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MRI SYSTEM PRINCIPLE



MRI PRINCIPLE (1/5)

A NMR measures magnetization of atomic nuclei in the presence of magnetic field
A Particles with mass (proton) spin on their axis at Larmor frequency
A Signals are obtained from the NMR observation of proton in water
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MRI PRINCIPLE (2/5)

Double fonctions of RF antenna

Step 1: The antenna send a RF signal
(generated by powering a small coil with AC
current)

The magnetic moment is depolarized

The relaxation generates a RF signal collected by the antenna



MRI PRINCIPLE (3/5)

But for a constant background field, signal is identical for every spin!

No way to distinguish the different




MRI PRINCIPLE (4/5)

Gradient coils are needed to modify the magnetic field locally
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MRI PRINCIPLE (5/5)

A A given gradient is imposed in one direction during the relaxation
A Precession frequency is now different for each spin

A This enables localisation of image slices as well as phase and frequency
encoding
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MRI MILESTONES

A 80 YEARS STORYE

1937 Rabi (1944) - resonance method for recording magnetic properties of atomic
nuclei

1940 Zavoyski i discovery of electron paramagnetic resonance

1946 Block, Purcell (1952) i nuclear magnetic precision measurements, related
discoveries 1973 Lauterbur (2003) T First MR images on samples

1977 Mansfield (2003) 7 First clinical MR images 1978 Philips 0.15T MR scanner
1979 Siemens 0.2T MR scanner

1981 Superconducting MRI scanners (0.5 T, Oxford)

1983 GE generates images with 1.5T scanner

1986 Actively-shielded superconducting scanners

1991 fMRI invented T (15 yrs after first clinical images)

1993 Philips: Compact, actively shielded, no LN shield scanners

1994 Diffusion Tensor Imaging invented

1997 GE introduces ZBO scanners: no LHe refill over lifetime

2000 Commercial 3 T MRI from GE, Siemens and Philips

2001 GE, Philips: High-field Open MRI systems

2005 Siemens: wide-bore cylindrical scanners (70-cm patient bore)

2020 120 million MRI scans per year

Rabi (1944): Nobel prize of 1944 8



MRI MAGNET MAIN REQUIREMENTS

Field uniformity and stability
A Design Uniformity: 10 parts-per-million (ppm) in ~50 cm diameter
volume
A Multiple-coil configuration
A Sweet spot
A Field decay:
A short-term decay: 1 ppb during sequence (EMI, vibration)
A Long-term decay: less than 0.1 ppm/hour on average, less than
0.1% per year

Shielding
A Magnetic field outside of the scanning room shall be less than 5
gauss (industry standard)



MRI MAGNETIC DESIGN OPTIMIZATION
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OPTIMIZATION OF SUPERCONDUCTING COILS

Acomplexpr obl e mé

Current transport capacity (choice of conductor)

Spatial homogeneity
Fringe field

Peak field on the conductor
Cooling mode

Mechanical stresses

Manufacturing techniques

o To Do To Do To Do I

Economical constraints ( Y
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MAGNETIC FIELD OPTIMIZATION

Inside a sphere with a center O and radius r,,, « magnetically » empty, the
B, component of the magnetic field can be expressed using a spherical

harmonic expansion based on Legendre functions P.
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BACK TO THE BASIS

Set of coils of axe Oz, with a rectangular section and an uniform current density.
Symmetry with respect to the xOy plan Y Hyp1=0 and ,J=0

B,(r,J, /) . & ar
B =1 1 agr— onp 0 (COSJ )

y4 |
Minimize the coil volume for a given B, with H,=H,= & = }J =0 — "\ Qg
Y the non homogeneityz(p+1)s dPi ven by—the t
0

Need of at least p,+1 coils to realize homogenous magnet at the 2(p,+1) order
« shimming theorem»

Y Impossibility to cancel H, with only one winding of rectangular section

eb(a’ + ac +@) b

H,” \ rad
CourtesyPr. Guy Aubert 2 @ U a : radius
e ¢ (a+ C) e b : length

c=va
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HELMHOLTZ COILS
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HOW TO GET A HOMOGENEOUS FIELD




ERRORS AND IMPERFECTIONS

There are two main families of errors:

o Errors that respect the basic symmetr _
They ar-iena biun |tthe esign or they
manufacturing errors (coils systematicallytool ar ge, &)

Y Creates H,, terms

o Errors out of the basic symmetry _
Scattering Iin material tolerances

Y Creates H,,, ; I, J terms (difficult to correct)

Need for compensation and shim coils
to achieve the required homogeneity
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FIELD UNIFORMITY AND SHIMMING

Improve uniformity from ~500 ppm in magnet as-built to 10 ppm

Passive shimming
A Precisely-positioned pieces of iron in the warm bore. Improves overall

uniformity (not individual harmonics)

A Lowest cost option
A Cons: Good for specified field/location only. Re-shim requires Service.

