breadth of
conditions. As such, leveraging pain processing variability to determine responders from non-
responders provides additional benefit by bridging experimental designs into a clinically relevant

landscape.

We additionally employed individualized thermal sensitivity calibration prior to experimental
proceedings, as well as a custom pain rating procedure inside the MRI which allowed participants
to rate their ongoing pain level throughout the entire scanning protocol. Together, these

methodological decisions bolstered our ability to accurately assess each individual's pain
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experience and modulatory ability with high specificity and sensitivity. Indeed, there is not one
placebo (or nocebo) response, but many, and the circuits described in the following sections
represent only some of many potential neural systems an individual may be calling upon to drive
an endogenous modulation of pain. However, in order to provide clear hypotheses and avenues
for future testing, it is critical that these responses are accurately assessed, and that a
distinction is made to be able to correctly compare those that successfully and fail to mount

pain modulatory phenomena.

Our findings from chapters 2 and 3 show that both placebo and nocebo responders engage a
different brainstem and cortical circuitry than is observed in non-responders — with altered
activation in core structures such as the PAG and rACC that broadly support our classification
of individuals based off changes in pain relative to baseline variability. Chapter 4 provides
evidence that baseline pain percept variability directly influences an individual's ability to mount
pain modulatory phenomena. Given that we likely triggered a conditioning-based analgesia and
hyperalgesia, it is unsurprising that pain variability played such a considerable role, as forming
strong associations between the conditioning stimulus and associated responses sits at the crux
of the classical conditioning design. The repetition of our conditioning trials and two-day design
likely also favoured conditioning-based pain modulation, as both the number of learning trials
and temporal proximity of the stimulus-response relationship has shown critical in the

formation of conditioned responses (Colloca et al,, 2010, Eelen, 2018).

The findings from all three of our experimental chapters offer additional insight into the
interplay between expectation and conditioning for the manifestation of placebo and nocebo
responses. In all cases, regardless of whether a participant was classified a responder or non-
responder, they maintained a strong expectation that their pain would be significantly
modulated by the application of placebo and nocebo creams. Modern explanations of pain
modulatory phenomena interpret their manifestation as a Bayesian-brain phenomena, such that
sensory inputs (likelihood) are updated in line with expectations and learned responses (priors)
to produce a perceived change in pain (posterior). As Pagnini et al. (2023) describes, two general
processes can occur in a placebo trial: “perceptual” and “active” inference — that is, an individual
either updates their expectations to match incoming sensory information (i.e. a non-responder)
or recruits neural systems to modify incoming sensory information in-line with expectations (i.e.
a responder). Our data align with this theory in two ways: first, we suggest that active inference
more easily occurs when strong associations are made between conditioning stimulus and

conditioned response (less baseline pain variability), and it is not necessarily bound to
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expectations alone. Second, echoing the seminal study from Krummenacher et al. (2010), we
suggest a trait-like quality of mounting active inference — which can aid in successfully mounting
pain modulatory phenomena, driven by the dIPFC in concert with cognitive-associative cortical

sites and pain modulatory nuclei of the brainstem.
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Figure 5.1 Delineation of responder and non-responder groups. The normally distributed
gaussian bell curve has become a statistical mainstay, capable of detecting beyond change the
likelihood of a significant effect in group-level data. Borrowing from this notion, our
experimental design employed thermal sensitivity testing and an ongoing rating system to
determine accurately an individual's pain responses as well as inherent variability across the
multi-trial design. Indeed, by solely asking for a mean pain rating two individuals may report a
similar pain experience but show disparate fluctuations in this experience across time. A low and
high variability participant data across the conditioning phase is shown in the lower left plot —
clearly demonstrating that despite having similar mean pain levels, the variance in these reports
can greatly differ. During testing a two standard deviation band method is employed, effectively

recreating the gaussian curve in single participant data, and enabling an accurate assessment of
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in an individual has indeed demonstrated a greater than statistical chance change in their pain
report (i.e. demonstrated a significant placebo or nocebo response). VAS = visual analogue scale,

SD = standard deviation, R = responder, NR = non-responder.

5.3 A cortico-brainstem schema for top-down pain modulation
5.3.1 Brainstem involvement in anti- and pro-nociceptive contexts

As discussed in Chapter 1, the role of the PAG-RVM system in facilitating anti- and pro-
nociceptive states via direct innervation of the DH has long been described in experimental
animals and in humans (Mantyh, 1983, Lovick, 1993, Helmchen et al., 1995, Heinricher et al,
2009). Indeed, experimental evidence also existed when beginning this thesis that this was the
primary pathway involved in the development of placebo analgesia and nocebo hyperalgesia
(Bingel et al,, 2006, Eippert et al, 20093, Tinnermann et al, 2017, Makovac et al, 2021). What
was less understood however, was the precise region of the PAG that was involved and the role
of adjacent medullary, pontine, and midbrain sites which also contain the necessary
neurochemicals to enable cognitive and emotional processes involved in the modulation of pain.
Our results indicate that rather than relying on one single descending pathway to produce these
phenomena, multiple brainstem sites are intrinsically involved in the production of pain
modulatory effects — with four primary candidate systems emerging. These consist of
dopaminergic and noradrenergic components, the parabrachial complex, and the lateral PAG-
RVM axis. Inviting future discussion, below presents our interpretation of how these four
systems coalesce to dynamically influence the pain percept during placebo analgesia and nocebo

hyperalgesia.

The PAG-RVM axis: is undoubtedly the most well-documented and described descending pain
modulatory pathway of the brainstem and has become a cornerstone in pain research since its
first discovery in the late 1980’s (Fields and Heinricher, 1985, Heinricher et al, 1989). The
central aim of this thesis was not to demonstrate once again that this is the primary system via
which placebo analgesia and nocebo hyperalgesia are potentiated - although we did successfully
identify this - but rather indicate specifically which components of this system are driving these
phenomena. Utilizing the enhanced spatial acuity offered by 7T-MRI, we were successfully able
to discern BOLD signal change within each of the PAG's four functional columns — which contain
the necessary substrate to produce profoundly different behavioural and modulatory effects in

response to pain (Bandler and Keay, 1996, Keay and Bandler, 2001). For instance, the
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ventrolateral PAG column produces freezing behaviours and an opioid-dependent analgesia;
whereas the lateral and dorsolateral PAG columns initiate active-coping (fight or flight)
responses, accompanied by an opioid-independent analgesia. Despite being neurochemically
separate, both systems exert their pain modulatory influence via the RVM — although sparse
direct-spinal projections exist within the PAG as well. The initial findings of chapter 2 strongly
support the involvement of a non-opiate based system centred on the lateral PAG column for

the generation of conditioning-based placebo analgesia and nocebo hyperalgesia.

By association, these results suggest that upstream sites including the rACC and hypothalamus
are capable of selectively contacting specific PAG columns to trigger pain modulatory effects
dependent on the required analgesic/hyperalgesic effect for any given stimulus. The likely
mechanism of action producing these effects is endogenous cannabinoids — as non-opiate
conditioning based analgesia has been shown to be sensitive to Rimonabant (a CB1 receptor
antagonist), and a large concentration of CB1 receptors are isolated to the dorsal aspect of the
PAG (Millan, 2002, Palazzo et al, 2010). Indeed, the antinociceptive action of endogenous
cannabinoids have also been shown within the amygdala, and a large concentration of CB1
receptors are found in both the hypothalamus and ACC — with the action of CB1 in the latter
contributing to analgesia via disinhibition of PAG output neurons (Martin et al,, 1999, Iversen,

2003, Connell et al,, 2006, Lau and Vaughan, 2014).

Whilst chapter 2 established the involvement of the PAG-RVM axis in both these phenomena
— being recruited in opposing manners to produce pain relieving and enhancing effects,
respectively, questions remained surrounding which cortical networks were selectively
modulating the activity within this PAG subregion to elicit changes in perceived pain. Combining
the results from Chapters 3 and 4 allowed us to determine a twin network cortical model of
placebo analgesia, specifically demonstrating which connections were driving inhibitory effects
on pain via PAG-dependent signalling. Whilst these investigations were only performed using a
placebo substance, supporting literature allows us to postulate that these same connections

may be recruited to drive hyperalgesic phenomena.

Substantia Nigra: Throughout conditioning, learned associations are made between the
conditioning stimulus and behavioural response — be it appetitive (pain reduction) or aversive
(pain enhancement) in nature. These associations must then be actively recalled, triggering the
conditioned response (placebo or nocebo effects). It is possible that this recall is encoded by
ascending dopaminergic connections from the SN to its upstream targets. Indeed, two of the

primary recipients of brainstem-released dopamine are the ventral striatum — including the NAc,
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and the prefrontal cortex (Biichel et al,, 2014, Li et al,, 2018, Harris and Peng, 2020, Islam et
al, 2021). As revealed in chapters 3 and 4, not only are these two structures integral in the
development of stronger placebo analgesia, but activity and biochemistry of the dIPFC
specifically relates to an individual's ability to form stronger stimulus-response relationships.
Scott et al. (2008) in discovering that ventral striatum dopaminergic responses differentially
encoded placebo and nocebo effects suggested that this neurotransmitter was necessary to
“trigger” downstream adaptive responses. The results across our investigations not only support
but bolster this finding — reinforcing the role of the NAc in feeding into the rACC-PAG circuit,
but also suggest that the supply of cortical dopamine producing these effects originates

primarily within the SN.

Locus coeruleus: also known as the A7 adrenergic cell group, plays a fundamental role in cortical
noradrenaline supply, and has also been shown to send direct spinal efferents which can
modulate nociceptive processing and potentiate pain chronicity (Taylor and Westlund, 2017,
Munn et al, 2021). Beyond pain processing, cortical noradrenaline has also been implicated in
several cognitive processes including hypervigilance, learning, and executive-control — making a
clear determination of the role in placebo analgesia and nocebo hyperalgesia difficult to
disentangle. However, combining Hirschberg et al. (2017) recent preclinical findings with the
observation that we observed contralateral LC activity relating to placebo and ipsilateral LC
activity relating to nocebo allows us to speculate as to the nature of spinal- and cortical-

influence exerted by the LC to potentiate these divergent pain modulatory effects.

A clear ipsilateral (to side of noxious input) predominance exists in spinally-projecting LC
neuronal activity — suggesting that the change in activation we observe during nocebo
hyperalgesia likely reflects reduced drive from the LC in selectively suppressing nociceptive
excitation within the DH, known to occur via a2-adrenoreceptor binding within outer laminae
(Llorca-Torralba et al, 2016). Dissimilarly, the LC sends efferent projections to several
prefrontal sites responsible for threat processing and avoidance behaviours which are important
for appropriate action selection during noxious events. The reduction in LC activation during
placebo analgesia may indicate a reduction in global noradrenergic supply to these cortical sites,

encoding the rewarding nature of experiencing a placebo response.

Whilst these lateralized hypotheses are plausible, an alternate explanation is tied with the role
of cortical noradrenaline and its effects on extinction learning. Given that both responder and
non-responder groups expected reduced/enhanced pain by administration of our inert
substances, a “non-responder” to these phenomena could be considered to undergo a rapid
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extinction of expected outcome (reduced or enhanced pain). Indeed, our primary results within
the LC was that activity inversely correlated with the magnitude of both phenomena, meaning
both non-responder groups demonstrated the greatest increase in LC activity. In experimental
animals, adrenergic mPFC and infralimbic (rACC homologue) projections originating within the
LC promote both aversive and appetitive extinction — the process of eliminating the tether
between the conditioning stimulus and conditioned response (Mueller et al., 2008, Latagliata et
al, 2016). In contrast, chemogenetic de-activation of this same projection pathway prologues
the process of extinction (Uematsu et al, 2017). Whether the changes in LC activity we observe
relates to different spinal- and cortical-projection pathways or indeed encodes a shared
reduction in the rate of extinction tied with these phenomena would be an interesting route of

future investigation.

The parabrachial complex: receives both ascending nociceptive signals from lamina | DH neurons
via the spinoparabrachial tract and drives descending modulation via direct spinal projections
and additional relay with the RVM (Hunt and Mantyh, 2001, Stroman et al, 2021). Its
involvement in pain processing is well-described, relaying ascending nociceptive information to
both dopaminergic sites of the midbrain to encode the initial response to pain (Coizet et al,
2010), as well as forming the start of a top-down circuit between the PB-hypothalamus-PAG
which is believed to be involved in the emotional-affective dimension of pain processing,
generating behavioural responses when presented with a potentially noxious event (Bester et
al, 1999, Puopolo, 2019). An additional projection from the PB terminates within the amygdala,
which has been shown in both humans and experimental animals to be critical in memory-
formation, storing information about the nature of a noxious event which can persist beyond

the administration of a stimulus (Kissiwaa and Bagley, 2018, Chen and Heinricher, 2019a).

