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m NeuroSpin: A unique facility for Brain Imaging

2011 : CATI platform
for large MRI cohorts

http://cati-neuroimaging.com
2014 : 11.7T (world-record)

2019 : 3-photon
imager

2019:11.7T
human MRI

CAXTI
small-animal MRI

2010:17.2T Lyie-
small-animal MRI e

(world-record) =4
I .
2009 : MEG i ¥/
2008 : EEG for T = - =

adults, children \
and babies

hNnAlmnMRﬂH)Tnh
de fin deo

Belfort
18 Avrit 2017

@e.

2007 : 7T
small-animal MRI

2007 : 7T human MRI

2007 : 3T (1stin France)
human MRI

2020 : 190 people

2007 : opening
60 people
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Gain also for :

Gain=3.8 ain=2.8 y :
o 4

=

'''''

Comparison of CNR (Contrast to noise) of the T2* contrast in MRI
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m Why Ultra-High Field MRI?

Human hyppocampus :
in vivoat 3T, 7T

post-mortem at 11.7T
7.0T
Eealyainetar, 2016 3.0T For a better cartography of hippocampus structure
For a better understanding of Alzheimer disease, ...
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Cea

ISEULT phantom

*5/23/1992, O, 30Y

STUDY 1
5i23/2022
31419 PM
TIMADSS

BiY 355.0
p3 MPRMPR

A1
HC
swiddir /20

Ultra High Resolution Phantom Imaging at 11.7 T

CEA Neurospin
Investigational_Device_11_7T_...
MR E1

ISEULT phantom H CEA Neurospin
Investigational_Device_11_7T_...
*51231992, 0, 30Y MR E1

STUDY 1
512312022
31419 PM
7TMADSS

TE7.4
B 355.0
p3 MPRMPR

A1
HC
swiddir /20

ISEULT phantom

*5/23/1992, 0, 30Y

STUDY 1
5/23/2022
31419 PM
TIMADIS

TR 44.0
TE7.4

BV 355.0
p3 MPRMPR
A1

HC
swiddir /20

CEA Neurospin
Investigational_Device_11_7T_...
MR E1

GRE (200um)? isotropic
TA: 3h35min2s
Matrix: 940x940x832

Courtesy: N. Boulant & A.
Vignaud

Philippe Ciuciu

%SEULT phantom
*5/23/1992, O, 30Y

STUDY 1
5/23/2022
1:47:27 PM
5IMA87/176

HC
ns_fl3d1r_ns / 20
FORTH Scientific retreat

CEA Neurospin

Investigational_Device_11_7T fit_...

GRE (100um)?- 1mm thick
TA: 1h18min57s
Matrix: 1900x1900x178

MR E12
HES
+LPH
>

SP P3.9
SL1.0
FoV 1927192




Baseline

ME-GRE (700um)?3 iso
TA: 5min (GRAPPA 2x2)
KT-points pulses for B1*
field homogeneity

Courtesy: M. Santin & N. Boulant (unpublished)
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2D T2*w axial, 7T scanner, 120 x 120 x 600 pm?3
Matrix size: 1690 x 1744, 21 slices, 2 averages

32-channel receiver coil, Motion correction,

Full sampling

How can we accelerate this?

J. Z et al., Eur. Radiol., 2010, 20(4):915-922
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m Sampling in MRI

Spectral frequency

K-space
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IDFT

The sampling frequency should
be at least twice the highest
frequency contained in the

T resolution = 1 #samples signal

Nyquist-Shannon theory

Long acquisition times Y o *
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MR Images are sparse in Wavelet Domain

_ { THIS SPECTRUM s Aogsy
: i : H
Ravialll \/ariable density G l
transform ) P
_ rangdom .sszV CA¥ You GIVE
. ME P HAND>
sam@iing %”J#’S;;’;‘”T

Under-sampling with guarantees of image recovery

If these two criteria are fulfilled : ApprOX|mat|on y
I. Variable-density sampling

- - " e : HERE RE oM
® * ® < ) \ . S:ES USFOR S Mf
. . b 3 . * \2{ ?) A j
.
. g . ° [} i \
[ [ ] s . "._I
[ | . . L] ™ . . | i\ :I o -
| o . . . P _ 1 N ‘JM)"W} \N\W);W,WMWWWV\; .\
] ° w e 2 _
N SI6NAL FRom NOISE ASY To semenre
) d * . hd hd

