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Champ magnétique oscillant
(« motion-encoding gradient »)

Magnetic Resonance Elastography by
Direct Visualization of Propagating
Acoustic Strain Waves

R. Muthupillai, D. J. Lomas, P. J. Rossman, J. F. Greenleaf, Adapted from Pr. Ehman’s slides
LS RIS B e Mayo Clinic, Rochester MN, USA
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Sack | et al. Non-invasive measurement of brain viscoelasticity using magnetic resonance elastography.
NMR Biomed. 2008; 21(3): 265-71. 5
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Sclérose en plaques

Formes progressives, chroniques

38 controles

23 patients
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Streitberger KJ et al. Brain viscoelasticity alteration in chronic progressive multiple sclerosis.
PlosOne 2012; 7(1): e29888



Sclérose en plaques

Formes modérées, rémittentes avec poussées

P < 0.001 P <0.001

< I 34 controles

45 patients

e EDSS1.6(0-4)

*  Mild relapsing-remitting
disease course
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Elasticité
. Diminution 8-17%

all subjects female

I Patients (N=45)
Jl Controls (N=34)

Wuerfel J et al. MR-elastography reveals degradation of tissue integrity in multiple sclerosis.
Neurolmage 2010; 49: 2520-5
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Anatomic Image Wave Image Elastogram

Elasto
MRE-based tumor stiffness (kPa)
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13 patients

T1&T2

Murphy MC et al. Preoperative assessment of meningioma stiffness using magnetic resonance elastography.
J Neurosurg 2013; 118: 643-8 10
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Thet_ main challenge Jof cerebral MRE is the mechanical brain
stimulation, vnicn 1s naturally restricted by the almost perfect
shielding of the brain against shear deformations, hindering sufficient
intracranial wave amplitudes. We here present a clinically applicable,

Mors Wuerfel 2010
Bite bars ey

[ transducer rod tomograph

Haut-parleur + tige rigide
Loudspeaker + rigid rod
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Elasto fonctionnelle, le futur ?

X {cm)

Zorgani A et al. Brain palpation from physiological vibrations using MRI. Proc Natl Acad Sci U S A. 2015;
112(42): 12917-21 12
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Elastographie — Imagerie d’élasticité

“~Prostate

ELASTOGRAPHY: A QUANTITATIVE METHOD FOR IMAGING
THE ELASTICITY OF BIOLOGICAL TISSUES

J. Ophir, I. Céspedes, H. Ponnekanti, Y. Yazdi and X. Li 14

ULTRASONIC IMAGING 13, 111-134 (1991) Most illustrations from National Institutes of Health, USA




Feasibility

Kruse 1999 — The first images

Uffmann 2004

McCracken 2005 — Transient

Klatt 2007 — Zener, 25-60Hz

Sack 2007 — Kelvin Voigt, 25-50Hz

Kruse 2008

Arani 2015 — Sex & Aging, shear modulus, 60Hz
Zorgani 2015 — Physiological vibrations



Pathologies

* Sclérose en plaque

— Wuerfel 2010: 45 patients, viscoelasticity decreased
by 13% compared to healthy volunteers while
structure-geometry remained unchanged, fractional
springpot model, 25-60Hz

— Streitberger 2012: chronic progressive multiple
sclerosis, fractional springpot model, 25-60Hz

* Méningiome
— Murphy 2013: shear modulus, 60Hz
— Hughes 2015:



Etudes sur Animaux

e Jamin 2015 — Soft malignant tumors



Littérature (Kruse 2008)

S.A. Kruse et al. / Neurolmage 39 (2008) 231-237
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Fig. 1. Shear stiffness measurements in the literature of mammalian brain tissue (Arbogast and Margulies, 1998; Bilston et al., 1997; Donnelly and Medige, 1997;
Estes and McElhaney, 1970; Fallenstein et al., 1969; Galford and McElhaney, 1970; Green et al., 2006; Hamhaber et al., 2007; Hirakawa et al., 1981; Ljung,
1975; Metz et al., 1970; Shuck and Advani, 1972; Uffmann et al., 2004; Walsh and Schettini, 1976; Wang and Wineman, 1972). The studies were performed in
vitro, ex vivo and in vivo (denoted by *) using a variety of experimental techniques (shear/strain, load cell, pressure transducer, vibrating probe and MR
elastography). The frequency of dynamic testing is indicated. The shear wave speed was calculated from the real and imaginary parts of the complex modulus
(Auld, 1990; Oliphant et al., 2001). The result was then entered into Eq. (2) to calculate shear stiffness.




