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The Early Years… 



The Human Brain

Weighs: 1.4 Kg
Neurons: 100 billion (and >100 billion glial 
cells)
Synapses/neuron:1000-10,000
Most connections: local (10-100 µm); some 
span many centimetres
Neurons multiply at a rate 
250,000 neurons/min during 
early pregnancy!

• Neurons are computational 
elements

• White matter connects the 
neurons

• The connection is called the 
synapse

200-400 billion stars in 
Milky Way



The Human Brain



Hippocratic School of physicians (400 BC) first challenged 
ancient supernatural concepts of illness: 

“Not only our pleasure, our joy and our laughter but 
also our sorrow, pain, grief and tears arise from the 
brain, and the brain alone. With it we think and 
understand, see and hear, and we discriminate 

between the ugly and the beautiful, between what is 
pleasant and what is unpleasant and between good 

and evil”



Arrangement of brain ventricles known from the 
great Greek anatomist, Galen (130-200 A.D.)

From sensus communis, 
images created and passed 
onto middle ventricle - seat of 
reason (ratio), thought 
(cognatio) or judgement 
(aestimatio). Final step was 
memory itself (memoria), in 
last ventricle.

By 1506, Leonardo made wax cast of ventricles. He 
wrote “sensus commune” not on banana-shaped 
first pair of ventricles but on the middle one.

Early attempts - antiquity

This scheme persisted until 17th century –
questioned in Renaissance – two men in particular: 
Leonardo da Vinci and Rene Descartes.



“Copying the round shape of the 
universe, they confined the two divine 
revolutions in a spherical body – the 
head, as we now call it – which is the 
divinest part of us and lord over all 

the rest.”

Plato, Timaeus

BUT controversy waged throughout Classical 
Antiquity, the Middle Ages and beyond as to 

whether the soul was sited in the brain or 
heart:

“Tell me where is fancie bred, 
Or in the heart, or in the head”

Merchant of Venice, 1596

A skeleton contemplates a 
skull. From De Fabrica 
(1543) by Andreas Vesalius,
perhaps the greatest 
anatomist of all time



Descartes contribution (1596-1650) - radical distinction 
between a mind and a body – made explicit principle of 
dualism – freed men, even devout ones, to speculate 
about working substance of brain without treading in 

footprints of God.



Thomas Willis
Oxford’s Sedleian Professor of Natural Philosophy

(1660-1675)





The Chang Mai Thai Restaurant



Circle of Willis

“The cerebrum is the primary seat of the 
rational soul in man, and of the sensitive 

soul in animals. It is the source of 
movements and ideas.”



The Era of Folly

Franz Joseph Gall (Viennese physician, 1758-1828) 
“….number of acquaintances with particularly good 
memories also had, large protruding eyes. I was 
forced to idea that eyes so formed are the mark of an 
excellent memory…why should not other faculties also 
have their visible external characteristics?”

Early Transcranial 
Magnetic Stimulation



Sir Charles Scott Sherrington
1857-1952



The Human Brain is a highly perfused organ

Historical Perspective:
Roy and Sherrington, 
1890 proposed coupling 
of cerebral blood flow 
to metabolism
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Brain Blood Flow and Oxygen Consumption 
Coupling

Coupling confirmed in 
resting brain 1970s–

1980s. Almost all 
neuronal energy derives 
from oxidative glucose 

metabolism

DCBF
CBF

DCBF
CBF

DCMRglu CMRglu DCMRO2 CMRO2

slope = 1.0 slope = 1.0

Journal of Physiology 1890;11(1-2):85-158.17



Wilder Penfield (1891-
1976).

During one operation -
electrically stimulated 
places marked with 
numbers. 

The woman fully 
conscious - described 
curious sensations: 
recollection of woman 
calling her child evoked 
by stimulation at spot 
marked 11, and a circus 
from spot marked 13. 

…..open surgery – ethics?



The Era of Magnets
Sir Martin Wood – Oxford Instruments 1960’s 

(superconducting)
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Magnetic Properties of Hemoglobin 

Oxy-hemoglobin
Diamagnetic

(same as tissue) 

Deoxy-hemoglobin

Paramagnetic

Dc»0.08 ppm

• The oxygen is supplied by the blood.
• Since oxygen is not very soluble in 

water it is bound to haemoglobin.
• Haemoglobin is an organic molecule 

with an iron atom bound in the centre.



