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(57) Abstract: The invention relates to a method and device for determining the flow in a blood vessel, comprising of determining
& the relation between the shear rate and the impedance of flowing blood, measuring the impedance in the blood in a cross-section of
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average flow speed and the cross-section.
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METHOD AND DEVICE FOR DETERMINING FLOW IN A BLOOD VESSEL

The invention relates to a method for determining
flow in a blood vessel.

It is known to determine the flow in a blood vessel
by means of Doppler measurements in combination with
echography. Another known method is a measurement in the
heart by means of thermodilution via a Swan-Ganz
catheter.

The known methods are either time-consuming and
taxing for the patient, or rather inaccurate. The
invention therefore has for its object to'provide a
method of the stated type with which a measurement of
the flow in a blood vessel can be made accurately and
efficiently.

This object is achieved with the method as
characterized in claim 1.

The impedance measured in the blood vessel has an
precisely determinable relation to the viscosity of the
blood, which depends on the momentary shear rate. At a
determined flow distribution over the cross-section of
the blood vessel the shear rate distribution is also
determined.

When the average shear rate is determined by
measuring the impedance at a determined location, for
instance centrally in the blood vessel, it is possible
when the cross-section is also known to determine the
average flow speed, and therefore the flow volume in the
blood vessel, on the basis of the flow pattern.

At a constant temperature the viscosity of blood is
determined by a number of factors, including the flow
volume and more particularly the shear rate. These are
important factors since blood is a non-Newtonian liquid,
which means that the viscosity thereof varies with

different shear rates. At lower shear rates the blood
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viscosity increases sharply because the red blood cells
tend to group together (“rouleaux formation”). At
increasing shear rates the rouleaux formation
disintegrates and the red blood cells tend to move one
behind the other in the direction of flow, wherein the
viscosity decreases and finally becomes practically
constant.

In addition to the flow conditions, the hematocrit
value determines the blood viscosity and thus the
impedance. At higher hematocrit values the tendency of
the red blood cells to group together increases because
more cells are present and the distance between them
decreases. At increasing hematocrit values the viscosity
thus increases. At a fixed shear rate the hematocrit
will determine 90% of the blood viscosity. Another
factor which is important is the “glue” between the red
blood cells during the grouping which is formed by
determined macromolecules, of which fibrinogen is the
most important. At a fixed shear rate and hematocrit
value the fibrinogen will determine 5% of the viscosity.

The blood viscosity plays an important part in the
occurrence of thrombosis and is the most important
factor in the microcirculatory blood supply of each
organ. The evaluation of the blood viscosity and the
measurement thereof is therefore advantageous in the
cardiovascular field in preventing thrombosis and
embolism, while in intensive care conditions the blood
supply to critical organs can be improved and the
peripheral resistance reduced. Since an increased
grouping together of red blood cells further occurs in
the case of an inflammation, it has been found that
hyperviscosity is an indicator of inflammatory activity.

In respect of determining the viscosity of blood by
or using impedance measurements, it is now possible

according to the invention to measure flow volume using

PCT/NL2006/000452
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the same impedance measurement, which can for instance
be useful in determining the cardiac output of the
heart.

A favourable further development of the method
according to the invention is characterized in claim 2.
Although the viscosity and the impedance of the blood
depend on the shear rate, when the shear rate varies a
certain delay occurs in the adjustment of the
corresponding variation in the viscosity and impedance.
This is caused in that the rouleaux formation and the
disintegration thereof requires some time. Due to this
delay the viscosity will be quite uniform in a non-
laminar flow or in a laminar flow which occurs shortly
after a non-laminar flow. The influence of the flow
distribution is hereby less significant, and there is a
usable relation between the viscosity and the impedance
on the one hand and the average flow speed on the other.

Use is made hereof in the method according to claim
2. The method according to the invention becomes simpler
by determining and using the relation between the
average flow speed and the impedance.

If it is indeed required to determine the cardiac
output of the heart, i.e. the amount of blood which the
heart can pump per unit of time, the measure of claim 3
is preferably applied.

In order to be able to measure the impedance of the
blood in reliable manner the measure of claim 4 is
applied. '

Since the flow speed, and thus the shear rate,
varies during the heart cycle, the measure of claim 5 is
preferably applied. By always performing the measurement
in the same period of the ECG a readily comparable
measurement value is obtained.