Modeles

McCracken 2005  Elastic

Klatt 2007 5 viscoelastic models
Hamhaber 2007  Wave speed
Kruse 2008 Elastic

Sack 2008 Kelvin-Voigt



Kruse 1999

Rochester, MN, USA

Figure 2. Left: T2 Weighted Spin Echo, Right: Local Frequency

Estimate Map (Brain Compliance)
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Figure 3. Elasticity Measurements of Cerebral Tissue In Vivo
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Kruse SA et al. « Palpation of the brain » using magnetic resonance elastography. Proc ISMRM 1999



Uffmann 2004

Essen, Germany

Bite bar

Probability map for white (left) and gray (right) matter

and white matter, respectively. The displacement due to the
induced oscillation (Fig. 4) ranges from -15 to 15 uym. Fig. 5

induced oscillation (Fig. 4) ranges from -15 to 15 pm. Fig. 5
shows an example of an elastogram reconstructed from a
dataset consisting of eight phase images acquired with the
same orientation but different phase offsets The elastogram
shows artifacts where the displacement crosses zero

Uffmann K et al. Determination of gray and white matter elasticity with MR elastography. Proc ISMRM 2004



McCracken 2005

Magnetic resonance elastography (MRE) is a technique for
quantifying material properties by measuring cyclic displace-
ments of propagating shear waves. As an alternative to dy-
namic harmonic wave MRE or quasi-steady-state methods, the
idea of using a transient impulse for mechanical excitation is
introduced. Two processing methods to calculate shear stiff-
ness from transient data were developed. The techniques were
'- tested in phantom studies, and the transient results were found
to be comparable to the harmonic wave results. Transient wave
- based analysis was applied to the brains of six healthy volun-
= T teers in order to assess the method in areas of complex wave
Shear Stiffness (kPa) Shear Stiffness (kPa) patterns and geometry. The results demonstrated the feasibility
of measuring brain stiffness in vivo using a transient mechani-
cal excitation. Transient and harmonic methods both measure
white matter (12 kPa) to be stiffer than gray matter (-8 kPa).
There were some anatomic differences between harmonic and
transient MRE, specifically where the transient results better
depicted the deeper structures of the brain. Magn Reson Med
53:628-639, 2005. © 2005 Wiley-Liss, Inc.
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McCracken PJ et al. Mechanical transient-based magnetic resonance elastography. Magn Reson Med. 2005; 53(3): 628-39



Klatt 2007 — Viscoelastic models

Abstract
MR elastography (MRE) enables the nonin determination of the
viscoelastic behavior of human internal organs based on their response
transducer rod tomograph to oscillatory shear stress. An experiment was developed that cor
l multifrequency r wave actuation with broad-band motion sensitization
to extend the dynamic range of a single MRE examination. With this

J

strategy, multiple i s corresponding to different driving frequencies
are simultaneously ived and can be analyzed by evaluating the dispersion of
the ¢ ' mndulus over ency. g ic /as applied on the brain

' ility ested by four follow-

S tound to \leld the most consistent IEsLllts vo shear moduli ) =
0.84 £0.22 (1.36 = 0.31) kPa, p» = 2.03 = 0.19 (1.86 £ 0.34) kPa and one
shear v ity of n = 6.7 & 1.3 (5.5 £ 1.6) Pa s (interindividual mean & SD)
in brain (liver) experiments. Significant differences between the rheological
parameters of brain and liver were found for 11, and n (P < 0.05), indicating
that human brain is softer and possesses a higher viscosity than liver.

Klatt D et al. Noninvasive assessment of the rheological behavior of human organs using multifrequency
MR elastography: a study of brain and liver viscoelasticity. Phys Med Biol. 2007; 52(24): 7281-94




Abstract

Dynamic magnetic resonance elastography (MRE) is a non-invasive method for the quantitative determination of the mechanical
properties of soft tissues in vive. In MRE, shear waves are generated in the tissue and visualized using phase-sensitive MR imaging meth-
ods. The resulting two-dimensional (2-D) wave images can reveal in-plane elastic properties when possible geometrical biases of the wave
patterns are taken into account. In this study, 3-D MRE experiments of in vive human brain are analyzed to gain knowledge about the
direction of wave propagation and to deduce in-plane elastic properties. The direction of wave propagation was determined using a new
algorithm which identifies minimal wave velocities along rays from the surface into the brain. It was possible to quantify biases of the
elastic parameters due to projections onto coronal, sagittal and transversal image planes in 2-D MRE. It was found that the in-plane
shear modulus is increasingly overestimated when the image slice is displaced from narrow slabs of 2-5 cm through the center of the
brain. The mean shear modulus of the brain was deduced from 4-D wave data with about 3.5 kPa. Using the proposed slice positions
in 2-D MRE, this shear modulus can be reproduced with an acceptable error within a fraction of the full 3-D examination time.




