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(57) ABSTRACT

The invention relates to a method and an apparatus for
estimating a P_,CO, value for a patient subject to extracor-
poreal circulation by means of an oxygenator. The method
comprises the steps of measuring a P_ CO, value in the
exhaust gas of the oxygenator and the patient’s arterial blood
temperature value T , using a temperature sensor arranged in
the oxygenator. The estimated P,CO, value is then calcu-
lated, based on the measured P, CO, value and the arterial
temperature measurement. Advantageously, an average
value determined from a predetermined number of recent
P CO, values is used in the calculation. The calculation is
performed by adding a correction term to the P, CO, value,
which is composed of a temperature dependent component
and an offset component. The correction term may be
adjusted by a user. The estimated P_,CO, value is presented
on a display. A switch provides easy alteration between
pH-stat mode and alpha-stat mode.
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METHOD AND APPARATUS FOR
ESTIMATING A PACO2 VALUE FOR A
PATIENT SUBJECT TO EXTRA CORPOREAL
CIRCULATION

TECHNICAL FIELD

[0001] The present invention relates in general to the field
of medical technology.

[0002] More specifically, the invention relates to a method
and an apparatus for estimating a P,CO, value representing
the arterial partial pressure of CO, for a patient subject to
extracorporeal circulation by means of an oxygenator.

BACKGROUND OF THE INVENTION

[0003] During cardiopulmonary bypass (CPB) there is a
need for reliable, accurate and instant estimates of the
arterial blood CO, tension (P,CO,) of the patient.

[0004] Currently, the regular practice for measuring
P CO, during cardiopulmonary bypass involves the manual
collection of intermittent blood samples, followed by a
separate analysis performed by a gas analyser. This approach
involves a substantial delay in the acquiring of data, as well
as undesirable manual steps.

[0005] Probes for inline blood gas measurements exist, but
they are expensive and thus not applicable for routine use.
[0006] A well known approach is to measure P, CO,, i.e.
the partial pressure of CO, in the exhaust gas output from the
oxygenator used in the extracorporeal circulation equip-
ment, and use this measurement as a direct estimate for
P,CO,.

[0007] Changes in temperature inevitably affect the acid-
base balance, and management of both pH and CO, is of
special concern during deep hypothermia. Two commonly
used management protocols or blood gas strategies are
known as the pH-stat strategy and the alpha-stat strategy.
According to the pH-stat strategy, pH is held constant, while
temperature and PCO, are allowed to change. In alpha-stat
strategy, PCO, is held constant while the temperature and
pH are allowed to change.

[0008] When operating according to the pH-stat strategy
the direct estimate approach, i.e. using P, CO, directly as an
estimate for P_CQ,, is appropriate.

[0009] Howevet, when operating according to the alpha-
stat strategy, the direct estimate approach leads to seriously
inaccurate results, in particular at deep hypothermia.
[0010] Several studies have been previously accom-
plished, relating to the problem of estimating P,CO, values
for a patient subject to extracorporeal circulation.

[0011] For instance, Potger et al, in the article Membrane
Oxygenator Exhaust Capnography for continuously estimat-
ing arterial carbone dioxide tension during cardiopulmonary
bypass (J. of the American Society of the American Society
of Extra-Corporeal Technology, 2003:35:218-223), reports
that a correlation has been found between the P,,CO, and a
temperature corrected P,CO,.

[0012] Likewise, M. J. O’Leary et. al: Oxygenator exhaust
capnography as an index of arterial carbon dioxide tension
during cardiopulmonary bypass using a membrane oxygen-
ator, (Br. I. of Anaesth 1999 82:(6):843-6), and the subse-
quent comments by W. M. Weightman et al. (Br. J. Anaesth.
2000 84: 536-537) discuss various relations between P,CO,,
P,.CO, and the body temperature of the patient.
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[0013] However, none of these publications actually dis-
close a practical, reliable, accurate and cost-effective method
and apparatus for estimating P,CO, values for a patient
subject to extracorporeal circulation.

