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ABSTRACT
A goal in modern pacemaker technology is to adapt the timing of stimulation to the
metabolic demand and to optimize the hemodynamics of the diseased heart. Because
the plasma concentration of mixed venous oxygen is a good indicator of workload
and circulation, we developed an implantable coulometric blood oxygen sensor to
improve the rate adaptation. Two different working electrode (WE) materials in direct
contact with the blood were tested, smooth glassy carbon and gold. Two reference
electrode (RE) concepts using Ag/AgCl and one made of porous pyrolytic carbon
were evaluated. The used counter electrode (CE) consisted of the titanium housing of
the pulse generator partly coated with carbon.
To perform chronic in vivo studies an implantable pacemaker system with electronics
for chronocoulometric oxygen detection was developed. Both single and double
potential step techniques were evaluated. The hemispherical or cylindrical working
electrode was placed on the stimulation lead inside the heart. Potential steps were
periodically synchronized to end-diastole, when the heart is filled with blood. The
reduction potential was –1V for carbon and –0.8V for gold and the duration of the
imposed overpotential 15ms, while the electrode potential was floating in-between.
The electrical current that is limited by oxygen diffusion and reaction rate is a
function of the blood oxygen concentration and used for calculation and regulation of
the stimulation rate.
Ellipsometric in vitro studies on human blood protein adsorption to the two materials,
pyrolytic carbon and gold were performed to both qualitatively and quantitatively
identify the initial interactions with the sensor materials at electrochemical
overpotentials.
Studies on 31 animals were performed to refine and evaluate long-term in vivo
stability and biocompatibility. Standard transvenous lead implantation technique was
used. To create a realistic animal model of a pacemaker patient, the AV node of 5
dogs was destroyed by RF-ablation. The sensor stability and response to exercise was
followed monthly. Post-mortem examinations of the electrode surfaces and tissue
response were performed. The maximum implantation time was 4.5 years.
The results show that the sensor stability and response to workload was excellent
during the study time. Adsorbed plasma proteins on the implanted gold surface did
not decrease oxygen transport or reaction efficacy. Due to dislocation and mechanical
irritation 3 electrodes grew into the endocardium and became insensitive. This
complication can probably be avoided by a slight redesign of the sensor lead. No
adverse tissue reactions have been observed at the investigated working electrode
materials.
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DEFINITIONS AND SYMBOLS
Definitions
Convection

Movement of a species due to external mechanical forces.

Diffusion

Movement of a species due to a concentration gradient.

Migration

Movement of ions due to a potential gradient.

Polarization

The difference between the actual electrode potential (E) and its
(mixed) rest potential E0.

Abbreviations
BR

Basic Rate

CE

Counter Electrode

CO

Cardiac Output

Hb

Hemoglobin

HbO2

Oxy-hemoglobin

HR

Heart Rate

RBC

Red Blood Cells (or erythrocytes)

RE

Reference Electrode

SR

Sensor Rate (Stimulation rate increase due to exercise)

SV

Stroke Volume

WE

Working Electrode
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Symbols
A

Electrode area ( m2 )

ci

Concentration of a species i (mol/L or mol/cm3)

ci∞

Concentration of a species in the bulk solution (mol/L)

C

Capacitance (F)

D

Diffusion coefficient of a species (m2/s)

E

Actual electrode potential vs. a reference electrode (V)

Ee

Equilibrium potential (V). The equilibrium or reversible electrode
potential for the electrochemical reaction couple, which may be
calculated from Nernst equation.

E0

Floating or rest potential of an electrode (V)

E eo

Standard potential (V)

F

Faraday constant (96 485 A s/mol)

i

Electrical current (A)

ipO2

Oxygen current (A). The average current due to oxygen reduction
flowing from the WE to the CE. ipO2 = -q(tp) / ti

IL

Limiting current density due to convective diffusion (A)

I

Current density (A/m2)

Io

Exchange current density (A/m2)

r
k

Rate constant for cathodic process (m/s)

s
k

Rate constant for anodic process (m/s)

kH

Oxygen solubility in plasma (1.3⋅10-3 mol/(L⋅atm))

KW

Autoionization equilibrium for water (10-14 mol2L-2)
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m

Amount of a material (mol)

n

Number of electrons involved in an electrode reaction

pO2

Partial oxygen pressure

pVO2

Mixed venous partial oxygen pressure

Q

Electrical charge (C or As)

R

Gas constant (8.314 J / mol K)

SVO2

Mixed venous oxygen saturation

t

Time (s)

ti

Current integration time (s)

tp

Measurement pulse width (s)

T

temperature (K)

U

voltage (V)

V&O 2

oxygen consumption [ml /min]

α

Transfer coefficient

δN

Nernst diffusion layer thickness (m)

η

Overpotential (V). The difference between the electrode potential E
and the equilibrium potential Ee: η = E – Ee

φ

applied reduction potential (V)
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PREFACE
In autumn 1984, when I started my working career as a new engineer at the R&D
department at Siemens-Elema’s pacemaker division, one of the first persons I met
was Sven-Erik Hedberg. He was at that time evaluating new ideas how to measure the
oxygen concentration of venous blood by a polarographic method. The intention was
to use this parameter for control of the stimulation rate of an implantable pacemaker.
We soon became a team that both constructed implantable devices and performed
pre-clinical studies in the animal lab. Dr. Håkan Elmqvist initiated the study about
1980 when he was R&D manager at Siemens-Elema AB. Theoretical aspects and
ideas of the electronic designs came mainly from our research partners at Siemens
AG in Erlangen, Dr. Mund, Dr. Rao, Dr. Preidel and Dr. Stroetmann. They performed
an extensive study of the electrochemical properties of the sensor at the German
research center, which became a valuable base for the development of a research
pacemaker with a pO2 sensor.
The first implantation of a pO2 sensor system was made in Göttingen (Germany)
1985. The device, called OXY1, complete with fitting electrodes was implanted in a
minipig at the University Hospital. Dr. Preidel and Heinz Neubauer at Siemens-Elema
designed the electrode system. Mr. Neubauer, who built and documented all different
pO2 lead designs very carefully, has been of great value in the project during many
years. The stability of the sensor system was however not very good, mainly due to an
unsatisfying electronic design (my first design) and unstable electrode potentials.
There were, however, episodes when the sensor responded well to oxygen variations
in venous blood.
In 1986 we started to cooperate with Dr. Johan Carlsten at Ultuna Agricultural
University and Dr. Staffan Bowald at Uppsala University Hospital. They helped us
with all pre-clinical matters like surgical implantation of devices, follow-ups and
medical advisory service. During a period of 4 years we redesigned the electronics
several times and performed about 10 chronic investigations, all ending with sensor
malfunction.
In 1990 we at last found the reason for the unstable behavior of the sensor. On two
dogs with implanted O2 monitors we measured the potential of the titanium housing
to about 2.5 V vs. the Ag/AgCl reference electrode. The anodic average current
originating from the measurement pulse charged the titanium oxide capacitance to a
voltage above the battery supply. At this situation the electronics failed to generate a
proper measurement pulse, which explained the sensor problem. By complementing
the titanium housing of the implant with a carbon surface the voltage stabilized below
1 V.
In 1991 we then started the study that resulted in this thesis.
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INTRODUCTION
The blood
An adult human contains about 5 l blood or 6 to 8% of the body weight. Male blood
consists of about 46% red blood cells (RBC) and female blood 41%. This value,
called the hematocrit, is an important factor for the oxygen transport capability. The
remaining part of the blood is the fluid phase protein solution called the plasma.
When the blood passes the alveolar capillaries oxygen and other gases in the inspired
air are dissolved into the plasma. The alveolar oxygen pressure is dependent on the
atmospheric oxygen pressure and the ventilation. During rest at sea level the oxygen
pressure of the alveolar gas is about 13.3 kPa (100 mmHg), a partial pressure also
present in oxygenated blood as a result of diffusion to the pulmonary capillaries.
Because of alveolar and extra-alveolar atrioventricular shunt mechanisms the pO2 of
arterial blood is somewhat lowered to 12.7 kPa (95 mmHg).
The solubility of a gas in a liquid is proportional to its partial pressure above the
liquid due to Henry’s law (1).

Solubility = k H P

(1)

The solubility constant kH for oxygen is 0.0128 mmol l-1 kPa-1 (24 ml O2 l-1 atm-1), so
if the alveolar oxygen pressure is 13.3 kPa the alveolar plasma will have the O2
concentration 0.17 mM (3.16 ml O2 / l). This concentration is not enough to transport
all necessary oxygen to the tissues, and therefore the RBCs are so important.
The main function of the RBCs is to transport O2 and CO2 between lungs and tissues.
This is accomplished by the transport protein hemoglobin (Hb) which is a high
molecular weight protein of 64 800 Dalton with four sub-units, each having the
capacity to reversibly combine with one O2 molecule. The relation between oxygen
combined with Hb and the pO2 is described by the HbO2 dissociation curve. This
curve has a sigmoid shape because of varying affinities of the heme groups to O2.
The maximum amount of O2 that can be bound to Hb per unit of blood is called its O2
capacity [Schmidt & Thews, 1980]. This is the oxygen content when all Hb molecules
are combined with O2 or the Hb of the blood is 100% saturated with oxygen. The
average concentration of Hb is 160 g/l for males and 145 g/l for females. Because 1 g
of Hb combines with 1.34-1.36 ml O2, the average male O2 capacity is then 214 ml/l
and the female O2 capacity is 194 ml/l. The O2 capacity has a high individual
variation from athletes with 268 ml/l (high-altitude training) [Guyton & Hall, 1996] to
anemic patients with less than 67 ml/l [Staub, 1993]. There are also intra-individual
variations, e.g. those associated with the female menstrual cycle. At the alveolar
1
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oxygenation nearly 100% O2 saturation is achieved independently of varying
ventilation, perfusion or atmospheric pressure due to the pulmonary over-capacity.
Oxygen transport
According to the Fick principle (2) cardiac output can be calculated if the oxygen
consumption V&O 2 and the arterio-venous oxygen difference are known:

CO = HR × SV =

V&O 2
[O2 ]A − [O2 ]V

(2)

V&O 2 is the net rate (ml / min) of O2 uptake by the pulmonary capillaries from the
alveoli [Guyton & Hall, 1996]. At equilibrium, V& equals the oxygen consumption
O2

of the body. If the oxygen content of the blood is divided into a dissolved part and a
part combined with hemoglobin, the Fick equation can be written:

CO =

V&O 2
1.34 Hb (S a O2 − S v O2 ) + k H ( p a O2 − pv O2 )

(3)

Because of the flat upper portion of the HbO2 equilibrium curve the content of oxygen
in arterial blood, SaO2, does not change much with varying alveolar oxygen pressure,
PAO2, and can therefore be considered as constant ~90%. Only 1% - 2% of the oxygen
in arterial blood is dissolved in the plasma and we can therefore neglect this part
when we are calculating CO. The Fick Principle can be approximated with the
following formula if only the Hb-bound oxygen is taken into account:

CO =

V&O 2
1.34 Hb (0.9 − S v O2 )

(4)

The oxygen content of mixed venous blood is decreasing with increasing body O2
consumption. Increasing HR normally compensates this to some extent, but for
chronotropic incompetent patients a rate adaptive pacemaker is essential for their well
being.
The metabolic controller of breathing is located in the medulla, and the input
parameters for breathing control are both peripheral and central chemoreceptors for
CO2, O2 and pH. The minute volume of breathing, MV, is however regulated so that
PaCO2 is maintained constant close to 40 mmHg. Because the relation between
oxygen consumption and carbon dioxide production normally is one to one (C6H12O6
+ 6 O2 → 6 CO2 + 6 H2O), the oxygen uptake, V&O 2 , will closely be related to the
respiratory minute volume, MV.
2

INTRODUCTION


V&O 2 = f ( MV ) ≈ Const × MV

(5)

The mixed venous oxygen saturation SvO2 between 2 and 6 kPa is approximately a
linear function of PvO2 and can be described by an equation SvO2 ≈ A × PvO2 - B,
where A and B are constants. A and B can be determined for a fixed combination of
the parameters temperature, pH, CO2, 2,3-DPG etc. At a standard parameter setup,
SvO2 ≈ 0.16 × PvO2 - 0.13. During exercise the temperature, CO2 and 2,3-DPG will
increase while the pH decreases, and as a consequence of this decrease the constants
A and B (shift to the right).

CO = HR × SV ∝

MV
MV
∝
0.9 − S v O2 6.4 − pv O2

(6)

If the minute volume MV, heart rate HR, stroke volume SV and Hb are known the
PvO2 in kPa can then be approximated with the following formula

p v O2 ≈ 6.4 −

Const. × MV
HR × SV

3
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Electrode processes
Many reactions will take place when a negative potential is applied to an electrode in
the blood. In Figure 1 some possible electrochemical reactions between the potentials
for hydrogen and oxygen gas evaluation are shown. The example refers, however,
only to a non-organic system and does not include all possible protein and
hydrocarbon reactions involved on an implanted metallic surface.
Oxidation
1.23
1.00
0.69
0.40
0.00
0.22
− 0.08
− 0.15
− 0.20
− 0.83

O2 + 4 H + + 4e − ↔ 2 H 2O
AuCl 4− + 3e − ↔ Au + 4Cl −
O2 + 2 H + + 2e − ↔ H 2O2
O2 + 2 H 2O + 4e − ↔ 4OH −
2 H + + 2e − ↔ H 2
AgCl + e − ↔ Ag + Cl −
O2 + H 2O + 2e − ↔ HO2− + OH −
O2 + 2 H 2O + 2e − ↔ H 2O2 + 2OH −
CO2 + 2 H + + 2e − ↔ HCOOH
2 H 2O + 2e − ↔ H 2 + 2OH −

Reduction

Figure 1. Standard reaction potentials and electrochemical reaction couples at 25°C
in physiological saline solution
Rate limiting step
If we consider a simple cathode reaction O + ne- → R (reduction) the following three
steps will occur (8): The O-species in the bulk will be transported e.g. due to a
concentration gradient (diffusion) to the electrode surface. At the surface O will be
reduced to R under electron transfer with a rate constant k from the electrode. After
the reduction R-species are transported away to the bulk by diffusion, migration
and/or convection.
Mass transport
OBulk 
 → OElectrode
Electron transfer
OElectrode    → RElectrode
Mass transport
RElectrode 
 → RBulk

4

(8)

INTRODUCTION


The concentrations of the species O and R at the electrode surface are exemplified in
Figure 2. The region where most of the diffusion occurs has the thickness δN and is
called the Nernst diffusion layer. The slowest one of the three steps above determines
the total rate of the electrochemical change.

