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DEVICE AND METHOD FOR DETERMINATION OF A CO2 PARTIAL
PRESSURE VALUE ON A BLOOD SIDE OF AN OXYGENATOR

[1] This present disclosure relates to a device and a method for determination of a
CO2 partial pressure value on a blood side of an oxygenator, an extracorporeal
membrane oxygenator system comprising said device, a cardiopulmonary bypass
comprising said device and said method in an extracorporeal membrane oxygenator

treatment or in a cardiopulmonary bypass comprising said method.

BACKGROUND

[2] Oxygenators, in particular membrane oxygenators, are commonly known for use
in cardiopulmonary bypass (CPB) systems or extracorporeal membrane oxygenation
(ECMO) systems. While CPB is a rather short-term technique to take over the function
of the heart and lungs during heart surgery, e.g. coronary bypass heart surgery, ECMO
is a simplified version that can be used for longer-term treatments of a range of cardiac
and pulmonary dysfunctions and for recovery. Both CPB and ECMO systems require an
oxygenator to add oxygen (02) to the patient’s blood and to remove carbon dioxide
(CO2) from the blood in order to mimic or assist the function of the patient’s lungs, i.e.
to allow the exchange of 02 and CO2 between the patient’s blood and a gas phase
inside the oxygenator to keep the levels of O2 and CO2 in the blood in a physiological
range. In a membrane oxygenator, exchange of O2 and CO2 is accomplished via a
semipermeable membrane which separates the blood side from the gas side inside the
oxygenator, while enabling the diffusion of 02 and CO2 across/through the membrane.
CO2 dissolved in the blood, in particular in the central arterial blood, plays a critical
role in the regulation of a variety of physiological functions such as respiratory rates
and reflex and maintenance of a normal pH in the blood of around 7.4. It is therefore
essential to monitor and/or control the partial pressure of CO2 (pCO2) in the patient’s

(central arterial) blood during therapy.
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[3] When a CPB system is used during surgery, the oxygenator is placed near to the
patient’s heart and lungs. Therefore, the pCO2 on the blood side of the oxygenator at
the outlet of the blood side of the oxygenator corresponds to the central arterial pCO2 of
the patient. The pCO2 value on the blood side at the outlet of the blood side of the
oxygenator can be estimated from a measurement of the pCO2 value on the gas side at
the outlet of the gas side of the oxygenator, wherein the estimation is based on a

characteristic map of the oxygenator type.

[4] Several types of ECMO are known in the art. In the most common types of
ECMO, blood is drained from a vein, then oxygenated in the extracorporeal membrane
oxygenator and then returned to either an artery (veno-arterial ECMO) or to a vein
(veno-venous ECMO) of the patient’s body. Depending on the type of ECMO, the
position of the vascular access or cannulation varies. In an ECMO which is not centrally
cannulated, the central arterial pCO2 cannot be deduced from measurements on the gas
side of the oxygenator. Therefore, during operation of such an ECMO system in the
clinic, the arterial pCO2 is usually monitored by intermittent sampling of the patient’s

arterial blood and measuring the pCO2 in each sample.

[5] A disadvantage of these methods is, however, that intermittent sampling is
cumbersome and also causes a delay in the measurement result, while estimation of the
pCO2 on the blood side at the outlet of the blood side of the oxygenator inevitably

involves inaccuracies which can have a negative impact on the patient’s health.

SUMMARY

[6] It is therefore an object of the presently disclosed technology to overcome or at
least mitigate the disadvantages of the prior art and in particular to provide a device and
a method which allow a fast, easy and more reliable or accurate determination of the

partial pressure of CO2 (pCO?2) in the patient’s blood.
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[7] The object is solved by a device according to the independent device claims and a
method according to the independent method claims. Preferred embodiments of the

device and the method are specified in the dependent claims.

[8] According to the present disclosure, the patient’s venous pCO?2 as an indicator
for the patient’s overall condition can be monitored, in particular during an ECMO
treatment, in addition to or instead of monitoring the central arterial pCO2 value.
During operation of an oxygenator, the inlet of the blood side is in fluid connection with
the patient’s venous system and the outlet of the blood side is either in fluid connection
with the patient’s venous or arterial system, depending on the type of treatment system.
While the outlet of the blood side of the oxygenator in a CPB is usually in fluid
connection with the patient’s arterial system, the outlet of the blood side in an ECMO
can be connected to either the patient’s venous or arterial system depending on the
ECMO type (veno-venous or veno-arterial). In any case, the pCO2 value to be
determined according to the presently disclosed technology is the pCO2 value of the
patient’s blood at the inlet of the blood side of the oxygenator. In all of the
aforementioned cases, the pCO2 value at the inlet of the blood side is the patient’s

venous pCO2.

[9] In an aspect of the presently disclosed technology, a device for determination of
a CO2 partial pressure value (pCO2 value) of blood on a blood side of an oxygenator is
provided, the device comprising: an oxygenator with a blood side, a gas side and a
semipermeable membrane, wherein the membrane separates the blood side from the gas
side, and the blood side and the gas side each has an inlet and an outlet, and, during
operation of the oxygenator, a gas flows into the inlet of the gas side to the outlet of a
gas side at a flow rate; a first sensor configured to measure pCO2 values in the gas of
(or on) the gas side; a control unit configured to process the measured pCO2 values of
the gas side and to determine a pCO2 value of blood on (or of) the blood side, in
particular a pCO2 value of blood at the inlet of the blood side or at the outlet of the
blood side, based on the measured pCO2 values of the gas side. In order to measure the
pCO2 values of the gas side, the first sensor can either be provided directly at or inside

the gas side of the oxygenator, i.e. at or upstream of the outlet of the gas side, or, at or
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inside a gas line connected to the gas side / the oxygenator, i.e. downstream of the outlet
of the gas side. The control unit determines the pCO2 value of blood on the blood side
during operation of the oxygenator, i.e. while the gas flows iﬁto the inlet of the gas side
to the outlet of the gas side and blood flows into the inlet of the blood side to the outlet
of the blood side, by calculating a change rate or change rate values of the pCO2 values
measured in the gas of the gas side, and, when or after the calculated change rate values
equal a>predetermined change rate value or fall within a predetermined change rate
value range at a predétermined (minimal) measuring distance, deducing the pCO2 value
of blood on the blood side from the pCO2 values which are measured in the gas of the
gas side when or after the calculated change rate values equal the predetermined change
rate value or fall within the predetermined change rate value range at said

predetermined (minimal) measuring distance.

[10] By calculating the change rate or change rate values, it is possible to determine
whether a diffusion equilibrium of CO2 between the gas side and the blood side has
been reached, namely if the change rate or change rate values is/are (approximately)

ZEro.

[11] The predetermined change rate value may ideally be zero, however, due to
measurement inaccuracies and/or measurement tolerances the predetermined change
rate value may also be an infinitesimal value. It may further be beneficial to specify a
predetermined change rate value range instead of a predetermined individual value,
wherein the predetermined change rate range includes the tolerance values around the
target value, e.g. zero, wherein the tolerance values depend on the particular measuring

equipment.

[12] When the equilibrium is reached, the measured pCO?2 value in the gas of/on the
gas side equals the pCO2 value of the blood on the blood side, at least at the measuring
point, i.e. at the position of the first sensor. This means, the pCO2 value of the blood on
the blood side can then be equated either to a specific single pCO2 value which is
measured in the gas of/on the gas side when or after the calculated change rate equals

the predetermined change rate value at said predetermined measuring distance, or to an
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average of all pCO2 values which are measured in the gas of the gas side when or after
the calculated change rate equals the predetermined change rate value or falls within the
predetermined change rate range at said predetermined measuring distance , or to an
average of a plurality of specific pCO2 values which are measured in the gas of the gas
side when or after the calculated change rate equals the predetermined change rate value
or falls within the predetermined change rate range at said predetermined measuring

distance, or any other combination of the above.

[13] In this way, a convenient, accurate and fast determination of a pCO2 value of
blood on the blood side of the oxygenator, in particular of the pCO2 value of blood at
the inlet or at the outlet of the blood side of the oxygenator, can be achieved which can
be used as an indicator value for the overall condition of the patient, which enables an
improvement for the patient’s treatment and health. Further, determination of the pCO2
value on the blood side during operation of the oxygenator means in particular that the
determination can be made during therapy of a patient. Moreover, the above described
device enables the determination of the pCO2 value on the blood side even in a case

where the gas exchange characteristics of the oxygenator are not exactly known.

