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2) Multi-segment Large Animal Catheter

A five-segment conductance catheter was analyzed in a
uniform medium to determine the effects of multiple segments
on the distribution of the sensitivity field. Each segment’s
sensitivity field was summed to produce the net sensitivity,
according to the traditional conductance catheter method [1].

The catheter dimensions for this study are based on Scisense
Systems Inc. (London, Ontario) multi-segment catheters with
10 mm spacing between electrodes except the most distal
electrodes, which are spaced at 5 mm.

Further analysis of the five-segment catheter was performed
by comparing single- and multi-segment measurements in a
cylindrical large animal LV model. Conductivity and
permittivity were set based on epicardial surface probe
measurements in pigs [16], shown in Table II. Parallel
conductance is determined using the admittance method,
Geselowitz relation, and the hypertonic saline method.

The sensitivity distribution along the multi-segment catheter
is determined through integration over 29 cylinders with a
radius that extends to the myocardium and a thickness of
2.5 mm.

Table II
Large Animal Subdomain Properties

Subdomain Conductivity (S/m) Relative Permittivity
Blood 0.80 80
Muscle 0.33 19,700
Catheter (polyimide) 102 2

III. RESULTS

A. Murine Catheter without Surroundings
1) Uniform medium

Analysis of the mouse catheter in a uniform medium is
shown in Fig. 1. This model shows that the measurement is
heavily weighted toward the regions in close proximity to the
electrodes. Small negative sensitivity fields are located in the
regions between the pairs of current-carrying and
voltage-sensing electrodes, where J, - J;, results in a negative
number. This occurs near the electrodes, where the current
densities are oriented in opposing directions. Increases in
admittivity in a positive zone increase the measured
admittance while increases in a negative zone decrease the
measured admittance. One can rationalize negative sensitivity
by considering two limit cases. If the impedance between the
current-carrying and voltage-sensing electrodes were to drop
to zero, then all the current would be directed towards the
voltage-sensing electrode causing an increase in the voltage
sensed at the voltage-sensing electrode. Similarly, if the
impedance between the current-carrying and voltage-sensing
electrodes were to increase to infinity, then none of the current
would be directed towards the voltage-sensing electrode
causing a decrease in the voltage sensed at the voltage-sensing
electrode.

2) Simple Murine Left Ventricle Geometry

The resulting geometry of the mouse LV is shown in Fig. 2
at diastole. Systole corresponded to a volume of 15 pL and
diastole to 45 pL. Further analysis was performed over a range
of 15 to 60 uL.

Comparison of the Geselowitz and admittance method
results in Table III show that the real part of the integration of
the admittance formulation of the Geselowitz relation,
equation (8), over the blood domain is nearly equal to the G
from the admittance method, as in
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Hypertonic saline simulations result in a least squares fit to
the end-systolic and end-diastolic conductance of
Ges(uS) = 0.440 - Ggp + 265, with R*=0.99999. This results
in a parallel conductance of 473 puS, which is larger than the
true parallel conductance determined by the admittance and
Geselowitz methods.

The impedivity-sensitivity product, integrand in equation
(9), in the mouse LV is shown at 15 pL in Fig. 3 to visually
emphasize the removal of muscle using the admittance
method. Prior to removal of the muscle signal, the muscle
domain clearly contributes to the measurement. Following
removal using the admittance method, the contribution of the
muscle domain is reduced by 80%.
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Fig. 1. Spatial contributions are shown by plotting the integrand of equation
(9) for the mouse catheter in a uniform medium with a conductivity of
0.46 S/m. Four electrodes are shown along the catheter and are used for the
tetrapolar measurement. The largest contributions are in close proximity to the
electrodes.

ig 8.0 mm ai
/'y ' i
6.0 mm
ﬂ‘ < >
0.20 mm Blood
g g * I+V+
a| & . l Catheter
© o * B
N 4.5 mm
AN 5
0.5 mm
v Muscle

Fig. 2. Mouse conductance catheter in a cylindrical model of the mouse LV at
45 pL (end-diastole). This simplified geometry is used to aid interpretation of
analysis using the Geselowitz relation. The diameter of the blood pool was
varied to simulate the cardiac cycle.
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Fig. 3. a) The product of impedivity and sensitivity and b) the product of G,
and sensitivity are shown on log scales. These plots are shown at systole to
emphasize the diminished sensitivity to the myocardium using the admittance
method. The contribution from the myocardium domain is reduced by 80% at
end-systole and by 89% at end-diastole. Sensitivity to the blood pool is
decreased near the current carrying electrodes and increased between the
voltage sensing electrodes.

