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Rat – Post Mortem: 2T, 86.6 MHz (1993)

Mineral oil 
ballons

No Current RF Current on

RF magnetic field map RF current phase
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Suggested processing 2nd derivatives of RF field, but field 
&phase stability were inadequate at the time: impractical.



1991 SMRM

1) Inject RF current at 
Larmor frequency.

2) B1 field maps. How???

3) Curl the field maps.

4) Multiple cycles needed 
for high SNR.

We had a 2T animal spectroscopy system with two 
transmitter channels for homo/hetero nuclear decoupling.



Field Equation Overview
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Tissue Impedance Biophysics

• α dispersion: cell membrane-electrolyte surface effect.
• β dispersion: capacitive charging of cell membranes, 
dipolar reorientation of proteins, organelles.

� δ dispersion: protein suspension in water ~100MHz.
• γ dispersion: polar properties of free water.
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Challenges

• Converting MRI B maps to lab frame H.

• B1 Mapping with high dynamic range.

• Inverse problem to compute missing 
components.

• Vector Field Tomography.
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Birdcage Tx,Rx Fields

|B|

Φ+ Φ-

64 cm birdcage, 80 cm 
shield, 40 cm sample.



|B| Φ+ Φ-

64 cm birdcage, 80 cm shield, 40 cm sample.

Circular polarization

Linear polarization



Yarnykh et al.,  MRM 57:192,  2007.

|B+|-Mapping

• Flip angle ratio (Double Angle) 90o limit, slow

• Actual Flip Angle, fast, 90o limit.

• Bloch Siegert – fast, phase based, but RF is 2nd

order encoded.

• How to get high dynamic range?
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B1 Mapping Sequences

• AFI (Yarnykh MRM 
57,192,2007.

• MTM (Voigt MRM 
64:725, 2010).

• Adiabatic (Shultz)

• Rotary echo (Scott)

• Phase-Sensitive Flip 
angle maps (Morrell)

• Bloch-Siegert( Sacolick).

• Must refocus or 
calibrate out Bo.

• Spin Echo

• Fast Spin Echo

• Steady State Free 
Precession.

• Multi-TE GRE.

B1 Magnitude B1 Phase



Electric Properties 
Tomography



Field Equations
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Proc. SPIE 2003, 5030:471-477
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|B+|: Spin echo pair 

Φ+ ~Φi/2 from spin echo phase

Bulumulla, 4467, ISMRM 
2011, uses Bloch Segert
|B+| & Spin echo Φ



Determination of Electric Conductivity and Local SAR Via 
B1 Mapping U. Katscher, IEEE TMI 28, 1365, 2009
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• In birdcage, TEM coil, Hz~0.

• Tx/Rx phase: Φ=Φ+ + Φ−∼2Φ+
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Helmholtz Algorithm
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Magnitude & Phase
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Quantitative Conductivity & Permittivity Imaging of the 
Human Brain Using Electric Properties Tomography, T. 

Voigt, U Katscher, O Doessel, MRM, epub 2011.

SE for φ MTM+φ/2->σ φ/2->σ

FFE for |B+| MTM:|B+|, SE:φ/2 FFE:|B+|->ε

Phase based conductivity: +5 to 15% error vs “exact”

Image magnitude  permittivity: -10 to 20% error vs “exact”



Glioma Tissue Conductivity T. 
T. Voigt, 127, ISMRM 2011 

Phase based σ map

3D FSE
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Real-Time Conductivity Mapping using Balanced 
SSFP and Phase-Based Reconstruction, , , , C 

Stehning, 128, ISMRM 2011

Spin-Echo SSFP

Use SSFP to acquire phase, and 
conductivity with salt-water 
phantom.



Comparing EPT at 1.5, 3 & 7T, A. van Lier, 
p125, ISMRM 2011

B1 phase: Spin echo, |B+|: AFI (3&7T), DAM (1.5T)



Electrical Conductivity Imaging of Brain 
Tumours, A. van Lier, 4464, ISMRM 2011

ωµσφφ =∇+∇•∇ +++
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|B+|: Bloch-Siegert, Phase: Two interleaved GRE



RF Current 
Density Imaging



Current Density Contrast 

Tangential current ratio equals ratio of complex 
conductivity. Normal current yields no contrast.

~2 orthogonal injections to 
visualize tangent.



Quasi-Static Field Equations
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Birdcage is transmit 
phase reference.
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Rcv phase cancelled.

Two Channel Parallel Transmit :Birdcage + Electrode



Rotating Frame Prep
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MRI can map  RF magnetic fields created by the ablation 
current.



Rotary Echo Imaging Sequence

RF-J

B1

plane rot

rot. echo

Gz

Gy

Gx

image acquisition

Spin echo

Apply RF current

Acquire 4 interleaved sets. Construct phase map 
images.



Rotating Frame Current

If the rotating frame fields are measured, we compute

Result mixes true Jz and an error term we can control.

Error termCorrect current



Raw B1 phase maps

Φx

Φy



Pork Sample: 21.3 MHz

|J| JφMR magnitude

256x256 (cropped) 
FOV 16cm, slice 
5mm TR:300ms, TE 
16ms

Return ground



Equi-phase Condition

No currentdHz/dz|Jz|, Φ free|Jz|, Φ constant

Fo linearly polarized fields, a single global phase 
correction can be found, and dHz/dz artifacts eliminated.
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New Directions



Single Element SAR Measurements in a Multi-
Transmit System, U. Katscher, 494, ISMRM 2011
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Also, U. Katscher, MRII, Seoul 2010
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EPT+RFCDI



Recovering Hz:           . 
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Map Hx, Hy by MRI,  & integrate 
divergence terms along z.

How to approximate/estimate c(x,y,zo)?

J×∇ Can provide extra constraint



Biot-Savart Law
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MRI visible

MRI invisible

Must integrate over ALL current carrying regions.
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Quasi-static,

Satisfies

Can transverse B1 maps be used to estimate Bz?

J

See Stratton, ch 4, ch 8.
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Tangential H and 
E fully determine 
interior fields!



What about Admittivity Gradients:
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Seo IEEE TBE,50:1121,2003,

Oh PMB 48:3101,2003
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electrodes

coils

H

Transverse Electric? Transverse Magnetic?



BSD-2000/3D/MRI

24-dipole Antennas, 12 
Power Amplifiers

Hyperthermia Systems

Fenn, Int. J Hyperthermia 10,189, 1994



MJ ×∇=

2D Magnetic 
dipole surface

Magnetic current density 
normal to coil plane

MjJ om ωµ=

Perfect Electric 
Conductor

Electric current density 
normal to electrode plane

Antenna

Coil Electrode Antenna

J



Summary

§ EPT methods use AFI/MTM, SE and GRE – no real B1 
maps. 

§ Laplacian computation.

§ RF CDI creates conductivity contrast by injecting RF 
current & B1 mapping.

§ Curl computation.

§ Integral equation, and multiple (array) transmit.

§ Coils and electrodes are equivalent to exciting by 
magnetic current sources & electric current sources.


