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Apparatus and Method for Reduction of Gas Microbubbles.

The present invention relates to a method and a device for reducing gas microbubbles
in liquids, particularly it relates to a method and device for the reduction of gas
microbubbles formed in the bloodstream during the use of a cardiopulmonary bypass

circuit.

The device is designed to be used with any standard cardiopulmonary bypass circuit
and is aimed at reducing the amount of microbubbles in blood formed at any stage of
the blood circuit, and ideally could be installed in the position prior to the cannula

entrance.

It is well documented that gas microbubbles produced during cardiopulmonary
bypass are predominantly responsible for serious postoperative psycho-neurological
dysfunction. (Refs. 1-10). At present, neuropsychologic impairment, to which
intraoperative cerebral microemboli are a principal cause, is the most common

complication of coronary bypass surgery, (Refs. 1,2,4-10).

In numerous clinical studies of this phenomenon, Doppler ultrasonography (Refs. 1,
3-5,7,9,11,12) was used to detect the number of microemboli in the cerebral arteries
of patients. It was found that these emboli are air microbubbles that are not
eliminated by the arterial line filter, and further attempts to reduce the amount of

these microbubbles using various traps have been disclsoed (Refs. 7, 11).

One of the latest developments (Ref. 7) includes a dynamic bubble trap, placed in the
arterial line between the arterial filter and arterial cannula, where the bloodstream is
forced to rotate and bubbles are driven by centripetal force to the centre of the axial
blood flow, where they are collected and returned to the cardiotomy reservoir. This
design (Ref. 7) allows for a significant reduction of microbubbles in the arterial line,

and as a consequence, a decrease of high-intensity transient signals in the brain of
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patients was observed.

We have now devised a method and devices which can be used for the reduction of
microbubbles in blood. The devices can be used with any standard cardiopulmonary
bypass circuit to reduce the amount of microbubbles in blood formed at any stage of

the blood circuit prior to the cannula entrance.

According to the invention there is provided a method for reducing microbubbles in
blood which method comprises passing the blood in a linear flow through a device in

which the microbubbles separate from the blood.
By linear is meant that the flow is substantially in one direction through the device.
The flow is preferably substantially laminar through the device.

This is different to the device of Ref. 7 where the bloodstream is forced to rotate and
bubbles are driven by centripetal force to the centre of the axial blood flow and the

flow through the device is not continuous.

One device which can be used in the present invention is a magnetic device and in
one embodiment of the invention there is provided a method for reducing
microbubbles in blood which method comprises passing the blood through a

magnetic field formed by a magnet.

The invention also provides apparatus or a device for removing microbubbles from
blood which comprises a device comprising (i) a conduit down which blood can be
passed and (ii) a means for generating a magnetic field positioned so that blood

flowing down the conduit passes through the magnetic field.

The device can be used in vivo in a situation where blood is passed from a body
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(human or animal) through the device of the invention and then back to the body, for
example, in conjunction with any of the existing blood circuits, e.g. the device can be
used with any standard cardiopulmonary bypass circuit, in order to reduce the amount
of gas microemboli in the bloodstream formed during cardiopulmonary bypass
surgery, thus minimizing subsequent brain injury in cardiopulmonary surgery. In a
typical circuit the blood is pumped through a blood reservoir, an oxygenator, a filter
and/or bubble trap and back to the body. Usually there are regulators and controllers
to control the rate of flow, etc. The invention is preferably located in the circuit after
the excess of air/gas has been removed from the bloodstream using bubble traps or

other filters.

It is thought that the invention works by solubilizing the remaining gas microbubbles
in the blood and thus removing the risk of their interaction with and accumulation

into the brain tissues/capillaries.

In use the magnetic treatment device comprises magnets (permanent or electro
magnets) which can be located round a conduit such as a pipe, e.g. by clamping to the
pipe or by having the magnets positioned around the outside of a pipe, so the pipe
flows through a central magnetic field. The pipe can be any conventional pipework
used in cardiopulmonary circuits and should be non-ferromagnetic. The magnet fields
of the magnet or magnets can be made very strong if necessary by the use of so called

“super magnets” made of strongly ferromagnetic alloys.

All other devices used to reduce microemboli trauma (filters, bubble traps, Venturi)
are aimed at the reduction of the amount of gas microbubbles formed at any stage of
cardiopulmonary bypass, apart from the very last one (arterial cannulation),
determined only by the design, geometry and material of the aortic cannula, (Ref. 9)
the magnetic device of the present invention is capable of reducing gas embolism
even at this last stage by altering the surface tension of blood and thus

preventing/reducing the formation of microbubbles at all stages of the heart bypass
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blood circuitry.

