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Abstract
Electrical bioimpedance has been used over the years tomeasure various physiological parameters.
Due to lack of high-speed instruments, there have been few options formakingmulti-frequency
measurement series with high temporal resolution. This situation has changed lately, andwith access
to a commercially available impedance spectrometer, we have used this as part of an enhanced
measurement set-up capable ofmeasuring both bioimpedance and biopotentials with a temporal
resolution in themillisecond-range. The set-up is controlled by a computer which also displays and
processes themeasurement data. Results frommeasurements in a humanheart are shown. In these
measurements, we can clearly see differences in the signal trajectory at current frequencies. The
different trajectories indicate that with change in frequencies different physiological properties are
reflected.We have shown that it is possible to detect changes inwaveformmorphology caused by a
change in pacingmodality. The ECG and EGMgive additional information on global heart activity
and electrical activity surrounding the electrodes. Thismeasurement set-up allows us to further
investigate bio-impedance as ameasurement tool for rapid changes in impedance, such as in the
cardiacfield. The studywas approved by the local institutional review boards (2014/1223/REK sør-
øst A).

1. Introduction

1.1. Background
There are a number of available investigationmethods
available for the clinician when doing surgery on a
patient with heart disease. This includes imaging
methods (epicardial and intracardiac echocardiogra-
phy, fluoroscopy), bio-signal measurement tools
(electrocardigram, pressure), navigation tools (magn-
etic field and bioimpedance field) and so on. Due to
limitations with access to the operation field, these
methods cannot be used to a large and sufficient extent
during implantation of cardiac pacemakers. We
believe that electrical bioimpedance measurements
due to the nature of application and acquisition,
provides the properties needed to allow full access to
the operating field during measurements. Electrical
bioimpedance has been demonstrated to be safe and
provide clinical relevant information in patients in

several devices (e.g. Ensite from St Jude Medical [1],
OptiVol from Medtronic [2], closed loop stimulation
from biotronik [3]), but the bioimpedance data is not
available nor suitable for research purposes. On the
other hand, it has been shown that bioimpedance may
be useful during surgery [4–6]. Limitations in the
equipment used in the previous bioimpedance mea-
surements includes availability and lack of adaption
for use on human subjects during surgery. We believe
that useful information can be obtained from heart
measurements on human subjects with equipment
suitable tomeasure and present the results in real-time
to the implanting surgeon.

1.2. About electrical bioimpedance and
bioimpedancemeasurement
There are no medically approved bioimpedance
instrument available that can be used straight out of
the box, so our aim was to investigate present
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possibilities. To better understand what we need, a few
words on the application can be useful. We wanted to
do three and four electrode measurements using a
combination of electrodes placed on the subject’s skin
and the electrodes available on pacemaker leads during
implantation of the pacemaker. An illustration of one
possible electrode configuration is shown in figure 1.
This figure illustrates that we need to be able to
measure impedances smaller than W1 . In the other
end, we expect that three-electrodemeasurements will
present the highest impedances. Three electrode
measurements done using needle electrodes has been
shown to have an impedance of up to approximately

W2.5 k [7] for frequencies down to 10 kHz. Since we
are aiming at measuring spectrums with a temporal
resolution high enough to reflect rapid changes in the
heart muscle, we decided to set our goal to at least 150
frequency sweeps per second, but preferably higher.
Measurement frequency range was decided to be

< = < =f10 kHz 1 MHzZ based on risk of myocar-
dial capture [8], and the fact that parasitic components
make measurements above 1 MHz difficult. The
number of frequencies needed can be limited because
there are no sudden changes in the spectrum [7, 9].
Other factors that are of importance is the instrument
size since it is intended to be used on a small cart, it
must be possible to control it using USB or Ethernet,
and if possible, it should have availableGPIO-pins.

Measurements of combined bioimpedance and
biopotentials have been done for a long time
[6, 10, 11], but there is still no instrument capable of
doing both operations. This meant that we could
either make our own instrument or we could use an
existing impedance spectrometer and a minimum of
extras. We decided to not make an instrument from
scratch due to the required resources. However, some
of the technologies we looked at are very promising if

commercialized and integrated into one product. In
particular, we would like to draw attention to bioim-
pedance measurement using broadband excitation
solutions as these seem to be offering a good compro-
mise between speed and accuracy [12, 13]. There are
three main excitation schemes: multisine [14], chirp
[15], and binary [16] in use, but other schemes such as
the one in [4] where the periodic impedance proper-
ties of the measurand are being exploited are also
promising.

