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Phase MRI
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Phase MRI

Encoding Data Applications
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Phase MRI

Encoding

Susceptibility imaging

MR thermometry

Flow imaging

Phase contrast angiography
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Motion-encoding
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Tha K.K. et al. Eur Radiol 2018




Phase MRI

Encoding Data Applications
Susceptibility imaging None
Conductivity imaging None

None

Flow imaging Veloaty—encpdmg
bipolar gradient

Bipolar gradients

Phase contrast angiography  applied along the x, y,

and z axes sequentially

Motion-encoding

Elastography gradients

Blackwell J. et al. IMRI 2020
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Phase MRI

Encoding Data

Susceptibility imaging None Raw phase

Conductivity imaging None Raw phase (B))

MR thermometry None Phase shift

. . Velocity-encoding Subtracted phase data Frdi

Flow imaging : ; } i e
bipolar gradient opposite encodings
Bipolar gradients Subtracted phase data frd
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Phase MRI

Encoding
Susceptibility imaging None
Conductivity imaging None
MR thermometry None

Flow imagin Velocity-encoding
She bipolar gradient
Bipolar gradients
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Phase MRI

Encoding Data Applications

Susceptibility imaging Mechanical Wave Image Elastogram

Driver
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Phase contrast angiogra
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Motion-encodin ) . ) )
. & Phase differences Liver fibrosis, brain
gradients

Venkatesh S.K. et al. ]MRI 2013
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Phase MRI

Encoding Data Applications
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Susceptibility MRI - source of contrast

paramagnetic

] = xBo x>0
Air

Magnetic field (B,)

Iron, gadolinium,
copper, manganese

Deoxvyhemoglobin

Water susceptibility

Diamagnetic Para/Ferromagnetic

Most of the biological tissues

Myelin
Calcification
x<O0
diamagnetic

mriquestions.com
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Susceptibility MRI - source of contrast

Susceptibility-weighted imaging Quantitative susceptibility mapping A paramagnetic
x>0
Air
Iron, gadolinium,
copper, manganese

Deoxyhemoglobin

Water susceptibility

Most of the biological tissues

Myelin
Calcification
<0
diamagnetic

Barnes J et al. Magn Reson Imaging Clin N Am 2010
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Susceptibility MRI — Deoxyhemoglobin

Lateral
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med u I lary Deep medullary v.
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Ant. hippocampal v.
Caudate Globus Catorai s v
vein pallidus —
iddle terminal
I nte rna | Ant. longitudinal m:‘:l-"y
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veins Cal IOSU m from G Salamon. P. Huang Radiologic

Anatomy of the brain. Springer verlag 1976

VEINS GRE Phase Image STRUCTURES

mriquestions.com
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Susceptibility MRI - Iron

Iron Perl’s Stain GRE Magnitude Image GRE Phase Image

Drayer Am ] Roentgenol 1986
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Susceptibility MRI - Iron

Iron Perl’s Stain

Drayer Am ] Roentgenol 1986
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Susceptibility MRI - Iron

Drayer Am ] Roentgenol 1986
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Susceptibility MRI — Calcification

Paramagnetic

4

Hemorrhage from
trauma

Diamagnetic

4

Calcification in
glioma
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Susceptibility MRI - Iron

Phantom validation Tissue validation
a Schematic Magnitude Field Qsm PET 0.4
Increasing
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T ks o €y r=087
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»
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Bulk susceptibility (ppm)
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Deh K et al. Sci Rep 2020
Lankammer C et al. Neurolmage 2012
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Susceptibility MRI - Signal model

Ruetten P et al. BJR 2019
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Susceptibility MRI — Signal model

Ferumoxytol phantom
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Susceptibility MRI — Signal model

field
perturbation

magnetic susceptibility
distribution

Field-to-source

inversion

Forward Model

ABy(7) = B(.-/ P AP —r

2C
Review: Deistunget al. NMR Biomed 2017; Schweser etal. Z Med Phys 2016
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Susceptibility MRI - Signal model

field magnetic
: Field-to-source ‘ susceptibility
perturbation distriution

inversion

Forward Model

=
—

ABim{T}) = Bn’/- {(7)(1(?—7_})(151—}

-0
Review: Deistungetal. NMR Biomed 2017, Schweser etal. Z Med Phys 2016
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Susceptibility MRI — Signal model
ABG) = By | x(T)d(F ~T)dT 1 3c0s%(0) -1
—00 d(?") — =
41 7|3