Temperature drift

Active superconducting shimming (SC and resistive shims)

A Adjustable. Trade off convenience vs performance. Compensates harmonics

A Cons: Higher cost. Performance limitations. Need re-shimming if moved to a
different location or even re-ramped. Interactions with magnet

17



SC MRI MAGNETS
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MAIN TECHNICAL CHALLENGES OF SC MR

MAGNETS

High magnetic field, high current, large useful volume, large stored
energy, high mechanical forces and stresses

SC state requires low temperature
Complex cryogenic system; have to be optimized (compact, autonomous,

minimum consumption)

Protection in case of quench

A Where to dissipate the stored energy?

A Manage the quick temperature elevation in the SC system
A Manage the large stresses

A Protection of the patient!!!

Advanced manufacturing techniques required

A Superconductor

A Winding (layer or DP, manufacturing accuracy and tight assembly tolerances)
A Electrical insulation

19



USUAL MRI MAGNET TECHNOLOGIES

Reliable operation at customer sites (hospitals)

High field homogeneity
Multi-coils configuration
Precise coil positions

Persistent operation
Superconducting joints
Switch
Passive quench protection, no external discharge

Minimized stray field
Shielding coils with reversed polarity

Passive cryogenics design
Zero Boil Off

20



C2A MAGNETIC COMPONENTS OF A MRI SYSTEM

EIS coils (External Interference Shield)

Shielding coll Shielding coil

Main coil

Gradient coils

Cryashims

Warm-shims

CourtesyL. Scola 21
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MRI is biggest user of NbTi SC wire

NbTi

A Dominant commercial superconductor
A Bendable, ductile, low cost ($1/kA.m)
A Tc=9,3K, Bc2=11,4 @ 4,23K

Nb3Sn

A Primary high field SC

A Brittle

A Tc=18K, ReK & 23
A Higher cost (x 5 price of NbTi)

MgB2

A Brittle

A Tc=39K, Bc2=40T

A Higher cost (x 5 price of NbTi)

Technology based on ReBCO super expensive
($50-100/kA.m) and not mature enough for large
industrial applications

23



CRYOGENIC DESIGN

‘ ‘ Helium vessel
d 4/ .
___________________ —— / Thermal shield
| ! =_-d:= i “ Vacuum

vessel

Cryocooler

24



SC MRI MAGNET COOLING

U Volume production of MRI systems
resulted in dramatic improvements in

. Technology  Nitrogen Low He
cryogenic performance shield cryocooler
U 2000s: zero-boil-off (ZBO), or better, Lrie ol N e zero
zero-helium loss ref”geratlon became LHe refill 4 months 1year—  Typically,  No refill:
standard in commercial MRI period 4years  no refil cloi‘»ed
o system
A Cryocooler re-condenses He gas inside | g, 12 Notused Notused Not used
the cryostat C No need in helium refill period weeks
A Compact magnet design: one thermal
shield eliminated Principal schematic of ZBO refrigeration
A Disadvantages of ZBO: e |

0)
0)

Higher refrigeration cost
Higher power consumption

U 2010s: low-cryogen/no-cryogen technology

A GE FreeliumE, P hBlde Saqals

A Less than 100 liters of LHe (ZBO: ~1,000
liters)

A Higher capital cost, not in volume
production

——

L IMAGINING !
CRYOSTAT ‘ L; ‘ oom |
]

LHe VESSEL

SN NNP NN AP 1
_MAGNET OOILS ‘

= G=1 =1 =]

CourtesyM. Parish 25



QUENCH AND MAGNET PROTECTION

Challenges

i

| CmE N N o e

Unacceptable:
A Safety risk in any mode
A Magnet damage

High energy

High energy density

External dump: unfeasible
Emergency ramp-down

High voltages and temperatures

Interaction with other components
A False protection activation
A Multiple operation modes

Approach to MRI/NMR quench protection:
A Passive detection: no external circuit
A Heaters:

0 Resistive: use magnet energy
o Inductive heating (ancillary)

A Energy released inside cryostat

26



FIELD STABILITY

System requirement: FOV field must be within +0.05% peak-peak during years of the
scanner operation
Driven magnet Power supply

Persistent magnet

Magnet ramp mode

Power supply

Cryostat

e o o e e e e e e e e e Em o =

. I

I |

. I I

Two options: ! SC switch open | |
I |

| |

I |

1. Driven operation | Magnet
A Very stable power supply (expensive!ll),

permanently installed Cryostat ___ __ _ _ _____
A Lead losses .

