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The First
Clinical
VMCG
Machine

Vector
Magnetocardiography

Stanford
~1974
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Questions Regardlng the MCG

I

Information Content?

e Does the MCG contain
Information not present in the
ECG?

The Inverse Problem

e There iIs no unique solution to
the ECG, MCG, or ECG-MCG
Inverse problem. What role do
Silent Sources play?
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The uniform /_FIES:E:JZOLNNTG:E Q(r)
double-layer model

Y

e Assumes . | Vit
— e dEaes: 7N s,

W) \wnvzmom

— Uniform strength

— Current perpendicular
to the wave front

e Dipole moment and
potential \V(r) are

determined by the solid
angle subtended by the
dOUbIe'Iayer rm Heart vector or dipole
moment versus time
4
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The electric and magnetic heart vectors

m =% r x p explains relation of electric and magnetic vectors
Double-layer rim determines both m and p
Little significant new information in the MCG...?

W.H. Barry, et al., Science, 198: 1159-1162 (1977);; Cardiovascular Physics, Karger, Basil, 1979, pp. 1-67. 5
s0338 s0159
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Presentation Notes
.SLIDE No. 338    UNIFORM DOUBLE LAYER IN SPHERICAL MAN
.SLIDE No. 159	THE VECTOR ECG AND MCG

THESE SLIDES ARE FROM MY FIRST COLLOQUIUM AT VANDERBILT IN 1976

On the left, we consider a spherical person.  The electric dipole moment of the heart is proportional to the area enclosed by the opening of the activation wave front.  I showed that the magnetic dipole moment is equal to r cross p.  

[RIGHT] Data from a normal subjects confirmed this, where we see three projections of the trajectory of the electric and magnetic dipole moments during the cardiac cycle.
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It’s the
anisotropy...

FIELD POINT T

@ LIVING STATE PHYSICS GROUP L.V. Corbin IT and A.M. Scher, Circulation Res. 41: 58-67 (1977)

SOLID ANGLE £ (7)

VENTRICULAR
OUTLINE

DOUBLE - LAYER
X \| DEPOLARIZATION

'\WAVEFRONT

IMPRESSED CURRENT
DENSITY J'

10 msac,

2660 188 52663

Corbin and Scher, 1977
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Cardiac fiber orientation is the
source of the new information

« Circulating current components are electrically silent
* Only magnetic fields can distinguish between two possible models

Wikswo and Barach, J. Theoretical Biol., 95: 721-729 (1982) 8
s0643 s0419
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.SLIDE No. 643      BARACH/WIKSWO CYLINDERS
.SLIDE No. 419      BARACH/WIKSWO DOUBLE LAYER CUPS

[LEFT] Many years ago, John Barach and I tried to answer the arguments provided by Stan Rush.  Here we have a generalized battery with two components of impressed current -- an axial as well as a tangential component.  How do you know that the Eveready Energized D-Cell doesn't have this component?

[RIGHT] There have yet to be definitive demonstrations of the effects of the spiraling tissue anisotropy on the magnetocardiogram but one of the first theoretical answers to our initial question is demonstrated by these two double layer cups.  These two cups have identical electric fields but quite different external electric fields.  If we do detect the magnetic signature of a small expanding wavefront, we would be able to discriminate between the two models, whereas electric measurements could not tell the difference.
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The cardiac syncytium: A three-dimensional
non-linear anisotropic bidomain

tic, General Histology of the Mammal, Springer-Verlag, Berfin (1984) A

Y
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It’s the anisotropy....
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2-D Bidomain Equations

 Homogenized « Nonlinear reaction-diffusion

- CoupledV,_ &V,  €quation
e Boundary value equation

dV, | .
a[m =—Jion——7 Vg VV, ,

p
V‘(éj +,§6)VV6 =—Veg.VV, ,

where g; and g, are the intracellular and extracellular conductivity tensors; B is

Cm

the ratio of membrane surface area to tissue volume (0.3 pm-1); Cy, is the
membrane capacitance per unit area (0.01 F/m?); and Jion is the membrane
current per unit area
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.SLIDE No. 2115 or 2482    BIDOMAIN RESISTORS
.SLIDE No. 1350	THE BIDOMAIN EQUATIONS

In two dimensions, the pictures get hard enough!  Imagine this in three!

