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Defibrillation Current Density Imaging: Comparison of In-vivo and Post-
mortem Measurements in a Pig
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Abstract— Current density imaging (CDI) is an MRI
technique used to measure electrical current density vectors
throughout a volume of tissue [1,2]. Previous work used CDI
to measure current pathways through the heart and chest of a
post-mortem pig when current is applied using external flexible
defibrillation electrodes with typical anterior-anterior
positioning [3]. In these post-mortem studies, current
pathways were probably influenced by the anisotropic
conductivity of the tissues. This work aims to compare post-
mortem (~15 min. and ~1 hour after death) results with new in-
vivo CDI measurements. These measurements indicate that
the macroscopic (i.e. across the whole body) current pathways
remain similar before and after death, however, at a smaller
scale (i.e. distances of a few cm) current pathways are different,
particularly in the heart. This comparison demonstrates the
influence on current pathways of rapidly changing electric
properties of tissue following death.
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1. INTRODUCTION

After some 50 years of clinical use, electrical
defibrillation remains the most effective treatment of sudden
cardiac arrest. Automatic external defibrillators (AED) are
becoming a popular device for treatment of emergency cases
away from clinical settings. Designers of defibrillators want
to know more about current flow inside the chest and heart
of a subject so they may increase the defibrillator’s efficacy.

Current density imaging (CDI) is a technique that uses
magnetic resonance imaging (MRI) to measure the magnetic
fields caused by an externally applied current [1,2]. These
magnetic fields are measured throughout the volume of a
tissue and can be used to compute a current density vector
field. One of the most developed types of CDI is called low
frequency CDI (LFCDI) [1,2,3] and uses a series of square
current pulses applied at a frequency of 10 to 100 Hz.
LFCDI requires three orthogonal orientations of the subject
within the bore of the MRI which limits the size of the pig
used in this study to about 3.5 kg. New CDI techniques are
being developed that do not require these rotations, as
described in [4], however, these techniques are not yet being
used in this study.

A fast version of LFCDI, based on the gradient recalled
echo (GRE) MRI technique, was developed specifically for
this study [5]. The cardiac triggering method for the fast
LFCDI sequence described in [5] was modified for this
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study so that the sequence could acquire an unlimited
number of slices and withstand an unlimited number of early
heart beats caused by ectopic beats or large heart rate
variability.

In previous work [3], current pathways were measured
in the heart and chest of a post-mortem pig with current
applied externally through flexible defibrillation electrodes
(Philips Medical Systems® flexible pediatric defibrillation
electrodes). In this study, current pathways were probably
influenced by the anisotropic conductivity of the tissues.
One question that remains from this study is how the results
are affected by the post-mortem state of the tissue. This
work aims to answer that question by repeating the
measurements in-vivo. A new sequence, i.e. fast LFCDI
[5], had to be developed for this purpose to overcome the
motion artifacts caused by the beating of the heart. In this
study, streamlines are integrated through the current density
vector fields to observe patterns of current pathways in both
in-vivo and post-mortem tissue on the same subject.

II. METHODOLOGY

A 3.5 kg pig was anesthetized with an intramuscular
injection of ketamine and zylazine.  Halothane was
administered through a mechanical ventilator. Defibrillation
electrodes (Philips Medical Systems® flexible pediatric
defibrillation electrodes) were positioned in a typical
anterior-anterior configuration on the pig’s chest. The pig
was placed in a frame, as shown in Fig. 1, to minimize
motion and facilitate accurate orthogonal rotations.
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Fig. 1. Experimental setup showing pig placed in frame and connections to
current generator, pulse oximeter, triggering module and MRI computer.



The heart rate was detected using a veterinary pulse
oximeter with the sensor attached to the tongue. An ECG
was not used in this setup because the applied current pulses
interfere with the ECG signal. The pulse oximeter signal
was sent via fiber optic cabling to the signal processing unit
(Nonin® 8600V) which outputs a TTL pulse to indicate
each heart beat. The TTL pulse is sent to the cardiac
triggering module which outputs a specified train of TTL
pulses to the MRI system computer. The MRI is triggered
to acquire one line of k-space for each TTL pulse received
on its external trigger input. The MRI system, in turn,
outputs a single TTL pulse for each line of k-space which is
used to trigger the current pulse generator. The current
pulse generator supplies square current pulses to the
defibrillation electrodes. The use of the cardiac triggering
module is a modification from the setup described in [5]
where a cardiac gated MRI sequence was used instead of the
triggering module.

