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METHOD, APPARATUS AND SOFTWARE
PROGRAM FOR MEASUREMENT OF A
PARAMETER RELATING TO A HEART-LUNG
SYSTEM OF A MAMMAL

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 60/524,190, filed on Nov. 20, 2003, the con-
tents of which are incorporated herein by reference.

TECHNICAL FIELD

The present invention relates to a method, apparatus and
software program for measuring a parameter relating to the
heart-lung system of a mammal. Parameters relating to the
heart-lung system of a mammal are the cardiac output, the
heart-lung volume or other parameters proportional to the
cardiac output and/or to the heart-lung volume.

The method, apparatus and software program of the inven-
tion can be used for instance for measuring the cardiac output
and/or the heart-lung volume when a mammal is connected to
a blood treatment equipment.

PRIOR ART

There are several types of treatments in which blood is
taken out of a live body in an extracorporeal blood circuit.
Such treatments involve, for example, hemodialysis, hemo-
filtration, hemodiafiltration, plasmapheresis, blood compo-
nent separation, blood oxygenation, etc. Normally, blood is
removed from a blood vessel at a blood access and returned to
another or to the same blood vessel.

In hemodialysis and similar treatments, a blood access is
commonly surgically created in the nature of an arterio-
venous shunt, commonly referred to as a fistula. Blood
needles are inserted into the fistula. Blood is taken out from
the fistula via a needle at an upstream position and blood is
returned to the fistula via a needle at a downstream position.

The arterio-venous shunt or fistula is a blood access having
capability of providing a high blood flow rate and being
operative during several years and, in some instances perhaps
even tens of years. It is produced by operatively connecting,
for example, the radial artery to the cephalic vein at the level
of the forearm. The venous limb of the fistula thickens during
the course of several months, permitting repeated insertion of
dialysis needles.

An alternative blood access to the fistula is the arterio-
venous graft, in which a connection is generated from, for
example, the radial artery at the wrist to the basilic vein. The
connection is made with a tube graft made from e.g. autog-
enous saphenous vein or from polytetrafluoroethylene
(PTFE, Teflon). The needles are inserted into the graft.

A further example of a blood access is a dual-lumen cath-
eter surgically implanted into one of the large veins.

Further types of blood access find use in specific situations,
like a no-needle arterio-venous graft consisting of a T-tube
linked to a standard PTFE graft. The T-tube may be implanted
in the skin. Vascular access may be obtained either by
unscrewing a plastic plug or by puncturing a septum of said
T-tube with a needle. Other methods are also known.

It is known in the art to measure different parameters dur-
ing dialysis or during a blood treatment in general. In particu-
lar, several methods are known for the detection of parameters
relating to the access, such as access flow, or to access recir-
culation during a blood treatment.
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2

For instance, U.S. Pat. No. 5,312,550 teaches to detect
access recirculation of freshly dialyzed blood by infusing a
marker in the extracorporeal circuit and by detecting presence
of said marker in the blood to be treated.

Another document, EP900094, discloses a method for
detecting access recirculation by infusion of saline into the
dialysis liquid upstream the dialyzer and by detection of a
corresponding echo downstream the dialyzer due to recircu-
lation.

U.S. Pat. No. 5,685,989 teaches to detect access flow by
using a reversed configuration of the bloodlines in an extra-
corporeal circuit. A marker is then infused in the venous line
and a corresponding amount of said marker is then measured
in the arterial line in order to calculate access flow. Of course
other systems and methods are also known.

It is also known in the art to detect parameters relating to
the central cardiovascular system, i.e. to the heart-lung sys-
tem, in particular during a dialysis treatment.

Parameters of interest are the cardiac output, which is a
measure of the capacity of the heart, and the central blood
volume, which is a measure of the volume of blood in the
heart, lung and central grand vessels. Notice that a proper
monitoring of said parameters during dialysis may help in
avoiding or in predicting dangerous situations of too low
cardiac output or of excessive decrease of central blood vol-
ume. Methods for measuring the cardiac output and central
blood volume related parameters are described in U.S. Pat.
No. 5,453,576 andin U.S. Pat. No. 6,061,590. In these patents
the detection of cardiac output/central blood volume param-
eters is obtained by injection of substance in blood circulating
in an extracorporeal circuit and then by carrying out a detec-
tion of the injected fluid made by ultrasonic measurements on
the blood side of the dialysis filter. The equipment that is used
to make the ultrasonic measurements is quite expensive and
needs use of means not present in a typical blood treatment
apparatus.

Moreover the ultrasonic measurement method requires
manual intervention by qualified attendants and is relatively
difficult to be implemented with a high degree of automation.
Thus there is a need for a different method and apparatus of
measuring cardiac output, heart-lung volume or other central
blood system related parameters. Ideally such a method and
apparatus should use means already present in a blood treat-
ment apparatus and should be suitable for calculating even
other parameters in case of need or interest.

SUMMARY OF THE INVENTION

An object of the present invention is to provide an alterna-
tive means for measurement of a parameter relating to the
heart-lung system of a mammal, particularly when a blood
treatment apparatus is connected to the mammal.

Another object of the present invention is to provide a
method of measuring the cardiac output of a heart in a mam-
mal during blood treatment.

A further object of the present invention is to provide a
method of measuring the central blood volume in a mammal.

Still another object of the present invention is to provide a
method and an apparatus, which in case of need can be easily
adapted for measuring the access flow during dialysis of a
mammal.