AB = By(x®d) Known
& |

Measured Unknown

FT -
‘ d(k) = 1k

AB(k) = Bo[x(k)d(k)]
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Susceptibility MRI — Signal model

- . -~ 1 k2
AB(k) = Bo[x(k)d (k)] d(k) = 3 - i
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Susceptibility MRI — Signal model

Susceptibility

source BO field Frequency ‘Phase shift from
(Iron) perturbation shift tissue susceptibility

- Aw = yYAB, Ap =Aw - TE

) 4
Measured phase Phase shift from
(single coil) local magnetic field
¢ (7, TE) ) @& 2
= ¢o(T) + dtota1(r, TE) = Adtissue + Awbackground -TE
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Susceptibility MRI — Processing

Susceptibility

source BO field Frequency Phase shift from

(Iron) perturbation shift tissue susceptibility
Aw = yYAB, Ap =Aw - TE

B,
Measured phase Phase shift from
(single coil) local magnetic field
d)(F: TEz R A(l)total
= ¢o(T) + dtota1(r, TE) = Adtissue + Awbackground -TE
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QSM - Processing

1. Image acquisition
T,*-weighted sequence

Brain mask

Coil magnitude Magnitude . . .
- 4. Dipole inversion

Brain
extraction

Local field

Coil
combination

Dipole
inversion

Background

Totalfield  field removal ™™

3. Background
field removal

2. Phase unwrapping
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QSM - Processing

1. Image acquisition

Phase combination approaches

* Scalar phase matching [1]
* Adaptive combine [2]
« Virtual Reference Coil [3]

1 echo,
No reference scan

1 echo, « Roemer/SENSE [4]
Reference scan * COMPOSER [5]

* SVD [6]
* Solve for AB, via phase difference [7]

Multiple echoes
« Solve for ¢§: ASPIRE 8]

[1]Hammond et al. N1 2008
‘alsh et al. MRM 2000
arker et al. MRM 2014
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Background field correction methods & assumptions

IETe U] (o= le 1M (oMl - SHARP (Schweser et al. NI 2011)
boundaries * V-SHARP (Li et al. NI 2011)

USREUSIENICUE . | BV (Zhou et al. NMR Biomed 2014)

and boundary fields

el [yyle][[ifloTelVsTe E13YA0 - RESHARP (Sun et al. MRM 2014)
assumption * SHARQnet (Bollmann et al. Z Med Phys 2018)

Unwrapping techniques

- di appliedto produce the same result
on the wrapped phase -> Laplacian (Schofieldand Zhu, Opt. Lett. 2003)

Laplacian [EEEe

- introduces background phase

- Identify discontinuities between regions
* PRELUDE (Jenkinson MRM 2003)can take a whie tocomputeforhighly wiapped
ta

at
« SEGUE (Karsa etal. TMI 2019)similar accuracy to PRELUDE, but faster

growing

+ 3D voxel-by-voxel unwrapping guided by the quality of voxel connections.
+ BEST PATH (Abdul-Rahman etal. AO 2007)
« ROMEO (Dymerska et al. MRM 2021)

Path Based

Review: Robinson et al., NMR Biomed 2017

2. Phase unwrapping

4. Dipole inversion

Dipole inversion methods & assumptions

OSMOS (Liu et al. MRM 2009)
1

3 : . « Co
multiple orientations FEXEILIEND)

« analytical solutions, but not practical

+ TKD (Shmueli et al. MRM 2009)
- fast, but need parameter tweaking

inverse filtering

LSQR (Liet al. NI 2015)

iterative methods  EESNECEREIEE)

need parameter tweaking

QSMnet (Yoon et al. NI 2018)

agnostic deep learning JE X aR TR ey

fast, but fragile

« FINE (Zhang et al. NI 2020)

hybrid methods  Variational Networks (Lai et al. arXiv 2020)

« Deep learning priors + data consistency constraints

Reviews: Schweser et al. NMR Biomed 2017; Jung etal. NMR Biomed 2020

3. Background
field removal

2021 ISMRM QSM education talk




QSM - Coil Combination

NMR
INBIOMEDICINE

Received: 11 November 2015, Revised: 14 June 2016, Accepted: 18 July 2016, Published online in Wiley Online Library: 13 September 2016

