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Pharmacological MR

* An fMRI experiment + drug administration

* Pharmacological modulation of
e ‘activity’ over pharmacokinetic timescales
* task-related "activity
* ‘resting state activity’

e Recall that BOLD (Blood Oxygenation Level Dependent
Imaging) signals are a function of changes in
 Metabolic oxygen consumption
e Cerebral blood flow
e Cerebral blood volume

Wise R.G.



Pharmacological imaging

 Demonstrate a drug effect on central activity

e Central penetration?
* Choosing a dose

* Provide confidence for go/no-go decisions in drug
development

* Objectively identify target targets for drug action

* Suggest / confirm a mechanism of action at brain systems

level
 Comparing compounds with different mechanisms

* A neuroscientific tool for modulating brain systems

Wise R.G.



Drug development process

* Long and costly
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Only 22 novel drugs were approved last year— Americans spent $324.6 billion on prescription drugs in 2015.
a 57 percent drop from approvals in 2015. This amount represents almost 20 percent of

US health-care costs per capita.
John D. Loike and Jennifer Mille ,The Scientist, Feb, 2017, Opinion--
Improving-FDA-Evaluations-Without-Jeopardizing-Safety-and-Efficacy



(CNS) Drug development

Basic Neuroscience: Drug discovery Drug development
biomarker development
Human Target Lead Exploratory .
Humey disease selection optimization development RRlRR Efficacy
—_— .
Proof of concept patients m'of concept 5
existing existing ‘E .g
agents: ¢agents: Biomarker
normal Z diseased ' “fingerprint” m 2 3
brain brain healthy S’
volunteers -
Animal: Phase I
Animal disease Phase II
model Phase III
Clinical

Preclinical

* majority of clinical trials have failed to translate into
measurable clinical benefit

* integrate imaging early in drug development

* to identify direct neural targets
* determine subgroups (responders, non-responders)

* dosing
Wise, RG, et al, JMRI, 23:862—-876 (2006)



Role of imaging in clinical trials
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Development
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Borsook, D. et al, Trans| Psychiatry. 2013 Jul 16;3:e282



Drug penetration into the brain

CNS Activation
(Regions or Networks'

MRI
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Borsook, D. et al, Trans| Psychiatry. 2013 Jul 16;3:e282



Adjunct to subjective response

Subjective Response Objective Response
(Psychometric) (Imaging)
> S‘ 3t Specific Drug
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g Reduced Drug
S \2 Effect Across
Subjects
» Non-Responder ——
g Noor
> g Nonspecific
Effect

Borsook, D. et al, Trans| Psychiatry. 2013 Jul 16;3:e282



Study design

Washout
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Khalili-Mahani N et al Human Brain Mapping. 2017.



Resting state changes

e Midazolam sedation

Sensory motor
a Rest

+34 +40

b Conscious Sedation

+34 +40

Conscious Sedation > Rest

1
t-score

Default mode
a Rest

b Conscious Sedation

+26 +38

Rest > Conscious Sedation

t-score

Greicius, M et al., Human Brain Mapping 29:839-847 (2008)



Response changes
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* Decrease in the response to painful stimulus (dashed lines)
during drug administration

Wise RG et al Neurolmage 16, 999-1014 (2002).



Acute drug response

Plasma Nicotine (ng/ml)

Time After Injection (minutes)

* 1 min injection of nicotine

Stein E et al. Am J Psychiatry. 1998 Aug;155(8):1009-15.



Pharmacokinetic response
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Drugs tested

Khalili-Mahani N et al Human Brain Mapping. 2017.



Possible confounding factors.... and solutions

* Cognitive:
* Placebo effect
e Study design
* Acquisition:
* These changes are slow (minutes) and on the same scale as drift

artifacts
e Use multi-echo fMRI?

* Signal:
* BOLD signal is affected by changes in blood flow/volume
e Use EEG-fMRI?