SUMMARY OF THE INVENTION

[0014] An object of the present invention is to provide a
method and an apparatus for estimating a value (P,CO,)
representing the arterial partial pressure of CO, for a patient
subject to extracorporeal circulation by means of an oxy-
genator, which overcome the disadvantages of the prior art.
[0015] A particular object of the present invention is to
provide such a method and an apparatus which provide
accurate results, which is reliable, easy to operate, and which
is inexpensive with regard to manufacturing and use.
[0016] A further object of the invention is to provide such
a method and an apparatus which may be calibrated before
use, and which also may be adjusted by the user during
operation.

[0017] An additional object of the invention is to provide
such a method and an apparatus which utilizes already
present devices in the existing extracorporeal circulation
equipment, avoiding further components to come in contact
with the circulating blood of the patient.

[0018] Still another object of the invention is to provide
such a method and an apparatus which may be operated
according to pH-stat strategy or alpha-stat strategy, whereby
the alternation between the two operation modes may be
changed easily by the user.

[0019] The above objects and further advantages are
achieved by a method and an apparatus as set forth in the
appended set of claims.

[0020] Additional features and principles of the present
invention will be recognized from the detailed description
below.

[0021] It is to be understood that both the foregoing
general description and the following detailed description
are exemplary and explanatory only and not restrictive of the
invention, as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] The accompanying drawings illustrate a preferred
embodiment of the invention. In the drawings,

[0023] FIG. 1is a schematic block diagram illustrating an
apparatus according to the invention included in its operat-
ing environment, and

[0024] FIG. 2 is a schematic flow chart illustrating a
method according to the invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0025] Reference will now be made in detail to the present
invention, examples of which are illustrated in the accom-
panying drawings. Wherever possible, the same reference
numbers will be used throughout the drawings to refer to the
same or like parts.

[0026] FIG. 1 is a schematic block diagram illustrating an
apparatus according to the invention included in its operat-
ing environment.

[0027] The illustrated apparatus 300 is an apparatus for
estimating a P,CO, value, representing the arterial partial
pressure of CO, for a patient 100 subject to extracorporeal
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circulation by means of an oxygenator incorporated in the
extracorporeal circulator 200.

[0028] The apparatus 300 comprises a measuring device
314, in particular a CO, analyzer, for measuring a P, CO,—
value representing the partial pressure of CO, in the sub-
stantially continuous and laminar flow of exhaust gas which
is supplied by the oxygenator exhaust output 204.

[0029] The gas inlet of the CO, analyzer 314 is equipped
with a connector adapted for the releasable connection of a
disposable tube, which is equipped with a disposable water
trap 208, conveying exhaust gas from the oxygenator
exhaust output 204.

[0030] The CO, analyzer 314 comprises a CO, sensor,
which may be, e.g., based on measurements of the absorp-
tion of infrared radiation through a sample cell which
contains the gas to be analyzed. The CO, analyzer also
comprises electronic circuitry for signal processing. An
example of a CO, analyzer applicable for use with the
present invention is the Square One 2125 gas analyzer. A
disclosure of an appropriate CO, analyzer is also presented
in U.S. Pat. No. 5,932,877, which is hereby incorporated by
reference.

[0031] The apparatus is designed as a processor-based
instrument with a regular processor bus structure. As illus-
trated, a bus 302 is connected to a processing device 304, in
particular a microprocessor. The bus 302 is further con-
nected to a memory 306, comprising a program code portion
308, preferably contained in a non-volatile part of the
memory 306 such as an EEPROM or a Flash memory, and
a data portion 310, preferably contained in a volatile part of
the memory 306 such as a RAM. Advantageously, non-
executable data, such as parameters that should be main-
tained even if the power supply of the apparatus is switched
off, may also be held in the non-volatile part of the memory
306.

[0032] The processing device 304 is arranged to execute
the program code held in the program code portion 308 in
the memory 306. In particular, the program code comprises
instructions which cause the processor device 304 to per-
form the steps of the method according to the invention or
to perform actions which in turn causes the apparatus 300 to
perform the steps of the method according to the invention,
as described below in particular with reference to FIG. 2.
The coding of an appropriate program code implies an
ordinary task for a person skilled in the art, based on the
disclosure set forth in the present specification.