Normal operation

2. Persistent operation: average decay <0.1 ppm/hr :_ Lead A\ JHt _Lga_dy:

A Typical MRI/NMR configuration , r=mOFF |

A Lower cost. Better performance l SC switch | 1

A Energization is not possible on site : | . Magnet closed :

A Requires very low circuit resistance 1 Cryostat I

A Retractableleads T TTTTmTmEmTmmmEmEmTTT



SC JOINTS T A MAJOR TECHNICAL CHALLENGE

Challenges (NbTi joints)

i

Even distribution of current in
fillaments

Minimize field on joints. Consider field
orientation

Joints to conductor with different
filament diameters

Target resistance <10 ohm per
joint, lower for low-current units

US Pat. 3,422,529 (J.M. Nuding,
1969)

Twisting required for good joint
Should have a least 3 twists
Clean in nitric acid

Cylinder can be same
superconducting material
(Nb 25%Zr) or stainless steel

A Cold press at ~200 ksi

o T To I
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MAGNET MECHANICAL ARCHITECTURE

Helium vessel

_~ (cold mass)

/ Thermal shield
/ Vacuum vessel

Coll former

N

v

A Coil former support coil during winding and coil-to-coil interaction
forces

A Rods suspend cold mass to vacuum vessel and thermal shield to
cold mass 2



MRI AND SAFETY
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MRI AND SAFETY

MRI scanners are safe, if properly used and maintained
ANo Herm megative effects of MRI scanning have been reported

ASafety and health hazards
o Static magnetic field
A Ferromagnetic objects, implants
A Biological effects, typically, short term
A No known long-term effect at up to 8T.
A First data at 10,5T, no negative feedback so far
o Time varying magnetic field
A Peripheral nerve and muscle simulation
o Pulsed radiofrequency field
A Body heating, heat stress
o Acoustic noise
o Cryogens
A No hazard to patients

31



SAFETY AND MAGNETIC FORCES

Magnetic objects in the scan room are prohibited!!!

A Tfbree on magnetic object is
proportional to the field gradient

A Tdnadient is the highest at the
entrance to the magnet bore

A Ma g foree may be up to hundred
times of the weight

Blood trans- A

_ | mp, pagemaksers
fusion stand

Floor polisher Fly‘ing chair

Oxygen tank



MRI BUSINESS AND COMMERCIAL MRI
MAGNET EXAMPLES

33



MRI: THE LARGEST APPLICATION

OF SUPERCONDUCTIVITY

MRI + NMR industries uses about 70% ofNitiTiconductor

"Big" physics
(mainly LHC) — Worldwide market
31% |  for LTS wire (NbTi + Nb3Sn)

Total annual LTS sales: ~$250M

CourtesyM. Parish
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MRI: THE LARGEST USAGE OF HELIUM

2018 USA

Purging,
pressurizing 4%

Purging,
pressurizing 4%

2015 Worldwide

Controlled
Controlled atmosphere 2%
atmosphere 2%
Breathing Laboratory

1.5% 14%

A Cryogenic applications use over 50M m?3 of
helium per year
A Zero-boil-off (ZBO) MRI magnets:
o0 Helium usage is reduced by about 75%
0 Most scanners do not require helium refill
o Typical non-ZBO: >3 years between refills
A Challenges:
o Insufficient demand
0 2019-2022: higher price/reduced
availability

“ !!! strial,
:IL'I tific 6%

Analysis,
spectrometry
15%

Fraction of helium production
used in MRI (USA)

B = N N W
U O TS

% helium used
o

1995

o un

2005 2018

CourtesyM. Parish



C2AQ MRI MARKET: LARGE AND GROWING

More than 50,000 MRI units of different types are installed worldwide

U Annual production: about 4,000 scanners
U Superconducting MRI: >75% of the installed base
U About 100 million MRI exams per year worldwide

Viddie Eas cornt \ MRI market

/.

