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fMRI: Physu:s & Challenges
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®  Best Image Quality (SNR) does not imply best statistical

analysis

B(l)'94 (AX)3

SNR
gvR

B  Two Main Source of Noise

®  Thermal noise (Complex Gaussian)

tSNR

Thermal noise
, regime

) Physiological
= barrier

SNR

m  Physiological Noise (Breathing, heart beat, motion ...)

®  Physiological Noise can be dealt with using GLM regressors

and external acquisition

At high resolution (= low Spatial SNR),
Noise in fMRI data is mostly thermal
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From global to local low rank

B et the sequence of fMRI Images: - Use a Local formalism

Y = X + N ¢ CNWN2xNe NG o A0, 22)
J Yiu) = Xpu) + N (0, 7))
B Denoising using a low-rank a priori

® fMRI Image share a lot of common information

1. Patch Extraction |

A 1 : \
. 2 time
X = argmin =Y — X2 + \|X]. nmmmp
X 2 = it
A e Y, =USVT
B N,NyN; ~ 10° N; : DoF limited for the rank constraint : EQE [EERSE (2 Threshording
. . . = Casorati Matrix
® Noise Level is spatially heterogeneous v
X =US*VT

fMRI Images
3. Recombination
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Singular Value Thresholding

®  Solution of %1 #Lu - \

’ 1 > EEEee e

X = argmin = | Y — X2 + A X[l G e
= Given by the singular value hard/soft thresholding T S =oas

N N
Y = USVT — WV T ] T
- - SiuiVvij X = n(si)uivi

" Main Challenges Highlight two methods

m Choice of the threshold (noise level dependent) - 2 NORDIC
B Estimation of Noise Variance

®m Optimal Threshold

m Efficient Computation (lots of patches)

m  Complexity: O(N_patches x SVD)

m  Solution: Use a Mask to reduced the number of relevant
patches
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NORDIC : an empirical approach

g-factor: Estimated noise i
5 inanycanamy 188 Y =USVT
ﬁ Casorati Matrix +
Y: U'S‘VT X[u]:US*VT
fMRI Images _
g-factor Patch Singular Patch l/g-fact_or _
normalization ’ extraction . thresholding . averaging ’ normalization

[l

Fig. 7 of [Viozili et al. 2021] .
NORDIC Workflow Threshold: largest singular value

(Annotations added). of a simulated noise-only patch
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Optimal Threshold : AMathematical approach

4 g |1 T
Mathematical Formulation Classical Solution: FERTEE A RHR
§9E2 ISR zoeanass 15K ) =
Y :!4— Z/VvN Truncated SVD Rusm et
Dat " [T ] .
;2 CMxN '(';(']ussiqn Y p— USVT — E SiuiViT T X =USVT
B = M/N Matrix =1
. N
Find the best low rank matrix: Solution: X — E :W(Si)uiV'T _
) 510 LR approx. | O/ it
argmin || X — X|[5 i=1 :
X 7
Thresholding Functions =,
Optimal 6 Hard 77(5) — S]-S>H ;
Gavish et al. 2014
[ : Soft 7(s) = max(0,s — 0) %
. 1 > . 2 Fig 2 of [Gavish and Donoho, 2014]
Optimal * (S) — !¢ s \/(5 B 1) 46 s> 1+ \/B Hard, Soft and Optimal
[Gavish et al. 2017] Ui Thresholding f .
0 s<1+ \/B resholding function
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Materials and Methods

®  Retinotopy Task
B Immiso TR=2.4s
m 3D-EPI Sequence
®m 6 Volunteers

m External noise map available

®  F-test on global effect

5 Methods Benchmark

Name

4 Processing Scenarios

(" Noisy fMRI Volumes )

wwo [ foven ) ) coe
@eolignmenD @ealignmenD Magnitude Complex
I I Image

Image

Magnitude | [ Complex Denoising Denoising
Image Image . . —
Denoising Denoising @eallgnmenD @ecllgnmena

Gield Inhomogeneities Corrections)

( Statistical Testing (F-test) )