E
L
E
C
T
R
O
D
E

c
O

cO∞
cOσ

c

r
k

σ
R

cR∞

Convection

R

x

δN

0

Figure 2. Concentration profiles for the reduction process
O + ne- → R at an electrode surface.
Now the reality is not that simple. The electrode reactions can be influenced by
adsorption of intermediates and blood proteins. Coupled chemical reactions in the
electrolyte and on the electrode surface can change the electron transfer mechanism.
The electrode material has great influence on electron transfer due to different energy
levels and electrocatalysis. The geometry of the electrode and the distance to the
reference electrode affect the actual working potential and current distribution.
Charge transfer

r

s

At any potential the current density is given by I = I + I . The partial current
densities are dependent on the rate constants and the concentrations of the
electroactive species at the electrode surface:

r
r
I = − nFk cOσ
s
s
I = nFk c σR

(9)
(10)

The forward and backward rate constants in the equations above are exponentially
dependent on the electrode potential due to:

5
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r r
 α nF 
k = k o exp − C η 
 RT 

(11)

s s
 α nF 
k = k o exp − A η 
 RT 

(12)

The Butler-Volmer relationship (13) can be written from (11) and (12), which
describes the current density versus the overpotential for an electron transfer
controlled process O + ne− ↔ R:
(13)
  α nF 
 α nF 
I = I o exp A η  − exp − C η 
 RT 
  RT 
r s
At equilibrium, when I + I = 0 , the Nernst equation (14) predicts the rest electrode
potential due to:

RT cOσ
Ee = E +
ln
nF c σR
o
e

(14)

At pH=7.4 and T=25°C the bulk concentration of hydroxide ions in a water solution
( c R∞ ) can be derived from [H3O+][OH-] = KW = 10-14 mol2L-2 to about 0.25 µmol/l.
The oxygen concentrations at 6 and 2 kPa ( cO∞ ) is derived from Henrys law to 78
µmol/l and 26 µmol/l respectively. These values are used to calculate the equilibrium
potential (cσ → c∞) for the reaction 2H2O + O2 + 4e− ↔ 4OH− for pO2 = 6 kPa to 215
mV vs. Ag/AgCl and 209 mV at 2 kPa O2. From above we saw that it is possible that
several electrochemical and chemical reactions can complicate the current response to
an electrode polarization. Therefore it is interesting to perform experimental studies
to verify the theory.
If we sweep the electrode potential in 0.15M saline solution saturated with 6%
oxygen from 800 to -1000 mV and monitor the current we get the plot as in Figure 3.
(The measurement setup is described in chapter “Materials and Methods – Potential
Sweeps”)

6
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Figure 3. Current versus non-corrected electrode potential for 7.5 mm2 gold
electrode in physiological saline solution at pH=7.4, 6% O2 and 37°C.
The current is small between -200mV and 600mV where we expect to find the rest
potential for the reaction 2H2O + O2 + 4e− ↔ 4OH−. Below -200 mV the current
increases exponentially due to accelerated oxygen reduction. For very high
overpotentials the current is noisy due to limited diffusion of reactants to the surface.
The convection of the electrolyte has a high influence on the limiting current at steady
state experiments.
Electrochemical detection of oxygen
The first amperometric measurement of dissolved oxygen in aqueous media was
performed a hundred years ago when Daneel discovered that the current flowing into
a platinum electrode was proportional to the oxygen content [Daneel, 1897-8]. The
method was however not applicable for laboratory analysis of body fluids until 1953
when the Clark electrode was introduced [Clark et al, 1953, Clark, 1956]. With a gas
permeable membrane the electrochemical measurement cell was isolated from the
biological medium, which prohibited blood proteins to adsorb on the cathode and
poison it. A Clark electrode is however not suitable for long-term implantation in the
body due to its risks for membrane rupture and other complications. In this study we
therefore investigated the possibility of using an extremely simple and reliable
electrode without membrane.
Drawbacks with continuous polarizing voltage are the electrode’s large consumption
of oxygen in the surface layer, the sensitivity to blood flow and the high current drain.
The solution is to use pulse polarography or potential step techniques [Davies &
Brink, 1942, Scott et al, 1983]. Between the pulses no current is floating to the
7
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electrode and the oxygen concentration equalizes to the same level as far from the
surface. When the potential step is applied oxygen molecules at the electrode surface
are temporarily reduced and a diffusion-limited current arises. If the pulse width is
short, the thickness of the diffusion layer becomes only a few micrometers, which
makes flow dependency negligible.
Bio-response to foreign materials
The first thing to occur after introducing a foreign material in the human body is the
adsorption of different plasma proteins [Eckerdal, 1999]. Long before cells have
reached the surface, within seconds, various proteins have covered it. When the cells
come to the scene of implantation, they see rather a protein layer than a naked
surface. The cellular response is therefore to a large extent governed by the
composition of the protein layer.
The electrode materials in combination with applied electrical potential should not
cause adverse reactions such as thrombosis or extensive inflammatory response to the
biological environment. The biocompatibility highly depends on the physicochemical
nature of the material, which is determined by the adsorption of proteins from the
blood. Measurement and identification of adsorbed plasma proteins are therefore of
great importance for the understanding of the long-term bio-functionality.
Rate adaptive pacing
The treatment of patients with symptomatic bradycardia using pacemakers is one of
the most successful therapies in modern cardiology. Since the body needs an
increased cardiac output during exercise due to the higher metabolism it is
advantageous to adapt the stimulation rate to this need. During the last 30 years a
wide variety of sensors have been used to detect the activity level of patients. The
demands on a long-term functioning implantable sensor are high. The current
consumption must be low, preferably less than 1 µA. The used materials may not
irritate the surrounding living tissue and the manufacturing costs should be
reasonable.
Already in 1966 the respiration rate was suggested as a sensor for rate responsive
pacing [Krasner et al, 1966]. In 1978 a pH triggered cardiac pacemaker was presented
that was capable of responding to blood acidosis by changing its stimulation rate
[Cammilli et al, 1978]. An iridium oxide electrode in the right atrium sensed the
blood pH. During exercise the venous pH decreased and the paced ventricular rate
increased. It is known that the QT interval is shortening during exercise. That
physiological parameter was used in 1981 to construct a cardiac pacemaker which
sensed the interval between the ventricular stimulation pulse and the evoked T wave
to set the subsequent pacemaker escape interval [Rickards et al, 1981].

8
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Movement
Detection of body movement by a self-generating voltage source to control the
pacemaker rate was first presented in a patent by Dahl, 1979. The concept was used in
Activitrax (Medtronic), which was the first movement-sensing pulse generator used
clinically that increased the stimulation rate during workload. A piezo-electric crystal
inside the titanium housing generated electrical signals when it was bent by tissue
pressure variations during exercise. The Sensolog pacemaker was a rate adaptive
pulse generator with a similar concept made somewhat later by Siemens-Elema AB.
The most common sensor today is an accelerometer placed on the PC-board inside the
pulse generator housing. These open-loop systems are simple and predictable but
have the drawback that they do not measure a parameter closely related to the
metabolic demand.
Impedance
By using a closed-loop system the sensed parameter depends on the therapy as
negative feedback regulation. This makes the system stable and precise for regulation
of the stimulation rate. A closed-loop system can also be used to optimize the AVdelay for dual chamber pacemakers.
A physiological entity that many manufacturers are using today is to measure the
thoracic impedance variations. By multiplying the amplitude and the frequency due to
breathing the respiratory minute volume can be approximated. This parameter is in
the long term directly proportional to the oxygen consumption.
Optical O2 sensors
The oxygen saturation of mixed venous blood (SvO2) appears to be a good parameter
to control the rate of artificial heart pacemakers [Wirtzfeld et al, 1982, Stangl et al,
1986, Lau et al, 1994]. Several designs of an optical sensor have been presented,
where variations of the light’s reflection coefficient were used to calculate the
percentage of oxygen bound to the hemoglobin [Wirtzfeld et al, 1983, Schmitt, Mihm
& Meindl, 1986]. A device that we developed in cooperation with Mr. Roland Heinze
(Universität der Bundeswehr, Munich) and others was the research pacemaker
“Siemens, P55” (Figure 4). It was the first SvO2-controlled pacemaker, which was
implanted in two humans 1988 [Stangl et al, 1988]. Clinical evaluations of other
optical SvO2-sensors have now been reported by several sources [Faerestrand et al,
1994, Ohlsson et al, 1995, Windecker et al, 1998].
The presented SvO2-sensors are however expensive due to their complexity and the
need for electronics and additional conductors in the lead deteriorates the mechanical
9
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properties and makes them less reliable. Until now, all these systems were used in
research and evaluation studies and no commercial products have been introduced on
the market.

Figure 4. The first implanted SvO2-controlled pacemaker was a microprocessor
controlled research device from Siemens.
Electrochemical approach
The sensing element for an electrochemical oxygen detector can be made very simple,
especially if no ion selective membrane is attached to the interface between the
electrode and the measured liquid. The initial characterization of such an implantable
polarographic sensor was performed by Siemens researchers in Erlangen, Germany,
where the sensor response to oxygen, flow, temperature etc. was evaluated in buffered
saline solution [Rao et al, 1994, Preidel et al, 1994, Preidel et al, 1994, Preidel et al,
1995]. Several patents were written about using a potential step technique for in vivo
measurement of oxygen concentration in living tissue [Mund et al, 1985, Mund, Rao
& Richter, 1988, Preidel, 1994, Preidel, 1996].
One of the suggested measurement principles was to cyclically impress two potentials
on the working electrode. The measuring potential was in the range from -1.4 V to 0.4 V vs. Ag/AgCl, and the recovery potential in the range from -0.2 V to +0.2 vs.
Ag/AgCl [Mund et al, 1989]. The dwelling time at the measuring potential was small
as compared to the duration of the cycle. The current flowing during the measuring
period was evaluated as the measuring signal.
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In Figure 5 some likely reactions at the implanted system are exemplified. The system
consists of a carbon anode (CE) and a gold cathode (WE) situated in blood
environment. The working electrode potential is regulated to -E with a potentiostat
and the flowing current (A) is measured. The plasma concentration of oxygen is
highly dependent on the O2 saturation of the hemoglobin (HbO2) in the red blood cells
as described earlier.

+
−

4e-

Carbon anode

A

C

Protein layer
H+ + HCO3- ↔ H2O + CO2
HbO2

H2O

4OH-

↔ O2
4OH-

2H2O
Reference
E

Diffusion
Protein layer
4e-

Gold cathode

Figure 5. Reactions on the implanted surfaces.
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OBJECTIVE
The objective of this work was to develop, investigate and describe a new method to
electrochemically measure blood oxygen pressure, and for pacemaker therapy
optimize the heart rhythm with this method.
The following hypotheses are tested:
According to the Fick principle the arterio-venous oxygen difference is inversely
proportional to the CO at a given workload. Thus, relative variations of right atrial
oxygen pressure can be used for determination of the pacemaker stimulation
frequency.
Gold, smooth glassy carbon and pyrolytic carbon in direct contact with blood can be
used as working electrode materials. No membrane is needed for long-term biofunctionality. Adsorption of proteins and cells will not poison the electrode after
implantation.
The in vivo potential of vitreous glassy carbon is stable enough to be used as
reference electrode. Positioning the reference electrode in the epoxy header of the
pacemaker housing does not deteriorate the function compared to having it close to
the WE.
The periodically applied potential steps will oxidize and charge the CE being the
titanium housing of the pacemaker with the mean anodic load of approximately 0.5
µA. An additional carbon surface on the CE stops the long-term potential drift by its
oxidation.

12

MATERIALS AND METHODS


MATERIALS AND METHODS
Working electrodes
Many materials can be used to reduce oxygen in a liquid medium, but this special
application where the electrode is in direct contact with the blood limits the number
of candidates. The following criteria must be fulfilled: All used materials have to be
biocompatible and bio-functional for intracorporal use for many years. The
functionality includes both long-term mechanical stability and maintained sensor
sensitivity and specificity. It is also important to choose a material that can be easily
manufactured with good reproducibility and low costs. In this study we mainly
investigated smooth glassy carbon and gold.
Glassy carbon
Glassy carbon has extensively been used as working electrode material in
electrochemical systems during the last 30 years. The material has a low current
density over a wide potential range and the sensitivity of e.g. oxygen reduction is
high. A major drawback is, however, the extreme sensitivity of anodic electron
transfer, which quickly deteriorates the surface state of the electrode. The surface is
not long term stable both in air and saline solutions and oxidizes or undergoes
irreversible changes with time [Kamau, 1988].

Figure 6. The hemispherical carbon electrode was mounted in the tip of a standard
unipolar pacemaker lead.
The following preparation was therefore performed to improve the long-term stability
of implanted glassy carbon electrodes: Pyrolyzed non-activated carbon tips were
taken from the production line of standard pacemaker leads. The active area of the
hemispherical electrodes was 9 mm2. They were polymerized a second time in
furfuryl-alcohol and heated in an inert gas to get a very smooth and stable surface of
13
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glassy carbon. This procedure did also decrease the double layer capacitance, which
is necessary for the suggested potential step measurement technique.
After the surface preparation the electrode was pressed into a platinum/iridium holder
insulated with silicon rubber, similar to standard pacemaker lead manufacturing
(Figure 6). The carbon sensor lead was based on the unipolar lead model 423M from
Siemens where the porous stimulation tip electrode was replaced with the described
electrode.
Pure gold
Gold has seldom been used as electrode material for in vivo applications. It is nontoxic, and when used passively, it undergoes no or little corrosion. However, due to
its high corrosion at positive potentials (> ~ 0.8 V vs. Ag/AgCl @ pH = 7) gold is
today not used for stimulation electrode applications [Pourbaix, 1984]. When oxygen
is cyclically reduced at -0.8 V vs. Ag/AgCl the floating potential between the
measurement pulses of the gold surface will never reach a positive value and thus, no
corrosion will occur.
An advantage using a gold electrode is that it easily can be manufactured in desired
shape (Figure 7). The surface can easily be reproduced and the electrochemical
properties are stable and predictable.