In addition to ascending transmission, the PB holds modulatory influence directly over the RVM,
and is capable of eliciting both pro- and anti-nociceptive states by directly modulating the net
balance of activity across RVM ON and OFF cells, respectively (Chen et al, 2017). When
beginning this thesis, it had been shown that brainstem circuitry including the PB was involved
in mounting CPM responses in humans, however no studies had resolved its involvement in
other modulatory phenomena despite its likely relevance (Youssef et al., 2016). In direct support
of the PB's role in establishing a hyperalgesic state, we showed greater PB BOLD signal changes
related to greater nocebo responses, which accompanied a net reduction in RVM activation
during this phenomenon — suggesting a diminished OFF cell activation and producing a pro-

nociceptive state (Chen and Heinricher, 2019b).
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During placebo analgesia however, not only did we observe PB signal changes, but an additional
modulation of the ascending circuitry which the PB projects to relative to the PAG. Both the
hypothalamus and amygdala were shown in Chapter 3 to form part of our “stimulus independent
system”, suggesting that it may be via a modulation of ascending nociceptive transmission
initiated by the PB that establishes this cortical circuitry, leading to a change in excitatory-
inhibitory balance in the PAG and significant placebo analgesia. Indeed, by employing a multi-
viral optogenetic model, Chiang et al. (2020) established that efferent projections from the PB
to the amygdala, hypothalamus, and lateral PAG column encoded escape-like behaviours and
aversive learning in a mechanical hypersensitivity model. This circuitry is remarkably similar to
what we describe in Chapter 3, providing further evidence that the PB may be involved in the
establishment of the stimulus independent system underlying placebo analgesia. Dissecting the
relative involvement of ascending and descending connections of the PB during experimentally
altered pain responses would be a crucial next step in better understanding how cortico-

brainstem loops dynamically potentiate endogenous pain modulation.

5.3.2 A twin network model for placebo analgesia

Identifying the core pathways which trigger analgesic effects through the recruitment of
brainstem pathways has influenced experimental investigations for decades. Their
categorization not only offers insights into the human ability to modulate our own pain in
threatening or painful settings, but also could allow for the development of novel treatments
which exploit or leverage these mechanisms in acute or chronic pain states. Importantly, the
circuits we reveal in Chapters 3 and 4 which contact the brainstem to drive placebo analgesia
not only concord well with preclinical and human imaging studies investigating pain modulatory
phenomena, but also shed light on novel mediating factors which subsist the inhibitory effects

exerted by brainstem nuclei on the DH.

Stimulus-independent system: As pain perception is itself multifaceted, convolving cognitive and
emotional factors with any true sensory input — it is not a long bow to draw that modulating
perceived pain involves neural components outside the time window of applied sensory input.
Anatomical tract-tracing performed in experimental animals throughout the late 1990's
established the regulatory role of infralimbic and limbic subcomponents in maintaining the
homeostatic and autonomic balance of the PAG (Ongiir et al,, 1998). Functionally, stimulation

of the mPFC in animals causes significant shifts in threat and pain responses mediated by
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monosynaptic pathways directly to the amygdala and hypothalamus, which in turn project to
the PAG (Quirk et al, 2003, Enck et al,, 2008, Taylor et al, 2019). Whilst this circuit includes
reciprocal connections between the mPFC, hypothalamus, amygdala, and PAG — it appears that
the crucial connection for maintaining nociceptive balance is the hypothalamic-PAG pathway.
Indeed, ablation of posterior hypothalamic nuclei in rodents causes shifts in baseline pain
responses, and disrupting hypothalamic function through opioid injection elicits behavioural

analgesia (Millan, 2002, Holland and Goadsby, 2007).

These findings largely support that the hypothalamus plays a regulatory role in pain perception,
allowing for the accurate assessment of pain to learn and adapt to our environment. By
association, they suggest that the baseline state of this pathway is to tonically inhibit analgesic
properties of brainstem nuclei, i.e. a stimulus independent system. This top-down circuit has
additionally has been linked to pain in humans — since nocebo hyperalgesia is associated with
an upregulation of adrenocorticotropic hormone and a hyperactivity in the hypothalamic-
pituitary-adrenal (HPA) axis, and connectivity between the hypothalamus and PAG predicts
pain rating responses in periods prior to noxious stimuli application (Frisaldi et al, 2015,
Stroman et al, 2018). The identification of our stimulus-independent system supports that
these limbic-brainstem pathways are present in humans as they are animals and proposes that
they play an important role in setting the excitatory tone of brainstem nuclei to elicit pain
modulation. Whilst this system included the mPFC, rACC, amygdala, hypothalamus, and PAG,
DCM confirmed that it is the hypothalamus-PAG pathway that best delineated significant
analgesic responses. With the gold standard of placebo research now turning to identifying
underlying properties of placebo responders, our results suggest that baseline coupling between
these two regions could be used to determine the likelihood of an individual exhibiting pain

modulatory responses.

The dIPFC also emerged as altering its ongoing connectivity with the PAG — a finding which
does not fit with the defined circuitry regulating autonomic and homeostatic processes in
experimental animals. Whilst it is possible that in humans this circuitry extends to incorporate
the dIPFC, Chapter 4 revealed a potential different role for the dIPFC-PAG connection that likely
explains why this region was found in the stimulus independent system. In order to process and
express perceived pain at any given time, it is integral that cognitive-associative areas like the
dIPFC can tap into descending analgesic circuitry to maintain contextual information and
attention to the environment, ultimately either matching expectation to experience or vice versa

(Biichel et al, 2014). Since non-invasive disruption of the dIPFC blocks the expression of
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placebo analgesia but holds no effect on the pain experience (Krummenacher et al,, 2010), this
connection likely runs parallel to the stimulus-independent system, and underpins an individual's
ability to internalize and process their shifts in perceived pain experience on an ongoing basis —

forming part of an “error-prediction” conditioning circuit.

Stimulus dependant system: With the error-predictive circuit and stimulus-independent systems
serving roles in constant monitoring of brainstem systems and establishing the excitatory tone
necessary for endogenous pain modulation, a set of regions is still required to drive the output
in the brainstem to cause an effect across the DH. This role we propose is served by our stimulus
dependent system — the collection of regions which altered in PAG coupling specifically during
noxious stimulus application. It is widely regarded that the rACC plays an executive role in
recruiting brainstem pathways emanating from the PAG, since the effects of naloxone on
abolishing placebo analgesia are also associated with an attenuation of coupling between these
two sites. rACC-PAG coupling however appears to be capable of dynamically altering perceived
pain, since greater nocebo effects are also associated with this connection, as well as increased

DH activity (Tinnermann et al, 2017).

Consistent with these findings, the results from Chapter 3 demonstrate that significant placebo
responses relative to PAG activity are mediated by rACC-PAG coupling during noxious periods,
and DCM analyses further confirmed the top-down directionality of this connection. Two other
cingulate components: the MCC and dACC were also found to alter their PAG coupling during
stimulus periods — but neither were found to directly contact the PAG in our DCM analyses.
These findings align with the role of these cingulate subregions serving executive over pain-
modulatory roles (Vogt, 2005, Cavanagh and Shackman, 2015). Specifically, it is believed that
whilst their activation is sensitive to pain, their function during pain is to provide a behavioural

alert during salient events, triggering cognitive processes and guiding action selection.

Network neuroscience has established the blueprint of the brain’s salience network, which
encompasses both the dACC and Al — another region demonstrating stimulus-dependent
increases in PAG coupling (Seeley et al, 2007). Like the dIPFC’s inclusion in the stimulus-
independent system, we suggest that placebo-related increases in PAG connectivity observed
in the dACC, MCC, and Al suggest that significant placebo analgesia is hallmarked by an
upregulation in connectivity between major nodes of the salience network. Rather than directly
signalling brainstem pathways, greater inter-network connectivity between salience network
nodes indicates placebo responders’ ability to integrate incoming noxious stimuli with their

conditioned beliefs (Sikora et al, 2016). When these two do not match, the salience network
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enlists the rACC to recruit the PAG and drive changes in perceived pain. The final region revealed
in our stimulus-dependent system was the NAc, the cortex's dopaminergic hub that encodes
reward-responsivity. In both preclinical and clinical models deep brain stimulation of the NAc
has shown to elicit analgesia, and our findings suggest that this capability comes from direct
modulation of the rACC-PAG pain modulatory connection (Segal and Sandberg, 1977, Mallory
et al, 2012, Harris and Peng, 2020).

Overall, our major findings across the three publications included in this thesis provide coverage
of the major brain systems recruited during placebo analgesia during acute thermal stimuli.
These brain systems represent neural activation in the cortex and brainstem — with brainstem
involvement also being shown during nocebo hyperalgesia, an error-prediction system, and both

a stimulus dependent and independent system for recruiting brainstem pathways (Figure 5.2).

Admittedly, these systems collectively cover a substantial area of the cortex and brainstem,
making it difficult to precisely identify the essential components responsible for inducing a
change in perceived pain. What would be more beneficial is simplifying this schema, looking for
overlap and interpreting which are the necessary connections that can be experimentally
evaluated in the future for their involvement in endogenous pain modulation. To accomplish
this objective, we introduce the core conditioning-based circuit of human pain modulation, which
comprises a subset of these systems with the required components for producing endogenous

pain modulation.
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Figure 5.2 The basic neural circuitry of conditioning-based pain modulation. These renderings
record each of the circuits unveiled within the three experimental chapter of this thesis. A
strikingly similar group of brainstem nuclei were found to alter in activation during both
analgesic and hyperalgesic pain modulation — centred on the PAG-RVM-DH pathway with
contributing influence from neighbouring noradrenergic (LC) and dopaminergic (SN) sites.
Within the cortex, successful elicitation of placebo analgesia related to increased activation
within the prefrontal and cingulate cortices, and a reduction in activity within the central
amygdaloid nucleus (CeA). Chapter 4 revealed a role of the dIPFC in encoding pain rating
variability, which, via coupling with the brainstem and a cortical circuit similar to that described
by Wager et al. (2008) responsible for emotional regulation (VS-mPFC-CeA), also relates to an
individual's ability to produce placebo analgesia. The parallel top-down circuits that control

brainstem output via the PAG were found to comprise of frontotemporal sites which were also
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activated by placebo (stimulus dependent), as well as limbic sites (stimulus independent), such
as the MeA and mPFC which when combined with activation and error-prediction maps now
represent a triplet of roles: emotional processing, encoding stimulus-response relationships, and

regulating the sensitivity of core brainstem centers.