The equations are easy to write down,but a little harder to solve.
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The Cardiac Bidomalin

« Intra- and extracellular
spaces have unequal
anisotropies in their
electrical conductivities.
Really?

Y

— Magnetic fields EE T ET

— Virtual electrodes —w— Intraelluar
- —wW— Extacdlular

— Quatrefoil reentry . Non-linear

; . ) Menbrane
— Defibrillation?

11
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Recording from the Bidomalin

o Extracellular potential
— Extracellular electrode arrays ( <1250 )

o Intracellular potential
— Intracellular microelectrodes (<2 )
 Membrane potential
— Voltage-sensitive fluorescent dyes ( 256 — 10,000 )

e Net action currents
— Scanning SQUID microscope (1)

12
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Optical Imaging of the Transmembrane Action
Potential During Stimulation, Reentry, Fibrillation,
and Defibrillation

« Langendorff-
perfused rabbit
heart

* Voltage-sensitive

|
|
|
|
|
|
|
<

dye in membrane £

measures V,, 4
e Laser illumination -
e High-speed

charge-coupled-

device (CCD)

Camera

13
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Vanderbilt cardiac imaging system

Verdi diode-pumped solid-
state laser

Y

Di-4-ANEPPS voltage dye

Light delivered by bundles of
optical fibers

Dalsa CCD camera:
12 bit
64x64 pixels
1200 frames/sec

10 x 5 x 7.5 cm3 bath

37 °C Tyrode’s solution
TL129 S4609 14
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Injecting -20 mA Into
Equal-Anisotropy Cardiac Tissue

e Point cathodal
stimulation

 Virtual cathode
depolarizes (red)

* Wave front
propagates from
the edge of the
virtual cathode
(yellow)

@ LIVING STATE PHYSICS GROUP
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.SLIDE No.714   (missing)  SEPARATED CARDIAC CELL LAYERS
.SLIDE No. 1325	TISSUE ANISOTROPY TABLE

But the electrical properties of cardiac tissue are even more complicated that we have said so far ... As the cardiologists in the audience will know, there is a beautiful variation in cardiac fiber direction with depth.  Because of the orientation of the fibers, the direction of highest electrical conductivity and highest propagation velocity is a along the fibers.  But these layers are penetrated by the vascular system so that the intracellular space may have a different electrical anisotrophy than does the outer space extracellular space.

There have only be one or two good measurements of the electrical anisotropy of both the intracellular and extracellular spaces.  As a result, most modellers use saeveral different values, ranging from equal anisotropies in the two spaces to reciprocal ones.  The nominal values are closest to correct, but they too have large, and unknown uncertainties.
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Virtual electrodes In cardiac tissue

7.5 mm

e As aresult of unequal
electrical anisotropies In
Intracellular and
extracellular spaces:

 Point cathodal
stimulation

HIl BN E N/ B BB BN B B BEEEEE AW

* Virtual anodes
hyperpolarize (blue)

|
|
|
Wikswo, Lin and Abbas. Biophys. J. 69 :2195-2210, 1995
18
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Puzzle
Four modes of stimulating cardiac tissue

e Cathode make (turn on negative current)

* Anode make (turn on positive current)

e Cathode break (turn off long negative current)
e Anode break (turn off long positive current)

Dekker, E. "Direct current make and break thresholds for pacemaker
electrodes on the canine ventricle." Circ Res, 27:811, 1970

19
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Synchronous Imaging of Point Activation Patterns
-—-- VI rtual Electrodes

Cathode 10,000 pixel/frame
W EUG \
-10 mA
Anode Fiber
Make Direction
+10 mA
Depolarized
Cathode o
Break i : )
-2 mA : - o AFIF
; 1 (%0
Anode ol :
Break % %
+3mMA ﬁ\ » % ’ Q Hyperpolarlzed
= 1 mm Wikswo, Lin and Abbas. Biophys. J. 69 :2195-2210, 1995
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Optical imaging of quatrefoil reentry

Transmembrane potential distributions from selected frames of a
movie for cathodal-break stimulation iGN

Courtesy of Marc Lin Lin, Roth, and Wikswo, J. Cardiovasc. Electrophysiol., 10: 574-586 @P99)
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It’s the
anisotropy...