(wileyonlinelibrary.com) DOI: 10.1002/nbm.3601

An illustrated comparison of processing
methods for MR phase imaging and QSM:
combining array coil signals and phase
unwrapping

Simon Daniel Robinson®*, Kristian Bredies®, Diana Khabipova“?,
Barbara Dymerska?®, José P. Marques“® and Ferdinand Schweser®f
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QSM - Coil Combination

Single Channel Single Channel Single Channel

Phase Unwrapped QSM
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QSM - Coil Combination

Single Channel Multi Channel Unwrapped
Phase Phase Phase

33 Susceptibility and Conductivity MRI



QSM - Coil Combination

No Correction

Coil magnitude Magnitude

Measured phase
(single coil)

gb(F, TE)
— ¢0(F) + thotal(F; TE)

*

Transceive phase

Coil
combination

spatially varying phase
offsets exist between

receive coils

Robinson S et al., NMR Biomed, 2015
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QSM - Coil Combination

Rémer No Correction
Magnitude of
phase-matched,

combined

100
Quality
Q(%)

With Scalar

reference phage
coil matching
(MCPC-C)
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COMPOSER

MCPC-3D-II

. 3D phase Phase
Virtual offsets offsets from
reference derived a short
coil from a dual echo-time
echo scan reference

o 0T TE)TE) — (7, TE)TE;
?; (r)= .
TE, —TE,

Robinson S et al., NMR Biomed, 2015



QSM - MPCP-3D

Steps: ) (7. TE)TE: — oy(F TENTE,
- unwrap each echo phase ! TEy —TE;
create 3D phase offset map for each coil using each unwrapped echo
smooth with 5x5 median filter
subtract 3D phase offset map from phase image of each channel
weighted mean
Advantages:
works where there is no signal overlap between receivers

no need for reference coil
also works using a separate low-resolution scan
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QSM - Phase unwrapping

Total field

Phase
unwrapping

Phase (rad)

L o
L] 4 o &pl(x'y)— ¢h(x'Y) e
10} o

L o o 4n A
0 : & 2n ‘
0 L r -
| -2n .

_5 - l -an “Y.“',- g
10} 2t ]
'15"“"’;::‘2 h=-1 =0 ky=1 =2 b

0 100 200 300 400 500 600 700 800 900 1000

X (pixel)
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40.56 ms
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QSM - Phase unwrapping

PRELUDE CUSACK BEST PATH PHUN LAPLACE HiP UMPIRE
2 ,
2 ,
z

N\ "\ -

g . . Temporal
= Spatial path following methods Laplacian phase
X .
) unwrapping

NOISY SPHERE

30% Noise

Robinson S et al., NMR Biomed, 2015
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QSM - Background field removal

Brain mask Journal of Magnetic Resonance 148, 442-448 (2001)

doi:10.1006/jmre.2000.2267, available online at http://www.idealibrary.com on

Local field

Background
field removal

Total field

B ) holic Me

|nn:l®

High-Precision Mapping of the Magnetic Field Utilizing
the Harmonic Function Mean Value Property

Lin Li and John S. Leigh

Department of Bi istry and Mol Biophysics, and Me

The spatial distributions of the static magnetic field components
and MR phase maps in space with homogeneous magnetic sus-
ceptibility are shown to be harmonic functions satisfying Laplace’s
equation. A mean value property is derived and experimentally
confirmed on phase maps: the mean value on a spherical surface
in space is equal to the value at the center of the sphere. Based on
this property, a method is implemented for significantly improving
the precision of MR phase or field mapping. Three-di ional
mappings of the static magnetic field with a precision of 107" ~
107" T are obtained in phantoms by a 1.5-T clinical MR scanner,
with about three-orders-of-magnitude precision improvement over
the ¢ ional phase mapping technique. In vivo application of
the method is also d rated on h leg phase maps. e 2001
Academic Press

Key Words: field mapping; harmonic function; mean value
property; phase; SMV.
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aging, we generate field maps with high precision up to
107" ~ 107" T. Such a measurement precision is comparable
with that of a superconducting quantum interference device
(SQUID) for the magnetic field measurement (/7). Feasibility
with in vivo applications is also demonstrated.

