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Previous EPFL talk 2022-04-21
https://www.youtube.com/watch?v=sLFOf5EvVAs
Guanhua Wang et al., IEEE TMI, 2022; arXiv 2101.11369. [1, 2]
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Naveen Murthy et al., ISMRM 2022 #2068 [3]
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Qualitative vs. Quantitative MRI Exchange

Qualitative or
contrast-weighted images

T1-weighted T2-weighted Flair
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Quantitative parameter
maps
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500

T1 map (in ms) T2 map (in ms)

Image credit: https://case.edu/med/neurology/NR/MRI%20Basics.htm and Y. Jiang et al.,
MRM, 2015. [4]

Note: Ti and T» are tissue properties that characterize the nuclear spins’ return to equilibrium
(after excitation).
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Dendrite

Axon Terminal

MNode of

Ranwvier
Cell body

Schwann cell

Myelin sheath
Mucleus

P Insulating sheath surrounding axons in our nervous system

» Enables rapid communication of electric signals along nerves

Image credit: User:Dhp1080 CC BY-SA 3.0 via Wikimedia Commons
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Demyelination Exchange ey

Loss of myelin (demyelination) is a feature of:

» Multiple sclerosis!

» Alzheimer’s disease and dementia?
» Parkinson’s disease3
>

and more . ..

1R. Hoftberger and H. Lassmann, Handbook of Clinical Neurology, 2018.
2M. Bouhrara et al., Alzheimer's & Dementia, 2018.

3D. C. Dean et al., PLoS One, 2016. [5]
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Loss of myelin (demyelination) is a feature of:

» Multiple sclerosis!

» Alzheimer’s disease and dementia?
» Parkinson’s disease3
» and more ...

How do we track loss of myelin?

1R. Hoftberger and H. Lassmann, Handbook of Clinical Neurology, 2018.
2M. Bouhrara et al., Alzheimer's & Dementia, 2018.
3D. C. Dean et al., PLoS One, 2016. [5]
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Myelin water imaging (MWI) Exchange

> Mpyelin water : water trapped within myelin sheath;
» Non-myelin water : all other water
» Myelin water fraction (MWF) - fraction of total MR signal arising from myelin water

» MWEF shown to correlate with true myelin content?
Image credit: G. F. Piredda et al., MRM, 2021. [6]
“C. Laule and G. R. W. Moore, Brain Pathology, 2018.
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Myelin water exchange Exchange M

» Standard myelin water imaging ignores exchange between myelin water and
non-myelin water called myelin water exchange.

» Water exchange may be a useful clinical biomarker®-.
Perhaps also in myelin?

» Conventional MWF methods underestimate true myelin content in the presence of
exchange’ 8.

Goal

How do we characterize/measure these exchange dynamics in myelin water imaging?

SW. Huang et al., PNAS, 2008. [7]

®S. Kim et al., JMRI, 2007. [8]

“A. N. Dula et al., MRM, 2010. [9]
8K. D. Harkins et al., MRM, 2012. [10]
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Related work: Exchange mapping

Mean Residence Time Exchange Rate log10(s?)

mcDESPOT MRF-X

> Previous approaches: mcDESPOT?, MRF-X10, REXSY!!

» No established baseline methods/ground truth
> i ange in vivo

°S. C. L. Deoni et al., MRM, 2008. [11]

19J. 1. Hamilton et al., Proc. ISMRM, 2016. [12]

R D. Dortch et al., MRM, 2013. [13]
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Single vs. multi-compartment tissue model Exchange [

Single-compartment tissue model:
> Assumes that MR signal in a voxel arises from a single type of tissue

» Assumes that all spins in a voxel share MR characteristics (T, T etc.)

Multi-compartment tissue model:
> Assumes that MR signal in a voxel arises from various tissue pools/compartments
> Suitable for modeling complex microstructure in living tissues

> We model myelinated tissue using two pools:
(myelin water and non-myelin water)
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Two-pool model for myelinated tissue

. Non-myelin
Myelin water water
Tyg, Ty fi » Ay Ty, Ty 0 f
T
MO fhs
Tshr
) Two pool exchanging model
Myelinated tissue
fo T
—s .
Assume: fi+f =1, — = (well mixed).
s Ts—f

Image credit: Laule & Moore, Brain Pathology, 2018. [14]
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Two pool exchanging model Exchange