India

NN

Europe

\
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EARLY NMR IMAGING MAGNETS 1977 - 1981

John Woodgate and

the first 0.3Tesla NMR

Imaging Magnet for First 1.5Tesla
EMI magnet (STAR)

0.15T Resistive CourtesyG. Gilgrass
magnet- 1980
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FAST EVOLUTION :

OZZI X 5 WITHIN 20 YEARS EOR ACTIVELY SHIELDED MAGNETS

2015: 7 Tesla Active Shidtarst clinical
(FDA approved) systeqnfirst
installations:
¢ University of Erlangen, Germany
¢ Cambridge University, UK.

1985 - First 1.5 Tesla Active Shield
Test Bed

CourtesyG. Gilgrass 38



ClA 1.5TESLA ACTIVE SHIELD MAGNET EVOLUTION

Lighterand more compact!

1989 1994 1997 2003 2004
OR30 OR35 OR70 OR105 OR122
Length: 2.4m  Length: 2.2m Length: 1.6m Length: 1.5m Length: 1.2m

13,000kg 8,650kg 4,070kg 4,050kg 4,350kg

Siemengnagnetsc CourtesyG. Gilgrass 39



COMMERCIAL 3 T SUPERCONDUCTING SCANNERS

WITH IMPROVED PATIENT ACCESS

PhilipsIngeniaElition 3.0T X

GE Discovery750w

/f/ B\ .

Y :

| | " < )
N— N — b -
SiemensSkyra CanonVintage Galan . -




MRI MAGNETS SHAPE

Cylindrical magnets: >99% of Open magnet

superconducting scanners

e

[
—

-

\‘.

Mobile MRI

1T _
Panorama Hybrid 0.5 T
(Philips) OpenSky MRI (Paramed)

r i
~——

——

J\ "“w V

Extremity scanner
GE Optima 430s
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ULTRA HIGH FIELD MRI MAGNETS

42



B = cortex +

6000{ | == inner brain |- s
== cerebellum
5000{ | == cerebrum

—— model
o 4000
% 3000
2000
1000
0 - 2 4 6 8 10
B,/ T
SN R~B 1.65
0

Pohmanret al.
Magn ResorMed 2016;75:804809

Improvementof spatial
and temporalresolution

3T
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Length
(m)

Diameter

(m)

Mass
(tons)

WB MRI MAGNETS TYPICAL SIZE

GE-SHFJ/CEA Siemens Siemens Minneapolis Iseult/'
Neurospin
1,25-1,7 16-1,8 ~3 4,1 4
19-21 190- 2,1 > 2,50 3,2 4,6
~95 ~8 ~ 25 ~110 ~ 135



IMAGE QUALITY VS. MAGNETIC FIELD

Micro-bleeds

1.5T

1 to 2 mm resolution a 0.3 mm reso

Van derKolket al. Euro Radiol2013; 82: 708718
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2001-2020

11.7T,70cm
. Passiveshielding )
ol 2021
NIH Bethesda

unwersns Minnesota Chiﬂ' State
oo e

1

Unbeersits ChICEIQDD

0 San Francisco 1ul'aml:lerbl Séoul wee@ O Niigata

2020

- 3T :>1200systems

- 7T :° 80 systems

- 1 system8T WB, 4system®9.4T WB

- 1 system10,5T WBin Minneapolis

- 3projectsat 11.7T WB : CEA, NIH, NRI
- 1 project at 14T (designstudy phase) Heidelberg
- 1 potentialproject20T in the US

Passiveshielding

o 2015
® 11,77 2007 - 3T :° 850systems
: - 7T :° 50systems
- 3T :° 700syst

2003 _7T:0 30 S)s/)s/fe?nrgs - 1 system8T WB, 4system9.4T WB
3Ti5 200eyeme | |- 1oysemer we, asysema awe || <3 SSsen 10SWE 1 e
i - 4 projectsat 11.7T WB i : ORI .
- 1 systemBTWB (NeuroSpin Tokyo, Berkeley, Bethesda) | i g?otjeen;t'?lfgo_:%‘gfe';?;yg ’ S(Z';ld’l Boston
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/T WB MRI MAGNETS

A Installed in research sites and for investigational use
A About 70 7T whole-body scanners are in operation
A High image quality. Spatial resolution: ~0.5 mm
A Very heavy, very expensive, customized
A Require large rooms. Stray field 7 x 4 m (shielded), 9 x 5 m (unshielded
units)
A Whole-body scanners (82 - 90-cm clear bore):
A Length >3 m
A Magnet weight >25 tons
A Require 50 tons (actively shielded) to 400 tons of wall shielding

ok -Unversty __ Nl BTy
) Sl e 2 Siemens, NYU Philips, Spinoza Center for

of lowa (2014 =
( ) Compact 7T, Length=270 cm Len=3.3m,H=3.6m Neuroimaging, Amsterdam