The pulse sequence diagram is shown in Fig. 2. Fast
LFCDI is based on a 3D GRE sequence. Space is allotted
between the encoding gradients and readout gradient to
allow for the current pulses. Current pulses are phase cycled
between positive and negative polarity to implement phase
difference imaging which removes system phase errors. The
sequence is considered ‘fast’ in MRI terms because one line
of k-space is acquired in about 10 ms.

The cardiac triggering module, shown in Fig. 1, outputs
a train of TTL trigger pulses with each heart beat such that
the data acquisition occurs between R-waves when the heart
exhibits the least amount of motion (i.e. diastoles). The
number of triggers in the train and the duration between
triggers is adjusted on the triggering module to optimize for
the maximum amount of data acquired with minimal heart
motion. A data acquisition window is setup by the
triggering module to fit between R-waves as shown in
Fig. 3. A delay of 170 ms is placed between an R-wave and
the window (approximately 60 ms of this delay is the
difference between the R-wave position of an ECG signal
and the peak of the pulse oximeter signal). In this
experiment, 16 triggers with a spacing of 21 ms results in a
window of 336 ms for a heart rate of about 115 BPM.
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Fig. 2. Pulse sequence diagram for fast LFCDI.
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Fig. 3. ECG of pig showing the placement of the data acquisition window
within an R-R interval.

For the experiments described in this abstract, the
following MRI/CDI parameters were used: 1.5 Tesla GE®
Signa LX MRI system, 85 mA x 4.6 ms current pulses,
effective echo time (TE) of 21 ms, 16 lines of k-space per
heart beat (typical heart rate was 115 BPM), spatial
encoding of 128 x 128 voxels, field of view (FOV) of
48 x 48 cm, 64 slices, slice thickness of 3.8 mm and a total
acquisition time of about 10 min. x 3 orientations = 30 min.

Three experiments were performed. The first was the
in-vivo experiment. The second experiment was a post-
mortem experiment that immediately followed the first
experiment. The last experiment was a repeat of the post-
mortem experiment with the mechanical ventilator
disconnected to investigate the effect of breathing motion.

III. RESULTS

Results of the three experiments: in-vivo, 15 min. post-
mortem and 1 hour post-mortem are shown in Fig. 4, Fig. 5
and Fig. 6, respectively. Mechanical ventilation remained
active for the post-mortem experiment of Fig. 5 and was
deactivated for the experiment of Fig. 6. For each of
Figs. 4, 5 and 6, a chest view is shown in (a) and a left side
view shown in (b). Anatomical MRI data was used to form
the isosurface outlines of the pig. Opacity was reduced on
the isosurfaces to give the effect of “seeing through” the pig
and the outlines of some internal organs such as heart and
lungs can be observed. Current density vector data was
overlaid on the isosurfaces. Three dimensional vector plots
in one plane near the middle of the pig can be observed as
an array of small blue arrows. Some groups of streamlines
were integrated through the abdomen (red streamlines) and
heart (red and black streamlines) to show comparative
current flow in areas of interest. Fig. 4 shows dotted black
outlines to indicate the location of the defibrillation
electrodes and the location of the heart.



Fig. 4. In-vivo CDI data for (a) chest view and (b) left side view.

Fig. 5. Post-mortem (15 min. with mechanical ventilation) CDI data for

(a) chest view and (b) left side view.
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Fig'. 6. Post-mortem (1 hour without mechanical ventilétion) CDI data for

(a) chest view and (b) left side view.
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IV. DISCUSSION

The streamlines of Figs. 4, 5 and 6 indicate that the
macroscopic current flow over the whole body does not
change significantly between the in-vivo and post-mortem
tissue state. There are minor differences in current flow
over distances of a few cm in the three experiments. These
differences may be due to slightly different positioning of
the pig in each experiment or motion and flow artifacts in
the in-vivo experiment. The motion artifact due to breathing
did not have a significant impact on measured current flow
as seen by comparing Figs. 4 and 5 (having mechanical
ventilation) with Fig. 6 (no mechanical ventilation).
Further, artifacts associated with blood flow do not have a
significant impact on the CDI measurements. Finally, minor
differences in CDI results may be due to rapidly changing
electrical properties of the tissue, however, further data
analysis and experiments are required for verification.

V. CONCLUSION

Current flow measured by CDI does not change
significantly between in-vivo and 1 hour post-mortem tissue
state. Minor differences may be associated with changes in
electrical properties of tissue after death.
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