Compartments:
» Fast-relaxing myelin water (f)

» Slow-relaxing non-myelin water (s); includes intra + extra cellular water

125 \Wharton and R. Bowtell, PNAS, 2012. [15]
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Two pool exchanging model Exchange M

Compartments:
» Fast-relaxing myelin water (f)

» Slow-relaxing non-myelin water (s); includes intra + extra cellular water

Parameters:

Equilibrium magnetization My

Myelin water fraction f

Relaxation time constants Tif, Tis, Tof, Tos
Frequency shift specific to myelin water Aws!?
Mean residence time of myelin water 7¢_¢

Bulk off-resonance Aw

vVVvvyVvYvyyvyy

Flip angle inhomogeneity s
125 \Wharton and R. Bowtell, PNAS, 2012. [15]
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Mean residence time of myelin water (75_,s) Exchange

» Mean residence time is the inverse of exchange rate
(e.g., 7t_s = 150ms corresponds to an exchange rate of ~ 6.7s71) .

» High value of 7¢_,;, = slower exchange from myelin water to non-myelin water.

Goal:

Design a set of MR acquisitions to estimate exchange (71_s) with good precision.
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bSSFP imaging
Scan design
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Balanced Steady-State Free Precession (bSSFP) Biimnm

» Rapid train of RF-pulses with balanced gradients in each Ty
> « - Flip angle, ¢ - RF phase cycling increment factor
» Possibly useful for quantifying exchange? (cf. mcDESPOT)

bSSFP sequence image from Dr. Brian Hargreaves.
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bSSFP signal profiles for two-pool model
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Effect of varying flip angle o (My =1, Aws =5 Hz, Tg =10 ms, ¢ = 7):
o =10° o = 30° o = 50°
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Effect of varying RF phase cycling factor ¢. (o = 30°):
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Methods Bl

Scan design:
> Cramér-Rao bound based optimization for estimating exchange

» Optimize flip angles a and RF phase cycling factors ¢ of a set of bSSFP acquisitions

Estimation:
> Parameter Estimation via Regression with Kernels (PERK)!3
» Lifts measurements to a higher-dimensional space followed by ridge regression

» Dictionary-free approach suitable for large latent parameter dimensions

BNataraj et al., [EEE TMI, 2018. [16]
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Scan design: Signal model Exchange M

Goal
Design a set of D fully sampled bSSFP acquisitions to estimate exchange with good
precision.

Signal model:

Ya = s(x,v,pq) + €q, d=1,2,...D.

» x € RL: Unknown tissue parameters (Mo, f¢, Tif, Tis, Tof, Tos, Aws, Ti—ss)
» v € R : Known parameters (Aw, k)

» py : Scan parameters (o, ¢, Tr, T)d

> Example: L =8, K =2, D = 40 scans
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Scan design: Cramér-Rao Bound (CRB) e

Cramér-Rao bound
Var{%(y)} = [F ' (x,v, P)(i

» Covariance of any unbiased estimator X(y) is bounded below by the CRB.
» P = (p1,p2,...,pp) collects all scan parameters.

Fisher information matrix:

(0 P) = 5 (T s(.0.P) (Vs s, P)

L x D (8 x 40) D x L (40 x 8)
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Scan design via CRB-based optimization J. Fessler |7,

Exchange e

Optimization problem:

P = argen;in Exv {trace{ WF(x,v, P)H

> W is a diagonal weighting matrix that emphasizes parameter(s) of interest
(e.g., myelin water exchange 7¢_,s).

> &y denotes expectation w.r.t x and v over a tissue distribution
(e.g., white matter).

> P contains optimized acquisition parameters for the D bSSFP acquisitions.
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Estimation using PERK!* el M
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» Fast and dictionary-free kernel-based nonlinear estimator
(“shallow” machine learning)

> At testing time, collect acquired data and known parameters per-voxel
g:=[ly|”, v7]T € RPHK (eg., D =40, K = 2).

» PERK estimates:

%(q) = X(/bl’v 4 M(MKM+pNIN)1k(q))

Notation: X- training data, K- kernel matrix, k(-) - kernel function, M- de-meaning operator, N -
number of training points, p - PERK parameter, |y| - acquired magnitude data, v - known parameters
1G. Nataraj et al., IEEE TMI, 2018.
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Experiments Exchange

Setup:

» Opt. variables: « and ¢ values of 40 bSSFP scans; opt. time of ~ 20hrs
Flip angles a allowed to vary between 10° and 40°

Tr/ Tg kept fixed to 20ms / 4ms

Noise std. dev. of 3.867e-4 (~ 50dB image SNR)

Scan design performed for tissue distributions centered around white matter;
PERK is trained using a wider range.