[14] In a preferred embodiment, the change rate is a temporal change rate, i.e. a change
rate over time, and the predetermined measuring distance is a predetermined period of
time. This means the control unit can determine the pCO2 value on the blood side by
calculating a change rate of the measured pCO2 values of the gas side over time, and,
when or after the calculated change rate equals the predetermined change rate value for
a predetermined (minimal) period of time, deducing the pCO2 value of blood on the
blood side from the pCO2 values of the gas side which are measured during of after said

period of time.

[15] The predetermined period of time is a period of time after which it can be assumed
that no further change in the measured pCO?2 values of the gas side (beyond the
measuring tolerance / the predetermined change rate value range) will occur. The
predetermined period of time depends, inter alia, on flow velocities, the initial pCO2

value of the blood, sensor and membrane characteristics and is to be determined in
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advance for the device and the operating conditions. As a sensor for the pCO2

measurement in the gas, a nondispersive infrared sensor (NDIR sensor) can be used.

[16] In another preferred embodiment, the device comprises a second sensor
configured to measure CO2 partial pressure values of (or on) the gas side, wherein the
change rate is a change rate over location, in particular over a distance in a flow
direction of the gas, i.e. between the inlet of the gas side and the outlet of the gas side,
and the predetermined measuring distance is a predetermined local measuring distance
with the first sensor and the second sensor being positioned at the predetermined local
measuring distance. This means the control unit can determine the pCO2 value on the
blood side by calculating a change rate of the measured pCO2 values of the gas side
over a local distance, and, when or after the calculated change rate equals the
predetermined change rate value at a predetermined (minimal) local measuring distance,
deducing the pCO2 value of blood on the blood side from the pCO2 values of the gas
side which are measured when or after the calculated change rate equals the

predetermined change rate value at a predetermined local measuring distance.

[17] The predetermined local measuring distance is a local measuring distance at which
it can be assumed that no further change in the measured pCO2 values of the gas side
(beyond the measuring tolerance / the predetermined change rate value range) will

occur, i.e. a sufficient local distance between the first sensor and the second sensor.

[18] Said sufficient local distance depends, inter alia, on flow velocities, the initial
pCO2 value of the blood, sensor and membrane characteristics and is to be determined

in advance for the device and the operating conditions.

[19] Preferably, the control unit is further configured to stop the gas flow into the inlet
of the gas side, and the control unit stops the gas flow into the inlet of the gas side and
preferably out of the outlet of the gas side, e.g. by at least one valve at or upstream of
the inlet of the gas side and/or at or downstream of the outlet of the gas side, before
deducing the CO2 partial pressure value on the blood side, in particular before or during

calculating the change rate of the measured CO2 partial pressure values of the gas side
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over time. Preferably, the blood flow rate is maintained ﬁnchanged while the gas flow
rate is stopped, and more preferably, the blood flow rate is maintained at the therapy

flow rate.

[20] When the flow of gas into the inlet of the gas side is stopped, CO2 diffusing from
the blood side across/through the membrane into the gas side will accumulate in the gas
side until a diffusion equilibrium is reached, i.e. until the pCO2 on the gas side is equal
to the pCO2 value on the blood side. Since the blood on the blood side continues
flowing through the blood side of the oxygenator while the gas is held on the gas side,
the pCO2 value of the gas side equals the pCO2 value of the blood at the inlet of the
blood side when the diffusion equilibrium is reached. In other words, the pCO2 value
on/of the gas side at which the diffusion gradient of CO2 will become zero/infinitesimal
over a certain period of time is the maximum pCO2 value of the blood on the blood side
of the oxygenator, which is the pCO2 value of the (venous) blood at the inlet of the
blood side. This means further that the CO2 diffusion equilibrium inside the oxygenator
will be determined by the pCO2 value of the blood at the inlet of the blood side, since
the pCO2 value at the inlet of the blood side is the maximum value inside the
oxygenator, and therefore, the pCO2 value on the gas side will adjust to the pCO2 value

of the blood at the inlet of the blood side over a certain period of time.

[21] Further, while the flow of gas is stopped, the pCO2 values at the inlet of the gas
side and the outlet of the gas side will adjust to the same value due to diffusion. This
means, the pCO2 equilibrium value can be measured on the gas side at any point
between the inlet of the gas side and the outlet of the gas side (and even at a point
downstream of the outlet, if the flow of gas is stopped until this point), and a single
sensor is enough to determine the pCO2 value on the blood side, when the gas is
stopped until the pCO2 equilibrium is reached which is determined by calculation of the
change rate of the pCO2 values measured on the gas side over time by the single sensor.
After determination of the pCO2 value of the blood on the blood side, the control unit
can increase the gas flow rate back to the normal (therapy) flow rate to proceed or

continue the patient’s therapy.
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[22] Further preferably, the control unit is configured to adapt the flow rate of the gas
flow into the inlet of the gas side and the control unit gradually reduces the flow rate of
the gas flow into the inlet of the gas side, i.e. continuously or at predetermined time
intervals, until the calculated change rate over location equals the predetermined change
rate value or falls within the predetermined change rate range at the predetermined local
measuring distance. Preferably, the blood flow rate is maintained unchanged while the
gas flow rate is reduced, and more preferably, the blood flow rate is maintained at the
therapy flow rate. After determination of the pCO2 value of the blood on the blood side,
the control unit can increase the gas flow rate back to the normal (therapy) flow rate to

proceed or continue the patient’s therapy.

[23] When the gas flow through the gas side is reduced, in particular to a flow rate
lower than the blood flow rate, the gas on the gas side will remain for a longer time
inside the oxygenator than the blood on the blood side and CO2 diffusing from the
blood side to the gas side will accumulate on the gas side either up to a pCO2 value (or
a CO2 concentration) at which the diffusion gradient of CO2 between the blood side
and the gas side is zero / infinitesimal, i.e. until the diffusion equilibrium of CO2
between the blood side and the gas side is reached, or up to a pCO2 value at which the
diffusion gradient of CO2 is larger than zero / infinitesimal, i.e. the diffusion
equilibrium of CO2 between the blood side and the gas side is not reached, which is the
case when the gas is not held in the oxygenator long enough to reach the pCO2
equilibrium value, i.e. when the gas flow rate is too high and/or the membrane area /
oxygenator length is too short. With the first sensor and the second sensor being fixedly
positioned at the predetermined local measuring distance, the CO2 equilibrium will only
be reached at a certain sufficiently low gas flow rate. Said sufficiently low gas flow rate
is reached/found by the control unit gradually reducing the gas flow rate until the
calculated change rate between the pCO2 value measured by the first sensor and the
pCO2 value measured by the second sensor is zero / infinitesimal. In other words,
compared to the above case in which the gas flow is stopped, i.e. the flow rate is
reduced to zero, the waiting time until the calculated change rate becomes zero /
infinitesimal is substituted by the gradual reduction of the gas flow rate until the change

rate becomes zero / infinitesimal.



WO 2021/191429 PCT/EP2021/057962

[24] Further preferably, the control unit is configured to adapt the flow rate of the gas
flow into the inlet and reduces the flow rate of the gas flow into the inlet to a
predetermined reduced gas flow rate before deducing the CO2 partial pressure value on
the blood side, in particular before or during calculating the change rate of the measured
CO2 partial pressure values of the gas side, wherein, for calculating the change rate, the
CO2 partial pressure values of the gas side are measured at a validated point or within a
validated portion of the device, in particular of the gas side, for which validated point or
validated portion it has been (previously) proven that the CO2 partial pressure of the gas
side reaches a saturation value (at the maximum value inside the gas side, i.e. at the
equilibrium value) at the predetermined reduced gas flow rate. In this embodiment, both
the first sensor and the second sensor can be positioned within the validated portion in
order to calculate a change rate over location. Alternatively, only one single sensor can

provided within the validated porticn in order to calculate a change rate over time.

[25] As described above, the gas flow rate and the oxygenator length must be matched
in order to reach the diffusion equilibrium of CO2 inside the gas side of the oxygenator,
and the higher the gas flow rate is, the longer the oxygenator length must be. Prior to
therapy, it is therefore experimentally tested what length of the oxygenator is sufficient
in order to reach the CO2 diffusion equilibrium at the predetermined reduced flow rate.
The portion downstream of the sufficient length is the validated portion and can be a
portion of only the gas side (including the outlet of the gas side) or a portion comprising
at least the outlet of the gas side (and preferably a part of the gas side upstream of the

outlet) and a portion of the gas line downstream of the outlet.