[0033] The processor device 304 is thus arranged to, when
executing the program code 308, to calculate the estimated
P,CO, value, dependent on the P, CO, value measured in
said exhaust gas, and a the temperature value T, of the
patient’s arterial blood temperature.

[0034] The apparatus advantageously comprises a low
pass filter, arranged for low pass filtering said P__CO, value
provided by the CO, analyzer 314. The aim of such a filter
is to reduce the effects of rapid fluctuations in the measured
P,.CO, value. This filter may be implemented in several
ways. For instance, it may be implemented as an analog TP
filter, reducing the most rapid changes in an analog signal
corresponding to the P, CO, value.

[0035] More advantageously, the LP filter is implemented
digitally, as the processing device 304 is arranged to calcu-
late an average value of a number of recently measured
P CO, values. This may again be implemented by putting
each incoming P, CO, value in a FIFO queue structure with
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a predetermined number N of elements, and by arranging the
processing device to read all elements in the FIFO data
structure, and to calculate a running average value for the
recent N P, CO, values. The number N may be selected by
the skilled person, based on, inter alia, the sampling rate of
the P, CO, readings. In an example embodiment, N=20.
[0036] The processing device 304 is further arranged to
perform the calculating of the estimated P,CO, value by
adding a correction value to the P_CO, value of partial
pressure in the exhaust gas.

[0037] The correction value is advantageously substan-
tially linearly dependent on said temperature value T,. In
particular, the correction value is calculated as a proportion-
ality constant (a), multiplied by the temperature value T,
206, added to an offset constant (b).

[0038] The proportionality constant (a) and the offset
constant (b) are advantageously generated in advance, by
means of a preceding calibration procedure. The constants
are then stored in a part of the memory 306, preferably in a
non-volatile part of the memory 306.

[0039] The apparatus 300 further comprises input devices
322 for operation by a user of the apparatus. In particular, the
apparatus 300 comprises an input device which is arranged
for setting or adjusting the proportionality constant (a) and
the offset constant (b). This input device may be embodied
as analog operating devices such as rotating buttons, or by
pushbuttons such as the keys of a keyboard, whereby the
user may, e.g., enter numerical values.

[0040] The input devices 322, the CO, analyzer 314 and a
temperature measurement adapter 324 are all connected to
an 1/O device 312, which in turn is connected to the internal
bus 302 of the apparatus 300.

[0041] The arterial temperature Ta is measured by means
of a temperature sensor 206, in particular a thermocouple,
which is inserted in the oxygenator in the extracorporeal
circulator 200, and thereby arranged to measure the arterial
blood temperature.

[0042] The temperature sensor 206 is connected to the
input of the temperature measurement adapter 324, which is
arranged to convert the sensor signal to a digital signal,
adapted to be read by the system bus 312.

[0043] The apparatus 300 advantageously comprises a
display adapter 316, connected to the bus 302 and further to
a display 318. The display 318 may e.g. be an LCD display.
[0044] The processing device 304 is further arranged to
display the estimated P,CO, value on the display 318.
[0045] The input devices 322 advantageously further com-
prise a mode switch (not illustrated). The operation of the
mode switch provides easy alteration between pH-stat mode
and alpha-stat mode. The processing device is arranged to,
when the mode switch is in pH-stat position, to present the
uncorrected P, CO, value on the display. The processing
device 1s further arranged to, when the mode switch is in the
alpha-stat position, to present the estimated (corrected)
P CO, valve on the display.

[0046] Alternatively, the processing device may be
arranged to set both constants a, b equal to zero when the
mode switch is determined to be in ph-stat position.
[0047] The input devices 322 may further comprise a start
button (not illustrated). The operation of the start button
initiates the estimating process according to the invention.
[0048] The processing device is advantageously arranged
to reiterate the steps of calculating estimated P,CO, values,
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each time using updated measurement values. This results in
a quasi-continuous process, repeatedly providing estimated
P, CO, values.

