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(57) ABSTRACT 

In one aspect, a conductance catheter is provided for measur 
ing the Volume of a fluid. The conductance catheter comprises 
a series of electrodes and a circuit to compensate for varia 
tions in sensitivity of the electrodes in the catheter. In another 
aspect, a resistivity sensor is provided for determining the 
resistivity of a fluid. The sensor comprises a series of elec 
trodes spaced Such that the total distance between endmost 
electrodes does not exceed the diameter of the catheter 
deploying the sensor. 
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FIG.3. 
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METHOD AND APPARATUS FOR 
MEASURING BLOOD VOLUME 

0001. This application claims priority from U.S. Provi 
sional Application No. 60/913,734 filed on Apr. 24, 2007, the 
contents of which are incorporated herein by reference. 

TECHNICAL FIELD 

0002 The present invention relates generally to data 
acquisition systems and particularly to measuring blood Vol 
ume in a living organism. 

DESCRIPTION OF THE PRIOR ART 

0003. In the field of cardiac research the standard test for 
measuring cardiac efficiency is the pressure Volume graph. 
This test correlates Left Ventricle (LV) chamber pressure and 
Volume as the heart contracts and expands. Pressure and 
Volume values are important for quantifying efficiency in any 
pump system, and can be used to calculate Volumetric effi 
ciency of Such systems. Cardiac efficiency is a useful mea 
Surement for studying heart disease, by quantifying the 
progress of the disease and measuring the effectiveness of the 
treatment. 

0004 Recently, gene altered mice have increased in popu 
larity as a means for studying heart disease, and for modelling 
human heart disease. Typically, LV data is measured using a 
catheter that is inserted into the LV. The catheter typically has 
separate instrumentation for measuring blood pressure and 
blood volume. There are several drawbacks to using data 
taken from anaesthetized mice, most significantly the fact that 
it has been found that cardiovascular data taken from an 
anaesthetized specimen differs significantly from free-roam 
ing specimens. 
0005. In order to measure cardiovascular data from a free 
roaming specimen, an inplanted device is required that can 
operate while the specimen is active, and transmit data to the 
exterior of the specimen for processing. This need presents 
several design problems, notably size and battery life. Par 
ticularly, a reduced size provides a less invasive device, and a 
longer battery life decreases the number of Surgical opera 
tions required to change or recharge a device. The need to 
reduce repeated trauma due to Surgery and the cost of the 
Surgery are driving reasons for the need to extend battery life 
in biological implants. These concerns are heightened when 
extending the application to human specimens. 
0006. There are numerous devices that have been devel 
oped for measuring physiological pressure in living speci 
mens, e.g., those shown in U.S. Pat. Nos. 4.796,641; 4,846, 
191; and 6,033,366. These devices include a catheter having 
a pressure sensor that is inserted into an area in the specimen 
having a physiological pressure, Such as an artery. The sen 
sors include a pressure transmitting catheter filled with a 
pressure transmitting fluid. A pressure transducer communi 
cates with the fluid to provide an electric pressure signal 
representing variations in physiological pressure that can be 
transmitted to the exterior of the specimen. These devices are 
only concerned with measuring pressure, and the use of a 
fluid filled catheter can lead to undesirable frequency 
response characteristics and may exhibit head pressure arte 
facts. 

0007. Other devices, e.g., that shown in U.S. Pat. No. 
6,409,674 provide an implantable sensor being anchored to 
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the interior wall of the LV in a living specimen. The sensor 
acquires and transmits data from within the heart to an exter 
nal data receiver. This device is concerned with only measur 
ing a single parameter, and specifically illustrates measuring 
pressure. 
0008. The volume of a liquid in a cylindrical chamber, 
such as the left ventricle of a heart, can be derived by mea 
suring the conductance of the fluid. The volume (V) can be 
calculated according to the following equation: 

V holic =p 

The variable C. represents a non dimensional correction factor 
attribute to the fact that the electrical field created with cath 
eter based volumetry is not typically uniform in its distribu 
tion throughout the blood volume. The variable prepresents 
the resistivity of the blood in the LV. It is important for this 
value to be as accurate as possible and as representative of the 
actual blood inside the volume being measured. This variable 
has the potential to change over time or due to research 
intervention and thus cannot be considered always consistent. 
The resistivity has been shown to vary with temperature, 
hematocrit and blood velocity. Moreover, it is possible that 
changes in electrolyte concentrations also alter resistivity. 
The variable L represents the distance between the sensing 
electrodes, which is fixed by the nature of the catheter or other 
measurement instrument being used. Finally, G is the actual 
conductance value that is measured by the electrodes. G may 
include a correction factor for an overestimation of G caused 
by the electric field entering the muscle. Such a correction 
may then represent Gas G-G-Ge. 
0009. Both C. and p can be problematic to measure when 
performing conductance based cardiac Volumetry, since 
while conductance based cardiac Volume is a widely used, its 
accuracy is limited by the non-uniformity of the transmitted 
electric field and the non-fixed value of the blood resistivity. 
0010 Studies have shown that the positioning of a catheter 
or other measuring device in, e.g., a Ventricular chamber, is 
important in accurately determining Volume. In particular, 
this can occur when the catheter is not centred within the 
chamber. However, knowing the position of the catheter 
within the ventricle can be difficult with existing technology 
and relies upon the user's objective skill and experience. 
0011. It is therefore an object of the following to obviate or 
mitigate at least one of the above-mentioned disadvantages. 