Wise, RG. JMRI(2006)



Placebo effect

* Driven by the expectation that the
treatment will bring relief

* Has been shown to have significant
overlap with brain regions that are
associated with drug response

Postulated sites of
cortical initial placebo action

rostral anterior
cingulate

Subcortical

i -
ST supplemen- :
alamus, 1 nsory
€a hippo- ;
us-media o
ora

Limbic-paralimbic Initial sites of fluoxetine action

Fluoxetine only

[«

Mayberg HS et al. Am J Psychiatry. 2002;1595.



Study design

Parallel Trial
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Study design considerations

* Open-label / randomized
* Single/ double-blind
* Placebo controlled

e ‘Healthy’ volunteers and patient population(s)

e Considerations
 Number of subjects
* Baseline?
* Speed of drug action / duration / crossover effects
* Reliability/repeatability of measurement



ETPB examples

04-M-0222 — Ket-MOA

disorder

SM-IV Major depressive |

o

15-M-0188 - RISC
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Stupy PHASE III:
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Clinical Ratings
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Ketamine**
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Clinical Ratings

CLINICAL
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Schematics courtesy of Alex Noury
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Polysomgography
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fMRI-EEG= Functional Magnetic Resonance Imaging
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P = Placebo



Possible confounding factors.... and solutions

* Cognitive:
* Placebo effect
e Study design
* Acquisition:
* These changes are slow (minutes) and on the same scale as drift

artifacts
e Use multi-echo fMRI?

* Signal:
* BOLD signal is affected by changes in blood flow/volume
e Use EEG-fMRI?

Wise, RG. JMRI(2006)



Imaging slow stimuli doesn’t work well

BOLD ASL

2min

4min

TN . 4 ER
*® \

8min

g BOLD has greater signal
| )\ 2 &2 strength
1h

ASL has greater sensitivity
for long duration stimuli

Wang et al, MRM (2003)



Response to ketamine infusion
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De Simoni et al, Neuroimage (2013)




The problem

* With single echo data artifactual drifts are indistinguishable
from BOLD signal
* High pass filter, model
» set the task frequency higher
* remove ICA components...

1/f noise

: signal

Amplitude

0.001 0.01 0.1 1
LOg(fﬁtp://imaging.mrc-cbu.cam.ac.uk/imaging/DesignEfficiency#A_figS




What does fMRI measure?

| /CMROZ\

Stimulus » :A__';f' _» CBF -

h \ | /
CBV

T2* task

T2* baseline




Multi-echo (ME) fMRI.

BOLD model )

% Signal
Change

TE

Kundu, P, Inati, S, Evans, JW et al (2012) Neurolmage Vol 60, Iss 3 2012 1759 - 1770




Multi-echo denoising

* Enables the identification of signals that scale with
measured TEs

% Signal
Change

BOLD model )

Goodness of

fit
to BOLD
model

Mw

10 15 20 25 30 35
ICA Component




BOLD, EEG signals and visual contrast change.

* BOLD intensity varies as a function of stimulus contrast
* Contrast sensitivity is not linear
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Chiachiaretta et al, Neuroimage (2013)



tection of slow BOLD with

* Group average
timeseries taken over

8 g voxels in V1 for a visual

§ qu: block and ramp

g -o. 2 -0 contrast task

* 00— o o 260 o Wo | 100 S 10 o 260 o Ho o The thick line is the
Time (s) Time (s)

mean and the shading
is the standard error.

* Slope task is not visible
in OC or detrended data

e Both tasks are clear in
the me-dn BOLD data

* The scanner specific
drift is visible in the non-
BOLD data
* |t effectively cancels the
ramp in the OC data
Evans, J.W., et al. Neurolmage 105, 189-197.



Group spatial correlation maps

» Task positive correlation spatial extent group maps for a) block and b) ramp tasks
for the medn BOLD, OC, detrended and non-BOLD timeseries.