The distribution of contributions within the LV blood pool is
affected by the admittance method due to the blood and
muscle not being perfectly in parallel. Contributions from the
segmental blood volumes within 0.75 mm of either electrode
are reduced by 56% at end-systole and 10% at end-diastole.
Contributions between the electrodes, within £1.5 mm, are
increased by 18% at end-systole and 8% at end-diastole. A
negative sensitivity zone for Im{Z} between the electrodes in
the LV blood pool is responsible for the increase in
contributions from blood.

Relative contributions to Re{Y} and G, of each segmental
volume in the blood pool are shown in Fig. 4. As expected, the
greatest sensitivity is located near the electrodes.
Contributions to Re{Y} from subvolumes at least 0.5 mm
away from the electrodes are comparable. Sensitivity to Gy, is
more uniformly distributed, but varies more than Re{Y} with
the cardiac cycle.

Volume vs. Gy, is plotted in Fig. 5. Points correspond to the
data from Table III and the line is Wei’s equation calibrated
using the 15 pL, end-systole, and 45 pL, end-diastole, data
points. The close fit to the model data shows that the nonlinear
relationship with volume is unaffected by the admittance
method.
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Fig. 4. Relative contributions to a) Re{Y} vs. displacement and b) G, vs.
displacement. Each point corresponds to the integration over a cylinder with a
radius equal to the blood pool and a height of 0.25 mm, swept across the long
axis of the LV. Dashed lines indicate electrode locations. This shows the
nonuniform distribution of sensitivity in the LV. The greatest contributions
are located in close proximity to the electrodes. The distribution for Re{Y}
shows a large increase in sensitivity near the electrodes whereas the
distribution for G, shows reduced intensity near the electrodes, resulting in a
more uniformly distributed sensitivity.

Table IIT
Mouse Model Results
G, (uS) Gu (US)
V?:ir;le Admittance Geselowitz Admittance Geselowitz
Method' Relation? Method' Relation?

15 2984 298.7 344.6 3443
30 517.8 518.7 260.8 2599
45 680.7 682.1 194.3 192.8
60 807.3 809.1 143.7 1419

Simplified mouse LV model results showing that blood conductance (G,)
from the Geselowitz relation is nearly equal to G, from the admittance
method.

1. Blood conductance (G,) and muscle conductance (G,) from the
admittance method are calculated using the total admittance from all
subdomains.

2. Blood and muscle conductance from the Geselowitz relation are
calculated using subdomain integration of equation (8).

3) Simple Murine LV Geometry with Surroundings
The addition of a surrounding medium introduces error into
Gy calculated using the admittance method, as it can only
remove the muscle component, Gy, of the signal. Calculation
results for the Geselowitz and admittance method are shown in
Table IV. Following removal of Gy, the admittance method
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results in the sum of blood and surrounding conductance. The
the surroundings conductance, G,, from the Geselowitz
method varied from 150.7 to 168.3 uS, compared to Gy, which
varied from 372.7 to 887 puS.

Table IV
Mouse Model Results with Surroundings
Volume . Gy (1S) . G, (MS). . Gun(pS) .
Admittance Geselowitz| Geselowitz | Admittance Geselowitz
(uL) Method' Relation? | Relation? Method!  Relation?
15 521.6 372.7 150.7 3955 393.6
30 783.7 617.2 1694 288.5 285.7
45 943.6 775.3 171.6 218.1 214.7
60 1051.5 887.0 168.3 171.5 167.7

Simplified mouse LV with surrounding medium results show blood
conductance (G,) from the admittance method is nearly equal to the sum
of G, and surrounding conductance (G,) from the Geselowitz relation.

1. Blood conductance (G,) and muscle conductance (G,) from the
admittance method are calculated using the total admittance from all
subdomains.