SUMMARY OF THE INVENTION 

0012. In one aspect, there is provided a sensing tip for 
measuring the Volume of a fluid comprising one or more 
electrodes for measuring the Volume and a resistivity sensor 
disposed on the tip in communication with the fluid to incor 
porate a current measurement of resistivity during measure 
ment of the volume. 
0013. In another aspect, there is provided a system for 
measuring Volume of a fluid comprising a sensing tip having 
a plurality of pairs of electrodes, each pair of electrodes being 
connected to a circuit to compensate for variations in sensi 
tivity of respective pairs of electrodes according to the posi 
tioning of the respective pairs along the sensing tip. 
0014. In yet another aspect, there is provided a method for 
calibrating a sensing tip used for measuring Volume of a fluid 
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comprising inserting the sensing tip into a plurality of 
cuvettes containing fluids having differing properties, and 
when in each well, the method comprises: obtaining a plural 
ity of conductance signals using a plurality of electrodes on 
the sensing tip; adjusting the conductance signals to compen 
sate for variations is sensitivity of the pairs of electrodes due 
to the positioning of the electrodes along the sensing tip; 
obtaining a measurement of resistivity; and using the conduc 
tance signals and the measurement of resistivity to calibrate 
the sensing tip. 
0015. In yet another aspect, there is provided a method for 
positioning a sensing tip disposed in a Ventricle comprising 
obtaining an excitation waveform generated by one pair of 
electrodes disposed on the sensing tip; obtaining a conduc 
tance waveform sensed by another pair of electrodes disposed 
on the sensing tip; comparing the waveforms to determine a 
phase shift between the waveforms; and adjusting the posi 
tioning until the phase shift is deemed acceptable. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0016. An embodiment of the invention will now be 
described by way of example only with reference to the 
appended drawings wherein: 
0017 FIG. 1 pictorially shows a wireless cardiovascular 
data acquisition system. 
0018 FIG. 2 is a schematic representation of the system of 
FIG 1. 
0019 FIG. 3 is a magnified view of a portion the heart 
shown in FIG. 1. 
0020 FIG. 4a is a partial plan view of the pressure sensing 
device of FIG. 2. 
0021 FIG. 4b is a sectional view of the sensing device 
shown in FIG. 4a along the line B-B. 
0022 FIG. 5 is an electric schematic of the pressure sens 
ing device. 
0023 FIG. 6 is a schematic diagram of the transmitter 
processing module of FIG. 2. 
0024 FIG. 7 is a schematic diagram of the receiver pro 
cessing module of FIG. 2. 
0025 FIG. 8 is a timing diagram for the timing controller 
of FIG. 6. 
0026 FIG. 9 is a flow chart showing an acquisition and 
transmission cycle. 
0027 FIG. 10 shows another embodiment of the sensing 

tip of FIG. 3. 
0028 FIG. 11 shows a sensing tip having a resistivity 
SSO 

0029 FIG. 12 shows a circuit for measuring fluid volume. 
0030 FIG. 13 shows a calibration circuit. 
0031 FIG. 14 shows another calibration circuit. 
0032 FIG. 15 illustrates a sectional view of an off-centred 
catheter in a ventricle. 
0033 FIG. 16 illustrates a sectional view of a centred 
catheter in the ventricle of FIG. 15. 

DETAILED DESCRIPTION OF THE DRAWINGS 

0034. A system and method are provided for accurately 
handling the parameters for measuring blood Volume in real 
time. In particular, it has been found that in order to perform 
accurate and repeatable conductance measurements (param 
eter G), it is important to eliminate variations in the measuring 
electrode sensitivity from the equation. The following pro 
vides a calibration circuit that takes into account electrode 
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sensitivity at the time of calibration and thus eliminates such 
variability. This also compensates for the non-uniformity of 
the electric field generated by a conductance measuring 
device. In order to compensate for the electrode sensitivity, an 
adjustable gain and offset canthus be used in each segment of 
a conductance measurement. 
0035. In the following, a resistivity sensor is also provided 
Such that the resistivity (parameter p) is measured on a con 
tinuous or as-needed basis rather than at time-spaced intervals 
or relying on a “most recent’ measurement. This compen 
sates for variations in resistivity discussed above and thus 
provides more accurate Volume measurements. 
0036. The calibration and resistivity sensor can be incor 
porated into any deployable medical device such as an 
implant or catheter. The following example describes an 
implant transmitter, however, it will be appreciated that the 
principles for measuring resistivity and for calibrating Vol 
ume measurements discussed herein are equally applicable to 
other devices Such as catheters. 
0037. It will also be appreciated that the following prin 
ciples are also applicable to measuring Volume in any fluid 
and should not be considered limited only to blood. 
0038 Also provided is a system and method for determin 
ing the position of a catheter or other measuring device in a 
Ventricle by comparing excitation and sensed waveforms and 
correcting the position until the phase angle is minimized. 
0039 Referring now to FIG. 1, one embodiment of a wire 
less cardiovascular data acquisition system is generally 
denoted by numeral 10. The system 10 operates to measure 
physical parameters of a heart 12 located within a body 14. 
The heart 12 and body 14 form part of a living organism, Such 
as a gene altered mouse or a human. The heart 12 includes a 
heart chamber, in this example a Left Ventricle (LV)16 that in 
part communicates with the body 14 via a heart valve 18. A 
sensing tip 22 is situated in the LV 16 by insertion thereof 
through the valve 18, and has a communication path 24 lead 
ing to a transmitting device 20 implanted in a portion 15 of the 
body 14, which in this example is external to the heart 12. In 
the example shown in FIG. 1, the portion 15 is in proximity of 
the body's clavicle. It will be appreciated that the transmitting 
device 20 may be situated anywhereas desired, e.g. within the 
heart 12 or heart chamber (i.e. LV 16). 
0040. The transmitting device 20 wirelessly transmits data 
to a receiving device 26 that in this example is attached to a 
belt 27 external to the body 14. The receiving device 26 may 
display data on a screen 28 as shown in FIG. 1, and may 
comprise a keypad 30 for scrolling between different views. A 
schematic of the system 10 is shown in FIG. 2. 
0041 Referring now to FIG. 2, the path 24 communicates 
data acquired by the sensing tip 22 to a transmitter processing 
module 32 in the transmitting device 20. The transmitting 
device 20 is powered by obtaining energy from a battery 34, 
and has a transmitter 36. It will be appreciated that the use of 
a battery 34 is for illustrative purposes only and that any 
Suitable means for powering the transmitting device 20 may 
be used such as power Scavenging (converting environmental 
energy into electricity) or RF power transmission (energy 
transmitted to the device 20 from an external source through 
a radio frequency signal). 
0042. Since the processing module 32 is preferably 
implanted in the body 14, the signal sent via the transmitter 36 
should pass through body tissue before reaching the air. The 
attenuation of an RF signal by different body materials is 
typically highly frequency dependent. Therefore, the trans 
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mitter 36 should be selected so as to minimize the attenuation 
of the signal it transmits. Typically, a lower frequency is 
preferred to transmit the signals since the lower the frequency, 
the greater the depth of penetration. However, the lower the 
frequency, the higher the wavelength and thus the longer the 
antenna required at the receiving end. Therefore, the trans 
mitter 36 should be chosen to balance these requirements 
depending on the particular application. A Suitable frequency 
to achieve such a balance is 40 MHz. The power consumed by 
the transmitter 36 should also be considered so that it can be 
faithfully detected at its receiving end whilst conserving 
energy. 