[

2®BHDe =SB0
»>®PDe | =>$PD o

me-dn BOLD

»>®BO o

non-BOLD

»®BHD o

 The block response is resolved in the detrended data and in the medn
* The ramp task is only seen in the medn data

* No positive task correlation is seen in the OC or non-BOLD data
Evans, J.W., et al. Neurolmage 105, 189-197.

me-dn BOLD



Possible confounding factors.... and solutions

* Cognitive:
* Placebo effect
e Study design
* Acquisition:
* These changes are slow (minutes) and on the same scale as drift

artifacts
e Use multi-echo fMRI?

* Signal:
* BOLD signal is affected by changes in blood flow/volume
e Use EEG-fMRI?

Wise, RG. JMRI(2006)



What does fMRI measure?
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Neural or vascular changes?

N = normal response

( el

i R e

Patient ;P :‘P— :‘I-—

S

[ patient ;F_ NF-

= G G B
Y I J\

1=

Vascular
response

Mag Res. Imaging 2007 Jul;25(6):978-88.



BOLD imaging confounds

 BOLD is rarely enough on its own as there can be problems
with interpretation

* Use MEG/EEG?

[ EEG & MEG]

/L 4
Neurovascular

Neural :
couplin
activity A

BOLD FMRI \

Oxidative
metabolism

-

I— Metabolic signalling

e l

venule




EEG signal origins

...IF MANY EPSP’S ARE OCCURRING
SIMULTANEOUSLY, THE SIGNAL IS
STRONG ENOUGH TO BE READ WITH
ELECTRODES PLACED ON
THE SURFACE OF THE HEAD.

DUE TO THIS
LAYERED ORDERLY
STRUCTURE OF THE

NEOCORTEX...
7) ACTION POTENTIAL 2) GLUTAMATE BINDS
REACHING THE END TO POST-SYNAPTIC
OF A PRE-SYNAPTIC NEURON, CAUSING A
NEURON CAUSES SLOWER, LONGER
RELEASE CHANGE IN VOLTAGE
OF GLUTAMATE. CALLED AN EPSP.
H | i
7 MS 5 MS

https://backyardbrains.com/experiments/EEG



Simultaneous EEG-FMRI

http://nld.tamu.edu/eeg
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A Meyer-Lindenberg Nature 468, 194-202 (2010)



Possible, but not common...
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Simultaneous EEG-TMRI setup

Inside the scanner

USB2

fiber optic cable
UsB 2

USB 2 Adapter
AUX

AUx Scan sync and acquisition
D-Sub HD 15 Components

clock output

50 () KoAx (several adapters
(short) | available)

SyncBox

SyncBox

Input Scanner Interface|

50 () KoAx (long)

Console room



Simultaneous EEG-fMRI - Technical issues

 The MR environment adds noise to the EEG recordings...

Approximate magnitudes of different signals
* EEG:+10-150pV Signal of interest

e QGradient artifact : + 10mV
* BCG artifact: + 200uV

MR environment artifacts

« Blink: + 150pV Physiological contributions

° |V| ovement: < 1 m V HEART EYEBLINK EYE MOVEMENT LEFT EEG
ELECTRODES ACROSS WRIST ELECTRODES ABOVE AND ELECTRODES ABOVE EYE HEADBAND ELECTRODES ON
) . ) BELRPY frz ) O~ 8or,f( Szpf OF EYES BA(:A: OF SkuLL

e ECG: % ZOMV 0000 0@ 00 06 00

« EMG: £ 50pV

700 ms 700 ms 100 ms 7 secone

* Helium pump: 40-60Hz and AC line

COMPARISON OF 4 BODY SIGNALS WITH HEART/BRAIN SPIKERSHIELD, SAME GAIN

https://backyardbrains.com/experiments/EEG



Gradient artifact origins

A. Timing of RFs and Gradients of EPIS Sequence
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e Switching gradients used
for creating MR images
induce voltage in the EEG
Sensors

e Artifact is consistent for
every slice



Not Synchronized

Synchronized

Importance of Synchronized Acquisition

EEG Signal

0.5

Gradient artifacts (gray) for 3 acquisitions
are not completely removed using template
averaging (blue, green) if the EEG system
and scanner are not synchronized.