THEORY

In free space or regions without susceptibility heterogeneity
and no macroscopic currents, all the components of the static
magnetic field H satisfy Laplace’s equation, i.e., V’H;, = 0,
i =x,y,2z or V’H = 0, which can be easily derived by
setting the temporal derivative of the magnetic field in the
electromagnetic wave equation (/8) to zero. Therefore, local
magnetic induction (4, /9) experienced by a nucleus, (1 +
x/3)H, also satisfies Laplace’s equation. Since the spatial

VSHARP

RESHARP

HARPERELLA

PDF




QSM - Dipole Inversion

Dipole inversion

Local field QsMm

i
ill-posed inversion problem L~
Noise amplification near the Ts, &
zero cone surfaces A
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QSM - Dipole Inversion

COSMOS: calculation of susceptibility using multiple orientation sampling

X
B ,
& —0 . — o —
‘ ’
z ,‘.-_—\
Laboratory frame Likioratiei 5
y "y e c object’s frame

a

Liu T, MRM, 2008
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QSM - Dipole Inversion

COSMOS: calculation of susceptibility using multiple orientation sampling

Ay

ot

| ¥

e 4

kz 3-angles J-angles
a one axis d two
TN
object-linked
axes
e g h

missing k-space
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Liu T, MRM, 2008




QSM - Dipole Inversion

susceptibility magnitude susceptibility

COSMOS:

Deistung, A et al Neurolmage 2013, 65, 289-314
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QSM Dipole Inversion: iLSQR

iLSQR: iterative method solving least square using the orthogonal and right triangular decomposition

Dipole kernel

(k) = Da (k) - x(k)
Field perturbation Susceptibility distribution
1t order derivative ¢’( ) [ (kz + k ) Z/kiéq ¢ (k) p— D2 (k) . X’(k) =i
D3 (k) - x(k) + Dy (k) - FT[i - m.x(r)]= FT[i - r-9(r)]

Where:  Dy(k) = (k2 + kyz)kz/ mk*

X(k) ~ Dy (k)" - FT]ir,4(r)], when Dy(k) < e

Li W, Neurolmage, 2011, 2015
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QSM Dipole Inversion: iterative inversion methods with regularization

W(F'DFy—@) Hz +aQ (x)

1
Recon problem drgmin, 5

Data consistency term GIEL I

term
Nonli i ' in L iF"DFy _ ,i® i
onlinear variant  argmin - W ( e e ) i +aQ (y)

Method Data consistency term  Regularization term

STAR-QSM (STreaking Artifact Reduction for QSM)  Linear L2-norm Total variation

FANSI (FAst Nonlinear Susceptibility Inversion) Nonlinear L2-norm Total variation

HD-QSM (Hybrid Data fidelity) Linear L1+L2-norm Total variation

MEDI (Morphology Enabled Dipole Inversion) Linear LT-norm L1 norm of morphologically weighted gradients

Wei H, NMR in Biomed, 2015; Milovic C, MRM, 2018;
https://github.com/mglambert/HD-QSM; Liu T, IEEE
Trans Med Imaging, 2012
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QSM DipOIE Inversion: iterative inversion methods with regularization

Parameter optimization

A)A=10"° B o
) s (B) Frequency Equalization Plot
© ‘;23
102 + Optimal A
[es
9
bt
v
[es
=
m 107
, o~
S
10°°
10°° 1074 1072

Regularization weight

A — A4\
S = A+ A

A;: Mean power in M;

Yao ] et al., Neurolmage, 2022
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QSM Dipole Inversion: single step methods

QSIP Quantifying Susceptibility by Inversion of a Perturbation model
Xi=arg min [Allﬂ' o (AB — A(Ks*x1))|{+A2/M o (B — (Ky* x1+Be)) \3-{—/\3MIC o (x1+Xx0/9) \5]
1

X

Simultaneously estimating the external susceptibility outside the brain

SSTV, SSTGV Single Step QSM with Total Variation / Total Generalized Variation penalties

C+RG)

.1 _ _
rrynizi“M,F "HDFy — M- HiF¥()|
Perform VSHARP background field removal and dipole inversion in a single step