Detail - SPARSE

==

Il. Locally uniform coverage yer, sust THAT WS easy
A THRESHOLD ;
l IS sy 7
LETS 6ET OUT OF o0

Candes et al. 2006. Communications on Pure and Applied Mathematics ; Lustig et al. 2007. MRM;

Puy et al, IEEE SPL 2011; Chauffert et al, SIAM IS 2014; Boyer et al. 2016. SIAM IS; Can be recovered by sparsity constraints
Adcock et al. Breaking the coherence barrier: A new theory for compressed sensing. Forum of Mathematics, Sigma 2017. Vol. 5.
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SPARKLING: Spreading Projection Algorithm for rapid K-space sampLING

- Lazarus et al, SPARKLING: variable-density k-space filling curves for accelerated T, *-weighted MRI. Magnetic
Resonance in Medicine, 2019

- Chaithya G R et al, Optimizing full 3D SPARKLING trajectories for high-resolution Magnetic Resonance Imaging.
IEEE Transactions on Medical Imaging 2022

- Daval-Frérot et al, Iterative staticA BO field map estimation for off-resonance correction in non-Cartesian
susceptibility weighted imaging, Magnetic Resonance in Medicine 2022

Commissariat a I'énergie atomique et aux énergies alternatives - www.cea.fr




m SPARKLING

MRI Image K-Space Non-Cartesian sampling Variable Density
' Radial . Sample
N\ /7 Sampling Locations
‘——k__ Sampling
. : 7T
Trajectory Sampling
Scanner Initialization Density
Peak Scanner constraints
S — >
KHardware Constraints/
> . . a r
K = arg ming o, Fn(K) = [Fy(K) — Fy(K)]
1 & R
a . r _
FyK) = 3 [ He - Kir@)de  Fy(K) = 51 > HK[p] ~Km))
_1 49 _
n=1 n,m=1
Attraction term: follow the target Repulsion term: locally uniform density
Samp“ng den3|ty Boyer et al, SIAM IS 2016; Chauffert et al, Construct Approx 2017
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m SPARKLING, cont’d

MRI Image Non-Cartesian sampllng

Variable Density
Radlal

Sampling

Sample
Locations

Targ et

Trajectory Sampling
Scanner Initialization Density Gradient descent step

Peak

Gradi i A B it 1 B
sce Scanner constraints (R i

e e NS G e
|0 T I s 5
BTl
! AN e M Y aetl
| Y "._,‘_u A
e Seva ¥ .,

Rise time

kHardware constraints/

d__

o «:-’E‘Es":g:.u
[f'q Lok Ve g

SPARKLING S AR )/
: Trajectories = ) C
:!- 3 - ) ‘: . ' ; NS » -
GPU implementations 10-15min - . IO 2 /

Use of Fast Multipole methods <
Efficient data transfer across CPU/GPU Lazarus et al, MRM 2019; Chaithya et al, IEEE TMI 2022
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Applications of SPARKLING

C. Lazarus gan Chaighya‘G . 3D 3D + Time

3D-SPARKLING - Effect of interest at p<0.001

Cartesian p4
Scan Time: 15min 13s

Baptista et al, ISMRM 2022
SPARKLING

= o
« =
.. =
L @
O SPARKLING £
* Scan Time: 3min =
N € a
= = b
3 S
n
R. Baptista

"BD-SPARKLING ||
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E Spatial inhomogeneities of B, & Off-resonance effects

Cartesian example

Line by line
Cartesian trajectory

o

o

~ S

. (B "’ 0

— . .

S ’ "
A

o 0 .

|

—~0O

N

z

field maps

3D SPARKLING

Meneses et al. Static field shimming in the human brain for ultra-high field MRI : conceptual limits and development of a novel hardware prototype.
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NIST 3T Cylindrical Stack-of-Sparklings
0.6mm iso, FOV 230mm, AF=10, 0S=2

(1) Corrected magnitudes &1(2) Differences to the original
( |

Fourier model

S(t) - f f(r) e—iZn’(k(t)-r) dr

s(t) is the acquired signal at time ¢
f(7r) is the image at positionr

Y
i

(1) e _
Bi.. ' :
/7 O TP : : ol. -0 ® r 8

AB, field map . 3 —

Extended Fourier model .

