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Index

a
Abbe limit 4
abdominal cavity 283
abdominal organs 284
acoustic radiation force impulse (ARFI)

imaging 214, 234–235, 237, 245
alcohol-related liver disease (AL) 286
algebraic Helmholtz inversion (AHI)
Helmholtz decomposition 207–208
isotropy 205
multifrequency MRE 206
multiparameter inversion 207

Algebraic inversion of the differential
equation (AIDE) 207

Alzheimer’s disease (AD) 279
amoeboid invasion 334
aminotransferase-to-platelets ratio index

297, 306
amplitude mode 233
amyotrophic lateral sclerosis (ALS) 276
Anderssen gradients
discretization effects 186
frequency response plots 186–187
low noise levels 186
symmetric difference kernel 184

anti-symmetric gradients 46
anulus fibrosus (AF) 321
aorta, MRE of 260–261
apparent diffusion coefficient (ADC) 341
areas under receiver operator

characteristics (AUROC) 297
ARFI elastography 338
atrioventricular (AV) node 246
autocalibration scans (ACS) 36
auxetic materials 76

b
balanced steady-state free precession

(bSSFP) 28–30, 55, 256
nonlinear phase response 56

balanced waveform 49
balance of momentum 92–95
band-pass filtering 172
bandwidth 27
benign prostatic hyperplasia (BPH) 344
biphasic material, composition of 133
biphasic poroelastic tissue model
continuity equation 142
hydrogen density 142

Bloch equations 14–15
boundary conditions 103–104
boxcar filters 170
brain MRE 263 see also Cerebral MRE
brain stiffness determinants 264
challenges, cerebral MRE 264
compressibility 276
mouse model 270
multifrequency 267
objectives 264
preliminary findings, functional

activation 277
technical aspects of 265–271

brain shear modulus 272
brain stiffness
changes with age 272
demyelination and inflammation

277–279
gender differences 273–274
neurodegeneration 279–280
regional variation in 274
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brain tissue, anisotropic properties
274–276

brain volume 272
Breast Imaging Reporting and Data System

(BIRADS) 337
breast lesions 337
breast tumors 335
MRE of 345–347
stiffness response of 336
ultrasound elastography 337–338

brightness mode 233
bSSFP-MRE 55–57
bulk modulus 77–79
bundle of His/AV bundle 246

c
Cardiac cycle 245
cardiac elastography

ex vivo shear wave imaging 253
in vivo shear wave dispersion ultrasound

vibrometry 253–254
in vivo cardiac MRE in humans

256–260
cardiac fiber anatomy 247–249
cardiac FLASH sequence, diagram 161
cardiac MRE
clinical motivation 250
in pigs 254–256
wave inversion 259–260

cardiac steady-state FLASHMRE, timing
257

Cartesian imaging techniques 23
causal phenomena 125
cell proliferation 335
cerebral MRE 264 see also Brain MRE
clinical setup for 265
driver-free 269

cerebrospinal fluid (CSF) flow 264
cervical cancer 318
Christoffel equation 105–106
chronic liver diseases (CLD) 285
causes 286
epidemiology 286

coherent plane wave compounding 234
compliance tensor transverse isotropy 325
compliance vs. elasticity 70
compressibility 77–79

compression modulus 100
constant-coefficient difference equation

(CCDE) 168
corticospinal tract 274
corona radiata 274
corpus callosum 274
cranial pressure 264
crawling waves (CW) sonoelastography

238–239

d
damped plane wave 365
Darcy’s law 131
decay time constant 14
deformation
gradient 66
magnitude 66
of three-dimensional object 64

demyelination and inflammation, brain
stiffness 277–279

denoising, in MRE
description 165
frequency domain filtering 168–172
ordinary least squares 167–168
polynomial fitting 167–168
process, schematic illustration 166
Savitsky–Golay filter 167

dephaser–rephaser gradients 17
diastolic dysfunction
and isovolumetric cardiac times 259
vs. systolic dysfunction 250–251
and wave amplitude maps 259

differential operator 179
diffusion, classical 363
diffusion-encoding process 52
diffusion tensor imaging (DTI) 225, 265
diffusion-weighted imaging (DWI) 52, 306
diffusion-weighted MRE 52
diffusive waves 126–129
3D inversion techniques 351
direct inversion (DI) 199–201
for transverse isotropic medium

224–225
directional filters
2D directional filters 176, 179

Dirichlet boundary condition 103
discrete cosine transform (DCT) 197
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discrete Fourier transform (DFT) 23
discrete time Fourier transform (DTFT)