[26]In a preferred embodiment, the gas side of the oxygenator is formed by a plurality
of hollow fibers through which the gas flows from the inlet to the outlet. The first sensor
is connected to the gas side via only a part (or subset) of the hollow fibers, i.e. the
sensor is not connected to all of the hollow fibers. In other words, the first sensor is
connected to only a part of the gas side. The part of hollow fibers, to which the first
sensor is connected, can be limited to a small amount of the plurality of fibers. Therein,

the first sensor can be connected to the part of the hollow fibers at a downstream end of
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the part of the hollow fibers or downstream of the downstream end of the part of the
hollow fibers. Thereby, the first sensor can measure CO2 partial pressure values of only
the part of the hollow fibers, but not of all of the hollow fibers. Further, the control unit
can process the measured CO2 partial pressure values of the part of the hollow fibers
determine a CO2 partial pressure value on the blood side based on the measured CO2
partial pressure values of the part of the hollow fibers. The control unit can determine
the CO2 partial pressure value on the blood side during operation of the oxygenator by
calculating a change rate of the measured CO2 partial pressure values of the part of the
hollow fibers, and, when or after the calculated change rate equals a predetermined
change rate value or falls within a predetermined change rate range at a predetermined
measuring distance, deduce the CO2 partial pressure value on the blood side from the
CO2 partial pressure values of the part of the hollow fibers which are measured when or
after the calculated change rate equals the predetermined change rate value or falls

within the predetermined change rate range at the predetermined measuring distance.

[27] A valve can be provided downstream of the first sensor, wherein the valve is
configured to stop or reduce the gas flow through the part of the hollow fibers and the
first sensor in a first state, and to release or increase the gas flow through the part of the

hollow fibers and the first sensor in a second state.

[28] When the change rate is a change rate over time and the predetermined measuring
distance is a predetermined period of time, the control unit can be configured to stop the
gas flow through the part of the hollow fibers by means of the valve. Therein, the
control unit stops the gas flow through the part of the hollow fibers before deducing the
CO2 partial pressure value on the blood side, in particular before or during calculating
the change rate of the measured CO2 partial pressure values of the part of the hollow

fibers.

[29] Alternatively, when the change rate is a change rate over time and the
predetermined measuring distance is a predetermined period of time, the control unit
can be configured to reduce the flow rate of the gas flow through the part of the hollow

fibers to a predetermined reduced gas flow rate by means of the valve before deducing

10
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the CO?2 partial pressure value on the blood side, in particular before or during
calculating the change rate of the measured CO2 partial pressure values of the part of
the hollow fibers. Therein, for calculating the change rate, a position at which the CO2
partial pressure values of the part of the hollow fibers are measured is a validated
position within the device, for which it has been proven that the CO2 partial pressure of
the part of the hollow fibers reaches a saturation value at the predetermined reduced gas

flow rate.

[30] By the first sensor being connected to only a part of the fibers which constitute the
gas side, it is possible to determine the CO2 partial pressure value on the blood side
without altering or interrupting the gas flow on the entire gas side. This means that
treatment of the patient can be maintained without interruption or substantial alteration,
while the CO2 partial pressure value on the blood side is determined. Since the fibers of
the gas side, to which the sensor is connected and through which the gas flow is stopped
or reduced for measuring purposes, constitute only a small part of the gas side, the gas
flow through the remaining major part of the gas side (i.e., all fibers of the plurality of
fibers to which the sensor and the valve are not connected) is left undisturbed during the
measurement of the CO2 partial pressure values and therapy of the patient is not

impaired.

[31] Preferably, in the case where the control unit gradually reduces the gas flow rate,
the control unit is further configured to adapt the proportion of CO2 in (or of) the gas
flow and the control unit increases the proportion of CO2 in (or of) the gas flow up to a
predetermined increased proportion of CO2, in particular when or while the control unit
reduces the flow rate. After determination of the pCO?2 value of the blood on the blood
side, the control unit can decrease the proportion of CO2 in the gas flow back to the
normal (therapy) proportion of CO2 in the gas flow to proceed or continue the patient’s

therapy.

[32] Further preferably, in the above described case in which either both sensors or a
single sensor is/are provided within the validated portion, the control unit is configured

to adapt the proportion of CO2 in (or of) the gas flow, wherein the control unit increases

11
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the proportion of CO2 in (or of) the gas flow up to a predetermined increased proportion
of CO2 before deducing the CO2 partial pressure value on the blood side, in particular
before, when or after the control unit reduces the flow rate to the predetermined reduced
flow rate, and wherein for the validated point or validated portion it has been
(previously) proven that the CO2 partial pressure of the gas side reaches the saturation
value (at the maximum value inside the gas side, i.e. at the equilibrium value) at the
predetermined reduced gas flow rate at the predetermined increased proportion of CO2.
After determination of the pCO2 value of the blood on the blood side, the control unit
can decrease the proportion of CO2 in the gas flow back to the normal (therapy)

proportion of CO2 in the gas flow to proceed or continue the patient’s therapy.

[33] By increasing the proportion of CO2 in the gas flow, the difference between the
pCO2 value of blood on the blood side at the inlet of the blood side, which is the
maximum pCO2 value inside the oxygenator, and the pCO2 value of the gas on the gas
side is reduced. In other words, the pCO2 gradient between the blood side and the gas
side is reduced and therefore, the period of time / the reduction amount of the flow rate
which is required to reach the diffusion equilibrium (approximately) is therefore
reduced as well. Consequently, the pCO2 value of blood on the blood side at the inlet of

the blood side can be determined faster.

[34] The pCO2 value in the gas with the predetermined increased proportion of CO2
should be just below the patient's venous pCO2 value, which is ideally about

46 mm/Hg. Hence the pCO2 value of gas with the predetermined increased proportion
of CO2 should be below 46 mm/Hg, preferably below 35 mm/Hg.

[35] In another aspect of the presently disclosed technology, a device for determination
of a CO2 partial pressure value on a blood side of an oxygenator is provided, the device
comprising: an oxygenator with a blood side, a gas side and a semipermeable
membrane, wherein the membrane separates the blood side from the gas side, the gas
side has an inlet and an outlet and, during operation of the oxygenator, a gas flow flows
into the inlet to the outlet at a flow rate; a first sensor configured to measure CO2 partial

pressure values of (or on) the gas side; a control unit configured to control the flow rate

12
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of the gas flow into the inlet and to process the measured CO2 partial pressure values of
the gas side and to determine a CO2 partial pressure value on (or of) the blood side
based on the measured CO2 parﬁal pressure values of the gas side, wherein the control
unit determines the CO2 partial pressure value on the blood side during operation of the
oxygenator by stopping the gas flow into the inlet (and preferably out of the outlet, e.g.
by valves), measuring at least one CO2 partial pressure value of the gas side when a
validated period of time after stopping the gas flow has lapsed, and deducing the CO2
partial pressure value on the blood side from the at least one CO2 partial pressure value
of the gas side that is measured when the validated period of time has lapsed, for which
validated period of time it has been (previously) proven that the CO2 partial pressure of
the gas side reaches a saturation value (at the maximum value inside the gas side, i.c.at

the equilibrium value).

[36] Also in this way, a convenient, accurate and fast determination of a pCO2 value of
blood on the blood side of the oxygenator, in particular of the pCO2 value of blood at
the inlet or at the outlet of the blood side of the oxygenator, can be obtained which can
be used as an indicator value for the overall condition of the patient, which enables an

improvement for the patient’s treatment and health.

[37] In yet another aspect of the presently disclosed technology, a device for
determination of a CO2 partial pressure value on a blood side of an oxygenator is
provided, comprising: an oxygenator comprising a blood side, a gas side and a
semipermeable membrane, wherein the membrane separates the blood side from the gas
side, the gas side has an inlet and an outlet, a gas flow flows into the inlet to the outlet at
a flow rate during operation of the oxygenator, and the gas side is formed by a plurality
of hollow fibers through which the gas flows from the inlet to the outlet; a first sensor
which is connected to a part of the plurality of hollow fibers of the gas side, preferably
at a downstream end of the part of the hollow fibers or downstream of the downstream
end of the part of the hollow fibers, wherein the first sensor is configured to measure
CO2 partial pressure values of the part of the hollow fibers; a valve which is provided
downstream of the first sensor, wherein the valve is configured to stop or reduce the gas

flow through the part of the hollow fibers in a first state and to release or increase the

13
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gas flow through the part of the hollow fibers in a second state; a control unit which is
configured to control the flow rate of the gas flow through the part of the hollow fibers
by means of the valve and to process the measured CO2 partial pressure values of the
part of the hollow fibers and to determine a CO2 partial pressure value on the blood side
based on the measured CO2 partial pressure values of the part of the hollow fibers.
Therein, the control unit determines the CO2 partial pressure value on the blood side
during operation of the oxygenator by stopping the gas flow through the part of the
hollow fibers by means of the valve, measuring at least one CO2 partial pressure value
of the part of the hollow fibers when a validated period of time after stopping the gas
flow has lapsed, and deducing the CO2 partial pressure value on the blood side from the
at least one CO2 partial pressure value of the part of the hollow fibers which is
measured when the validated period of time has lapsed, for which validated period of
time it has been proven that the CO2 partial pressure of the part of the hollow fibers of

the gas side reaches a saturation value.

