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Introduction

Neuroscience ...

Deep Imaging Platform
» Study of the nervous system, in particular the brain (3 photon imaging)

» The broad(ening) scope of neuroscience

- Biological basis of learning, memory, behavior,
perception, and consciousness (cognitive neuroscience)

- Brain development

- Brain disesases (clinical neuroscience)

- Fundamental properties of biological neuronal
networks (Computational neuroscience -> Artifical
intelligence)

» The progress in neuroscience is tightly linked with the
developement of technologies to explore the brain in
Vivo.

Brucker (small animal)
7T, 11.7T and 17T
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E Introduction

Supraconductivity and cryomagnetism ...

»Create intense magnetic fields
- Nuclear magnetic resonance applications B,
- Magnetic Resonance Imaging

»Create devices that are very sensitive to magnetic fluxes
- Recording the electrical activity of the brain (source of transcient magnetic
fields in the femtoTesla range)

... « avenue » for a non-invasive and multimodal exploration of the brain
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Presentation outline

» Magnetic Resonance Imaging
- The nuclear Zeeman effect
- MRl instrumentation & principles
- MRI for neurosciences
- The ultra-high-field MRI perspective

» MagnetoEncephalography
- The (electro)magnetic activity of the brain
- FemtoTesla magnetic flux detection with SQUIDS
- The MEG instrumentation
- MEG in neuroscience

» Conclusions
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Presentation outline

» Magnetic Resonance Imaging
- The nuclear Zeeman effect
- MRl instrumentation & principles
- MRI for neurosciences
- The ultra-high-field MRI perspective
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MRI : physical principle

The nuclear Zeeman effect

» The proton is spin Jz particle. It has a quantified angular momentum and an associated magnetic moment
(1.41.10726 Joule per Tesla).

» Without external magnetic field, this nuclear magnetism is not observable.
» With an external magnetic field B, (Tesla), an excess of proton with a spin oriented parallel to B, appears.

» In Quantum mechanics words, the energy gap between a spin « parallel » and a spin « anti-parallel » to
the magnetic field is (y = 42.58 MHz/Tesla is the gyromagnetic ratio of the proton)

A AFE = hYB()
% AE A Jjj External static magnetic field B,
o -
w A Ry |
T) \\;) 9 /i Net magnetization:
N Ct‘) ? M, =3.25 103 x B, (A/m) at 37°C

External magnetic field BO
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Magnetic Resonance Imaging (MRI) scanner

o Sample containing protons
A clinical (1.5 Tesla) MRI scanner (human body)

» Returns a volume image (3D-image) of the magnetization.

SIEMENS

e Superconducting magnet
(high static field)

* RF coil(s) for
spin excitation & signal detection

* G@Gradient

j coils (imaging)
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MRI : physical principle

Nuclear magnetic resonance

» Apply a RF current (fo = % = YB,) to a coil
placed next to the sample

a

AE - hfo

Energy

»
»

External magnetic field BO

» (AtB,=1Telsa, fo = 42.58 MHz)

» Rotating (Tesla)

» Magnetization is flipped from the z-axis
(direction of BO by convention) by an angle («)
that grows over time
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MRI : physical principle

Nuclear magnetic resonance

» “Switch off” the radio-frequency excitation No external RF field : free precession
» Magnetization rotates about the z-axis (free
precession) . /\
» Due to molecular motion & interaction between spins: v
- Energy transfer to the lattice 0.5 -

- |M,| regrows exponentially (constant T1, spin-lattice
relaxation time) =, 04 — B,

- |Mxy| decays exponentially (constant T2<T1, spin-spin =
relaxation time)

__________________________________________________________________
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MRI : physical principle

Signal detection

» Use (by reciprocity) the RF
coil for signal reception

/\ Reception _
» During free precession, the loop Signal analyzer
rotating magnetization is the " Uing
mag

source a a secondary 05
electromagnetic wave

» Varying magnetic flux
through the reception loop

» Generation of a measurable
voltage across the NRM
detection loop
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From NMR to MR imaging

Uniform magnetic field : no spatial information

Magnetization
in the body
after 90° pulse
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From NMR to MR imaging

Magnetic field gradient coils : create a linear static field variations

Field inhomogeneity

D 3
01l \
0.05 | _mmmmmmame | 20 )
£ o e etatetatiatatate £40
>\ =2
-0.05 | ~mmmmaas 60
041
- - 80
01 005 0 005 0.1 O 20 40 60 80
x (m) x (m)

Spatial information in « x »
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From NMR to MR imaging

Magnetic field gradient coils : create a linear static field variations
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From NMR to MR imaging

Magnetic field gradient coils : create a linear static field variations

Field inhomogeneity

0.1}
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Create enough signal to reconstruct the
spatial distribution of the magnetization
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MRI equipment