Magnetic treatment devices (MTDs) have been used for treating water. In a simple
case, the water passes through the applied magnetic field created by a permanent
magnet or electromagnet (or a combination of these). Despite extensive controversy
over the nature of water magnetic effect and even the existence of the effect itself
(probably, resulting from the relatively subtle nature of the effect and a variety of
conditions used by different researchers), at present there exists a convincing body of
articles in various journals (Refs. 13 -63) documenting the studies of the long-term

electromagnetic radiation effect on fluids and its practical applications.

At present, MTDs commercially available for antiscale water treatment are relatively
inexpensive and compact kits are available commercially from several manufacturers

in the UK, US, Germany, Denmark and other countries.

In recent years the nature of magnetic water conditioning phenomenon has been
studied using a variety of techniques and currently is thought to be attributed to
water-air (water-gas) interface effects. Submicroscopic gas bubbles and clusters
thereof in water of approximate diameter 1 - 10 nm, probably stabilized by ions, are
considered to be responsible for so-called “magnetic water memory” effect. This
effect reveals itself in several recordable changes of water properties, including
stabilization of the solution pH, changes/oscillations in conductivity and £ (zeta)
potential of colloids, reduction of metals corrosion and scale formation, inactivation
of micro-organisms, enhancement of calcium efflux through biomembranes,
reduction of surface tension, fluorescence of hydrophobic and hydrophilic probes, etc.
It has been shown that the magnetic treatment induces changes in the crystal structure
of the precipitate formed in concentrated carbonate solutions, producing mainly

aragonite instead of calcite, affecting the nucleation and crystal growth, (Ref. 39).

Surprisingly, the effect of “water magnetic memory” is long-lasting; changes in the
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observed properties remain for several minutes to several hours after the water has
been treated by radiofrequency (RF) radiation, microwaves, magnets or
electromagnets, (Refs. 13,14,17,31,50). Usually, the magnetic treatment does not
require very strong RF sources or powerful magnets, although the amplitude of the
applied RF field influences the observed effects. It was observed that the “water
magnetic memory” effect disappears after the liquid has been carefully outgassed.
This prompted the researchers to suggest (Refs. 14,17, 31,59) that it is the
perturbation of the liquid-gas interface resulting in formation of nanobubbles (Ref 13)
(and not the presence of trace concentrations of Fe?* ions, as was thought before (Ref.
15) that is responsible for the appearance of long-lasting effects which require hours

to relax.

It has been found recently (Refs. 45-49) that magnetic water treatment also increases
the chlorine retention by swimming pool water, suppressing free chlorine loss and

thus inhibiting microbial growth.

Apparently, the main driving force behind the decrease in chlorine desorption can be
found in reduced surface tension of the solution, after its exposure to the
electromagnetic field, followed by changes in the solubility of the gas. We propose to
apply the same effect to help solubilize the remaining oxygen (or any gas)

microemboli in the blood, and thus reduce its effervescence in brain capillaries.

In general, the device containing a set of permanent or electro-magnets is clamped
to/around the fluid pipe made of metal, plastic or any other material. The MTD does
not require direct contact with the fluid, which is particularly important for artificial

blood circulation systems, in order to minimize the allergic reactions of the body.

It is a feature of the present invention that the implementation of the magnetic devices
of the present invention involves minimum expenditure (as MTDs can be easily

incorporated into existing cardiopulmonary bypass equipment) and, once assembled,



WO 2004/033002 PCT/GB2003/004425

10

15

20

25

30

-6 -
do not require any special attention from the medical personnel.

Also, magnetic devices are extremely cost-effective and do not require sterilization as
they do not work in direct contact with blood and do not have any moving parts, so

their lifetime is restricted only by the durability of the materials used for their clamps.

In another embodiment of the invention the device for gas in blood comprises a
Venturi tube formed of a first and second truncated cone connected together at their
narrower ends with an inlet for blood at the wider end of the first truncated cone and

an outlet for blood at the wider end of the second truncated cone.

The invention also provides a method for treating blood which comprises passing the
blood through a Venturi device which comprises a Venturi tube formed of a first and
second truncated cone connected together at their narrower ends with an inlet for
blood at the wider end of the first truncated cone and an outlet for blood at the wider

end of the second truncated cone.

Preferably there is a connecting tube connecting the narrow ends of the first and

second truncated cones.