[38] Also in this way, a convenient, accurate and fast determination of a pCO2 value of
blood on the blood side of the oxygenator can be obtained while leaving the treatment

of the patient substantially undisturbed.

[39] In yet another aspect of the presently disclosed technology, a device for
determination of a CO2 partial pressure value on a blood side of an oxygenator is
provided, the device comprising: an oxygenator with a blood side, a gas side and a
semipermeable membrane, wherein the membrane separates the blood side from the gas
side, the gas side has an inlet and an outlet and, during operation of the oxygenator, a
gas flow flows into the inlet to the outlet at a flow rate; a first sensor configured to
measure CO2 partial pressure values of (or on) the gas side ; a control unit configured to
control the flow rate of the gas flow into the inlet and to process the measured CO2
partial pressure values of the gas side and to determine a CO2 partial pressure value on
the blood side based on (or of) the measured CO2 partial pressure values of the gas side,
wherein the control unit determines the CO2 partial pressure value on the blood side
during operation of the oxygenator by reducing the flow rate of the gas flow into the

inlet of the gas side to a predetermined reduced gas flow rate, measuring at least one

14



WO 2021/191429 PCT/EP2021/057962

CO?2 partial pressure value of the gas side when a validated period of time after
reducing the flow rate to the predetermined reduced flow rate has lapsed and at a
validated point or within a validated portion of the device, in particular of the gas side,
and deducing the CO2 partial pressure value on the blood side from the at least one
CO?2 partial pressure value of the gas side that is measured at the validated point or
within the validated portion when the validated period of time has lapsed, for which
validated period of time and validated point or validated portion it has been (previously)
proven that the CO2 partial pressure of the gas side reaches a saturation value (at the

maximum value inside the gas side, i.e. at the equilibrium value).

[40] In this way as well, a convenient, accurate and fast determination of a pCO2 value
of blood on the blood side of the oxygenator, in particular of the pCO2 value of blood at
the inlet or at the outlet of the blood side of the oxygenator, can be obtained which can
be used as an indicator value for the overall condition of the patient, which enables an

improvement for the paticnt’s treatment and health.

[41] In yet another aspect of the presently disclosed technology, a device for
determination of a CO2 partial pressure value on a blood side of an oxygenator is
provided, comprising: the oxygenator comprising a blood side, a gas side and a
semipermeable membrane, wherein the membrane separates the blood side from the gas
side, the gas side has an inlet and an outlet, a gas flow flows into the inlet to the outlet at
a flow rate during operation of the oxygenator, and the gas side is formed by a plurality
of hollow fibers through which the gas flows from the inlet to the outlet; a first sensor
which is connected to a part of the plurality of hollow fibers of the gas side, preferably
at a downstream end of the part of the hollow fibers or downstream of the downstream
end of the part of hollow fibers, wherein the first sensor is configured to measure CO2
partial pressure values of the part of the hollow fibers of the gas side; a valve which is
provided downstream of the first sensor, wherein the valve is configured to stop or
reduce the gas flow through the part of the hollow fibers in a first state and to release or
increase the gas flow through the part of the hollow fibers in a second state; a control
unit which is configured to control the flow rate of the gas flow through the part of the

hollow fibers by means of the valve, and to process the measured CO2 partial pressure
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values of the part of the hollow fibers and to determine a CO2 partial pressure value on
the blood side based on the measured CO2 partial pressure values of the part of the
hollow fibers. Therein, the control unit determines the CO2 partial pressure value on the
blood side during operation of the oxygenator by reducing the flow rate of the gas flow
through the part of the hollow fibers by means of the valve to a predetermined reduced
gas flow rate, measuring at least one CO2 partial pressure value of the part of the
hollow fibers when a validated period of time after reducing the flow rate to the
predetermined reduced flow rate has lapsed and at a validated position, and deducing
the CO2 partial pressure value on the blood side from the at least one CO2 partial
pressure value of the part of the hollow fibers which is measured at the validated
position when the validated period of time has lapsed, for which validated period of
time and validated position it has been proven that the CO2 partial pressure of the

hollow fibers of the gas side reaches a saturation value.

[42] In this way as well, a convenient, accurate and fast determination of a pCO2 value
of blood on the blood side of the oxygenator can be obtained while leaving the

treatment of the patient substantially undisturbed.

[43] In all the above described devices, the control unit can determine the CO2 partial
pressure value on the blood side at predetermined time intervals and/or when a
predetermined operating condition occurs, e.g. in the event of a medical abnormality or
critical therapy values. In particular, when the calculated change rate and/or the
measured pCO2 values of the gas side is/are constantly or intermittently monitored and
the calculated change rate and/or the measured pCO2 values of the gas side fall(s)
below or exceed(s) a predetermined limit value, the control unit determines the pCO2

value on the blood side.

[44] Preferably, in all the above described devices, the first sensor is positioned inside
the oxygenator at the outlet of the gas side or (immediately) downstream of the outlet.
Positioning the first sensor, i.e. positioning the first measurement point, at the end of the
oxygenator membrane (seen in the direction of flow) or downstream of the end of the

oxygenator membrane ensures that the entire length of the oxygenator membrane is
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used for the diffusion equilibrium to be reached, which allows to keep oxygenator

dimensions as small as possible.

[45] Further preferably, in the cases where the change rate is to be measured over a
local distance, at least one of the first sensor and the second sensor, preferably the first

sensor and the second sensor, is/are positioned inside the oxygenator.

[46] Optionally, a main gas line is provided downstream of the outlet of the gas side
and a branch line branches off from the main line and one of the first sensor and the
second sensor is positioned on or at the branch line. Having the sensor arranged on a
branch line can solve or at least mitigate the problem of humidity during the pCO2

measurement.

[47] Preferably, in the above-described devices comprising the sensor which is
connected to only a part (or subset) of a plurality of hollow fibers constituting the gas
side, the part of the hollow fibers of the gas side to which the first sensor is connected,
is located, in a flow direction of the blood flow through the blood side, at the blood
inlet. This allows the determination of the venous pCO2 value. Alternatively, the part of
the hollow fibers of the gas side to which the first sensor is connected, can be located, in
a flow direction of the blood flow through the blood side, at the blood outlet. This
allows the determination of the arterial pCO2 value. It is also possible to provide the
device with two or more sensors, each of which being connected to only a part (or
subset) of the plurality of hollow fibers, at different positions in the direction of the
blood flow through the blood side in order to determine two or more different pCO2
values on the blood side. For example, a first sensor is located at the blood inlet and a
second sensor is located at the blood outlet so as to determine both the venous pCO2

value and the arterial pCO2 value.

[48] In a further preferred embodiment, the above-described devices form part of an
extracorporeal membrane oxygenation system (veno-venous or veno-arterial ECMO
system). In another preferred embodiment, the above-described devices form part of a

cardiopulmonary bypass system.
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[49] According to an aspect of the presently disclosed technology, a method for
determining a pCO2 value (of blood) on a blood side of an oxygenator of a device is
provided, the oxygenator comprising the blood side, a gas side and a semipermeable
membrane which separates the blood side from the gas side, wherein the blood side and
the gas side each has an inlet and an outlet and, during operation of the oxygenator, a
gas flow flows into the inlet of the gas side to the outlet of the gas side at a flow rate,

wherein the method comprises the steps:

- measuring pCO2 values in a gas of (or on) the gas side by means of a first sensor

of the device;

- processing the measured pCO2 values of the gas side and determining a pCO2
value (of blood) on (or of) the blood side, in particular at the inlet of the blood side or at
the outlet of the blood side, based on the pCO2 values measured in the gas of the gas

side by means of a control unit of the device,

- wherein the control unit determines the pCO2 value (of blood) on the blood side

during operation of the oxygenator by the further steps of

- calculating a change rate or change rate values of the pCO2 values measured in
the gas of the gas side, and, when or after the change rate or change rate values equal a
predetermined change rate value or fall within a predetermined change rate value range
at a predetermined measuring distance, deducing the pCO2 value (of blood) on the
blood side from the pCO2 values which are measured in the gas of the gas side when or
after the calculated change rate or calculated change rate values equal the predetermined
change rate value or fall within the predetermined change rate value range at the

predetermined measuring distance.