CourtesyM. Parizh 47



Center for Magnetic Resonance ResearCh’ CENTERFORMAGNETI(:IIORjE;(E)?l%;JCERESEARCH(CMRR)
Department of Radiology, Minneapolis

Mass 110 tons
Central bore diameter 88 cm

Length 4.1m

Width 3.2m
Conductor NbTi (433km)

Operating temperature 3K _ .
Magnetic Resonance Medecine

Passiveshielding Volume84,Issue 1, July2020 48



THE 11.7 T MRI WHOLE BODY PROJECTS

A Two 11,7T WB magnets have been manufactured by ASG (ltaly) for NIH (Bethesda, USA)

and for NRI (Gachon University, Korea)

A Nominal current reached in the factory
A On site commissioning on-going

NIH/NRI Iseult
Nominal current | 246 A 1483 A
Inner diameter | 68 cm 90 cm
Outer diameter 2.7m 5m
Length 4am 5.2m
Shielding Passive Active
Mass 820 tons 132 tons
(magnet: 70 tons
iron: 750 tons)
Operation mode | Persistent Driven-mode
Temperature 2.3K (saturated) | 1.8K
(superfluide)
Helium bath 64 mbar 1.2 bar
pressure
Helium volume 3000L 7000L
Stored energy 194 MJ 338 MJ
Inductance 6400 H 308 H

49




THE ISEULT 11.7 T MRI PROJECT

A BO / Aperture
A Field stability
A Homogeneity

11.75 T /900 mm
0.05 ppm/h
< 0.5 ppmon 22 cm DSV

Stored Energy 338 MJ
Inductance 308 H
Current 1483 A
Length 5.2m
Diameter 5m
Weight 132t

Magnet parameters

Neurospin Center
CEA Saclay, France

50




THE ISEULT 11.7 T MRI MAGNET PROJECT

Innovative solutions for a MRI magnet

A 170 NbTi double pancakes for the main coil

A 2 NbTi shielding coils to reduce the fringe field

A Cryostat for superfluid helium at 1.8 K, 1.25 bars

A Dedicated cryorefrigerator (80 I/h + 40 W @ 4.2 K)

A Driven mode operation, with two 1500 A power supplies for redundancy

11.7 T magnet section : in
orange the windings, in blue
the mechanical structure at

1.8 K and in violet the cryostat

51




A DEDICATED COMPLEX INSTALLATION
TO OPERATE THE MAGNET

o Dump resistor
48 V Batteries Control room 52



Cea INNOVATIVE DESIGN OF DOUBLE PANCAKE

: Yoeomig o

) - e N u
B,(r.q/)=B,+ar'e,P(coxp)+rae +  ON"B"(com)y
n=1 é m=1 ) .0 l:l

Magnet is theoretically intrinsically homogeneous
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COLD MASS STRUCTURE

Cold mass Shielding
structure coils Coils

connection
. T ‘ ‘IYI//- . -‘tioc\. T/ .
Supporting / > Pipe
rod - '
Cold mass /qu
+ coils (MC)
end plate
Belleville
washers
Lateral guidance.
./ Axial stops

DP inSUldtion : --.,----- MC base p|0te
shims i S— MC outer

cylinder
Cryoshlm




THE ISEULT MAGNET FABRICATION (2010-2017)

MLI wrapping

Vacuumvessel welding

Main coil - DP stacking

Magnet workshop, Belfort (France) ALST@M
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2 WEEKS OF TRANSPORT

FROM BELFORT TO SACLAY
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Cea MAGNET INSTALLATION IN ITS ARCH




Caloduc : « umbilical cord » connecting the magnet with the cryogenic/electrical facilities

A « Helium tight » connection of cryogenic circuits, electrical connection of
superconductors and of the inner magnet instrumentation : voltage taps (20), cryoshims
(96), quench heaters (8), temperature sensors (96), strain gauges (24)

A Complex mechanical structure made of more than 200 parts (900kg mass)
A Cold mass (1.8K)
A Thermal Shield
A Vacuum Vessel
A Cooling circuits (TS and VV)

A Mounting tolerances around 1 mm ; to take into account the thermal shrinkage during cool

down o