Figure 7. The gold sensor lead was a modified bipolar pacemaker lead with the
indifferent ring electrode replaced by one of gold.
The 7.5 mm2 gold sensor equipped pacemaker lead was based on the commercial 10french lead 1450T from Pacesetter. The distance between the stimulation electrode
in the tip and the gold ring was 11 cm. When implanted with the tip electrode in the
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right ventricular apex the working electrode was placed in the mid atrial position
(Figure 8).
A drawback with the pacemaker lead was that it only could be used for unipolar
stimulation. The atrial ring electrode can, however, not only be used for
electrochemical oxygen measurement of central venous blood. It can also function as
indifferent electrode for “Combipolar” detection of electrical intracardiac events as
spontaneous heartbeats and evoked response after a stimulation pulse. The ring can
even per se detect atrial events for atrium triggered ventricular stimulation
[Holmström et al, 1996]. It can also be used for impedance measurements in the time
window that is not used for the oxygen measurement pulse.

RE
Pacemaker
lead

CE

WE

SE
Figure 8. The sensor lead was implanted transjugularly via the superior vena cava
and fixed passively in the right ventricle.
Electrochemical cell
The laboratory experiments were performed in a specially designed electrochemical
cell of glass filled with about 2 dl saline solution (Figure 9, Paper IV). The
temperature was regulated from a water-bath (Helotherm) and a controlled gas
mixture of nitrogen, oxygen and carbon dioxide was added to the analyzed solution
through a glass filter. The liquid was mixed with a magnet stirrer to speed up the
equilibration time and to get a homogenous solution. A carbon rod (length 5 cm,
diameter 6 mm) was used as counter electrode (anode). An Ag/AgCl reference
electrode (Metrohm Ag, AgCl / 3 M KCl) was used for most of the in vitro studies.
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Different buffered bulk solutions were used. When medical Ringer solution was used,
baking soda (NaHCO3) was added to the solution until pH = 7.4. For Hank’s balanced
salt solution (HBSS) the pH was adjusted to 7.4 with NaOH.
CE
WE
RE

N2
O2
CO2

IO
2308
Pot.
stat
PC

Cell

Waterbath

Stirrer

Figure 9. Electrochemical cell.
A gas mixer with three flow regulators from Brooks (model 5850S) was designed to
mix O2, CO2 and N2 in different proportions (Figure 10). It was possible both to adjust
the gas mixture manually and with a computer program via the IO-interface 2308
(Black & Star).
PC
P1

P2
5850S
Ball
Valve

Filter
N2

PC
P1

P2
5850S

O2

Pressure
Regulator

Flow
Regulator
PC

P1

P2
5850S

CO2
Flow out

Figure 10. A PC program controlled the gas mixer with flow regulators for nitrogen,
oxygen and carbon dioxide.
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Potential sweeps
A common method to evaluate electrochemical reactions on an electrode surface is by
sweeping its potential and registering the electrical current. We studied both the
oxygen and carbon dioxide sensitivity with this method.
Circuit
A simple potentiostat circuit was used for the potential sweep measurements (Figure
11). A symmetrical triangle wave voltage -e(t) from a signal generator gave the
potential e(t) to the working electrode (WE) compared to the reference (RE). The
electrical current i (t ) = I A flowing to the WE was amplified and converted to a
voltage Vut by the operational amplifier IC2.

IC1 +
−
+

CE

R1

SW

R2

RE
i(t)
−
+

-e(t)
WE

Vut=R1⋅i(t)
IC2

Figure 11. Potentiostat for potential sweep and cyclic voltammetry measurements of
electrochemical reactions. IC=TLC2062, R1=10k, R2=100k.
Methods
The potential of the electrode was changed between 0 and -1 V vs. the Ag/AgCl
reference electrode with a sweep rate of 2 mV/s. The indifferent electrode of the
electrochemical cell was a carbon rod. The Ringer solution was buffered to pH 7.4
and tempered to 37°C. Different levels of gas mixtures were stirred into the liquid.
The sweeps were made during steady state conditions i.e. when the gas pressures had
stabilized. Different oxygen and carbon dioxide levels were studied.
Potential step measurements
These methods utilize an instantaneous change of the working electrode potential and
the charge-time response is recorded and processed. The aims of these investigations
were to find the optimal potential for oxygen reduction at carbon and gold electrodes,
but also to determine the sensitivity for physiological blood oxygen variations. Crosssensitivity to temperature, pH, liquid flow, carbon dioxide variations and the amino
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acid Cysteine were evaluated. Single, double and compensated double step
measurement principles were compared.
It is important for pacemaker applications that the electrical current flowing to the
electrodes between the measuring potentials is small. The rest potential of the
working electrode in the blood is not determined only by a single reaction. It is a
mixed equilibrium where the sum of all the reduction and oxidation currents are zero.
This zero current can be guaranteed with an open circuit solution between the pulse
complexes.
When measuring electrical potentials in solutions one also encounters the problem of
assessing the influence of the double layer capacitance existing over the electrode
interface to the liquid. The potential difference across an interface may conveniently
be pictured as an electrical double layer. This double layer may be considered to be
the equivalent of a simple capacitor.
The diffuse double layer suggested by Stern and others may be taken as a model for
events at the interface [Stern, 1924, Greef et al, 1990.]. The charge on the solid is
rigidly fixed. Adsorbed on top of this there may be a practically immobile layer of
oppositely charged molecules of the liquid. Further away, in the solution there is a
diffuse layer of charge, which may have a sign which is either the same as or opposite
from that of the adsorbed layer. Only charges from this diffuse region are free to
move, for example under an applied potential difference.
In potential step measurements of electron transfer due to reduction of solved species,
it is of interest to reduce the influence of charging the double layer capacitance. This
can be maintained with a smooth electrode surface but also with a procedure, where
the measured amount of charge is reduced with the contribution from the double layer
charging [Patent IV].
Potential step generator
The bench experiments were performed with electronics having properties that easily
could be implemented in an implantable device. An electronic device was developed
which generated programmable potential steps. It was used both for in vitro studies
and acute pre-clinical in vivo experiments. Several modes of operation could be
chosen. Three pulse morphologies, single potential step, double potential step and
compensated double potential step were especially studied. The function and timing
of single and double potential step measurement are described in detail in Paper IV,
while the compensated double step mode will be presented in this thesis.
The pulse duration tp could be varied from 1 to 24 ms. The electrical currents were
amplified and integrated either during the entire pulse complex or during the end of
18
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each potential. The working electrode was floating (open circuit) between the pulse
complexes for all possible pulse morphologies and no electrical current could
therefore flow in either direction through it. This saves energy and will, in the case of
measurements made in the blood stream or in the body fluids, prevent unnecessary
and uncontrolled depletion of oxygen in the close proximity of the working electrode.
This might also prevent unnecessary damage or changes to the living tissue around
the electrode.
A number of PC-programs, written in Quick Basic, triggered the measurements and
set the magnitude of the reduction potential, but they also stored the measured results
on the hard disk and controlled the gas partial pressures. Algorithms that calculated
the oxygen pressure and the optimal stimulation frequency were included in some
programs. Other algorithms that automatically adjusted the measurement potential
due to reference drift etc. were also tested.
Single potential step
In this mode the working electrode was subjected to a single potential step from the
open circuit potential to a chosen potential where oxygen reduction is assumed to
occur (Figure 12). After phase 3 the circuit was directly opened again and the WE
was floating.
During the phase 3 the current was integrated on a capacitor C2. The charge Q
calculated with (16) was used as a measure of the oxygen concentration.

S6

S4

+
−

C2
R1

E
−
+
Phase: 1
S4
S5
S6

2

3

4

S5 R2
−
+

u(t)

1

Figure 12. Single potential step potentiostat for coulometric measurements. The
output voltage u(t) is caught at phase 4 to calculate the charge. This principle was
used for the research monitor OXY4.
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Equation (15) describes the output voltage u(t2) from the circuit during phase 4, which
is used to calculate the charge Q due to Equation (16). The sensor properties was
compared at different integration time settings (t2 – t1). Therefore the current response
was expressed in the unit ipO2 that was calculated according to Equation (17).
(15)

R1 t 2
u (t 2 ) =
i (t ) dt
C 2 R2 t∫1
Q=

(16)

C 2 R2
u (t 2 )
R1

ipO2 =

(17)

Q
t 2 − t1

I [µA]

E vs Ag/AgCl [mV]

The pulse morphology and current response of a single potential step in venous blood
are shown in Figure 13. In the example are t1 = 5 ms and tp = t2 = 10 ms.
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Figure 13. WE potential and current response for a single potential step.
Double potential step
For double potential step use a secondary potential step to zero vs. the RE was
applied directly after the first dwelling period. The duration of the two consecutive
pulses was equal. During the second half of the first pulse the electrical current i(t)
flowing to the WE was amplified and integrated on the capacitor C2 similarly as for
single step use (Figure 14). Calculations of charge Q and ipO2-current from the
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voltage u (phase 4) was also identical to previous mode (see Equations (15), (16) and
(17)). An advantage by using double potential steps was that the measured charge was
less sensitive to variations of the measurement interval (see Paper IV).
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Figure 14. Double potential step potentiostat for coulometric measurements. The
output voltage u(t) is caught at phase 4 to calculate the charge. This principle was
used for the research pacemaker P66.
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Figure 15. WE potential and current response for a double potential step.
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Compensated double step coulometry
Compensated double step coulometry is a new method and apparatus to measure the
concentration of a substance in a fluid medium, e.g. oxygen in blood or body liquids
[Holmström et al, 1999]. The objective was to eliminate the current or charge
contribution originating from recharging of the double-layer capacitance and to
minimize the variations in the measured values caused by the variations in the resting
potential of the working electrode. Another objective was to reduce the measurement
current consumption and still make certain that a relevant value was attained.
Test Circuit
The circuitry in Figure 16 shows an implementation of the invention used for
compensated double step coulometry [Patent application IV]. The electrochemical
cell, which is the human body in this case, is the dotted circle in the middle of the
drawing. Three electrodes are in contact with the tissue, the counter electrode (CE),
the reference electrode (RE) and the working electrode (WE). The potential step
generator circuit is to the left and the current amplifier and integrator to the right seen
from the cell. In this electronic solution the working electrode voltage is always
forced to zero (virtual ground) by the operation amplifier E3 while the counter
electrode voltage is regulated.
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Figure 16. Electronic circuit and timing diagram for compensated double potential
step coulometry. In the timing diagram low level stands for open circuit and high
level stands for closed switch.
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Each measurement comprises six phases with different switching constellations
according to Figure 16. The rest potential Eo of the working electrode is stored on
capacitor C1 before the first potential step (phase 1). The magnitude of the first
measurement potential, applied to the WE during phases 2-3, is called the reduction
potential φ. It is equal to -E generated by e.g. a digital to analog converter (DAC).
The second measurement potential Eo during phases 4-5 is recalled from the stored
voltage on C1. During phase 5 the measurement result U = u(t4) is held for reading by
e.g. an AD converter. The equation below describes the output signal U from the
apparatus at phase 6.

U=

R1
C 2 R2

t4
 t2

 ∫ i(t ) dt + ∫ i(t ) dt 


t3
 t1


(18)

i(t) [µA]

e(t) vs. RE [V]

The measurement pulse morphology e(t) is shown in the upper diagram of Figure 17.
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Figure 17. The potential-time profile for a double balanced potential step and current
response from a 7.5 mm2 gold electrode in Ringer solution.
The negative and positive potential steps ∆E will always be equal and the recharging
currents of the double layer capacitance after both steps will then be similar, but with
the opposite sign (Figure 17). The current after the negative step also contains a part
that is proportional to the oxygen concentration. Thus, addition of the transferred
amounts of charges, during phase 3 and 5 will cancel the unwanted parts but leave the
oxygen dependent contribution unchanged.
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Mathematical model
The potential of the WE is at t0 changed instantaneously from the resting potential E0
to the measurement potential φ and the electrical current response is integrated from t1
to t2. This integration corresponds to a charge Q1 that corresponds to the area “A” in
Figure 18. Then at t2 the potential of the WE is instantaneously forced back to E0 and
the electrical current response is integrated from t3 to t4. This integration corresponds
to a charge Q2 that corresponds to the area “B” in Figure 18. The potential φ is chosen
to a value where mainly the reduction of oxygen occurs at a diffusion-controlled rate.

i(t)
B
0

t0

t1

t
t2

t3

t4

A

Figure 18. The current integrals “A” from t1 to t2 and “B” from t3 to t4 are
summarized.
Because the WE potential is at t2 forced back to its floating potential E0, the
magnitudes of the two potential steps will be the same, and hence the cathodic and the
anodic part of the current related to changing of the double layer capacitance will be
the equal. That means that if we subtract B from A, i.e. Q2 from Q1, the remaining
charge only relates to mass transport in the liquid (electrolyte).
If reduction of oxygen is occurring, the current i (t ) from t0 to t2 may be written as the
sum of two currents i(t) = iP(t) + iDL(t), where iP(t) is the current arising from the
reduction of oxygen while iDL(t) is the current arising from the recharging of the
double layer capacitance at the potential difference ∆E = E0 - φ. The charge Q1 can
then be written as a sum of two integrals,
t2

t2

t2

t1

t1

t1

Q1 = ∫ i (t )dt = ∫ i P (t )dt + ∫ i DL (t )dt
while the charge Q2 is
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t4

t4

t3

t3

Q2 = ∫ i (t )dt = − ∫ i DL (t )dt

(20)

Taken that the measurement pulse width tp = t2 – t0 = t4 – t2 and t1 – t0 = t3 – t2, i.e.
integration is performed for the same time period after each potential step,
t2

QC = Q1 + Q2 = ∫ i p (t )dt

(21)

t1

This adding of charges will in reality result in that the compensated charge QC present
on C2 in Figure 16 will effectively diminish since the potential differences inducing
the charges Q1 and Q2 are reversed with respect to each other.
Chronoamperometry
The dominating cathode reaction at potentials from –0.5V to –1V in living tissue is
the oxygen reduction to hydroxide ions due to 2H2O + O2 + 4e− ↔ 4OH− [van
Rossem, Vermarien & Bourgain, 1992]. Let us assume a working electrode process
where the species O (= O2) and R (= OH−) initially are present:
−

r
k

(22)

O + ne ↔
s R
k

If we then apply a negative potential step at t=0 from free floating to a negative
potential e.g. –0.8 V in a weakly conducting solution, O will be reduced under the
condition of mixed control. The reaction goes from O to R with the forward rate
r
s
constant k and from R to O with the backward rate constant k . The reaction rate is
dependent on potential and temperature. To calculate the current and charge after the
potential steps it is necessary to solve the following pair of equations due to Fick's
second law:

∂cO
∂ 2 cO
=D
∂t
∂x 2

(23)

∂c R
∂ 2cR
=D
∂t
∂x 2

(24)

with the initial and boundary conditions
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t = 0, x ≥ 0

cO = cO∞ , c R = c R∞ ,

(25)

t > 0, x → ∞

cO = cO∞ , c R = c R∞ ,

(26)

t > 0, x = 0

 ∂c 
 ∂c 
− DO  O  = D R  R  ,
 ∂x  x = 0
 ∂x  x = 0

(27)

s
r
I
 ∂c 
= − DO  O  = k (c R ) x = 0 − k (c O ) x = 0 .
nF
 ∂x  x = 0

(28)

The solution can be achieved by Laplace transform techniques and is, with the
approximation that DR=DO=D the current density described by the equation below.
For a complete calculation of the formula, see Instrumental Methods in
Electrochemistry [Greef et al, 1990]:

(

)

(

)

r s2
r s
r ∞
k +k t
k +k t
I = − nFk cO exp
(1 - erf
)
D
D

(29)

The equation has two limiting forms that are often used:
At long dwelling times the equation can be approximated to:

r
k

D
I = − nFc r s
k +k π t
∞
O

r

(30)

s

If k >> k , e.g. at high overpotentials, the equation reduces to the Cottrell equation.

