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FUNCTIONAL MAGNETIC RESONANCE IMAGING

What it is about

Keywords:
- Functional imaging, fMRI, BOLD, task and resting-state,
block design, connectome

Readings:
- Functional Magnetic Resonance Imaging (Huettel, Song, McCarthy)
- Fundamentals of Brain Network Analysis (Fornito, Zalesky, Bullmore)

Complementary PHD courses :
- Advanced topics in network neuroscience (Dr. Enrico Amico)
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FUNCTIONAL IMAGING OF BRAIN ACTIVITY e!fam |

____ ClBM. CH

© CIBM | Center for Biomedical Imaging



.‘CI.BITI

FUNCTIONAL IMAGING OF BRAIN ACTIVITY gCiEM

Credit: Misha Ahrens & Philipp Keller/Howard Hughes Medical Institute
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FUNCTIONAL IMAGING OF BRAIN ACTIVITY

Mapping cortical mesoscopic networks of
single spiking cortical or sub-cortical
neurons

Dongsheng Xiao, Matthieu P Vanni, Catalin C Mitelut, Allen W Chan, Jeffrey M LeDue, Yicheng Xie, Andrew
CN Chen, Nicholas V Swindale, Timothy H Murphy =

Kinsmen Laboratory of Neurological Research, Canada; Beijing Institute for Brain Disorders, Capital Medical University,
China; Djavad Mowafaghian Centre for Brain Health, University of British Columbia, Canada; University of British

Columbia, Canada
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FUNCTIONAL IMAGING OF BRAIN ACTIVITY e!?sm
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A large field of view two-photon mesoscope
with subcellular resolution for in vivo
imaging

Nicholas James Sofroniew, Daniel Flickinger, Jonathan King, Karel Svoboda

A)

Microscope

EOM: electro-optic modulator R o
. : : em
GDD: group delay dispersion Ote =
QWP: quarter waveplate & : o
PRro =
==

PBS: polarizing beam splitter
RFO: remote focus objective
VC: voice coil

Res.: 12kHz resonant scanner

PR: pupil relay

DM: dichroic mirror Ancillary imaging —

PMT: photomultiplier tube Lateral scan unit and excitation path

10: imaging objective NN
Res % (]

QWP

* *2 Virtually con;ugated
galvo pair
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Ti:Sapph Prism based @ Multi-stage
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CAN WE IMAGE BRAIN ACTIVITY WITH MRI? em.am |

easure fast events?
:nts may be possible
single cells events?
:nts may be possible

re neuronal activity?

— -_—

~ activity nonetheless
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Timeline of MR

- (1924) By Pauli,

nuclear particles have ~ {125) =Huetd Purcels + (1959) Singer, - (1975) Emst, - (1990) Ogawa and - (2008) PET-MRI
angular momentum 8l & resomnt frequency measurement o develop 2D-Fourier colleagues, obtain developed
(spin) blood flow using transform for MR functional images using
NMR (in mice) BOLD contrast
. (1937) By Rabi - (1946) Felix Bloch, + (1972) Damadian, + (1985) Insurance *(2012) 11.7 TMRI
measure):'nent 7 nuclear precession patent idea for large reimbursements for + (2005) UHF 7.0 T MR developed
magnetic moment of can be measured in NMR scanner to MRI exams begin developed by Harvard,
nucleus, "magnetic detacior colls ::;eugt b do s NIH, Gachon, and + (2014) MRI-LINAC
resonance” Magdeburg developed
+ (1973) Paul Lauterbur,
publish generating
images using NMR
gradients
M R NMR becomes MRI f
<4 - = < = = = = ° = =
1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
* (1944) Rabi, award * (1952) Purcell and * (1973) Peter Mansfield, *(1980s)1.5Tand 20T * (2003) Lauterbur and
Nobel Prize in Physics Bloch, share Nobel published gradient superconducting MRI Mansfield, share Nobel
Prize in Physics approach to MR developed by Goldstar, Prize in Physiology and

GE, and Siemens Medicine
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CONTRAST SOURCE OF FMRI em.sm .