[0049] The input devices 322 also advantageously com-
prise a stop button (not illustrated). The processing device is
arranged to terminate the reiteration of the estimating pro-
cess upon the operation of the stop button.

[0050] A communication adapter 320 is connected to the
bus 302, enabling communication between the apparatus
300 and an operatively connected, external computer 400.
The computer 400 may advantageously also be operatively
connected to the extracorporeal circulating equipment 200.
[0051] Although not illustrated, the apparatus also com-
prises a power supply, a casing, connectors for gas and
electric signals, operating elements et cetera. The selection
and arrangement of such regular components, as well as the
constructional details leading to a complete, working appa-
ratus, may readily be performed by a person skilled in the
art, without inventive efforts. The skilled person will further
realize that the practical implementation of the apparatus
should aim at complying with the IEC 60601-1 standard,
published by the International Electrotechnical Commission
(IEC).

[0052] FIG. 2 is a schematic flow chart illustrating a
method according to the invention.

[0053] The method illustrated in FIG. 2 is preferably
performed as a microprocessor-implemented process,
advantageously by the processor device 304 illustrated in
FIG. 1.

[0054] The illustrated method is a method for estimating a
P CO, value representing the arterial partial pressure of CO,
for a patient subject to extracorporeal circulation by means
of an oxygenator in an extracorporeal circulator.

[0055] The method starts at the initiating step 502, e.g.
initiated by the operation of a start button included in the
operator input devices 322 illustrated in FIG. 1.

[0056] Next, in step 504, an arterial blood temperature
measurement T, is provided. Advantageously, this value is
acquired by use of a temperature sensor usually incorporated
in the extracorporeal circulating equipment 200.

[0057] Next, in step 506, a measurement P, CO, of the
partial pressure of CO, in the exhaust gas output 204 from
the oxygenator is provided.

[0058] It will be apparent to the skilled person that the
measurement steps 504 and 506 may be performed in the
opposite order, or even simultaneously or concurrently, if so
desired.

[0059] Advantageously, the P_CO, value is low pass
filtered. This is accomplished by the filtering steps 508 and
510. In step 508, the presently acquired P, .CO, value is put
in a FIFO queue data structure of e.g. N=20 elements. Then,
in step 510, the average or mean value of all the FIFO
elements are calculated. This leads to a LP filtered P, CO,
value identical to the mean value of the last N=20 acquired
instant values. This filtering reduces the effects of rapid
fluctuations in the instant P, CO, values.

[0060] Of course, the filtering may be omitted or replaced
by an alternative filtering process. As an example, another
calculating result than the plain arithmetic mean value may
be derived from the FIFO values. The resulting output may
rather be a weighted average, wherein the most recent
instant P, CO, values are weighted more dominantly than
the less recent instant values. Other possibilities exist within
the apprehension of the skilled person.
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[0061] 1In step 512 a proportionality constant (a) and an
offset constant (b) are provided, preferably fetched from a
memory 306. The constants may be pre-generated by a
preceding calibration procedure and then stored in the
memory. The constants may further advantageously be set or
adjusted by an input device included in the operator input
devices 322, as explained previously with reference to FIG.
1.

[0062] The calibration procedure for pre-generating the
constants a and b may be performed by the following
method:

[0063] For a number of different arterial blood tempera-
tures T, (e.g., 32°C., 35° C. and 38 °C.), and preferably also
for a number of different patients (e.g., 10 patients), the
P CO, values measured by the CO, analyzer is measured
and recorded. For each arterial blood temperature value T,
the corresponding “true” P,CO, value is also recorded,
provided by manual collection of a blood sample followed
by a separate analysis performed by a reference bloodgas
analyzer. This leads to a multiple data set of corresponding
values for temperatures, P, CO, and P, CO,. The values for
the constants a and b are then easily calculated by regular
linear regression, thus establishing the set of constant values
(a, b) that most properly fits the equation P,CO,=P,.CO,+
al +b.