The instruments in table 1 summarizes the instru-
ments we considered. Only the Solartron and Impe-
dimed instruments was aimed for bioimpedance, but
neither had the required safety-level.

Measurement of potentials has been done for
more than 100 years [17], and is a mature technology,
and the availability of measurement devices is good.
This allowed us to use a commercially available instru-
mentwith a cardiac floating (CF) approval.

1.3. Safety
Since this equipment is intended for use on humans,
safety is a concern. IEC 60601-1 [18] or any of the sub-
standards do not have bio-impedance specific require-
ments. Furthermore, IEC 60601-1 [18, 8.4.1] states
that connections intended to deliver current are not
limited by the current limits specified in IEC 60601-1
[18, 8.4.2.]We have, however verified that the leakage
between the applied part and the mains, including
ground, is within the limits of CF specification. A risk-
assessment based on general requirements and sub-
standard covering devices with excitation signal within
the same rangewas done.

The results from the risk analysis and the applic-
ability to the European Medical Devices Directive—
93/42/EEC with 2007/47/EC, was evaluated and
approved in accordance with Annex VIII by the
appointed committee atOsloUniversityHospital.

1.4. Aims
The aims of this work is to make a measurement
system that:

(a) Facilitates real-time bioimpedance and biopoten-
tialmeasurements on human hearts.

(b) Presents data in real-time with sufficient quality
and temporal resolution to extract morphological
information frombioimpedance waveforms.

2.Materials andmethods

2.1.Materials
Ten patients were included in this study. All patients
were hospitalized to receive or replace a cardiac
resynchronization (CRT) device. The first four sub-
jects were used for the initial exploration of the
capabilities, and the measurements protocol for the

Figure 1.Transfer impedancemeasurement set-up. CC
means current carrying, i.e. excitation, andPUmeans voltage
pick-up. Red arrows indicate rotation of electrode placement,
while blue arrows indicate reduction of distance between
electrodes. Electrodemovements along either red or blue
arrowswill result in smallermeasured impedance. The
extreme variant is thatmeasured impedance reaches W0 .
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next six were identical. All patients were informed
about the study and have signed a consent form. The
study was approved by the local institutional review
boards (2014/1223/REK sør-øst A).

2.2. Set-up description
The instrumentation system is based on several
commercially available components that are
assembled as shown infigure 2.

2.3. Bioimpedancemeasurements
2.3.1. Base instrument
The hardware is based on an ISX 3v2 mini from
Sciospec Scientific Instruments GmbH, Bennewitz, Ger-
many. This is an FPGA based impedance spectrometer
instrument that can be controlled using an USB or
ethernet interface. The instrument uses a stepped-sine
approach for measuring impedance on multiple
frequencies. Formore information on this instrument,
see [19].We use the instrument via a front-end.

2.3.2. Front-end
The front-end is connected to the ISX3v2 mini via a
coaxial cable bundle that contain power supply,
control signals, and the fourmeasurement signals. The

basic functionality of the front-end can be seen in the
schematic in figure 3. To the left is the connector that
connect measurement signals, control signals, and
power to the front-end (XINST). The four measure-
ment signals have identical signal paths to the patient-
side connectors. The signal paths are via switches SWX
that allows the patient side to be disconnected from
the instrument side. This is controlled by an ISX
control signal (gray line) that is ultimately controlled
by the computer. All the switches are operated
simultaneously. Then follows two capacitors in series
(C2X and C1X), acting as galvanic isolators. These
capacitors are m1 F, of enhanced-safety Y2-type [20].
Since the capacitors form the safety galvanic isolation,
there is a 10 mm gap in the PCB-traces under the
capacitors to limit the risk of stray currents. Finally,
there are two resistors in series with a combined
resistance of W50 . It can be argued that these are not
necessary, but they are included to limit high fre-
quency currents should there be any, and are dimen-
sioned so they do not affect the measurement too
much. On the front-panel, there are three options to
connect the front-end to the measurand: four single-
pin connectors for the four impedance signals, a
multi-pin connector that contain the same signals, or a
combination of these. The single pin-connectors are

Table 1.Commercially available instruments.

Parameter ISX 3v2 MFIA HF2IS WK6500 E4990A E4991A 1260+1294 ImpTMSFB7

fs range + +* +* − − Unkn. − −
fZ range + + + + + − + +
Z range + + + + + + + −
GPIO + + + − + + − −
USB/Ethernet U, E U, E U U U, E U, E − E

Size** Small Medium Medium Large Large large Large Small

Calibration + + + + + + + −
API/Libraries LV Several Several Unkn. Unkn. Unkn. No Unkn.