At least one of these objects may be achieved with a
method, apparatus and software program according to the
present invention. According to a first aspect of the present
invention a method, apparatus and software program are pro-
vided for determining a parameter relating to the heart-lung
system, such as cardiac output or heart-lung volume of a
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mammal being connected to a blood treatment equipment
comptrising an extracorporeal blood circuit which is con-
nected to a mammal, in which blood circuit a treatment unit
having a blood inlet, a blood outlet, a treatment fluid inlet and
a waste fluid outlet is arranged. The method comprises the
steps of providing a change of a detectable substance in the
blood circuit, measuring an integrated concentration of a
corresponding the detectable change on the waste fluid outlet,
and determining the parameter based on the measurement on
the waste fluid outlet.

With such a method many of the problems with the prior
techniques are avoided. One such problem is that prior tech-
niques for solving this are more expensive.

According to an embodiment of the present invention, the
step of providing a change includes the injection of a detect-
able substance upstream the blood treatment unit on the blood
side.

Alternatively the substance is injected on the treatment
liquid side upstream the treatment unit. The substance that is
injected may be a substance that occurs naturally in the blood.

According to a further embodiment, the substance is
injected during a short period of time so that to define a pulse
perturbation. This avoids that the injected substance returns
from the body before the injection has ended, thus avoiding
that the different pulses are mixed.

According to another embodiment the pulse is provided by
bypassing the dialyzer for a time period. This is a non-com-
plicated way of providing a detectable pulse. In the case
where a detectable substance 1s provided by insertion in the
blood circuit one possibility is to have the substance inserted
at the blood inlet. This provides a possibility of measuring the
substance on the dialysis liquid side (or treatment liquid side)
directly after the insertion of the detectable substance in the
blood circuit and also a possibility of measuring the clearance
if the injected amount is known.

Alternatively the substance may be injected on the blood
outlet. This is preferable if the amount of injected substance is
to be minimized, as no substance is lost in the dialyzer or other
treatment unit. An advantage is also that there is no risk of
mixing pulses during detection. A disadvantage with this is,
however, that it is not possible to determine the clearance.

In conclusion, the detectable substance or other detectable
change in a characteristic of the fluid in question, may be
inserted at one of at least three different positions, namely
upstream or downstream the treatment unit on the blood side,
and upstream the treatment unit on the treatment liquid side.

Notice that even though in the above summary, for sake of
clarity, reference has been made to a physical infusion of a
substance, the principles of the invention are indeed based on
the concept of creating a perturbation of a chemical or physi-
cal property (such as concentration, conductivity, an optical
property, temperature and so on) in at least one of the above
mentioned points, and then calculating the relevant heart-
lung system parameter by means of a detection carried out on
the spent treatment liquid side only.

By way of example, and in order to provide the cardiac
output of the patient being connected to the extracorporeal
circuit for instance of a dialysis equipment, the following
method can be used according to a further embodiment of the
invention.

The clearance for the dialysis filter is provided together
with the flow rate on the dialysate side and the excess mass of
the detectable substance in the pulse, the excess mass being
the mass above the background level. In case the substance
that is injected is not normally present in the blood the excess
mass is equal to the mass. Then an integrated concentration
change from a background level of the detectable substance
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on the dialysate output side is determined during a time intet-
val when blood that has passed through the heart of the
mammal passes the dialyzer. Finally, a cardiac output is cal-
culated based on the integrated concentration change from
the background level of the detectable substance on the dialy-
sate side, the flow rate on the dialysate side, the clearance and
the excess mass of the detectable substance in the pulse.

The described method of determining the cardiac output
has advantages over the prior art methods in that it does not
require as complicated equipment as the prior art methods. As
an example it is possible to use the conductivity changes of
the dialysis liquid when determining the cardiac output of the
patients heart. As sensors for conductivity measurements
often are in place on the dialysis liquid side in extracorporeal
blood circuits for other reasons, it is not necessary to add any
components in order to be able to perform the measurement of
the cardiac output.

According to an embodiment of the present invention the
cardiac output (CO) is calculated using the relationship:

M-K

co=—"""
Q- fACdd[

where M is the excess mass, above a base level, of the
detectable substance in the pulse, Q, is the flow rate on the
dialysis side, K is the clearance and JAC 4t is the integrated
concentration change on the dialysis side.

This is a relatively straightforward technique to calculate
the cardiac output. It is of course possible to use other rela-
tionships to calculate the cardiac output without departing
from the invention.

Inthe described embodiments the cardiac output was deter-
mined using a provided clearance. The clearance may be
provided in a number of different ways. According to one
embodiment of the present invention the clearance is pro-
vided from, e.g. data sheets for dialyzers.

According to another embodiment of the present invention
the method comprise the step of providing the detectable
substance by injecting the substance upstream the blood inlet.
Further, a first and a second integrated concentration change
from a background level is determined during a first and
second pass of the detectable substance. Then, the clearance
is determined from the first integrated concentration change,
and the cardiac output is determined from the second inte-
grated concentration change. The man skilled in the art would
easily implement a clearance determination from the inte-
grated concentration change. The clearance is a well-known
term which is used to specify how efficient a dialyzer is. The
clearance is specified at a certain blood flow rate and a certain
dialysis fluid flow rate.