[0064] Calibration values of the constants a and b maybe
recorded and supplied for downloading into a memory as
constant values associated with a specific oxygenator.
[0065] Subsequent to step 512 of providing pre-generated
constants a and b, the main calculating step 514 is per-
formed.

[0066] In this step, the estimated P,CO, value is estab-
lished by the formula

P,CO,=P,.CO, +aT,+b,

wherein P, CO, is the preferably averaged or filtered P CO,
measurement value, T, is the measured arterial blood tem-
perature and a, b are constants as explained above.

[0067] That is, the estimated P,CO, is calculated as the
P CO, value, corrected by adding to it a correction term
(T +b).

[0068] As can be seen of the formula, the correction value
is preferably linearly dependent on the arterial blood tem-
perature value (T,).

[0069] However, the skilled person will realize that other
models for providing a correction value exist, including
correction values provided as 2”?, 3™ or even higher order
polynomials of the arterial temperature value. In such cases,
a corresponding number of constants are evidently neces-
sary. Tests have however shown that a linear approximation
is appropriate for practical purposes.

[0070] Next, in step 516, the estimated P_CO, is presented
on a display.
[0071] Ifthe process is to be terminated, e.g. activated by

a pressed stop-button included in the operator input devices
322, the terminating step 520 is performed. Else, the process
is reiterated by returning to step 504.

[0072] Several modifications and adaptations of the
present invention will be apparent to those skilled in the art
from consideration of the specification and practice of the
invention disclosed herein.

[0073] For instance, although the apparatus is illustrated
as a complete instrument wherein the processing device, the
display and operating devices are all included, the skilled
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person will readily realize that alternative embodiments also
exist within the scope of the invention as defined in the
claims. The apparatus may thus be, e.g., embodied as a
virtual instrument operating on a general purpose computer
such as a PC, executing virtual instrument software such as
e.g. LabView, which is further configured in order to operate
according to the present invention. LabView is a computer
software product for a data acquisition and virtual instru-
mentation, manufactured by National Instruments Corp.,
which is well-known to a person skilled in the art. In this
case, the computer will either include or operatively be
connected to peripheral devices necessary to practice the
invention, in particular the CO, analyzer and an input port
for the arterial temperature signal T,. However, functions
such as the operating devices or switches may effortlessly be
implemented as software modules, operating in conjunction
with regular computer input devices such as a keyboard and
a mouse. The display 31S may correspondingly be substi-
tuted by a regular computer display.

[0074] The above detailed description of the invention has
been presented for purpose of illustration. It is not exhaus-
tive and does not limit the invention to the precise form
disclosed. Modifications and variations are possible in light
of the above teachings or may be acquired from the prac-
ticing of the invention.

1. Method for estimating a value (P_,CO,) representing the
arterial partial pressure of CO, for a patient subject to
extracorporeal circulation by means of an oxygenator, com-
prising the steps of:

measuring a value (P_ . CO,) representing the partial pres-

sure of CO, in the exhaust gas of the oxygenator,
measuring a temperature value (Ta) representing the
patient’s arterial blood temperature, and
calculating the estimated value (P,CO,) representing the
arterial partial pressure of CO,, dependent on said
value (P, CO,) representing said partial pressure of
CO, in said exhaust gas and said temperature value
(To).

2. Method according to claim 1,

wherein said value (P, CO,) representing the partial pres-
sure of CO, in said exhaust gas is low pass filtered,
reducing the effects of rapid fluctuations in the mea-
sured value.
3. Method according to claim 1 or 2, wherein said value
(P,.CO,) is calculated as an average value of a number of
recently measured values (P, CO,) of partial pressure in said
exhaust gas.
4. Method according to one of the claims 1-3, wherein
said step of calculating said estimated value (P,CO,) com-
prises
adding a correction value to the value (P,,CO,) of partial
pressure in said exhaust gas, said correction value
being substantially linearly dependent on said tempera-
ture value (T,).

5. Method according to claim 4,

wherein said correction value is calculated as a propor-
tionality constant (a) multiplied by the temperature
value (T,) added to an offset constant (b).

