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Doctors use manual touch (palpation) to detect malignancy within
the tissues

The method is limited to the tissues and organs located in the
vicinity of the body surface

Some organs such as heatrt, liver and brain are not accessible to
palpation

The examiner
touches and
feels the

patient’s body
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The stiffness of biological tissue can vary up to two orders of magnitude.Also,
depending of physiological state stiffness can vary (muscles)

The cancerous tissue can differ from the surrounding healthy tissue by 2 to 20
fold. So, stiffness is a good diagnostic indicator of the diseases and pathology

None of the gold-standard imaging technologies (CT, MRI or PET) can directly
assess tissue elasticity of the tissue which would be extremely useful when
planning surgical procedures

Goal:
We want to palpate the
brain

Preferably non-invasively
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Elasticity measurement of the brain across different experimental protocols

Is:: Gray O White + Average of G&W & Unspecified Brain Tissue |

Shear Stiffness (kPa)
]
=
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1) Fourier-decomposition
2) modulus calculus
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3) spatial averaging
4) viscoelastic modeling

motion
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operator input

wave
deflections

F T direction of
motion encoding
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MR Elastography

Acoustic
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Motion Encoding
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Linear / non-linear elastic model
Linear / non-linear Viscoelastic model
Poroelastic model

Rayleigh damping model
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Mii + Ci + Ku = f, [ — WM + iw(aM + BK) + K] it =f.

\ v

Time-harmonic steady state s A
|-’ (1 - —) M+ (1+iwp)K|a =1,
w

f(x,t) = fei! ’
* [—w2 (p — ﬂ) M + (1 + iwpBp) K] a=f,
w

[ —w*M + iwC + K] i=f *
* Complexed valued

p = pr+ipr

Rayleigh damping assumption

p= pR +ipr

C = oM + BK.
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_ —ap
PR=p, and p;=—— Two-element RD model representation

pp=p, and py = wpp.

[—m'szI + pK] i=f,
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Forward problem

The solution of the FP produces a displacement field by solving the system
of PDE using an isotropic RD model

Implemented though Finite Elements (FEA)
Isotropic linear RD model

V- (u(Vu+Vu")) + VAV - u) = —pw’u;

V- (u(Vu+ vuT)) — V(%V u)— VP = —pu

B B du, Ou, Ou,\
VP =KV 11—K(a$ —l—ay +8z)?

.1& r.__UCB'OE.ﬁﬁlNE,ER'NG.



UCw

TN Image reconstruction algorithm

Te Whare Wananga o Waitaha
CHRISTCHURCH NEW ZEALAND

Finding the material property distribution, 8 given the mechanical response with
respect to the applied boundary conditions.

The inverse problem is implemented through the use of nonlinear optimization-
based techniques (CG, GN), which involves finding the 6 that minimizes an
objective error function:

6 = arg 111&11[@‘]:

where @ is further minimized by the nonlinear iteration process

Nm
B(6) =Y (uf" — ui(6))(u]" — u(8))".
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Subzone concept

Pz
o Uy Number of overlapping subzones

Minimization is performed on each
subzone

,
\\
,

N, N,
min F(6n) = min {Z F. (92}} = minF.(6.),

z=1
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However, when the contributions of damping are Identified in concert,
there is a non-identifiability

Motion Error x 107"
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A number of experiments were performed on homogeneous and heterogeneous
phantoms to evaluate the RD model

Lightly damped gelatin phantoms
Tofu-Gelatin damping phantoms

Tofu-fluid damping phantom (simplified brain model)

Porous structure of the tofu is a good approximation for brain tissue
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Phantom configuration and actuation methodology
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Re shear modulus (Pa) Im shear modulus (Pa) Im density (kg/m”3) Damping ratio (%)
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(a) pr

Parameter HR By P £a
Units (Pa) (Pa) (kg/m3) (% / 100)
Median [IQR] Median [IQR]  Median [IQR] Median [IQR]
Background (Agar gel 1 %) 3837 [3476 — 4213] 31[14 - 57]  -21 [38 — -10]  0.016 [0.0097 — 0.026]
Inclusions (Agar gel 2 %) 11571 [9154 — 15180] 61[30-86]  -7[26—-3]  0.006 [0.003 — 0.017]