0043. The transmitting device 20 communicates wire 
lessly with the receiving device 26 through a receiver 40. The 
device 26 has a receiver processing module 38 that is adapted 
for processing data received from the device 20. The device 
26 is powered by a battery 42 or suitable AC or DC power 
Source (not shown). The device 26 has a series of signals 
(44-50) for providing electrical representations of measure 
ments acquired using the sensing tip 22, including a pressure 
signal 44, a Volume signal 46, a temperature signal 48, and an 
electrocardiogram (ECG) signal 50. 
0044. In FIG. 2 these signals are shown as being external 
to the processing module 38 and communicably connected to 
an external computing device 52 having an analog-to-digital 
(A/D) converter 54 connected thereto. However, it will be 
appreciated that the A/D converter 54 may be included in 
either the processing module 38 or processing module 32, and 
computing device 52 may be replaced by any suitable alter 
native Such as processing capabilities provided by the pro 
cessing module 38. The communicable link between the 
receiving device 26 and the computing device 52 and/or A/D 
converter 54 may be any hardwired or wireless communica 
tion channel, e.g., using Bluetooth technology. 
0045. The computing device 52, external or internal to the 
receiving device 26, may be any device that is capable of 
acquiring data and communicating with the processing mod 
ule 38. In the example shown in FIG. 2, the device 52 is a 
standard personal computer (PC) having a monitor, central 
processing unit (CPU), keyboard, and mouse. 
0046. The sensing tip 22 is shown in greater detail in FIG. 
3. The sensing tip 22 has a rounded end 70 to facilitate the 
deployment thereof through the valve 18. In this example, a 
proximal electrode 62 and a distal electrode 60 each follow 
ing the circumference of the sensing tip 22 flank a pair of 
inner electrodes 64, 66, a pressure sensing device 68, and a 
temperature sensing device 69. The electrodes 60, 62, 64 and 
66 are used to measure the volume of blood in the LV 16 and 
are herein collectively referred to as the volume sensing 
device denoted by numeral 67. The proximal electrode 62 
transmits a signal, and the distal electrode receives same to 
create an electric field in the LV 16. The inner electrodes 64, 
66 sense this electric field to perform a conductance measure 
ment indicative of the volume in the LV 16. The inner elec 
trodes 64, 66 can be modeled conceptually as measurement 
probes on either side of a “resistor, wherein the “resistor” 
represents the resistivity of the blood in the LV 16, the inner 
electrodes 64, are arranged to measure the potential across the 
“resistor'. The volume measurement and/or volume signal 
may also be referred to as a conductance measurement and/or 
conductance signal respectively, and it will be appreciated 
that this terminology may herein be considered interchange 
able. 
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0047. The pressure sensing device 68 is used to sense the 
pressure of the blood in the LV The temperature sensing 
device 69 is used to sense the temperature of the body 14, 
since it is Substantially uniform throughout. The temperature 
sensing device 69 is preferably comprised of a thermistor or 
equivalent component. The Volume sensing device 67, pres 
Sure sensing device 68, and temperature sensing device 69 
communicate data to the transmitting device 20 through the 
path 24, thus the path 24 typically carries a number of wires, 
enabling data to be transmitted from the sensing tip 22 to the 
device 20. The length of the path 24 is dependent upon the 
location of the device 20 relative to the heart 12. 
0048 Although the temperature sensing device 69 is 
shown in FIG. 3 as part of the sensing tip 22, it will be 
appreciated that the device 69 may be situated anywhere in 
the body 14 enabling the internal temperature of the body 14 
to be measured, and this may be inside or outside of the heart 
12. 