Helium fill and cold head

Superconducting magnet _(_l-

Casing
» Electromagnet made from coils of superconducting Outer vacuum

wire shield
» No electrical resistance in the coil’s winding
» Critical temperature (T_): temperature above which

the wire looses its supraconductivity Shim
» Cooled to cryogenic temperature < T, coils

Outer cold shield

Helium vessel

» Material mostly used in MRI superconducting Main
magnets: NbTi windings
- T, =10°K
- Suitable for building up to ~11 T-magnets
» Coil winding
- Tens to hundreds of tiny filaments of superconductor
(30 — 200 um thick) in a copper matrix
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MRI equipment

Why priviledge superconducting magnets over resistive magnets ?

» No power consumption, not heat production
» Excellent temporal stability (less than 1 ppm per hour)

» Excellent field homogeneity (typically less than 0.5 ppm across a sphere of 40
cm of diameter)

» But

- field is always « on », need to observe stringent safety rules
- Care must be taken to minimize magnet-gradient interactions (risk of quench)
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MRI equipment

RF coil for head imaging

» The « birdcage » design
- Excellent RF field characteristics at frequency below 100 MHz
- Not suitable above ~200 MHz (wave propagation effects)
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MRI equipment

Head coil for 7 Tesla MRI Patch antenna

» Array of RF loops and/or dipoles

Home-build 8TX-22RX CAD model of the home-build 8TX-22RX

courtesy of Alexis Amadon & Michel Luong
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Noise considerations

SNR ¢Z’f,
Signal & noise sources in an NMR experiments % Sample
S 8
. = . 2
» NMR signal c coil
d 2 _ g2 2
S oc Mg X — (®nmr) % (YBo)” = fp 12
» Noise fo
- Internal coil noise 0 100 | 200 300 400 500
1/2 NRM frequency (MHz)

(NZ) = 4kgR T « f,
- (Magnically coupled) sample noise associated with the conductivity of the sample (o)
(N%) = 4kgRsTs x of§
» Signal to noise Ratio

o 2)oc(fo)‘p,wherelgPSZ
NZ)+(NZ

Hoult and Richards, “The signal-to-noise ratio of the nuclear magnetic resonance experiment,” JMR, vol. 24, no. 1, pp. 71-85, 1976.
Hoult and Lauterbur, “The sensitivity of the zeugmatographic experiment involving human samples,” JMR, vol. 34, no. 2, pp. 425-433, 1979.
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Noise considerations

Superconducting NMR probes ?

o
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=
o
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The use of high temperature superconducting (HTS) RF probes

Silver @ 273K HTS @ 77K

» HTS coil (Tc > 77K). YBCO coil onto R-Al203.[2]

» 0.2 T MRI (2D Spin-Echo sequence, TA 5:42 min) of the
brain (top) / wrist (left) with HTS surface coil (17 mm
radius) and a silver-equivalent design. SNR gain = X6-
7.01]

[1] Darrasse and Ginefri, “Perspectives with cryogenic RF probes in biomedical MRI,” Biochimie, vol. 85, no. 9, pp. 915-937, Sep. 2003.
[2] [Cheong et al. “A high temperature superconducting imaging coil for low-field MRI,” CMR Part B, vol. 37B, no. 2, pp. 56-64, 2010.
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MRI for neuroscience

NMR offers a large variety of contrast mechanisms

» relaxation effect (spin-lattice, spin-spin) » Anatomical imaging

» self-diffusion of the water molecule » Cerebral blood flow

» magnetic susceptibility » Mean Diffusivity, Diffusion Tensor, tractography ...
» chemical shift » MR Spectroscopy (identify ~20 brain metabolites)
» macroscopic flow » Functionnal MRI

» Blood Oxygenation Level Dependent contrast

PCr
3%

PCr Glu
3% Gin

GSH Glu
13% Gin 7%
14%

40 38 36 34 32 30 28 26 24 22 20 18 16 14 12

Chemical shift (ppm)
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Functionnal MRI: The blood oxygenation level dependent MRI signal

— ( Rourar l[ Sinaling W ( vasur \(m mﬂ

7 Visual ~
arteriole tBlood flow, .
oxygenation
K Synaptic signalling _ and volimie. T2* »
/" Voluntary -
movement
@:}’3 m
o
e S
COinﬁve Metabolic signalling
task ——-‘1"_
100-7=93 j
~ J
L J\_ NG, PONG J/

http://jonlieffmd.com/blog/complexity-in-searching-for-the-neural-code
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http://jonlieffmd.com/blog/complexity-in-searching-for-the-neural-code

Functionnal MRI: The blood oxygenation level dependent MRI signal

Ogawa’s experiment (MRM, 1990)

_ Reduced local field heterogeneity
Hemoglobin = slight signal increase
MR signal
. — v
i@ vEar Desoxy-hemoglobin e —— 1+ AS
l ' >
Imm Radio- | ‘
T """""""" E,'nf: fraed L(J)enc Readout time
| 9 y TE~ 30 ms
pulse

Ogawa et al. “Oxygenation-sensitive contrast in magnetic resonance image of rodent brain at high magnetic fields,” Magn. Reson. Med.,
vol. 14, no. 1, pp. 68-78, Apr. 1990.