NOE f f( e 2m(k(D)T) gy : (2)

*  w(r) is the resonance frequency offset DR
caused by B, inhomogeneities at position r
and time ¢ T
Original L= L= =9
w(r) = 2mA By
g — e

Source: [1] Man, L C, John M. Pauly and A. Macovski (1997). In Magnetic Resonance in Medicine. Number of mterpolators
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eZ2zB Correction of BO inhomogeneities: External vs Internal

Field map parameters Field map parameters
NeuroSpin data . NeuroSpin data
Acquisition time: 2min43s . Acquisition time: 2min30s
Acceleration factor: 4 = et . Acceleration factor: 20
Resolution: 2x2x2mm . i : . Resolution: 0.6x0.6x0.6mm

FOV: 240x240x124mm o b . FOV: 240x240x124mm

:4.92ms & 7.38ms . e < . :20ms

64-channel head/neck coil array 'y v AT i . 64-channel head/neck coil array
Sampling: 2D GRE iPAT 4 S 5% | 2 . Sampling: Full 3D SPARKLING (C20D3)

AF=10

AF=20

No correction

Corrected Corrected
with acquired maps with self-estimated maps

[Daval-Frérot et al, MRM 2022]
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Field map parameters

Acquisition time: 2min43s
Resolution: 2x2x2mm

FOV: 240x240x124mm
Tg:4.92ms & 7.38ms
64-channel head/neck coil array

AF=10

AF=20

Corrected
i with acquired ABy maps

Philippe Ciuciu FORTH Scientific retreat

Corrected
with self-estimated AB, maps



ezl Off-resonance artifacts and signal decay

'\ AW 7P Fourier model

S(t) — ff(r) e—iZn(k(t)-r)dr

, » s(t) isthe acquired signal attime ¢
—~ * f(r)istheimage at positionr

Chaithya G R G Daval-Frérot

] N Extended Fourier model
S(t) — f f(r)e—(fr(r)+iw(r))te—iZn(k(t)-r) dr
- 12
o * a(r) is the signal decay at position r
ot * w(r) isthe off-resonance frequency at position r
-A_)

Time
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Minimizing Off-resonance Effects (MORE) SPARKLING
/ Gradientdescentstt.e.?‘.h.” \

End of
trajectory

. \": .#'n'l-ﬁk‘ b

wiiy ‘:“."'4!' Pt 0

e o -13' .ﬁ._': *"'5'5
oF

\‘J “ l,fm" Jh w\‘?'r

Attraction term

SPARKLING
=2
&
|
2| -
[

Repulsion term

(K)= x5 > H(K[] - Km))e "

n,ml=1

=

Start of
trajectory

Chaithya GR, et al, ISMRM 2022 (EU Patent App. 22305592.2. 2022)
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MORE SPARKLING: In vivo Results

(A) Reference (B) AB, field map
R Acquisition parameters
. 3T Prisma
Q . Healthy volunteer
- «  Acquisition time: 2min30s
/7 My . Acceleration factor: 20
Ll © . Resolution: 0.6x0.6x0.6mm
- - . FOV: 240x240x124mm
: o
7 N l «  &:20ms & 37ms
' . 64-channel head/neck coil array
e . Trajectory: Full-3D Stack-of-SPARKLING
. - & ~®
: = = Reconstruction parameters
. Pre-computed density compensation |
(C) SPARKLING (D) MORE-SPARKLING : TWO . Iterative calibrationless reconstruction
SSIM: 0.872 | PSNR: 31.36 dB SSIM: 0.900 | PSNR: 34.26 dB . Soft thresholding regularization

Chaithya GR, et al, ISMRM 2022 (EU Patent App. 22305592.2. 2022)

Commissariat a I’énergie atomique et aux énergies alternatives Philippe Ciuciu FORTH Scientific retreat



m Interim Summary

« 3D SPARKLING
« 3D SPARKLING achieves isotropic high resolution in short scan time (2'30"@600um iso)
« Worksat 3T and 7T
« Discrepancy between retrospective and prospective results due to off-resonance effects
« Internal estimation of static BO inhomogeneities
« Off-resonance effects correction during image reconstruction too computational demanding
« MORE SPARKLING (temporal weighting) to counteract off-resonance effects
« Application to both anatomical, metabolic and functional imaging (BOLD fMRI)