[50] Preferably, the change rate is a change rate over time and the predetermined

measuring distance is a predetermined period of time.
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[51] Preferably, the change rate is a change rate over location and the predetermined
measuring distance is a predetermined local measuring distance, wherein the CO2
partial pressure values of the gas side are measured at the predetermined local
measuring distance by means of the first sensor and a second sensor of the device, said
second sensor being positioned at the predetermined local measuring distance from the

first sensor.

[52] Preferably, the control unit determines the CO2 partial pressure value on the blood
side by the further step of stopping the gas flow into the inlet of the gas side before
deducing the CO2 partial pressure value on the blood side, in particular before or during

calculating the change rate of the measured CO2 partial pressure values of the gas side.

[53] Preferably, the control unit determines the CO2 partial pressure value on the blood
side by the further step of gradually reducing the flow rate of the gas flow into the inlet
of the gas side until the change rate over location equals the predetermined change rate
value or falls within a predetermined change rate range at the predetermined local

measuring distance.

[54] Preferably, the control unit determines the CO2 partial pressure value on the blood
side by the further step of reducing the gas flow into the inlet of the gas side to a
predetermined reduced gas flow rate before deducing the CO2 partial pressure value on
the blood side, in particular before or during calculating the change rate of the measured
CO2 partial pressure values of the gas side, wherein, for calculating the change rate, the
CO2 partial pressure values of the gas side are measured at a validated point or within a
validated portion of the device, in particular of the gas side, for which validated point or
validated portion it has been proven that the CO2 partial pressure reaches a saturation

value at the predetermined flow rate.

[55] In a preferred embodiment, the gas side is formed by a plurality of hollow fibers
through which the gas flows from the inlet to the outlet, and the first sensor is connected
to the gas side via only a part of the hollow fibers of the gas side, preferably at a

downstream end of the part of the hollow fibers or downstream of the downstream end
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of the hollow fibers. Further, in the step of measuring CO2 partial pressure values by
means of the first sensor, the CO2 partial pressure values of the part of the hollow fibers
are measured, in the step of processing the measured CO2 partial pressure values and
determining a CO?2 partial pressure value on the blood side based on the measured CO2
partial pressure values, the measured CO2 partial pressure values of the part of the
hollow fibers of the gas side are processed and the CO2 partial pressure value on the
blood side is determined based on the measured CO2 partial pressure values of the part
of the hollow fibers. Further, in the step of calculating a change rate of the measured
CO2 partial pressure values of the gas side, a change rate of the measured CO2 partial
pressure values of the part of the hollow fibers of the gas side is calculated, and in the
step of deducing the CO2 partial pressure value on the blood side from the measured
CO2 partial pressure values, the CO2 partial pressure value on the blood side is deduced
from the CO2 partial pressure values of the part of the hollow fibers which are
measured when or after the calculated change rate equals the predetermined change rate
value or falls within the predetermined change rate range at the predetermined

measuring distance.

[56] A valve can be provided downstream of the first sensor, wherein the valve is
configured to stop or reduce the gas flow through the part of the hollow fibers of the gas
side in a first state and to release or increase the gas flow through the part of the hollow

fibers in a second state.

[57] When the change rate is a change rate over time and the predetermined measuring
distance is a predetermined period of time, the control unit can determine the CO2
partial pressure value on the blood side by the further step of stopping the gas flow
through the part of the hollow fibers of the gas side by means of the valve before
deducing the CO2 partial pressure value on the blood side, in particular before or during
calculating the change rate of the measured CO2 partial pressure values of the part of

the hollow fibers.

[58] Alternatively, when the change rate is a change rate over time and the

predetermined measuring distance is a predetermined period of time, the control unit
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can determine the CO2 partial pressure value on the blood side by the further step of
reducing the gas flow through the part of the hollow fibers to a predetermined reduced
gas flow rate by means of the valve before deducing the CO2 partial pressure value on
the blood side, in particular before or during calculating the change rate of the measured
CO2 partial pressure values of the part of the hollow fibers, wherein, for calculating the
change rate, the CO2 partial pressure values of the part of the hollow fibers of the gas
side are measured at a validated position within the device for which it has been proven
that the CO2 partial pressure of the part of the hollow fibers reaches a saturation value

at the predetermined reduced gas flow rate.

[59] Further preferably, in the case where the control unit changes the gas flow rate
before deducing the CO2 partial pressure value on the blood side, i.e. stops the gas flow
into the inlet of the gas side or reduces the flow rate of the gas flow into the inlet of the
gas side (gradually or to a predetermined gas flow rate), the (current) pCO2 value in the
gas of (or on) the gas side is measured (directly/immediately) before the control unit

changes the gas flow rate.

[60] Preferably, the control unit determines the CO2 partial pressure value on the blood
side by the further step of increasing the proportion of CO2 in the gas flow up to a
predetermined proportion of CO2, in particular before stopping the gas flow or before,

when or while reducing the flow rate.

[61] Preferably, the control unit determines the CO2 partial pressure value on the blood
side by the further step of increasing the proportion of CO2 in the gas flow up to a
predetermined increased proportion of CO2 before deducing the CO2 partial pressure
value on the blood side, in particular before, when or after reducing the flow rate to the
predetermined reduced flow rate, wherein for the validated point or validated portion it
has been proven that the CO2 partial pressure reaches the saturation value at the

predetermined flow rate at the predetermined increased proportion of CO2.

[62] In another aspect of the presently disclosed technology, a method for determining

a CO2 partial pressure value on a blood side of an oxygenator of a device is provided,
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the oxygenator comprising the blood side, a gas side and a semipermeable membrane
which separates the blood side from the gas side, wherein the gas side has an inlet and
an outlet and, during operation of the oxygenator, a gas ﬂo_w’ﬂows into the inlet to the
outlet at a flow rate, the method comprising the steps: measuring at least one CO2
partial pressure value of (or on) the gas side by means of a first sensor of the device ;
processing the at least one measured CO2 partial pressure value of the gas side and
determining a CO2 partial pressure value on (or of) the blood side based on the at least
one measured CO2 partial pressure values of the gas side by means of a control unit of
the device; controlling the flow rate of the gas flow into the inlet of the gas side by
means of the control unit, wherein the control unit determines the CO2 partial pressure
value on the blood side during operation of the oxygenator by the further steps of
stopping the gas flow into the inlet of the gas side (and preferably out of the outlet of
the gas side, e.g. by valves), measuring the at least one CO2 partial pressure value of the
gas side when a validated period of time after stopping the gas flow has lapsed, and
deducing the CO2 partial pressure value on the blood side from the at least one CO2
partial pressure value of the gas side that is measured when the validated period of time
has lapsed, for which validated period of time it has been (previously) proven that the
CO2 partial pressure of the gas side reaches a saturation value (at the maximum value

inside the gas side, i.e. at the equilibrium value).

[63] In yet another aspect of the presently disclosed technology, a method for
determining a CO2 partial pressure value on a blood side of an oxygenator of a device is
provided, the device comprising: the oxygenator comprising the blood side, a gas side
and a semipermeable membrane which separates the blood side from the gas side,
wherein the gas side has an inlet and an outlet, a gas flow flows into the inlet to the
outlet at a flow rate during operation of the oxygenator, and the gas side is formed by a
plurality of hollow fibers through which the gas flows from the inlet to the outlet; a first
sensor which is connected to only a part of the plurality of hollow fibers of the gas side,
preferably at a downstream end of the part of the hollow fibers or downstream of the
downstream end of the hollow fibers, the first sensor being configured to measure CO2
partial pressure values of the part of the hollow fibers of the gas side; and a valve which

is provided downstream of the first sensor, the valve being configured to stop or reduce
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the gas flow through the part of the hollow fibers in a first state and to release or
increase the gas flow through the part of the hollow fibers in a second state, wherein the
method comprises the steps: controlling the flow rate of the gas flow through the part of
the hollow fibers by means of a control unit of the device; measu‘ring at least one CO2
partial pressure value of the part of the hollow fibers of the gas side by means of the
first sensor; processing the at least one measured CO2 partial pressure value of the part
of the hollow fibers and determining a CO2 partial pressure value on the blood side
based on the at least one measured CO?2 partial pressure value of the part of the hollow
fibers of the gas side by means of the control unit, wherein the control unit determines
the CO2 partial pressure value on the blood side during operation of the oxygenator by
the further steps of: stopping the gas flow through the part of the hollow fibers by
means of the valve, measuring the at least one CO2 partial pressure value of the part of
the hollow fibers when a validated period of time after stopping the gas flow has lapsed,
and deducing the CO2 partial pressure value on the blood side from the at least one
CO2 partial pressure value of the part of the hollow fibers which is measured when the
validated period of time has lapsed, for which validated petiod of time it has been
proven that the CO2 partial pressure of the part of the hollow fibers of the gas side

reaches a saturation value.