5.4 Placebo and nocebo — a coin with two sides or just a common face?
5.4.1 The core conditioning-based circuit of pain modulation

Despite being elicited from strikingly similar experimental procedures (expectation generation
and conditioning cues), prominent early literature disputed that placebo analgesia and nocebo
hyperalgesia existed as “two sides of the same coin” (Freeman et al, 2015). Indeed, their
neurobiological underpinnings (placebo = opioid/cannabinoid; nocebo = cholecystokinin) and
associated neural activation patterns have been shown to be disparate, with recent meta
analytic approaches confirming distinct neural circuits underpin the two phenomena (Fu et al,
2021, Zunhammer et al,, 2021). However, whilst cortical activation patterns may differ between
these phenomena, our primary finding of Chapter 2 demonstrated that common brainstem
regions play a role in their generation. Within the PAG-RVM system and the PB we found
opposing engagement during placebo analgesia and nocebo hyperalgesia — reflecting their
opposite effects on pain processing. Additionally, whilst neural activity may differ between
phenomena, a common descending connection between the rACC-PAG has shown to relate to
both placebo analgesia and nocebo hyperalgesia (Eippert et al, 20093, Tinnermann et al,, 2017),
and non-invasive stimulation of the dIPFC can modulate the intensity of both phenomenon
(Krummenacher et al, 2010, Tu et al, 2021). Indeed, our results largely support these previous
findings, with the novel discovery of a stimulus-independent circuit that sets the gain of the
brainstem to a responsive state enabling top-down modulation. Combining the results within
this thesis and drawing on supporting literature regarding cognitive processes involving the
dIPFC-PAG reciprocal connection and functional connectivity underlying nocebo hyperalgesia —
we would argue that these two phenomena may not be two sides of the same coin, yet share
cortico-brainstem similarities, at least within the context of conditioning-based pain modulation
in response to acute noxious stimuli. Pairing back the four systems revealed throughout this
thesis to their most integral components, we propose that the core conditioning-based circuit

for acute pain modulation consists of four components (Figure 5.3):
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o Acute noxious input entering from the body is transmitted in both the spinothalamic
tract (activating the cortical pain system) and spinoparabrachial tract — which
establishes the tone of the stimulus independent system (amygdala and hypothalamus)
to associate certain stimuli with pain relief.

o The affective-homeostatic pathway which includes the parabrachial complex, and
ascending projections to the central amygdaloid and posterior hypothalamic nuclei.
These regions encode the affective value of noxious stimuli learned during conditioning,
and descending input from these limbic structures to the PAG sets the excitatory-
inhibitory balance of brainstem pathways to respond to future exposures of the same
conditioning cues. To initiate placebo analgesia, a weakening of the hypothalamus-PAG
connection emerges as particularly important in shifting the baseline tone of brainstem
pathways emerging from the PAG.

o The expectancy regulation pathway reciprocally connects the dIPFC to the PAG, with
the dIPFC storing information regarding an individual's expectations of physiological
benefit or detriment — during test phases, these expectations are relayed to the PAG,
and updated on an ongoing basis dependent on whether perceptual or active inference
predominates. This pathway allows an individual to consistently track their pain, and
report positive or negative perceptual effects.

o The pain modulatory pathway encompassing the rACC-PAG-RVM circuit is triggered
when a noxious stimulus is applied, with top-down projections from the rACC
modulating the activity in spinal- and RVM-projecting neurons within the PAG to
produce dynamic changes across the DH. During acute pain modulation, the lateral PAG
column is involved, and this circuit appears reliant on the affective-homeostatic pathway

first establishing a tone within the PAG to allow for top-down modulation.

The benefit of establishing a core-circuitry involved in both storing and recalling conditioning-
based effects to cause shifts in perceived pain lies in its simplicity. With the known between-
study heterogeneity that exist in models of experimental pain modulation (Zunhammer et al,,
2021), identifying precise connections that can be experimentally evaluated focusses study
designs and provides a starting point for researchers aiming to better understand the neural
mechanisms of pain modulation. Importantly, this model is anatomically possible — with
countless studies affirming the top-down innervation of the PAG-RVM pathway from both the
dIPFC and rACC with both structural and functional techniques (Sevel et al, 2015, Lui et al,

2021); as well as the terminal projections of the spinoparabrachial tract being recognised in

160



both experimental animals and humans. As a model this core circuitry also aligns well with
established literature on the influence of conditioning on perceived pain — since disrupting the
expectancy regulation pathway would cause a loss in the ability to report placebo or nocebo
effects — which account for the findings from non-invasive stimulation. Similarly, even if the
affective-homeostatic pathway was active, without recruitment of the rACC — for instance
during pharmacological blockade via naloxone administration, there would be no driving
influence over the PAG-RVM-DH pathway — resulting in no change in DH neurotransmission

and ascending nociceptive information.
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Figure 5.3 The core conditioning-based circuit for acute pain modulation. This circuit comprises
of four components - each contributing to an individual's ability to call upon descending
brainstem circuitry and dynamically modulate acute nociceptive transmission across the spinal
cords dorsal horn. The first component is the noxious input itself, received by outer laminae and
transmitted via either the spinothalamic tract (STT) — entering the cortex’s sensory-
discriminative or emotional-affective pain receptive regions, or via the spinoparabrachial tract,
the origin of the affective-homeostatic component. This component, which includes the
parabrachial complex (PB) and ascending connections to the central amygdaloid (CeA) and
posterior hypothalamic (PH) nuclei encodes conditioning effects, representing an individual's
past experiences with a “analgesic” or “hyperalgesic” substance, and sets the inhibitory tone of
brainstem pathways to be modulated by the cortex via reduced innervation of the midbrain
periaqueductal gray (PAG). The third component — the “expectancy regulation” pathway
includes the dorsolateral prefrontal cortex (dIPFC), which responds to the expectancy of an
individual's pain relief or enhancement, operating as a function of their certainty (variability)
during conditioning. The dIPFC receives and sends input to the PAG to constantly update
expectations towards noxious stimuli — with the participant either initiating perceptual or active
inference, perceiving pain closer to their expected value or magnitude of actual incoming sensory
information, respectively. Finally, the pain modulatory pathway consists of rACC-PAG-RVM-DH
projections, with the cingulate contacting spinal- and medullary-projection neurons of the PAG
to elicit adaptive changes in nociceptive transmission across the dorsal horn. Critically, we would
argue, neither the action of the expectancy-regulation or pain modulatory components is
achievable without the hypothalamus-PAG connection first relaxing the tone of brainstem

analgesic pathways to establish a state optimal for pain modulatory effects to occur.

5.4.2 Future studies to probe pain modulatory circuitry

Whilst the core conditioning-based circuit contains the necessary components to dynamically
elicit and maintain expectations and changes in perceived pain perception, this thesis only
establishes its role in placebo analgesia, and only the core brainstem circuits were established
for nocebo hyperalgesia. As such, the first investigation necessary to better evaluate whether
this proposed circuitry may act independent to the directionality of nociceptive modulation
would be to conduct connectivity and biochemical analyses as described in Chapters 3 and 4
during nocebo hyperalgesia. Indeed, if the projection from the hypothalamus-PAG is critical in

establishing a modulatory tone in descending brainstem pathways, if this same connection is
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involved in the generation of nocebo hyperalgesia it may be of clinical utility to investigate its
pharmacological properties, which could be leveraged to promote placebo and attenuate nocebo
effects following treatments with a high likelihood of their occurrence. Beyond establishing the
core circuity’s role in nocebo hyperalgesia, in the context of our findings and what remains to be
explored, we propose four future studies which could be performed to advance our

understanding of the phenomena:

(1) PET investigation: what are the sites of CB1 and p-opioid receptor binding in placebo

analgesia and nocebo hyperalgesia?

Similar to Scott et al. (2008), conduct dual-tracer PET imaging using a mixed radionuclide
specific for endocannabinoid and opioid binding potential. Since we identified lateral PAG
activity related to pain modulatory phenomena, conducting this study could resolve the relative
influence and localization of these two neurotransmitter systems during top-down pain

modulation.

(2) Psychological investigation: can these circuits predict placebo responsivity across time

with repeated exposures?

Assess baseline coupling between sites of the affective homeostatic pathway using resting-state
fMRI. Collect placebo responses in a group of participants with multiple exposures — similar to
Lasagna et al. (1954). Assess if any cortico-brainstem connections constitute biomarkers for

consistent placebo responsivity.

(3) Functional imaging investigation: what is the role of the locus coeruleus in placebo

analgesia and nocebo hyperalgesia?

Since we found a similar and not parallel engagement of the LC underpinned placebo analgesia
and nocebo hyperalgesia, a lingering question from our investigations is the role of this region
in mounting pain modulatory phenomena. Whilst noradrenergic supply to cortical executive-
control regions or direct-spinal modulation are speculative interpretations, a targeted
investigation into LC connectivity using a predefined atlas such as that designed by Ye et al.
(2021) could be beneficial to better understanding the role of this neurotransmitter in altering

perceived pain.
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(4) Functional imaging investigation: do these same circuits underlie the potentiation of other

modulatory phenomena such as Offset Analgesia and Conditioned Pain Modulation?

Since the stimulus-independent system we propose is pivotal in setting an excitatory tone of
brainstem analgesic pathways necessary to trigger analgesic effects, it is possible that these
same regions are at play in alternate phenomena which leverage these pathways. There is
evidence that both Offset Analgesia and Conditioned Pain Modulation rely on the PAG-RVM
system, and an imaging study where each of these are assessed alongside Placebo Analgesia in
a within-subjects design would enable a direct comparison of similarities and differences in the

neural circuits underpinning each of these specific pain modulatory phenomena.

In addition to these four studies, it would be advantageous to assess the involvement of this
circuitry in other forms of placebo analgesia. As detailed in section 1.3 of this thesis, placebo
analgesia can be elicited independent to the effects of conditioning — and can be acquired
through social observation and expectation generation alone (Amanzio and Benedetti, 1999,
Schenk and Colloca, 2019). In the initial phases of clinical intervention, it is likely that these
forms of placebo analgesia predominate over conditioning-based effects, and as such dissecting
the relative involvement of each of the four components of our core circuitry under these
settings would be useful in facilitating clinical applications of pain modulatory phenomena.
However, in the context of chronic pain, where a number of contextual cues regarding an
individual's pain have been built over time, conditioning-effects are likely more prevalent. As
such, interrogating the core circuitry in conditions where pain has persisted over a period of

time could have important therapeutic ramifications and offer an appealing avenue for research.

5.5 Limitations

Whilst this thesis provides a number of novel discoveries as to the cortical and brainstem
systems which subserve pain modulatory responses in humans, their mechanisms and potential

contributing factors - they are not without limitations which must be considered.

First and foremost, we constrain our insights to healthy populations of individuals, and can only
speculate as to the role these regions and circuits may play in chronic pain populations. That
being said, there is growing interest in the clinical community surrounding the role of specifically

the smaller structures we identify throughout our investigations such as the PAG and

164



hypothalamus, and their role as potential targets for pain modulation in chronic conditions
(Puopolo, 2019). Limited as we are in examining healthy control participants, we suggest that
our investigations aid the community in pinpointing the likely routes of action and associated
structures that are engaged in placebo analgesia which may in the future also become targets
for therapeutic benefit. For nocebo hyperalgesia and avoiding their manifestation in clinical
settings, we provide further evidence that they can be brought forward through verbal
suggestions and repeated exposures to pain (ie. expectation and conditioning), inviting further
investigation on how best to manage and minimize their presence in clinical trials and

treatments.

Second, one of the cornerstone results from Chapter 2, indeed, the result that inspired Chapter
3 was the robust negative correlation observed between lateral PAG signal change and placebo
analgesia responses. Our interpretation of this finding revolved around a reduction in the activity
of GABA-ergic inhibitory interneurons which contact the IPAG, resulting in a net increase in
IPAG output to the RVM-DH cascade — promoting an anti-nociceptive state. Another
interpretation of this result however is that instead of playing a primary role in the production
of placebo analgesia, that IPAG activity rather tracks the intensity of pain an individual is
currently experiencing. Despite its small size, the PAG produces an array of physiological and
autonomic roles, making assigning a single role to this region in the perception and modulation
of pain difficult (Floyd et al, 1996, Lumb, 2002, Keay and Bandler, 2015). Regardless, the
support provided in Chapter 3 through DCM and functional connectivity analyses at the very
least establishes that during placebo analgesia, the IPAG, via altered descending innervation
from the posterior hypothalamus, undergoes a change in excitatory-inhibitory balance —
entering a state in which it is more likely to be influenced by top-down (extrinsic) inputs (Friston
et al, 2003). This finding closely follows existing preclinical literature of a circuit comprised of
the prelimbic cortices (mPFC / rACC homologue), amygdala, and hypothalamus — which is

proposed to drive autonomic and homeostatic balance (Onglr et al., 1998).

Additionally, the PAG has been proposed to play a role during pain modulatory phenomena in
encoding pain precision and contingency between a conditioned stimulus and response (Grahl
et al, 2018). Indeed, our findings in Chapter 4 support this role via communication with the
dIPFC, which has also been specifically implicated in prediction-error processing and active
inference. Perhaps, a more accurate interpretation of our initial finding in Chapter 2, considering
our later findings is that BOLD signal change in the PAG does not directly reflect dis-inhibition,

but rather an altered neuronal state of the PAG, set to produce antinociceptive action via a
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combination of inputs involving the dIPFC and hypothalamus encoding active inference and

autonomic balance.