« Perspectives
. Embedded motion estimation and correction
« Quantitative susceptibility mapping
« Diffusion-weighted MRI
« Neurodegenerative diseases (Parkinson’s syndromes)
« Neonatal imaging
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Unrolled neural networks for non-Cartesian MR image reconstruction

- Muckley et al, Results of the 2020 fastMRI challenge for machine learning mr image reconstruction,
IEEE Transactions on Medical Imaging, 2021

- Ramzi et al, NC-PDNet: a Density-Compensated Unrolled Network for 2D and 3D non-Cartesian MRI
Reconstruction, IEEE Transactions on Medical Imaging 2022

Commissariat a I'énergie atomique et aux énergies alternatives - www.cea.fr




2 Part: MR Image Reconstruction

How to efficiently sample k-space data under Hardware constraints?

— >SPARKLING

Target Sampling
Distribution

Lazarus et al, MRM 2019 . o
0..OQ.Q.0.00..0O..00..O0..O0..O0.00Q.Q.0000..0O..00..O.-Ok'o.."'\\;:‘:.j‘Q..O
Nonlinear How to efficiently reconstruct from under-sampled data?
Reconstruction

CS
Reconstruction

pysap-mri

Farrens et al, Astro & Comput 2020
: ‘ . El Gueddari et al, ISMRM WS 2020
Cartesian Self L1- OSCAR El Gueddari et al, J Imaging 2021

Reference Calibrating ESPIRIT  Calibrationless

H HI

s 5t

! Gridded
-1 Deep Nets i) Reconstruction
t ¥
Fel-n o
S NEPH—— A Muckley, et al, IEEE TMI 2021
Ramzi et al, IEEE TMI 2022
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> Key intuitive idea: Alternate the corrections between

image domain and k-space

Deep Neural
Network

Network

) 4 _.[ Deep Neural

> Tool: unrolling optimization algorithms

Cross-Domain Learning in a Nutshell

Q,y
Date .
am Any k-space correction network —
\ Consistency
\‘ -
. -
. -
X -
. -
\\ - -
\ -
\ -
k-space k-space
SR i
i net (1) F net (2) N
image 7 image "
net (1) net (N¢) 2

L H
Xn+1 = Xn — Th E FqoS/ g FaoS/x, —yy
r—1 r—1 |

Xni1 = Prox, n (Xn:1)

Adler and Otkem, IEEE TMI 2018
Ramazi et al, App. Sci 2020, ISMRM 2020
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Any image correction network

Typically a fully convolutionnal network, |—

potentially residual




g The 2020 FastMRI Challenge

« Objectives:
> Run an international challenge to benchmark the deep learning solutions for MR brain image reconstruction
> Acquisition setup that fits the clinical realm (multi-coil acquisition, multiple imaging contrasts)

> Larger training set with a total of 6,970 brain scans (approx. 1.5 TB of raw k-space data, 3001 scans at 1.5T)
FLAIR Tiw

Table 1: Summary of Siemens data for 4X/8X tracks.

Split Tl TIPOST T2 FLAIR Total
Siemens/Main Tracks

= train 498 049 2.678 344 4.469
E val 169 287 815 107 1.378
= test (4X) 33 54 170 24 281
I test (8X) 32 68 152 25 277
8 challenge (4X) 26 67 192 18 303
O challenge (8X) 24 65 159 14 262