Threshold Function Reference

NORDIC
MP-PCA
HYBRID-PCA

maX(O, A — leoba;)
max(O, A — O[U])
maX(O, A — g[u])

[vizioli et al. 2021]
[veraart et al. 2016]

[Henriques et al. 2022]

OPTIMAL THRESH N

_ _ HYBRID-OT
Pierre-Antoine Comby

2
B—l) — 481
m021+\/ﬁ

[Gavish et al. 2017]

8= Ny
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Volunteer #1

m Volunteer #2

NORDIC

Average gain of

MP-PCA activation detection (N=6)

Hybrid-PCA oT Hybrid-OT

@]

z Denoiser NORDIC MP-PCA Hybrid-PCA OT Hybrid-OT

RMD DT Jlor iass aam it

ReCD U D iael Lded a0l

e A R
CD+R x2.57 x5.53 x4.97 x791 x5.45

x2.59 x4.39 x4.27 x0.26  x5.00

Z-score

R (Baséline)

NORDIC MP-PCA Hybrid-PCA

® Inter volunteer variability
®m Motion, response to stimul, ...
® R+CD with OT provides best results
® Gains even for magnitude-only image

Z-score ISBI 2023




Conclusion & Future work

®  High Resolution fMRI benefits from de-noising: 8x increase in voxel activations
®m  Complex-valued data is not mandatory to get improved results.

®  Local low-rank methods are now easily accessible for fMRI and other contrasts

®m  Early results for CEST Imaging at Neurospin

®  Future Work
®  Add other methods to the package (NLM, SURE thresholding)
®m  Faster Computation with GPU processing

m  Application to other Paradigms and Constrast
®  First results in CEST imaging

m  Resting State data
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Thankyou!

Any Questions?

ax ISBI Paper
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https://hal.science/hal-03895194

https://github.com/paquiteau/patch-denoising

$ pip install patch-denoise

$ patch-denoise input.nii denoised.nii
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A Booston Z-Score
Denoising method /scenario
— MP-PCA — T p < 0.001
=== Hybrid-PCA - ' Hybrid-OT == Realign+Denoise
— NORDIC None = == Denoise+Realign
| i - isi ; "
Compare to baseline (.no de-noising), all . Mepnitude auly IVIRT fmsges
shift the z-score .
. . . =
distribution v/(Z) 2
=1))
=
—5 -
®m Complex Image de-noising perform best :
- 1 1 T I I I

correction

m Motion Correction is a trade-off between
reinterpolation of the data (changing
noise statistics) and lower rank signals

log, (V)
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Z-Score Maps

NORDIC MP-PCA Hybrid-PCA oT Hybrid-OT

R+MD

® Remove variability in White Matter

B Best method for this is OT

R+CD

® Preserve Contrast in Gray Matter

B QOverall boost of z-scores

MD+R

CD+R

0
Z-score
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Marchenko-Pastur Law

® Hypothesis ® Results N — oo .
. L T . . . .
Xy € CONXN N (O, 02) B The eigenvalues of Y, = NXX follows the distribution:

V(Br —A) (A= B-)

p<)\‘0-7 5) — 27_‘_5)\0_2 1>\€[B—)B—I-]
m S 6 — 2(1 + \/5)2
—=—= MP-law upport :l: T 0-
1.0 1 emp?r'!cal ({N=100)
i\ empirical (N-1600) m Expectation  E[)\] = o?
084 1 %
0.6 E N — B=0.1
i1, o
0.4 E \‘u | 1.0 A _ ﬁ:;z
‘ ﬁ""‘-—
0.2 E e 0.8
' TS =
; £ Q0.6
0.0 L , . " ! | .
0.0 0.5 1.0 15 2.0 2.5 3.0
singular values, g =0.5 0.4 1
N %\\
0.0
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Recombination Strategies

1) Average of Patches fissaneenld e
s aeE
2) Weighted Average of patches  [Majon et al. 2013] i
P fMRI Images Xy =USVT
X ZJ'=1 WJX[uJ-] o 1
S ]

B [ower rank patches are promoted

3) Select Center value of patches

B Requires a maximum overlap
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