Poynton C, IEEE Trans Med Imaging, 2015
Chatnuntawech I, NMR in Biomed, 2017

Susceptibility and Conductivity MRI




QSM Dipole Inversion: deep learning-based methods

QSMGAN

ConviBNSLeakyReLU)
<2 AvgPool

21252 ConvTranspose

11 Conv  Tanh + ConterCrap
Cory

a) Generator(G) ok b

Predicted QSM

- dxdd Comv(stride=2) + LeakyReLU ! G
133353 Com 2
Real  Tissue phase

"’. B Cont s Ha

e O Fake
£z

b) Critic(D)

s

QSMnet+

Deep neural network for QSMnet

: 5x5x5 Conv+BN+Relu
: 2x2x2 Max pooling

: 2x2x2 Deconvolution
: Feature concatenation
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xQSM

Single step

iQSM

(a) Overall Framework

Network Input

XQSM Framework
(in vivo dataset)

£ Doy

Ground Truth Cropping

Forward Process
TN Oeclecomouion 3

ipole Kery
(size: 48)
Np=4s” Patches

Octave Convolution (3 x3 x3):

> ' Fun . ‘
L
Ste: Pwninae Sizgs e Nalse Adding Layer
Fuy
) L o

size: M2xwxax(1-a)C

Size: W2xwsdX(1-0)C

U-net

Skip Connection

[ RS iﬂun S uﬂLﬂ

T T2 6 ;2% 18 2 1m ok ok 64
Output Test nput
(Ful Size GSM mages) (Ful Sizs Fieid Maps)
et 222 :
Addition _Convolution__BNorm, ReLU __axPooling

(b) LoT-Unet Architecture

LoT Layer

Raw Phase

iQFM iasm
(LoT-Unet)  (LoT-Unet)

| |

Tissue Field Susceptibility

ByTE

Element-wise
K Multiplication

1 5
LoT = m(l{ * sin(@y,)) - cos(@y,)

—(K * cos(@w)) - sin(pw))
@,, : input wrapped phase

K: ® convolution kernels

Network Outputs

Chen Y, Neurolmage, 2020;
Yoon J, Neurolmage, 2
Jung W, Neurolmage, 2020

Unet
1
)
Y piet
................ a
vy _fae

3x3x3 Convolution,
BNorm, ReLU
} 32 -2x2x2MaxPoonng
Z
[ P
ry BNom, ReLU

= > concatenation

256 128
() <11 convotation

Gao Y, NMR in Biomed, 2020
Gao Y, Neurolmage, 2022




QSM: Anisotropic Susceptibility

Susceptibility Anisotropy Susceptibility Tensor Imaging

Li W et al., NMR Biomed, 2017
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QSM: Susceptibility source decomposition

paramagnetic
x>0
Air
Iron, gadolinium,
copper, manganese

Deoxyhemoglobin

Water susceptibility

Most of the biological tissues

Myelin
Calcification
x<O0
diamagnetic
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A

Gradient echo signal

S(¢, 1)

QSM(t)

Magnitude(t)

Signal of
paramagnetic component

C, (r)e—RE_.,.(r)teid).,.(r)t 4 G (T.)e—RE__(r)teiqb_(r)t s

+

diamagnetic component

OO +

Local signal(t) =

Signal of
*neutral component

CO (r)e _R;,O (T)f

Signal of

= X+
Cy

.
Rao =

X

_C

*neutral component means the component is susceptibility neutral relative to the susceptibility reference.

Chen ] et al., Neurolmage, 2023




QSM: Susceptibility source decomposition

Chen ] et al., Neurolmage, 2023
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Susceptibility MRI — SWI

paramagnetic

phase-weighted magnitude imaging

x>0
Air
Iron, gadolinium,
copper, manganese

Deoxyhemoglobin

Water susceptibility

Most of the biological tissues

Myelin
Calcification
x<0
diamagnetic

Barnes J et al. Magn Reson Imaging Clin N Am 2010
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Susceptibility MRI — SWI

paramagnetic

phase-weighted magnitude imaging

x>0
Air
Iron, gadolinium,
copper, manganese

Deoxyhemoglobin

Water susceptibility

Most of the biological tissues

Myelin
Calcification
x<0
diamagnetic

Barnes J et al. Magn Reson Imaging Clin N Am 2010
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SWI - Processing

Contrast: Magnitude Phase SWI
M

H in Tissue | S
H around CMBs Ap<0 /r

: \/ - ‘@ (r)
TE t

Shortens T2*  Accumulates phase Enhances T2*
shortening

BN 2
? } s k
: v Ly

Effect of Ay:
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SWI - Processing

k-space i SWI mIP

unwrapped phase f 1
W‘«a‘ﬁ | filtered phase /r

o a% A -T ’@h(r)