6. Method according to claim 5,

wherein said proportionality constant (a) and said offset
constant (b) are pre-generated by a calibration proce-
dure and stored in a memory.
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7. Method according to claim 5 or 6,

wherein said proportionality constant (a) and said offset
constant (b) may be set or adjusted by an input device.

8. Method according to one of the claims 1-7,

wherein said step of measuring the temperature value (T )
is performed by means of a temperature sensor
arranged in an extracorporeal circuit which comprises
said oxygenator.

9. Method according to one of the claims 1-8,

wherein said step of measuring the value (P,,CO,) rep-
resenting the partial pressure of CO, in the exhaust gas
of the oxygenator comprises exposing a substantially
continuous and laminar flow provided by the oxygen-
ator exhaust output to the input of a CO, sensor.

10. Method according to one of the claims 1-9, further
comprising the step of

displaying the estimated value (P, CO,) presenting the
arterial partial pressure of CO, on a display.

11. Method according to one of the claims 1-10, reiterated
as a pseudo-continuous process until the receipt of a stop
signal.

12. Apparatus for estimating a value (P,CO,) representing
the arterial partial pressure of CO, for a patient subject to
extracorporeal circulation by means of an oxygenator, com-
prising

a measuring device for measuring a value (P,.CO,)

representing the partial pressure of CO, in the exhaust
gas of the oxygenator,

a temperature measuring device for providing a tempera-
ture value (T,) representing the patient’s arterial blood
temperature, and

a processing device, arranged to perform the step of

calculating the estimated value (P,CO,) representing
the arterial partial pressure of CO,, dependent on
said value (P,,CO,) representing said partial pres-
sure of CO, in said exhaust gas and said temperature
value (T,) representing the patient’s arterial blood
temperature.

13. Apparatus according to claim 12, further comprising
a low pass filter, low pass filtering said value (P, CO,)
representing the partial pressure of CO, in said exhaust gas,
reducing the effects of rapid fluctuations in the measured
value.

14. Apparatus according to claim 12 or 13, wherein said
processing device is arranged to calculate the value
(P_CO,) as an average value of a number of recently
measured values (P, ,CO,) of partial pressure in said exhaust
gas.

15. Apparatus according to one of the claims 12-14,
wherein said processing device is arranged to perform said
step of calculating said estimated value (P,CQO,) by adding
a correction value to the value (P,,CO,) of partial pressure
in said exhaust gas, said correction value being substantially
linearly dependent on said temperature value (T ).

16. Apparatus according to claim 15,

wherein said processing device is arranged to calculate
said correction value as a proportionality constant (a)
multiplied by the temperature value (T,) added to an
offset constant (b).
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17. Apparatus according to claim 16,

wherein said proportionality constant (a) and said offset
constant (b) are pre-generated by a calibration proce-
dure and stored in a memory.

18. Apparatus according to claim 16 or 17, further com-

prising an input device,

wherein said processing device is arranged for setting or
adjusting said proportionality constant (a) and said
offset constant (b) by means of the input device.

19. Apparatus according to one of the claims 12-18,

wherein said temperature value (Ta) is measured by
means of a temperature sensor arranged in an extra-
corporeal circuit which comprises said oxygenator.

20. Apparatus according to one of the claims 12-19,

wherein said measuring device for measuring the value
(P,,CO,) representing the partial pressure of CO,in the
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exhaust gas of the oxygenator comprises a CO, sensor
arranged in conduit supplied by a substantially con-
tinuous and laminar flow provided by the oxygenator
exhaust output.

21. Apparatus according to one of the claims 12-20,
further comprising a display, wherein said processing unit is
further arranged to display the estimated value (P,CO,)
presenting the arterial partial pressure of CO, on said dis-
play.

22. Apparatus according to one of the claims 12-21,
further comprising a stop signal operating device, wherein
said processing device is arranged to reiterate said calculat-
ing step, using updated measurement values, until the receipt
of a stop signal from the stop signal operating device.
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