The interior sides of the first and second truncated cones are preferably linear with a
substantially constant angle of taper, although curved sides and varying angles of
taper can be used, as in conventional Venturi devices. Preferably the interior surfaces

of the truncated cones are smooth to facilitate laminar flow.

Venturi tubes are frequently used in hydraulic engineering for the measurement of
flow rates (Refs. 13 — 22). A usual design of the Venturi tube (Refs. 13-18,21,22)
includes two truncated cones (inlet and outlet) connected together by a short
cylindrical pipe of a smaller diameter, called the throat and usually installed

horizontally.
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passes down the first truncated cone which will reduce the pressure according to the
modified Bernoulli’s equation
P-P, _ V- v,

Y 2g

@

where y represents specific weight of the fluid, P;, P, and v;, v, represent pressure

h=

and velocity of the fluid in sections 1 and 2 corresponding to diameters D of the pipe

and d of the throat, so that vov; -D/d.

A ratio D/d around 4 or more is preferred as this produces a considerably low
pressure at the throat, sufficient to cause liberation of the dissolved air/gas, (Refs. 14,

21,23,24).

The ratio D/d is limited for a given flow rate and temperature by the maximum
allowed pressure drop in the throat; for too high ratios, the velocity of the fluid at the
throat can be very high, and the resulting pressure drop too big, capable of producing
a subatmospheric pressure (known as a Venturi vacuum, Ref. 21) and vaporization of
the liquid at this point, (Ref. 14). This phenomenon, called cavitation, is a highly
undesired event, (Ref. 25) as it can cause severe damage to the blood cells, therefore

the D/d ratio should always be well below the cavitation threshold.

The converging section of the first truncated cone (upstream from the throat)
preferably has a gradient (inclination to the longitudinal axis or half angle) 10-30
degrees, the diverging section (downstream from the throat) preferably has a gradient
2.5-14 degrees. A long cone/form modification of the Venturi tube, rather than a
short cone one, can be more suitable for medical applications, as it has lower pressure
loss (Ref. 17) and creates less turbulence to the fluid flow, thus minimizing the

potential damage to the blood cells.
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In the present invention preferably the device is positioned so that excess of the
dissolved oxygen (or any other gas) is evolved from the blood prior to administration

of the oxygenated blood to the patient.

Obviously, this procedure can only reduce the amount of oxygen dissolved in blood
and does not affect in any way the amount of oxygen chemically bound to
haemoglobin (neglecting very small changes in equilibrium constant), and thus does
not change the uptake of aidful oxygen by the blood. Smooth laminar flow inside the
Venturi tubes does not cause haemolysis of erythrocytes and therefore does not

reduce the uptake of oxygen even indirectly.

The device of the present invention can be used for the reduction of microbubbles in
blood and can be used in conjunction with any of the bubble traps and filters, which
allows to improve the efficiency of the removal of gas microemboli from the

bloodstream during cardiopulmonary bypass and to reduce subsequent brain injury.

In use a gradual pressure growth in the second, diverging, truncated cone cannot
quickly dissolve back the bubbles that were formed and released in the throat of the
Venturi tube, (Ref. 23) so they are carried with the blood flow into a separating
device or a blood filter installed downstream. The diameter of the outlet of the second
truncated cone is preferably similar or larger than that of the inlet of the first
truncated cone, in order to sustain a relatively slow fluid flow and to help the evolved

gas to separate.

Optionally there can be a separating chamber positioned close to (or combined with)
the outlet of the second truncated cone with an incorporated mesh (or several meshes)
installed at an angle, B less than 90° to the direction of the flow. When the chamber is
positioned horizontally, the bubbles, comparable or larger than the mesh size, travel

slowly along the mesh and up to the top part of the chamber. From there, a small
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portion of blood, saturated with bubbles, is redirected back to the inlet of the blood
pump via a bypass. The flow rate in the bypass can be regulated by a valve or clamp
in order to obtain a desirable ratio of volumetric rates in the bypass and the main line

(e.g. around 1/10).

The blood flow, instead of passing through the reclined mesh, can be directed into a
short spiral tube or other device where the fluid is forced to rotate in order to allow
the centripetal force to separate the bubbles. Alternatively, in the cardiopulmonary
circuit installation, the device of the present invention can be immediately followed
by the dynamic bubble trap (Ref. 7) or any other conventional blood filter; in this case

no special separation chamber need be incorporated into the device’s design.

The design of the separating chamber is not relevant to the present invention as a
separating chamber is needed only to separate the bubbles that have been evolved in

the Venturi tubes.