High pass
= filter
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SWI - Processing

unwrapped phase filtered phase Hann window
B ;:,«ﬁ, ;-ﬂ e
SIS
High pass
o filter
A samples

Complex division Low pass filtered

phase
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SWI - Processing

Higher contrast,
more artifacts

amplitude
e e e o200

lower contrast,
less artifacts
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SWI at 7T
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QSM/SWI - Clinical applications

. . Traumatic Brain Injury
Multiple Sclerosis ,

Hammond et al, Annals of Neurology, 2008
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QSM/SWI - Clinical applications

Brain Tumor

| 5 yrs post-RT | @ 8 yrs post-RT 9 yrs post-RT 5 yrs no-RT

Liu C, et al JMRI 2015

- . Kim HS et al AJNR 2009
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QSM/SWI - Clinical applications

Parkinson’s Disease

Aging

(@)

SN (ipsilateral ) SN (contralateral )
go1s - - go1s
a a '
; e ‘ ° s E ..® ' B ' :
io‘1o< N c & " io.w- W
EXTTTNE 025ppm EOEFTTONE 025 ppm S UEEEEE
< 4 ® o
¥ 0.05 %0.054
Young Elderly : - 3
H P=0.0094 2 P=0.0226
2 0.00 v . ' 20.00 v v .
= 2 4 6 g Mg 2 4 6 8
Disease duration Disease duration

Bilgic B et al., Neurolmage, 2012
Azuma M et al., AINR, 2016
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COndUCtiVity imaging (Electrical Properties Tomography)

Electrical conductivity (0): the ability of a material to transport charges, or equivalently,

to carry an electric current.
Electrical permittivity (£): the ability of a material to rotate molecular dipoles and trap/store

charge; hence the degree to which a material becomes polarized when placed in an
electric field.

Helmholtz equation

H: Magnetic Field

k: complex permittivity
=e-i(o/w)

u: magnetic permeability

— V’H = “£ x [V x H] + o* uxH,
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Conductivity imaging

— V’H = £ X [V X H] + 0? uxH, Simplified H-EPT
Piecewise constant k 1
o= —V2g6+
Constant u Wi
-1 V*H*@
K(r) - w2M H+(l‘) ’
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Conductivity imaging

Simplified H-EPT/

Measured phase

phase-based EPT (single coil)
o= L vt (. TE) )
WHo = ¢o(1) + drotar(r, TE)

*

o =T+ ¢~ Transceive phase
6" ~$/2=(¢"+8 )12

Transceive phase assumption

64 Susceptibility and Conductivity MRI



Conductivity imaging
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FIGURE 4 Electrical properties tomography (EPT) phantom
measurements at different saline concentrations. The plot clearly
shows the different steps of added NaCl, corresponding to an accuracy
of about 10 mS/m. Error bars indicate standard deviation over the
averaged 50 x 50 voxels in the center of the phantom

1300 S/m

Katscher U et al., NMR Biomed, 2017
Tha K et al., Eur Radiol, 2018
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Conductivity imaging
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Electric properties tomography: Biochemical, physical and
technical background, evaluation and clinical applications

Ulrich Katscher' © | Cornelius A.T. van den Berg?

! Department of Tomographic Imaging, Philips

Research Laboratories, Hamburg, Germany Electric properties tomography (EPT) derives the patient's electric properties, i.e. conductivity and
2 pepartment of Radiotherapy, University permittivity, using standard magnetic resonance (MR) systems and standard MR sequences. Thus,
Medical Center, Utrecht, the Netherlands EPT does not apply externally mounted electrodes, currents or radiofrequency (RF) probes, as is
Correspondence the case in competing techniques. EPT is quantitative MR, i.e. it yields absolute values of conduc-

U. Katscher, Department of Tomographic
Imaging, Philips Research Laboratories,

Roentgenstrasse 24-26, 22335 Hamburg,
Germany. these reconstruction techniques. MR sequences which map the field information required for

tivity and permittivity. This review summarizes the physical equations underlying EPT, the corre-

sponding basic and advanced reconstruction techniques and practical numerical aspects to realize

Email: ulrich katscher@philips.com EPT are outlined, and experiments to validate EPT in phantom and in vivo studies are described.
Furthermore, the review describes the clinical findings which have been obtained with EPT so far,
and attempts to understand the physiologic background of these findings.
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