In order to further improve the quality of the

measurement value the measure of claim 6 is preferably
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applied. Incidental differences in flow speed, and thus
in impedance, are hereby equalized over the number of
heart cycles.

It has been found that the measurement in the right
atrium preferably takes place in a period when the
atrium is well-dilated, whereby the interference of the
electrical field around the catheter by the wall of the
right atrium is low. A suitable period is therefore the
end of the systole. The measurement preferably takes
place in suitable manner during the diastole. A regular
flow then occurs which is readily reproducible.

As noted above, other parameters are also important
for the absolute value of the viscosity, and thus of the
impedance. For a full determination of the flow speed
using the method according to the invention these
parameters must thus be predetermined. A favourable
method herefor is characterized in claim 8.

The determination of hematocrit and of the
fibrinogen content are generally known measuring
methods. They can be carried out independently of the
impedance measurement. The values normally vary only
gradually. Only in acute situations such as heavy
bleeding (hematocrit) or serious infections (fibrinogen)
will they vary more rapidly. The measurements can
therefore normally be carried out in the blood vessel
some time before or after the impedance measurement.

Instead of determining the hematocrit and
fibrinogen content individually, it is also a useful
possibility to apply the method of claim 9, and
preferably claim 10. The specific relation in the
relevant blood between the shear rate or the flow speed
and the impedance is in fact hereby measured, wherein
the influence of the hematocrit and fibrinogen is

inherent in the determination.

PCT/NL2006/000452



WO 2007/032665 PCT/NL2006/000452

10

15

20

25

30

5

Another suitable embodiment of the method according
to the invention is characterized in claim 11. The flow
in the relevant blood vessel is as it were simulated
here, whereby a relation between impedance and flow
speed is obtained for actual conditions. Only the scale
then has to be taken into account in order to directly
determine the flow.

A suitable method for determining the size of the
blood vessel cross-section is echography. This type of
dimension can hereby be determined with considerable
accuracy.

It has been found that by applying the measure of
claim 13 a sufficient accuracy can be achieved for the
purpose of determining the flow volume. This is
particularly the case in combination with the measures
of claims 5-7.

The invention also relates to and provides a device
for determining the flow of a blood vessel, as
characterized in claim 14. The computing means can
herein be embodied such that a flow speed or flow volume
value is calculated from the measured impedance value.
Other parameters, such as the hematocrit and fibrinogen
value, as well as the section or diameter of the blood
vessel, must of course be entered into the device first
for this purpose.

A further development is characterized in claim 16.
With this addition a value can be determined, using
which the impedance value can be converted to the flow
volume.

The invention will be further elucidated in the
following description with reference to the accompanying
figures.

Figure 1 shows the electrical model of blood in

connection with exciting and measuring electrodes.
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Figure 2 shows a diagram of a preferred embodiment
of the device according to the invention.

Figure 3 shows in partly schematic view a catheter
for use with the method and device according to the
invention.

Figure 4 is a cross-section along line IV in figure

Figure 5 is a view as according to arrow V in
figure 3.

Figure 6 shows schematically a device for in vitro
determination of blood data essential to the present
invention.

Figure 7 shows a graph of measurement results
obtained with the device of figure 6.

Figure 1 shows the simplified electrical three-
element model of blood. An exciting alternating current
voltage is generated between electrodes A and D and the
measurement is performed between electrodes B and C.

The simplified electrical model comprises the
plasma resistance R, and the cell membrane capacitance
Cu» It is known that C, in particular has a strong
correlation with the blood viscosity.

In order to measure the impedance of blood a
catheter is preferably used as shown schematically and
externally in figures 3-5. Catheter 10 comprises a basic
body 11 in which, as figure 4 shows, four lumina 12 are
formed in this exemplary embodiment. At proximal end 14
of catheter 10 these lumina are connected to connecting
members 15 so that it is possible to supply desired
substances via these lumina to the distal end, where
they can leave the distal end of the catheter via
openings 15 and be introduced into the bloodstream.

The catheter is formed such that it can be readily
positioned with its distal end 13 in the right atrium of
the heart.
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As shown in more detail in figure 5, distal end 13
of catheter 10 is provided with four electrodes A-D
which are each connected to a connector 16 at the
proximal end of catheter 10.