Finally, the large majority of our results and interpretations were derived from fMRI data — be
they activation, connectivity, or dynamic causal modelling. The inherent limitation of fMRI is the
relatively poor temporal resolution (in the order of seconds) relative to neural dynamics (in the
order of milliseconds). Whilst it is widely accepted that greater connectivity reflects two regions
engaging in a similar task, and connectivity reductions reflect regions subserving different or
competing functions (Fox et al, 2005), and our interpretation of results align with these
principles, it is important to keep in mind that these data are limited by hemodynamic response
times (Glover, 2011). Since beginning this thesis, a number of advancements have been made
in custom ultra-fast fMRI series — with repetition times approaching that necessary to decode
distinct neuronal processes (McDowell and Carmichael, 2019, Nagy et al, 2022, Cabral et al,
2023). One particular method, “direct imaging of neuronal activity” (DIANA) has shown promise
in anesthetized mice tracing the flow of somatosensory information along thalamocortical
pathways following whisker stimulation (Toi et al,, 2022). Techniques such as DIANA exemplify
the possibility to probe the ascending and descending pain pathways and their cascade of neural
activity surrounding the application of a noxious stimuli. Once these techniques are made
available in human MRI scanners, their use in experimental pain modulation will further advance
our understanding of how these cortical and subcortical sites act to induce profound changes

in the pain percept.

5.6 Conclusions

The core goal of this thesis was the expand the base of knowledge available on the functional
neural architecture that underpins pain modulatory responses in healthy humans. When
beginning this thesis in 2020, no single study had leverage high field MRI to investigate the role
of brainstem circuitry involved in the endogenous inhibition or enhancement of pain. Whilst
preclinical evidence had cemented the role of the PAG-RVM system in pain relief some 50 years
before (Mayer et al, 1971, Basbaum and Fields, 1984), only a handful of experimental human
studies had been able to suggest a direct involvement of these nuclei in the manifestation of
pain modulatory responses (Wager et al, 2004, Eippert et al., 2009a, Tinnermann et al, 2017).
Building on this work, this thesis catalogues first our efforts to define the likely brainstem and

neurochemical pathways that drive both placebo analgesia and nocebo hyperalgesia, as well as
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the distinct pathways from cortex to brainstem which leverage these circuits during placebo
(chapter 3), and a candidate biomarker which may encode an individual's ability to mount

endogenous pain modulatory phenomena (chapter 4).

Our experimental findings first suggest that via a combination of verbal suggestion and
response conditioning it is possible to elicit both placebo analgesia and nocebo hyperalgesia in
healthy individuals. Further, we suggest that the success of response conditioning to elicit
placebo analgesia is inexplicably bound to underlying variability in perceived pain, a quality which
could be assessed in a lead-in phase of clinical trials to help manage the distribution of placebo
(and nocebo) responses between treatment and no-treatment control groups. Within the brain,
our results highlight the importance of two top-down systems, working in parallel to enable
effective recruitment of descending analgesic circuitry of the brainstem to ultimately alter the
nociceptive input across the DH, one sensitive to sensory input and the other tied with

regulating the excitatory-inhibitory tone of the PAG.

Chapter 5 outlines the basic circuitry involved with building strong stimulus-response
relationships and mounting these phenomena, offering researchers several specific connections
and pathways to investigate in future studies. Further, we suggest some new and powerful
technigues which could be employed to interrogate the validity of our proposed circuitry across
pain conditions and different modulatory phenomena such as offset analgesia or conditioned
pain modulation which are also known to involve the brainstem and associated pathways
(Derbyshire and Osborn, 2009, Youssef et al,, 2016, Szikszay et al., 2020, Harrison et al,, 2022).
Such work would assist in our understanding of the neurobiology underpinning endogenous
pain modulatory responses in humans, and more importantly, provide potential benefit in

developing novel and alternate treatments for people suffering chronic and comorbid pain.
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Pain perception can be modulated by several factors. Phenomena like temporal summation leads to increased perceived pain, whereas
behavioral conditioning can result in analgesic responses. Furthermore, during repeated, identical noxious stimuli, pain intensity
can vary greatly in some individuals. Understanding these variations is important, given the increase in investigations that assume
stable baseline pain for accurate response profiles, such as studies of analgesic mechanisms. We utilized functional magnetic
resonance imaging to examine the differences in neural circuitry between individuals displaying consistent pain ratings and those
who experienced variable pain during a series of identical noxious stimuli. We investigated 63 healthy participants: 31 were assigned
to a “consistent” group, and 32 were assigned to a “variable” group dependent on pain rating variability. Variable pain ratings were
associated with reduced signal intensity in the dorsolateral prefrontal cortex (dIPFC). Furthermore, the dIPFC connectivity with the
primary somatosensory cortex and temperoparietal junction was significantly reduced in variable participants. Our results suggest
that investigators should consider variability of baseline pain when investigating pain modulatory paradigms. Additionally, individuals
with consistent and variable pain ratings differ in their dIPFC activity and connectivity with pain-sensitive regions during noxious

stimulation, possibly reflecting the differences in attentional processing and catastrophizing during pain.

Key words: acute pain; connectivity; dorsolateral prefrontal cortex; noxious stimuli; pain catastrophizing.

Introduction

It is well understood that pain perception can be modulated by
a number of intrinsic and extrinsic factors. For example, the per-
ceived intensity of incoming noxious information can be modified
by stress, attention, emotional, and cognitive processes (Tracey
and Mantyh 2007; Ploner et al. 2011). During somatosensation,
the salience of incoming information determines whether the
stimulus is perceived or not, and often incoming potentially
noxious information does not to reach painful levels (for example
during warm or pricking sensations). Conversely, within the pain-
processing system, repeated application of identical noxious stim-
uli at relatively high frequencies can lead to a gradual increase
in the intensity of perceived pain, i.e. temporal summation (Price
et al. 2002), and in individuals with chronic pain, sensitization
within the central nervous system results in increased sensitivity
to noxious stimuli (Latremoliere and Woolf 2009).

Interindividual differences in the perceived pain intensity to
noxious stimuli of identical intensities have been well described
and correspond with differential activation in the primary
somatosensory and prefrontal cortices (Coghill et al. 2003;
Fillingim 2005). However, it is also the case that during repeated
identical noxious stimuli, subsequent pain intensity ratings can
vary substantially in some individuals but remain relatively
consistent in others. Examining variations in perceived pain
intensities is important, given the rapid increase in investigations
exploring phenomena, such as endogenous analgesic mecha-
nisms, which rely on stable baseline pain intensity ratings for

accurate response profiles. Furthermore, determining the neural
circuitry responsible for changes in the perceived pain intensity
in the context of persistent pain may provide a potential target
for pain modulation.

The neural mechanism responsible for large, relatively rapid
variations in the pain intensity perception within some individ-
uals has not been explored. Given that, in typical experiments,
the perceived pain intensity can vary up and down and noxious
stimuli are often presented at relatively long interstimulus inter-
vals (ISIs), such instability is not likely related to gradual changes
in receptor sensitivities, or phenomena such as wind-up and
temporal summation (Price et al. 2002; Latremoliere and Woolf
2009). Mechanisms associated with higher-order brain function,
such as salience and attention, can alter the intensity of perceived
pain (Tracey et al. 2002), and these higher-order processes can
fluctuate even during relatively rapid and repeated noxious stim-
uli (Miron et al. 1989; Borsook et al. 2013). For example, in a recent
investigation, it was reported that “mind wandering” during nox-
lous stimulation was associated with altered activity in higher-
order processing regions such as the dorsolateral prefrontal and
insula cortices (Kucyi et al. 2013). Whether such mechanisms are
responsible for variations in pain intensity perception remains
unknown, although changes in higher-order processing associ-
ated with such pain perception variability would be consistent
with this interpretation.

The aim of this retrospective investigation was to use
functional magnetic resonance imaging (fMRI) to determine the
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differences in the underlying neural circuitry function in indi-
viduals who display consistent pain intensity ratings compared
with those who display variable pain intensities during a series of
noxious thermal stimuli of identical intensities. We hypothesized
that participants who perceive repeated identical noxious stimuli
as having variable pain intensities will display different activation
in higher-order processing regions, such as the dorsolateral
prefrontal, insula, and primary somatosensory cortices, compared
to participants who experience consistent pain intensity ratings.

Materials and methods

Participants

Sixty-three pain-free participants (26 males, mean [+SD] age:
24.5+6.3 years) were recruited for the study. Informed written
consent was obtained for all procedures, which were conducted
under the approval by the University of Sydney Human Research
Ethics Committees and satisfied the Declaration of Helsinki. Using
Gx«Power 3 (Faul et al. 2007), an a priori power analysis was per-
formed using results from a previous imaging study investigating
pain rating variability and temporal summation (Rogachov et al.
2016). This revealed that a total sample size of 55 would be nec-
essary to detect similar effect sizes with 90% power (p=—0.373,
a=0.05, power =0.90).

Magnetic resonance imaging scans

Prior to entering the magnetic resonance imaging (MRI) scanner,
a 3 x 3-cm MRI-compatible Peltier-element thermode (Medoc)
was secured to the skin of the right side of the lower lip. The
original investigation from which this retrospective dataset arose
was exploring a pain modulatory paradigm, and as such the lower
lip was elected as the thermal stimulation site as to enable inves-
tigation of the entire ascending and descending orofacial pain
pathway from the spinal trigeminal nucleus rostrally (Youssef
et al. 2016a, 2016b). To determine a temperature that evoked a
moderate pain rating in each individual, the thermode tempera-
ture was raised with a Thermal Sensory Analyzer (TSA-II, Medoc)
from a resting temperature of 32 °C to various temperatures at 0.5
°C intervals between 44 and 49 °C. Temperatures were randomly
applied in 15-s intervals for a duration of 10 s during which each
participant continuously rated their pain intensity (0=no pain,
10=worse imaginable pain) in real time using a computerized
visual analog scale (CoVAS, Medoc). The temperature which gen-
erated a pain intensity rating of approximately 6 out of 10 was
then used for the remainder of the experiment.

Each participant was then positioned supine onto the MRI
scanner bed and was placed into a 3 Tesla MRI scanner
(Intera, Philips Medical Systems, The Netherlands), with the
head immobilized in a 32-channel transmit-receive head coil
to which padding was added to prevent head movement. With
the participant relaxed, a fMRI series consisting of 140 gradient
echo echo-planar image sets with blood oxygen level-dependent
contrast covering the entire brain was collected (38 axial slices,
repetition time=2,500 ms, echo time=40 ms, flip angle=90°,
turbo factor =45, raw voxel size=1.5 x 1.5 x 4.0 mm thick).
During this fMRI series, following a 30-volume baseline period,
8 noxious thermal stimuli of “identical temperatures” were
delivered. Each noxious stimulus was delivered for 15 s (including
ramp up and down periods of 2.5 s each), followed by a 6-
volume, 15-s baseline (32 °C) period. During the entire scan
period, participants used an MR-compatible continuous slider to
continuously report their perceived pain perception. The CoVAS
scale was shown on a reflected digital screen at the end of the

magnet bore, and participants controlled the position of a slider
to report their pain continuously by holding the left (moved slider
toward zero) or right (moved slider toward ten) with their left
middle and index fingers. Pain rating data were recorded in 2.5-s
periods overlapping with each of the collected volumes of the
scanning sequence. Finally, a T1-weighted anatomical image was
also collected (288 axial slices, repetition time=5,600 ms, raw
voxel size=0.87 x 0.87 x 0.87 mm thick).

For each participant, the mean pain intensity ratings during
each of the 8 noxious stimulus periods were calculated. In each
participant, the standard deviation (SD) of the 8 pain intensity
ratings was then calculated as an indicator of their pain rating
variability. These SDs were then plotted for all 63 participants and
a median spilt used to separate the groups into consistent and
variable groups. Additionally, consistent and variable participants
VAS responses during each volume of the scan were binarized
(1=any volume with a nonzero VAS response; 0=any volume
with a zero VAS response) and were converted to a percentage
of the group showing a VAS response in each functional volume
overlapping with a noxious stimulus or ramp period to determine
if any temporal effects of latency in pain perception related to
the allocation of a participant as either consistent or variable
(Supplementary Fig. 1). Finally, prior to the scanning session, each
participant completed the Pain Catastrophizing Questionnaire
(Sullivan et al. 1995).