[64] In yet another aspect of the presently disclosed technology, a method for
determining a CO2 partial pressure value on a blood side of an oxygenator of a device is
provided, the oxygenator comprising the blood side, a gas side and a semipermeable
membrane which separates the blood side from the gas side, wherein the gas side has an
inlet and an outlet and, during operation of the oxygenator, a gas flow flows into the
inlet of the gas side to the outlet of the gas side at a flow rate, the method comprising
the steps: measuring at least one CO2 partial pressure value of (or on) the gas side by
means of a first sensor of the device; processing the at least one measured CO2 partial
pressure value of the gas side and determining a CO2 partial pressure value on (or of)
the blood side based on the at least one measured CO2 partial pressure values of the gas
side by means of a control unit of the device, controlling the flow rate of the gas flow
into the inlet of the gas side by means of the control unit, wherein the control unit

determines the CO2 partial pressure value on the blood side during operation of the
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oxygenator by the further steps of reducing the flow rate of the gas flow into the inlet of
the gas side to a predetermined reduced gas flow rate, measuring the at least one CO2
partial pressure value of the gas side when a validated period of time after reducing the
flow rate to the predetermined reduced flow rate has lapsed and at a validated point or
within a validated portion of the device, in particular of the gas side, and deducing the
CO2 partial pressure value on the blood side from the at least one CO2 partial pressure
value of the gas side that is measured at the validated point or within the validated
portion when the validated period of time has lapsed, for which validated period of time
and validated point or validated portion it has been (previously) proven that the CO2
partial pressure of the gas side reaches a saturation value (at the maximum value inside

the gas side, i.e. at the equilibrium value).

[65] In yet another aspect of the presently disclosed technology, a method for
determining a CO2 partial pressure value on a blood side of an oxygenator of a device is
provided, the device comprising: the oxygenator comprising the blood side, a gas side
and a semipermeable membrane which separates the blood side from the gas side,
wherein the gas side has an inlet and an outlet, a gas flow flows into the inlet to the
outlet at a flow rate during operation of the oxygenator, and the gas side is formed by a
plurality of hollow fibers through which the gas flows from the inlet to the outlet; a first
sensor which is connected to only a part of the plurality of hollow fibers of the gas side,
preferably at a downstream end of the part of the hollow fibers or downstream of the
downstream end of the part of the hollow fibers, the first sensor being configured to
measure CO2 partial pressure values of the part of the plurality of hollow fibers of the
gas side; and a valve which is provided downstream of the first sensor, wherein the
valve is configured to stop or reduce the gas flow through the part of the hollow fibers
in a first state and to release or increase the gas flow through the part of the plurality of
hollow fibers in a second state, wherein the method comprises the steps: controlling the
flow rate of the gas flow through the part of the hollow fibers by means of a control unit
of the device; measuring at least one CO2 partial pressure value of the part of the
hollow fibers by means of the first sensor; processing the at least one measured CO2
partial pressure value of the part of the hollow fibers and determining a CO2 partial

pressure value on the blood side based on the at least one measured CO2 partial
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pressure value of the part of the hollow fibers by means of the control unit, wherein the
control unit determines the CO2 partial pressure value on the blood side during
operation of the oxygenator by the further steps of: reducing the flow rate of the gas
flow through the part of the hollow fibers to a predet.ermined reduced gas flow rate,
measuring the at least one CO2 partial pressure value of the part of the hollow fibers
when a validated period of time after reducing the flow rate to the predetermined
reduced flow rate has lapsed and at a validated position within the device, and deducing
the CO2 partial pressure value on the blood side from the at least one CO2 partial
pressure value of the part of the hollow fibers which is measured at the validated
position when the validated period of time has lapsed, for which validated period of
time and validated position it has been proven that the CO2 partial pressure of the part

of the hollow fibers of the gas side reaches a saturation value.

[66] Preferably, in all the above aspects, the control unit determines the CO2 partial
pressure value on the blood side at predetermined time intervals and/or when a

predetermined operating condition occurs.

[67] In a preferred embodiment of the method, the first sensor is positioned inside the

oxygenator at the outlet of the gas side or downstream of the outlet.

[68] In a further preferred embodiment of the method, a main gas line is provided
downstream of the outlet of the gas side and a branch line branches off from the main

line and the first sensor is positioned on/at the branch line.

[69] Preferably, in the above-described methods in which the sensor is connected to
only a part of a plurality of hollow fibers constituting the gas side, the part of the hollow
fibers of the gas side to which the first sensor is connected, is located, in a flow
direction of the blood flow through the blood side, at the blood inlet. Alternatively, the
part of the hollow fibers of the gas side to which the first sensor is connected, can be
located, in a flow direction of the blood flow through the blood side, at the blood outlet.
It is also possible to provide two or more sensors, each of which being connected to

only a part of the plurality of hollow fibers, at different positions in the direction of the
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blood flow through the blood side. For example, a first sensor is located at the blood

inlet and a second sensor is located at the blood outlet.

[70] The above-described method can be carried out in an extracorporeal membrane
oxygenation treatment, preferably a veno-venous extracorporeal membrane oxygenation
treatment or a veno-arterial extracorporeal membrane oxygenation treatment. Further,

the above-described method can be carried out in a cardiopulmonary bypass treatment.

[71] The above-described devices are configured to carry out the above-described
methods and the above-described methods are designed to be carried out by the above-
described devices. Advantages and variants of the above-described devices apply to the

above-described methods accordingly.

BRIEF DESCRIPTION OF THE DRAWINGS

[72] The foregoing summary, as well as the following detailed description of
preferred embodiments, will be better understood when read in conjunction with the
appended drawings. For the purpose of illustrating the present disclosure, reference is
made to the drawings. The scope of the disclosure is not limited, however, to the

specific embodiments disclosed in the drawings. In the drawings:

Fig. 1 shows a schematic view of a device for determination of a pCO2 value on a
blood side of an oxygenator according to a first embodiment of the presently disclosed
technology;

Fig.2 shows a schematic view of a device for determination of a pCO2 value on a
blood side of an oxygenator according to a second embodiment of the presently
disclosed technology;

Fig. 3 shows a schematic view of a device for determination of a pCO2 value on a

blood side of an oxygenator according to a third embodiment of the presently disclosed

technology;
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Fig. 4 shows a diagram schematically illustrating the pCO2 value at a measuring point
on the gas side over time;

Fig. 5 shows shows a schematic view of a device for determination of a pCO2 value on
a blood side of an oxygenator according to a fourth embodiment of the presently
disclosed technology;

Fig. 6 shows a diagram schematically illustrating the value of the change rate over time
of pCO2 of the gas side over the length of the oxygenator at two different flow rates.
Fig. 7 shows a schematic view of a device for determination of a pCO2 value on a blood
side of an oxygenator according to a fifth embodiment of the presently disclosed

technology.

DETAILED DESCRIPTION

[73] Fig. 1 shows a schematic view of a device 1 for determination of a pCO2 value
of blood on a blood side 2 of an oxygenator 4 according to a first embodiment of the
presently disclosed technology. The device 1 comprises an oxygenator 4 with a blood
side 2, a gas side 6 and a semipermeable membrane 8 which separates the blood side 2
from the gas side 6. The device 1 further comprises a sensor 10 configured for
measuring a pCO2 value of gas on the gas side 6 and a control unit 12 configured for,
inter alia, controlling a gas flow rate of gas from a source (not shown), e.g. the medical
gas outlet in the hospital, into the gas side 6 of the oxygenator 4, a proportion of CO2 in
the gas flow, e.g. by controlling a valve unit (not shown) upstream of the oxygenator 4,
and for receiving and processing the pCO2 values measured by the sensor 10. The gas
side 6 of the oxygenator 4 has an inlet 14 and an outlet 16, and the blood side 2 has an
inlet 18 and an outlet 20. A main line 22 for conducting gas is connected to oxygenator

4 downstream of the outlet 16 of the gas side 6.