170
discretization artifacts 202–203
dispersion 206
2D k-space, acquisition of 31
Doppler imaging 234
2D phase unwrapping methods, in liver and

brain 198
Duchenne muscular dystrophy (DMD)

332
dwell time 27
dynamic deformation
balance of momentum 92–95
boundary conditions 103–104
compression modulus and oscillating

volumetric strain 100
elastodynamic Green’s function

101–103
mechanical waves 96–98
Navier–Stokes equation 99–100

e
echoes 21
gradient 17
spin 15–17

echo-planar imaging (EPI) 30–32, 161,
300

echo time 21
ejection fraction (EF) 250
elastic wave equation 199
elastodynamic Green’s function 101–103
electrocardiography (ECG), signals in 246
electromechanical wave imaging (EWI)

239
encoding efficiency 46
of sinusoidal MEGs 48
of trapezoidal MEGs 48

encoding sensitivity 50
endocardium 247
endometrium 318
energy density and flux 110–114
geometric attenuation 113–114

energy gap 9
epicardium 247
EPI-MRE 57–59
Ernst angle 28

Eulerian description 99
experimental autoimmune

encephalomyelitis (EAE) 278
external vibration multidirectional

ultrasound shear wave elastography
(EVMUSE) 238

extracellular matrix (ECM) 264, 287, 333

f
fast Fourier transform (FFT) 23
fast imaging
partial Fourier imaging 34–37
SNR and scan time impact 37–39
strategies 33

fast low-angle shot (FLASH) 27, 37, 161,
256

fast transverse (FT) 108
fast wavelet transform (FWT) 176
FE mesh 220
fibrillar collagens 287
fibronectin 287
finite difference methods 187–190
finite element method (FEM)
algorithm, steps involved in 217–218
description 217
vs. direct inversion 223
one-dimensional wave equation

218–219
wave equation, formulation of 221–223
discretization
node density 220
one-dimensional problem 220
in three dimension 220

discretized domain, basis function in
220–221

forward FEM equations 218
finite impulse response (FIR) filter
averaging 168–170
characterization 168
convolution 168
kernel 168

finite strain theory 65
FLASH-MRE sequence 53–55
for cardiac MRE 161–162

flip angle 11
Flynn’s minimum discontinuity algorithm

193–194
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forces, in continuous media 92
forward FEM equations 218
Fourier domain gradient operator 186
fourth-order Butterworth low-pass filter

172
fractional calculus 124
fractional encoding 50–51, 229
free induction decay (FID) 15, 31
frequency domain (k-space) filtering 168

see also Finite impulse response
(FIR) filter

band-pass filtering 172
LTI system (see Linear time-invariant

(LTI) system)
frequency encoding, MRI 20–21
fringe lines 194
functional MRE (fMRE) 277
functional ultrasound 234

g
Galerkin method 218
Gaussian complex noise 201
Gaussian filter 172
Gaussian-type filter kernels 170
GE –EPI sequence
structure of 59
timing diagram of 59

geometric attenuation 113–114
Gibbs ringing 178, 182
glioblastoma 341
global stiffness equations 218
glycosaminoglycans (GAGs) 287
gradient echoes 17, 53
gradient moment nulling, orders of

50
gradient spoiling 28
gradient unwrapping 195–196, 204
gradient waveform 45, 49
GRAPPA 36–37
Green’s function 125–126
group velocity 106

h
head of caudate nucleus (HCN) 274
heart physiology 247
Helmholtz decomposition 96,

207–208

Helmholtz equation 205
hemochromatosis 286
hepatic fibrosis staging 299
hepatic steatosis 286
hepatic stellate cell (HSC) 289
hepatic venous pressure gradient 308
hepatocellular carcinoma (HCC) 288
higher-order gradient moment nulling 45
high-intensity focused ultrasound (HIFU)

242
Hooke’s law 69–70
Huygens’ principle 102, 234

i
imaging concepts
fast imaging 33–39
k-space 23–26
k-space sampling strategies 26–33

impulse response 168
incident wave, reflection and transmission

115
infinite impulse response 168
infinitesimal strain tensor 64
in-plane magnetization 56
2D Fourier transform 20

intervertebral disc (IVD) 283, 321
anulus fibrosus 321
MRE 322–323
nucleus pulposus 321

intraclass correlation coefficient (ICC)
298

intracranial tumors, MRE of 347–350
intra-voxel phase dispersion 51–52
invariants 68–69
inversion methods
direct inversion 200–201
iterative reconstruction 200

isochromat, magnetization of 16
isovolumetric contraction time (IVC)