I = nFcO∞

D
πt

(31)

The diffusion limited current density, I, after a potential step is proportional to the
concentration of O, i.e. the oxygen pressure, and t-½, but independent of the reaction
rate and measurement potential.
At short dwelling times after the potential step and small overpotentials the current
density can be approximated with the equation
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(

)

r 
r s t 

I = − nFk cO∞ 1 − 2 k + k
πD 


(32)

The kinetically limited current density, I, after the potential step is proportional to
concentration of O and t½. Here the rate constants have an important role for the
current density.
Chronocoulometry
In chronocoulometric experiments the current is integrated during the pulse complex.
The method has some advantage over chronoamperometry to study the kinetics of
electron transfer. It can be shown that the charge q plotted as a function of t½
asymptotes at long times to a straight line. Integration of (29) with the assumption
r
s
that k >> k leads to

r
4nAFk k H pO2
qC =
π

(

tLt − tL

)

(33)

r
t L½ is the intercept on the t½-axis and the value of k is obtained from the intercept on
the qC-axis.

r
k =−

πqC (0)
4nFAk H pO2 t L
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Automatic correction of reduction potential
The above described electrochemical O2 sensors are sensitive to variations of the
reference electrode potential, especially if the variations are in the same frequency
range as the sensor response during periods of exercise. Slower drift components can,
however, be filtered not to influence the stimulation rate directly. If the measurement
potential is changing due to reference drift also the sensitivity and the current levels
will change. It is therefore of great value to adjust the applied potential between the
WE and RE continuously to maintain a constant measurement potential when using a
non-ideal RE, e.g. the carbon reference.
An algorithm and device that automatically adjusts the measurement voltage for a
constant average charge was invented [Patent V]. Tobiasson & Örtenblad evaluated
the dynamic performance both in vitro and pre-clinically in their master thesis [1997].
pO2-sensor with two electrodes
The above described oxygen sensors have three electrodes. The counter electrode
delivers the necessary electrical current for the electrochemical reaction that is taking
place on the WE surface when its potential is set to a negative potential. The
reference electrode can be any biocompatible conductor with a stable potential. Thus,
the counter electrode could be used both as current source and RE at some special
conditions. If the current is extremely low as for microelectrode applications, it will
have negligible influence on the potential of a large CE, which then often is united
with the RE.
After equilibration the potential of the carbonized titanium case depends mainly on
the anodic net current. If this current is kept constant the case can be used as a RE
also for applications where the relation between the WE and the RE surface areas is
high. An algorithm that instantaneously varied the measurement voltage according to
a constant measured charge was created [Patent VI]. The measured entity was the
variations of the measurement voltage, which during the regulation varied with the
oxygen concentration. Also this algorithm was tested in the master thesis by
Tobiasson & Örtenblad [1997].
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Implantable pO2 Monitor
General description
An implantable monitor with the ability to continuously measure pO2 and heart rate
was made for long-term in vivo evaluation of the pO2-sensor. The system consisted of
the electronic device, one or two leads, a programmer and a data receiving system.
The implanted electrode system included the titanium can partly covered with carbon
(Indifferent), a carbon stimulation electrode (Stim), an Ag/AgCl-ring electrode
(Reference) and one or two sensor electrodes (Figure 19). In two implanted systems
the reference electrode, an Ag/AgCl-pellet, was integrated on the header of the
monitoring device. The chronocoulometric pO2-measurements utilized a single
potential step (See above). A modified pacemaker programmer (Siemens, P600) was
used for communication to the device and 27 MHz radio transmission from it.

Figure 19. The implantable oxygen monitor OXY4 equipped with two working
electrodes (Sensor 1-2). An Ag/AgCl ring electrode (Reference) was placed on a lead.
The electronic device, called OXY4, consisted of a 668-pacemaker-chip (SiemensElema), an 80C39 microprocessor (NEC), EPROM with software programs written in
8048-assembler and analogue electronics. The power supply of the implant was a 3.6
V Lithium Tionyl Chloride cell (WG8071). The design was based on the Tachylog
pacemaker made by Hans Strandberg and Christer Hård af Segerstad.
Functional description
The potential steps were applied to the working electrode for a programmable average
repetition time (MTIME). In an R-wave synchronous mode the time between a
detected R-wave and the potential step could be programmed (MDELAY). The
measurement pulse consisted of two phases. During the first phase (INTDELAY) the
reduction potential was applied but no current integration. During the second phase
(INTERVAL) the current was integrated for coulometric O2-detection.
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Several parameters could be programmed to the random access memory (RAM) in
the microprocessor with the modified P600 programmer (see Table 1). The same
programmer was also used to program standard pacemaker parameters in the 668chip, e.g. the detector sensitivity.
Table 1. Programmable parameters in OXY4.
Parameter

Description

Values

MTIME

Time between pO2 measurements.

5 - 27 s

MDELAY

Delay from detected R-wave to measurement
pulse.

15 - 248 ms

INTDELAY

First part of the measurement pulse.

1.8 - 235 ms

INTERVAL

Last part of the measurement pulse, the
integration interval.

0.9 - 234 ms

SENS

pO2 sensor sensitivity:
Sensor 1
Sensor 2

0-15
0-15

Measurement modes:
Telemetry
R-wave synchronization
Battery voltage measurement
Sensor 1
Sensor 2

ON/OFF
ON/OFF
ON/OFF
ON/OFF
ON/OFF

MODE

Long distance telemetry
The measured pO2 and heart rate were continuously transmitted after each
measurement to an AM radio receiver connected via a RS232 interface to a Hewlett
Packard computer. All parameter settings, the battery voltage, the relative pO2 value
and the heart rate could be read out via the 27 MHz radio transceiver having a coil
antenna inside the epoxy header. With a commercial short wave radio receiver (Sony
ICF-2001) the transmitted signals could be picked up more than 10 meters away from
the test subject. A “black box” converted the single side band radio signals to data
RS232, 110 baud, format, which could be read by a serial interface card in a HP9836
measurement computer. The registered data were continuously stored on a floppy
disk.
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Figure 20. This OXY4 was an implantable monitor with the ability to measure and
transmit the heart rate and pO2 in central venous blood.
Counter Electrode
The titanium housing was both used as a counter electrode for the electrochemical
reactions and an indifferent electrode for R-wave detection (Figure 20). The counter
electrode was, however, slowly oxidizing with time because of an anodic net current.
This oxidation process resulted in a thick TiOx–layer, which insulated the metal
surface from the surrounding tissue and formed an oxide-capacitor in serial with the
counter electrode. Hence, the voltage between the titanium can, being the battery
GND, and the reference electrode increased continuously when the current charged
the oxide capacitor.
This malfunction was eliminated with a 0.8 cm2 carbon plate glued with conductive
glue directly on the housing. Carbon dioxide was now produced instead of titanium
oxide and the counter electrode potential remained long-term stable [Elmqvist &
Mund, 1986]. The produced small amounts of CO2 can easily be transported away in
the body.
The carbon consumption can be calculated with Faraday’s law (35):

m=

(35)

it
nF
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Example: The average O2 reduction current during the measurement pulse is 100 µA.
The pulse duration is 15 ms and the measurement cycle 1 s. Then is the net current i =
100 µA * 15 / 1000 = 1.5 µA. The reaction C + 4OH− → CO2 + 2H2O + 4e− gives n =
4. The maximum implantation time t = 10 years = 3,1536 * 108 s. Then is the carbon
consumption according to (35) m = 1.2 * 10-3 moles. One mole carbon weighs 12 g,
which gives a total carbon consumption of 15 mg.
Reference Electrodes
The first reference electrode for chronic implantation in this study was a small silver
cylinder placed on the pacemaker lead (Figure 21). A silver-chloride layer situated on
the silver surface was covered with a layer of water absorbing, ionically conductive
material (Nafion) [Preidel, 1993]. This Ag/AgCl ring could be positioned near the
working electrode. A drawback was, however, the relatively complex hardware
solution and the additional lead component.

Figure 21. The Ag/AgCl ring reference electrode covered with ion selective
membrane.
Another solution was to move the reference electrode to the epoxy header of the pulse
generator. This facilitated the implantation and improved the reliability of the system.
A cylindrical sintered Ag/AgCl pellet with a diameter of 3 mm and a thickness of 1.5
mm was used. The thin (~0.2 mm) layer of Nafion between the pellet electrode and
the surrounding tissue was meant to prevent silver ions from migrating away.
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Nafion layer
Sintered Ag/AgCl pellet
Epoxy
Silver wire

Figure 22. The cylindrical Ag/AgCl pellet was mounted inside the Epoxy connector
block on the pulse generator.
Activated Glassy Carbon (GC) is a material that has been used for stimulation
electrodes a long time [Botvidsson et al, 1986]. Therefore it is easily qualified due to
biocompatibility reasons for this reference application. We have also experienced that
the open circuit potential of GC is relatively stable in biological environments. The
GC-electrode was mounted as the Ag/AgCl electrode in the epoxy header of the pulse
generator (Figure 23). It was pressed into a titanium holder, which inside surface was
sputtered with titanium nitride for improved electrical contact [Patent II, Holmström,
Hagel & Nilsson, 1998].
Activated carbon electrode
Titanium nitride surface
Titanium holder
Epoxy
Platinum wire

Figure 23. Carbon reference electrode.
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Pre-clinical study
The pre-clinical study with the implantable pO2-monitor is summarized in Table 2.
Eight sheep, a dog and a pig were used to evaluate the long-term in vivo sensor
response during daily living conditions and short episodes of hypoxia.
The implantation procedure was performed under sterile conditions during anesthesia.
After pre-medication with atropine and thiopental sodium, the animals were intubated
and artificially ventilated. General anesthesia was maintained with 1% halothane and
a mixture of initially 50% oxygen and 50% nitrous oxide (N2O). Using the jugular
vein a unipolar stimulation lead was placed with the carbon tip in the right ventricle.
Sensor lead #1 was placed in the tissue near the pocket while sensor lead #2 was
placed with the working electrode floating in the right atrium. The monitor was
implanted subcutaneously in the neck region to facilitate programming.
The sensor response to exercise was continuously evaluated on a treadmill. The pO2
value and the heart rate were stored at different speed and inclination angles on a
Hewlett Packard measurement computer. Follow-ups were made frequently to follow
sensor drift, directly after the implantation every week and thereafter monthly. The
systems were explanted due to failure or ending battery voltage. At the autopsy tissue
samples near the implant were histologically analyzed.
Parts of the study were presented in Paper I.
Table 2. Pre-clinical study with the pO2-Monitor
No.

Species

Sensor

Potential

Reference

Days

1

Sheep

Carbon tip

-1.0 V

Ag/AgCl ring

132

2

Sheep

Carbon tip

-1.0 V

Ag/AgCl ring

530

3

Sheep

Carbon tip

-1.0 V

Ag/AgCl ring

401

4

Sheep

Carbon tip

-1.0 V

Ag/AgCl ring

367

5

Sheep

Carbon tip

-1.0 V

Ag/AgCl ring

322

6

Sheep

Carbon tip

-1.0 V

Ag/AgCl pellet

210

7

Sheep

Gold tip

-1.0 V

Ag/AgCl ring

208

8

Sheep

Gold ring

-1.0 V

Ag/AgCl pellet

252

14

Pig

Gold ring

-1.0 V

Ag/AgCl pellet

41

24

Dog

Gold ring

-1.0 V

Carbon

182
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pO2 controlled pacemaker
General description
The P66-system was a research VVIR-pacemaker based on the Sensolog/Dialog
(Siemens-Pacesetter) pulse generator platform. It consisted of a modified commercial
pulse generator, a modified standard lead (Pacesetter 1400T) equipped with a gold
sensor and a P700 (Siemens) programmer with evaluation software (version “INIT”).
A chronocoulometric sensor with double potential step technique measured the
plasma concentration of oxygen in the middle of the right atrium. The pacemaker is
shown in Figure 24 together with its special lead. Heart stimulation and detection was
unipolar, i.e. the stimulation voltage was delivered and the intracardiac ECG was
sensed between the stimulation electrode and the pacemaker can. The dimensions of
the entire P66 pulse generator were 11.5 mm x 52 mm x 45 mm and the weight was
34 g.