UCBIOENGINEERING



UCw

UNIVERSITY OF
CANTERBURY

Te Whare Wananga o Waitaha
CHRISTCHURCH NEW ZEALAND

-] Py R

= —
1.5
o 4
o 4
91—
05—

1]

Re shear modulus (Pa)

M MNDZ phartom at 100 He. Re shevar mochulus [ RO guantdatiee analysis

RD phantom experiment

Im Shear modulus (Pa)

MNO2 phantom ot 100 He. Im shaar modubus B RO quanditafie analysis

=5 Gel background (1 %)
—@— Gal indlusions {2 %) amo— o b TL T

4 : : : : : : o Gal background (1 %)

—— Gal inclusions {2 %) _

P
<3
a

|

slice #

() g (ROT)

MO2 phonfom at 100 K. Im dersty ¢ RO guantitative onalysis

o TR S :
—o— Gal inclusions (2 %) ! ! : L +

—o— Gal background (179 Lo
—@— Galindusions (2%} | ! ! -+

T I T I L T T T I T I L
1 ] 5 7 :] " 13 15 17

(i) pr (ROI)

8
slice #

(ROI)

(1) &a

UCBIOENGINEERING



e RD phantom experiment

Te Whare Wananga o Waitaha
CHRISTCHURCH NEW ZEALAND

Real shear rnomiuqu image. P1 75 He Imaginary shear modulus i, image. P175 Hz
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Real shear modukss i image (Pa). P2 75 Hz Imaginary sheer modulus s, image (Pa). P2 75 Hz
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RD phantom experiment
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Re shear modulus Hp image. Submareged tofu-water phantom. 80 Hz Im shear modulus u_ image. Submareged tofu—water phantom. 80 Hz
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Structural analysis

Miu+Cu+ Ku=1f;

v

Time-harmonic steady state

[— WM + iwC + K] f=F.

\

Rayleigh damping assumption

C = aM + K.

[ — WM + iw(aM + SK) + K] i=f

\4

a= 2P B= . )
PR WHR

[ —w’pp + iw(_wm PR T H #R) + .“R] a=f,
PR WHR

v

—w?pp +iw (% - wPI) + LR

u=f

(| .
[ - w’pr+ #R] up + [M - w‘zpl] u; = f]
L

UCBIOENGINEERING



UNIVERSITY OF
CANTERBURY

Te Whare Wananga o Waitaha
CHRISTCHURCH NEW ZEALAND

Structural analysis

[ —w’pr+ #R]uR + [PJ — "-‘-"EPI] uy = f.

pr = 1000 kg/m?.

known + unknown = known

1

up = fr/up +w’pr

~

[— U-’EPI + ;u-r} uy = ﬁf

unknown + unknown = known

|

Not possible to solve

|

Solution: multiple frequencies

(_Wflln us \ [1] (f;l\
: : or\ ;
— 2 _ o f
Wolrz U2 HI 5] fr2

\ ) \ i)

(w#ws. ) (wi>worw <w )

Condition for the theoretical identifiability Condition f oneERIREHISH ERNjfability
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Theoretically, but not practically identifiable
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Structural analysis

Condition for strong practical identifiability

1l jax
l =3 (—| + ﬁu-) =
| ) -
\ ;
§ — iy = w3j.
N )
\\._x —ap
< pr =
— o w
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[ —w’pr+ #R]uR + [PJ — "-‘-"EPI] uy = f.

[— UJEPI + H-I} uy = ﬁf

|

unknown + unknown = known === NoN possible to solve

|

Solution: parametrization  ==> estimate + unknown = known

(u;\ (f} — {L-'ZPIUI\ (—MZUI\ (f} — #IUI\
uy E{ + MZPIUI —whuy f'I — Hrur
. (M) = . : (PI) = :
\u;) \fI + wzpqu) \_“2111') \ff + #IUI)
Constraining imaginary density Constraining imaginary shear modulus
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* The model has proved to be non-ID
* Two alternative solutions were developed
1. Simultaneous MF inversion