0049. An embodiment of the sensing tip 22 is shown in 
FIGS. 4a and 4b. It will be appreciated that the relative 
dimensions of the sensing tip 22 have been exaggerated for 
illustrative purposes only. The pressure sensing device 68 
may be any device capable of sensing a pressure. In this 
example, the pressure sensing device comprises a piezoresis 
tive deflection sensor, specifically a cantilevered sensor beam 
80 having a base portion 82 that is attached to the housing of 
the sensing tip 22. A base window 85 in the sensing tip 22 
enables the base of the beam 80 to experience external pres 
sure, and a tip window 86 enables the tip of the beam 80 to 
experience external pressure. A layer of sealant 88 inhibits the 
beam 80 from direct contact with its surrounding environ 
ment. However, the layer 88 permits external pressure to 
effect flexure of the beam 80 due to variations in the pressure 
of the surrounding blood. It can be seen in FIG. 4b that 
electrical wires run from the sensing devices 67, 68 and 69 to 
the path 24. 
0050. An implementation of the beam 80 is shown sche 
matically in FIG. 5, being a strain gauge sensor, on which two 
resistors R and R2 are mounted. When the beam bends as a 
result of a pressure experienced thereby, the resistances of 
these resistors change in opposite directions. That is, the 
resistance of one of the resistors increases while that of the 
other one decreases. As a result, the accompanying electronic 
circuits may be designed in a fully differential architecture 
which provides a higher signal to noise ratio (SNR) compared 
to a single ended architecture. 
0051. The following lists suitable specifications for the 
pressure sensing device 68, but shall in no way be considered 
limited thereto: nominal resistance of each resistor R. R. 
being 10,000 Ohms; gauge factor of 70-80; total resistor 
manufacturing tolerance of +/-10-15%: maximum resistance 
value mismatch between the resistors of 2.4%; temperature 
coefficient of resistance of +5%/100° F.; and a breakdown 
voltage of 20V. 
0.052 These exemplary specifications illustrate that typi 
cally there may be non-idealities for the sensing device 68 
that would preferably be addressed when designing the cir 
cuitry therefor. For instance, due to process variations, the 
resistances of R and Rare in all likelihood not going to be 
equal. This may generate Some offset at the output. Moreover, 
since the resistance of the resistors R and R is a tempera 
ture dependent parameter, the temperature coefficient of 
resistance (TCR) may cause an offset due to mismatch. 
Hence, even if the offset is cancelled at one temperature it 
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may not be Zero at another temperature. Finally, the tempera 
ture coefficient of the gauge factor (TCGF) makes the gain of 
the sensing device 68, temperature dependent. 
0053. The above parameters are typically sources for mea 
Surement inaccuracies. As a result, the output of the sensing 
device 68 may have some offset error and be dependent on 
temperature. In order to compensate for the above param 
eters, typically a signal conditioning scheme is utilized. In the 
example shown in FIG. 5, a Wheatstone bridge configuration 
is used to measure the resistance variations with two current 
Sources I and I. 
0054 As indicated above, R and R change in opposite 
direction as a function of strain or equivalently blood pressure 
in the heart as: R=Ro (1+GFX) and R=R(1+GFX) 
where Ro and Ro are the sensor resistances at Zero strain, GF 
is the gauge factor of the sensing device 68, and X is the strain. 
The two current sources I and I complete the bridge, and are 
preferably integrated into the processing module 32 as shown 
in FIG. 5. In order to cancel out the resistor mismatch, TCR, 
and TCGF, the following equations should be valid: RoIo 
RI=0; and TCI=(TCR+TCGF); where TCI represents the 
temperature coefficient of the current sources, Ro and Ro 
represent the resistor values at the reference temperature, and 
Io and Io represent the current of the two current sources at 
the reference temperature. The technology used to implement 
the processing module 32 should be capable of implementing 
a current source with any specific temperature coefficient, and 
the current sources should preferably be designed to have the 
lowest possible supply voltage sensitivity. 
0055. A block diagram of the transmitter processing mod 
ule 32 is shown in FIG. 6. The module 32 comprises a sensing 
block 90 and a transmitting block 92 controlled by a timing 
controller 94. The battery 34 which is connected to the mod 
ule 32 may be controlled by a switch The battery 34 is pref 
erably a miniature battery of a suitable size and having a 
battery life that is as long as possible. A suitable battery has a 
life of 180 mAh, weight of 2.3 g, 1.5 Vdc, and a volume of 
0.57 cc. The switch 96 may be, e.g., magnetic or radio con 
trolled, i.e. any suitable device capable of controlling the 
main power to the module 32 from the battery 34. Between 
the timing controller 94 and the switch 96 is a voltage regu 
lator that provides a regulated Voltage to the timing controller 
94 for controlling the blocks 90 and 92. With the above 
battery specifications, a suitable regulated Voltage is a 1 V 
output. 
0056. The sensing block 90 includes a current source 
block 100 for the pressure sensing device 68 (described above 
with current sources I and I) to compensate for sensor non 
idealities, and are the basis of temperature compensation for 
the pressure sensing device 68. The block 90 also includes a 
conductance current source 102 for generating the electric 
field using the electrodes 60 and 62; and a thermistor current 
supply 104 for the temperature sensing device 69, that pref 
erably comprises a high resistance thermistor for minimal 
current drain. The outputs from these current sources (100 
104) are sent to the sensing tip 22 over the path 24. 
0057 The measurements acquired by the sensing devices 
67, 68 and 69 are sent back to the sensing block 90 over the 
path 24. The temperature signal is fed through an amplifier 
106 and sampled and held for transmission by a sample and 
hold component 112. Similarly, the pressure signal is fed to an 
amplifier 110 and sample and hold component 116; and the 
volume signal is fed to an amplifier 108 and sample and hold 
component 114. The amplifiers 106, 108 and 110 are prefer 
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ably used to encourage the fidelity of the signals. The sample 
and hold components 112, 114 and 116 hold the signal 
samples while the timing controller 94 switches power from 
the sensing block 90 to the transmission block 92. 
0058. The transmission block 92 has a multiplexer 118 and 
a voltage controlled oscillator (VCO) 120. The multiplexer 
118 will read the samples from the blocks 112-116 and 
arrange the signals for transmission by the VCO 120. For 
example, the multiplexer 118 may arrange the signals in 
sequential order for transmission. The VCO 120 is connected 
to an antenna 121 and together make up the transmitter 36 
shown in FIG. 2. A suitable VCO 120 is a Colpitts type that 
consumes an average current of 32 LA. The antenna 121 is 
preferably connected in parallel with the frequency determin 
ing inductor of the VCO 120, and preferably serves as an FM 
transmitter with a 42 MHZ transmission frequency. 
0059 A block diagram of the receiver processing module 
38 is shown in FIG. 7. The module 38 comprises a demulti 
plexer 122 connected to the receiver 40 of the receiving 
device 26. The demultiplexer 122 separates the signals that 
have been transmitted by the transmitter 36 and received by 
the receiver 40. If the signals are transmitted as analog sig 
nals, the demultiplexer 122 separates the received signal into 
individual analog signals, and in this example would provide 
three individual signals, a temperature signal 124, a pressure 
signal 126, and a Volume signal 128. The temperature signal 
124 may be immediately available as output 48, and the 
pressure signal 126 may be immediately available as output 
44 for further processing and/or transmission to the comput 
ing device 52. It will be appreciated that the module 38 may 
also comprise a further internal component for processing 
and analysing the signals 124, 126 and 128, e.g., for display 
purposes. Moreover, the module 38 may comprise analarm or 
other device to notify a wearer of the receiving device 26 of 
abnormal heart conditions. The display 28 may also be used 
with Such additional processing to output heart parameters or 
a computed index that represents heart health. 
0060. The volume signal 128 may be sent through a buffer 
129 and be available as output 46. The volume signal 128 may 
also be captured at block 130 for further processing to extract 
the ECG signal. This preliminary signal 130 is preferably 
converted using an analog-to-digital converter (A/D) 132, 
which enables signal manipulation while preserving the 
integrity of the original signal. It will be appreciated that the 
A/D 132 would not be needed if the signals received have 
already been converted to digital signals. The A/D 132 has 
two identical outputs, one of which is input to a digital signal 
processor (DSP) 134. The DSP 134 is used to clean the ECG 
signal from the Volume signal, and allows for complex signal 
processing. The extraction of the ECG signal is described in 
greater detail later. 
0061 The signal emerging from the DSP 134 is inverted 
by an inverter 136. The inverter 136 may also be part of the 
DSP 134. The other output from the A/D 132 is buffered by 
the buffer 138 and the inverted signal and the buffered signal 
are summed at 140 to produce the ECG signal 142 that may 
also be available as output 45. The buffer 138 is used to 
maintain the Synchronicity of the raw volume signal and the 
digitally manipulated version (i.e. by the DSP134). The delay 
imposed by the DSP 134 would otherwise affect the results of 
the sum 140. The summer 140 adds the two volume signals, 
and since one has been inverted, the conductance part of the 
Volume signal will be eliminated and the remaining signal 
will represent the ECG signal 142. 
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0062. The sensing block 90 and the transmitting block 92 
are selectively powered using the timing controller94 in order 
to conserve power. A timing diagram is shown in FIG. 8 
illustrating the operation of the timing controller 94. The 
period Trepresents an entire monitoring cycle for the system 
10 including measurement and transmission. Specifically, T 
represents the period in which the sensing block 90 is pow 
ered in order to obtain the necessary measurements and 
sample and hold the signals; and T represents the period in 
which the transmitting block 92 is powered in order to execute 
transmission of data from the transmitting device 20 to the 
receiving device 26. 
0063 For example, a 2 kHz, sampling rate provides a 
period T of 500 us to sample and transmit data. If the acqui 
sition period T is 20 us, and transmission period T is 50 us, 
there exists 430 us during each cycle, in which either the 
block 90 or the block 92 is waiting. The timing controller 94 
uses this timing scheme to selectively turn off either the block 
90 or block 92 that is not being used to conserver power, 
which provides an increase in battery life. 
0064. Another benefit arises from using such an energy 
saving timing scheme, namely the reduction of noise. Spe 
cifically, since the block 90 is powered whilst the block 92 is 
not, the transmitter 36 will not be affected by the noise gen 
erated by the signal conditioning, and, conversely, the sensing 
circuitry (block 90) will not be subject to noise from the 
transmitter 36. A 10 us period, represented by T. is left 
between the end of one period and the beginning of the next, 
which enables any circuitry that needs stabilizing to do so. 
0065. Therefore, since the transmitting block 92 typically 
cannot transmit data that has not yet been collected, it would 
be wasting power while the sensing block 90 is performs its 
function. If the transmitting block 92 is turned off when it is 
not needed, power is not consumed, and thus conserved. 
Similarly, the sensing block 90 typically is not adding any 
data while the transmitter 36 is sending the previous sample, 
and thus does not need to consume power during that time. 
0066 FIG.9 shows a flow chart illustrating an example of 
the steps taken by the system 10 during one complete cycle T. 
and the Subsequent processing by the receiving device 26. 
The sensing block 90 is powered which enables the current 
sources to power the measurement devices 67, 68 and 69 and 
obtain the measurements. These measurements are then 
amplified and undergo a sample and hold. The sensing block 
90 is then powered “off” and the transmitting block 92 is 
powered “on”, wherein the time lag between theses steps is 
represented by T. as explained above. Once the block 92 has 
power, the multiplexer 118 is then able to obtain the signals 
stored in the sample and hold components 112-116, and com 
bine these signals for transmission. In this example the mul 
tiplexer 118 preferably operates by arranging the signals in a 
particular sequential order that would be known to the demul 
tiplexer 122 in order to enable the demultiplexer 122 to sepa 
rate the signals at the receiving end. 
0067. The multiplexer 18 passes this “combined signal to 
the VCO 120 that uses the antenna 121 to transmit the “com 
bined signal to receiving device 26. At this point, a complete 
measurement cycle has been executed, and the signal that has 
been transmitted continues to the receiving device 26 for 
further processing and/or output. The transmitting device 20 
may then repeat this cycle as required or desired. 
0068. The receiving device 26 receives the “combined 
signal from the receiver 40. The signal is passed to the demul 
tiplexer 122 where it is separated into its components. The 
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temperature and pressure signals 124 and 126 respectively, 
may be available as outputs or for further processing by the 
module 38. The volume signal 128 may be buffered and 
output at 46, and may also be obtained for extracting the ECG 
signal 142 and providing output 45. The extraction of the 
ECG signal 142 from the raw volume signal 128 is described 
in greater detail below, while referring to the functional 
blocks shown in FIG. 7 that relate thereto. 