Cost € € € € € € € € € € € € € €

Note. A full comparison is beyond the scope of this article, and deemed not necessary since the three instruments to the left fulfilled our

specifications short of one feature: sufficient safety rating for heart measurements. Manufacturer andmodel names: Sciospec ISX 3v2, Zrich

Instruments MFIA, Zurich Instruments HF2IS, Wayne Kerr WK6500, Keysight E4990A, Keysight E4991A, Solartron 1260 + 1294, and

Impedimed ImpTMSFB7. *) This is somewhat unclear from documentation, but according to sales representative, the sample rate is at least

200 samples per second. **) Sizes are small< 5 kcm3<medium< 20 kcm3< large.

Figure 2.Measurement set-up overview showing all components and how they are used in the operating room and an overview of the
electrical connections inmore detail. The parts are: A: Cart, B: Isolation transformer, C: Power supplies, D1: ISX 3v2mini, D2: Front-
end, E: g.USBamp, F: Computer, G: Ethernet optical isolation,H: Bioimpedance cables with pod, and I: ECG and EGMcables. Cable
legend: Solid black:Mains power, Dotted black:DCpower frompower supplies, Solid red: Signal. Isolation legend:Wide green: IEC
60601,Narrow green: Non IEC 60601,Dash-dot line aroundD1: Plastic enclosure.
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2 mm electrophysiology connectors made according
to DIN 42802-2 [21]. This connector is the de-facto
connector for electrophysiology signals going from the
body. The touch protection is according to IEC 60601-
1. The multi-pin connector contains all four signals
and is intended to simplify cabling to the patient. We
have standardized the color-coding to make cables
distinguishable as shown in figures 3 and 4 where we
use yellow(+)/blue(−) for current-carrying signals
and red(+)/black(−) for potential pick-up signals.

2.4. Biopotentialmeasurements
The hardware is based on an g.USBamp from g.tec
medical engineering GmbH, Schiedlberg, Austria. This
instrument is a medically approved bio-potential
measurement instrument which is CF-rated. It pro-
vides 16 analog inputs, each with sub-mV resolution

and sample-rate up to 38 400 samples per second. The
instrument has built-in digital filters.

We chose to use 600 samples per second since we
wanted comparable data rates for biopotentials and
bioimpedances, and most information in the biopo-
tential signals are in the band below 300 Hz. It is easy
to change the sample rate should the need for higher
temporal resolution arise. This instrument is used to
measure ECG and electrograms (EGM). An electro-
gram is a biopotential measured in a heart chamber or
in a specific positionwithin a chamber.

2.5. Power supply and intra-cart communication
Figure 2 shows how the parts are connected, and the
associated isolation scheme. The cart has a built-in
isolation transformer witch supplies the other compo-
nents. The cart itself is grounded.

The bioimpedance measurement sub-system is
powered via a medical-grade power supply unit. This
unit is CF-rated, which means that it is approved for
providing galvanically isolated power for devices that
are connected directly to the heart.

Both biopotential and bioimpedance instruments
are controlled by the computer. Optically isolated
ethernet communication is used for communication
with the bioimpedance instrument (labeled G in
figure 2).

2.6. Software
We made LabVIEW-based software to control the
instruments, display results, and to save results to file.

Figure 3. Schematic of front-end.

Figure 4. Front-end to the impedance instrument. This
provides isolation, switches, and a connector system tailored
to our needs.
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This software runs on a Windows-based computer
(labelled F infigure 2).

Bioimpedance data and biopotential data are dis-
played in real-time, and the usermay choose to display
impedance or admittance in either cartesian or polar
form. The raw data, i.e. resistance (R) and reactance
(X), can be filtered using Butterworth high-pass, low-
pass, band-pass, or band-stop filters. As this software
is based on LabVIEW, it is a simple operation to
implement a wide range of filter topologies. Time-
stamped events and information describing the mea-
surements can be saved along with the measure-
ment data.

We have chosen to post-process the data using
Matlab, using a set of functions that let us apply filters,
remove pace artifacts, plot data, extract statistics,
extract individual heart-beats, and perform beat-aver-
aging.We intend tomake this library available as a free
toolbox forMatlab/Octave.