Figure 2 shows schematically the device according
to the invention with which the impedance of the blood
can be measured and the flow in the blood vessel in
which the measurement takes place can be calculated.

Shown schematically in figure 2 is catheter 10,
comprising the four electrodes A-D and the four
connecting conduits leading to connector 16, not
specifically shown in figure 2.

These conduits, which extend through basic body 11
of the catheter, are three triaxial conduits 17 and a
coaxial conduit 18. In this exemplary embodiment there
is further arranged in the distal end of the catheter a
thermistor 19 with which a temperature measurement can
be carried out.

The device of figure 2 operates as follows.

In this preferred exemplary embodiment five
separate frequencies of 20 kHz, 200 kHz, 400 kHz, 600
kHz and 1.2 MHz are successively generated in time in a
direct digital synthesizer (DDS) 20. This excitation
signal is filtered in filter 21, buffered in 22 and fed
to the high-potential electrode A via clamp resistance
23. The low-potential electrode D is connected to earth
via a decoupling capacitor (not shown).

In each of the connections connecting electrodes A-
D to the electronics a parasitic capacitance of several
tens of pF can be measured. Active shielding 24 is
therefore used in order to avoid phase and amplification
errors. A third earthed shield moreover prevents the
emission or entry of undesired signals.

R, and C, are calculated in per se known manner from
the impedance values at 20, 600 and 1200 kHz.
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Via logarithmic amplification detectors 27 and 28
respectively the measuring signal and the excitation
signal are fed to a phase detector 29 on the one hand
and an amplification detector 30 on the other. A filter
26 is also incorporated in the signal circuit.

The phase signal is supplied via line 33 to AD
converter 31 of a microcomputer 32, just as the
amplification signal is supplied via line 34 to AD
converter 31.

The signal from thermistor 19 is likewise supplied
to the AD converter of microcomputer 32 via line 35. A
measuring signal supplied via filter 36 and representing
the ECG signal is fed via line 37 to AD converter 31.

Microcomputer 32 performs the above stated
calculation of the R, and C,.

R, has a high correlation with hematocrit and
commercially available medical instruments for a direct
hematocrit measurement operate according to this method
for the purpose of determining this R;.

As noted above, C, has a high correlation with the
blood viscosity.

In order to now be able to determine from the
measured C, the flow volume in the blood vessel in which
measurement takes place, the relation between the shear
rate, which, as noted above, partly determines the
viscosity and thus the C,, and fibrinogen contents is
first determined at varying hematocrit.

A suitable approach, as for Newtonian liquids, is
to equate the average shear rate in a blood vessel to
four times the average flow speed divided by the radius
of the blood wvessel.

Another possibility is to use a device as for
instance shown in figure 6. This device 40 comprises as
basic elements a measuring vessel 41 with an inlet 45

and an outlet 46 which are mutually connected via a
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conduit 42. A pump 43 and a heat exchanger 44 are
arranged in this conduit 42.

The results of performed in-vitro measurements have
led to the following formulae with which the average
flow speed can be determined given the hematocrit, the
fibrinogen content and the viscosity (this latter being
shown by the C,).

It has been found that there is a close relation
between the ohmic resistance and the hematocrit, whereby

this formula can also be written as:

Con = 0.235 exp [-3.244 flow] + 0.0292 fib + 0.0011 R,

The current fibrinogen value can be replaced by a
constant which equals the average value of fib, which

results in the following formula:

Ch = 0.224 exp [-4.035 flow] + 0.00146 R, + 0.073

These formulae are used in a manner which is further
obvious to a skilled person in the field to program the
microcomputer so that it can calculate the flow speed
from the measured C, and optionally the entered
fibrinogen and hematocrit value Ry,. Instead of entering
the fibrinogen value it is also possible here to make
use of the average fibrinogen value, or the measured Ry
can be used instead of entering the hematocrit value.

Measuring vessel 41 and conduit 42 are filled with
blood. The circulating blood is held at a constant
temperature of 37°C in heat exchanger 44.

Measuring vessel 41 is formed such that a uniformly
diverging inflow part 47, which runs out into a
measuring chamber 48, connects to inlet 45. By choosing
the dimensioning of diffusor 47 in appropriate manner in

relation to the flow speed of the blood it is possible
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to ensure in this manner that a laminar flow will occur
in measuring chamber 48. In a laminar flow the flow
distribution is fully known and the shear rate and flow
speed are therefore also known at any point of the
cross—section of measuring chamber 48.