Figure 24. The pO2 controlled research pacemaker P66.The black dot on the header
of the left-hand pulse generator is the carbon reference electrode.
An Ag/AgCl-pellet reference electrode was integrated in the epoxy header of 8
implanted pulse generators. 11 pulse generators were equipped with an activated
pyrolytic carbon electrode as reference electrode. Two pulse generators were made
without a reference electrode at all to see if it was possible to use the potential of the
titanium can with the glued carbon plate as a reference for the measurement.
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Functional description
Communication with the P66 research pacemaker was performed in accordance with
the Dialog/Sensolog programming protocol. All original pacemaker parameters in
the Dialog/Sensolog pacemaker were also accessible in the P66 application.
The pO2-measurements were performed at programmable average time intervals
defined in the MODE register (See Table 3). The potential step was applied to the
working electrode 16 ms after a detected R-wave or a stimulation pulse during the
refractory period. If the measurement frequency was programmed higher than the
heart frequency the measurements were performed at every heartbeat. The duration of
the applied measurement potential was always 16 ms. After this period the potential
was directly set to zero during 32 ms. The current integration was made at the end of
the measurement pulse during a programmable time interval defined in the ITIME
register.
The GAIN register defined the pO2-current amplification factor. The register could be
programmed, both manually with the programmer and automatically by the sensor
algorithm, to 64 different values. The patient’s demand of rate increase during work
could vary due to age and disease propagation. Also the sensor sensitivity could differ
with time and WE properties. Therefore it was possible to program 32 different
sensitivities for optimization of the rate responsiveness in the OTIME register.
Table 3. Sensor parameters P66.
GAIN

pO2-amplification factor

0.16 - 0.81, 64 steps

ITIME

pO2-integration interval

0.24 - 7.57 ms, 15 steps

OTIME

Sensor sensitivity

32 steps

MODE

Measurement interval
AGC recovery time
AGC switch

1, 2, 4 seconds and OFF
4.5, 9, 18, 36 hours
ON/OFF

The automatic gain control (AGC) could be programmed to 4 different settings in the
MODE register. With a short recovery time the rate algorithm could compensate for a
relatively fast sensor drift. If the sensor was very stable a long recovery time could be
chosen, which gave a more accurate rate response during longer exercise periods. The
AGC function could also be programmed off.
A sensor rate histogram could be read out for three different registration times, (5
min, 1 h or 24 h). This function was used to follow drift and sensitivity of the sensor
system.
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When the battery was running out the sensor electronics was automatically turned off
to save energy. The pacemaker was thereafter stimulating with its programmed basic
rate in a VVI non-rate-responsive mode.
Electronics
The electronics of the P66 consisted of a complete pulse generator circuit board
including the battery (PM) and the specially designed pO2 sensor electronics board
(Figure 25). The completely tested pulse generator circuits were taken out from the
normal production line for use in the P66. These circuits were normally used for the
6,5 mm thin pulse generator “Dialog II”. The additional PC board with the pO2
electronics was attached to the PM board with pin connectors.

Figure 25. The electronics module.
The communication between the PM and the pO2 circuit boards was carried out
through signals that normally was used for the activity sensor. The analog electronics
consisted of two operational amplifiers, a comparator and some discrete components.
The digital part was a custom designed gate array produced by AMS (Austria). The
sensor electronics was designed to work fully automatically. This means that the
sensor electronics automatically compensated the gain for long-term drift if
necessary. For research purposes this electronics also was programmable in a fixed
manual mode where all parameters could be set individually.
SE

Digital
ASIC

PM

CE

RE
WE

Current
Amplifier

Potentiostat

ADC

Figure 26. P66 block diagram. The pacemaker consisted of the pacemaker module
(PM), the custom design ASIC, and analogue sensor circuits.
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The electronics was built up around the pacemaker (PM) module (Figure 26). All
communication with the sensor chip (Digital ASIC) was sent via the PM module. The
2.8 V power supply for the sensor chip and PM module was the same. The power
supply for the analog blocks was delivered from a separate output pin on the PM that
could be programmed off. At battery end the voltage of this pin automatically became
low and the sensor electronics turned into a low power reset state.
The sensor chip generated control signals for the analog electronics, which was built
up with high quality discrete components. It measured the pO2-current and changed
automatically the gain if there was a sensor drift. The chip also contained a charge
pump that generated the –2.2 V negative supply voltage for the analog electronics.
The potentiostat block had three different working phases. During the measurement
phase a 0.8 V voltage drop was created over the resistor R1 (Figure 27). A current i(t)
was then going from the CE through the blood to the WE when it was regulated to the
measurement potential φ = -0.8 V vs. the RE. This measurement current was mirrored
with the matched transistors T4 and T5 to the current amplifier block.
VDD
VSS

CE
ik

ik
E1A

RE

WE

+

i(t)

R1
i(t)

T5

T4

-VDD

Figure 27. The potentiostat block during the measurement pulse.
During the second phase the WE was regulated back to zero potential (Figure 28). No
current was going through the resistors R1 and thus the voltage drop was zero.
VSS
VDD

CE
R8
RE

T6

+
R1+R2

E1A

WE

Figure 28. The Potentiostat block during the “zero” pulse.
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During the third phase, which was the time between the pO2 measurements, the WE
was electrically floating. No currents were then going through the WE.
The current i(t) was amplified with a programmable amplification factor A. The 6-bit
GAIN register defined 64 different gains from 0.16 to 0.81. The difference between
the gains was smaller for low gains and bigger for high gains (see Figure 29).

Amplification factor

0.8

0.6

0.4

0.2
0

10

20

30

40

50

60

Gain
Figure 29. Amplification as a function of GAIN-register value.
The AD converter was of a dual slope type. It consisted of a constant current
generator ik, an integration capacitor C and a comparator (Figure 30).

VDD
A* i(t)
S1

Vc

S2

C

ik

+
-

Comparator
output

GND
-VDD

Figure 30. Analog to digital converter, ADC.
First was capacitor C charged with the current generator to a known negative voltage
VC(1) during a time to, which is defined by the value in the OTIME register.
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VC (1) = −

(36)

1
ik t O
C

In the end of the measurement pulse the amplified current (36) was integrated on the
capacitor C, which then was recharged to a positive voltage:

VC (2) =

(

1
A i (t )dt − ik t O
C ∫

)

(37)

The integration time was defined by the value in the ITIME-register. After the
integration the capacitor C was discharged with the same current generator as earlier
was used for pre-charging. The discharge time tp was then:

tp =

CVC (2) A∫ i (t )dt
=
− tO
ik
ik

(38)

The time diagram in Figure 31 shows the measurement pulse e(t), the current
response i(t) and the voltage VC(t) on the integration capacitor C.
e(t)
0

t [ms]
24

Floating
-0.8 V
i(t)

40

48

56
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16

8

0
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64

0
pO 2

itime
24

48

32

24

16

8

0

VC(t)
t [ms]
0
16

32

work

rest

56

64

Figure 31. Timing diagram for the pO2 measurement.
The measurement pulse was 16 ms long and started 16 ms after a detected R-wave or
stimulation pulse (t=0 in Figure 31). After that a 32 ms long period, when the voltage
of the sensor was forced to the same voltage as the reference electrode came. All
other time the sensor was floating.
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Algorithm
It was not necessary to measure the absolute oxygen pressure of central venous blood
to control the stimulation rate of a rate response pacemaker. Instead we just utilized
the variations of the measured sensor response to calculate the stimulation rate. The
patient is at rest most of the time and the metabolic consumption of oxygen is at its
lowest. If he/she has a sufficient lung function the venous return of oxygen will then
be at its highest and correspond to the lowest stimulation rate. If instead the patient
exercises the venous content of oxygen will be low indicating an increased
stimulation rate. These short episodes of exercise were used to automatically calibrate
the system for drift in sensitivity while the highest sensor response at rest was used to
calibrate for offset drift.
The automatic gain control (AGC) function was activated in the MODE register.
Variations of sensitivity could only be compensated manually by writing in the
OTIME-register.
If the discharge time tp (se above) was longer than 16 ms (“negative” work) overflow
was indicated. A two-bit up/down counter was then increased one step. If earlier
overflows made the counter to overflow the GAIN register was reduced one step. If
the next pO2 measurement not resulted in an overflow the up/down counter was
counted down one step instead.
The GAIN register was slowly increased with one step at a constant programmable
time interval of 4.5h, 9h, 18h or 36h. If the GAIN register came out of its range,
(GAIN < 0 or GAIN > 63), the pO2 measurements were automatically turned off and
the pacemaker mode switched to VVI mode.
Longevity Calculations
The pulse generator was equipped with a 0.7 Ah lithium iodine battery (WG 8711).
The current consumption IDD for the P66 pacemaker was the sum of the quiescent
current Iq, the sensor current Isens, and the stimulation current Istim. At 2.8 V supply
voltage the quiescent current wasIq = 5.2 µA. The sensor current Isens was measured
for all programmable measurement intervals and a pO2-current range from 10 – 90
µA. The diagram in Figure 32 shows the current consumption for the sensor system.

41

O P T I M A L P A C I N G W I T H A N I M P L A N T A B L E P O2-S E N S O R


Se n so r C u rre n t Dra in

Sensor Current [ µA]

10

M e a su re d a n d t h e o re tic a l
Tp O 2 = 1s

8

Tp O 2 = 2s

6
4

Tp O 2 = 4s

2

Se n so r o ff

0
0

20

40

60

80

100

p O 2 C u rre n t [ µA ]

Figure 32. Total current consumption related to the pO2 sensor.
The stimulation current drain Istim can be calculated from the equation (39) below.
Vstim = Pulse amplitude, Tp = pulse width, Tg = stimulation interval, R = Patient load,
C = output capacitor value, n = 1 @ 0 < Vstim < 2.8V, n = 2 @ 2.8V < Vstim < 5.6V
etc.

I stim

CVstim
=
Tg


 nT
1 − exp − p
 RC





 



(39)

The longevity from beginning of life (BOL) to recommended replacement time
(RRT) was interpolated from the WG8711 battery data sheet. The battery resistance at
RRT is 22 kΩ and at end of life, EOL, 40 kΩ. Because the sensor automatically is
turned off after RRT the time from RRT to EOL was the same as for the Sensolog
pacemaker, around 3 months.
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Table 4. Longevity calculations at some parameter settings when pO2-current ipO2 =
45 µA, pulse duration Tp = 0.37 ms, stimulation frequency 70 bpm and patient load =
500 Ω.
Vstim [V] Measurement interval
[s]

IDD [µA] Longevity
[years]

2.5

2

12.2

6.8

5

4

16.9

5.0

5

2

18.9

4.6

5

1

21.6

4.1

Pre-clinical study
The pre-clinical study with the implantable pO2-monitor is summarized in Table 5.
Ten sheep, ten dogs and two pigs were used to evaluate the long-term in vivo sensor
response during daily living conditions.
During narcosis the sensor lead (P180) was implanted transjugularly with the carbon
stimulation electrode in the right ventricular apex. The WE that was placed on the
same lead 11 cm proximal to the tip came in the middle of the right atrium. The pulse
generator was implanted subcutaneously in the neck region to facilitate programming.
The O2 sensitivity was measured both acutely directly after the implantation and on
chronic sensors. Under general anesthesia the oxygen content of the inhaled gas
mixture was reduced from 50 to 0% during 2 minutes. An optical SvO2-catheter
(Oxymetrix) was placed near the pO2-sensor for comparison of the results when the
oxygen content of the blood varied during the procedure.
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Table 5. Pacemakers (OXY5, P66)
No.

Species

Sensor

Potential

Reference

Days

9

Sheep

Carbon tip

-1.0 V

Ag/AgCl
pellet

153

10

Sheep

Gold ring

-1.0 V

Ag/AgCl
pellet

105

11

Sheep

Gold ring

-0.8 V

Ag/AgCl
pellet

22

Nafion

12

Sheep

Gold ring

-0.8 V

Ag/AgCl
pellet

15

Nafion

13

Pig

Gold ring

-1.0 V

Ag/AgCl
pellet

41

15

Sheep

Gold ring

-0.8 V

Ag/AgCl
pellet

155

16

Pig

Gold ring

-0.8 V

Ag/AgCl
pellet

98

17

Sheep

Gold ring

-1.0 V

Ag/AgCl
pellet

32

18

Sheep

Gold ring

-1.2 V vs. CE

None

100

19

Sheep

Gold ring

-0.8 V

Carbon

916

20

Sheep

Gold ring

-1.0 V

Carbon

868

21

Sheep

Gold ring

-1.3 V vs. CE

None

57

22

Dog

Gold ring

-0.8 V

Carbon

328

23

Dog

Gold ring

-0.8 V

Carbon

168

24

Dog

Gold ring

-1.0 V

Carbon

49

25

Dog

Gold ring

-0.8 V

Carbon

1603

26

Dog

Gold ring

-0.8 V

Carbon

142

27

Dog

Gold ring

-0.8 V

Carbon

1074

Ablated

28

Dog

Gold ring

-0.8 V

Carbon

1038

Ablated

29

Dog

Gold ring

-0.8 V

Carbon

490

Ablated

30

Dog

Gold ring

-0.8 V

Carbon

860

Ablated

31

Dog

Gold ring

-1.0 V

Carbon

709

Ablated

44

Notes

MATERIALS AND METHODS


Follow-ups were performed monthly. Sensor current, ipO2, was measured at rest
indirectly by sensor rate and parameter settings. The system sensitivity was measured
from histograms by comparing rate at rest and rate increase during exercise. At some
occasions the sensor response during respiratory hypoxia was studied. When the
animal was awake, the inhaled mixture of gas was temporarily adjusted to 100%
nitrous oxide (N2O) during maximum 2 min. A specially designed rubber mask
connected to the ventilator was held tightly over the nose at these occasions (Figure
33).
Parts of the study were presented in Paper II and IV.