Using Magnetic Resonance to measure Blood 
Flow and Oxygen Consumption

Thulborn, Waterton & Radda, J.Mag.Res. 1981
Biochemistry Department, Oxford

65% OXYGENATION

35% OXYGENATION



sensory 
stimulus

neural activity

neurovascular
coupling

haemodynamic    
response

BOLD
fMRI

Physiological Correlate of FMRI
• Hemodynamic response to a stimulus
• Indirect measure of neuronal activity
• Spatial resolution: millimetres
• Non-invasive = longitudinal studies (ideal for

– assessing drug-related effects, patients, etc)
• No radioactivity involved



Diffusion Tensor Imaging/
Tractography

Volumetric 
measures Advanced MRI

Resting FMRI

Task 
FMRI/Cerebral 

Blood Flow

Magnetic Resonance 
Spectroscopy



Other Imaging Tools Available
MEG, EEG, PET

[F-18] fluoro-2-
deoxy-glucose

[C-11]-raclopride
(dopamine D2

receptor)

[C-11]-McN 5652
(serotonin

transporter)

Implanted
electrodes
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Brain Receptor System Images
[F-18]-memantin
(NMDA-receptor)

[F-18] fluoro-2-
deoxy-glucose
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Functional Mapping Methods: 
cost/balance between resolution and 

invasiveness
0
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Oxford Centre for 
Functional Magnetic 

Resonance Imaging of the 
Brain (FMRIB)

1997



From this (1996)…3 expansions later…to FMRIB 
(2018) 

FMRIB Centre



Imaging	Physics
•Functional	imaging
•Quantitative	
perfusion	imaging
•Diffusion	imaging
•Spectroscopy

Applications
•Pain
•Stroke
•Plasticity
•Multiple	Sclerosis
•Respiration
•Epilepsy
•Language
•Cognition
•Computational	Neuroscience
•Neurodegeneration
•Vision

Image	Analysis
•FSL	software
•Data	modelling
•Segmentation
•Xmodal integration

White	Matter	Tracts
•Connectivity
•Parcellation
•Validation
•Tract-based	
morphometry

Integrating	Modalities
•Transcranial stimulation
•Electro-encephalography
•Direct	current	stimulation

Oxford	Centre	for	Functional	Magnetic	
Resonance	Imaging	of	the	Brain	(FMRIB)
Neuroimaging	‘hub’	for	University	– rich	environment

130	clinicians	and	scientists	conducting	full-time	inter-disciplinary	
translational	neuroscience	research:	3	T	and	7	T	MR	Systems
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Secured £8.4 million research funds (MRC, 
EPSRC, Wolfson Foundation, University of 

Oxford) to purchase and install whole body 
7 Tesla MR scanner and whole body, 
neuro-optimised 3 Tesla MR scanners





We love physicists 
(and mathematicians 
and engineers!)



FMRIB Software Library



Training



Our Physics Research Achieves Impact 
Through Technology Innovation and 
Sharing of Expertise

UK	7T	Network

Existing
Oxford
Nottingham

Funded 2016
London

Online 2016
Cambridge
Cardiff
Glasgow

Sequence	transfers

Industrial	partnerships

>40	labs	worldwide



How the Brain Works – 21st Century 
knowledge and current thoughts…..

Bottom up: Light, sound, 
taste, touch, smell, 
nociception…..

The brain is NOT a simple ‘receipt’ organ 
producing perceptions and experiences by 
processing bottom up sensory inputs as 
sole contributor:

The Concept of:
Priors and a Bayesian view of the 

Brain 



Current Biology, 2014

Priors and Pain



Chronic Pain: a widespread unmet 
clinical need

§ 1:5 people suffer from chronic 
pain

§ On average, sufferers live with 
chronic pain for 7 years (20% >20 
years)

§ One in five reports losing a job or 
have been diagnosed with 
depression as a result of their pain

§ Conservative estimate annual 
costs $560-635b USA/€200b 
Europe www.painineurope.com

Medication adequate
Medication inadequate

Relieving	Pain	in	America.	
IOM.	2011



1. Constant firing of ’pain nerves’

2. Amplification of signals in central 
nervous system

3. Maladaptive plasticity

WHAT HOLDS PEOPLE 
IN CHRONIC PAIN?