246
isovolumetric relaxation time (IVR) 246
iterative reconstruction 200
Itoh’s method 192

j
jacketed scenario 132
jamming effects 333
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k
Kelvin–Voigt model 83
kernel 168
kidney, MRE of 315–318
functional units 315
viscoelasticity 316

kMDEV
in abdomen 216
directional filters 215
geometric attenuation 215
noise robustness 216
principle 214
simulated sensitivity 217
wave vector 214–215

k-space
artefacts 26
data points 23
description 23
DFT 23
echo-planar imaging 30–32
non-Cartesian imaging 32–33
Nyquist–Shannon sampling theorem

23–24
readout 26
readout and phase-encode directions

23
sampling strategies 26–33
segmented image acquisition 27–30

k-space representation, of iso surfaces 109
Kupffer cell (KC) 289

l
Lagrangian description 99
Lamb wave dispersion ultrasound

vibrometry (LDUV) 242
Lamé–Navier equation 95
Lamé’s first parameter 77
Laplace transforms, in viscoelastic models

84–85
Laplacian unwrapping 196–198
Larmor frequency 11, 12, 56
left ventricular (LV) pressure 245, 251
LFE see Local frequency estimation (LFE)
linear shift invariant 168
linear slip 115
linear strain theory 65
linear time-invariant (LTI) system

Fourier domain 170–172
frequency response plots 171
five-tap moving average filter 171
fourth-order Butterworth low-pass
filter 172

Gaussian filter 172
in-spectrum loss/attenuation 171

mapping 168
liver
blood supply 283
chronic liver disease, epidemiology of

286
elasticity 313
functions 284
grafts, MRE in 309–310
injury 290–291
lobules 283
morphology 285
MRE 294–311
MRE portal hypertension 307–309
parenchyma 289
transplantation 293
tumors, MRE in 342–344

liver fibrosis 287
biomarkers of 293
biophysical signs of 293–294
microstructural changes 295
noninvasive screening methods

292–293
pathogenesis of 289–291
progression of 288
reversibility of 293
scoring systems 292
staging of 291–292

local frequency estimation (LFE) 208–210
description 208
direct inversion vs. phase gradient

210
filter effects 208
filter functions 209
Fourier convolution theorem 208
noise-amplifying characteristics 209
spatial resolution 210

log-normal quadrature filters 209
longer motion-encoding periods 50
longitudinal equilibrium magnetization

12
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loss tangent 90
lung, poroelastic tissue in 131

m
magnetic field
inhomogeneities and susceptibility effects

41
protons in 9–10

magnetic resonance imaging (MRI) 17–21
frequency encoding 20–21
phase encoding 19–20
slice selection 19
spatial encoding 18–21

magnetization
of isochromat 16
precession of 10–13
quadrature detection 11–13
thermal equilibrium state 13
time evolution of 12

matrix metalloproteinase (MMP) 293
matrix representation, of derivative

operators 182–183
Maxwell model 83, 89
Maxwell’s equations 15
mechanical waves
complex moduli and wave speed 98–99
Navier equation 96

mesenchymal invasion 334
meta-analysis of histological data in viral

hepatitis (METAVIR) 291
midpoint rule 180
mitral valve 246
mixed boundary conditions 104
motion encoding gradient (MEG) 28, 43
fractional encoding 50–51
gradient moment nulling 44–46
time-harmonic motion encoding

46–50
motion-induced phase 47
motion mode 233
multifrequency dual elasto-visco inversion

(MDEV) 211
multifrequency inversion 210–214
multifrequency MRE (MMRE) 210,

229
multiparameter inversion 207
multiple sclerosis (MS) 263, 278

multi-resolution analysis (MRA)
vs. FFT 174–175
wavelets 172–174

muscular dystrophy 332
myocardial contractility 250
myocardial fibers 248
myocardial stiffness measurement 254
myocardium 247
myofibroblast (MF) 290
myometrium 318

n
Navier equation 95
Navier–Cauchy equation 95
Navier–Stokes equation 99–100
Navier’s equation, for biphasic medium
elasticity tensor 134
Helmholtz theorem 136
momentum equations 134
one-dimensional system 136

neurodegeneration, brain stiffness
279–280

neurodegenerative diseases 263
noise 52
in acquired displacement field 201
numerical derivative schemes, sensitivity

of 186
sensor noise 165
signal processing definition of 165

nonalcoholic fatty liver disease (NAFLD)
286

nonalcoholic steatohepatitis (NASH)
286

MRE 303–304
non-Cartesian imaging 32–33
noninvasive biomarkers, of liver fibrosis