According to another embodiment, the present invention
also comprises the steps of measuring the time between the
first and the second concentration change, providing the vol-
ume of the blood in the extracorporeal blood circuit and the
blood circuit within the mammal from the extracorporeal
blood circuit to the heart, and determining the blood volume
in the heart-lung system using the measured time, the pro-
vided blood volumes and the cardiac output.

This additional measurement is done in order to determine
the blood volume in the heart-lung system. In order to get a
good approximation of'said blood volume it may be necessary
to estimate the blood volume in the extracorporeal blood
circuit and the veins leading from the extracorporeal blood
circuit. Methods for determining the blood volume in the
heart-lung system are known before but they are based on a
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different type of measurement of the cardiac output. Again, a
major difference between the known techniques and the tech-
nique according to the present invention is that we measure
the detectable substance on the dialysate or spent treatment
liquid side.

Asindicated above the method and system according to the
present invention may comprise the step of measuring the
clearance of the dialysis filter.

According to an embodiment of the present invention the
detectable substance is urea. This is a non-toXic substance,
which is present naturally in the blood.

According to an embodiment of the present invention and
again referring by way of example to a dialysis treatment, the
urea concentration is measured on the dialysis side by the
steps of providing the urea in a reaction with a catalyst to form
a second substance which affects the conductivity of the
dialysis fluid, and measuring the resulting change in conduc-
tivity.

There are of course numerous different substances that
might be used. Examiples of substances are a salt, which may
be injected on the blood side as a solution like hypertonic or
hypotonic saline, and glucose, which may be injected as a
solution in water.

According to a further embodiment of the present inven-
tion the concentration change may be measured by measuring
the conductivity of the dialysis fluid.

It goes without saying that the above features may be
combined in the same embodiment.

In the following preferred embodiments of the invention
will be described with reference to the accompanying draw-
ings.

SHORT DESCRIPTION OF THE
ACCOMPANYING DRAWINGS

FIG. 1 displays how an extracorporeal blood circuit may be
connected to a patient during performance of a method
according to an embodiment of the present invention.

FIG. 2 displays a blood treatment equipment that may be
used in a method according to an embodiment of the present
invention,

FIG. 3 is a schematic diagram over an extracorporeal blood
circuit and a heart-lung system.

FIG. 4 is a diagram over concentration of the measurable
substance as a function of time at the treatment liquid outlet of
a blood treatment unit.

DESCRIPTION OF PREFERRED
EMBODIMENTS

For the purpose of this description, an access site is a site in
which a fluid in a tube can be accessed and removed from
and/or returned to the tube. The tube may be a portion of a
blood vessel of a mammal.

FIG. 1 discloses a forearm 1 of a human patient. The
forearm comprises an artery 2, in this case the radial artery,
and a vein 3, in this case the cephalic vein. Openings are
surgically created in the artery 2 and the vein 3 and the
openings are connected to form an area 4, in which the arterial
blood flow is cross-circuited to the vein. Due to above con-
nection, the blood flow through the artery and vein is
increased and the vein forms a thickened area downstream of
the connecting openings. After a few months the vein
becomes thicker and may be punctured repeatedly. Normally,
the thickened vein area is called fistula.

An arterial needle 5 is placed in the fistula, in the enlarged
vein close to the connected openings and a venous needle 6 is
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placed downstream of the arterial needle, normally at least
five centimeters downstrearm thereof.

The needles are connected to a tube system 7 shown in FIG.
2, forming an extracorporeal circuit comprising at least a
blood pump 8. The blood pump propels blood from the blood
vessel, through the arterial needle, the extracorporeal circuit,
the venous needle and back into the blood vessel.

The extracorporeal blood circuit 7 shown in FIG. 2 further
comprises an arterial clamp 9 and a venous clamp 10 for
isolating the patient should an error or any emergency situa-
tion occur.

Downstream of pump 8 is a blood treatment unit, for
instance a dialyzer 11, comprising a blood compartment 12
and a dialysis fluid compartment 13 separated by a semi
permeable membrane 14. Further, downstream of the dia-
lyzer, the circuit may include a drip chamber 15, separating
air from the blood therein.

Blood passes from the arterial needle past the arterial
clamp 9 to the blood pump 8. The blood pump drives the
blood through the dialyzer 11 and further via the drip chamber
15 and past the venous clamp 10 back to the patient via the
venous needle. The drip chamber may comprise air or air
bubbles. The blood circuit may comprise further components
such as pressure sensors etc.

The dialysis fluid compartment 13 of the dialyzer 11 is
provided with dialysis fluid via a first pump 16, which obtains
dialysis fluid from a source of pure water, normally RO-water,
and one or several concentrates of ions, metering pumps 17
and 18 being shown for metering such concentrates.

An exchange of substances between the blood and the
dialysis fluid takes place in the dialyzer through the semi
permeable membrane 14. Notably, urea is passed from the
blood, through the semi permeable membrane and to the
dialysis fluid present at the other side of the membrane. The
exchange may take place by diffusion under the influence of
a concentration gradient, so called hemodialysis, and/or by
convection due to a flow of liquid from the blood to the
dialysis fluid, so called ultrafiltration, which is an important
feature of hemodiafiltration or hemofiltration.

As mentioned above the present invention provides a
method, and an apparatus for operating said method of mea-
suring a parameter during a blood treatment when a mammal
is connected to the dialyzer or other treatment unit.

FIG. 3 shows the heart/lung-system of a patient connected
to the dialyzer as described in connection to FIG. 1.