EEG Spectrum o

v ' 10
D> 3
T
>
E
=
-
>
£

: ’ 10"

0 50 100 150

* The residual power spectra show
increased artifact contributions at
high frequencies

Mandelkow, H et al (2006) Neuroimage 32 (3) 1120-1126



Gradient artifact correction example

;%’FMWE &8 f & f & ;%?wW-‘H-.,.i-‘,a-w-«.m 2 ] 2 8 2 ] ? 8 2 g 3 f 8
o e . ga e DAY AR ALY (B @ o & & o @ 5 . . ';7" = .
-, A R Uiy TR~ M it A
o o ko bk sz ] LEANTWEVL I N Y PP NP JPOPIIRG TIWOOR i kb
e ot oo . IR JCA N RVt et OV VIR ARV ettt i
AL R SO IR L PN FRVRENT IEN | YO0 JUNY PRRTONY Ry P R O I - e i (PRI PV PRV PR IR VAP Y IR U WA RSN IR PPN 141154 4144 448 ot gt oo Lt b adinph vl
e A T e . e S Lo Ew NP VMR ittt oottt
et e e e o el BLLARHA S et 1ot et
inebontanimantimt oo R TSR REHLEDENA A HRURNA T REREAVE SATRRTATPRTRAREVER YRS ottt pmroniwiosinist i by
et e oo e o TRAPS vy s IR o e
PO RN e o e o o o y Ml T N e o e o
02 {0 e T A
- AT A ™ O TSRV NV oo o o oo i
o I A~ | PN A O O S S
e ™} U OB v NTVSY v wmwmum
AU 000 o R i o S s iy, o g Lo L
N o el AN A - nl' | I "
o bl v J ] 1
. SRlRN - e | | ,‘
Cz I } : 1} -
N ATt e rrsraifiadh raear APt e | | |
- ﬂwu\mwkww meMwybw | ' |
FC1 J L | :... : : : At
Fe2 fo o R T et T & Ll e RN NN '\MW‘J
- g TR RIS
- I e
C5
1L L O 11 AP A AN APNANNAIAA
PO 0 R Y RPN Y T PO P
000000000 v o il
000 000000 % vt i
1000009004000 000100000 0D S04 i
000 0 A o t
'|I"|"‘|I‘ B ECG
I T T O O A T R A I T Y pra— 54’1“9'5 o Q'?AE;B pr——

243 244 245 246 247 248 249 250 251 : 266 267 268 269 270 271 272 273



BCG origins
MR By field Ejection phase i WWM\ M
of cardiac cycle A WA\

' WA pan—fy

o o i o
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Blood flow
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EEG-ECG single trial

* Motion related to cardiac
activity can give rise to
induced voltage EEG
recording leads

| bt gyt  Matched with heartbeats,
consistent 200 ms delay



BCG artifact correction = WW fw\w
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Motion interactions




Example: effect of caffeine

Simple visual task

' Caffeine effect (DP-BP)-(DC-BC)

R L
z-6m X=-6mm z=58mm
2.3 4.5
Z score
Auditory oddball
Caffeine effect (DC-BC)-(DP-BP)
L
|
“ Z score -

[WV]
-9

C — caffeine
P— placebo
B - baseline
D - drug

— DC
DP P

— & < »

114ms

VEP

p— e —
-3.5uV 3.5uVv

100 200 300 [ms]

* Shortened P300 response in the
complex task, little change in
the simple visual task

(Y]

-15

-10

15
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B0
==="Br

442ms

- .
15pV 20pV

(DC-BC)-(DP-BP)

0
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Diukova A, et al. Neuroimage. 2012;62(1):239 249.
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EEG potentials sensitive to contrast and frequency
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EEG Validation

* The envelope of the EEG signal at the task frequency agrees

IMRI signal

MR signal

EEG signal
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very well with the task BOLD response

alpha

delta

* Confirms the ME-denoised data represents the true task




More examples in the next talks

 EEG/fMRI and the study of Language

* Pete Molfese

 EEG/fMRI and Neurofeedback

e Silvina Horovitz




summary

* Pharmacological fMRI may have many benefits for mapping
drug effects in the human brain but remains challenging

e Simultaneous EEG-fMRI is an example of an imaging adjunct
to fMRI, there are others (ASL, PET)
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Possible confounding factors....