Commissariat a I'énergie atomique et aux énergies alternatives Vincent Gras October 1, 2019 _



Stimulus » Time series of MR images

» Time course of the MR signal
in a given voxel

7~ Visual gt L
» Significance map of a task-
/ evoked BOLD signal

L. » Anatomical MR image
7~ Voluntary » « Brain activation » map

movement overlayed on the anatomical

' image

(-
=

Cognitive

task

100-7=93

-
\ J\

A. Krainik et al., “L'imagerie par résonance magnétique cérébrale fonctionnelle en pratique clinique,” Journal de Radiologie, vol. 87, no. 6, pp. 607-617, 2006.
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Toward ultra-high field MRI

» SNR grows supralinearly with BO
- Increase spatial or temporal resolution

» Enhanced chemical shift
- Applications in MR spectroscopy & Chemical shift imaging

» Enhance magnetic susceptibilty contrast
- Blood oxygenetation level dependent (BOLD) contrast enhanced ->
potential for functional MRI studies

» Non-proton (Sodium, Phosphorus ...) MRI
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Cea

Voxel size 0,25 x 0,25 x 2 mm o
TA 20 min s g

At
4

Henry et al., “Hippocampal Sclerosis in Temporal Lobe Epilepsy:
Findings at 7 T,” Radiology, vol. 261, no. 1, pp. 199-209, Oct. 2011.
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e Voxel size 0.12 x0.12 x 0.6 mm
e 2 acquisitions of 11:20 each
* Prospective motion correction

Stucht et al. “Highest Resolution In Vivo Human Brain MRI Using Prospective
Motion Correction,” PLOS ONE, vol. 10, no. 7, p. e0133921, Jul. 2015.

AS



* Voxelsize 0.2 x0.2x0.2 mm
e 2 acquisitions of 28 min each
* Prospective motion correction

A

Stucht et al. “Highest Resolution In Vivo Human Brain MRI Using Prospective
Motion Correction,” PLOS ONE, vol. 10, no. 7, p. e0133921, Jul. 2015.
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(1.3 mm)3 @3T (0.8 mm)® @7T & pTx UPs

courtesy of Emilie Poirion
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Presentation outline

» MagnetoEncephalography
- The (electro)magnetic activity of the brain
- FemtoTesla magnetic flux detection with SQUIDS
- The MEG instrumentation
- MEG in neuroscience
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Brain scales

Brain Cortical column Single neuron Synapses

White
Matter Spine synapss
Dsndrne
: \g \
Syn; tlc
P 100 um I vesic es ;
Spinay, |

Excitatory synapse
Synaplic \ I
cle

grey >
matter

L]
Dendrite

. Inhibitory synapse

human brain
coronal section

white matter

courtesy of Lauri Parkkonen
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E Currents in axones and dendrites
' Postsynaptic

Presynaptic

==
DA

0 0 QO% O

Postsynaptic currents:

the main source of
MEG&EEG!

Action potentials

courtesy of Lauri Parkkonen

Vincent Gras
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The basis of the MEG signal

Post-synaptic
currents of a

population of
synchronized
neurons

MEG benefit over ElectroEncephalography:

* Whereas the electrical brain signals are
distorted and attenuated by the skull,
scalp etc, the magnetic field is NOT.

* This makes source localization an easier
task with MEG.

courtesy of Lauri Parkkonen
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Signals of interest in a MEG experiment

Magnetic field associated with brain activity : 1012 to 1013 Tesla (femtoTesla range)

. - 100 —
earth magnetic field _| Micmotesla
10
P 14
Ilgne.s haute | 100—
tension Nanotesla ~ lungs
= ln_
car 50 m away
= 1077 =
I— heart
L 100 —
screwdriver 5 m Picotesla muscles
away L 10— ~_
transistor 2 m I_ ¥ = ~ eyes &
away ]
~ 100 I human brain
Femtotesla
- 10—
I " noise level of a
— el = sQuID
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Detection of magnetic fluxes in the femtoTesla range ?