The distal end of a catheter 49, which in principle
corresponds with the catheter as shown in figure 3, is
positioned centrally in measuring chamber 48. Electrodes
50 thereof are connected in the above described manner
to a device 9, which corresponds with the device of
figure 2.

The blood can circulate in device 40 at a variable
speed since pump 43 can be driven at different speeds
using a control device 51.

By now measuring the capacitance at differing
speeds, relations are found as shown schematically in
figure 7. It is indicated that in a significant range of
flow speeds there exists an exponentially almost linear
relation between the flow speed and the determined Cpn-
This is also apparent from the above stated formulae.

The different conduits shown at different heights
in figure 7 indicate that while the linear character of
the relation is retained with a varying fibrinogen or
hematocrit content, the absolute value varies.

With the viscosity measuring device 40 of figure 6
it is possible to determine in a number of measurements
the relation between the flow speed and the C, of the
measured blood at varying hematocrit and fibrinogen
contents. From the flow speed, i.e. in this respect the
number of litres flowing per minute through device 40,
the shear rate at the position of measuring electrode 50
can be determined so that the relation between the
average shear rate and the C, can thus be established at

differing fibrinogen and hematocrit values.
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When the flow volume must now be determined in a
blood vessel, the C, can be measured in the relevant
blood vessel in suitable manner, preferably with
catheter 10 and device 9. The hereby found average blood
flow speed can be combined with the cross-section of the
blood vessel, whereby the flow volume can be calculated.

If it is desired to measure the flow volume of the
heart, distal end 13 of catheter 10 can be positioned in
suitable manner in the right atrium of the heart.

It will be apparent that the flow speed and
therefore the C, will vary considerably during the heart
cycle. The measuring signal is therefore preferably
sampled during a determined period in the heart cycle.
This period is preferably the end of the systole, the
diastole. A gentle flow then occurs in which a good
representative measurement can be made. Microcomputer 32
of device 9 can be programmed such that the measuring
signal is thus sampled in the desired period of the ECG
signal which, as described above, is fed via line 37 to
microcomputer 32. The measured and processed impedance
signal can be stored in a memory of microcomputer 32 for
later processing, or can be processed immediately if the
dimensions, in particular the cross-section of the blood
vessel in which the measurement takes place, so for
instance the right atrium of the heart, are
predetermined. This dimension can be suitably determined
using echography. This is a per se known technique.

A flow distribution over the cross-section of the
blood vessel is further selected. A laminar flow
distribution can be chosen in the case of a measurement
in the right atrium during the diastole. It has been
found that the flow distribution during the diastole in
the right atrium can be seen with sufficient accuracy as

laminar.
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Once the cross-section of the blood vessel has been
entered therein and the flow distribution and/or average
flow speed has been programmed therein, microcomputer 32
can calculate the flow volume on the basis of the
predetermined relation between the shear rate and/or
flow speed in the blood and at a determined hematocrit
and fibrinogen value, and show it in suitable manner on
a display.

In this programmed calculation it is of course
taken into account that the measurement has taken place
during a determined period of the ECG. On the basis of
the ECG and the known heart function a correction factor
can be determined for a conversion to the total flow
volume during a heart cycle, or it is possible to
suffice with the measurement result resulting from the
measurement during the determined period of the ECG when
at least the greater part of the flow has taken place
during this period. It is optionally possible to suffice
with the display of a trend of the cardiac output.

According to a further development of the
invention, the predetermination of fibrinogen and
hematocrit can be dispensed with. Use is made here of a
device which corresponds in principle to that of figure
6. A small amount of blood is taken from the person
whose flow volume must be measured in a determined blood
vessel, for instance the right atrium. This blood is
placed in a device such as that of figure 6 and
circulated. This device will herein take a small form
such that a relatively small quantity of blood can
suffice.