2.7.Measurements
2.7.1. Test loads
The measurement system was used to measure a
selection of fixed loads to test precision. The loads are
shown in figures 5 and 6. The test loads are of purely
resistive for simplicity and sincewe at a later stage want
to use the same loads using the built-in compensation
feature of the ISX 3v2 mini, and that requires purely
resistive or purely capacitive loads. These measure-
ments indicate the raw precision of the system, and
can furthermore be used for calibration. Themeasure-
ments were done using four single-signal 100 cm

unshielded test leads and one multi-signal shielded
cable. The multi-signal cable has a 150 cm long trunk
which splits to four 60 cm coaxial cables. In addition
to measurement on the test loads, we measured the
same fixture with =Z openDUT and =Z shortDUT .
The measured data can be used to compensate for
parasitic components as described in [22, appendix C].

2.7.2. Heartmeasurements
We did heart measurements during normal implant-
ation of CRT devices on ten patients. During this
procedure, the cardiologist is accessing a vein in the
left subclavian region, and inserts two or three leads
that goes to right ventricle (RV) and left ventricle (LV)
for all patients, and right atrium (RA) for some
patients. The electrodes on these leads are accessible
outside the body on the connectors that will be
connected to the CRT device. This is a minimally
invasive procedure.

We didmeasurements using the two different elec-
trode configurations described in tables 2 and 3, using
the instrument settings in table 4. For the four elec-
trode measurements we applied bipolar pacing in RA
and inRV, and thenwe changed to pacing in RA and in
LV. For the three electrode measurement we applied
pacing in RA and LV.

The measurement results were exported toMatlab
for post-measurement processing and presentation.
The processing done on these data are:

(a) Resampling to 400 samples per second.

(b) Added pace-information.

(c) Removal of pace-artefacts by analyzing signal
activity around each pace event to find start and
stop times for the pace interference, and replaced
the signals by an interpolation in this region.

(d) Low pass filtering of R and X using a 2nd order
Butterworth filter with pass-frequency 40 Hz was
done on the waveforms shown, and no filtering
was done on the waveforms used for correlation
tests described below.

For this particular purpose, an Butterworth IIR fil-
ter is used, but if more control of phase is important,
especially close to the cut-off frequency, FIR filters
should be considered.

We aim to verify that we are able to detect morph-
ology changes in the waveforms when we changed
pacing modality. The hypothesis is that if we look at
the correlation between waveforms obtained during
RV pacing and during bi-ventricular (BV) pacing, we
can differentiate between these. The null hypothesis
(H0) is then that that we cannot differentiate between
these.

To test our hypothesis, we did this on the last six
patients:

Figure 5.Test load for the four electrode configuration.

Figure 6.Test load for the three electrode configuration.
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(a) Extracted 5RVbeats.

(b) Extracted 5 BVbeats.

(c) Normalized all beats to 1 second.

(d) Extracted the representations impedance ampl-
itude (∣ ∣Z ), impedance phase angle ( Z ),R, andX
for all beats.

(e) For each representation and measurement
frequencies:

(i) Calculated the correlation coefficients
between the all signals.

(ii) In group I, we placed correlation coefficients
of signals compared to the same pace regime,
i.e. RV-signals compared to RV-signals, and
BV-signals compared to BV-signals.

(iii) In group II, we placed correlation coefficients
of signals compared to the another pace
regime, i.e. RV-signals compared to BV-
signals.

(f) We ran a one-tailed, two-sample t-test on these
groups using a 5% significance level.

3. Results

3.1. Test loads
Measurement on test loads using different ZDUT and
different cables gave a set of impedance values that can

be used for compensation of parasitic components.
These results are highly dependent on cables, test-
fixture, and configuration.

Figure 7 gives us an impression of the accuracy of
the system. The three most important facts that can be
read out of the figure is that error increases at higher
frequencies, error increases when ZDUT is very low or
high, and that using the multi-signal cable is not as
good as using individual cables.

3.2.Heartmeasurements
Figure 8 shows the results from the 4-electrode
measurement where pacing is done in A and RV, and
in figure 9 pacing was done in A and LV. The
important point to note is that we can see changes in
waveformmorphology, and that it is feasible to extract
timing information form thewaveforms

The correlation tests was run on six subject, five
measurement frequencies per subject, and the impe-
dance representations ∣ ∣Z , Z , R, and X, a total of 30
tests.

Mean values of the correlation coefficients for each
subject are shown in table 5. When the significance
level was set to 0.05,H0 was rejected for all cases except
these:

(a) Subject 5, =f 20 kHz, Z .

(b) Subject 6, =f 20 kHz,X.

(c) Subject 6, =f 50 kHz,X.

Table 2.Electrode placements for four electrodemeasurements.