307
nonwelded interface 115
normal pressure hydrocephalus (NPH)

279–280
nuclear magnetic resonance (NMR)
Bloch equations 14–15
echoes 15–17
magnetic field, protons in 9–10
magnetic resonance imaging 17–21
magnetization precession 10–13
relaxation process 13–14
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nucleus pulposus 321–322
numerical derivatives
Anderssen gradients 183–186
boundary conditions 180–181
differential operator 179
Fourier transform 181
frequency response, of derivative

operators 186–187
matrix representation, of derivative

operators 182–183
midpoint rule 180
Nyquist criterion 182

Nyquist–Shannon sampling theorem
23–26, 170

o
octahedral shear strain (OSS) 68, 69
OLS see Ordinary least squares (OLS)
one-dimensional unwrapping algorithm

192
optimal motion sensitivity 57
ordinary least squares (OLS) 167
orthotropic elasticity tensor, elements of

227, 228
oscillating volumetric strain 100

p
pancreas
diseases of 314
MRE 315

parallel imaging
description 35
GRAPPA 36–37
image space-based methods 36
k-space-based methods 36
reconstruction 36

Parkinson’s disease (PD) 279
partial Fourier imaging 34–35
pelvic region 283
Pfirrmann scores 322
phase difference image 43
phase encoding 19–20, 26–27
phase gradient (PG) 204–205
spatial unwrapping 204

phase unwrapping 41
algorithms 191

gradient unwrapping 195–196
Itoh’s method 192
Laplacian unwrapping 196–198
one-dimensional function 191–192
quality map 193
smoothness 193

phase wraps 191
plane of isotropy 74
plane wave imaging 234
point source, in 3D 362–363
Poisson’s ratio 75–76
poroelasticity theory 131
poroelastic media
pressure waves in 136–140
shear waves in 140–141

poroelastic MRE 133
poroelastic signal equation 142–144
porosity 133
portal hypertension
assessment 307–309
splenic stiffness 313

position-dependent precession frequencies
14

precession frequency, spatial modulation of
17

pressure waves, in poroelastic media
136–140

principal strains 68
progressive supranuclear palsy (PSP)

279
prostate
MRE 320–321
zones of 319–320

prostate cancer
MRE 344–345
ultrasound elastography 338–339

prostate-specific antigen (PSA) 338
prostate, zones of 319–320
proteoglycans 287
protons
in magnetic field 9–10
magnetic moments of 10
quantum-mechanical nature of 10

pulse repetition frequency (PRF) 233
pulse sequences 53
pulse wave velocity (PWV) 261
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q
quadrature detection 11–13
quality-guided algorithms 193
quality map 193

r
radiofrequency (RF) pulses 26
relaxation process 13–14
renal pyramids 315
repetition time 31
right ventricle (RV) contraction 246
RO gradient waveforms 32

s
sample interval modulation-MRE

(SLIM-MRE) 230
sampling time 38
Savitsky–Golay filter 167
scatterers 234
second-order gradient moment nulling 45
segmented image acquisition
balanced steady-state free precession

28–30
description 27
FLASH 27–28

sensor noise 165
serum biomarkers, liver 304–307
sexual dimorphism, brain architecture 273
shape function 218–221
shear horizontal (SH) wave 115
shear modulus
and Lamé’s first parameter 76–77

shear strain, octahedral 68–69
shear vertical (SV) wave 115
shear wave amplitude maps 260
shear wave dispersion ultrasound

vibrometry (SDUV) 241–242
shear wave elasticity imaging (SWEI) 240
shearwave elastography (SWE) 306
shear wave imaging (SWI) 252
shear wave scattering
description 114
interface 115
mean free path length 114
mode conversion 115
plane interfaces 115–118
shear horizontal and vertical wave 115

spatial and temporal interfaces 118–121
speckle patterns 114
three-layer model 117–118
wave diffusion 121
amplitudes and intensities 126–129
diffusion coefficient 123
discrete waves 121
Green’s function 125–126
grid spacing 124
propagation velocity 123
random walk 121–122
scaling property 124
stochastic nature 123
unattenuated plane wave 121
unattenuated propagating wave 121

welded and nonwelded interface 115
shear waves, in poroelastic media

140–141
shear waves, in transverse isotropic medium
nomenclature 108
wave modes 109

signal dephasing 14
signal sampling 31
signal-to-noise ratio (SNR) 25, 52
single-channel RF transmit system 29
skeletal muscle
composition 325
tissue architecture in 326