FIELD POINT T

@ LIVING STATE PHYSICS GROUP L.V. Corbin IT and A.M. Scher, Circulation Res. 41: 58-67 (1977)
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Magnetic Field From a
Circular Action LV Free
Wall Action Potential:

L.V. Corbin IT and A.M. Scher, Circulation Res. 41: 58-67 (1977)

s
A
=

Mi

V (x,y)= 52.0-tanhk.4-(R—1/x2 +y2)—38
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The Apex Will Have a
Complicated B Field

Y

24
s1157 s1151

Roth and Wikswo, Biophys. J., 50: 739-745 (1986)


Presenter
Presentation Notes
.SLIDE No. 1157       APICAL SWIRL  -- PHOTO
.SLIDE No. 1151       CARDIAC FIBER SWIRL -- MAGNETIC FIELD

[LEFT] Our earlier pictures of the uniform double layer propagating through the heart is a classic in electrophysiology, but it does not reflect the anisotropic nature of cardiac tissue.  Here we see a schematic representation of the spiralling cardiac fibers at the apex of the heart.

[RIGHT]  Brad Roth and Wei Qiang Guo calculated the magnetic field pattern that can be observed above the apex.  Here we see the complicated magnetic field lines that could be formed as a result of the spiraling of the cardiac fibers.  Once again, these effects have yet to be seen.
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SQUID Magnetometers

Superconducting
QUantum
Interference
Device

Bandwidth: DC-10 kHz
Image net action current in x-y plane
Big, smaller, smallest...

25



LIVING STATE PHYSICS GROUP

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

NanoSQUID: Cooled with liquid N,
and liguid He ......

Y

Vacuum

/ Port

Bellows
Mechanism

T~

)

26



25um
Sapphire
Windo

Lever /

Mechanism

27



Sapphire
Bobbin

290 =500um 25um Nb Wire

28



LIVING STATE PHYSICS GROUP

DEPARTMENT OF PHYSICS AND ASTRONOMY, VANDERBILT UNIVERSITY

In Reality ..
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«Scanning SQUID
microscope
e|solated rabbit
heart

Point stimulation
*Anisotropy
should produce a
quatrefoil current
pattern "
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Langendorff-Perfused Isolated Rabbit
Heart

15um Mylar-Foll

32
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Isolated
Rabbit Heart
From Heat
Exchanger
To Heat
Exchanger
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MCG From the LV Free Wall

Y

Scan Area
16
mm E
i)
@
LL
16 %
mm %
>
o Bandwidth = 1 kHz
Pixel size 0.16
mm?

200 300
Time [mg]

1 pT ~ B,,/100,000,000
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Pickup
Coil

Layered Bidomain Experiment

Total Bi-domain Field of 3mm cardiac slice during current injection of 1.5mA z=0.1mm
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Propagation of Action Currents

4 ms 10 ms 16 ms

37
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The Magnetic Field From Action Currents In
Isolated Cardiac Tissue — The Apex

Stimulus
0.6 mMA5ms

Near_apex.mpg

Y

S00835A Courtesy of Franz Baudenbacher


http://www.vanderbilt.edu/lsp/talks/multimedia/near_apex.mpg
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Forthcoming .

* Measured magnetic field gives current
* Measured V,, gives the voltage

* Model of both requires the bidomain
conductivities (Eason and Trayanova)

 Obtain the doubly anisotropic bidomain
conductivities by fitting the model to the
data

39
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S2- Point Stimulation

o

6 MS

Point Electrode

S = 6*Threshold 12 ms

18 ms %
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V. Isochrones — LV Free Wall

Point Stimulation

ventricle_propagation.mpg

Fiber
Orientation

41
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V.. Isochrones - Apex

Point Stimulation

apex_propagation.mpg
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SQUID Senses Spatial V., Gradients

Repolarization Injury Currents

| B
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Gradients in Repolarization

Magneto Cardio Gram

Y

—  pixel (14,5)
pixel (20,5)

"

repolarization.mpg
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Dipole Signature in ST-segment
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Information Content of the MCG

Evidence that electrically silent sources exist.

Y

Magnetic mapping can provide images of net action current
In cardiac tissue.

 Combined electric and magnetic measurements can provide
the anisotropic conductivities and the non-linear membrane
properties.

e A dimensional biodomain model combined with a realistic
fiber architecture may provide a better understanding of
the MCG.

« MCG allows probing of gradients in repolarization and

resting potentials (injury currents). -
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