2. Blood conductance (G,), muscle conductance (G,,), and surrounding
conductance (G,) from the Geselowitz relation are calculated using
subdomain integration of equation (8).

Hypertonic saline simulations with the addition of a
surrounding medium resulted in a least squares fit to the
end-systolic and end-diastolic conductance of
Ggs(uS) =0.479 Gep + 368, with R*=0.99995. The
estimated parallel conductance is 706 uS, much larger than the
sum of muscle and surrounding conductance at any point in
the cardiac cycle.

Application of Wei’s equation to G, from the admittance
method is shown in Fig. 6. The uncorrected Gy, that includes
the surroundings’ conductance, G-G,,, overestimates volume
by approximately 5 to 7 uL. An estimate for the surrounding
conductance is found by adjusting the correction for G; to
produce the best fit to the two calibration points, resulting in a
value of 122 puS. This underestimates the true G throughout
the cardiac cycle, but provides the best fit using a constant
value. The corrected blood conductance, G-(G,1Gs), is more
closely fit by Wei’s equation.

Resistive losses from the parametric sweep over the
surroundings’ conductivity are shown in Table V and range
from 3.8 to 7.7 percent. The Geselowitz method shows that the
relative contribution to the total conductance is higher, and
varied from 14 to 16 percent with a conductivity of 0.1 S/m in

the surroundings.
Table V
Resistive Losses in Surroundings (% Total Losses)
Volume (pL)

Surroundings

Conductivity (S/m) 15 30 45 60
0.05 4.7 54 6.3 7.4
0.1 5.4 6.0 6.7 7.7
0.2 5.0 54 5.8 6.5
0.3 43 4.6 4.9 54
0.4 3.8 4.0 4.2 4.6

Resistive losses in the surroundings relative to the total losses
show values ranging from 3.8 to 7.7 percent, depending on the
surrounding conductivity. These values are 2 to 3 times less than
the relative contribution of the surroundings to the total
admittance, demonstrating that resistive losses can underestimate
the contribution to the measurement.
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Fig. 5. Wei’s equation fit to the blood conductance data from the mouse
catheter with no surroundings. Calibration is applied using the SV and blood
conductance data between 15 and 60 pL. The fit includes the origin and each
G, measurements from the model, showing that the nonlinear relationship is
unaffected by the admittance method.
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Fig. 6. Wei’s equation fit to the blood conductance data from the mouse
model with surroundings shows increased accuracy after the estimated
surrounding conductance is removed.

B. Multi-segment Catheter
1) Multi-segment catheter sensitivity in a uniform medium
The sensitivity field of each individual segment is shown in
Fig. 7. Although these five conductance signals are electrically
in series, Baan sums them directly, as each represents a
volume signal. The sum of the five conductance measurements
is shown in Fig. 7f, and the result of a single-segment
measurement across the outermost electrodes is shown in
Fig. 7g. While the single-segment sensitivity is weighted
heavily towards the outermost electrodes, the multi-segment
sensitivity is more evenly distributed but has additional
negative sensitivity zones.
2) Multi-segment catheter in a simple LV model
Blood and muscle conductance calculated with the
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admittance method and the Geselowitz relation were
determined for both single- and multi-segment configurations
and both were well fit by Wei’s equation. Spatial contributions
to Re{Y} and G, in the multi-segment configuration are
shown in Fig. 8, demonstrating the ability of the admittance
method to suppress signal contributions from the myocardium.

Hypertonic-saline  simulations for the multi-segment
configuration resulted in a least squares fit to the end-systolic
and end-diastolic conductance of Ggs(mS)=0.557 - Ggp +
137, with R*>0.99999. The estimated parallel conductance
for the multi-segment measurement was 309 mS. This value is
more than double the parallel conductance from the
admittance method and Geselowitz relation; they varied from
86 mS at end-diastole to 129 mS at end-systole.

Hypertonic-saline simulations for the single-segment
measurement also overestimated parallel conductance at
11.8 mS, where the admittance method and Geselowitz
relation resulted in a value of 2.9 mS at end-diastole and
4.5 mS at end-systole.