0069. As indicated above, the conductance or volume sig 
nal 128 acquired using the Volume sensing device 67 is used 
to extract the ECG signal 142. 
0070 The conductance signal acquired using the volume 
electrodes 67 consists of the conductance value of the blood 
in the LV 16, any noise generated by the system or in the 
environment, and the ECG signal 142 that is picked up as a 
component of environmental noise. As described above, in 
this example, the raw signals are collected and transmitted, 
e.g., as a combined analog waveform, without performing 
any signal conditioning, to the receiving device When the 
combined signal is received by the receiving device 26, the 
individual pressure, Volume and temperature signals (124. 
126 and 128) are separated, and a process begins to separate 
the various components of the volume signal 128 (i.e. at 130). 
0071. The conductance signal 128 is the result of an elec 

trical field generated, by means of the electrodes 60, 62, from 
the apex of the heart to the carotid artery. Due to myocardial 
contact of the conductance rings, the resulting conductance 
signal will also carry the ECG signal. It is generally common 
practice to use signal conditioning and filtering to eliminate 
the environmental and ECG noise components to extract the 
conductance signal 128. In this embodiment, signal condi 
tioning is used to not only remove the ECG component of 
noise to extract the conductance signal, but also to separately 
condition the ECG signal 142 to remove the conductance 
portion of the signal. The result is that an ECG signal 142 can 
be collected without introducing any additional instrumenta 
tion into the LV 16. Therefore, the sensing tip 22 can be used 
to provide a more thorough cardiac assessment, using a single 
device. 