* Regional changes from:

* neuronal activity mediated by intact neurovascular coupling.

* modified non-neuronally-induced metabolic activity, such as may
result from local drug binding.

* vascular tone and hence cerebral blood flow and volume

* Global changes in cerebral blood flow or volume arising from
altered heart rate, blood pressure, or breathing.

* Placebo effect

* These changes are slow (minutes) and on the same scale as
drift artifacts

Wise, RG. JMRI(2006)



Baseline modeling ...

Model 1 Model 2

Model 3 Model 4

=

Model 5 Model 6

DeSimoni S. et al. (2013) Neurolmage 64:75-90

* GLM noise models may remove signal of interest
* Decrease degrees of freedom

* |CA methods require training on prior data or manual component
selection



Ketamine Tx of Major Depressive Disorder — NIMH Replication

Study.

* 18 unmedicated treatment-resistant MDD pts.

 Randomized, cross-over trial trial of single subanesthetic
ketamine vs. placebo infusion

21-1tem HDRS Score

30

25-

20-

151

10

*i_\ff /I
r Y~ — Y
T h + i
@® Placebo ¥
O Ketamine
60 40 80 110 230 Dayi Day2 Day3 Day7
min min min min min

Adapted from Zarate et al. (2006) Arch Gen Psychiatry 63(8): 856-64 — Figure 2

Courtesy of Mark Niciu, NIMH




Repeated-Dose Ketamine Infusions.

* 24 TRD pts.
* Open-label 0.5mg/kg ketamine infusion x 6 over 12 days

* Responders followed naturalistically for up to 83 days (to
monitor for relapse)

Ketamine 0.5 mg/kg IV Phase |
—e— Responders
1 JNE R T A
] Phase | Non-
404 # # -O- Responders

(n=7)

301

204

MADRS Score

101

0 L) L) L) 1 ;
0 2hr 4hr 24hr 3 4 5 6 7 8 9 10 11 12 13
Time (Days)

Adapted from Murrough et al. (2013) Biol Psychiatry Epub Ahead of Print 26 Jul 2012 — Figure 1

Courtesy of Mark Niciu, NIMH




Gradient artifact correction
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* The increased high frequency contamination is clear when compared
to baseline (no gradients) data

Mandelkow, H et al (2006) Neuroimage 32 (3) 1120-1126



Courtesy of Allison Nugent, NIMH

Planned repeat dose study.

0.1 mg/kg 0.1 mg/kg

Infu1on 1 Infu]on 2

Day 18 Day 22 Day 40

MEG fMRI 0.5mg/kg 0.5 mg/kg 0.5 mg/kg
Infusion 1 Infusion 2 Infusion 7
MEG
. fMRI
Baseline
Procedures fMIRI MEG
Day -3to Day 0
Day 1 Day 15
0.5 mg/kg 0.5 mg/kg
Infusion 3 Infusion 3
. * *

Phase I: DB KET + Pharmacodynamic Imaging Phase Il: OL KET Repeat Dosing
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Basic Neuroscience: Drug discovery Drug development
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, Neuroimage (2012)

Registration

Wise, RG. JMRI(2006)
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Gradient artifact correction
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Artefact removal strategies

-,

Time (ms)

Synchronization + time-stable MR-sequence
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l Thalamus l

fMRI response

= Increase

Up

————

Down

Baselin
- = NCTOARS:

Net excitation

- Decrease?
(circuit dependent)
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