An arterial needle 5 is placed in the fistula, in the enlarged
vein close to the connected openings and a venous needle 6 is
placed downstream of the arterial needle, normally at least
five centimeters downstream thereof.

The needles are connected to a tube system 7 shown in FIG.
2, forming an extracorporeal circuit comprising a blood pump
8, such as a dialysis circuit. The blood pump propels blood
from the blood vessel, through the arterial needle, the extra-
corporeal circuit, the venous needle and back into the blood
vessel.

Mathematical Relationships

Next some relationships will be provided which are useful
for the following description. Again, by way of non-limiting
example, reference will be made to the case wherein a dialysis
equipment is connected with the mammal.

When a bolus of detectable substance is inserted into the
blood flow the concentration of said substance will rise above
a base level. During insertion of the bolus into a biological
fluid the flow of fluid will increase, but after a short while the
flow is back to normal. If the concentration is measured at a
point sufficiently far downstream of the insertion point, the
fluid flow rate will increase immediately and then return to
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normal as soon as the insertion is completed. The increase in
concentration will occur a certain time after the increase in
fluid flow rate, so that these two changes will be separated in
time.

If one injects a bolus of detectable fluid during a time Atl
and detects a concentration change during a time At2 there-
after, not overlapping Atl, the total mass M, , that passes
through said point sufficiently downstream the insertion point
during the time A=At1+At2 will be as follows

Mror = f Q'Cd[
At

= Q'Cbased[+f Opase - cdt
A2

Al

= Q'Cbaxed["’f Qbaxe'cbaxed["'f Obase - Acdt
a2 a2

At]

wherein the subscript “base” denotes the baseline for con-
centration and flow, Ac denotes the concentration deviation
from the baseline c,,,. The first two integrals in the result
correspond to the normal mass flow that would occur with the
increased flow rate at the base line concentration, while the
last integral equals the excess mass (caused by the change in
concentration due to the bolus), which will be denoted by M.
The concentration of the detectable substance in the dialysis
fluid will be denoted ¢, downstream the dialyzer, and c;
upstream the dialyzer. The concentration of the detectable
substance on the blood side will be denoted ¢, upstream the
dialyzer and ¢, downstream the dialyzer.

The amount of detectable substance, which is removed
from the blood side in the dialyzer, equals the amount that has
been provided into the dialysate liquid. This can be expressed
as

Kfey-c/=0alcicil M

with the notation described above, clearance denoted by K
and Q denoting the dialysate flow rate leaving the dialyzer.
The concentration ¢, is calculated from c, and removed
amount using the relation

(@~ UF)-(eg-¢)=(Q,~K)(cy=c)

Using equation (1) this can be written as

@

O

-K
Qualeq—ci)

(@ —UF)-leo—ci)= —

Now let us denote the total amount of substance in the
bolus (with volume V) by M, .. The excess amount M in the
bolus (in addition to the concentration in the dialysate liquid)
is then M=M, ,—c,, 'V, where c,, is the base line concentration
in the fresh dialysate. Similarly, the base line concentration in
the dialysate outlet will be denoted by ¢, and in the blood
inlet and outlet ¢, and ¢, respectively.

Depending on the site for bolus injection part of the excess
amount M may be lost in the dialyzer and will not reach the
patient. The excess amount that is provided to the patient will
be denoted by M".

Clearance Determination

Clearance determination or clearance knowledge is rel-
evantin ordertothen implement heart-lung parameters detec-
tion according to the present invention, as it will become
apparent in the following description.

Here below several modes for in vivo clearance determi-
nation are shown, other modes being known in the art and
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representing possible alternatives for clearance calculation.
By way of non-limiting example, refer to EP1108438,
EP0920877, EP0658352, and EP0547025, the specifications
of which are herein incorporated by reference.

The clearance is a well-known term used to specify how
efficient a dialyzer is. The clearance is specified at a certain
blood flow rate and a certain dialysis fluid flow rate. Notice
that as an alternative to in vivo clearance measurement, clear-
ance values provided by technical data sheets for the specific
treatment unit at specific conditions of blood flow rate and
treatment liquid flow rate could be used.

According to a possible embodiment the clearance is mea-
sured by introducing a pulse of a detectable substance into the
blood. More specifically, this is done by introducing a bolus in
the form of a saline solution in the extracorporeal blood
circuit upstream from the dialyzer through the valve at the
reference numeral 21 or by suction into the blood line before
pump 8. The introduced saline solution is of known concen-
tration and amount.

The following relation is valid for the relationship between
the concentration change in the blood and the concentration
change in the dialysis fluid.

KJAcydi=0 Ac s,

wherein Q, is the flow of fluid leaving the dialyzer on the
dialysate side. Since the right hand side is known or can be
measured, K may be determined if the first integral can be
determined.

However, this can be done from the excess mass injected
into the blood and using equation (1):

Qulea — civl
K

QbfAde[= Miot — o V = My _(Cib + v

This gives

Qb'Qdecdthb-KfAcbdt
=K[M —cpp- V]
= KMy —cip V1= Qulea —cip] -V

=K-M-Qilcar —cip]-V

and thus

0,
K= ﬁ[gbfmddm (s - i) v]

To determine the clearance we will thus measure the con-
centration change Ac,; on the dialysate side and integrate this
during the whole pulse. We also need to determine the base
line difference between the concentrations at the dialysate
inlet and outlet, which can be done during steady state con-
ditions before or after the introduction of the bolus. Further-
more we need to know the excess mass and volume of the
bolus, and the blood and dialysate flow rates.