Magnetic field

A

The superconducting QUantum Interference Device (SQUID)

» Two superconductors separated by parallel Josephson junctions
(thin insulating layers) Superconductor

» A small electric current can flow across the junctions without
developing a voltage across them (“tunnel” effect). Valid until the
current exceed the ‘critical current’ (maximum supercurrent).

t)osephson
» A SQUID allows measuring magnetic field flux changes of the order junction
of one flux quantum:
D =7 = 2,0678 X 10715 T.m?
Schematic
representation of
the SQUID
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Magnetic fluxes detection with Superconducting
QUantum Interference Device (SQUIDS)

Signal coil dec SQUID rasher |

spiral . _ Current

nodes

» The external magnetic signal is coupled to the SQUID using a
superconducting flux transformer. Sit
» Magnetic field flux couple to the SQUID = ¢,

» Apply a bias current (Ig) across the SQUID just above twice the critical gase parasiti
. . Ian
current of the Josephson junctions e'am’:j( o CobaTEneE
B Josephson junctions

» Measured voltage varies with ¢,

/h. EE:{[ )ﬂ
.'!.I - M
| iEh

(b Ly

I o
.

adapted from [1]

[1] Hamalainen et al. “Magnetoencephalography---theory, instrumentation, and applications to noninvasive studies of the working human
brain” Rev. Mod. Phys., vol. 65, no. 2, pp. 413-497, Apr. 1993.
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MEG installation at Neurospin (Elekta system)

- Hélium liquide

Cryostat

SQuID

» SQUIDs operate at a T° below the critical T° e |
of the supraconductor (LTS) Fils électriques qui

= recuperent Ie/ signal
" _____ Cryostat

Hélium liquide

» Bathed in the MEG dewar filled with liquid
He (T°=4K)

» 102 sensors elements covering the entire
head.

» To avoid any parasitic magnetic field
sources, the MEG systemisina
magnetically shielded room

http://joliot.cea.fr/drf/joliot/Pages/Plateformes et infrastructures/plateformes

institut/imagerie-in-vivo/Imageurs-clinigues.aspx?Type=Chapitre&numero=4

Vincent Gras
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Sensor element

» Each sensor element is sensitive to three orthogonal field components:
- Normal field component of the magnetic field (Bz)
- Two gradient components of Bz (ABz/Ax & ABz/Ay)

_ﬂ_' 5 l X [ :
| | T ] - 'l '
= e
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MEG dewar
(~80 liters of
liquid He)

Projection
screen
(visual
stimuli
display;
instructions
for the
task)

Shielded room to
prevent parasitic
external magnetic
field sources
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MEG for neuroscience

Mapping brain activity

» Excellent temporal resolution (ms range)
= Rich information on brain dynamics

» Established methods for source localisation
= spatial resolution = cm. But decreases
with distance from the sensors.

Lobe

3 R
t ( MEGIEEG
/" NIRS

Ma
i fMRI

Nucleus

Log Size (mm)

O = N W
/Ij

» Great potential for studying the large-scale Laver

dynamics of brain activity -1F
» Neuroscience of langage, conciousness Neuron
» Resting-state brain research <
» Clinical neuroscience: Z3 2 @0 1 2 3 4

- Epilepsy
- Autism spectrum disorders Log Time (s)
- Mouvement disorders

9

NIRS = near-infrared spectroscopy  ECoG = electro-corticogram;
fMRI = functional MRI; LFPs = local field potentials
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Epilepsy

Where MRI and MEG, potentially, can improve patient pre-therapeutic work up

» 7T MRI with high resolution (< 1 mm): Detect signs of focal cortical dysplasia [*]

» MEG : detection & localisation of epileptic spikes (here identification of epileptogenic regions in the right
hemisphere)2!

GRE (0.5x0.5x2) 3D FLAIR (0.7 iso)

A

==

\
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i

\

W
|

e
R
D

=
i
~ -:Ii.\.\&‘

e ]

[1] Ciantis et al., “7T MRI in focal epilepsy with unrevealing conventional field strength imaging,” Epilepsia, vol. 57, no. 3, pp. 445-454, 2016.
[2] Lounasmaa and Seppé, “SQUIDs in Neuro- and Cardiomagnetism,” Journal of Low Temperature Physics, vol. 135, no. 5-6, pp. 295-335, 2004.

Commissariat a I'énergie atomique et aux énergies alternatives Vincent Gras October 1, 2019



Presentation outline

» Conclusions
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Conclusions

» The progress in neurosciences is tighly linked with the development of brain exploration techniques,
among which MRI and MEG

» High performance MRI machines (high field, stability, homogeneity, high NMR sensitivity, ...) benefit
greatly from the progress made in cryomagnetism

» High quality SQUIDs and superconducting flux transformers has made MEG a key technology to study
large scale dynamics of brain activity

» We have shown the potential of ultra-high field (UHF) MRI to explore the brain better and faster

» But UHF MRI raises a great challenge when it comes to the development of BO > 7T whole body scanner

(ISEULT project)
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