>
>
>
>
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Experiments Exchange

Setup:

» Opt. variables: « and ¢ values of 40 bSSFP scans; opt. time of ~ 20hrs
Flip angles a allowed to vary between 10° and 40°

Tr/ Tg kept fixed to 20ms / 4ms

Noise std. dev. of 3.867e-4 (~ 50dB image SNR)

Scan design performed for tissue distributions centered around white matter;
PERK is trained using a wider range.

>
>
>
>

Metric:

v/Cramér-Rao bound
mean value of parameter

Coefficient of variation =
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Tissue distributions Exchange

Parameter  Distributions for scan design PERK training ranges

Mo Unif(0.769, 0.771) Unif(0.75, 1.0)
fe Unif(0.149, 0.151) Unif (0.03, 0.31)
Ty (in ms) Unif(399, 401) Unif (300, 500)
T (in ms) Unif(831, 833) Unif(800, 1350)
T5¢ (in ms) Unif(19.9,20.1) Unif(16, 24)
Tss (in ms) Unif(79.9,80.1) Unif (64, 96)
Tty (in ms) Unif(50, 250) Unif (50, 250)
Auw (in Hz) Unif (0, 10) Unif(0, 10)
Aw (in Hz) Unif(—25, 25) Unif (—25, 25)
K Unif(0.8,1.2) Unif(0.8,1.2)

» Narrow tissue distributions centered around white matter!® for scan design

1S, T. Whitaker et al., MRM, 2020. [17]
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Optimized bSSFP scans: signal profiles

Flip angle RF phase-cycling factor
40 0000000000000000000 ° L]
150 . .
. o
N o
100 o [
L4 L]
N
30 50 R :
o
L]
3 0 N
.
o
2 -50 .
.
-100 °
o
.
-150 .
10 [occoco000000000000000 I ©
1 40 40
scan index scan index

» Curiously regular set of optimized ¢ factors across the 40 bSSFP scans

Note: We reordered the 40 acquisitions for visualization purposes.
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Optimized bSSFP scans: signal profiles Exchange |
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» Predicted coeff. of var. of ~ 13% for estimating exchange in white matter (WM).
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Varying off-resonance

Exchange
bSSFP signal magnitude, Af = -25 Hz
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Importance of optimizing ¢ factors Sl
Experiment Coeff. of variation
optimizing Tg, o and ¢ 0.13
optimizing o and ¢ 0.13
optimizing Ty and o 0.58
optimizing only « 561.8

» Optimizing the RF phase cycling factors ¢ yielded the biggest reduction in
coefficient of variation for estimating exchange in WM.

27 /47



Numerical simulations (BrainWeb!)

Ground truth exchange map 74— [ms]

165 T. Whitaker et al., MRM, 2020.
D. L. Collins et al., IEEE TMI, 1998. [18]

J. Fessler
Exchange

» Digital phantom used to simulate
optimized set of 40 bSSFP scans

» Assigned tissue parameters for WM
(from literature?®)

» Exchange varies anterior-to-posterior;
off-resonance from left-to-right

MICHIGAN
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Numerical simulations - Results Exchange

Off-resonance
(in Hz)

20
15
10
s

0
=
-10
15
20

» Estimated exchange map has an RMSE of ~ 12.5% in WM.

WM exchange maps (in ms) WM tissue

3 s
) |
< £\ T sH.4T 150

50 100 150 200 250

Ground truth Estimated map true exchange (in ms)

» Exchange estimates are unreliable in grey matter (GM); it has very low myelin
content.
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In vivo acquisitions

» 40 bSSFP scans;
separate Bloch-Siegert and SPGR scans to estimate By and B;+ maps

> FOV: 240 x 200 x 24 mm3: Matrix size: 192 x 168 x 8
> Total scan time: ~ 10 minutes (fully sampled)

» 32-channel data; magnitude data obtained using root-sum-of-squares method

Bp map (in Hz) By + map

0.8
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bSSFP magnitude images (slice 3)
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Estimated exchange map 7¢_. Bl
Tf-< (In Ms) Tf-s (In Ms)
- 250 250
200 200
150 150
100 100