As an alternative the bolus may be injected into the dialy-
sate flow upstream of the dialyzer. The calculations will then
be different. The excess mass M in the bolus will give rise to
a concentration change in the inlet dialysate according to

M=M,,~c;,"V=(Q,~UF)JAcdt
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According to equation (1) above we have a relation
between all the concentration changes

KfAc,-Ac]=0,fAc~Ac)]

But during the pulse in the dialysate there is no change in
the blood concentration so that Ac,=0, and we can integrate to
get

KfAcdr=0,ffAcdi-fAcdt]

If we solve for K and insert the expression for M we get

Acydr

(Qa - UF)

K:Qd[l—

Again we thus measure the concentration change at the
dialysate outlet and integrate. We also have to know the
excess mass M, the dialysate flow rate Q,, and the UF rate to
calculate K.

Cardiac Output Measurement

According to an embodiment of the present invention the
cardiac output is measured. This embodiment ofthe invention
will be explained with reference to FIG. 2, FIG. 3, and FIG. 4.
FIG. 3 is a schematic view over the heart lung system being
connected to an extracorporeal circuit 31 with a dialysis
machine 32. The extracorporeal circuit 31 with the dialysis
machine 32 may be similar to that shown in FIG. 2. According
to this embodiment of the present invention a bolus with a
detectable substance is injected in the extracorporeal blood
circuit upstream from the dialysis filter in the same way as
was described above in relation to the clearance measure-
ment. The total mass ofthe injected substanceis denoted M, .
The detectable substance passes the dialysis filter in which
part of the detectable substance passes over to the dialysis
fluid side. This passage gives rise to the first pulse of increased
dialysate concentration shown in FIG. 4. On the dialysis fluid
side the concentration change of the detectable substance is
integrated over time. Similarly to the embodiment described
above the clearance might be determined in case the amount
of detectable substance is known.

The injected substance gives rise to an excess mass in the
blood above the base line concentration. After having passed
the dialysis filter the blood with the detectable substance
passes the access to the artery in the patient being connected
to the extracorporeal blood circuit. The total excess amount
that is left in the blood after the passage of the dialyzer is
denoted M, which is equal to the excess mass minus the mass
that passes over to the dialysis side during blood passage
through the dialyzer. The blood with the detectable substance
is then transported to the heart. As there is no blood taking any
other path than to the heart all detectable substance is passing
through the heart. Thus, the total amount of substance leaving
the dialyzer is passing the heart but is diluted by the blood
from the other parts of the body. The blood first passes the
right heart side after which it is passed to the lungs and then
through the left heart side. After the passage of the left heart
side the blood is distributed within the body and some of the
blood is returned to the access and into the extracorporeal
blood circuit. The blood that enters the extracorporeal blood
circuit is not diluted on its way from the heart and thus the
detectable substance has the same concentration as in the
heart. This makes it possible to determine the cardiac output
as this is equal to the blood flow in the extracorporeal blood
circuit times the factor of dilution of the blood when it flows
from the extracorporeal blood circuit to the heart. The
increased concentration in the blood coming from the heart
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will partly be transferred through the dialyzer and give rise to
the second pulse of increased concentration on the dialysate
side as shown in FIG. 4.

If the clearance is denoted K and the excess concentration
of the detectable substance in the blood from the heart is
denoted AC, and the excess concentration of the detectable
substance in the dialysate is denoted AC , the following rela-
tion is valid

KAC,=0,AC,,

where Q,, is the dialysate flow rate and C,, is the dialysate
concentration. The cardiac output may be determined from
the relation:

MK

0= ——/—.
Qs [,ACqd1

In this relation the excess mass M' of the detectable sub-
stance, the clearance K and the dialysis liquid flow rate Q ;are
known, while the concentration change of the detectable sub-
stance in the dialysis liquid AC ; is measured. The integration
of AC, should be done over the length of the second pulse in
FIG. 4, which is indicated with “IT” under the integral sign.

The detectable substance may be any substance, such as
saline or other detectable marker. The remaining excess mass
M' which is passed over to the patient can be calculated as
follows. From the total mass M, , is first subtracted the
amount that corresponds to the base line blood concentration
¢,, inthe injected volume V. This gives the excess mass in the
blood after injection. From this amount is then subtracted the
extra amount that passes over to the dialysate side directly
during the first pulse in FIG. 4. We thus have

M’ =Mlot_cbb'v_Qd'fACddl
I

But ¢,, can be derived from equation (1) so that

M =M, - w+cib}'V—Qd'fACddf
I
— )
=M_7Qd(042 cb'-V—Qd'fAcddt
!

where M is the excess mass in the bolus, i.e. the mass
corresponding to the excess concentration above the concen-
tration of the dialysis fluid. The other parameters like the
dialysate flow rate, the clearance, the bolus volume, the base
line concentrations of the dialysate fluid inlet and outlet and
the integral of the excess dialysate outlet concentration of the
first pulse (indicated with I) are known or can be calculated.
The inlet and outlet dialysate concentrations are often similar
so that the second term can often be neglected.

As an alternative the bolus may be injected into the blood
stream downstream of the dialyzer. There will then be no first
passage of substance to the dialysate side, the first pulse
shown in FIG. 4 will not be present, and it will therefore not
be possible to determine clearance from the bolus injection.
We will then have to rely on other means of determining
clearance as have also been discussed above. The formula for
determining cardiac output will remain unchanged, but the
amount M' that is passed to the patient will be different since
nothing is lost in the dialyzer. Using equation (3) we have
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Again all parameters needed are known or can be calcu-
lated.