Kruse 200

sults from the MRE experiment performed on 2 differe ) 2 d 25 and 23 using 100-Hz mechanical ex
ref ce. The R atte ted in the top and bottom r espectively. (b) Imag
tiffness maps computed from the Y
was applied to the shear stiffness estimates to ma with low

ference illustrate the correlation of stiffness changes to anatomy

Shear stiffness measurements for the udy volunteers obtained at 100 Hz.

50

The purpose of this study was to obtain normative data using magnetic
resonance elastography (MRE) (a) to obtain estimates of the shear
modulus of human cerebral tissue in vivo and (b) to assess a possible
age dependence of the shear modulus of cerebral tissue in healthy adult
volunteers. MR elastography studies were performed on tissue-

simulating gelatin phantoms and 25 healthy adult volunteers. The
data were analyzed using spatiotemporal filters and a local frequency
estimating algorithm. Statistical analysis was performed using a paired
t-test. The mean shear stiffness of cerebral white matter was 13.6 kPa
(95% CI 12.3 to 14.8 kPa); while that of gray matter was lower at
5.22 kPa (95% .76 to 5.66 kPa). The difference was statistically
significant (p <0.0001).

Kruse SA et al. Magnetic resonance elastography of the brain. Neuroimage. 2008; 39(1): 231-7.



Sack 2008
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ABSTRACT: The pu] pose of this work was to develop magnetic resonance elastography (MRE) for the fast and reproducible
measurement of ially averaged viscoelastic constants of living human brain. The technique was based on a phase-
sensitive echo p imaging acquisition. Motion encoding was orthogonal to the image plane and synchronized to
intracranial shear vibrations at driving frequencies of 25 and 50 Hz induced by a head-rocker actuator. Ten time-resolved
phase-difference wave images were recorded within 60s and analyzed for sheal stiffness and shear viscosity. Six healthy
volunteers (six men; mean age 34.5 years; age range 25-44 years) rwent 23-39 follow-up MRE studies over a period of

Table 1. Intraindividual means of the global viscoelas-
tic data for volunteers 1-6 and corresponding inter-
individual average at 25Hz and 50Hz mechanical
excitation frequencies. The error tolerances (x) are
given as standard deviations

6 months. Interindividual mean £ SD shear r odull an(l shear viscosities were found to be 1.17 £ 0.03 kPa and 3.1 + 0.4 Pas
for 25Hz and 1.56 £0.07kPa and 3.4 = 0.2 Pas for 50 Hz, respectively (P <0.01). The intraindividual range of shear
modulus data was 1.01-1.31 kPa Hz) and 1.33-1.77 kPa : ' erved modulus dispersion indicates a limited
applicability of Voigt’s model to explain viscoe avior of brain parenchyma within the applied frequency range. The
ow distribution of data within small confidence intervals demonstrates excellent reproducibility of the experimental

col. The results are necessary as leteleme data for future comparisons between healthy and pathological human brain

Sack | et al. Non-invasive measurment of braln V|coelast|C|ty usmg magnetic resonance elastography.
NMR Biomed. 2008; 21(3): 265-71.



Wuerfel 2010
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ABSTRACT

In multiple sclerosis (MS), diffuse brain parenchymal damage exceeding focal inflammation is increasingly
recognized to be present from the very onset of the disease, and, although occult to conventional imagir

techniques, may present a major cause of permanent neurological disability. Subtle tissue alterations signi-
ficantly influence biomechanical properties given by stiffness and internal friction, that — in more accessible
organs than the brain - are traditionally assessed by manual palpation during the clinical exam. The brain,

however, is protected from our sense of touch, and thus our current knowledge on cerebral viscoelasticity is
very limited. We developed a clinically feasible magnetic resonance elastography setup sensitive to subtle
alterations of brain parenchymal biomechanical properties. Investigating 45 MS patients revealed a significant
decrease (13%, P<0.001) of cerebral viscoelasticity compared to matched healthy volunteers, indicating a
widespread tissue integrity degradation, while structure-geometry defining parameters remained unchanged.
Cerebral viscoelasticity may represent a novel in vivo marker of neuroinflammatory and neurodegenerative

pathology. 009 Elsevier Inc. All rights reserved.