Transfer Track (4X, all challenge)
GE 22 29 83 77 211
Philips I8 0 50 50 118

Commissariat a I’énergie atomique et aux énergies alternatives Philippe Ciuciu FORTH Scientific retreat



m Quantitative Challenge Results

Table 2: Summary of SSIM scores by contrast. Table 3: Summary of quality ranks and Likert scores (lower is better).
Team AVG Tl TIPOST T2  FLAIR Team Rank  Artifacts Sharpness CNR
4X Track 4X Track
AIRS Medical 0.964 0.967 0.969 0,965 0.930 AIRS Medical 1.36 1.53 1.53 1.53
ATB 0.960 0.964 0.965 0.961  0.924 Nspin 1.94 1.81 1.72 1.75
Nspin 0.959 0.963 0.965 0.960  0.920 ATB 2.22 1.75 1.97 1.86
8X Track 8X Track
AIRS Medical 0.952 0.953 0.969 0.951 0918 AIRS Medical 1.28 1.67 1.89 1.94
ATB 0.944 0.943 0.954 0.943  0.9035 Nspin 2.25 1.86 2.72 2.28
Nspin 0.942  0.940 0.953 0.942  0.898 ATB 2.28 1.92 2.56 2.42
4X and 8X Track SSIM Scores Ouality Ranks, Case-Wise ‘ )
19 =x x XX x XX Determined Case-Wise:
" = xxx x  Highest SSIM
0-95 t\":-_'-——-::’ﬂﬁ 2 X x x * x o  Middle SSIM
0.93 - Y S . °  m  Lowest SSIM
. \\ z x mo
g 0-99 \\ ét 9 x [ ] o
A 0.88 \\. = o mol m " o
S~ = oo E oE oo =m
0.85 ~e g [ ] o =
—e— 4X SSIM b i . o o
0837 __e=== 8x SSIM |
0.80 — T T T T » | 0 I R , . ? ? ,
1 2 3 4 5 6 7 4X Main 8X Main | 4X Transfer
Team SSIM Rank Reviewed Individual Cases
Muckley, et al, IEEE TMI 2021 https://nips.cc/Conferences/2020/ScheduleMultitrack?event=16140 (fastMRI keynote)
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Transfer at 7T on high resolution image (AF=2)

Ground truth, T2, GRAPPA, 7T Ramzi et al, ISMRM 2021 XPDNet recon, trained on R=4, lower res, no cerebellum
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NC-PDNet Results

Model Radial Spiral # Parameters Y o ]
Adjoint + DCp 2591 /70.6486 | 31.36 /07197 0 o Q
DIP 2921 /0.5834 | 29.19 /0.5832 0 g5 | ]
U-net on Adjoint + DCp | 38.78 /09106 | 40.02 /09215 481k N o
NC-PDNet 40.00 / 0.9191 | 40.68 / 0.9255 163k sl 8 ]
- |
~PSNR. ~ SSIM_ ] Sy
Radial Spiral Radial Spiral
50 FE JF = 1.0 o ? f — f Bl Adjoint + DCp  EEU-Net [l NCPDNet
Y + # : * H 08 _* e °] ° 9] Reference Adj. + DCp U-net NCPDNet
A : ] ] I ] |
o i o o] o 9] . ] ]
30 —; . . 0.6 - * 1t 1
: ] 104F 4HF .
20 " g [ 1L )
50 o olf o o] 1.OF 5
o 1if [ [
5 40 F * Fo 0.8 | .
e ° [ ] I ]
o 1F 1 06F o o o o]
A 30 F o o o] 067 o o] o o]
- - F - ] - L . -
f o olf o o] [ ] ]
[ 1 1 0.4 1+ -
20 | mln ] i 1L i

Bl Adjoint + DCp  EEU-Net
EEDIP BEE NCPDNet

Ramzi et al, IEEE TMI 2022
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Deep-learning — stacked ABO PD-net architecture

Input | pata consistency N ;— ————— ————
[ s(t,,) = Zfne—iwntme—iZH(R(tm)-rn) Jeintm ~ Z bm,lcl,n\
u R S

I ~ > }

L N
I 1

* s(t) is the acquired signal at time ¢

f(r) is the image at position r

*  w(r) is the off-resonance frequency in rads
* L << Lmax

Forward
Adjoint

Adjoint
Pseudo-NUFFT

Pseudo-NUFFT
Pseudo-NUFFT

oo I
Network Network
I Daval-Frérot et al, in prep. 2022
h I I I I I I I I I L I I L I I I
N; times
Commissariat a I’énergie atomique et aux énergies alternatives Philippe Ciuciu FORTH Scientific retreat




Deep-learning — stacked ABO PD-net architecture

Input | pata consistency N ;— ————— ————
[ s(t,,) = Zfne—iwntme—iZH(R(tm)-rn) Jeintm ~ Z bm,lcl,n\
u R S