Yet another alternative is to inject the bolus into the dialysis
fluid upstream the dialyzer. This will again give rise to a first
pulse on the dialysate outlet from which it is possible to
determine clearance. It may however be necessary to delay
the pulse on the blood side, e.g. by introducing an extra
volume in either of the blood lines. The first and second pulses
may otherwise be overlapping, and it will then not be possible
to determine their respective integrals.

The excess mass passed to the patient may in this case be
calculated by subtracting what is passed to the dialyzer from
the excess mass in the bolus.

M =My —cip-V _Qd'fAcdd[
i

=M—Qd'fACddl
1

Heart-Lung Volume

According to another embodiment of the present invention
the blood volume in the heart lung-system is measured.
According to this embodiment of the invention this is done by
using the cardiac output (which could be already known or
which could be measured as above disclosed) and by measur-
ing the total time for the detectable substance to flow through
the extracorporeal circuit, the blood vessels and the heart-
lung system. Indeed, in this embodiment too a perturbation to
a measurable blood characteristic is carried out, and a corre-
sponding change on a corresponding characteristic in the
spent treatment liquid is detected.

More in detail, the perturbation may be carried out on the
bloodside (either upstream or downstream the treatment unit)
or on the treatment liquid side upstream the treatment unit.
Such a perturbation comprises an infusion of a bolus of liquid
such as a water solution of salt, or glucose, or other material.
According a non-limiting embodiment, the infusion is of
short duration as to create a pulse, which will shape corre-
sponding perturbation(s) in the spent treatment liquid.

The volume in the heart-lung system is equal to the product
of the cardiac output and the time for the blood to pass the
heart-lung system. In order to obtain this time one has to
subtract the time for the blood to flow through the extracor-
poreal circuit and through the blood vessels from the mea-
sured total time.

The time for the blood to flow through the extracorporeal
circuit may easily be determined as this blood flow is well
controlled and as the internal dimensions of the circuit are
known.

Another possibility is to create a shortcut, so that the blood
directed to the patient goes back to the extracorporeal circuit
directly without passing the heart-lung system of the patient,
and then make a new bolus injection and measure the time
between the two pulses in this configuration. This will give an
accurate determination of the time for the blood to flow
through the extracorporeal circuit. The shortcut may be cre-
ated just outside the patient, so that, without entering the
patient, the blood directed to the patient is redirected to the
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blood line leading back from the patient to the equipment, or
in the access of the patient by switching the blood lines so that
blood is withdrawn from the patient at a point downstream
and is returned to a point upstream, thus creating an artificial
recirculation through the access of the patient.

Regarding the time for the blood to reach the heart from the
access and vice versa (vessel time) these times can be esti-
mated from the dimensions of the circuit and earlier measured
blood flows. Since these times are generally fairly short it may
however be sufficient to use a fix value in the range of 1-3
seconds as an estimate of this time. Alternatively this time can
be calculated as a function of access flow (which by the way
can be determined according to the method disclosed here
below): a simple approximation being

Vessel time (in seconds)=1/Access flow (in L/min).

As to the total time, if the perturbation is carried out on the
blood upstream the treatment unit or on the treatment liquid
upstream the treatment unit, then the total time is measured as
the time between a first pulse of detectable material and the
second pulse of detectable material measured in the spent
treatment fluid. As the detectable material is measured at the
dialysis liquid side of the dialysis filter there is a small delay
from the time when the detectable material enters the dialysis
filter and when it reaches the detector, but this delay will be
the same for both pulses and can therefore be neglected.

The point in time when the pulse passes can be measured in
the following way. A reference time is chosen some time
before the pulse starts. Two integrals are then computed from
the starting time through the duration of the pulse. The mea-
sured time from the reference time to the passage of the pulse
is then determined as

fl-ACdd[

JAcyd:

Teasured =

AC, being the excess dialysate outlet concentration with
respect to the base line concentration.

The time between the pulses is then calculated straightfor-
wardly as the difference between the two measured times
using the same reference time.

For the case when the bolus is injected into the blood
stream at a point downstream of the dialyzer there will only be
one pulse on the spent treatment liquid. The exact time of the
bolus infusion may then be used as a value for the passage of
the first pulse.

InFIG. 4 adiagram over the measured signal of the detect-
able substance downstream of the outlet of the dialysis filter
on the dialysis side is shown as a function of time. The dotted
line 51 corresponds to the background level of the signal. The
first peak 52 of the solid line corresponds to the first passage
of the dialysis filter of the detectable substance. The second
peak 53 of the solid line corresponds to the second pass of the
dialysis filter of the detectable substance.

Other Patient Parameters: Access Flow

As already anticipated the same means used for carrying
out the necessary measurements and calculations needed for
determining the heart-lung system parameters can be adopted
for determining (in addition to or independently from the
above parameters) access flow.