MRI scan analysis

Using Statistical Parametric Mapping (SPM12) (Friston et al. 1994)
and custom software, the fMRI image sets were realigned and
movement parameters examined to ensure no participant dis-
played >1 mm volume-to-volume movement in the x, y, and z
planes and 0.05 radians in the pitch, roll, and yaw directions.
Cardiac (frequency band of 60-120 beats per minute +1 harmonic)
and respiratory (frequency band of 8-25 breaths per minute +1
harmonic) noise was modeled and removed using the Dynamic
Retrospective Filtering toolbox (Sarkka et al. 2012) and images
sets were then linear detrended to remove global signal inten-
sity changes. Movement parameters were modeled and removed
from the fMRI signal by removing any signal correlated with the
movement parameters, similar to the linear model of global signal
detrending method developed by Macey et al. (2004). The fMRI
images were then coregistered to each participant’s T1-weighted
anatomical image. The T1-weighted image was spatially normal-
ized to the Montreal Neurological Institute (MNI) template and the
normalization parameters were applied to the fMRI images. This
process resulted in the fMRI images being resliced into 2 x 2 x 2
mm voxels. The fMRI images were then spatially smoothed using
a 6-mm full-width at half maximum Gaussian filter.

For each participant, significant changes in the signal intensity
during the repeated noxious stimuli during the fMRI scan were
determined using a repeated box-car model convolved with
a canonical hemodynamic response function. The resulting
contrast maps for the consistent and variable groups were placed
into 2 separate 1 group, random-effects, second-level analyses,
and significant increases in either group were determined with
age, sex, and elected moderate temperature as nuisance variables
(P<0.05, false discovery rate-corrected, cluster extent thresh-
old=10 contiguous voxels). Binary maps of these significant
increases were made and masked together using the SPM12
“imcalc” function to identify the overlap in regional increases
across both groups. In addition, significant differences in signal
intensity changes during the 8 noxious stimuli between the
consistent and variable groups were determined with age, sex,
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Fig. 1. Pain intensity rating variability in individuals receiving 8 identical noxious heat stimuli to the right side of the mouth. Notably, in the “consistent”
group, there was very little variation in their pain intensity ratings, whereas in the “variable” group, the ratings could vary dramatically during successive
noxious stimuli of identical intensities. A) On-line pain intensity ratings measured on a 10-cm visual analog scale (VAS) from 0=no pain to 10 =most
intense pain imaginable during 8 noxious thermal stimuli of equal intensities in 4 participants. The 2 participants to the left display consistent pain
intensity ratings during each of the 8 noxious stimuli (gray), whereas the 2 participants to the right display variable responses despite identical thermal
stimuli intensities during each of the 8 stimuli (black). B) Participants pain intensity variability responses were plotted and a median split resulted in a
group of participants in which their ratings were considered consistent (n=31) or variable (n=32) if the SD of their 8 pain intensity rating was either <
or >1, respectively. C) Mean + SEM pain intensity ratings in consistent (n= 31, gray) and variable (n =32, black) pain intensity rating participants. Despite
differences in the variability of pain intensity ratings at an individual participant level, both groups display almostidentical overall pain intensity ratings.

and elected moderate temperature as nuisance variables (2-
sample t-test, P<0.05, false discovery rate-corrected, cluster
extent threshold =10 contiguous voxels). This analysis resulted
in a single significant cluster in the dorsolateral prefrontal
cortex (dIPFC) from which the percentage changes, relative
to the 75-s baseline period, in the signal intensity for each
volume were extracted and the mean of the consistent and
variable groups was plotted. In addition, the mean + SEM signal
intensity changes during the noxious periods were plotted for
each group and the signal intensity change during each of the
8 noxious stimulus periods was determined. From these first 2
analyses, a forward lag in peak dIPFC activity was identified in
variable compared to consistent participants, and so we further
conducted a temporal analysis comparing the latency in stimulus
onset to peak dIPFC activity in both consistent and variable
participants during each of the 8 stimulus periods (inclusive of
ramp up and down volumes). To add rigor that this region was
responsible for the consistent perception of identical noxious
stimuli, we conducted an extreme value analysis with the 10
most variable and 10 least variable participants and calculated
the mean + SEM signal intensity changes in the dIPFC (2-sample
t-tests, P < 0.05).

Finally, we performed 2 separate psychophysiological inter-
action (PPI) analyses within SPM12 software (Ashburner et al.
2014) to determine task-specific and ISI changes in the functional
connectivity between the dIPFC cluster derived from the 2-
group analysis described above and all other voxels in the
brain. In each individual, the percentage signal intensity change
was extracted from the dIPFC cluster and multiplied by the
either the repeated box-car model (task-specific changes), or
time points of ISI within the scanning sequence to create a
PPI regressor. Essentially, this results in a regressor in which
we are searching for voxels that are correlated with the
timecourse of the dIPFC during the noxious stimulation periods
and are anticorrelated during the periods between noxious
stimuli, and it is vice versa for the ISI PPI regressor. The
resulting PPI brain maps were then entered into second-level
random-effects analyses and differences between consistent and
variable participants were determined with age, sex, and elected
moderate temperature entered as nuisance variables. There

were no significant differences following correction for multiple
comparisons, so we subsequently lowered the significance
threshold to P<0.001, uncorrected. We set the minimum
contiguous cluster size to 10 voxels to reduce the chances of a
type 1 error.

Results

Psychophysics

Each participant rated all of the 8 thermal stimuli as painful,
with the average pain intensity rating being 6.1+2.0 out of 10
(mean VAS =+ SD). Plots of the mean peak intensity rating during
each of the 8 noxious stimuli in each participant revealed that
the variance of these ratings varied considerably from a SD
of 0.2 to 3.3 (Fig. 1A). The median SD was 1.0 and participants
were subsequently divided into consistent (SD < 1) and variable
(SD>1) groups: 31 participants were placed in the consistent
group and 32 were placed in the variable group (Supplementary
Table 1). Figure 1A shows plots of on-line pain intensity ratings
during these 8 noxious stimuli in 2 consistent and 2 variable
participants. Volume-to-volume movement did not exceed our
criteria in any of our 63 participants, nor significantly differ,
between our “Consistent” (32) and “Variable” (31) groups: x-
axis: Consistent=0.01+0.12; Variable=0.12+0.41, P=0.18, y-
axis: Consistent=0.09+0.32; Variable=0.17+0.26, P=0.35;
z-axis: Consistent=0.16+0.74, Variable=0.324+0.51, P=0.34;
Roll: Consistent=0.001 4 0.009, Variable =0.00540.008, P=0.12;
Pitch: Consistent =0.001 + 0.005, Variable = 0.001 4+ 0.005, P = 0.40;
Yaw: Consistent=0.00140.005, Variable =0.00340.009, P=0.18
(mean =+ SD, paired t-test). By definition, in the consistent group,
there was very little variation in their pain intensity ratings,
whereas, in the variable group, the ratings could vary dramatically
during the successive noxious stimuli of identical intensities.
Figure 1B is a scatter plot of the SD of pain intensity ratings
during 8 identical noxious stimuli in all 63 participants, and
Fig. 1C shows the mean=+SEM pain intensity ratings for the
consistent and variable groups. Across all participants, the first
stimuli in the series were rated significantly more painful than
the remaining 7 stimuli F(7,496) =5.67, P=0.000003. However, the
remaining 7 stimuli were not rated as significantly different to
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Fig. 2. Signal intensity increases (hot color scale) overlaid onto axial slices of a mean T1-weighted anatomical image during 8 noxious thermal stimuli
applied to the right side of the lips. Slice locations in MNI space are indicated at the top right of each slice. The top 2 rows show significant signal intensity
increases in the consistent and variable groups, respectively. The bottom row shows an imcalc overlay of the maps shown in the upper and middle rows
converted into a binarized map, allowing easy interpretation of the overlapping regions (red shading) where both groups displayed significant signal

intensity increases. ACC: anterior cingulate cortex.

each other F(6,434)=0.91, P=0.49. As the “variable” group were
delineated based on the variability in their pain ratings, this
effect was more pronounced in the variable group (P=0.0004)
than in the consistent (P =0.46) group. Additionally, there was no
significant relationships between the test temperature applied
and either the SD of pain ratings (R=0.14, P=0.26), or the
mean pain ratings (R=0.18, P=0.16) across all participants.
Although, overall, the 2 participant groups displayed almost
identical mean pain intensity ratings during all 8 noxious stimuli,
at an individual level, participants displayed either consistent
or variable pain intensity ratings. There was no significant
difference between the consistent and variable groups with
respect to age (mean=+SEM; consistent: 24.9+1.0, variable:
24.2+1.2,P=0.63), sex (consistent: 13 males, variable: 13 males,
P=0.75), thermode temperature (mean+SEM °C: consistent:
47.7 £0.15, variable: 48.0+0.13, P=0.08), or time between the
stimulus and pain onset for each stimulus period (stimulus 1:
P=0.92; stimulus 2: P=0.84; stimulus 3: P=0.77; stimulus 4:
P=0.79; stimulus 5: P=0.91; stimulus 6: P=0.98; stimulus 7:
P=0.97; stimulus 8: P=0.87; Supplementary Fig. 1; consistent vs.
variable participants; 2-sample t-test). However, the consistent
group reported significantly higher pain catastrophizing scores
compared to the variable group (mean+SEM catastrophiz-
ing score: consistent: 15.4+0.3, variable 10.3+1.4, P=0.03),

and there was a significant negative relationship between
pain catastrophizing and pain intensity variability (r=-0.26,
P=0.04).

Signal intensity changes

Analysis of signal intensity changes in all participants during
noxious stimulation revealed signal intensity increases in a num-
ber of brain regions (Fig. 2). In both the variable and consistent
groups, increases in signal intensity during noxious thermal stim-
uli occurred in the left (contralateral) cerebellar cortex, and bilat-
erally in the insula, primary somatosensory cortex (S1), anterior
cingulate cortex, and the dIPFC.

Direct comparison of signal intensity changes in consistent
compared with variable participant groups revealed a single
region in which signal intensity increased significantly more in
the consistent group compared with the variable group. This
cluster was located in the region of the left dIPFC (P=0.043
FDR-corrected) (Fig. 3, Table 1). The reverse contrast was also
investigated but revealed no significant cluster in which signal
increase was significantly more in variable compared with consis-
tent participants. Extraction of beta values revealed a significant
inverse relationship between the dIPFC activity and pain rating
variability across all 63 participants (R=0.34, P=0.007; Fig. 3A).
Moreover, extraction of percentage signal intensity changes in
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Fig. 3. Region in which there was a significant difference in signal intensity during 8 noxious thermal stimuli in participants who display consistent
versus those who display variable pain intensity ratings. The region of significant difference in the left dIPFC is color-coded (hot color scale) and overlaid
onto a mean T1-weighted anatomical axial slice. A) Extraction of beta values from the left dIPFC revealed a significant increase in signal intensity
in consistent participants compared to variable participants. Additionally, across all 63 participants, a significant inverse relationship was observed
between pain rating variability and left dIPFC signal intensity. B) An “extreme-value” analysis isolating the 10 lowest (consistent) and 10 highest (variable)
pain rating variability participants revealed similar results as when all 63 participants were investigated. That is, dIPFC activity was significantly greater
in consistent compared to variable participants (*P < 0.05, 2-sample t-test). Slice location in MNI space is indicated at the top right. Bars and scatter plot

points indicate consistent (orange) and variable (blue) pain participants.