all subjects female

Wuerfel J et al. MR-elastography reveals degradation of tissue integrity in multiple sclerosis. Neurolmage
2010; 49: 2520-5



Sack 2011
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Sack | et al. The influence of physiological aging and atrophy on brain viscoelastic properties in humans.
PLoS One 2011; 6(9): e23451
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Abstract

Introduction: Viscoelastic properties indicate structural alterations in biological tissues at multiple scales with high
sensitivity. Magnetic Resonance Elastography (MRE) is a novel technique that directly visualizes and quantitatively measures
biomechanical tissue properties in vivo. MRE recently revealed that early relapsing-remitting multiple sclerosis (MS) is
associated with a global decrease of the cerebral mechanical integrity. This study addresses MRE and MR volumetry in
chronic-progressive disease courses of MS.

Methods: We determined viscoelastic parameters of the brain parenchyma in 23 MS patients with primary or secondary
chronic progressive disease course in comparison to 38 age- and gender-matched healthy individuals by multifrequency
MRE, and correlated the results with clinical data, T2 lesion load and brain volume. Two viscoelastic parameters, the shear
elasticity p and the powerlaw exponent «, were deduced according to the springpot model and compared to literature
values of relapsing-remitting MS.

Results: In chronic-progressive MS patients, i and o were reduced by 20.5% and 6.1%, respectively, compared to healthy
controls. MR volumetry yielded a weaker correlation: Total brain volume loss in MS patients was in the range of 7.5% and
1.7% considering the brain parenchymal fraction. All findings were significant (P<<0.001).

Conclusions: Chronic-progressive MS disease courses show a pronounced reduction of the cerebral shear elasticity
compared to early relapsing-remitting disease. The powerlaw exponent o decreased only in the chronic-progressive stage of
MS, suggesting an alteration in the geometry of the cerebral mechanical network due to chronic neuroinflammation.

Streitberger KJ et al. Brain viscoelasticity alteration in chronic progressive multiple sclerosis. PlosOne 2012;

7(1): 29888



Anatomic Image Wave Image Elastogram

Murphy 2013
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Fic. 2. Plot showing tumor stiffness as measured by MRE versus
the surgeons’ qualitative assessment of tumor stiffness (r = 0.65, p =
0.023). Scatter along the x axis is random and for display purposes only
to avoid overlapping data points.

MRE-based tumor stiffness (kPa)

2 3 4
Qualitative assessment of tumor stiffness

Fic. 4. Plot showing MRI (T1- and T2-weighted imaging) prediction
of tumor stiffness versus the surgeons’ qualitative assessment of tumor
stiffness (r=0.51, p = 0.089). Scatter along the x axis is random and for
display purposes only to avoid overlapping data points.

) /as to determine the potential of magnetic resonance elastography (MRE) to
Quataive sssosamen: ot mr sinss preoperativel stif of meningiomas.

Metho Thuteen patients with meningiomas underwent 3D brain MRE examination to measure stiffness in the
tumor as well as in surrounding brain tissue. Blinded to the MRE results, neurosurgeons made a qualitative assess-
ment of tumor stiffness at the time of resection. The ability of MRE to predict the surgical assessment of stiffness was
tested using a Spearman rank correlation.

Results. One case was excluded due to a small tumor size. In the remaining 12 cases, both tumor stiffness alone
(p = 0.023) and the ratio of tumor stiffness to surrounding brain tissue stiffness (p = 0.0032) significantly correlated
with the surgeons’ qualitative assessment of tumor stiffness. Results of the MRE examination provided a stronger
correlation with the surgical assessment of stiffness compared with traditional T1- and T2-weighted imaging (p =
0.089), particularly when considering meningiomas of intermediate stiffn

ions. In this cohort, preoperative MRE predicted tumor consis 7 at the time of surgery. Tumor stiff-
ness a asured using MRE outperformed conventional MRI because tumor appearance on T1- and T2-weighted
images could only accurately predict the softest and hardest meningiomas.

Prediction of tumor stiffness based on MRI appearance

Murphy MC et al. Preoperative assessment of meningioma stiffness using magnetic resonance
elastography. J Neurosurg 2013; 118: 643-8



Jamin 2015 - Mice

Figure 1.

Noninvasive imaging of the
viscoelastic properties of intracranial
tumors d by MRE. Anatomical
T2-weighted MR ima

parametric maps of elasti (Gq) and
viscosity (Gy) acquired from a non-
tumor-bearing mouse, and mice
bearing tumor rived from human
adult U-87 MG glioblastoma, N-ethyl-
N-nitrosourea-induced RG2 rat
glioma, or human triple-negati

defir eighted images.
Images of whole H&E-stain cti
obtained from the same mice are also
shown, with the tumor loca

arrowed.