The advantages of using the Venturi tube (Refs. 13,17) over other devices include its
ability to sustain relatively high flow rates, very small unrecovered pressure loss, #;,
normally less than 12 - 15 % of differential pressure, 4, and, above all, the fluid flow
through the Venturi tube is smooth, without creating a turbulence. This latter point is
very important, as blood cell damage and particularly haemolysis of red blood cells
represents one of the most serious negative effects during cardiac surgery, (Ref. 9)
and is thought to be caused by mechanical damage induced by the compulsory

circulation, oxygenation, etc.

The Venturi tube can be installed vertically as the downward flow might be more
effective than the conventional horizontal mode, as formed gas bubbles spend more
time in the low pressure (throat) region due to their buoyancy (Ref. 26) and have
more time to grow to a size large enough to be readily separated. Also, vertical

positioning of the Venturi tube reduces the area used, making the equipment motre
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compact and better adjusted to clinical conditions.

In the specification vertically and horizontally with regard to the Venturi device
means that the axis of the first and second truncated cones are vertical or horizontal

respectively and so the axis of the throat is vertical or horizontal.

It is a feature of the present invention that the Venturi tube device is relatively
inexpensive and can be made/assembled from any suitable materials that are adequate
for handling blood, e.g. titanium or surgical stainless steel with or without coating,

polymers, composites, etc.

The Venturi tube device can be used to reduce the amount of gas microemboli formed
at any stage of cardiopulmonary bypass apart from the last one (arterial cannulation),
which is determined only by the design, geometry and material of the aortic cannula.
(Ref 9). The implementation of the Venturi device involves minimum expenditure as
it can be easily incorporated into existing cardiopulmonary bypass equipment and
does not require any special attention from the medical personnel. Also, the device is
very simple to produce, cost-effective and reliable as it does not have any moving

parts.

The invention is illustrated in the accompanying drawings in which:-

Fig. 1 shows schematically a circuit for treating blood using a magnetic device;
Fig. 2 shows a schematic view of the circuit incorporating a Venturi device and

Fig. 3 is a sectional view through the Venturi device of fig. 2.

Referring to fig. 1 a cardiopulmonary circuit comprises a blood pump (2), a blood
reservoir (3), oxygenator (4), filter (5) a magnetic treatment device (6) for use with
patient shown at (1). The magnetic treatment device consisted of a non-ferromagnetic

tube to the outside of which are clamped permanent magnets so that blood flowing
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through the tube passes through the magnetic field.

In use blood from patient (1) is pumped around the circuit as shown by the arrows as
in conventional cardiopulmonary circuits. When the blood passes through the device
(6) before being returned to the body the magnetic field of the device removes any

microbubbles in the blood.

Referring to fig. 2 a cardiopulmonary circuit is shown in which there is a patient (11)
from whom blood is pumped by pump (13) through reservoir (12), oxygenator (14),
Venturi device (15), filter (16) back to patient (11); there is regulating valve etc. at

7).

Referring to fig. 3, the Venturi device comprises a first truncated cone (9) which has
an inlet (8) of diameter ‘D’, the outlet of the cone (9) is connected to tube (10) of
diameter ‘d’. The outlet of tube (10) connects to the inlet of truncated cone (21).
There is outlet (22) of truncated cone (21) which has a diameter ‘Dy’.

In use, after the blood pump and optionally a small blood settling reservoir (not
shown) the blood enters the inlet (8) of diameter ‘D’ and passes down first truncated
cone Venturi tube (9) through its narrow part (throat) (10) of diameter ‘d’, where the
velocity of blood significantly increases and, according to the Bernoulli’s formulae
(D), the pressure drops sharply, the blood then flows down the second truncated cone
(21) and out through outlet (22) of diameter D;. This pressure drop allows some
microbubbles that were previously dissolved in the blood to grow rapidly, effervesce
and to be eliminated from the bloodstream. The line HGL refers to Hydraulic Grade
Line, (Refs. 13, 14) otherwise known as hydraulic gradient (Ref. 22) and reflects
static pressure in the system; P/y refers to ... , / is the differential pressure, and 7, is

the unrecovered pressure loss.
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Claims

1. A method for reducing microbubbles in blood which method comprises passing the
blood in a linear flow through a device in which the microbubbles separate from the

blood.

2. A method as claimed in claim 1 in which the flow is substantially laminar through

the device.

3. Apparatus for removing microbubbles from blood which comprises (i) a conduit
down which blood can be passed and (ii) a separating device through which the blood

can flow in a continuous linear flow in which microbubbles separate from the blood.