3) Relative volume contribution

Segmental volume sensitivity results are shown as relative
contributions in Fig. 9. Single-segment results are similar to
murine catheter results, showing peaks at both ends of the
catheter. This result is not symmetric due to a shorter spacing
between the stimulating and sensing pair at the distal end of
the catheter. Closer spacing produces a larger positive
sensitivity region near the stimulating and sensing pair.
Multi-segment segmental volume sensitivity results show a
reduction in the peak sensitivity at the distal end of the
catheter and an increase in the sensitivity of volume segments
in the middle. Sensitivity to Gy, is more uniformly distributed
in both single- and multi-segment configurations.

IV. DISCUSSION

The major findings of this study are summarized in Table
VI. In all models the admittance method correctly removes
parallel conductance from the muscle, and results in a more
uniform sensitivity distribution in the LV blood pool. The
hypertonic saline method overestimates parallel conductance
in each model.

A. Murine catheter

Spatial sensitivity analysis of the admittance method was
performed using the Geselowitz relation reformulated for
complex media. The murine conductance catheter exhibits the
highest sensitivity near the stimulating and sensing electrodes.
Negative sensitivity zones exist between each pair of
stimulating and sensing electrodes, which means that an
increase in local electrical conductivity reflects as a decrease
in the measured conductance.

The removal of the muscle component from the spatial
sensitivity in Fig. 3 results in a reduction in contributions
inside the LV blood pool near the current-carrying electrodes
and an increase in contributions between the voltage-
measuring electrodes. A truly parallel model would not
contain an imaginary part inside the blood domain. Despite
this limitation, the admittance method has a more uniformly

-2 -1 0 +1 +2
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Fig. 7. Spatial contributions in a uniform medium, ¢ = 0.8 S/m, from a- e)
each individual segment, f) combined multi-segment, and g) single-segment.
The intensity of the single-segment measurement is scaled such that the
magnitude of the measurement matches the multi-segment magnitude. Multi-
segment measurements exhibit a more distributed sensitivity along the
catheter while the single-segment measurement is concentrated near the
measurement electrodes. The catheter radius is 2.2 mm. Electrodes are
separated by 10 mm, except the most distal electrode which is separated by
5 mm. Electrodes have a height of 1.5 mm and a radius of 2.2 mm.

distributed spatial sensitivity in the LV chamber than Re{Y}.
Model results show that the admittance method correctly
removes parallel conductance and that the hypertonic saline
method overestimates parallel conductance throughout the
cardiac cycle. This error in parallel conductance estimation
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Fig. 8. Multi-segment spatial contributions, configuration from Fig. 7e,
plotted on a log scale showing a) distribution for Re{Y} and b) distribution
for Gy, from the admittance method. Removal of the muscle components of the
signal reduces contributions from the muscle domain by 90% at end-systole
and end-diastole. Sensitivity to the blood pool is decreased near all electrodes,
especially near the outermost electrodes. Sensitivity to the blood pool is
increased away from the electrodes between the voltage sensing electrodes.
The myocardium has a radius of 28 mm and a height of 90 mm. The blood
pool has a radius of 18.5 mm at diastole and a height of 73 mm.

is independent of errors due to changes in LV preload due to
the saline bolus [12]. Gy errors using the admittance method
are due to the true model being a mixture of parallel and series
combinations of blood and muscle. Agreement between Gy,
from the admittance method and Geselowitz relation shows
that a parallel model accurately represents the conductance
catheter sensing domains.

Further analysis quantifies the nonlinear sensitivity along the
catheter, showing the highest sensitivity to Re{Y} near the
electrodes, which does not change significantly over the
cardiac cycle. Following the removal of muscle, G, shows
reduced sensitivity near the current-carrying electrodes and
enhanced sensitivity between the voltage-measuring
electrodes. Changes to the sensitivity distribution between
Re{Y} and Gy are due to the model being a mixture of parallel
and series combinations of blood and muscle.

Wei’s equation correctly fits Gy,, showing that the equation is
not affected by changes to the field geometry due to the
presence of the myocardium.