According to another embodiment of the invention the
blood flow in the access can be determined by switching the
flow direction of the blood and measuring the recirculation so
created. In other words the blood circuit should be so config-
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ured as to withdraw fluid from a downstream point of the
access and to return blood to an upstream point of the access.
The flow rate in the access is measured by introducing a
change, such as a pulse change of concentration of a detect-
able substance in the extracorporeal circuit. The excess
amount M' of the substance that remains in the pulse when it
enters the patient, whichever is the site used for injection, is
calculated as above. Due to the reversed configuration of the
blood circuit with respect to the access, all of M' will go into
the access, and will be split up at the other needle where a
fraction will go back to the extracorporeal circuit. The frac-
tion of M' that goes back to the extracorporeal circuit and is
measured on the dialysate side as a concentration change is in
this case

Qd-fACddl‘
M Op -0,
0, +0.-UF = K

We can solve for Q, to get

K-M'

Qa - Qd-fAL‘ddl N

@ -UF)

Again the clearance K and the excess mass M' can be
determined as described above and all the other quantities are
known or can be measured.

Instead of calculating M' in the embodiment above there is
another possibility. If we create a shortcut in the lines, exclud-
ing the patient as was described in the embodiment concern-
ing heart-lung volume calculation above, we can measure
how much of the bolus that remains in the line going to the
patient if we in this configuration inject a second bolus. This
can be looked upon as a calibration bolus.

The above methods are being carried out by means of a
conventional blood treatment equipment such as the one of
FIG. 2, which includes also a central processing unit able to
run a software program which when executed by the process-
ing unit allows the machine to perform the above disclosed
methods.

Methods and apparatus for measuring parameters during
an extracorporeal blood treatment, for instance during dialy-
sis when an extracorporeal blood circuit is connected to the
body of a mammal have been described.

The methods are all based on the initiation of a detectable
perturbation, such as a pulse of detectable material, and the
measurement of the detectable perturbation (material) on the
spent treatment fluid (dialysis fluid) side of the treatment unit
(dialysis filter).

The present invention is not limited to the described
embodiments and a man skilled in the art may perform
numerous modifications to the described embodiments with-
out departing from the spirit and scope of the present inven-
tion, which is defined by the following claims.

The detectable perturbation can be a change in a chemical
or physical property, such as infusion or withdrawal of a
substance, which may for example be any one of the men-
tioned materials in any one of the described embodiments.
Further, the detectable substances do not have to be any of the
mentioned but can be any tissue-compatible detectable sub-
stance that can pass the dialysis filter or the sum of a number
of ions as manifested by the electrical conductivity.
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The invention claimed is:

1. A method for measuring a parameter relating to the
heart-lung system of a mammal connected to blood treatment
equipment, said equipment comprising an extracorporeal
blood circuit connected to the mammal, said blood circuit
including a blood treatment unit having a blood side, a blood
inlet, a blood outlet, a treatment fluid side, a treatment fluid
inlet, and a treatment fluid outlet, wherein said method com-
prises the steps of:

providing a detectable perturbation to at least a measurable

blood characteristic in the blood circuit, said detectable
perturbation flowing through the heart-lung system and
back to said blood circuit;
measuring an integrated change of a corresponding char-
acteristic on the treatment fluid outlet; and

determining a parameter relating to the heart-lung system
based on the measurement of said integrated change on
the treatment fluid outlet.

2. A method according to claim 1, wherein the detectable
perturbation to at least a measurable blood characteristic
comprises a change in concentration of a detectable sub-
stance.

3. A method according to claim 1 or 2, wherein the detect-
able perturbation is carried out on the treatment fluid before
the treatment fluid inlet, on the blood before the blood inlet, or
on the blood after the blood outlet.

4. A method according the claim 2. wherein the change in
concentration of a detectable substance comprises a pulse of
detectable substance provided in the treatment fluid before
the treatment fluid inlet.

5. A method according to claim 2, wherein the change in
concentration of a detectable substance comprises a pulse of
detectable substance provided by insertion of the detectable
substance in the blood circuit.

6. A method according to claim 5, wherein the detectable
substance is inserted before the blood inlet.

7. A method according to claim 5, wherein the detectable
substance is inserted after the blood outlet.

8. A method according to claim 1, wherein said parameter
relating to the heart-lung system comprises at least one
selected in the group comprising:

the cardiac output;

a parameter proportional to the cardiac output;

the heart-lung system volume; or

a parameter proportional to the heart-lung system volume.

9. A method according to claim 8, further comprising the
steps of:

providing a clearance for the treatment unit, a flow rate on

the treatment fluid side, and a mass of the detectable
substance in said change,

determining an integrated concentration change from a

background level of the detectable substance on the
treatment fluid side during a time interval determined by
the time when blood., that has passed through the heart of
the mammal, passes the treatment unit, and

calculating the heart-lung system parameter based on the

integrated concentration change from the background
level of the detectable substance on the treatment fluid
side, the flow rate on the treatment fluid side, the clear-
ance, and the mass of the detectable substance in the
change.

10. A method according to claim 9, wherein said change is
apulse.

11. A method according to claim 10 wherein the cardiac
output CO is calculated using the relationship:



US 7,815,852 B2

15

MK
0=— "
Qd-fACddt

where M' is the total excess mass of the detectable sub-
stance in the pulse, Q, is the flow rate on the treatment
fluid side, K is the clearance and [AC dt is the integrated
concentration change on the treatment fluid side.

12. A method according to claim 11, wherein the change is
carried out upstream the treatment unit, either in the blood
circuit or in the treatment liquid, and corresponding first and
second concentration pulses appear in the treatment liquid
line downstream the treatment unit, said integration of AC,
being done over the length of the second pulse.