Painful or not?
Understanding Pain



Imaging Tonic Pain:
Quantitative Cerebral Blood 

FlowBehavioural readout 
= challenging

Segerdahl A*, Mezue M.* Okell, Farrar, Tracey. 
Nature Neuroscience 2015



The Descending Pain Modulatory System: 
cortical-subcortical-brainstem network with 

anti- and pro- influences on dorsal horn 
nociceptive processing 

Tracey & Mantyh, Neuron 2008



Expectation in the 
therapeutic setting: don’t 
underestimate the patient-
physician interaction

I. Tracey: Getting the Pain you Expect. 
Nature Medicine, 2010

Hippocrates: “Make 
frequent visits and 
enquire into all 
particulars” 

Galen: “He cures most 
successfully in whom 
the people have the 
most confidence” 
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Analgesic Benefit of the Opioid Remifentanil
The Effect of Treatment Expectation on Drug Efficacy: Imaging the

 
Editor's Summary

 
 
 

health, and thereby make it so.
treatments are accompanied by encouraging words, a pessimist could become an optimist about his future robust
about treatments can help counteract this problem by shaping beliefs to maximize drug effectiveness. If appropriate 
expect failure, whether the patient is enrolled in a clinical trial or treated in a physician's office. Patient education
practice of medicine. A drug with a true biological effect may appear to be ineffective to a patient conditioned to 

These clues about how our beliefs can affect the way we experience medical treatment for pain can improve the

the anterior cingulate cortex and the striatum, signs that descending mechanisms of pain inhibition were engaged.
expectation of analgesia. Conversely, individuals who expected the drug to mitigate their pain showed increases in 

than was observed in these regions during−−brain areas that mediate mood and anxiety−−prefrontal cortex
increased pain was accompanied by more neural activity in the hippocampus, midcingulate cortex, and medial 
regions including the somatosensory cortex, the cingulate cortex, insula, thalamus, and brainstem. Expectation of
the experiment. Thermal pain itself causes activation of a so-called pain circuit, which encompasses numerous brain 

. examined brain activity duringet alWith functional magnetic resonance imaging (fMRI), the authors of Bingel 

to shift their pain perceptions so dramatically?
reports could be influenced by a host of variables. What was actually happening within the brains of these individuals 
expected remifentanil to make the heat pain worse they found that their pain was unchanged. But these subjective
when they expected to obtain no benefit from the drug (but did, in fact, get some relief). In contrast, when they 

they experienced twice as much pain relief as they did−−expected the drug to be effective, they were not disappointed
have no effect, that it would diminish the sensation of pain, or that it would make the pain worse. When subjects 

wouldremifentanil. In advance of each instance of drug administration, the authors informed the subjects that the drug 
In this new study, healthy people were exposed to pain-provoking heat and also given the painkilling opioid drug

expectation of the success of a pain treatment can markedly influence its effectiveness.
prediction was a self-fulfilling prophesy. Using sophisticated brain imaging techniques, the authors show that one's
colleagues, the gloomy outlook this patient brought with him into his pain treatment may have ensured that his 

after several days of various treatments, his pain persisted. According to new results from Bingel and−−correct
A pessimist walks into a hospital. His grim prediction that doctors will be unable to alleviate his back pain proved

Gloomy Forecasts Prove True

 is a registered trademark of AAAS. Science Translational Medicinerights reserved. The title 
NW, Washington, DC 20005. Copyright 2011 by the American Association for the Advancement of Science; all
last week in December, by the American Association for the Advancement of Science, 1200 New York Avenue 

 (print ISSN 1946-6234; online ISSN 1946-6242) is published weekly, except theScience Translational Medicine
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DRUG EFF I CACY

The Effect of Treatment Expectation on Drug Efficacy:
Imaging the Analgesic Benefit of the
Opioid Remifentanil
Ulrike Bingel,1,2* Vishvarani Wanigasekera,1 Katja Wiech,1 Roisin Ni Mhuircheartaigh,1

Michael C. Lee,3 Markus Ploner,4 Irene Tracey1

Evidence from behavioral and self-reported data suggests that the patients’ beliefs and expectations can shape
both therapeutic and adverse effects of any given drug. We investigated how divergent expectancies alter the an-
algesic efficacy of a potent opioid in healthy volunteers by using brain imaging. The effect of a fixed concentration
of the m-opioid agonist remifentanil on constant heat pain was assessed under three experimental conditions using
a within-subject design: with no expectation of analgesia, with expectancy of a positive analgesic effect, and with
negative expectancy of analgesia (that is, expectation of hyperalgesia or exacerbation of pain). We used functional
magnetic resonance imaging to record brain activity to corroborate the effects of expectations on the analgesic
efficacy of the opioid and to elucidate the underlying neural mechanisms. Positive treatment expectancy substan-
tially enhanced (doubled) the analgesic benefit of remifentanil. In contrast, negative treatment expectancy abol-
ished remifentanil analgesia. These subjective effects were substantiated by significant changes in the neural
activity in brain regions involved with the coding of pain intensity. The positive expectancy effects were associated
with activity in the endogenous pain modulatory system, and the negative expectancy effects with activity in the
hippocampus. On the basis of subjective and objective evidence, we contend that an individual’s expectation of a
drug’s effect critically influences its therapeutic efficacy and that regulatory brain mechanisms differ as a function of
expectancy. We propose that it may be necessary to integrate patients’ beliefs and expectations into drug treat-
ment regimes alongside traditional considerations in order to optimize treatment outcomes.