4. Apparatus as claimed in claim 3 which comprises (i) a conduit down which blood
can be passed and (ii) a means for generating a magnetic field positioned so that

blood flowing down the conduit passes through the magnetic field.

5. Apparatus for treating blood as claimed in claim 3 which comprises (i) a pump (ii)
an oxygenator (iii) a filter and (iv) a magnetic treatment device in which, in use, the
pump pumps blood from a body through the oxygenator and filter and then through
the magnetic treatment device and back to the body and in which the magnetic
treatment device comprises a conduit down which the blood flows and at least one
magnet located so that the blood flows through the magnetic field generated by the

magnet.

6. Apparatus as claimed in claim 3 or 4 in which there is a blood reservoir, regulators
and/or controllers through which the blood flows to control the rate of flow of the

blood.

7. Apparatus as claimed in claim 3 or 4 in which the magnetic treatment device is
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located after the excess of air/gas has been removed from the bloodstream using

bubble traps or other filters.

8. Apparatus as claimed in any one of claims 3 t0 7 in which the magnetic treatment

device comprises at least one permanent magnet or an electromagnet.

9. A method for reducing microbubbles in blood which method comprises passing

the blood in a continuous linear flow through a magnetic field formed by a magnet.

10. A method for reducing microbubbles in blood as claimed in claim 9 which
comprises pumping blood from a patient and passing the blood through an
oxygenator, a filter and a magnetic treatment device incorporating a conduit and a
magnet so the blood flows down the conduit through the magnetic field generated by

the magnet.

11. A device for treating blood as claimed in claim 3 which device comprises a
Venturi tube formed of a first and second truncated cone connected together at their
narrower ends with an inlet for blood at the wider end of the first truncated cone and

an outlet for blood at the wider end of the second truncated cone.

12. Apparatus for treating blood as claimed in claim 3 which comprises (i) a pump
(ii) an oxygenator, (iii) a filter and a Venturi device as claimed in claim 1 in which, in
use, the pump pumps blood from a body through the oxygenator and filter and then
through the said device and back to the body.

13. Apparatus as claimed in claim 12 in which the said device is positioned

horizontally.

14. Apparatus as claimed in claim 12 in which the said device is positioned vertically.
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15. Apparatus as claimed in any one of claims 11 to 14 in which there is a connecting

tube connecting the narrow ends of the first and second truncated cones.

16. Apparatus as claimed in any one of claims 11 to 15 in which the interior sides of

the first and second truncated cones are linear.

17. Apparatus as claimed in any one of claims 11 to 16 in which the ratio D/d where
D is the diameter of the inlet of the first truncated cone and d is the diameter of the

narrow end of the first truncated cone or the throat, is at least four.

18. Apparatus as claimed in any one of claims 11 to 17 in which the converging
section of the first truncated cone (upstream from the throat) has a gradient of 10-30
degrees and the diverging section of the second truncated cone (downstream from the

throat) has a gradient 2.5-14 degrees.

19. Apparatus as claimed in any one of claims 11 to 18 in which the length of the

second truncated cone is longer than the length of the first truncated cone.

20. Apparatus as claimed in any one of claims 11 to 19 in which the diameter of the
outlet of the second truncated cone is as at least as large as that of the inlet of the first

truncated cone.

21. Apparatus as claimed in any one of claims 11 to 20 in which there is a separating

means positioned close to, or combined with the outlet of the second truncated cone.
22. Apparatus as claimed in claim 21 in which the separating means comprises a
separating chamber incorporating one or more meshes installed at an angle, B less

than 90°, to the direction of the flow.

23. Apparatus as claimed in claim 21 in which the separating means comprises a
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spiral tube or other device where the fluid is forced to rotate in order to allow the

centripetal force to separate the bubbles.

24. Apparatus as claimed in claim 3 which comprises (i) a pump (ii) an oxygenator,
(iii) a filter and a Venturi device as claimed in any one of claims 11 to 23 in which, in
use, the pump pumps blood from a body through the oxygenator and filter and then
through the said device and back to the body and in which the Venturi device is
positioned so that excess of the dissolved oxygen (or any other gas) is evolved from

the blood prior to administration of the oxygenated blood to the patient.

25. A method for treating blood which method comprises passing the blood through a

Venturi device as claimed in any one of claims 11 to 24.

26. A method for treating blood which comprises pumping the blood from a patient
through a reservoir, an oxygenator, a filter, a Venturi device and back to the body
and in which the Venturi device is as claimed in any one of the preceding claims 11

to 24.
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