Figure 33. The measurement of sensitivity was performed when the animal was
awake. The picture shows a female sheep with her lamb that was born during the
study.
A comparative study on canines with AV-block and healthy canines was performed
[Paper II]. The AV-node of five dogs was destroyed by using transvenous RFablation before the pacemaker implantation. The implanted pulse generators having
the pO2 sensor as input controlled the ventricular rate of the ablated dogs, while the
pulse generator of the dogs, with a functioning AV-node, was in a non-rate responsive
mode. At monthly follow-ups, stability of the sensors and response to exercise were
checked at different fitness tests.
The sensor controlled stimulation rate was compared to the sinus rate of the nonablated subjects during equal and simultaneous degrees of exercise. A commercial
heart rate monitor (Polar), designed for athletes, was attached with the ECG electrode
belt around the chest of the animal (Figure 34). The transmitted heart rate was
displayed on a pulse watch that we fixed to the dog collar. At a sampling interval of 5
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s the storage capacity was 160 min. After the recording the memory of the watch was
transferred to a personal computer for analysis.

Figure 34. Polar heart rate monitor.
The best way to exercise dogs is to walk or run outdoors. A minimal psychological
stress combined with various degrees of workload gives reliable information of the
sensor response. Testing two systems simultaneously under the same conditions was
frequently used for comparison and correlation analysis (Figure 35).
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Figure 35. Comparative exercise test of a pO2 controlled pacemaker.
Investigations of protein adsorption
A key question for an electrochemical sensor that is chronically implanted in the body
is how the electrode surfaces interfere with the surrounding tissue. Adsorption of
proteins and blood cells may interfere with the function. Is this interference
acceptable? Does the protein-layer increase or will there be equilibrium between
adsorbed and desorbed species with time? Can this process be controlled for the best
performance by covering the surface before implantation with an appropriate layer?
Acute cross-sensitivity investigation of L-Cysteine
In the beginning of the project gold was rejected as a possible WE material. One
reason was that gold adsorbed the amino acid L-Cysteine on its surface in contrast to
glassy carbon that remained unaffected. The concentration of Cysteine in human
blood is normally 5-13 mg/l, which we thought could cause the sensor function to
deteriorate. Laboratory measurements showed, however, later that the relative O2sensitivity was approximately constant on gold while the reaction rate was lowered in
contact with Cysteine. Therefore we performed some animal tests to study the gold
sensor cross-sensitivity.
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At the first part of the study a mixture of L-Cysteine and physiological saline solution
(10 mg/ml) was infused into a peripheral vein of a sheep during anesthesia. The
sensor response and heart rate were continuously monitored with an OXY4 device
The average measurement interval was 5 s. At 3-5 times during the 1 h registration
the ventilated gas concentration of oxygen was reduced to zero during 2 min episodes
to check the pO2 sensitivity.
At the second part of the study, Cysteine was given orally by having the animal to eat
the substance mixed in dog food. The sensor response and heart rate of the animal
were observed continuously during several hours by telemetry from the OXY4
device. The applied amount of L-Cysteine was 3000 mg. As comparison, there is 140
mg Cysteine in a 100 g beefsteak.
Ellipsometric in vitro study of protein adsorption
The subject for this research study concerned adsorption of blood proteins on the
surface of the electrode materials, pyrolytic carbon and gold, used for the pO2-sensor
[Paper III]. The thickness of the protein layers was measured by null ellipsometry
(Figure 36). Antibodies against fibrinogen, HMWK, C3c and properdin were used to
identify the fraction of the corresponding protein. We also investigated how the
protein adsorption to the electrode surfaces was influenced by applied electrical
potentials.

Figure 36. Principle of the null ellipsometer [Lestelius, 1996].
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The investigation is still going on and resulted recently in a master thesis by Johan
Eckerdal [Eckerdal, 1999]. In this study we included titanium and titanium nitride
substrates to the study materials. The correlation between protein adsorption and cell
activity was evaluated.
Post mortem examination
When the study period was over the animals were sacrificed and the systems were
explanted. The surfaces of the implanted hardware were examined microscopically.
Tissue samples in contact with the implant were histologically examined.
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Combined VDD and pO2 lead
It is today a common technique to use a ventricular lead with two atrial ring
electrodes for differential sensing of P-waves. The therapy, called single-lead VDD,
is useful for patients with a functioning SA-node and AV block. I raised the question
if it was possible to use a single gold ring electrode in the right atrium both for Pwave detection and electrochemical pO2 measurements. In an invention disclosure I
described how to use the atrial ring electrode and the endocardial stimulation
electrode in the ventricle for differential sensing of P-waves [Patent III]. The
detection criteria were essentially the same as for “Combipolar sensing” created by
Högnelid and Strandberg where two unipolar leads, one in the atrium and one in the
ventricle, were used for bipolar atrial sensing [Högnelid, 1996, Högnelid &
Strandberg, 1996]. The same gold ring electrode was also used for pO2 measurement
by potential steps applied during the refractory period.
The function of a future pacemaker with this concept can be summarized as the
following. If the patient has P-waves with a proper frequency, these will control the
ventricular stimulation rate. But if the atrium fails, e.g. due to atrial fibrillation or
sinus arrest, the ventricle will be stimulated with a rate calculated from the measured
pvO2-value.
Pre-clinical study
A small acute in vivo study with a modified bipolar pacemaker system was set up to
test the hypothesis [Holmström et al, 1996]. The animal study evaluated the
combined usage of the gold sensor lead, consisting of a standard ventricular tip
electrode (V) and a single atrial ring electrode (A) with both sensing and pO2
monitoring ability (Figure 37). An experimental pulse generator was designed to
record bipolar intracardiac electrograms for VDD usage and to measure pvO2 for
optimization of the stimulation rate.
The feasibility of the combined P-wave detector and oxygen sensor was investigated
with external electronics at an acute pre-clinical session on a dog. The measurement
setup is shown in Figure 37.
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Figure 37. Schematic picture of the VDD-pO2 setup.
The 10-french prototype lead with the gold ring oxygen sensor 11 cm from the tip
electrode was implanted transjugularly in the right ventricle. The P-wave
morphology, in different body postures, and ring positions, was recorded and
analyzed. Uni- and combipolar intracardiac electrograms as well as surface ECG were
recorded and analyzed without and with simultaneous oxygen measurements and
VDD pacing. The influence of after-polarization and detector behavior was studied
for intrinsic rate, P-wave triggered and oxygen-controlled ventricular stimulation rate.
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LABORATORY RESULTS
Potential sweeps
Figure 38 shows a set of polarograms from a gold electrode that was stirred with 500
rpm in gas saturated Ringer solution. It is obvious that the current i(t) was highly
influenced by the oxygen concentration. Mass transport of oxygen seemed to be the
limiting factor for the current at this almost steady state situation. Carbon dioxide
variations did not have any significant influence on the current as shown in Figure 38.
Similar results, not presented here, were also obtained with carbon electrodes.
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Figure 38. O2 and CO2 polarograms obtained with the 7.5 mm2 Au-electrode in
Ringer solution. The left plot shows the O2 dependency and the right plot the CO2
dependency in a saturated gas mixture CO2 ,O2 and N2. (T = 37°C, pH = 7.4, sweep
= 2 mV/s).
Oxygen sensitivity
The test in Figure 39 and Figure 40 was performed with a clean gold electrode that
was polished with diamond paste and washed in a mixture of isopropanol and water
prior to the measurements. The pO2 of the Ringer solution was cyclically varied
between 6 to 0 kPa while the compensated charge was stored (Figure 40 B). The
pulse width was set to 10 ms, the reduction potential –0.8 V and the measurement
interval 2 s. In the end of each pO2 level at points A-D plots of the WE potential,
current (Figure 39) and charge (Figure 40 A) were made.
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Figure 39. WE potential and current vs. time plots at oxygen levels A-D.
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Figure 40. Charge vs. time plots at O2 levels A-D. Compensated charge vs. time plot
in Ringer solution.
The O2 sensitivity at this experiment can be calculated from Figure 40 to about 27
nC/kPa. The relative sensitivity was about 14 %/kPa.
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Partial coulometry
The slew rate and height of the peak current directly after the potential step depend on
limitations of the electronics, which might introduce undefined errors to the measured
charge. If the charge during the transient parts of the pulse complex is excluded from
the integral, the sensor will be more stable. Therefore we integrated only the current
from ½tp to tp and 1½tp to 2tp and used the remaining charge after 2tp as raw signal.
The plot in Figure 51 shows the change of the measurement potential from high (E1)
to low (E2) venous pO2, measured from a dog during anesthesia. The corresponding
charge q1 and q2 after 2tp at the same O2 levels was used to calculate the oxygen
pressure.
The sensitivity was not only a function of the reduction potential φ, but depended also
on WE material, convection and surface properties. Step voltammograms were
obtained both from buffered Ringer solution and from pre-clinical intra-atrial
measurements to evaluate the sensitivity. The results were used to compare different
potential step techniques and electrode materials. A typical step voltammogram with
a gold electrode in Ringer solution and compensated double step coulometry is shown
in Figure 41. In this example the relative pO2 sensitivity increased to about 15 %/kPa
from –0.4 V to -0.7 V and decreased at lower measurement potentials.
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Figure 41. Step voltammograms at 6 and 2 kPa oxygen partial pressure for a 7.5 mm2
gold electrode in Ringer solution. The current integration was according to Figure
51.
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The sensitivity was evaluated in vitro with a fixed reduction potential at different O2
levels. The example in Figure 42 shows a typical sensor response in Ringer solution
for a 7.5 mm2 gold sensor. The sensitivity was initially about 14.6%/kPa at φ = –0.8V
with compensated double potential step coulometry and partial integration from 5 to
10 ms and 15 to 20 after the step. After 18 hours of continuous measurements the
sensitivity had increased to about 15.1%/kPa.
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Figure 42. Sensor response to a cyclic oxygen variation in 37°C Ringer solution.
Measurement interval = 2 s, potential = -0.8 V, Tp=10 ms, partial integration 5 ms.
Amperometric response
The current responses to a symmetrical double potential step as exemplified in Figure
39 were recorded for a 7.5 mm2 gold electrode in buffered physiological saline
solution. Two electrodes with different reaction rates were analyzed. The pO2 was
regulated to 0, 2, 4 and 6 kPa, while the pCO2 was kept constant at 6 kPa. The
temperature was 37°C, pH=7.4 and the solution stirred with a rate of 500 rpm. The
pulse width tp was set as wide as 24 ms in order to facilitate the determination of the
reaction mechanism. Dependent on different conditions the reaction rate of the
electrode processes varies. We observed that accidental electrode overload could
increase the rate permanently. At this state the amperometric response is basically
limited by diffusion according to the Cottrell equation. On the other hand, at low
reaction rate the electron transfer limited the overall rate. I have below plotted
examples of the two cases.
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High reaction rate
The plots in Figure 43 A show that the current from 0 to tp is approximately
proportional to the oxygen pressure. The current after the second potential step is
unaffected by oxygen pressure but dependent on the varying magnitude of the
potential steps and the double layer capacitance.
If the currents after the two consecutive potential steps are mathematically added to
each other as

i p (t ) = i (t ) + i (t + t p )

(40)

the influence of charging of the electrochemical double layer can be reduced so that
only the current due to electron transfer remains (see Figure 43 B).
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Figure 43. A. I-t response for a double symmetrical potential step at four different
oxygen pressures in buffered saline solution B. Addition of currents after potential
steps due to i(t) + i(t + tp) eliminates the influence of double layer charging.
If the current is diffusion controlled, the Cottrell equation will describe the electrode
process. The extrapolated straight lines of the current plotted against the inverse
square root of time (t-½) should then pass through the origin. From Figure 44 it seems
as this criterion is approximately fulfilled for these measurements and thus the current
is mostly limited by diffusion.
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Figure 44 A. Testing if the current is proportional to the inverse square root of time
according to Cottrell equation. B. Compensated current response of gold electrode in
saline solution plotted vs. the square root of time t.
Another possible mechanism, when the current is limited by electron transfer kinetics,
was also tested. Figure 44B shows the current plotted against the square root of time
(t½). The graph shows that the main reaction mechanism cannot be explained with a t½
relation.
As mentioned above a fully mass transport limited process also should be
independent of the measurement potential. To check this, the potential was reduced to
–0.7 V and the current response was compared to the initial potential of –0.8 V. The
results made it clear that the current also was dependent on the reduction potential.
Hence, the current did not follow the Cottrell equation and the general solution of
Fick’s second law should therefore be used to explain the charge transfer. The
compensated current response ip(t) to a potential step with a 7.5 mm2 gold electrode in
physiological saline solution is then, with ip(t) = AI and cO∞ = k H pO 2

(

)

(

)

r s2
r s
(41)
r
k +k t
k +k t
i P (t ) = −n A F k k H pO2 exp
(1 - erf
)
D
D
r
s
With the rate constants k =16*10-4 m/s and k = 1*10-4 m/s and with a diffusion
coefficient D = 2.4*10-9 m2/s the current was calculated at 6, 4 and 2 kPa. The
measured and calculated results at –0.8 V reduction potential are shown in Figure 45
A.
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Figure 45. A. Compensated current response compared to theoretical values at
different oxygen pressure. B. Compensated current response vs. time at -0.7 V and –
0.8 V measurement potentials for a 7.5 mm2 gold electrode in saline solution

r

At the lower reduction potential –0.7 V the selected rate constants were k =10*10-4

s

m/s and k = 4*10-4 m/s. The result in Figure 45 B shows that the curves also here fit
to the measured data.
Low reaction rate
The surface properties of the electrode are of great importance for the electron
kinetics. If e.g. the gold surface is subjected to a high anodic potential for a short
period of time, reaction products and molecules from the electrolyte will adsorb to the
surface and change the reaction rate. This phenomenon was studied below on a gold
surface where the currents due to oxygen reduction were about 50% of the values as
shown in Figure 46.
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Figure 46. Gold electrode with reduced reaction rate due to adsorption of species.
If we in this case plot the compensated current against t-½ and try to adjust straight
lines going through the origin it will be impossible (see Figure 47). Therefore the
Cottrell equation cannot be used to explain the reaction mechanism.
If we then plot the compensated current against t½ and try to adjust straight lines these
will cross the t½ axis in the same point and the intercept with the current-axis will be
proportional to the oxygen concentration (see Figure 47). This result is in accordance
with (32), which indicates that the current is limited by electron kinetics.
Thus, the current in this case is not diffusion limited but fully limited by electron
kinetics. The relative sensitivity for oxygen variations is not reduced due to the
electrode adsorption in this example. The current is proportional to the concentration
of oxygen.
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Figure 47. A. Testing if the current is proportional to the inverse square root of time.
B. Compensated current response of a contaminated gold electrode in saline solution
plotted vs. the square root of time t.
We can now with (32) and the intercept with the x-axis calculate the rate constant

r

s

sum to k + k =1.4 * 10-4 m/s, which is about 10 times lower than for the “clean”

r

surface. The intercepts with the y-axis give the forward rate constant k =1.8 * 10-4

s

m/s and thus the backwards rate constant k =0.4 * 10-4 m/s.
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Coulometric response
The charge versus time plots for the experiment in Figure 43 are shown in Figure 48.
The difference in contribution from double layer capacitance depends on different rest
polarization of the electrode before the potential steps. At low oxygen pressure the
rest polarization is more negative due to a longer equilibration time and the
magnitude of the potential steps will be lower. This has no influence on the measured
compensated charge qC.
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Figure 48. A. Chronocoulometric response, following a symmetrical double potential
step. B. Compensated charge vs. time for 7.5 mm2 gold electrode in buffered saline
solution.
The following trick was made to evaluate reaction rate. The charge after the two
consecutive potential steps were added to each other and reduced with the top value
q(tp) at the start of the second potential step:

q C = q (t ) + q (t + t p ) − q (t p )