Measurement type Signal Electrode placement Electrode type

Bioimpedance CC+ Skin, rightmid-axillary line, height of ventricles Pediatric defibrillator electrodes

Bioimpedance CC− Skin, leftmid-axillary line, height of ventricles Pediatric defibrillator electrodes

Bioimpedance PU+ Endocardium, apex of right ventricle, tip electrode Bi-polar pacemaker lead

Bioimpedance PU− Medial position in coronar sinus, tip electrode Bi-polar pacemaker lead

Biopotential ECG Standard lead I placement Gel skin electrodes

Biopotential EGM Medial position, in coronar sinus, tip and ring electrodes, 5 mm

spacing

Bi-polar pacemaker lead

Table 3.Electrode placements for three electrodemeasurement with combinedCC+ and PU+.

Measurement type Signal Electrode placement Electrode type

Bioimpedance CC+/PU+ Medial position in coronar sinus, tip electrode Bi-polar pacemaker lead

Bioimpedance CC− Skin, leftmid-axillary line, height of ventricles Pediatric defibrillator electrodes.

Bioimpedance PU− Skin, rightmid-axillary line, height of ventricles Pediatric defibrillator electrodes.

Biopotential ECG Standard lead I placement Gel skin electrodes

Biopotential EGM Medial position, in coronar sinus, tip and ring electrodes, 5 mm

spacing.

Bi-polar pacemaker lead.

Table 4. Instrument settings.

Parameter Value Unit

Bioimpedance frequencies 20, 50, 122, 303, and 750 kHz

Bioimpedance sample-rate 190 Frequency-sweeps per second

Biopotential sample-rate 600 Samples per second
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In figure 10, we can clearly see periodic changes in
the waveform. As the sensitive electrode is placed in
coronar sinus and is not anchored to the vein, there are
probably several contributors to the periodicity such
as: the electrode is moving across different tissue types
in the heart as the electrode is moving in the heart, the
heart is moving with respect to its surroundings, and
the tissue itself change properties.

Pacing on bioimpedance potential pick-up elec-
trodes causes artifacts in the measurements as shown
in figure 11. We did remove these during post-proces-
sing of the measurements, and the result of such an
artifact removal is shown infigure 12.

4.Discussion

4.1.Overall system
We have made an instrumentation system for elec-
trical bioimpedance and biopotentials. Biopotential
measurements with acute feedback have been used for
a long time in the form of ECG, EGM, and EEG, and
has proven that it is useful. We believe that we can
expand the tool-set for the clinician by making a
system that combines measurements of biopotential
and bioimpedance. As demonstrated in this article, we
can domeasurements on hearts, but wemay easily use
the measurement system in other settings where we

have biopotentials and where bioimpedance might be
of interest.

4.2. Bioimpedancemeasurements
4.2.1. The equipment
Since there is no existing bioimpedance measurement
instrument available that can be used directly for
measurements on human hearts, we had to create a
set-up. In one end of the complexity-range, we have
instrumentation made using and application-specific
integrated circuit [23], and in the other end we have
instruments that only required a front-end. A highly
integrated solution as presented in [23] could easily be
made to fulfill our needs, but the downside is the
amount of resources required tomake a useful system.
We considered solutions based on separate DAC and
ADC’s such as the one used in [4] and on FPGA-based
solutions such as presented in [24] or Red Pitaya [25].
Common for these solutions is that there is still a
substantial amount of work that need to be done to
implement algorithms for impedance measurements,
and to program the FPGA for the FPGA-solutions.
What we considered the least complex system was one
based on existing general-purpose instrument and a
front-end. According to table 1, the current options
are the Sciospec ISX 3v2, Zurich Instruments MFIA,
and Zurich Instruments HF2IS. All of these could be
used, but the MFIA was not available when this work
started. Our choice of the ISX 3v2 mini instead of the

Figure 7.Results frommeasurements on test loads. Blue lines are three electrode configurations and red lines are four electrode
configurations.Measurements done using four single-signal cables are solid lines, andmeasurements done using onemulti-signal
cable are dotted. Frequency is shown along the x-axis.
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HF2IS was based on several factors not obvious from
table 1: it is physically smaller, it has high tolerance for
high voltages coming from a pacemaker, the extension
port contain everything needed to connect to the
front-end using a single cable, and Ethernet interface
enables simple medical grade galvanic isolation. Not
choosing the HF2IS means that we chose an instru-
ment that is using stepped sine excitation instead of a
broadband excitation. As pointed out in [12], this may
not be the best solution if we are trying to optimize for
high sample-rate. But since we are looking for a tool to
use in an acute setting, we needed only about 200
samples per second. We do realize that for higher
sample-rate or wider frequency range, the HF2IS or
systems based on separate DAC and ADC’s or FPGA
must be considered. It should be mentioned that since
the ISX 3v2 mini and the MFIA are FPGA based, they
could probably be re-programmed by the vendors to
implement a broadband excitation scheme.