13. A method according to claim 12, wherein the change is
carried out upstream the treatment unit, in the blood circuit,
wherein

Qualca — cip)

M/:Mror_ K

+C;b] V=04 fACdd[
i

Qulca —cip)

=M X ‘/_Qd'ﬁACdd[

M being the excess mass in the bolus corresponding to the
excess concentration above the concentration of the
treatment fluid, and wherein treatment fluid flow rate Q,
the clearance K, the bolus volume V, base line concen-
trations of the treatment fluid inlet and outlet C,, and
C,, and the integral of the excess treatment fluid outlet

concentration of the first pulse are known or calculated.

14. A method according to claim 12, wherein the change is

carried outin the treatment liquid upstream the treatment unit,

and the excess mass passed to the patient M' is calculated by

subtracting what is passed to the treatment unit from the
excess mass M in the bolus:

M =M —cip-V —Qd'fACdd[
i

=M—Qd-fAcddl
I

M being the excess mass in the bolus corresponding to the
excess concentration above the concentration of the
treatment fluid, and wherein treatment fluid flow rate Q,
and the integral of the excess treatment fluid outlet con-
centration of the first pulse are known or calculated.

15. A method according to claim 11, wherein the change is

carried out in the blood circuit downstream the treatment unit,
and wherein

M’ =M =copV

Oy -K  Qulea —ci)

M being the excess mass in the bolus corresponding to the
excess concentration above the concentration of the
treatment fluid,

and wherein treatment fluid flow rate Q, blood flow rate
Q,, ultrafiltration rate UF, clearance K, bolus volume V,
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base line concentrations of the treatment fluid inlet and
outlet C ;, and C,, ate known or calculated.

16. A method according to claim 8 or 10, further compris-
ing the steps of providing the detectable change by injecting
the substance either in the blood circuit upstream the blood
inlet or in the treatment fluid side upstream the treatment unit,
determining corresponding first and second concentration
changes appearing in the treatment fluid line downstream the
treatmernt unit

determining the clearance from the first integrated concen-

tration change, and

determining theheart-lung parameter from the second inte-

grated concentration change.

17. A method according to claim 8, further comprising the
step of determining the heart-lung volume, or a parameter
proportional to the heart-lung volume, as a product of the
cardiac output and the time for the blood to pass the heart-
lung system.

18. A method according to claim 17, further comprising the
steps of:

measuring a total time for the blood to pass trough the

extracorporeal circuit, from a vascular access site to the
heart lung system, and out from the heart lung system
back to the access site,
providing the volume of the blood in the extracorporeal
blood circuit and the blood circuit within the mammal
from the extracorporeal blood circuit to the heart, and

determining the blood volume in heart-lung system using
the measured time, the provided blood volumes and the
cardiac output.

19. A method according to claim 17, wherein said time for
passing through the heart lung system is obtained by:

determining a total time for the blood to pass trough the

extracorporeal circuit, from a vascular access site to the
heart-lung system, and out from the heart lung system
back to the access site, and

subtracting, from said total time, the time for the blood to

flow through the extracorporeal circuit, and the time to
reach the heart-lung system from access site and the time
for the blood to go back out from the heart-lung system
to the access site.

20. A method according to claim 18 or 19, wherein the step
of determining the total time is obtained as follows:

in case the detectable perturbation is a change in concen-

tration of a detectable substance carried out either on the
blood upstream the treatment unit or on the treatment
liquid upstream the treatment unit, then the total time is
calculated as time lag between a first and a second
change in the concentration of a substance with respect
to abackground level in the spent treatment liquid line at
the outlet of the treatment unit,

in case the detectable perturbation is a change in concen-

tration of a detectable substance carried out into the
blood stream at a point downstream of the treatment
unit, thereby giving only one change in the concentra-
tion of a substance with respect to a background level in
the spent treatment liquid line at the outlet of the treat-
ment unit, the total time is calculated as time lag between
said change into the blood stream and the passage of said
corresponding change in the spent treatment liquid.

21. A method according to claim 19, wherein the time for
the blood to flow through the extracorporeal circuit is deter-
mined as a function of blood flow rate within the extracorpo-
real circuit and of the dimensions of the extracorporeal cir-
cuit.
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22. A method according to claim 19, wherein the time for
the blood to flow through the extracorporeal circuit is deter-
mined by:

directing back to the extracorporeal circuit the blood which

is returning to the patient, without passing through the
heart-lung system of the patient,

making a measurable change in at least a blood property in

a section of said extracorporeal circuit, and

measuring the time for said change to flow through the

extracorporeal circuit.

23. A method according to claim 22, wherein the directing
step is obtained by creating a shortcut just outside the patient,
so that, without entering the patient, the blood directed to the
patient is redirected to the blood line leading back from the
patient to the equipment.

24. A method according to claim 22, wherein the directing
step is obtained by switching the blood lines so that blood is
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withdrawn from the patient at a point downstream and is
returned to a point upstream, thus creating an artificial recir-
culation through the access of the patient.

25. A method according to claim 19, wherein the time for
the blood to reach the heart-lung from the access is estimated
as a function of access flow.

26. A method according to claim 25, wherein the time,
indicated as vessel time, for the blood to reach the heart-lung
from the access is estimated as:

Vessel time (in seconds)=1/Access flow (in L/min).

27. A method according to claim 19, wherein the time for
the blood to reach the heart-lung from the access is a fixed
value in the range of 1-3 seconds.

28. Blood treatment equipment for implementing the
method according to claim 1.

L S S T
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