[74] The oxygenator 4 of the embodiment described above is operated in a cocurrent
mode, i.e. gas flowing into the inlet 14 of the gas side 6 and blood flowing into the inlet
18 of the blood side 2 are flowing in the same direction along the membrane 8 to their

respective outlets 16, 20. However, there can be other types of oxygenators with a
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different mode of operation that can be used according to the presently disclosed
technology. In any case, during operation of the oxygenator 4, CO2 contained/solved in
the blood which flows into and through the blood side 2 is to be extracted from the
blood by diffusion across/through the membrane 8 and into the gas which flows into
and through the gas side 6. To enable the diffusion of CO2 from the blood side to the
gas side, a CO2 diffusion gradient is required which means that the CO2 concentration
or the CO2 partial pressure (pCO2) in the gas needs to be lower than in the blood. At
the same time, O2 contained in the gas flowing into and through the gas side 6 is
supposed to diffuse across the membrane 8 and into the blood flowing into and through
the blood side 2, which requires an O2 diffusion gradient, i.e. the O2 concentration or
the O2 partial pressure (pO2) in the gas needs to be higher than in the blood. This way,

an exchange of 02 and CO2 between the gas side and the blood side is induced.

[75] During operation of the device 1, the inlet 18 of the blood side 2 is connected to
the patient’s venous system. This means, since the oxygenator 4 is supposed to take
over the function of the patient’s lungs, blood flowing into the blood side 2 at the inlet
18 of the blood side 2 has the highest concentration of CO2 or the highest pCO2 in the
patient’s blood circulation and the lowest concentration of O2 or the lowest pOZ2 in the
patient’s blood circulation, while blood flowing out of the blood side 2 at the outlet 20
of the blood side 2 has the lowest concentration of CO2 or the lowest pCO2 in the
patient’s blood circulation and the highest concentration of O2 or the highest pO2 in the
patient’s blood circulation. The outlet 20 of the blood side 2 can be connected to the

patient’s venous or arterial system, depending on the type of treatment.

[76] To determine the patient’s CO2 overall condition, according to the presently
disclosed technology, the pCO2 value of the venous blood at the inlet 18 of the blood
side 2 can be used as an indicator. To determine said pCO2 value at the inlet 18 of the
blood side 2, the gas flow is significantly reduced to a predetermined reduced gas flow
rate or completely stopped, i.e. reduced to zero. At the same time, the blood flow
through the blood side 2 is maintained, e.g. at the normal therapy flow rate. The CO2
dissolved in the blood, which proceeds flowing through the blood side 2, now diffuses

across the membrane 8 into the gas, which is held on the gas side 6 (for a longer time
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compared to normal therapy flow rate), and accumulates in the gas until the CO2
diffusion gradient becomes zero (or infinitesimal). In the case where the gas flow into
the inlet 16 of the gas side 6 is completely stopped (e.g. by valves at or upstream of the
inlet 14 and/or at or downstream of the outlet 16), after a certain time, the CO2
diffusion gradient becomes zero in the entire gas side 6, i.e. over the entire length of the
oxygenator 4 or, in other words, over the entire longitudinal section between the inlet 14
of the gas side 6 and the outlet 16 of the gas side, due to diffusion inside the gas side 6.
In the case where the gas flow into the inlet 16 of the gas side 6 is reduced to the
predetermined reduced gas flow rate, after a certain time, the CO2 diffusion gradient
becomes zero only over a certain longitudinal section between the inlet 14 of the gas
side 6 and the outlet 16 of the gas side depending on the particular reduced gas flow
rate. The section over which the diffusion gradient will become reliably zero after a
certain time at the predetermined reduced gas flow rate, is the validated portion of the
gas side. This means that, prior to therapy, it has been experimentally proven for said
section at said reduced flow rate that the diffusion gradient would become zero after a
certain time. The validated portion can extend beyond the outlet 16 of the gas side 6 into
the connected main line 22, since the pCO?2 value downstream of the outlet 16 is
constant and has the same value as at the outlet 16 of the gas side 6, while the outlet 16
itself must be within the validated portion to ensure sufficient length of the oxygenator

to reach the CO2 diffusion equilibrium inside the oxygenator 4.

[77]  Therefore, in order to determine or to measure that the pCO2 equilibrium on the
gas side is reached, in the case where the gas flow into the inlet 14 is stopped, the sensor
10 can be positioned at the inlet 14, at the outlet 16 or anywhere between the inlet 14
and the outlet 16, and in the case where the gas flow is reduced to the predetermined gas
flow rate, the sensor 10 can be positioned within the validated portion of the gas side.
Then, after the gas flow has been stopped or reduced by the control unit 12, the pCO2
value on/of the gas side 6 is measured by the sensor 10 and the control unit 12 receives
and processes the pCO2 values measured by the sensor 10 and deduces the pCO2 value
on the inlet 18 of the blood side 2 from the pCO2 values measured by the sensor 12 on
the gas side 6 by calculating a change rate of the pCO2 values measured by the sensor

10 over time in order to determine if the diffusion equilibrium of CO2 across/through
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the membrane 8 has been reached. The equilibrium is reached when the change rate is

(approximately) zero or infinitesimal (and does not change for a predetermined period

of time after which it can be assumed that no further change in the change rate occurs),
this means the pCO2 value measured on the gas side 6 when or after the equilibrium is
reached corresponds to the pCO2 value of blood at the inlet 18 of the blood side 2 and,
the other way round, the pCO2 value of blood at the inlet 18 of the blood side 2, i.e. of
the patient’s venous blood, is identical to the pCO2 value measured by the sensor 10

of/on the gas side 6.

[78]  After the equilibrium is reached and after the pCO2 value at the inlet 18 of the
blood side 2 is determined, the flow rate of gas into the inlet 14 of the gas side 6 can be
increased to the normal therapy gas flow rate in order to continue or proceed with the
normal oxygenation treatment. The above described determination of the pCO2 value at
the inlet 18 of the blood side 2 can be repeated as often as necessary during the patient’s

treatment, e.g. at regular intervals, for close monitoring of the patient’s condition.

[79] To accelerate the CO2 diffusion equilibrium, the control unit 12 can increase the
proportion of CO2 in the gas flowing into the inlet 14 of the gas side 6 up to a
predetermined increased proportion of CO2 before or during the calculation of the
change rate of the pCO2 values measured on the gas side 6 is or at least before deducing

the pCO2 value on the blood side 2 is started.

[80] In a preferred embodiment, the proportion of CO2 in the gas flow is increased
before the gas flow rate is reduced or stopped. In particular, after the proportion of CO2
in the gas flow has been increased, the gas flow is only reduced or stopped after a
specific period of time, which is the time it takes for the gas to flow from the inlet 14 to

the outlet 16.

[81] In the first embodiment of the device 1 as shown in Fig. 1, the sensor 10 is

provided inside the oxygenator 4 on the gas side 6 directly at the outlet 16.
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[82] A second embodiment of the device 1 according to the presently disclosed
technology is shown in Fig. 2. The embodiment shown in Fig. 2 corresponds to the
above-described embodiment shown in Fig. 1 with the difference that the sensor 10 is
not provided inside the oxygenator 4, but downstream of the outlet 16 of the gas side 6
in or at the main line 22, which facilitates the construction and the maintenance of the
device 1. In the case where the gas flow into the inlet 14 of the gas side 6 is stopped and
valves are used, the valve downstream of the outlet 16 is positioned downstream of the

sensor 10.

[83] A third embodiment of the device 1 according to the presently disclosed
technology is shown in Fig. 3. The embodiment shown in Fig. 3 corresponds to the
above-described embodiment shown in Fig. 2 with the difference that the sensor 10 is
not provided in or on the main line 22, but in or on a branch line 24 that branches off
from the main line 22, which can facilitate the measurement of pCO2 at high humidity
levels. In the case where the gas flow into the inlet 14 of the gas side 6 is stopped and
valves are used, two valves are positioned downstream of the outlet 16, one being at or
downstream of the branch point at the main line 22 and one being downstream of the

sensor 10 at the branch line 24.