skeletal muscle MRE 326–330
slice-based Laplacian unwrapping, Matlab

code for 197
slice-select gradient 19, 30
slice selection, MRI 19
SLIM (Sample Interval Modulation) 230
slow transverse (ST) mode 108
Snell’s law 117
Sommerfeld (nonreflecting) boundary

condition 103
sonoelastography 337
spatial encoding, MRI 18–21
speckles 128
spin echo (SE) 14, 57, 59
EPI–MRE sequence 43
MRI 15–17
signal formation 30

spin–echo sequence, MEG placement 59
spin quantum number 9
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spleen
elasticity 313
location 311
splenic stiffness 311, 313

spoiler gradients 28
springpot and fractional viscoelasticity

89–90
square of viscoelasticity 2, 3
standard linear solid (SLS) model 89
standing waves 210
static magnetic field 9
steatohepatitis 286, 303
steatosis 286, 303
strain 63–66
finite strain theory 65
linear strain theory 65
principal strains 68
shear strain 65–66, 68
tensor 65

strain-based elastography 338
strain-energy function 70–71
supersonic shear imaging (SSI) 241
surface coils 35
symmetric difference 180
symmetries 71–75
systolic vs. diastolic dysfunction 250–252

t
temporal resolution 163
thalamus 274
three-dimensional k-space 32
time-dependent magnetic fields 10
time-harmonic elastography (THE)

237–238, 257
time-harmonic motion encoding 46–50
time-translation invariance 45
time-varying magnetic fields 15
timing diagram, of FLASH pulse sequence

28
tortuosity 135, 136
transient ultrasound elastography (TE)

306
transjugular intrahepatic portosystemic

shunt (TIPS) 308–309
transmission and reflection coefficients,

for welded and slip interface
117–118

transverse isotropy 73
transversely isotropic elasticity tensor 325
transversely isotropic (TI) material
compliance and elasticity tensor 79–80
models 275

transverse magnetization 11, 13, 16, 19,
29, 55, 57

creation of 26
decay of 14
first-order differential equation 13
k-space 23
magnitude of 17
RF pulses 28

tricuspid valve 246
trigger pulse 55, 147, 231
tumors
growth 333
micromechanical properties 333–336
MRE 339–350
ultrasound elastography 336–339

two-dimensional phase unwrapping
algorithms 193

u
ultrasound-based cardiac strain

measurement methods 257
ultrasound elastography (USE) 233, 245,

271
breast tumors 337–338
prostate cancer 338–339

uniaxial loading 75
unjacketed condition 132
unwrapped phase 191
uterus, MRE of 318–319

v
variational method 218
vertical edge 194
vibration energy 230
vibration frequency 231
choice of 266–268

vibration period 55
vibration phase gradient (PG)

sonoelastography 238
vibro-acoustography (VA) 237
viscoelasticity 80
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viscoelastic models
dashpot (viscous model) 82
description 80
Laplace transform 84–85
spring (elastic model) 81
springpot and fractional viscoelasticity

89–90
stress–strain relations 83–84, 86

viscoelastic parameter reconstruction
algebraic Helmholtz inversion

205–208
algorithms 353
discretization and noise 201–204
finite element method 217–223
inversion methods 199–200
k-MDEV 214–217
local frequency estimation 208–210
multifrequency inversion 210–214
phase gradient 204–205
transverse isotropic medium, direct

inversion for 224–225
wavguide elastography 225–228

viscoelastic theory
assumptions 63
engineering constants
compliance and elasticity tensor
79–80

compressibility and bulk modulus
77–79

Lamé’s first parameter 77
shear modulus 76–77
Young’s modulus and Poisson’s ratio
75–76

Hooke’s law 69–70
invariants 68–69
strain 63–66
strain-energy function 70–71
stress 67–68
symmetries 71–75

viscosity-related parameters, spleen 313
Voigt model 83, 89
volume resonator/body coil 35
volumetric deformation modes 132
von Neumann boundary condition 103

w
wall shear modulus versus cavity pressure

249–250
WAV-based MRE 258
wave(s)
in anisotropic media
Christoffel equation 105–106
transversely isotropic medium
104–109

image 43
intensity 112
oscillation cycle, phases of 41
wave phenomena, intensity and radial

profiles 128
wave amplitude variation (WAV) 255
waveguide elastography 228
local coordinate system 226
principle 225
spatial–spectral filtering
description 225
Fourier transform 226
plane wave component 226–227
tangent vector 225

wave inversion cardiac MRE 259–260
wavelets 173
welded interfaces 115
wrapped phase 191

y
Young’s modulus 75–76

z
Zener model 89






