It could be useful to measure more frequencies,
over a wider range, or with higher precision, but all of
these requirements will increase the time it takes to do
a measurement, and thus reduce temporal resolution.

For example, if we are did a linear sweep from 10 kHz
to 1 MHz using the same precision as we have used we
would end upwith 17 sweeps per second, and if we did
a logarithmic sweep of 21 frequencies from 10 kHz to
1 MHz , wewould end upwith 32 sweeps per second.

The front-end is serving two main purposes: to

make the set-up safe to use on human hearts and to

provide a convenient way of connecting the equip-

ment to the patient leads. The safety is handled by pro-

viding galvanic isolation in the two capacitors. In

addition, the capacitors and the series resistors limit

low-frequency currents that could otherwise cause

myocardial capture [8]. Un-intended myocardial cap-

ture is not desired since it may causemyocardial fibril-

lation. The front-end is limiting the measurement

frequency going towards lower measurement fre-

quencies. This can be rectified by either calibration or

increasing the capacitor values in the front-end. How-

ever, measuring at low frequencies means that sweep-

time increases, resulting in lower temporal resolution.
Using color-coded connectors as shown in figure 4

to identify leads proved useful in practice.

Figure 8.Representativemeasurement of transfer impedance atfive different frequencies for a four electrode configuration. Pacing in
A andRV. Thewaveforms are, from the top: bioimpedance amplitude ∣ ∣Z (bioimpedance amplitude) at 750 kHz, ∣ ∣Z at 303 kHz, ∣ ∣Z
at 120 kHz , ∣ ∣Z at 50 kHz , ∣ ∣Z at 20 kHz, Lead I ECG, bipolar with electrodes in LV, and pace events where each signal represents any
pace event, A-pace, RV-pace, and LV-pace.

8

Biomed. Phys. Eng. Express 2 (2016) 065015 F J Pettersen et al



4.2.2. Accuracy and compensation
It is necessary to comply with the regulations and rules
of the operation room where the measurements are
done. This implies relatively long cables from the
sterile zone to the instrumentation. These cables are
shielded, which leads to low sensitivity to electro-
magnetic noise. But shielding introduce parasitic
capacitances, which again can cause microphonic
noise [26]. Microphonic noise is minimized by using
low-noise ECG-cables. The effect of using shielded
cables and unshielded single-signal cables was

investigated, and results are shown in figure 7. The
figure shows that the accuracy is dependent on both
measurement frequency, load, and cable type. It is
possible to compensate for the parasitic effects in the
cables by using a compensation scheme as described in
[22, appendix C]. The point of compensation may be
in the bioimpedance instrument, in the LabVIEW
software, or during post-processing. We chose to do it
during post-processing since we change cables several
times during a procedure, and we do not need to have
calibration data available beforehand. We have

Figure 9.Representativemeasurement of transfer impedance atfive different frequencies for a four electrode configuration. Pacing in
A and LV. Thewaveforms are, from the top: bioimpedance amplitude ∣ ∣Z (bioimpedance amplitude) at 750 kHz, ∣ ∣Z at 303 kHz, ∣ ∣Z
at 120 kHz , ∣ ∣Z at 50 kHz , ∣ ∣Z at 20 kHz, Lead I ECG, bipolar EGMwith electrodes in LV, and pace events where each signal represents
any pace event, A-pace, RV-pace, and LV-pace.

Table 5.Mean correlation coefficients for the six subjects for the four impedance representations. *RS is themean
correlation coefficients for signals with the same pacing, and *RD is for signals with different pacing, where ∗ is the
impedance representation.

Subject no RSZ RDZ RS Z RD Z RSR RDR RSX RDX

1 0.6321 0.2421 0.7192 0.2042 0.6433 0.1665 0.6586 0.2832

2 0.8508 0.1134 0.8358 −0.1003 0.8463 −0.1344 0.8619 0.1553

3 0.8511 0.3943 0.8256 0.6015 0.8601 0.4662 0.7821 0.3209

4 0.9783 0.9291 0.9121 0.7902 0.9367 0.8282 0.9749 0.9158

5 0.7994 0.3870 0.7781 0.4561 0.8130 0.4308 0.6993 0.1371

6 0.8500 0.4399 0.6935 −0.1941 0.8477 0.3947 0.7520 0.2281
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considered adding a compensation-module on the
signals that are presented in real-time, while leaving
the saved data un-compensated, but have not done
this since the visual effect for the clinician is relatively
small. It is an option to use unshielded cables or a flat
ribbon cable, but these will be more sensitive to
electromagnetic interference even if the parasitic
capacitances are lower.