INTRODUCTION
Pharmacological treatments rely on predictable physiological effects
that are determined by their biological properties. However, it has
been a longstanding clinical notion that an individual’s beliefs and ex-
pectations can significantly influence the therapeutic benefit and ad-
verse effects of a pharmacological treatment. This suggests that any
drug treatment inevitably comprises physiological and psychological
components (1). However, in clinical settings, the interplay of physi-
ological and psychological treatment effects is often neglected or seen
as a nuisance variable that needs to be controlled for, as in placebo-
controlled randomized trials. Experimental studies have addressed
positive and negative psychological treatment effects in terms of pla-
cebo and nocebo responses (2). Placebo and nocebo responses repre-
sent positive and negative medical responses, respectively, after the
administration of an inert substance or sham treatment. These are
triggered by psychosocial variables forming the treatment context,
such as expectation of treatment outcome via verbal cues, previous
experience, or patient-physician interactions (3).

Placebo analgesia represents the best-studied placebo response (4)
and is mediated by an activation of the opioid-dependent endogenous
pain modulatory system (5–7). Nocebo effects, including nocebo hy-
peralgesia, are less well investigated but have also been associated with
an interference with the endogenous opioid system (8). The effects of

positive or negative expectation of the effectiveness of the treatment
may therefore be mediated by the same biological systems through
which drugs exert their treatment effects.

However, placebo and nocebo experiments have been performed
with biologically inert compounds, the use of which in daily clinical
practice is constrained by ethical and legal limitations (9). Knowledge
regarding the effect of psychological factors on the efficacy of active
pharmacological treatments is surprisingly sparse. Furthermore, there
is scant information about the neural mechanisms by which the effects
of expectations interact with the pharmacological effects of biolog-
ically active drugs. However, behavioral observations from studies
that compared the open and hidden application of drugs or explicitly
modulated the expectancy regarding a given drug by verbal instruction
show that psychological treatment effects can influence drug efficacy
(10–17).

The power of negative expectations has been demonstrated by
Dworkin et al. (16), who showed a reversal of analgesia by nitrous
oxide in dental pulp pain when the participants expected the drug
to increase awareness of bodily sensations. A limitation of those studies
is that these observations cannot rule out that the observed effects re-
sult from a bias in patients’ reported information (for example, due to
social desirability), rather than from a direct neurobiological interac-
tion of psychological and physiological effects.

Here, we investigated the neural mechanisms by which the psycho-
logical state modulates the efficacy of a potent analgesic pharmaco-
logical treatment. Specifically, we investigated how positive and
negative expectancies of treatment outcome affect the analgesic effect
of the m-opioid receptor agonist remifentanil. Within the large and
distributed network of brain areas that respond to painful stimuli, several
regions, such as the thalamus, the posterior insula, the midcingulate

1Oxford Centre for Functional MRI of the Brain, Nuffield Department of Clinical
Neurosciences (Division of Anaesthetics), University of Oxford, OX3 9DU Oxford, UK.
2NeuroImage Nord, Department of Neurology, University Medical Center Hamburg-
Eppendorf, 20246 Hamburg, Germany. 3Division of Anaesthesia, Cambridge
University, Addenbrookes Hospital, CB2 0QQ Cambridge, UK. 4Department of Neurology,
Technische Universität München, 81675 Munich, Germany.
*To whom correspondence should be addressed. E-mail: bingel@uke.de

R E S EARCH ART I C L E

www.ScienceTranslationalMedicine.org 16 February 2011 Vol 3 Issue 70 70ra14 1
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no opioid
(baseline)

open opioid
(expect analgesia)

open opioid
(expect hyperalgesia)

hidden opioid
(no expectation)

constant remifentanil infusion (effect site concentration 0.8ng/ml)