POSITIVE COOPERATIVITY

o 0T 2 SIGMOIDAL SHAPE:
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CONTRAST SOURCE OF FMRI gciBm

OXYGENATED DE-OXYGENATED

O, BINDS FE?* EXPOSED FE?

i l

DIAMAGNETIC SLIGHTLY
PARAMAGNETIC
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CONTRAST SOURCE OF FMRI

THE BOLD SIGNAL

neurons consume oxygen and nutrients

* increased neural activity requires increased
supply of oxygen

« oxygen is bound to hemoglobin
(oxyhemoglobin vs. de-oxyhemoglobin)

» to supply neurons with oxygen and glucose,
blood flow is increased locally

* the local increase in blood flow leads to a
displacement of de-oxyhemoglobin

MR signal is higher for oxygenated compared
to de-oxygenated blood Teont > TE
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THE HEMODYNAMIC RESPONSE pliEm

not only

R/_/
Made by neurons astrocyte
astrocyte metabolic coupling
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loanas et al., Neurophotonics 2022
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CAREFUL ON THE INTERPRETATION OF FMRI egn.am |

Review articles

Separating vascular and neuronal effects of
age on fMRI BOLD signals

Kamen A. Tsvetanov &, Richard N. A. Henson and James B. Rowe

Published: 16 November 2020 https://doi.org/10.1098/rstb.2019.0631

stimulus — neuronal activity ———> neurovascular haemodynamic fMRI BOLD
. Em— E—
coupling response response

. neuron

~. astrocyte - : — —
—_ synaptic numoer o astrocytic endfeet o - vascular

& blood vessel [ activity ] [ neurons ] { retraction pericvics pulsaiility compliance

neurotransmitters

C ) . excitatory— ernehion
REutotansmiists ] [ ibi ] oligodendrites CVR CBF autoregulation
O metabolites [ inhibitory balance vasoactivity gode: g
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THE HEMODYNAMIC RESPONSE h‘ of
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The neurovascular unit works as a low-pass filter!

peak
8 .
) 2
hemodynamic
lag
Gl .o —
undershoot
0 10 20 30
MRI functional MRI stimulus — time [s] —
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VOXEL RESOLUTION ;‘!ﬁam ,

4-D
A [BOLD] response is measured for every voxel datasets

1 Run (147 TRs)

s o i
Iiiin ¢

2

1 Volume
= 1 image of entire brain
(in this case 36 horizontal slices)

*TR = Time of Repetition = time it takes to acquire one volume
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FMRI DATA ANALYSIS woom

Regression in fMRI

Core idea: observed data can be explained by a combination of weighted regressors

Example: explain fuel consumption of a car (miles per gallon), based on the car’s weight and the driver’s height

30 30
Observed data: mpg N ”s 2
Regressor car’'s welght driver’s height 5 g 2| o " o o
2 2 O Og L
Bdrlvers height = = low 1 i
5 5
0 0
2 25 3 35 4 45 5 1.4 1.6 1.8 2 2.2
Car’s weight [t] Driver’s height [m]
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Research question: which brain areas decode for scene/faces from scrambled
images”?

FMRI DATA ANALYSIS

T
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scenes scrambled scenes scrambled faces

St| mu I | are p rese nt e d | na b I 0 Ck e d d es | g n: fixation faces scrscenes | scenes scr faces fixation scenes

time
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Regressors: timing of conditions combined with assumptions about the shape
of the BOLD response

FMRI DATA ANALYSIS

faces

scenes ‘ \ I

scr(ambled) scenes

scr(ambled) faces

fixation faces scrscenes | scenes scr faces fixation scenes

time
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Regressors: timing of conditions combined with assumptions about the shape
of the BOLD response

FMRI DATA ANALYSIS

\ ; t\%
faces | — \

« \ S . o
! “undershoot
0 10 20 30
stimulus — time[s] —
scenes
L
. e iy
N .
. -

scr(ambled) scenes

.......................................

scr(ambled) faces

fixation faces scrscenes | scenes scr faces fixation scenes

time

-4 5 _J ] csmcH

© CIBM | Center for Biomedical Imaging



.‘CI.BITI

'enterfor Biomedical Imaging

Regressors: timing of conditions combined with assumptions about the shape
of the BOLD response