2. Parametric inversion
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Multifrequency phantom studies

1, image. Submereged tofu-water phantom. Mult freq solution 60Hz 80Hz 100Hz Re shear modulus u, image. Submeraged tofu-water phantom. 80 Hz
3000

2500

(a) g (MF)

B, image. Submeraged tofu-water phantom. Mulli freq solution 60Hz 80Hz 100Hz

(c) pr (MF)

(d) pr (SF) UCBIOENGINEERING
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P image. Submereged tofu-water phantom. Multi freq solution 50Hz 80Hz 100Hz Im density P image. Submeraged tofu-water phantom. 80 Hz

(e) pr (MF) (f) pr (SF)

z';d image. Submereged tofu-water phantom. Multi freq solution 60Hz 80Hz 100Hz Damping ratio t';d image. Submereged tofu-water phantom. 80 Hz
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(a) pr (pr=1 Pa) (b) pr (ur=1 Pa) (c) &4 (pr=1Pa)
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P1 125 Hr Ao shoar moduis imags. VE reconstracton . P1 125 Hr. Im shoar mocies . ImagR. VE seconstruction P1 125 Hr. Demping raso £, inaga. VE reconstnuction

(a) pr (p=1 kg/m?)

P1 125 Hz. g Image. fp, = ~100 om® foonsty,u and , 10)

(d) pr (p=-100 kg/m*) (e) pr (p=-100 kg/m®)
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Data acquisition
24 year old healthy volunteer at the University of lllinois Urbana-Champaign
Actuation by speaker membrane connected to head cradle via long rod
50 Hz
Performed using a 3T Allegra head-only scanner

3D motion encoding by a multishot spin echo (SE) sequence with bi-polar
spiral motion encoding gradients (MEGS)

Data processing

Undertaken using code developed by Van Houten and McGarry
Employed High Performance Computing (HPC) Blue fern P575 at the

University of Canterbury
..‘A r._.UCB'OE.ﬁ.S%!NEER'NG.
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Mean Mg Repeatability analysis. Subj A. SD ;. Repeatability analysis. Subj A. CV up- Repeatability analysis. Subj A.
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SD . Repeatabilty analysis. Subj A. GV ;. Repeatabifty analysis. SubjA.
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Table 10.1 ROI analysis of the in-vivo healthy brain

Parameter OS85-5NR BR Iy, or Ea
Units (kPa) (kPa) (kg/m®) (%/100)

White matter

Mean 3.088 3.011 0.466 -320.608 0.250

Ccv 0.209 0.038 0.171 -0.0494 0.061

Gray matter

Mean 4.967 2.193 0.305 -246.6T71 0.231

Ccv 0.214 0.053 0.167 -0.0926 0.011
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bg image (Pa).u =100 Pa (const), ugardp 1D. SubM (80 Hz). V1 1, image (Pa). =333 Pa (const), u, and p, ID. SubjA (50 Hz). V1

Parametric outcomes

¢ Utilising parametric methods, the
structure of the brain is visible

(a) pr (nr=1000 Pa) (b) pr (nr=333 Pa)

p image {kg'm?). 1= 1000 Pa {const), i and p, ID. Subj A (50 Hz). Vi p, image (kg‘mg)Aur?»?B Pa (const), u, and p, ID. Subj A (50 Hz). V1

o o8 B8 R & L | " ,. ® This may enable detection of

L 4 - occlusions
& f‘b H O

® The values of damping are still not
! B uniqgue and cannot be considered
(©) pr (u1=1000 Pa) (@) pr (41333 Pa) ) representative of the true state

¢, image (%/100). 11000 Pa (const), s and p, ID. Subj A (50 Hz). V1 .,dlmaqe(%wm 1333 Pa (const), u and p, ID. Suf A (50 Hz). V1
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Overall, this research has shown that while the Rayleigh damping model may
be a suitable model for the mechanical properties of the brain, limitations in the
guality of data are a barrier to clinical benefit.

Ultimately, this research is currently immature and cannot provide benefit at
this stage.

We have shown that the model is effectively non-identifiable, but have also
shown that it can be theoretically identified when multiple frequency data is
used.

Parametric approaches can be used to elucidate some of the structures
present and may be of some benefit if future studies can find suitable a-priori

information or image manipulation strategies.
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