The impedance is first measured in the blood vessel
in the above described manner. The blood is then
circulated in the device according to figure 6 at a
speed, to be controlled by the pump, such that the same

impedance is measured in the measuring chamber. With the

PCT/NL2006/000452
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flow speed at which this impedance occurs it is then
possible to calculate the flow speed and the flow volume
in the blood vessel, wherein the form factors and the

like, as indicated above, are taken into consideration.
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CLAIMS

1. Method for determining the flow in a blood
vessel, comprising of

a) determining the relation between the average
shear rate and the impedance of flowing blood,

b) measuring the impedance in the blood in a cross-
section of the blood vessel,

c) determining the average shear rate from this
relation and the measured impedance,

d) determining the size of the cross-section of the
blood vessel,

e) selecting a theoretical relative flow
distribution over the blood vessel cross-section,

f) determining the average flow speed on the basis
of the shear rate and the relative flow distribution,
and

g) determining the flow volume from the determined
average flow speed and the cross-section.

2. Method as claimed in claim 1, wherein the steps
a, ¢, e, and f are approximated by determining the
relation between the average flow speed and the
impedance of flowing blood, and determining the average
flow speed from this relation and the measured
impedance.

3. Method as claimed in claim 1 or 2, wherein the
blood vessel is the right atrium of a heart and the
determined flow volume is that of the heaft.

4. Method as claimed in claim 3, wherein the
impedance measurement is performed with a catheter
introduced into the right atrium.

5. Method as claimed in any of the foregoing
claims, wherein the impedance measurement is performed

in a determined period of the ECG.
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6. Method as claimed in claim 5, wherein the
impedance measurement is performed during a number of
heart cycles, in each case in the determined period of
the ECG, and the average of the number of measurements
is used to determine the impedance.

7. Method as claimed in claim 6, wherein the
determined period is the diastole.

8. Method as claimed in any of the foregoing
claims, wherein determination of the relation between
the average shear rate and the impedance in flowing
blood further comprises of determining in vitro factors
co-determining the impedance of blood, such as the
hematocrit and fibrinogen content.

9. Method as claimed in claim 1, wherein
determination of the relation between the shear rate and
the impedance in flowing blood further comprises of
determining in vitro the average shear rate at which the
impedance measured in the blood vessel occurs.

10. Method as claimed in claims 1 and 2, wherein
determination of the relation between the average flow
speed and the impedance in flowing blood further
comprises of determining in vitro the average flow speed
at which the impedance measured in the blood vessel
occurs.

11. Method as claimed in any of the foregoing
claims, wherein steps a, ¢, £ and g are performed by
generating a blood flow with the chosen relative flow
distribution in a vessel of a determined cross-section,
measuring the impedance centrally in this wvessel in
relation to the flow volume of the blood flow and, from
the flow volume corresponding with the impedance
measured in the blood vessel in accordance with this
relation, determining the flow volume in the blood
vessel in accordance with the respective sizes of the

cross—-sections of the blood vessel and the vessel.
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12. Method as claimed in any of the foregoing
claims, wherein the size of the blood vessel cross-
section is determined with echography. ,

13. Method as claimed in any of the foregoing
claims, wherein as theoretical relative flow
distribution over the blood vessel cross-section a
relative flow distribution is chosen which a Newtonian
liquid flowing in laminar manner would display over such
a cross-section.

14, Device for determining the flow of a blood
vessel, comprising

means for measuring the impedance in the blood in a
cross-section of a blood vessel,

means for determining the size of the blood vessel
cross—-section, and

processing means, comprising

memory means having stored therein a determined
relation between the shear rate and the impedance of
flowing blood and for storing a theoretical relative
flow distribution over the blood vessel cross-section,
and computing means for determining the shear rate from
the stored relation and the measured impedance, for
determining the average flow speed on the basis of the
shear rate and the stored relative flow distribution,
and for determining the flow volume from the determined
average flow speed and the cross-section.

15. Device as claimed in claim 14, wherein a
determined relation between the average flow speed and
the impedance of flowing blood is stored in the memory
means, and the computing means can determine the average
flow speed from the stored relation and the measured
impedance and the flow volume from the determined
average flow speed and the cross-section.

16. Device as claimed in claim 14 or 15, further

comprising a viscosity measuring apparatus comprising a
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conduit forming a blood vessel flow, moving means
incorporated in the conduit for allowing a liquid to
flow through the conduit at an adjustable flow speed,
electrodes positioned in the conduit and impedance

5 measuring means connected to the electrodes.
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