AR VART AR VR AR

fixation faces scr scenes | scenes scr faces fixation scenes

FMRI DATA ANALYSIS

time
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Regressors: timing of conditions combined with assumptions about the shape
of the BOLD response

FMRI DATA ANALYSIS

—— model
—— data
—> weights

fixation faces scrscenes | scenes scr faces fixation scenes

time

Regressors that account for a lot of variance in the signal receive high beta values (weights)!
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FIRST LEVEL ANALYSIS pc5iBM

Weights are plotted as statistical parametric maps

Eg. Voxels that get significantly activated during scenes
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SECOND LEVEL ANALYSIS g‘!ﬁam ,

Contrasts are used to test for differences among the levels of a factor:

Contrasts: intact vs. scrambled objects
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Review > Dev Psychobiol. 2002 Apr;40(3):213-25. doi: 10.1002/dev.10028.

f x Social interest and the development of cortical face
specialization: what autism teaches us about face
processing

David J Grelotti 1, Isabel Gauthier, Robert T Schultz
Affiliations + expand . C H
PMID: 11891634 DOI: 10.1002/dev.10028
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THE DEAD SALMON

Significance thresholds

IgNobel Prize in Neuroscience:
The dead salmon study

Bennett et al. "Neural Correlates of Interspecies Perspective Taking
in the Post-Mortem Atlantic Salmon: An Argument For Proper
Multiple Comparisons Correction" Journal of Serendipitous and
Unexpected Results, 2010.



FMRI: STRENGTH IN NUMBERS h‘ of
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Number of articles with “fMRI” in their abstract
RESULTS BY YEAR 599,066 results Page 1 of 59,907 > >>
AR |
O L ----....lIIIIIIIIIIIIIIIIIIII|I|||| |
1959 2021 42,038

Source: pubmed.com
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FMRI: STRENGTH IN NUMBERS e!fam |

fMRI is still controversial today “A primary challenge has been replicating associations

between inter-individual differences in brain
nature structure or function and complex cognitive or mental health
Explore content v  About the journal v Publish with us v phenOtypeS (braln-WIde aSSOCIatIOH StUdIeS (BWAS))”

nature > articles > article a False negatives (type 2) b Inflation (type M) (o Sign error (type S)
100 — 1001 100
—— %5
c
Article | Open Access | Published: 16 March 2022 g 80 3 8 \\ 80 2
~ ~ ", 3
. . . o e . . 2 5 Magnitude % % 2
Reproducible brain-wide association studies require £ o0 § o efmaten § e0 g
= E 0 ®
(] S re 5 P value S 1009 N, FoR oo ST O 25 2
thousands of individuals Dol mame L N 2 w0 el 2 Sample size
10 0.05 2 R a P value haa 2
3 L] (o] .-
) ) . s 20 E 20} —P<005 20 e -
Scott Marek &, Brenden Tervo-Clemmens &, Finnegan J. Calabro, David F. Montez, Benjamin P. Kay, w = [ e P<107 10 0.05
*-xUnthresholded *-xUnthresholded
Alexander S. Hatoum, Meghan Rose Donohue, William Foran, Ryland L. Miller, Timothy J. Hendrickson, 0 0 = OL e e+ o a v e oy
9 P BY. d v 25 50 100 200 375 725 1,430 2,800 25 50 100 200 375 725 1,430 2,800 25 50 100 200 375 725 1,430 2,800
Stephen M. Malone, Sridhar Kandala, Eric Feczko, Oscar Miranda-Dominguez, Alice M. Graham, Eric A. Sample size Sample size Sample size
Earl, Anders J. Perrone, Michaela Cordova, Olivia Doyle, Lucille A. Moore, Gregory M. Conan, Johnny d Statistical power e Probability of replication f False positives (type 1)
: : — ; 100 100 100
Uriarte, Kathy Snider, Benjamin J. Lynch, James C. Wilgenbusch, Thomas Pengo, Angela Tam,
Jianzhong_ Chen, Dillan J. Newbold, Annie Zheng, Nicole A. Seider, Andrew N. Van, Athanasia Metoki, g & < 80 g 80
s 2 <
g " 5 kel 2
Roselyne J. Chauvin, Timothy O. Laumann, Deanna J. Greene, Steven E. Petersen, Hugh Garavan, 2 60 % 60 S 60
o = [}
g 2
Wesley K. Thompson, Thomas E. Nichols, B. T. Thomas Yeo, Deanna M. Barch, Beatriz Luna, Damien A. K P value 5 P value % P value
] ] z 40 |- 3 40 _-— g 40 -
Fair & & Nico U. F. Dosenbach — Show fewer authors = 107 0.05 2 107 0.05 2 107 0.05
@ 20 g 20 £ 20
o o o 7]
Nature 603, 654-660 (2022) | Cite this article ;
Nature 603, (2022) | Cite this article ol : o — — e ——
64k Accesses | 277 Citations | 1511 Altmetric | Metrics 25 50 100 200 375. 725 1,430 2,800 25 50 100 200 375_ 725 1,430 2,800 25 50 100 200 375 725 1,430 2,800
Sample size Sample size Sample size
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FMRI: STRENGTH IN NUMBERS e!fsm