1 metastatic breast carcinoma) was the softest.
cell density and microvessel density correlated signifi-
cantly and positively with elas 3 cosity, where
an external vibrational mechanical stress to that tissue. was no a iation with the extent of collagen deposition or

In this preclinical study, we used MRE to quantify (kPa) the myelin fiber entrapment. In conclusion, although malignant
elasticity modulus G4 and viscosity modulus G, of three intra-
anted glioma and breast metastatic tumor mod- ‘ arkab fter than normal brain parencl
In all these brain tumors, we found a notable softness Our findings reinforce the case for MRE use in diagnosing and
characterized by lower elasticity and viscosity than normal staging brain malignancies, based on the associ ffer-
brain parenchyma, enabling their det on on Gy and G, ent tumor phenotypes with different me ical properties.
parametric maps. The most circumscribed tumor (U-87 MG Cancer ;1216 015 AACR.
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FIGURE 1.

Hughes 2015

BACKGROUND: Magnetic resonance elastography (MRE) analyzes shear wave move-
ment through tissue to determine stiffness. In a prior study, measurements with first-
generation brain MRE techniques correlated with intraoperative observations of overall
meningioma stiffness.

OBJECTIVE: To evaluate the diagnostic accuracy of a higher-resolution MRE technique
to preoperatively detect intratumoral variations compared with surgeon assessment.
METHODS: Fifteen meningiomas in 14 patients underwent MRE. Tumors with regions
of distinctly different stiffness were considered heterogeneous. Intratumoral portions
were considered hard if there was a significant area =6 kPa. A 5-point scale graded
intraoperative consistency. A durometer semiquantitatively measured surgical specimen
hardness. Statistics included x?, sensitivity, specificity, positive and negative predicative
values, and Spearman rank correlation coefficient.

RESULTS: For MRE and surgery, 9 (60%) and 7 (47%) tumors were homogeneous, 6
(40%) and 8 (53%) tumors were heterogeneous, 6 (40%) and 10 (67%) tumors had hard
portions, and 14 (93%) and 12 (80%) tumors had soft portions, respectively. MRE sen-
sitivity, specificity, and positive and negative predictive values were as follows: for
heterogeneity, 75%, 100%, 100%, and 87%; for hardness, 60%, 100%, 100%, and 56%;
and for softness, 100%, 33%, 86%, and 100%. Overall, 10 tumors (67%) matched well
with MRE and intraoperative consistency and correlated between intraoperative
observations (P = .02) and durometer readings (P = .03). Tumor size =3.5 cm or vascular
tumors were more likely to be inconsistent (P < .05).

CONCLUSION: MRE was excellent at ruling in heterogeneity with hard portions but less
effective in ruling out heterogeneity and hard portions, particularly in tumors more
vascular or <3.5 cm. MRE is the first technology capable of prospectively evaluating
intratumoral stiffness and, with further refinement, will likely prove useful in pre-
operative planning.



Reiss-Zimmermann 2015



Wagshull 2011 — Pulsating brain
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/Zorgani 2015 — Physiological vibrations
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Fig. 3. In vivo brain results. (4) Phase representation of the displacement field. Six snapshots were extracted from a movie of 144 images. These in vivo
measurements of brain motion were acquired with a gradient echo MRE sequence every 1.5 s. (B) Time-reversal focal spots in the brain for four different
virtual source locations S. The isolevel black boundary lines stress the shear-wavelength variations.

Fig. 4. In vivo brain passive MRE. (A) Axial view of
(Left) the T2-weighted image and (Right) its corre-
sponding shear-wavelength tomography. (B) Sagittal
view of (Left) the T2-weighted image and (Right) its
corresponding shear-wavelength tomography.

We present a magnetic resonance elastography approach for tissue
characterization that is inspired by seismic noise correlation and time
reversal. The idea consists of extracting the elasticity from the natural
shear waves in living tissues that are caused by cardiac motion, blood
pulsatility, and any muscle activity. In contrast to other magnetic
resonance elastography techniques, this noise-based approach is,
thus, passive and broadband and does not need any synchronization
with sources. The experimental demonstration is conducted in a
calibrated phantom and in vivo in the brain of two healthy
volunteers. Potential applications of this “brain palpation” approach
for characterizing brain anomalies and diseases are foreseen.