Results from this study show that resistive losses
underestimate the myocardial contribution to conductance by a
factor of 2 to 3, and thus power deposition should not be used

8
—— |5 pl, = 30 L 45l 60 pL
? 10 i ' ' ' ' ' ' 1
S a) Re{Y} (multi-segment)
ks
2 3 T
s Y 1 1
=1 A~ 1 1 1
(o]
© A\ /i : . :
.g 0 [ 1 1 1 1
s o : : :
g
_5 i L L nl L : 1 : L :
b) G, (multi-segment) &
=]
.2
———— '5é
: S E
: : \ S
L0 | B
: : : V|~

Relative Contribution (%)

d) Gb (single-segment) 3\;
Q
e eeeaeeeeet 15 E
A £
1 1 1 1 \ O
1 1 1 1 1 [
1 1 1 1 1 ,.,.:aso g
oo T
S R T S T -~
L 1L 1L L 1L 1 _5
20 30 40 50 60 70

Displacement (mm)

Fig. 9. Relative segmental volume contribution for a) Re{Y} (multi-
segment), b) G, (multi-segment), c) Re{Y} (single-segment), and d) G,
(single-segment). Non-uniform sensitivities are affected by the location of
electrodes. Application of the admittance method reduces variations in
sensitivity, particularly for the single-segment configuration from Fig. 7g. The
distribution of sensitivity using the admittance method is comparable using
single-segment with the admittance method and traditional multi-segment
catheters with magnitude measurements.

to estimate subdomain signal contributions with tetrapolar
measurements.
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Summary of Results

Simplified mouse model
Admittance method
Hypertonic saline
Sensitivity distribution

Correctly removes Gy,
G /Gn=1.4
Gy, more uniform than Re{Y}

Simplified mouse model

(with surroundings)
Admittance method
Hypertonic saline
Volume conversion

Power deposition

Removes Gy, but not Gg

G/ (GuwtGs) > 1.3
Admittance method
overestimates volume by 5 to
7 uL due to G;

Surrounding losses
overestimate G by factor of
2-3

Simplified large animal model
Single-segment
Admittance method
Hypertonic saline
Sensitivity distribution

Correctly removes Gy,
G/ (GutGy) >2.6
Gy, more uniform than Re{Y}

hypertonic saline method overestimates parallel conductance
throughout the cardiac cycle in simplified models of both
small and large animal hearts. Analysis shows single-segment
measurements in large animals using the admittance method
provide a superior sensitivity distribution to the LV blood pool
compared to traditional multi-segment measurements in a
simplified LV model.
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for both single- and multi-
segment results
Multi-segment large
Admittance method
Hypertonic saline
Sensitivity distrbution

Correctly removes Gy,
G/ (GutGy) >2.4
Gy, more uniform than Re{Y}

Summary of findings where G,, is blood conductance, G, is parallel
conductance from the hypertonic saline method, G, is blood
conductance, Re{Y} is the real part of admittance, and G, is
conductance of the surroundings of the heart.

B. Multi-segment catheter

Spatial sensitivity analysis in a simplified LV model shows
that the single-segment admittance method results in a more
evenly distributed sensitivity in the LV blood pool than
multi-segment admittance and Re{Y} in both single- and
multi-segment configurations, as shown in Fig. 9. Multi-
segment sensitivity analysis shows that each segment exhibits
a distribution weighted towards the current-carrying and
voltage-sensing electrodes for that particular configuration, as
in Fig. 7. Although the sum of multiple segments is more
evenly distributed than a single-segment for Re{Y},
variability remains due to the concentration of sensitivity near
the electrodes along the catheter.

Results show that there is little difference between the
single- and multi-segment measurements following conversion
to volume, but such differences may be minimized due to the
simple geometry of this model. /n vivo measurements are
subject to larger variations in geometry near the apex and base
of the ventricle. While these variations affect blood volume,
their influence may change the nonlinear relationship between
conductance and volume. Models show that the admittance
method is able to remove muscle conductance. This work
suggests that single-segment admittance measurements may
be used in large animals for the first time, while they would
not be successful when magnitude only is measured.

V. CONCLUSION

Analysis of conductance catheter measurements using the
Geselowitz relation quantifies the nonuniform spatial
sensitivity, and allows calculation of contributions from each
domain. Muscle conductance calculated using the admittance
method matches results from the Geselowitz relation, and the
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