this region revealed that during each noxious stimulus, signal
intensity increased in the consistent group (mean + SEM % signal
intensity: stimulus 1: 0.57+0.10, 2: 0.22+0.10; 3: 0.17+0.08;
4: 0.26+£0.09; 5: 0.194+0.09; 6: 0.254+0.08; 7: 0.194+0.10; 8:
0.17 £0.08). By contrast, as shown in Fig. 4A, in the variable group,
signal intensity either decreased or did not change from baseline
during the second-eighth stimuli, and the magnitude of these
changes during each of the 8 stimuli periods were of reduced
magnitude when compared to the consistent group (mean + SEM
% signal intensity: stimulus 1: 0.25+0.10, 2: 0.01£0.08; 3:
—0.01£0.11; 4: —0.06+0.09; 5: 0.01£0.07; 6: —0.05+0.09; 7:
—0.07 £0.06; 8: 0.034+0.08). Further, our extreme value analysis
that isolated the 10 participants who demonstrated the lowest
pain rating variability (Consistent’), and the 10 participants
who demonstrated the highest pain rating variability (Variable’)
revealed similar results to when including all 63 participants
(Fig. 3B). Consistent’ participants demonstrated significantly
greater left dIPFC activation compared to Variable’ partici-
pants: Consistent’=0.12 +0.06; Variable’=-0.214+0.09; P=0.01
(mean £ SEM beta value), and we observed a significant negative
relationship between the pain rating variability and dIPFC
activation in these 20 extreme participants (R=0.47, P=0.03).
Although signal intensity increased during the first stimulus in

this region in the variable group, this signal intensity change was
also notably lower than that of the consistent group. Extraction
of percentage signal intensity changes in this region during the
entire scanning period revealed that, in contrast to the consistent
group in which signal intensity increased during each stimulus
period, in the variable group, signal intensity increased during the
first noxious stimulus but then decreased during the subsequent
7 noxious stimulus periods (Fig. 4B). Indeed, our temporal analysis
(Fig. 4C) confirmed that the mean signal intensity in the variable
pain group was delayed, however, not significantly in any of the
8 stimulus periods (mean=+SEM seconds—stimulus 1: consis-
tent=5.32+0.73, variable=6.954+0.81, P=0.15; stimulus 2: con-
sistent=6.454+0.81, variable=6.17+0.74, P=0.97; stimulus 3:
consistent=6.13+0.87; variable=6.17£0.74, P=0.97; stimulus
4: consistent=7.2640.82, variable=8.914+0.63, P=0.12; stimu-
lus 5: consistent=5.81+0.78, variable =6.56 + 0.85, P =0.52; stim-
ulus 6: consistent=6.61+0.75, variable=8.20+0.73, P=0.14;
stimulus 7: consistent=5.89+0.77, variable =6.094+0.73,P=0.85;
stimulus 8: consistent=6.21+0.75, variable=7.34+0.76,P = 0.31)
such that the peak activity in this region occurs in the periods
between stimuli—necessitating our inclusion of 2 separate PPI
analyses to fully understand the cortical mechanisms involving
the dIPFC between consistent and variable groups.
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Table 1. Location of significant differences in signal intensity changes and PPI between individuals who display consistent pain
intensity ratings and individuals who display variable pain ratings during a series of identical noxious heat stimuli (P <0.001

uncorrected for multiple comparisons). Locations are in MNI space.

MNI coordinates

X y z Cluster size Peak voxel t-score
Signal intensity increases
Consistent > variable
Left dIPFC —46 32 16 25 5.292
PPI differences
During noxious stimulation
Consistent > variable
Right dIPFC 46 48 0 13 4.30
Left dIPFC —46 26 6 22 3.58
Right PI 40 —18 12 13 3.63
Left TPJ —54 —42 18 20 341
Right premotor cortex 44 6 22 58 4.19
Left premotor cortex —48 10 22 22 3.42
Right S1 60 -12 32 11 4.22
Between noxious stimulation
Consistent > variable
Right primary motor/right S1 34 —28 55 437 4.01
Right S1 46 —18 56 148 4.01

aSignificant at FDR P < 0.05.

PPI differences
PPI during noxious stimulation

Our first PPI analysis revealed significant differences in the
dIPFC connectivity during the noxious stimuli between the
consistent and variable participant groups (Fig. SA, Table 1). The
consistent participants displayed greater stimulus-dependent
connectivity between the left dIPFC and the right S1 (mean + SEM
eigenvariate—consistent: 0.2140.05, variable: —0.11+0.03), left
temperoparietal junction (TPJ; consistent: 0.19 £0.04, variable:
—0.04+£0.04), right dIPFC (consistent: 0.17+0.07, variable:
—0.20£0.06), left premotor cortex (consistent: 0.21+0.06, vari-
able: —0.09+0.05), right premotor cortex (consistent: 0.17 +0.04,
variable: —0.1240.05), right posterior insula (PI: consistent:
0.22 £0.07, variable: —0.21£0.08), and a more caudal area of the
left dIPFC relative to the seed (consistent: 0.13+0.04, variable:
—0.11+0.04; Fig. 5B; P <0.001 uncorrected for multiple compar-
isons). Plots of the dIPFC stimulus-dependent connectivity against
variability in the pain intensity ratings during the 8 noxious
stimuli revealed significant negative linear relationships in the
right S1 (r=-0.48, P=0.00007), left TPJ (r=-0.43, P=0.0003),
left premotor cortex (r=—0.45, P=0.0002), right premotor cortex
(r=-0.47, P=0.0007), right PI (r=-0.37, P=0.003), and both
the left dIPFC (r=-0.45, P=0.0001) and right dIPFC (r=-0.36,
P=0.004; P <0.001 uncorrected for multiple comparisons).

PPI outside of noxious stimulation

Our second PPI analysis revealed relatively fewer regions which
significantly differed in the dIPFC connectivity between periods
of noxious stimulus application in the consistent and variable
participant groups (Fig. 5C, Table 1). Consistent participants
displayed greater connectivity between the dIPFC and the right
S1 (mean+SEM eigenvariate—consistent: 0.18+0.09, variable:
—0.28£0.07) as well as a more rostral cluster spanning both
the primary somatosensory and motor cortices (consistent:
0.17+0.10, variable: —0.27+£0.06; Fig.5C). The inverse con-
trast image revealed no significant clusters. That is, in no
brain region did variable participants display greater dIPFC

connectivity than consistent participants in this ISI PPI analysis.
Further, by saving significant clusters from the initial PPI
analysis as masks and extracting connectivity values from
these masks using the secondary PPl contrast images, we
confirmed that these regions did not differ in dIPFC connectivity
between the variable and consistent participants between
periods of noxious stimulation (mean=+SEM eigenvariate—
right S1: consistent: —0.12 +£0.05, variable: —0.08 £0.07; left TPJ:
consistent: 0.01+0.05, variable: —0.04+0.05; right PI: consis-
tent: —0.0240.11, variable: 0.06 £0.08; left dIPFC: consistent:
—0.01+£0.05, variable: 0.04+0.05; P> 0.05, 2-sample t-test), nor
did their dIPFC connectivity values correlate with pain rating
variability across the entire experimental cohort (right S1: r=0.01;
left TPJ: r=0.06; right PI. r=0.02; left dIPFC: r=0.07) (P> 0.05,
linear regression; Fig. 5D).

Discussion

This study reports several notable findings. First, we confirm
that the repeated noxious thermal stimuli applied to the same
region at the same temperature often do not evoke consistent pain
intensity ratings. Second, we found that a series of noxious stimuli
evoke a nonsignificant yet delayed dIPFC activation time series
in individuals who experience variable pain intensities compared
to those who experience consistent pain intensities, and these
results were similar when investigating in isolation participants
who demonstrated extreme consistency and variability. Notably,
as revealed from our 2 separate PPI analyses modeling periods of
noxious stimulation and ISI, respectively, this lagged engagement
of the dIPFC in variable participants did not relate to the recruit-
ment of similar brain regions at later time points, or even a differ-
ent cortical network, potentially suggesting that the lagged nature
of dIPFC activation in variable participants represented a failure
to recruit pain-attentional regions effectively when a stimulus is
being applied. Finally, during the application of noxious stimuli,
individuals with variable pain ratings demonstrate reduced dIPFC
functional connectivity with areas involved in processing the
saliency of pain intensity, that is, the insula, the TPJ, and the S1,
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Fig. 4. A) Percentage signal intensity changes in the left dIPFC during
each of the 8 identical noxious stimuli periods in consistent (orange)
and variable (blue) pain groups. While consistent participants show
signal increases in the dIPFC during each noxious stimulus, the variable
participants overall show decreases or no signal changes. B) Percentage
signal intensity changes in the left dIPFC over the entire scanning period
in consistent (orange) and variable (blue) pain groups. Note that overall,
variable participants exhibit a shift in overall dIPFC activity such that
peaks in signal intensity change occur outside periods of noxious stimuli
applied. The vertical gray bars indicate the periods of noxious stimulation,
and shaded areas of orange and blue indicate the £SEM in the consistent
and variable groups, respectively. C) Mean time delay in stimulus onset
to peak dIPFC activity change for each stimulus period (ramp volumes
included) in consistent (orange bars) and variable (blue bars) participants.

compared with those who do show consistent pain ratings. We
additionally observed a negative relationship between the dIPFC
functional connectivity and pain intensity variability in these
same areas such that individuals with greater pain variability
experience weaker dIPFC connectivity strength in a continuum.
The 2 areas of the left dIPFC we identified in our activation and
PPI analyses encompassed the borders as outlined in Mai and
colleagues’ “Atlas of the human brain,” bounded superiorly and
inferiorly by the middle and inferior frontal sulci, respectively (Mai
et al. 2015). Overall, these results indicate that many individuals
experience large variations in their experience of repeated nox-
lous stimuli and that this may be mediated by the dIPFC and its
connections with the TPJ, insula, and S1.

Over the past decade, there have been many investigations
exploring how various phenomena alter perceived pain inten-
sity. For the most part, these studies have explored methods to
reduce pain intensity with the goal of alleviating pain in chronic
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conditions. Recently, we and others have explored the neural
underpinnings of the analgesic mechanism known as conditioned
pain modulation (CPM), whereby a conditioning noxious stimu-
lus reduces the perceived intensity of a series of test noxious
stimuli (Yarnitsky 2010; Granovsky 2013; Youssef et al. 2016b).
When performing CPM paradigms, as well as experiments testing
placebo analgesia and nocebo hyperalgesia, it is important to
begin with a stable baseline where individuals experience similar
pain intensity ratings during multiple noxious test stimuli—i.e.
an unconditioned stimulus. However, our present findings show
that this is not always the case, and in our CPM experiments, had
we not taken baseline pain variability into account, over half of
our participants would have been categorized as displaying a CPM
response despite not even receiving the conditioning stimulus.
By including only those participants with a series of consistent
pain ratings, the validity of our results is improved, as we can
attribute the reduction in pain to the application of the condition-
ing stimulus and not to the individual’s pain perception variability.
Ultimately, pooling data from multiple participants without first
determining whether they show consistent pain ratings will dilute
observed modulatory effects.

In addition to assessing pain variability when exploring
the neural mechanisms underlying phenomena, such as CPM,
placebo, and nocebo, understanding the variability itself is
important. While it is possible that noxious stimulus intensity
variability can result from mechanisms, such as central sensiti-
zation at the primary afferent synapse (Latremoliere and Woolf
2009; Arendt-Nielsen 2015), the present finding that average pain
intensity ratings did not differ between consistent and variable
participants argues against the involvement of this mechanism.
Additionally, the 15-s interval between stimuli far exceeds the
1.5- or 2.5-s interval that is frequently used to test thermal
temporal summation in pain-free individuals (Fillingim et al.
1998; Nahman-Averbuch et al. 2013), arguing against the role
of the primary afferent synapse in producing these effects.

Alongside mechanisms at the primary afferent synapse, many
higher-order processes contribute to our experience of pain,
including cognitive, motivational, and emotional factors (Ploner
et al. 2011). The dIPFC is a key part of an executive-attention
network that directs attention during task performance and
during the experience of sensory stimuli (Kane and Engle 2002;
Curtis and D’Esposito 2003; Lorenz et al. 2003). This region is
considered as an interface between cognitive processing and
pain modulation and is associated with pain catastrophizing,
that is, difficulty disengaging from pain (Seminowicz and Davis
2006; Seminowicz and Moayedi 2017). The dIPFC modulates pain
intensity perception since its transient disruption can increase
tolerance to noxious cold stimuli (Graff-Guerrero et al. 2005) and
can completely abolish placebo analgesia (Krummenacher et al.
2010). There is also evidence that stimulation of the left dIPFC
specifically can increase pain thresholds in healthy individuals
(Borckardt et al. 2007; Tu et al. 2021) and can ameliorate migraine
symptoms (Brighina et al. 2004). In keeping with this role in pain
modulation, the present findings suggest that the left dIPFC is
involved in modulating an individual’s pain intensity even within
a series of brief, identical stimuli.