Another important point is that we do not have
control over the parasitic components of the pacemaker
leads and its surroundings. A number of different types
are used, and they will have varying inductance, mutual
inductance and capacitance between wires within a
lead, varying capacitance to other leads or tissue, etc.
The electrode surface parameters are likewise diverse.
This makes it very difficult to compensate for this part-
icular measurement set-up. As a workaround, we have
chosen to focus on waveform morphology instead of
absolute values. And in the cases where we only con-
sider waveform morphology, compensation may in
some cases be left out of the picture altogether as we
have shown in section section 3.2.

4.3. Biopotentialmeasurements
We have observed several types of artifacts in the
biopotential data. The first is effects are from filtering
of measurements. As expected, all filters change the
morphology of a signal, and this happens on biopoten-
tial data as well. Most troublesome are the cases where
there are large and rapid changes in the signal as for
example the spikes in potential caused by sharing an
electrode used for pacing with an electrode used for
biopotential measurements. In this case, a solution
could be to separate the electrodes used for pacing and
biopotential measurements. Careful filter design may
also help reduce thefilter artifacts.

The bioimpedance measurement instrument is
injecting current in the CC-electrodes, and if these are
shared with, or are placed close to a biopotential elec-
trode there will be interference in the biopotential
measurements. If we analyze the current in the CC-
electrodes we will find a frequency component that is
equal to the sample frequency of the biopotential mea-
surement, and this will interfere the biopotential mea-
surement. The solution to this problem is to separate

Figure 10.Representativemeasurement of transfer impedance atfive different frequencies for a three electrode configuration. Pacing
in A andLV. Thewaveforms are, from the top: bioimpedance amplitude ∣ ∣Z (bioimpedance amplitude) at 750 kHz, ∣ ∣Z at 303 kHz,
∣ ∣Z at 120 kHz , ∣ ∣Z at 50 kHz , ∣ ∣Z at 20 kHz, Lead I ECG, bipolar EGMwith electrodes in LV, and pace events where each signal
represents any pace event, A-pace, RV-pace, and LV-pace.
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biopotential and bioimpedance electrodes or to use a
low-pass filter on the biopotentials.

If an electrode used for pacing is shared with or are
placed close to a biopotential electrode, the pace
potential will be captured. A high spike can be
removed using the semi-automatic pace artifact
removal function in Matlab as illustrated in figures 11
and 12. This will remove the large and rapid changes,
but since the pace signal voltage may be well above the
input range of the instrument, we may experience
effects caused by overloading of the input circuit. In
figure 9, we can see an example of this in the bottom
biopotential plot.

4.4.Heartmeasurements
The heart measurements shown in figure 8 through 10
illustrates how the set-up can be used to see how
impedance in the heart changes as a result of changed
pacing. The provided results are examples, and full
physiological interpretation of the two cases is outside
the scope of this article.

In figures 8 and 9, we see the effect of pacing in dif-
ferent positions. In figure 8, pacing is done in A and
RV, and in figure 9 pacing is done in A and LV.We can
clearly see that that there is a steep change in impe-
dance approximately 200 ms after the RV pace pulse
in figure 8, while the corresponding change is happen-
ing at the time of LV pacing in figure 9.We can also see
different waveform morphology in the two cases. The
small absolute values of the impedance are caused by
small distance between the PU electrodes and that the
CC current field is at an angle compared to the PU cur-
rent field. The potential in the LV electrode is recor-
ded, and is shown in figure 8. The same potential is
available in figure 9, but since the electrode has been
used for pacing the signal is effectively useless. In some
patients the LV lead has four electrodes, in which case
it could be possible to split the electrodes used for
EGMand pacing.

Figure 10 show the result of a three electrode mea-
surement. Interpretation of the signals is not within
the scope, but possible explanations may be change in

Figure 11.Apart of themeasurement infigure 8 illustrating pace artifacts on unprocessed signal. Top panel: ∣ ∣Z (bioimpedance
amplitudes) at 750 kHz, 303 kHz, 120 kHz , 50 kHz , and 20 kHz.Middle panel: lead I ECG (black), bipolar EGMwith electrodes in
LV (blue). Lower panel: pace events where each signal represents any pace event, A-pace, RV-pace, and LV-pace.
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impedance in the tissue surrounding the combined
CC+ and PU+ electrode in a cardiac vein or move-
ment of the heart which may move the electrode past
different types of tissue that is contributing to themea-
sured signal.