50 50

Exchange map without (/eft) and with (right) CSF masking
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Tir (in ms) T1s (in ms) MWF {ff)
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Effect of off-resonance on exchange estimation

0.20 F Wl s b bt

0.18

—— myelin-specific freq shift = 0.0Hz
0.16 - —— myelin-specific freq shift = 5.0Hz

0.14

0.12 WWWWWMWW\MWMWVM

-75 -50 -25 0 25 50 75
bulk off-resonance (in Hz)

coefficient of variation

» Predicted coefficient of variation for estimating exchange in WM remains uniform
with off-resonance.
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Sensitivity to myelin-specific frequency shift Aws N
Effect of freq shift on exchange estimation
018 L —@- bulk off-resonance = Uniform(-25, 25)Hz
_O
=
©
= 0.15
©
>
ks
2 0.12Ff
g
S
g 0.09 -
0.06 -
0 5 10 15

myelin-specific freq shift (in Hz)

» Predicted coefficient of variation for estimating exchange in WM improves as Aws
increases.
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Effects of main field By drift (WIP)

J. Fessler

Exchange
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~ 1 Hz/min drift = ~ 6.5 Hz drift over 40 scans!®

8T, Benner, MRM, 2006. [19]

MICHIGAN
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Optimized bSSFP+PERK without drift

Ground truth
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Estimated exchange map (in ms)
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estimated exchange (in ms)
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Optimized bSSFP+PERK, but with (unknown) drift Exchange

Ground truth Estimated exchange map (in ms) E
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PERK trained with (known) drift Exchangs

Ground truth Estimated exchange map (in ms)

wll, 4
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estimated exchange (in ms)
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» Optimized bSSFP scans have the potential to quantify exchange in white matter.
» Using a range of phase-cycling increment factors seems crucial.

» Modeling drift (or accelerating scans) seems important.

4147
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Validation of exchange maps

» Validate the optimized bSSFP design in a urea-based phantom
using Relaxation Exchange Spectroscopy (REXSY)®.

» Examine through-voxel By gradient effects ( T5)

Transient data

» Acquire data during the transient period of each bSSFP acquisition;
transient + steady-state data could improve exchange estimates.

Maximum-likelihood estimator

» Compare PERK-based parameter estimates with ML estimates.

YR. D. Dortch et al., J. Chem. Phys., 2009. [20]
42/47



J. Fessler
Resources Exchange

Talk and code available online at
http://web.eecs.umich.edu/~fessler
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Back-up

Exchange
a=>5"° oa=10° a = 30° a = 50°
T 0.15 0.15 0.15 0.15
L 0.10 M 0.10 /V\/V\ 0.10 0.10
(0 0.05 0.05 0.05 0.05
Qo+ v ool ool 1 4 ggolk ; ;
—2-10 1 2 —2-10 1 2 —2-10 1 2 —2-10 1 2
cycles
o =5"° o =10° a = 30° o =50°
& n n n n
A o 0 0 0
Ke)
N N N N
—2-10 1 2 —2-10 1 2 —2-10 1 2 —2-10 1 2
cycles
T 015 0.15 0.15 0.15
G 010 0.10 0.10 0.10
(n 0.05 E 5{ }
2 500 0.05 0.05 0.05
—2-10 1 2 oo 1 1 | ggolt 11|
cycles —2-10 1 2 —2-10 1 2
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Back—up Exchange
oa=>5° o =10° a = 30° a = 50°
T 0.15 0.15 0.15 0.15
L 0.10 0.10 0.10 0.10
(0 0.05 0.05 0.05 0.05
2 .00 bt 0.00 0.00 b——t—1—+ 0o b . .
-2-10 1 2 —2-10 1 2 -2-10 1 2
cycles
o =5"° a = 30° o =50°
& n n n n
A o 0 0 0
Ke)
N - b N
—2-10 1 2 —2-10 1 2 —2-10 1 2
cycles
T 015 0.15 0.15 0.15
G 010 0.10 0.10 W 0.10 W
(n 0.05 E }{ }
2 500 0.05 0.05 0.05
—2-10 1 2 oo b— 1 1 | ggolt 11 4
—2-10 1 2 —2-10 1 2
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