0072. Once the signal is obtained at 130, an A/D converter 
132 in the processing module 38 converts the raw signal to a 
digital signal and passes the signal to each of an ECG digital 
signal processor (DSP) and a buffer 138. Once the respective 
signals are processed, they are Summed and a final ECG 
signal 142 is produced. 
0073. In another embodiment, the volume sensing device 
67 comprises a plurality of inner electrode rings, for example 
four as shown in FIG. 10. Since the optimal conductance 
measurement is performed by transmitting along the entire 
length of the LV 16, and different organisms have different 
sized hearts 12, it may be desirable to incorporate multiple 
sets of inner electrode ring pairs. In FIG. 10, the LV 16 shown 
in FIG. 3 is provided, as well as an LV 1016 from a smaller 
organism shown in dashed lines. The pair 164, 166 is similar 
to the pair 64, described above, however, the sensing tip 22 
now includes the pairs 168, 170; 172, 174; and 176, 178 
arranged progressively closer together and situated between 
the outer electrode pair 60, 62. 
0074. In such an embodiment, it may be possible to selec 
tively operate any of the electrode rings as a transmitting ring, 
but typically the electrode 60 would remain as the receiving 
electrode. In the example shown in FIG. 10, the electrode 170 
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would be selected as the optimal transmitting electrode for the 
LV 1016 and then the inner sensing electrode pair would 
comprise the electrodes 164 and 174. Therefore, numerous 
configurations of receiving, and sensing electrodes can be 
selectively chosen in order to obtain an optimal conductance 
signal, depending on the size of the LV (e.g. 16 or 1016). 
0075. Therefore, the system 10 enables the monitoring of 
a heart in a living organism by measuring both pressure and 
volume in a chamber of the heart, preferably the LV 16. The 
pressure and Volume measurements are acquired using a 
single sensing tip 22 and are communicated to a transmitting 
device 20 to be wirelessly transmitted to a receiving device 
26, wherein they are used to monitor the heart. The system 10 
may also incorporate a temperature measurement that can be 
transmitted with the Volume and pressure measurement to 
provide further data for monitoring. The system 10 may also 
extract an ECG signal from the volume measurement. This 
allows the monitoring of up to four signals that can be used to 
determine the health of a heart. 
0076. In addition to a compact design, the system 10 may 
also incorporate an energy saving timing scheme that reduces 
the power required per acquisition cycle and thus increases 
the operational lifetime of the transmitting device 20. 
0077. As noted above a calibration scheme and resistivity 
meter can also be incorporated into a system Such as system 
10. In yet another embodiment, shown in FIG. 11, catheter 22 
includes a resistivity sensor (generally numeral 200). In one 
implementation, resistivity sensor 200a comprises a series 
electrodes 202 arranged substantially parallel to the axis of 
the catheter 22. In another implementation, resistivity meter 
200b comprises a set of spaced apart rings 204, e.g. four. The 
spacing is such that D is less than the diameter of the rings 
204. The resulting field is thus small enough that it does not 
experience any significant effect from changing Volume. In 
general, the resistivity sensor 200 can be configured using any 
four electrodes spaced such that the distance apart of the 
further electrodes does not exceed the diameter of the cath 
eter. 

0078. The resistivity sensor 200 operates on a similar prin 
ciple to that of a conductance catheter. Four electrodes are 
deployed in series, and a constant current flows through the 
fluid. The current travels between the two outermost elec 
trodes 204. The two inner electrodes are used to sense the 
Voltage created by the resistance of the blood. By measuring 
Voltage and by applying a known current, the resistance can 
be obtained according to the relationship V=IR. 
0079. Using the configuration shown in FIG. 11, a con 
tinuous or as-needed resistivity measurement can be made, 
which in turn enables more accurate blood Volume measure 
mentS. 

0080. As noted above, the resistivity sensor 200 can be 
used to measure the Volume of any fluid, e.g. by considering 
the equation for a volume of fluid in a cylinder, namely 
V-pLG. This equation is a simplified version of the typical 
equation used to measure LV Volume, namely where C-1 and 
disregarding any correction factor for G. It has been found 
that if p changes in a cylindrical Volume, the Volume reading 
changes by a directly proportional amount, even though the 
Volume in the cylinder is actually the same. By using the 
resistivity sensor 200, the value for p can be changed at any 
time and to any desired degree, while not changing the value 
for the volume of the fluid. This enables the system to be 
calibrated using a known Volume, independent of the value 
for p. 
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I0081. It can therefore be seen that by incorporating a resis 
tivity sensor 200, an accurate and current resistivity value can 
be obtained in real time rather than relying on the accuracy of 
the latest measurement. Also, where resistivity measurements 
are obtained by drawing blood, significant discomfort can be 
avoided. Although two different variations of sensor 200 are 
shown, it will be appreciated that typically only one variation 
would be used. 
I0082. A schematic diagram of a volume measurement cir 
cuit 206 is shown in FIG. 12. The circuit 206 provides a 
comprehensive system for calibrating conductance signals 
for estimating blood volume, e.g. in an LV. The electric field 
distribution from a dipole catheter is a series of concentric 
rings emanating from the distal and proximal rings, as dis 
cussed above. Due to this configuration, the Voltage sensed by 
different ring segments 208 varies depending on where they 
are located in the field. The effect is similar to a line of 
listeners in front of a speaker: those is the front will hear a 
louder signal than those in the rear. 
I0083. In the circuit 206 shown in FIG. 12, each segment 
208 of the catheter 22 is assigned an individual gain and offset 
circuit 210. This enables a custom gain to be applied to each 
pair of rings. The effect of adjusting the gain is beneficial for 
both signals that may be too “weak” as well as those that 
could be too “strong. In either case, interpretation can be 
affected and thus compensating for Such effects improves the 
quality of the measurement. As can be seen in FIG. 12, the 
segments are Summed at stage 212 and a display 214, e.g. a 
PC monitor is used to view the volume measurement. 