[ S N ]

L N
I 1

* s(t) is the acquired signal at time ¢

f(r) is the image at position r

*  w(r) is the off-resonance frequency in rads
* L << Lmax

Forward
Adjoint

Adjoint
Pseudo-NUFFT

Pseudo-NUFFT
Pseudo-NUFFT

L
C
‘ | How to accelerate ?
coe | - Reduce NUFFT calls Ng

Network Network
l I *  Reduce iterations N;
l | *  Reduce channels N,
| *  Reduce interpolators L
h ] ] | ] ] | ] ] I | ] I | ] I
N; times
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cea peep-les 0 — RE

Reference (no correction) Network Network Network Reference (correction)
N; =20, N, = 20 N; =5.N,=5.L=1 N:=5N,=5,L=3 N;=5N,=5,L=5 N; =20,N.=20,L =20

NF= 45 NF= 225 ; NF= 15600

RMSE: 0.033 RMSE: 0.025 RMSE: 0.022
PSNR: 30.02 PSNR: 32.21 PSNR: 33.37
TEST SCORES SSIM: 0.911 SSIM: 0.944 SSIM: 0.951




Reference (no correction) Wavelets Network (no correction) Network Reference (correction)
N; =20,N. = 20 N; =5.N,=5,L=5 N.=5:N, =5 N; =5, N, =5,L=5 N;= 20, N.= 20, L= 20

NF= 45 NF: 225

Np= 15600

i
§

W
. 3

RMSE: 0.027 RMSE: 0.028 RMSE: 0.022

PSNR: 31.78 PSNR: 31.26 PSNR: 33.37

TEST SCORES SILKEY) SSIM: 0.926 SSIM: 0.951
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m Summary

Deep learning is mature for MR image reconstruction in the supervised setting
. Improved image quality at lower computational cost during test phase
« Robustness to various imaging contrasts, SNR, field strengths
« Different network architectures learned for the AF4 and the AF8 tracks

Our XPDNet solution
« Ranked in 2" position in the 2020 Brain fastMRI challenge, 15t in academia
. Benefits from the physics-based knowledge & the advances of DL (e.g. MWCNN)
« Works for non-Cartesian sampling, in 3D and has been extended to correct for off-resonance
artifacts

Outlook
« Towards self-supervision in NC-PDNet
« 4D NC-PDNet for fMRI (model parallelism)
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m Conclusions & Perspectives

« Shorter acquisition
« 3D SPARKLING available for T2* imaging at 3T & 7T scanners
« SPARKLING for fMRI is promising
« Preliminary validation in Sodium MR UTE MRI at 7Tesla (32-fold acceleration)
« Next: SPARKLING for T1-w, T2-w and diffusion-weighted MRI (structural connectivity)

. Faster image reconstruction
« NC-PDNet for 3D SWI: scalability to multi-coil imaging
 Integrate ABO inhomogeneity correction within the image reconstruction network

« Ongoing works:
« Hybrid approach for the joint learning of the non-Cartesian sampling trajectories and image
reconstruction networks
« SPARKLING for Quantitative Susceptibility Mapping (QSM):
« Deep brain stimulation for Parkinson’s disease (Henri Mondor Hospital, Creteil)
. Neonatal brain imaging in premature infants (Robert Debré hospital, Paris)
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cea XPDNet vs GRAPPA Reconstruction on Validation fastMRI data

T2 contrast — 8X Track
GRAPPA recon

Ground truth XPDNet recon (PSNR=36.8dB/SSIM=0.96) (PSNR=26.1dB/SSIM=0.77)

b\

‘)
et
*f&:‘s
V)
an

{3
=
.!

> Y ‘
éﬁ/ '“”f;

n
X

| L35
&0 &

Recon time: 0.25 s/slice Recon time: 1. s/slice [TensorFlow]

1.7 s/slice [numpy]

[Ramzi et al, ISMRM 2021]
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Compressed Sensing MR Image Reconstruction
L
~ . 1 ~
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Optimization algorithms

'==""' M “= R —
I 1, 2.1y -

P 5 ? """:.AP Farrens et al, Astrophysics & Computing, 2020.

Python Sparse data Analysis Package

https://github.com/CEA-COSMIC/pysap
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