We have chosen to present impedance data as
waveforms in the time-domain since we feel that this
gives us most information. We did consider other
representations such as fitting data to a model and
than plot the model parameters, but decided against it
for several reasons: data is lost when fitting to a model
unless the model is very good, the cardiologists, who
are the ultimate user of the data, are used to waveform
representations of relevant physiological data, and
finally, we have just begun exploration of how to uti-
lize themeasurement data. Even if we do not provide a
full interpretation of the example waveforms, we have
shown that we can use pacemaker leads together with
the presented equipment to do morphological ana-
lyses of the waveforms The mean correlation

coefficients shown in table 5 illustrates that the corre-
lation of waveforms with identical pacing is higher
than it is for waveforms with different pacing. The
most interesting data in this table is for the three cases
where H0 were not rejected. The mean values are dif-
ferent, but not significantly so with a significance level
of 0.05. If we changed the significance level to 0.1, H0

would be rejected for all tests.
It is clear from figure 11 that both impedance data

and potential data can be affected by pacing. Removal

of pace artifacts is being done post-measurement since

it requires information about pacing, and this infor-

mation is not available at the time of measurement.

The signals in figure 11 after pace artifacts are removed

is shown in figure 12. To remove pace artifacts in real-

time, we would need information on the pacing, and

in addition, a small time-delay would be introduced.

We could extract the pace-rate automatically in some

cases, but in several pace schemes, the rate is not

Figure 12.Themeasurement infigure 11 after pace artifacts are removed. The boxes indicate where linear interpolation have been
done.Note that the boxwidths are different for bioimpedance and biopotential data since these are handled individually. Top panel:
∣ ∣Z (bioimpedance amplitudes) at 750 kHz, 303 kHz, 120 kHz, 50 kHz , and 20 kHz.Middle panel: lead I ECG (black), bipolar EGM
with electrodes in LV (blue). Lower panel: pace events where each signal represents any pace event, A-pace, RV-pace, and LV-pace.
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necessarily constant. In practice, we turn off autoscal-
ing of theY-axes.

4.5. Future opportunities andwork
This system is mostly based on off-the-shelf parts, and
as such it is not optimized for simplicity. It would be
possible to make a single unit capable of performing
the tasks done. The bioimpedance instrument is
offered as a OEM-product, which enables the bio-
impedance measurement. ECG and EGM measure-
ments are relatively easy to implement using specia-
lized circuits such as ADAS1000 from Analog Devices,
Norwood, Massachusetts, USA or similar. A single-unit
instrument could have a built-in display in addition to
be able to export data in real-time or to a memory-
device.

Since the instrumentation software is based on
LabVIEW, it is relatively easy to add signal-processing
features such as other signal representations of the ori-
ginal bio-impedance data like combination of impe-
dance spectrum into a composite value [27]. Another
example would be to process the data real-time to
detect if a given threshold is reached [27].

Monitoring of any relatively fast-changing pro-
cesses can be done using this instrument set-up. One
example is assessment of fluid accumulation in the
lung where impedance spectrography may be better
suited to detect edema than current methods. The sys-
tem could also be used for trans-cranial cerebral mon-
itoring after neurologic injury, after cerebral surgery
or even during provocative testing for seizures toge-
ther with EEG to detect local cerebral edema at an early
stage.

The measured data is stored in a LabVIEW-spe-
cific format that is very efficient in terms of speed and
space, and the processed data is stored as Matlab-files,
which are proprietary formats. It could be desirable
standardize on a common open format such as HDF5
[28] or NetCDF [29] that is flexible enough to store all
data, which in this case are events (time-stamped
events), boolean data (time-stamped pace data), bio-
potentials (streamoffloating point values), and bioim-
pedance (stream of vectors containing complex
impedances for relevant frequencies). To our knowl-
edge, existing open formats intended for medical use
are not capable of handling data with complex
numbers.

5. Conclusion

There are currently no systems available that let us
measure bioimpedance on human hearts during
surgery. We have designed and built such a system
based on commercially available instruments. The
system includes a bioimpedance front-end that pro-
vides isolation of the patient and set of connectors that
we propose to use as a standard for clinical

bioimpedance measurements. Measurement data are
processed and presented to the operator in real-time,
while simultaneously storing the data for post-mea-
surement analysis. We have shown that high temporal
resolution for bioimpedance measurements can be
achieved using commercially available instruments
based on stepped sine excitation.
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