[84] Fig. 4 shows a diagram that schematically illustrates the pCO2 value measured
by the sensor 10 over time t, after the gas flow rate is reduced to a predetermined
reduced gas flow rate or completely stopped, wherein in the case where the gas flow is
reduced, the sensor 10 is positioned within the validated portion of the device 1. The gas
flow rate is reduced or stopped at time t0. Until time t1, the measured pCO2 value
remains constant. (In the case where the gas flow is stopped, the time interval between
t0 and t1 can be approximately zero, depending on the position of the sensor 10 and the
diffusion rate inside the gas side 6.) At time t1, the pCO2 value rises up to a maximum
that is reached at time t2. After time t2, the measured pCO2 value remains
(approximately) constant, which is why at time 3 the measured pCO2 value is the same
as the pCO2 value measured at time t2, i.e. the calculated pCO2 change rate value
between time t2 and time t3 is zero / infinitesimal. The constant pCO2 value measured

at and after time t2 is the pCO2 equilibrium value on the gas side which corresponds to
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the pCO2 value at the inlet 18 of the blood side 2, i.e. the pCO2 value of the patient’s

venous blood.

[85] Itis noted that the measurement curve shown in Fig. 4 is of a purely schematic
nature and the slopes and the linear sections between the times t0 and t3 can vary

depending on the type of oxygenator, and/or the flow rates of both blood and gas.

[86] Depending on the oxygenator type, in particular the membrane type, and the
flow rates of blood and gas through the oxygenator 4, time t2, i.e. the CO2 diffusion
equilibrium, is reached in a shorter or longer period of time. Similar to the validated
portion of the device 1, a validated period of time after the gas flow is stopped or
reduced can be determined by experiment prior to therapy use of the oxygenator,
wherein the validated period of time is the period of time that is proven sufficient to
reach the pCO2 equilibrium on the gas side 6. If the gas flow is stopped and the
validated period of time after the gas flow has been stopped has lapsed, a single
measurement of the pCO2 value of the gas side is sufficient for the determination of the
pCO2 value on the blood side 2, since it has been proven that after the validated period
of time the pCO2 equilibrium is reached and therefore, a change rate does not have to
be calculated. If the gas flow is reduced to the predetermined reduced gas flow rate, the

validated period of time is to be determined for the validated portion.

[87] A fourth embodiment of the device 1 according to the presently disclosed
technology is shown in Fig. 5. The embodiment shown in Fig. 5 corresponds to the
above-described embodiment shown in Fig. 1 with the difference that in addition to the
first sensor 10, a second sensor 11 is provided inside the gas side 6 of the oxygenator 4.
By means of the two sensors 10, 11, a pCO2 change rate value over location can be
determined, i.e. the local change rate value of pCO2 between the second sensor 11 and
the first sensor 10. To determine the pCO2 value on the blood side 2, the control unit 12
can gradually reduce the flow rate of gas into the inlet 14 of the oxygenator 4, until the
local change rate value of pCO2 between the second sensor 11 and the first sensor 10 is
zero / infinitesimal. By this mode of operation, a validated portion does not have to be

known, as becomes clearer in view of Fig. 6.
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[88] Fig. 6 shows a diagram schematically illustrating the dCO2/dt value, which is
the change rate value over time of pCO2 of the gas side, over the length | of the
oxygenator at two different flow rates f1 and 2. Flow rate {1, shown with the solid line,
is higher than flow rate f2, shown with the dashed line. Generally, when the flow rate of
gas is reduced to a reduced flow rate, the change rate of pCO2 over time will become
zero / infinitesimal, i.e. the pCO2 equilibrium value will be reached, at or downstream
of a certain longitudinal section of the oxygenator 4 (provided the oxygenator 4 is
sufficiently long). However, said certain longitudinal section of the oxygenator 4
depends on the particular flow rate and is shorter (seen in flow direction) for a lower
flow rate and longer for a higher flow rate. Therefore, with regard to the flow rates f1
and 2, the longitudinal section 11 of the oxygenator 4 at which the dCO2/dt value
becomes zero / infinitesimal at the lower flow rate f2, is shorter than or upstream of the
longitudinal section 12 at which the dCO2/dt value becomes zero / infinitesimal at the
higher flow rate 2. With regard to the operating mode as described along with Fig. 5
and the two sensors 10, 11 being fixedly positioned inside/at the gas side 6 of the
oxygenator 4, there is a certain gas flow rate at which the two sensors 10, 11 are
positioned at or downstream of the certain longitudinal section of the oxygenator 4 at
which the dCO2/dt value becomes zero / infinitesimal, and this certain flow rate can be
found by gradually reducing the gas flow rate until the local change rate value of pCO2
between the sensors 10, 11 is zero / infinitesimal. As an example, when the first sensor
10 is positioned at the outlet 16 and the second sensor 11 is positioned at the
longitudinal section 11, and the control unit 12 starts gradually reducing the gas flow
rate at the flow rate f1, the flow rate at which the local change rate becomes zero is the

flow rate 2.

[89] As an alternative to the device 1 as shown in Fig. 5, the first sensor 10 can be
positioned downstream of the outlet 16, e.g. as shown in Figs. 2 and 3, and the second
sensor 11 can be positioned anywhere downstream of the inlet 14 and upstream of or at
the outlet 16. However, reducing the flow rate until the change rate becomes zero /

infinitesimal will be accelerated when the second sensor 11 is positioned close to the
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outlet 16 (and yet at least at the predetermined local measuring distance from the outlet

16).

[90]  As an alternative mode of operation, the flow rate of gas into the inlet 14 can be
reduced to a predetermined flow rate with the two sensors 10, 11 being both positioned
within the validated portion of the device 1, wherein the validated portion is validated

for the predetermined flow rate. Gradually reducing the flow is then not necessary.

[91] A fifth embodiment of the device 1 according to the presently disclosed
technology is schematically shown in Fig. 7. It is schematically indicated that the gas
side of the oxygenator 4 is constituted by a plurality of fibers 26. The fibers 26 are
hollow fibers formed by the semipermeable membrane. The gas side of the oxygenator
is located inside the hollow fibers, while the blood side of the oxygenator 4 is located
outside the hollow fibers and extends around the hollow fibers. During operation of the
oxygenator 4, the gas flow (indicated by arrows a) enters the oxygenator 4 at the gas
inlet 14 and flows through each of the fibers 26 towards the gas outlet 16 and exits the
oxygenator 4 at the gas outlet 16. The blood flow (indicated by arrows b) enters the
oxygenator 4 at the blood inlet 18 and flows between the fibers 26, so that the blood
flow flows around the fibers 26, towards the blood outlet 20 and exits the oxygenator 4
at the blood outlet 20.

[92] The fifth embodiment differs from the afore-described embodiments in that the
sensor 10 is connected to only a part (or subset) of the plurality of fibers 26 constituting
the gas side, but not to all of the fibers 26 constituting the gas side. The part of the fibers
26, to which the sensor 10 is connected, is illustrated as a selected fiber bundle 30. The
sensor 10 is provided at the downstream side of the fiber bundle 30 such that the gas
flow flows through the entire length (in flow direction) of the fiber bundle 30 before
flowing into the sensor 10 and finally leaving the oxygenator 4 via the gas outlet 16. A
shut-off or throttle valve 28 is provided downstream of the sensor 10 such that the gas
flow through the fiber bundle 30 and the sensor 10 can be stopped or reduced. In this
way, the gas flow can be stopped or reduced in the fiber bundle 30, while the gas flow

proceeds flowing through the remaining fibers 26 without being stopped or reduced. In
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other words, the gas flow through only the fiber bundle 30 can be stopped or reduced
for measuring purposes by the valve 28, while leaving the gas flow through the

remaining fibers 26 undisturbed.

[93]  The specific position of the fiber bundle 30 in the direction of the blood flow,
i.e. the specific position of the fiber bundle 30 between the blood inlet 18 and the blood
outlet 20, can be selected in accordance with the measuring purposes. In the
embodiment shown in Fig. 7, the fiber bundle 30 is located at or near the blood inlet 18
so that the venous pCO2 value of the blood side can be determined. In another
embodiment (not shown), the fiber bundle 30 can be located at or near the blood outlet
20 so that the arterial pCO2 value of the blood side can be determined. It is also
possible to provide at least two fiber bundles at different positions, each of which
connected to a sensor and a valve in the above-described manner, so that a pCO2 value
of the blood side can be determined for at least two different positions. For example,
one fiber bundle can be located at or near the blood inlet 18 and another fiber bundle
can be located at or near the blood outlet 20 so that both the venous pCO2 and the

arterial pCO2of the blood side can be determined.
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