I0084. In order to set the individual gains, a calibration 
fluid having a known conductance value can be used, which 
corresponds to the fluid being measured, (blood or other 
wise). This allows the signals to be normalized. In general, the 
catheter 22 is placed in a well containing a fluid of a known 
conductance value. The readings can then be displayed on an 
electronic display. The circuit then adjusts the gains for the 
individual segments such that the signals are all reading the 
same Voltage output for a given Solution. In addition to adjust 
ing Voltage amplitude, the circuit 206 can also adjust for 
baseline Voltage Such that all the signals have the same span 
and output for a given segmental Volume. The calibration 
fluid can also be used to calibrate the system 10 for linear 
output of Volume. By using a series of graduate Volumes, the 
output of the catheter 22 can be recorded as it moves from one 
Volume to the next. 

I0085. The calibration system can also use a series of wells 
into which is placed fluids of differing but know conductivi 
ties. This enables verification of the linearity of the system 10 
as it measures the value of conductance G for each solution. 
The Voltage outputs can be displayed in a plot to Verify 
linearity and hence accuracy of the system. 
I0086 FIGS. 13 and 14 illustrate two arrangements for 
calibrating the catheter 22 to account for the actual and vary 
ing sensitivity of the electrodes (60-66). 
I0087. In the arrangement shown in FIG. 13, two wells of 
known volume in a volume cuvette 220 are used to determine 
the volume calibration slope. In the example shown in FIG. 
13, a multi-segment control box 222 connected to the catheter 
22 provides a segmental output that is proportional to the 
volume of liquid defined by the diameter of the cylinder in the 
cuvette 220, and the spacing of each of the segments 208. As 
noted above, the p sensor 200 incorporated into the catheter 
22 can be used to compensate for any chance in p that may 
occur. By determining the value of p and incorporating Such 
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a value into the calibration measurement, it is possible to 
change the p value of the fluid being measured, without 
changing the output Voltage. The Volume measured is then 
independent of p. For this arrangement, the actual value of 
conductivity is not required. It can be seen that in this arrange 
ment, a correction factor can be maintained if it should 
change. 
0088. The control box 222 also includes the gain and offset 
circuitry 210, which is adjusted such that all the segments 208 
deliver the same voltage when in a given cuvette well. The 
gain/offset circuit 210 can be applied in the same way regard 
less of the method of calibration. For example, using 20 and 
50 ml volume wells, when placed in the 20 ml volume well, 
the following readings may be observed, shown in Table 1 
below: 

TABLE 1. 

Example calibration readings 

V (a) V (a) 
Segment 20 ml 50 ml 

Gain? Offset 
correction (a) 20 ml 

Gain? Offset 
correction (a) 50 ml 

1 2 6 -2 O 
2 O 3 -2 O 
3 5 8 -2 O 
4 3 5 -2 O 
5 -1 -2 -2 O 

0089. One concern is that with a +/-10 volt A/D 224, the 
range could be exceeded if the properties of the fluid change, 
e.g. when a saline bolus in injected to correct for parallel 
conductance caused by myocardial contribution. The system 
described herein enables the user to dial in the span and gain 
desired by the user and being suitable to a wide range of 
subjects. Thep sensor 200 in this arrangement would not need 
to be calibrated as it would not see a Volume change going 
from one cuvette well to another. The sensitivity of the p 
sensor 200 can be corrected however if it is not reading the 
correct values for the fluid. This can be done since in the 
arrangement shown, the p values are known for each fluid. 
Being able to account for varying electrode sensitivities can 
be beneficial for the accuracy of the measurements. 
0090. The output from the control box 222 is fed into an 
A/D converter 224 and the volume is calibrated according to 
the linear relationshipy-mx+b. Two of the cuvette wells, with 
known volumes, can thus be used to determine the value for 
m. In this arrangement, the value of p is being compensated 
for in the control box 222. It is also possible to output the 
value of p to the PC 214 and use it as a scaling factor for the 
Volume calibration. 

0091. In the arrangement shown in FIG. 14, an equal vol 
ume cuvette 230 can be used, which has a plurality of wells 
with equal volumes. To calibrate, a fluid having a known and 
precise value of conductance can be inserted into each well. In 
this arrangement, a control box 232 provides a segmental 
output that is proportional to the conductance of the liquid 
defined by the diameter of the cylinder (fluid well) and the 
spacing of each segment 208. Both the conductance and resis 
tivity voltages generated by the calibration fluids are sent 
from the control box to the PC 214, with the segmental output 
again being fed through A/D converter 224. The PC 214 
determines the slope for both the conductance G and the 
resistivity p and the values for each segment are Summed to 
provide G7. 
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0092 
formula 