enter for Biomedical Imaging

neurosynth.org

Neurosynth is a platform for large-scale, automated synthesis of functional magnetic resonance imaging

(fMRI) data.

It takes thousands of published articles reporting the results of fMRI studies, chews on them for a bit, and

then spits out images that look like this:

An automated meta-analysis of 922 studies of reward
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FMRI: STRENGTH IN NUMBERS e!fam |

Data for coordinates: \ 40 ‘ -52 ] -20 Data for coordinates: ‘ 40 ‘ -52 ‘ -20

m Studies Associations FAQs Maps Studies FAQs

Functional connectivity and coactivation maps Associations with meta-analysis maps
Layers _ Show 10 @ entries Search: |
® |Functional connectivity m i
@) | Meta-analytic coactivation omlx Individual voxel Seed-based network
@ |anatomical ol . Meta-analytic coact.
Name z-score Posterior prob. Func. conn. (r) (r)
Color palette:
d o ®Crosshairs face 24.19 0.88 0.48 0.75
re o
Positive/Negative: Pan/zoom fusiform face 22.26 0.92 0.43 0.68
e @Labels )
positive v fusiform 21.72 0.86 0.53 0.75
face ffa 19.68 0.93 0.41 0.65
Eoe e Thresholds:
corr. (1): 1 7(;25 e o faces 19.6 0.85 0.41 0.67
Opacity: ffa 19.22 0.92 0.41 0.66
X % | z | '
0 0 0 1 face recognition 13.85 0.91 0.31 0.48
Description fusiform gyrus 13.77 0.82 0.47 0.69
This image displays resting-state functional viewing 8.37 0.76 0.37 0.52
connectivity for the seed region in a sample of L
recognition 7.72 0.71 0.29 0.49

1,000 subjects. To reduce blurring of signals

across cerebro-cerebellar and cerebro-striatal . .
boundaries, fMRI signals from adjacent cerebral Showing 1 to 10 of 1,334 entries First Previous 1 2 3 4 5 .. 134 Next Last

cortex were regressed from the cerebellum and
striatum. For details, see Yeo etal (2011),

© CIBM | Center for Biomedical Imaging 28




CAN WE MEASURE MEANINGFUL BRAIN ACTIVITY P
IN THE ABSENCE OF A TASK? | St

- RESTING-STATE fMRI

m the brain is always active, even in the absence of
explicit input or output

— task-related changes in neuronal metabolism
are only about 5% of brain’s total energy
consumption

vasomotion

IPower{ HbO,}I
o
“%
™~ g N
%—/—

m what is the “noise” in standard activation studies?