Repeated constant thermal painful 
stimuli applied throughout entire 

experiment while imaging the brain 
response 

Start infusion
-don’t tell 
subjects

Tell subjects 
‘starting 
infusion’

Pretend to 
subjects 
stopping 
infusion



This is your chronic 
pain patient

Pain Ratings Not controlling for 
this leads to another 

failed drug….
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Anti-nociception
with positive 
expectancy

r=0.64
p<0.001
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Cross-species
Cross-scale

Patients 
Populations

Open neuroimaging



Challenges of Scale

Structure relates to function over 6-8 orders of 
magnitude

10-3	m 10-5	m 10-7	m10-1	m

M Hausser / UCLP Fillard / INRIA



In-vivo
MRI

Post-mortem
MRI

Optical
Microscopy

Electron
Microscopy

Increasing resolution

~1 mm ~1μm~0.1 mm ~1nm

Increasing population

100,000 10100 1



UK Biobank Imaging
• Large prospective epidemiological study:  500,000, 45-

70y
• Imaging Extension:  bring back 100,000 for MRI

NIH Human Connectome Project (HCP)
• $30m NIH: best possible in vivo 

human macro-connectome mapping

• Main groups:WashU, UMinn & Oxford

• 1200 subjects:  dMRI,  rfMRI,  
tfMR, MEG, behaviour,  genetics



• Prospective epidemiological study:  500,000, 45-70y
• Imaging:  bring back 100,000 (20,000 already scanned)

» Brain, heart, body imaging

• Discover early imaging markers & risk factors of disease

• Brain imaging scientific direction:
Stephen Smith, Karla Miller (Oxford)

• Brain imaging analysis pipeline: 
Fidel Alfaro Almagro, Stephen Smith (Oxford) and many others



FA MD MO

ICVF ISOVF OD

Diffusion MRI

facesshapes
faces>shapes

Task fMRI
Resting fMRI

T2 FLAIR

SWI T2*a
Susceptibility 
contrast

T1-weighted





Miller et al. Nat. Neuroscience 2016



environment
& lifestyle

imaging
phenotypes

genetics

long-term health
outcomes

learn

blood chemistry



imaging
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100,000s of general anaesthetics 
given daily worldwide

BUT when does an individual under 
anaesthesia stop perceiving the outside 

world?



Continuum	of	anaesthesia-induced	
unconsciousness

Deeply	unconscious Loss	of	
Response

?

Unconscious

Concentration	of	GA	drug

Wake
Alert	wakefulness

Indeterminate	state

Loss	of	
responsiveness



Finding the 
Balance is 
difficult and 
current methods 
limited…

POPULATION	
DOSE	RESPONSE

MONITORING	
OF	VITAL	SIGNS	

DEPTH	OF	
ANAESTHESIA	
MONITORING

Under	
anaesthesia

Over	
anaesthesia

Longer	post-
op	recovery

Excessive	
physiological	
impairment

Insufficient	
analgesia

Awareness	
during	
surgery



Not	easy	experiments

Concept of Brain Waves



Interrogating	the	anaesthesia	continuum

Use	an	ultraslow	induction	to	observe	
precise	point	where	each	individual
becomes	unresponsive	to	external	
stimuli

?
Unconscious

Concentration	of	GA	drug

Wake

Loss	of	
Response



Slow wave activity ONSET and 
SATURATION (SWAS) is unique to 

each person (0.5-1.5Hz)
Red: 

Relative 
slow wave 

power

Blue: loss 
and 

recovery of 
behavioural 
response

Black: 
Propofol



BUT WHAT DOES IT MEAN?



Does SWAS occur clinically?

• For inhalational and 
intravenous anaesthetic 
agents?

• In presence of anaesthetic  
co-induction agents?
– opioids
– muscle relaxants

• With different EEG 
recording systems?

• 393 individual EEG 
datasets from 4 studies (3 
clinical + experimental)

Warnaby et al., Anesthesiology 2017



So what is lost
at loss of 
responsiveness?

Why are 
individuals no 
longer willing to 
engage?

?

Unconscious

Concentration	of	GA	drug

Wake

Loss	of	
Response



Activity	in	dorsal	anterior	
insula	(dAIC)	is	lost	to	all	

stimuli	at	LOBR

Mixed	effects	group	analysis	(n=15)	,	cluster	
thresholded	at	Z=2.3,	p	<	0.05

Warnaby	et	al.,	Anesthesiology	2016



The Current Team & Collaborators
Ongoing Pain - ASL

Spinal Cord

Anaesthesia

Clinical & Analgesia
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