(42)

The total charge q(t) (A) and the compensated charge qC(t) (B) are plotted against
time in Figure 48 for a gold electrode in Ringer solution. The compensated charge
plot is almost a linear function of time indicating that the reaction rate is almost
constant in this case.
The compensated charge was plotted for the same experiment as in Figure 43 and
Figure 48. The result is shown in Figure 49. It is obvious that qC(t) is a good measure
of the oxygen pressure already after a few milliseconds.
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The charge was plotted against t½ to test the validity of (42) and to extract the rate
constant. The result in Figure 49 shows that the approximation was acceptable and
that the tL = 0.58 ms.
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Figure 49. Compensated charge qC vs. t½ plots at pO2 = 6, 4, 2 and 0 kPa for a 7.5
mm2 gold electrode in Ringer solution. The measurement potential is –0.8V vs.
Ag/AgCl. Measured data are compared with lines calculated with Equation (33).
With (34) the following rate constants were calculated.
pO2 [kPa]

tL [ms]

qC(0) [µC]

r
k [mm/s]

2

0.58

-0.09

1.6

4

0.58

-0.15

1.4

6

0.58

-0.25

1.5

This is well in accordance with the previous result.
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PRE-CLINICAL RESULTS
Acute in vivo measurement
Charge-versus-time plots were analyzed for compensated double potential steps in
blood. The plot in Figure 50 measured acutely on a dog shows that the charge was a
linear function of t½ as described earlier. The in vivo rate constants presented in Table
6 were calculated by use of equation (34).
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Figure 50. The coulometric response during a 2 min hypoxic period was measured in
central venous blood of a dog. The measurement was performed 2 hours after the
transvenous implantation.
Table 6. Calculated rate constants.
pO2 [kPa]

tL [ms]

qC(0) [nC]

r
k [mm/s]

3.1

0.15

-30.3

1.4

4.0

0.153

-37.1

1.3

The relative O2 sensitivity in blood was approximately the same as in Ringer solution,
e.g. about 10%/kPa in Figure 51 and Figure 50.
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Figure 51. The measurement-pulse E and charge q plotted at two levels of blood
oxygenation at a canine experiment. The pO2 was also measured with blood gas
analyzer to about 6 and 3 kPa.
Long term pre-clinical study of pO2 monitor
The study verified that the implanted monitors measured an entity that correlated well
to the partial oxygen pressure in the body. The response time for the sensor depended
on the measurement interval, which was programmable from 5 to 27 seconds. The
response time from the onset of exercise was also depending on physiological factors
that regulates the transport of venous blood from the muscles to the heart. A slow and
reduced response to exercise was observed by having the working electrode
intramuscularly.
The stability of the gold electrodes were better than the glassy carbon electrodes as
shown in Paper I. The reason why the oxygen current of the carbon electrodes
increased with time in the body has not been investigated in detail.
The sensitivity for both gold and glassy carbon was sufficient during the time of
implantation. We observed individual sensitivity differences that in a few cases could
be explained by tissue overgrowth.
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Figure 52. Explantation of an OXY4 system with two sensors. This early version had
a large carbon surface as counter electrode.
There was a good correlation between the oxygen current and saturation measured
with an optical catheter (Oxymerix) as shown in Figure 53. The sensitivity can be
approximated from the graph to 4.5% / kPa with the assumption that pO2 = 6 kPa at
SO2 = 80% and pO2 = 2 kPa at SO2 = 20%.
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Figure 53. Measurement during narcosis 252 days post-implantation with gold
electrode (Subject 8).
The sensor stability of some pO2 monitors, with a carbon WE, is shown in Figure 54.
The current is increasing with time while the sensitivity is relatively constant. Sudden
changes were often related to insulation failure (Subject #2) while the slow variation
depends on the properties of the electrode system.
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Figure 54. Oxygen current (o) and sensitivity (x) for carbon WE implanted in sheep.
The sensitivity is calculated as [o(rest) - o(exercise)] / o(rest).
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The gold sensor systems did not show any significant drift during the first 200 days
(Figure 55). Also the sensitivity change is very small indicating that proteins and
tissue growth is a small problem.
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Figure 55. OXY4 monitors with gold sensor.
The reasons for explantation of the monitors were related to lead failures, a low
battery voltage or loosed carbon plate. No adverse tissue reactions were observed at
the implanted hardware.
Influence of Cysteine variations
The first experiment was performed with a 7.5 mm2 gold electrode on a sheep 105
days after implantation (Figure 56). When 100 mg Cysteine was applied
intravenously (1) the sensor value (ipO2) decreased immediately about 8%. When the
pvO2 was decreased from about 6 kPa to 2 kPa by changed ventilator settings the
sensor value decreased with 38 % (4-5). This gives an O2 sensitivity of 9 % / kPa. In
point (6) 200 mg Cysteine was infused and directly thereafter the pvO2 was again
reduced from 6 to 2 kPa (7-8). The sensor value decreased now the same amounts as
previously (8 %) due to Cysteine infusion and 39 % further due to the oxygen drop.
The animal was finally waking up from anesthesia breathing air (9). The heart rate
(HR) varied between 100 bpm and 140 bpm due to the animal’s position and O2
deficiency.
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Figure 56. In vivo investigation of Cysteine cross-sensitivity with gold sensor. 1) 100
mg Cysteine, 2) Changed position, 3) 50 % O2, 4) 0 % O2, 5) 50 % O2, 6) 200 mg
Cysteine, 7) 0 % O2, 8) 50 % O2, 9) Air, waking up (Subject 8).
Another test was performed on Subject 7, which had a hemispherical gold sensor in
the right atrium. The result from this test is shown in Paper IV, Fig. 8. The ipO2current, which is proportional to the electrode area, was about 25 µA for the 3.5 mm2
working electrode.
Oral intake of Cysteine did not influence the sensor value (Figure 57). The pig got 3 g
Cysteine mixed in dog food (1) and 200 g oats (2). The high heart rate indicates a
high stress level, but after 100 min the pig fell asleep and the rate went down.
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Figure 57. Continuous OXY4 registration of ipO2 and HR when a pig eats Cysteine
(Subject 14).
Atmospheric pressure variations
The influence of atmospheric pressure variations was tested on a sheep [Paper I]. The
study verifies that the sensor measures variations of the oxygen concentration in
blood plasma and not the atmospheric pressure.
Long term pre-clinical study of pO2 Pacemaker
The P66 research pacemaker was functioning excellently according to the
specification. The stimulation rate increased during exercise as a result of reduced
venous oxygen concentration. Histogram readouts of the “sensor rate” at rest and
exercise were used to evaluate the sensor system. Some drift plots from different
subjects are presented in Figure 58 and Figure 59. Some animals (#24, #30 and #31)
were subjected to a pulse generator replacement to a system with another
measurement potential or step morphology, which is seen in the plots as level shifts.
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Figure 58. Gold sensor drift. The ipO2–value (charge divided with the integration
time) was measured at rest conditions.
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Combined pO2 and P-wave sensing
It was easy to detect P-waves between the gold ring and the ventricular tip electrodes
because of the high amplitudes of intracardiac signals in the dog model. The diagram
in Figure 60 shows two heartbeats, one inhibited and one stimulated in the ventricle.

Figure 60. A normal heart beat and a beat with P-wave triggered ventricular
stimulation from dog. No oxygen measurement is made.
As expected, the measured P-wave varied a lot in amplitude and slew-rate, depending
on the electrode position (Figure 61). However, the duration remained almost
constant. When we pushed the ring electrode down against the endocardium, a very
stable signal, with extremely high amplitude, was found.

Figure 61. P-waves sensed with a single 7 mm2 gold ring electrode from dog. The
different amplitudes were achieved by repositioning the atrial electrode.
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The VDD-pO2 pacemaker system was tested experimentally with the sensor against
the wall in the lower inferior part of the right atrium. In Figure 62, the pO2-controlled
rate was 100, but at one point in the middle, a P-wave was detected, and the
ventricular stimulation synchronized to that event.