— peaks in frequency oscillations from 0.01 —
0.10 Hz

T T i T i
0.2 04 0.6 08 1.0 12
Frequency (Hz)

— distinct from faster frequencies of respiratory
and cardiac responses

Biswal et al., 1995
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CAN WE MEASURE MEANINGFUL BRAIN ACTIVITY P\ [ 3

.CIBI'I'I

IN THE ABSENCE OF A TASK? | (-

Resting-state functional CONNECTOME

© CIBM | Center for Biomedical Imaging 30



THE CONNECTOME e!fsm
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In 2005, Dr. Olaf Sporns at Indiana University and Dr. Patric Hagmann at Lausanne University Hospital independently and simultaneously suggested the
term "connectome"” to refer to a map of the neural connections within the brain. This term was directly inspired by the ongoing effort to sequence the
human genetic code—to build a genome. "Connectomics" (Hagmann, 2005) has been defined as the science concerned with assembling and analyzing

connectome data sets.

Human Connectome
(an early draft)

“a comprehensive
description of all the
network of elements and
connections forming the
brain "

Hagmann et al (2008), Honey et al (2009)
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THE CONNECTOME

IBACK IN MY
DAY IN2005

Connectome (Google search, 2005) = “Connect home?”

Connectome (Google search, 2020) = 1.500.000 results

MYSPAGE WAS THE PLACE
_ TOBEON SOCIAL MEDIA.
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THE CONNECTOME gciem

Step 1: define “nodes” (brain regions)

Step 2: define “edges” (brain connections) Kj
7

Step 3: analysis of the connectivity matrix

Nodes

Nodes
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THE CONNECTOME g‘!ﬂam ,

* From an anatomical perspective, the connectome is the ensemble of all brain neurons of
axonal origin, termination, and trajectory relative to other structures

Structural/Anatomical connectome
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THE CONNECTOME g‘!ﬁam ,

* From a functional perspective, the connectome is the description of how neurons/areas
interact with each other

Functional connectome

© CIBM | Center for Biomedical Imaging 35



CONNECTOMICS AT DIFFERENT SCALES e!fam |

SPIM  Viral Tracer
Light-S

diffusion MRI
eet microscopy functional MRI

Serial STED PALM/STORM
TEM Confocal

jection

‘T V—YY‘_HYYI T YYTT”] m |V1mT 1 T_YYTTYYT 1 VVTT"‘] LR

1nm 10 nm 0.1 ym 1 pm 10 um 0.1 mm 1T mm
_ )/ 1’ jcj \\
N§ - Z/“ {{ /‘;\
N g = S b )
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Olaf Sporns

Discovering the Human -,
Connectome ]

THE INTERNATIONAL WEEKLY JOURNAL OF SCIENCE

THE BRATN REDEFINED

Anupdated map of the human cerebral cortex identifies
180 distinct brain regions per hemisphere attsis2& 17

INFORMATION TECHNOLOGY CONSERVATION D NATURE COM/NATURE

GIVEUSMORE | BIODIVERSITY’S JUPITER’S 7;% =
BANDWIDTH! OLD ENEMIES HOTTEST SPOT
The bartle w keep the i "
Inemetip tospeed. agnculrwe S h e W Spot ' Illll“
PAGEI MGE 190

Trends in
Cognitive
Smences

Volume 23 Number 1
January 2019
ISSN 1364-6613

BRAIN 4
CCNNECTIVITY

Bridging the Connectome

Hekalyr L, by fe 1‘“*’/"‘“ and Transcriptome

\

Cell )

VOLUME 19 NUMBER 10 MAY 2016

nature ===
neuroscience

1SN WSS
Ve 138, October 1, W16

ELSEVIER

Editor-in-Chief
Peter Bandettini

Awatle Onine ot wwwe.acenoadiectcom

1 February 2013 | $10

Science

AYAAAS

narure
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engineering

Ultrasound-enabled’ :
targetmg of'specific brain circuits
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Volume 22 Number 1 x .
January 2018 Sty »
ISSN 1364-6613

Network Neuroscience

Theory of Intelligence  Cell

REVIEWS



4
ciBm

Center for Biomedical Imaging

W,

CONNECTOME: ONE APPLICATION

Resting-state fMRI e
rontoparietal networks

Functional connectome fingerprinting: identifying
individuals using patterns of brain connectivity

Emily S Finn!7, Xilin Shen?7, Dustin Scheinost?, Monica D Rosenberg?, Jessica Huang?, Marvin M Chun!>34,
Xenophon Papademetris>® & R Todd Constable!¢

nature .
neuroscience

Database
Bunse|

ID rate

0.5 1.0
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Auman Connectome Project M=

Informatics ‘ Gallery Publications ‘ News ‘

The Human Connectome
Project

Navigate the brain in a way that was never before
possible; fly through major brain pathways, compare
essential circuits, zoom into a region to explore the
cells that comprise it, and the functions that depend
on it.