It is conceivable that the altered engagement of the dIPFC we
observed between consistent and variable participants reflected
attentional processes, directing attention toward or away from the
applied noxious stimuli and engaging cortical regions to modu-
late perceived pain intensity (Tracey et al. 2002; Villemure and
Bushnell 2002; Tracey and Mantyh 2007). During our experimental
procedure, we collected pain rating data consistently throughout
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Fig. 5. A) PPI results showing brain regions which show altered connectivity strengths with the left dIPFC (light blue shading “seed”) during the
noxious stimuli compared with baseline periods (P <0.001 uncorrected for multiple comparisons). Areas of greater dIPFC connectivity in consistent
(con) compared with variable (var) participants are overlaid onto a series of mean T1-weighted anatomical images (hot color scale). Slice locations in
MNI space are indicated at the top right of each slice. B) Plots of mean + SEM connectivity strengths for 4 clusters in the consistent (orange) and variable
(blue) participant groups. The lower row are plots of connectivity strength compared with pain intensity perception variability. C) PPI results showing
brain regions which altered in connectivity strength with the left dIPFC during ISI periods compared with periods of noxious stimulation (P <0.001
uncorrected for multiple comparisons). M1: primary motor cortex. D) Plots of mean + SEM dIPFC connectivity strengths during ISI periods for 4 clusters
revealed in the initial PPI analysis as well as for 1 cluster which was revealed in the ISI PPI analysis. Note that no cluster demonstrating altered dIPFC
stimulus-dependent connectivity demonstrates similar or inverse patterns of dIPFC connectivity change between variable and consistent participants
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the scanning sequence, requiring subjects to both perceive and
accurately report their current pain at all times. This methodology
was chosen to reduce the likelihood of series position effects or
response biases associated with collecting pain rating data after
a series of stimuli (Murdock Jr 1962; Hrébjartsson et al. 2011).
However, this decision may have in part contributed further to
phenomena of pain rating variability, aiding us in revealing the
role of the dIPFC and its cortical projections in both attending
to and perceiving pain intensity. Our results suggest that such a
circuitry that may be altered in those less proficient in monitoring
their pain in response to consistent moderate intensity stimuli.
Indeed, in a previous investigation, Kucyi and colleagues reported
that individuals can experience short-term spontaneous shifts in
attention toward and away from pain even during a series of brief
identical electrical stimuli (Kucyi et al. 2013). When individuals
reported that their mind was on “something else,” they experi-
enced significantly reduced signal intensity changes in the dIPFC
and TPJ compared to trials when they reported high attention
to the painful stimulus. Consistent with this previous work, we
found the reduced dIPFC signal intensity changes during noxious
stimuli in participants with variable pain ratings were associated
with reduced connectivity strengths between the dIPFC and S1
and TPJ during the noxious stimuli. These data are consistent with
the idea that the dIPFC can influence the S1 and TPJ function on
a trial-to-trial basis and that this may underpin the attentional
modification between successive stimuli.

Additionally, Kucyi and colleagues also found that an individual’s
intrinsic attention to pain during 1 session correlated with their
attention to pain in a follow-up session, suggesting that this is a
trait-like quality (Kucyi et al. 2013). Interestingly, our variable pain
rating participants reported lower pain catastrophizing scores
than the consistent participants, which is consistent with the idea
that the variable pain group is more capable of disengaging from
pain; this may also be a trait characteristic (Van Damme et al.
2004). As such, the rightward delay in mean dIPFC signal in the
variable participants may also underlie their altered engagement
with the stimulus. It is likewise conceivable that the strong dIPFC
activations in the consistent group are reflective of relatively
stable attention toward and engagement with each stimulus,
which thereby contributes to a steady perception of pain. This
could also be explained by the greater pain catastrophizing
scores in consistent compared to variable participants, as this
attentional component of pain catastrophizing has been tied with
altered dIPFC activity (MacDonald 3rd et al. 2000; Bishop 2009;
Galambos et al. 2019). Furthermore, the PPI analysis revealed a
negative relationship between dIPFC connectivity strength and
pain intensity variability in the PI and S1 specifically during pain
periods. This may also reflect the stable attentional control over
pain in individuals with lower variability, as both the PI and S1
are involved in encoding sensory-discriminative components of
a painful stimulus (Peyron et al. 2000) and are modulated by
attentional processes (Fardo et al. 2017).

It is important to note some limitations. First, throughout our
analyses, we observed bilateral activity and connectivity changes
in somatosensory networks despite stimulation occurring on the
right lower lip only. While it is well described that somatosensory
innervation in the brain is predominantly contralateral to stimu-
lus input, it has been previously demonstrated that the orofacial
noxious stimulation particularly produces significant bilateral
activation at both the level of the thalamus and somatosen-
sory cortices (Nash et al. 2010; Henssen et al. 2016). While our
results do reflect our current understanding of orofacial noxious
organization in the brain, future investigations interested in pain
rating variability on particularly somatosensory networks may
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benefit from electing an alternate stimulation site with solely
contralateral cortical input. Next, it is possible that the pain
intensity fluctuations and associated dIPFC activity and connec-
tivity changes do indeed reflect alterations in an individual’s
attentional processes rather that an inherent ability to perceive
identical noxious stimuli as either consistent or variable. Each
participant rated the pain intensity on-line during the entire fMRI
scan and thus their focus was directed toward this task. We
observed a negative relationship between the dIPFC connectivity
strength and pain intensity variability within the left TPJ, a region
thatis pivotalin the salience network andis involved in processing
the behavioral relevance and emotional dimension of stimuli
(Seeley et al. 2007; Kucyi et al. 2012). Indeed, the behavioral impor-
tance of a stimulus often informs the individual of how much
attention they need to pay to that stimulus (Legrain et al. 2009).
It is possible that the positive signal intensity changes within the
dIPFC during the initial stimulus in both consistent and variable
groups reflect a high degree of saliency and attention capture
during the first noxious input, similar to positive signal intensity
changes that are observed in the TPJ and anterior cingulate cortex
in response to novel stimuli (Downar et al. 2002). We also observed
across all participants that the initial stimulus was rated as
significantly more intense than subsequent stimuli, and so it is
possible that only during the subsequent noxious stimuli that
the neural mechanisms of the 2 groups diverge and differences
in the underlying neural circuitry become observable. Third, in
order to collect a full coverage of the cortex and brainstem within
a suitable timeframe, we acquired relatively large voxels. We then
upsampled our images, which may have led to the introduction
of partial volume effects from the neighboring tissue. However,
the area of the dIPFC we identified in our paired analysis which
was then used for a seed in the PPI was not directly bordered
by either white matter, brain ventricles, or cisterns. We therefore
suggest that partial volume effects did not play a substantial
role in influencing the overall results of this study. Finally, our
connectivity analysis was conducted at a relatively less stringent
correction level of P <0.001, uncorrected for multiple compar-
isons. This correction level prevents us from controlling for false
positive voxels of significance, however, all regions which emerged
from this analysis are known for their role in pain perception and
modulation (Kulkarni et al. 2005; Kong et al. 2010), leaving us con-
fident they represent true neural effects encoding an individual’s
consistent perception of moderately intense noxious stimuli.

Conclusions

The results of this study show that a series of brief, noxious ther-
mal stimuli often do not evoke consistent pain intensity ratings
within an individual. This strongly suggests that investigators
should take baseline pain intensity variability into account when
determining how an intervention affects baseline pain ratings, for
example, during CPM paradigms. Furthermore, individuals with
consistent and variable pain ratings differ in the dIPFC activity
and connectivity with the TPJ and S1 during noxious stimulation,
possibly reflecting the differences in attentional processes, pain
catastrophizing, and attention-salience network interactions in
the consistent and variable groups.

Supplementary material

Supplementary material is available at Cerebral Cortex online.
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The pain conductor: brainstem modulation in acute

Lewis S. Crawford, Damien C. Boorman, Kevin A. Keay,

and Luke A. Henderson

Purpose of review

It is well established in experimental settings that brainstem circuits powerfully modulate the
multidimensional experience of pain. This review summarizes current understanding of the roles of
brainstem nuclei in modulating the infensity of pain, and how these circuits might be recruited
therapeutically for pain relief in chronic and palliative settings.

Recent findings

The development of ultra-high field magnetic resonance imaging and more robust statistical analyses has
led to a more integrated understanding of brainstem function during pain. It is clear that a number of
brainstem nuclei and their overlapping pathways are recruited to either enhance or inhibit incoming
nociceptive signals. This review reflects on early preclinical research, which identified in detail brainstem
analgesic function, putting info confext contemporary investigations in humans that have identified the role
of specific brainstem circuits in modulating pain, their contribution to pain chronicity, and even the

alleviation of palliative comorbidities.

Summary

The brainstem is an integral component of the circuitry underpinning pain perception. Enhanced
understanding of its circuitry in experimental studies in humans has, in recent years, increased the
possibility for better optimized pain-relief strategies and the identification of vulnerabilities to postsurgical
pain problems. When integrated into the clinical landscape, these experimental findings of brainstem
modulation of pain signalling have the potential to contribute to the optimization of pain management and
patient care from acute, to chronic, to palliative states.

Keywords

analgesia, medulla, palliative treatment, patient care, placebo

INTRODUCTION

The perception of pain is a complex phenomenon,
and includes sensory-discriminative, affective-moti-
vational, and cognitive-evaluative components [1].
The critical role of pain in learning and survival has
led to a broadening appreciation of Patrick Wall’s
challenge to pain neurobiologists that its central
representations should resemble more the homeo-
static circuitry that regulates thirst and hunger than
the purely sensory circuits that process vision or
audition. The idea that pain sensitivity can be
increased (hyperalgesia), when for example certain
behaviours might exacerbate existing injuries, or
decreased (hypoalgesia/analgesia), when for exam-
ple pain may be unavoidable or during more imme-
diate threats to survival, is largely accepted. In each
case, a series of brainstem nuclei are essential for
driving the modulation of pain sensitivity. They do

1751-4258 Copyright © 2022 Wolters Kluwer Health, Inc. All rights reserved.

this primarily by modifying incoming pain signals
from the periphery (i.e., nociception) at the site of
their first nervous system relay, either in the dorsal
horn (DH) of the spinal cord (for the body) or the
spinal trigeminal nucleus (SpV) in the caudal brain-
stem (for the head). These pain signals then ascend
to higher brain regions for further processing and
ultimately the perception of pain. The pain modu-
latory regions of the brainstem are positioned
between these spinal sites and the higher forebrain
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KEY POINTS

e The brainstem is uniquely positioned to alter
pain signalling.

e Brainstem nuclei contain the necessary neurochemicals
for altering acute, chronic, and palliative pain states.

e An integrated view of brainstem function is pivotal in
understanding how experimental interventions and
clinical treatments inhibit or enhance pain.

regions and serve as both a relay and gateway for
ascending sensory and descending motor signals.

Brainstem circuitry involved in pain
transmission and modulation

Early preclinical laboratory studies using electrophy-
siological, pharmacological, and lesioning approaches
in cats, rats, and mice identified a number of pain
processing and pain modulatory regions in the brain-
stem [2,3]. These regions include the periaqueductal
gray (PAG) in the midbrain; the parabrachial complex
(PB) and locus coeruleus (LC) in the pons; and the
rostral ventromedial medulla (RVM) and subnucleus
reticularis dorsalis (SRD) in the medulla. Neuroana-
tomical tract tracing revealed that each of these
brainstem regions projects directly to, or receives pro-
jections from, both the DH and SpV [4-8]. Modern
brain imaging has revealed that these pathways are
likely conserved in humans, and with the advent of
ultra-high field magnetic resonance imaging (MRI),
we have begun to better define their contributions to
pain modulation in both experimental and clinical
settings, as well start to robustly characterize the man-
ner in which these brainstem sites interact with one
another [9""].

The earliest to be defined and the best charac-
terized of the brainstem’s pain modulatory circuits
are the PAG—RVM—DH/SpV pathways. Direct elec-
trical stimulation or morphine application to the
ventrolateral region of the PAG (vIPAG) produces
analgesia, and work from Jean-Marie Besson'’s Lab in
Paris, and John Liebeskind’s group at UCLA, first
characterized this functional circuitry. The discov-
ery of the critical role of VIPAG projections to the
RVM in mediating these pain modulatory responses
followed in work led by Howard Fields, Alan Bas-
baum and Mary Heinricher [10,11]. In brief, vIPAG
neurons project onto spinally-projecting RVM neu-
rons, which release serotonin into the DH/SpV that
acts to inhibit ascending nociceptive transmission
[12]. The PAG also interacts with LC and PB, each of

2 www.supportiveandpalliativecare.com

which projects either directly, or indirectly via
either the RVM or SRD, to the DH/SpV. Although
these brainstem circuits can evoke analgesia, their
relative contributions appear to differ in different
conditions. More importantly, the ability of these
regions to produce analgesic responses differs mark-
edly between individuals, and descending inputs
from higher brain structures can strongly modify
the overall efficacy of these brainstem analgesic
circuits. Moreover, these analgesic brainstem func-
tions are known to be disrupted in several clinical
populations, including in a number of chronic pain
conditions [13,14].