Figure 62. Combined VDD and pO2 sensor system from dog. A potential step is
applied 10 ms after each ventricular stimulation causing the high afterpotential in the
atrium.
There was a high after-polarization from the pO2-measuring pulse directly after the
stimulation in the atrial and the Combipolar electrograms. These pulses occurred
during the refractory period of the pacemaker, and did not disturb the detectors.
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DISCUSSION
Ten years ago, when many pacemaker manufacturers tried to find the optimal sensor
for stimulation rate control, they thought that an O2 sensor was the best solution. The
problem was how to implement the sensor system without complicating the implanted
lead design. The importance of having a durable lead should therefore be compared to
the advantages of sensing a physiological entity. The goal with this work was to
combine a simple and robust lead design with an advanced monitoring feature, which
can be used both for therapy and diagnostics.
Electrode materials
In this study we tested smooth glassy carbon, pyrolytic carbon and gold as possible
working electrode materials that can be used for chronocoulometric detection of O2 in
direct contact with the blood. However, other materials such as platinum, silver and
iridium oxide can also be used for O2 reduction. A drawback with platinum is that it
catalyzes unwanted reactions if not a selective membrane is used. Silver activates the
immune defense and can have a toxic or trombogenic effect in contact with the blood.
Iridium oxide is besides oxygen also very sensitive to pH variations and has been
suggested as pH sensor for pacemaker applications [Cammilli et al, 1978].
In the beginning of our study gold was excluded due to its high binding rate to sulfide
groups, e.g. Cysteine. It was also shown that Cysteine reduced the reaction rate at a
gold surface. An interesting finding was that a saturation effect was achieved at a very
low concentration and that the relative sensitivity still remained high in contact with
blood proteins.
A very small (< 2 mg/l) presence of L-Cysteine was enough to reduce the pO2current by 30% to a gold electrode. By increasing the Cysteine concentration over this
value almost any further effect at all could be seen. Further increase of the Cysteine
concentration had a negligible effect on the reaction rate. The adsorbed protein layer
including Cysteine that is originating from blood is probably always saturated.
Physiological variations of Cysteine in venous blood will therefore not have any
significant influence on the reaction rate and the O2-sensor.
The pre-clinical study confirms that blood proteins and cells do not deteriorate the
sensor function. There is an initial adsorption of proteins on gold that reduces the
coulometric response level. This new level becomes, however, stable after a few
hours and the relative sensitivity is still maintained.
Ellipsometric measurements of protein adsorption showed that more blood proteins
adsorbed to pyrolytic carbon than to gold. The study also indicated that the O2
measurement pulses accelerated the adsorption rate to the electrode surface. A
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possible explanation is that the electrostatic forces on the charged protein increases
the mobility and, hence, also the probability for the molecules to find strong binding
sites.
Measurements with antibody recognition showed that both carbon and gold were proinflammatory as indicated by a moderate deposition of anti-fibrinogen. The low
deposition of anti-HMWK indicated a low contact activation at both materials.
After 20 min of serum incubation both surfaces bound anti-C3c, and more to
pyrolytic carbon than to gold. Electrical pulsing did not increase the deposition of
anti-C3. No anti-properdin bound to any surface, which indicated that no C3
convertases were formed. Hence, the complement system was not activated.
There are still open issues to study, for example to identify more involved proteins.
The inflammatory response should be followed during longer periods of time. The
activity of different blood cells at the biomaterials should be studied. The links
between initial protein adsorption and long term function in living tissue still remain
to be investigated.
Sensor feasibility
Selecting a reduction potential that gave the highest relative change of the measured
charge maximized the oxygen sensitivity. This potential was found to be about –1 V
for glassy carbon and about –0.8 V for gold. The peak sensitivity occurred, however,
not always at the same potential, which probably depended on altering surface layer
properties of the studied working electrodes. Protein adsorption reduced the electron
transfer rate, which then became the current limiting factor instead of oxygen
diffusion. Because the electron transfer both is dependent on the overpotential and the
oxygen concentration the sensitivity vs. potential profile was influenced by surface
adsorption. The potential dependency of the O2 sensitivity was evaluated with step
voltammetry in saline solution at controlled gas partial pressures. Also in vivo
measurements in right atrial blood at different O2-levels were made.
When the optimal reduction potential was set the sensor drift and oxygen sensitivity
was evaluated at a wide range of oxygen pressures. Also different potential step
techniques were compared to improve the function for long term in vivo use. The
single and double potential steps were tested chronically for long time periods in
animals.
The compensated double step technique was only tested in vitro and acutely in vivo. It
was found to have a number of advantages compared to single and double steps. The
new technique increased the sensitivity and signal to noise ratio of the measurements.
The oxygen sensing was accurate compared to other electrochemical methods when
the influence of the double layer capacitance was mathematically eliminated.
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The method reduced the variations in the measured values caused by variations in the
resting potential of the working electrode depending on the amount of current drawn,
the temperature, the partial pressure of the gases present, and the adsorption on the
electrode surface. The method was further aimed at making the measurement pulses
shorter and with a lower polarization voltage than previous methods, which reduced
the current consumption.
Both the current levels and the relative O2 sensitivity could vary between electrodes.
The reasons have not been analyzed in detail here but the properties of the surfaces
depend on several factors. There can e.g. be glue left on the gold electrode from the
lead manufacturing. The surface may have been subjected to electrical currents or
substances that change its properties.
The used algorithms utilize the Fick principle saying that the venous oxygen content
increases with increased CO but decreases with increased O2 uptake. Thus, if the
stimulation rate is increased, the CO should also increase. Patients with congestive
heart failure or angina pectoris can show the opposite response with a decreasing CO
when the stimulation rate is increased. This appearance of positive feedback should
be avoided e.g. by use of intelligent adaptive algorithms [Wirtzfeld et al, 1984].
Another alternative is to use multiple sensor input for the pacemaker algorithm so that
it can decide whether a declining oxygen pressure depends on increased oxygen
uptake or a reduced CO. Pulse generator acceleration and electrical bio-impedance
are sensors that can be implemented without additional hardware outside the pulse
generator.
Drugs that influence the stroke volume will also have a transitory effect on the venous
oxygen content. Therefore it is important that the patient’s medication is taken into
account when analyzing the measurement results. Also respirator and pressure
chamber treatment with O2 will increase the mixed O2 pressure. Smokers have a
reduced O2 capacity because the carbon monoxide binds strongly to the hemoglobin.
Long term pre-clinical study
Twelve monitors (OXY4) and twenty pacemakers (P66) were implanted in 31
animals (10 dogs, 18 sheep and 3 pigs) to study the long-term performance of the
sensor systems. The pO2-current increased with time for the carbon electrodes. They
showed however a good O2 sensitivity as long as the rest of the system was intact.
The longest implanted carbon sensor was 1.5 years (Figure 63). The gold electrodes
were more stable with retained sensor functionality. The longest implanted gold
sensor was 4.5 years. The reason for explantation was that the battery voltage ended.
At the final measurements with an external pO2 device the gold sensor still worked
excellently in the right atrial position.
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Figure 63. Seven glassy carbon electrodes, twenty pure gold electrodes and four
Nafion covered gold electrodes were implanted in the right atrium of the animals.
Four gold electrodes coated with Nafion were implanted (Figure 63). The reason was
that we, at that time, thought that a membrane was needed to separate blood proteins
from the gold surface. Two electrodes got a thick membrane, which after a few days
choked up so that both the pO2-current and sensitivity went down. Two other
electrodes were dipped into a membrane solution. These thin membrane electrodes
appeared to be stable in the body. When the gold surfaces were examined after the
study we found that the Nafion layer had partly disappeared. Therefore it became
obvious that no membrane was needed on gold.
Protein adsorption on the sensor components did not disturb the sensor function.
However, in 3 cases the working electrodes were covered with a fibrotic tissue at the
time of explantation. All these sensors were dislocated from mid to a low atrial
position, where the contact with the endocardium created a local irritation.
No interference was observed between the pacing and the sensor functions when the
potential steps were synchronized to the heart cycle. The measurement pulses were
visible on the ECG directly after a ventricular event.
A drawback with the research pulse generator was the complicated programming
procedure of the sensor chip registers. Using a specially designed programmer this
difficulty could, however, be eliminated. The carbon plate that was glued on the
titanium case did not stay in place on some devices. This design should therefore be
improved in the future by using sputtering technique or a separate offer anode.
In the end of some investigations the WE was relocated from free floating to a fix
contact with the endocardium. The local irritation activated tissue growth on the
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electrode surface, which prohibited diffusion of species. The first sensor lead was not
optimal and will be improved regarding stiffness and sensor position.
The pacemaker was chronically evaluated by using subjects with AV block (See
Paper II). The upper stimulation rate (180 bpm) was, however, designed for human
use and could not match the physiological need for the 15 kg animals. This resulted in
chronotropic incompetence during hard exercise. At the post mortem examination of
the AV-node ablated dogs we observed indications of cardiac hypertrophy, probably
due to the low stimulation frequency.
The current consumption for the research pacemaker was not fully minimized. It can
easily be reduced to less than half the present value with presented compensated
double potential step technique, which will increase the longevity to about 9 years.
However, use of new chip technologies and Autocapture function will further reduce
the current consumption of the device.
Combined use
In vivo experiments to combine IEGM sensing and coulometric O2 detection on the
same electrode were performed. This acute study showed that the electronics could
handle the combined signals simultaneously. If the sensor has a fixed contact to the
atrial heart wall, P-wave sensing will probably work fine, while there is a high risk for
tissue in-growth. If the sensor is encapsulated it will be difficult to measure pvO2. If
instead, the ring is floating in the middle of the atrium, P-wave detection might be
tricky, while the oxygen pressure can be measured well. It is an unsolved problem
how to combine the functions with the same electrode. However, this invention
included the combipolar single-lead-VDD electrode concept, which is now being
clinically evaluated.
The carbon electrode in the connector header of the pulse generator can be used both
as reference electrode for the potentiostat and as a non-polarized electrode for
differential unipolar sensing of evoked response and IEGM. The RE, WE, CE and the
stimulation electrodes can all be used for bio-impedance measurements. With
intelligent time sharing with the sensing detectors and the O2 sensor it is feasible to
get information correlated to respiratory minute volume, stroke volume, right preejection interval etc. These parameters can be used as diagnostic tools during
treatment of patients with congestive heart failure.
A multiple sensor system, e.g. accelerometer or impedance together with pO2 will
secure that the stimulation rate increase during exercise and rest is optimal. Episodes
of paroxysmal tachycardia can be separated from exercise for therapeutic and
diagnostic use.
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CONCLUSION
The pre-clinical study verified that relative variations of right atrial oxygen pressure
could be used as input to calculate the stimulation rate of an artificial heart
pacemaker. Our new sensor mirrors this parameter and can be used for long-term
physiological rate control and monitoring of cardiovascular performance.
The study demonstrated both in vitro and pre-clinically that several alternative
potential step concepts, with a working electrode of glassy carbon or gold, gave an
adequate response to oxygen variations at different workloads and altitudes. The
implemented rate response algorithm compensated as expected automatically for
long-term variations of sensor offset. When the potential steps were applied during
the pacemaker’s refractory period, neither the pacemaker nor the sensor functions
were disturbed. The atrial working electrode could even be used for combined P-wave
sensing and O2-sensor usage at acute conditions. The chronocoulometric sensor was
robust and simple which makes it suitable for implantation.
Comparative studies of long-term in vivo stability for smooth glassy carbon and gold
as working electrode material showed that gold had a very low drift, while carbon
was not as stable. Hence, gold was chosen for the continued examination of the
sensor concept. Pre-clinical investigations on healthy and AV-node ablated dogs
showed that the gold electrode both gave a physiological response to exercise and was
stable more than 4.5 years after implantation. The potential of vitreous glassy carbon
was sufficiently stable to be used as a reference electrode. Positioning the reference
electrode in the epoxy header of the pacemaker housing did not deteriorate the
function essentially. The anodic net current from the pulse generator housing did not
charge its potential to more than about 800 mV vs. the reference electrode when a
carbon surface was applied to it. An issue for future investigation is how to apply the
carbon layer on the pulse generator housing.
A new method to evaluate pro-inflammatory response to biomaterials used for active
implants was presented. The effort was to estimate the risk for tissue in-growth when
the initial protein adsorption was known. The study indicated that gold was less
inflammatory than carbon and that neither material activated the complement system.
The protein adsorption from human plasma was accelerated when the electrode was
subjected to continuous potential step measurements. The inflammatory response
was, however, unaffected or even lowered. Post-mortem examination of implanted
working electrode materials showed in general no tissue growth after several years in
the body. Hence, carbon and gold are fairly blood compatible materials and suitable
for intravascular implants in direct contact with the blood.
The new method to eliminate the double layer contribution from both the
amperometric and the coulometric responses makes it possible to analyze electrode
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processes very closely after a potential step. This technique is therefore useful to
study electrochemical reactions and surface phenomena on electrodes.
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SUMMARY OF PATENTS
We made a number of inventions during the development process of the oxygen
sensor system. Because of the long handling time, some of the ideas have not yet
become official and cannot be published in this thesis. My oxygen sensor patents and
published patent applications are summarized in this chapter.
Patent I. Hemodynamic optimization
Högnelid K, Holmström N, Hagel P, Franksson A, 1995. Method for detecting
tachyarrhythmia of a heart by measuring patient activity and partial pressure of blood
oxygen. United States Patent 5431172.
ABSTRACT: For detecting tachyarrhythmia of the heart, the partial pressures of
gases physically dissolved in the blood are measured, preferably the partial oxygen
pressure pO2, and a fast variation and/or a variation of the measured partial pressure
pO2 that exceeds a prescribed degree is utilized as a criterion for the detection of a
tachyarrhythmia. An apparatus for treating tachyarrhythmia of the heart operating
according to the above method includes a sensor for identifying the partial pressure of
gases dissolved in the blood, an evaluation unit supplied with the sensor output for
recognizing rapid changes of the partial pressure or changes of the partial pressure
that exceed a prescribed degree, the output of the evaluation unit being connected to
circuitry for triggering the tachyarrhythmia treatment.
Patent II. Implantable reference electrode
Holmström N, Hagel P, Nilsson K, 1998. Implantable medical device including an
arrangement for measuring a blood property having a carbon reference electrode.
United States Patent 5728281.
ABSTRACT: An implantable medical device for in vivo electrochemical
measurements of blood properties, such as measurements of, inter alia, oxygen
pressure, glucose and pH, avoids the problem with the reference electrodes currently
in use which cause inflammatory reactions of tissue, by forming the reference
electrode of carbon, preferably activated pyrolytic carbon.
Patent III. Combined VDD and pO2-sensor electrode
Holmström N, 1998. Activity-responsive pacer with bipolar sensor electrode. United
States Patent 5800468.
ABSTRACT: A pacemaker system includes an electrode lead having a distal tip
electrode for supplying stimulation pulses to cardiac tissue and a ring electrode, the
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electrode lead being connected to a cardiac stimulator. A detector is contained in a
stimulator housing and is connected to the electrode lead for detecting electrical
cardiac activity between said ring electrode and said tip electrode. Measurement of a
signal dependent on physical activity of the subject in whom the pacemaker is
implanted is obtained either by applying a voltage on the ring electrode during a
predetermined measuring period and measuring a current through the ring electrode
during at least a part of this period, or by, after detection of a QRS wave, applying a
potential on the ring electrode and measuring the current between the housing and the
ring electrode during the measuring period and also applying an alternating current
between the tip electrode and the housing and measuring a voltage difference between
the tip electrode and the ring electrode. The stimulation rate is then adjusted
dependent on the measured value or values obtained.
Patent IV. Compensated Chronocoulumetric O2 sensor
Holmström N, 1998. Electrochemical sensor. International application number:
PCT/SE97/01635. International publication number WO 98/14772.
ABSTRACT: The invention resides in a method for eliminating the influence of the
double-layer capacitance in electrochemical measurements of concentrations of at
least one chemical entity in a liquid medium using a working electrode, a reference
electrode and a counter electrode in contact with said medium, said method
comprising applying a first potential and thereafter a second potential of opposite sign
to said first potential on said working electrode during a measurement period in which
the following steps are performed: - prior said period said working electrode being
placed in a floating (not charged) state and the floating potential, as related to the
reference electrode, of said working electrode is registered, - the first potential is
applied to the working electrode during a first predetermined measurement period
whereafter the second potential, said second potential being equal to said registered
potential, is applied to the same electrode for a second measurement period, said first
and second measurement periods being of equal length, - whereafter the working
electrode is returned to said floating state, - integrating a first charge and a second
electrical charge of opposite signs resulting from the electrical current incurred by the
applied first and second potential each over a time period starting at a predetermined
time point after the applying of the first and second potentials, resp., and, - forming a
difference by adding said second charge to said first charge, said being proportional
to the amount of said at least one measured entity. The invention also relates to an
apparatus for performing said method.
Patent V. Automatic correction of reduction potential
Holmström N, 1998. Method and device for sensing. International application
number: PCT/SE98/01876. International publication number WO 99/22232.
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ABSTRACT: The invention relates to a method for compensation of the potential
drift of a reference electrode (RE) in electrochemical measurements of concentrations
of at least one dissolved chemical entity in a liquid medium by means of a counter
electrode (CE) and a working electrode (WE) and a reference electrode (RE), said
method comprising applying at least one measurement potential (E) on the working
electrode (WE) relative to said reference electrode corresponding to a measurement
voltage U, during at least a part of a measurement period, at which said dissolved
chemical entity is subjected to an electrochemical reaction at said working electrode
(WE), said reaction resulting in a measurement evoked current, said method
comprising the steps of: registering the measurement evoked current Ip02,
comparison of the measurement evoked current Ip02 with a predetermined value Iset,
decreasing or increasing the voltage U with a value dU in negative or positive
incremental steps such that the measurement current Ip02 approaches Iset. The
invention also relates to an apparatus for performing such measurements and an
active implant having the device and the method implemented therein.
Patent VI. Implantable potentiostatic oxygen sensor with two electrodes
Holmström N, 1998. Method and device for determination of concentration.
International application number: PCT/SE98/01877. International publication number
WO 99/22230.
ABSTRACT: The invention concerns a method for electrochemical determination of
the concentration of at least one dissolved chemical entity in a liquid medium by
means of a working electrode WE and a counter electrode CE by impressing a
measurement voltage U on the working electrode WE relative the counter electrode
CE, said dissolved chemical entity reacting by oxidation or reduction at the working
electrode, said reaction resulting in a measurement evoked current, said method
comprising the steps of: comparison of said measurement evoked current Ip02 with a
predetermined value Iset, adjustment of the measurement voltage U by an amount
(dU) such that the measurement current Ip02 essentially is equal to Iset, Ip02 thus
exhibiting anessentially constant value during said measurements, forming a
difference AU=U-Umin which corresponds to an oxidation/reduction reaction at the
working electrode, using said difference AU=U-Umin to calculate the concentration
variations of the amount of said chemical entity in said liquid. The invention also
concerns an apparatus for performing the measurements according to the method and
an active implant, such as a pacemaker or the like, connectable to implantable
electrodes, comprising means for performing the measurements according to the
method.
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