The values of p and G are applied to the volume 

1 2 W = -pLi G. 
C 

Since both p and G have been obtained in a controlled and 
accurate method and can be monitored on an ongoing basis, 
the total Volume accuracy can be maintained. 
(0093. It will be appreciated that the calibration of the 
circuit 206 can be done prior to use of the catheter 22, but may 
also be configured to be performed periodically while the 
catheter 22 is deployed to enable real time calibration. In this 
way, a known Voltage can be used to represent a conductance 
level. 
0094. It has also been found that the position of a catheter 
or other measuring device can be determined by comparing 
the excitation and measured conductance waveforms using a 
phase angle detector. By comparing Such waveforms, it is 
possible to observe a phase shift between the two waveforms, 
which is caused by the capacitive nature of the myocardium. 
This is caused by the catheter being off-centred in the ven 
tricle. An AC waveform moving through a capacitor will incur 
a phase delay. Since blood is a purely resistive material, it 
does not add appreciably to the observed phase shift. As will 
be discussed below, it has been recognized that by Superim 
posing the sinusoidal electrode stimulation waveform with 
the sinusoidal sensed voltage waveform, the catheter elec 
trode position within the ventricle can be determined. 
0.095 The above can be incorporated into a real-time feed 
back Scheme that allows the use of Such a measurement of 
phase-angle to adjust the catheter electrode position so that 
they are in the optimum position within the ventricle. Opti 
mum positioning is obtained when the phase angle is at a 
minimum, indicating that the electric field is in a center posi 
tion that minimizes field incursion into the myocardium. 
(0096 Turning now to FIGS. 15 and 16, a sectional view of 
a ventricle 16 is shown. In FIG. 15, the sensing tip 22 of a 
catheter is offset or off-centred in the ventricle 16 and thus it 
can be seen that the excitation signal 202 is affected by the 
capacitive effect of the myocardium The sensed voltage 304 
is thus offset from the excitation signal 302 thus creating a 
phase angle 306 when the two waveforms are observed. It will 
be appreciated that the waveforms 302, 304 can be viewed 
using any monitoring equipment, e.g. in real-time measure 
ments, during calibration stages etc. FIG. 16 shows that by 
centering the sensing tip 22 in the Ventricle 16, the excitation 
signal 302 travel substantially through the blood rather than 
the capacitive myocardium 300 and thus the phase angle 306 
is minimized. Based on this observation, the waveforms 302, 
304 can be superimposed in a display as shown in FIGS. 15 
and 16 (e.g. using display 214 or terminal 52) to provide 
feedback to a user so that the positioning of the sensing tip 22 
can be adjusted until the phase angle 306 is minimized thus 
indicating when the sensing tip 22 is substantially centered. In 
another embodiment, the Zero-crossings of the waveforms 
can be compared to provide a numerical offset factor that can 
be observed as the sensing tip 22 is adjusted until this offset 
value is minimized. By providing such feedback, further 
accuracy of the Volume measurement can be attained. 
0097 Although the invention has been described with ref 
erence to certain specific embodiments, various modifica 
tions thereof will be apparent to those skilled in the art. 
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1. A sensing tip for measuring the Volume of a fluid com 
prising one or more electrodes for measuring said Volume and 
a resistivity sensor disposed on said tip in communication 
with said fluid to incorporate a current measurement of resis 
tivity during measurement of said Volume. 

2. The sensing tip according to claim 1 wherein said resis 
tivity sensor comprises a series of resistivity electrodes 
spaced from each other Such that a total distance between 
endmost ones of said resistivity electrodes does not exceed 
the diameter of said sensing tip. 

3. The sensing tip according to claim 2 wherein said resis 
tivity electrodes are diametrically spaced. 

4. The sensing tip according to claim 2 wherein said resis 
tivity electrodes are axially spaced. 

5. The sensing tip according to claim 1 configured for 
continuously obtaining said measurement of resistivity. 

6. A system for measuring Volume of a fluid comprising a 
sensing tip having a plurality of pairs of electrodes, each pair 
of electrodes being connected to a circuit to compensate for 
variations in sensitivity of respective pairs of electrodes 
according to the positioning of said respective pairs along 
said sensing tip. 

7. The system according to claim 6 wherein said circuit 
comprises individual gain and offset circuits to adjust the 
strength of a respective signal. 

8. The system according to claim 7 comprising an output 
for displaying said respective signal to facilitate adjustment 
of said gain and offset circuits. 

9. The system according to claim 6 comprising a control 
box for calibrating said sensing tip, said control box including 
again and offset circuit for each pair of electrodes to adjust 
the strength of a respective signal; and a monitor for display 
ing said respective signal to facilitate adjustment of said gain 
and offset circuits. 

10. The system according to claim 9 wherein said control 
box obtains a resistivity measurement from said sensing tip 
and incorporates a value of resistivity into a calibration mea 
Surement. 

11. The system according to claim 9 comprising a plurality 
of cuvettes for containing fluids of differing properties. 

12. A method for calibrating a sensing tip used for measur 
ing Volume of a fluid comprising inserting said sensing tip 
into a plurality of cuvettes containing fluids having differing 
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properties, and when in each well, said method comprises: 
obtaining a plurality of conductance signals using a plurality 
of electrodes on said sensing tip; adjusting said conductance 
signals to compensate for variations is sensitivity of said pairs 
of electrodes due to the positioning of said electrodes along 
said sensing tip; obtaining a measurement of resistivity; and 
using said conductance signals and said measurement of 
resistivity to calibrate said sensing tip. 

13. The method according to claim 12 wherein said differ 
ing properties comprises differing Volumes and said measure 
ment of resistivity is obtained using a resistivity measurement 
on said sensing tip. 

14. The method according to claim 12 wherein volume 
measurements obtained by said sensing tip are calibrated 
according to a linear relationship. 

15. The method according to claim 12 wherein said differ 
ing properties comprises differing known values of conduc 
tance and said method comprises providing a segmental out 
put that is proportional to the conductance of the fluid in the 
respective cuvette. 

16. A method for positioning a sensing tip disposed in a 
Ventricle comprising obtaining an excitation waveform gen 
erated by one pair of electrodes disposed on said sensing tip; 
obtaining a conductance waveform sensed by another pair of 
electrodes disposed on said sensing tip; comparing said wave 
forms to determine a phase shift between said waveforms: 
and adjusting said positioning until said phase shift is deemed 
acceptable. 

17. The method according to claim 16 wherein said com 
paring comprises Superimposing said waveforms to provide a 
visual indication of said phase shift. 

18. The method according to claim 16 wherein said phase 
shift is determined by comparing Zero-crossings of said 
waveforms. 

19. The method according to claim 16 performed in real 
time while said sensing tip is measuring Volume of fluid in 
said ventricle. 

20. The method according to claim 16 performed during a 
calibration operation. 