When and how does the brainstem
modulate pain?

The brainstem circuitry described above provides a
number of routes via which noxious information
can be modulated at the level of the DH/SpV. Over
the past 50years, experimental animal studies and
more recent human investigations have begun to
determine the relative contributions of each of these
brainstem regions to analgesic responses evoked
under different conditions. The following is a
description of three of the most frequently inves-
tigated analgesia-evoking phenomena and the likely
brainstem circuitry involved.

Conditioned pain modulation

When pain from one body location reduces the
intensity of pain at another, remote location, that
is, pain inhibits pain. Experimental animal investiga-
tions revealed that conditioned pain modulation
(CPM) analgesic responses are eliminated following
lesions to the SRD nucleus in the caudal brainstem,
whilst lesions in the PAG and RVM have no signifi-
cant effects [15,16]. Consistent with these findings,
a recent human brain imaging study reported
that signal intensity changes in the SRD and PB
were associated with CPM analgesic responses [17]
(Figure 1a and 2).

Placebo analgesia

When pain intensity is reduced by an individual’s
belief in the analgesic properties of an intervention,
even when that intervention does not contain bio-
logically active components (pharmacological or
otherwise). Although placebo analgesia is consid-
ered difficult to explore in experimental animals, it
was recently reported that pharmacologically con-
ditioned placebo analgesia can be elicited from both
female and male rats including in those with
chronic pain opening up a way to explore this
phenomenon from cellular to systems levels

Volume 16 e Number 00 e Month 2022
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FIGURE 1. Human functional MRI of the brainstem during conditioned pain modulation (CPM) and placebo analgesia (PBO).
(a) CPM analgesia is induced by applying brief noxious stimuli on the lips at the same time as a sustained pain in the leg.
Approximately 50% of the participants displayed a CPM analgesic response. Functional MRI of the brainstem during CPM
analgesia identified signal changes in the region encompassing the parabrachial complex (PB) and subnucleus reticularis
dorsalis (SRD) only in those participants that displayed a CPM analgesia. (b) Placebo analgesia is induced by conditioning
participants over time that an inert substance holds pain relieving quadlities, typically by deceptively applying lower noxious
infensity stimuli to the placebo-treated body site. Again, approximately 50% of participants displayed significant placebo
analgesia. Functional MRI revealed that several nuclei are recruited during placebo analgesia including the midbrain
periaqueductal gray matter (PAG), rostral ventromedial medulla (RVM), PB, and SRD. During both these phenomena, activity in
these nuclei is either positively related to greater pain modulation (yellow colour bars), or inversely related to greater pain
modulation (blue colour bars). Adapted from Youssef et al. (2016) and Crawford et al. (2021).

[18"*]. Human brain imaging studies have reported
changes in brainstem and spinal cord activity during
conditioned placebo analgesia [19,20]. A recent
ultra-high field functional MRI study identified
the lateral/dorsolateral PAG and the RVM as the

1751-4258 Copyright © 2022 Wolters Kluwer Health, Inc. All rights reserved.

critical brainstem circuitry responsible for placebo
analgesia (Figure 1b and 2) [21""]. Interestingly,
regardless of whether the placebo is induced by
classical conditioning or expectation, the same
brainstem circuitry appears to be involved [22,23].

www.supportiveandpalliativecare.com 3
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FIGURE 2. Brainstem circuitry involved in the modulation of
pain. Nociceptive information is first relayed to the dorsal
horn (DH)/spinal trigeminal nucleus (SpV), and subsequently
to multiple brainstem and forebrain structures. Descending
inputs from the rostroventromedial medulla (RVM),
subnucleus reticularis dorsalis (SRD), parabrachial complex
(PB), and locus coeruleus (LC) to the DH/SpV can enhance
or inhibit incoming noxious information and alter the
intensity of perceived pain. Key nodes in this same circuitry
are recruited during pain modulatory experimental
interventions, including placebo analgesia (green),
conditioned pain modulation (blue), and attentional
analgesia (orange).

Attentional and stress-induced analgesia

When high cognitive loads (attentional analgesia)
or acutely stressful events (stress-induced analgesia)
result in a reduction in pain. Similar to placebo
analgesia, both of these analgesic responses appear
to involve the PAG—RVM—DH/SpV pathway [24].
In addition, recent human imaging studies have
reported that the level of stress-induced analgesia
is related to the degree of activity synchrony (func-
tional connectivity) between the LC, PAG, and RVM

4 www.supportiveandpalliativecare.com

[25,26"] and further, that attentional analgesia
involves a reciprocal connection between the LC
and the anterior cingulate cortex (Fig. 2) [26"].
Indeed, noradrenergic drive from the LC as well as
dopaminergic drive from the substantia nigra and
ventral tegmental area have also been reported to be
critical for the cortical recruitment of the descend-
ing pain modulatory pathways [27,28]. Similarly, it
is important to note that that placebo analgesia is
also associated with changes in the substantia nigra
and LC [21™].

Each of these brainstem analgesic responses are
driven by and/or modulated by descending inputs
from various forebrain regions including the hypo-
thalamus, amygdala, thalamus, prefrontal and cin-
gulate cortices [29,30]. Analgesic responses such as
placebo, attentional, and stress-induced analgesia
are strongly driven from cognitive and evaluative
mechanisms within the cerebral cortex, whereas
CPM analgesia relies more strongly on sensory
inputs [31], although is still likely modified by cort-
ical inputs [32].

Brainstem pain modulation in chronic pain

Chronic pain occurs at surprisingly high rates fol-
lowing physical trauma such as amputation or
planned surgical intervention, treatments such as
chemotherapy, or disease processes that occur in
conditions such as diabetes, multiple sclerosis and
Parkinson’s disease [33-35]. Chronic pain is also
considered a disease entity itself and results from
neuronal and glial adaptations in both pain-recipi-
ent and pain modulatory brain regions [36]. It is
often associated with altered responses to acute pain
[37], as well as impaired CPM analgesia [13,38,39].
In fact, an individual’s ability to effectively recruit
CPM-related brainstem circuits is proposed as a
prognostic risk factor in postsurgical development
of chronic pain [40,41].

Consistent with this idea, recent human brain
imaging studies have demonstrated alterations in
brainstem activity and activity synchrony (func-
tional connectivity) that likely reflect a shift towards
pro-nociceptive states in chronic pain [42%]. For
instance, greater presurgical activity in the RVM
correlates with greater likelihood of developing
chronic pain following osteoarthritis surgery [43],
changes in cortical-PB functional connectivity have
been tied with chronic migraine [44], and increased
LC, PAG, RVM, and SRD functional connectivity
occurs in individual’s with chronic orofacial pain
[45]. Similarly, animal models of chronic pain have
revealed that increased RVM activity contributes to
increased pain sensitivity [46], and PAG or RVM
inhibition reduces pain-related behaviours [47].

Volume 16 e Number 00 e Month 2022



CE: Swati; SPC/160206; 1otal nos ot Pages: 8;
SPC 160206

The pain conductor: brainstem modulation in acute and chronic pain Crawford ef al.

LC neurons also play an important role in the main-
tenance of chronic pain, as increased LC input to the
spinal cord promotes sensory hypersensitivity [48].

Can we modify brainstem analgesic circuits
for pain relief?

While brainstem pain modulatory systems may con-
tribute to chronic pain, clinical targeting of these
systems provides an opportunity for novel develop-
ment of analgesic treatments. Currently available
pharmacological interventions such as opioids and
cannabinoids each target brainstem pain modula-
tory circuits, however these compounds can have
significant deleterious adverse effects and addictive
potential [49-51]. In contrast, there are a number of
emerging techniques that may ‘naturally’ recruit
cortical sites that modulate brainstem pain modu-
latory circuits to ultimately produce pain relief.
The recruitment of placebo analgesia for pain
relief has been of interest to clinicians for decades.
Of course, gold-standard clinical trial design uses a
placebo control group paired to the pharmacolog-
ical treatment of interest. It is well established that
chronic pain patients in placebo groups experience
on average, approximately a 20-35% reduction in
pain [52,53]. Such placebo analgesia varies consid-
erably between individuals, and this variability
likely reflects differences in the efficacy of brainstem
circuit function and/or modulation. Although
many consider it unethical to use placebo analgesic
techniques in clinical practice due to their inherent
deception, placebo effects can be promoted without
deception. It is ethical to, for example, promote a
positive expectation combined with an honest dis-
closure of expected treatment effects via patient—
clinician interactions in an attempt to enhance
placebo effects [54]. Furthermore, it might even be
possible to elicit a direct placebo effect without
deception. Recent studies report evidence of open-
label placebo analgesia, where one is aware they are
being administered an inert treatment, and a pro-
portion of individuals still express a placebo anal-
gesia response [55]. This open-label technique may
provide a pathway for the use of placebo analgesia in
the treatment of pain in an open and ethical way.
In addition to placebo analgesia, other less con-
ventional ways to recruit the brainstem pain modu-
latory systems are being explored. The oldest way
known to relieve pain is music and it has been
appreciated for some time that the analgesic qual-
ities of music lie in its ability to modulate emotional
states [56]. It appears that music chosen by a patient
has a greater analgesic effect than music chosen
by the researcher [57], with personal preference
and familiarity being important factors in music

1751-4258 Copyright © 2022 Wolters Kluwer Health, Inc. All rights reserved.

analgesia [56,58]. Music can elicit cognitive and
emotional changes including distraction [59], pleas-
ure [60], and a sense of control [61] — all effects that
likely modulate brainstem analgesic circuits. It has
been proposed that the effects of music-induced
analgesia occur via modulation of brainstem anal-
gesic circuits, and recent evidence supports this
idea. A human functional MRI study reported that
music-induced analgesic responses were associated
with activity changes in the PAG, RVM, and DH, in
addition to higher brain centres such as the dorso-
lateral prefrontal cortex [62]. In a more recent
brain imaging study, music-induced analgesia was
associated with altered connectivity between the
dorsolateral prefrontal cortex and amygdala in indi-
viduals with fibromyalgia [63]. These same brain-
stem and forebrain regions have been consistently
shown to be involved in both CPM and placebo
analgesic effects [32,64].

Finally, olfactory stimuli have also been shown
to produce odour-induced analgesia [65]. For exam-
ple, aromatherapy using lavender essence has been
reported to reduce pain after episiotomy [66], reduce
the severity of migraine attacks [67], and can reduce
demand for postoperative opioids [68]. Neurons in
the olfactory cortices project directly and indirectly
via the amygdala to the hypothalamus [69], an area
that is known to modulate pain via connections
with the brainstem, in particular the PAG [70,71].
Indeed, a recent study reported altered amygdala
activation and connectivity patterns during odour-
induced changes in experimental heat pain [72%],
and another reported activation in major olfactory
brain structures, as well as the prefrontal cortex and
hypothalamus during lavender administration [73].
The amygdala and hypothalamus have been shown
to be involved in the relief of pain [74], improve-
ment of sleep quality [75], and reduction in arousal
markers [76], consistent with changes observed in
those responsive to aromatherapy treatments. This
supports a similar role for the amygdala and its
brainstem afferents driving aromatherapeutic bene-
fit in humans [77].

CONCLUSIONS

The brainstem contains a number of sites that are
critical for the transmission and modulation of
nociceptive signals. These nuclei form circuits that
can either inhibit or enhance nociceptive signals as
they ascend to the forebrain, and thus powerfully
modulate one’s perception of pain. A range of anal-
gesic phenomena, including placebo analgesia,
attentional analgesia, CPM, and stress-induced anal-
gesia recruit these circuits to produce their effects. In
chronic pain conditions, these brainstem circuits
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display altered and aberrant activity, which can
contribute to the development and maintenance
of these pathological states. Promisingly, recent
evidence has demonstrated that while these brain-
stem pain modulatory systems might by dysregu-
lated in chronic pain conditions, descending
analgesic circuitry remains largely intact. Harness-
ing this system via noninvasive, pharmacologically
inert treatment strategies (e.g., placebo, music ther-
apy, and positive odours) could allow for the devel-
opment of personalized and more effective patient
care. This is especially pertinent given the growing
need for and improved accessibility to remote
patient care, such as video conferencing [78] and
virtual reality hardware [79].
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