The Human Connectome Project aims to provide an
unparalleled compilation of neural data, an interface
to graphically navigate this data and the opportunity
to achieve never before realized conclusions about

the living human brain.

I Download Data '

Laboratory-of Neuro-Imaging
e

N ews RSS News

National Geographic features the Human

Connectome Project

New research from members of our HCP
team suggests that brain circuitry is
organized more like Manhattan’s street grid
than London’s chaotic tangle of random
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Welcome to the Autism SNV 24
n n \
Brain Imaging Data =

Exchange!

Autism Brain Imaging
Data Exchange

Introduction

Autism spectrum disorder (ASD) is characterized by qualitative impairment in social reciprocity, and by repetitive, restricted, and stereotyped behaviors/interests. Previously
considered rare, ASD is now recognized to occur in more than 1% of children. Despite continuing research advances, their pace and clinical impact have not kept up with the urgency
to identify ways of determining the diagnosis at earlier ages, selecting optimal treatments, and predicting outcomes. For the most part this is due to the complexity and heterogeneity
of ASD. To face these challenges, large-scale samples are essential, but single laboratories cannot obtain sufficiently large datasets to reveal the brain mechanisms underlying ASD.
In response, the Autism Brain Imaging Data Exchange (ABIDE) initiative has aggregated functional and structural brain imaging data collected from laboratories around the world to
accelerate our understanding of the neural bases of autism. With the ultimate goal of facilitating discovery science and comparisons across samples, the ABIDE initiative now includes
two large-scale collections: ABIDE | and ABIDE Il. Each collection was created through the aggregation of datasets independently collected across more than 24 international brain
imaging laboratories and are being made available to investigators throughout the world, consistent with open science principles, such as those at the core of the International
Neuroimaging Data-sharing Initiative. For details about these initiatives visit the collection specific pages: ABIDE | and ABIDE II.

Last Updated March 27, 2017.
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Asout ENIGMA PuBLICATIONS WoRkING GROUPS RESEARCH PrEss ENiGMAVIS

ProTtocoLs EVenTs TRAINING Join ENIGMA JOIN OUR MAILING LIsT!

~ENIGMA

ENHANCING NEURO IMAGING GENETICS THROUGH META ANALYSIS

Disease Healthy Variation Genomics Algorithm Development Collaborations

What is ENIGMA?

The ENIGMA Consortium has several goals:

(® To create a network of like-minded individuals, interested in pushing forward the field of imaging genetics.

(® To ensure promising findings are replicated via member collaborations.

® To share ideas, algorithms, data, and information on research studies and methods.

® To facilitate training, including workshops and conferences on key methods and emerging directions in imaging genetics.

There are 50 active ENIGMA working groups!! Full details of each ENIGMA project can be accessed by clicking on the links provided. If you are interested in joining and
contributing to a current group, or would like to propose a group you do not see listed, please contact us at enigma.usc.edu
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FOR ANY QUESTIONS YOU MAY HAVE,
PLEASE WRITE AT:
VALERIO.ZERBI@EPFL.CH




MR COIL WORKSHOP — TOMORROW, WEDNESDAY 26™

Groupl (Morning) 8.15am-12am:
Francesca Barcellini

Gercek Berk

Jenifer Miehlbradt

Guibert Fabrice Jean

Brayan Alves

Huang Zhiwei

Group?2 (Afternoon) 13.15-17:
Liu Chang

Jan Luxemburg

Nikolaos Molochidis

Mustafa Arslan

Mark Stephan Widmaier




