
PATENT
File: P-1 1209.04

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

APPLICATION FOR UNITED STATES LETTERS PATENT

TITLE: DISPOSABLE, INTEGRATED
EXTRACORPOREAL BLOOD CIRCUIT

INVENTORS: Walter L. Carpenter

Robert W. Olsen
Stefanie Heine

Rick A. Shorey
Laura A. Yonce

ATTORNEY: Daniel W. Latham, Esq.

MEDTRONIC, INC.

710 Medtronic Parkway
Minneapolis, MN 55432
(763)391-9661 (Direct Dial

(763)391-9668 (Facsimile)

"Express Mail" Mailing Label Number EV 41 3312855 US

Date of Deposit: December 2 "2-
. 2003

I hereby certify that this paper or fee is being deposited with the United States Postal Service
"Express Mail, Post Office to Addressee" service under 37 CFR 1.10 on the date indicated above
and is addressed to, Mail Stop Provisional Patent Application, Commissioner for Patents, P.O. Box
1450 Alexandria, VA 22313-1450.

Printed Name

Signature

.

A



P-1 1209.04 PATENT

DISPOSABLE, INTEGRATED, EXTRACORPOREAL BLOOD CIRCUIT

[0001] This application claims benefit of Provisional No. 60/440,005 filed January 14,

2003, and Provisional No. 60/515,619 filed October 30, 2003.

REFERENCE TO RELATED APPLICATIONS

[0002] Reference is hereby made to commonly assigned co-pending U.S. Patent

Application Serial No (P-1 1209.03) filed on even date herewith for

EXTRACORPOREAL BLOOD CIRCUIT AIR REMOVAL SYSTEM AND

METHOD in the names of , Serial No (P-1 1209.05) filed on

even date herewith for EXTRACORPOREAL BLOOD CIRCUIT PRIMING

SYSTEM AND METHOD in the names of Serial No (P-

1 1209.06) filed on even date herewith for ACTIVE AIR REMOVAL FROM AN

EXTRACORPOREAL BLOOD CIRCUIT in the names of and

Serial No (P-1 1209.07) filed on even date herewith for ACTIVE AIR REMOVAL

OPERATING MODES OF AN EXTRACORPOREAL BLOOD CIRCUIT in the

names of .

FIELD OF THE INVENTION

[0003] This invention relates to extracorporeal blood circuits, systems, and methods of

use and more particularly to a disposable, integrated extracorporeal blood circuit

comprising a plurality of components and lines interconnecting components

compactly arranged in 3-D space, having reduced volume and blood contacting

surface area, and supported spatially by a component organizing and supporting

system simplifying assembly, operation, and change out of the disposable,

integrated extracorporeal blood circuit.

BACKGROUND OF THE INVENTION

[0004] Conventional cardiopulmonary bypass uses an extracorporeal blood circuit that is

to be coupled between arterial and venous cannulae and includes a venous

drainage or return line, a venous blood reservoir, a blood pump, an oxygenator,
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an arterial filter, and blood transporting tubing or "lines", ports, and valves

interconnecting these components. Prior art, extracorporeal blood circuits as

schematically depicted in FIGs. 1 - 3 and described in commonly assigned U.S.

Patent Nos. 6,302,860, draw venous blood of a patient 10 during cardiovascular

surgery through the venous cannula (not shown) coupled to venous return line

12, oxygenates the blood, and returns the oxygenated blood to the patient 10

through an arterial line 14 coupled to an arterial cannula (not shown).

Cardiotomy blood and surgical field debris that is aspirated by a suction device

16 is pumped by cardiotomy pump 18 into a cardiotomy reservoir 20.

[0005] Air can enter the extracorporeal blood circuit from a number of sources, including

around the venous cannula, through loose fittings of the lines or ports in the lines,

and as a result of various unanticipated intra-operative events. It is necessary to

minimize the introduction of air in the blood in the extracorporeal blood circuit and

to remove any air that does accumulate in the extracorporeal blood circuit before

the filtered and oxygenated blood is returned to the patient through the arterial

cannula to prevent injury to the patient. Moreover, if a centrifugal blood pump is

used, a large volume of air accumulating in the venous line of the extracorporeal

blood circuit can accumulate in the blood pump and either de-prime the blood

pump and deprive it of its pumping capability or be pumped into the oxygenator

and de-prime the oxygenator, inhibiting oxygenation of the blood.

[0006] In practice, it is necessary to initially fill the cannulae with the patient's blood and

to prime (i.e., completely fill) the extracorporeal blood circuit with a bio-

compatible prime solution before the arterial line and the venous return lines are

coupled to the blood filled cannulae inserted into the patient's arterial and venous

systems, respectively. The volume of blood and/or prime solution liquid that is

pumped into the extracorporeal blood circuit to "prime" it is referred to as the

"prime volume". Typically, the extracorporeal blood circuit is first flushed with

C02 prior to priming. The priming flushes out any extraneous C02 gas from the

extracorporeal blood circuit prior to the introduction of the blood. The larger the

prime volume, the greater the amount of prime solution present in the



P-1 1209.04 PATENT

extracorporeal blood circuit that mixes with the patient's blood. The mixing of the

blood and prime solution causes hemodilution that is disadvantageous and

undesirable because the relative concentration of red blood cells must be

maintained during the operation in order to minimize adverse effects to the

patient. It is therefore desirable to minimize the volume of prime solution that is

required.

[0007] In one conventional extracorporeal blood circuit of the type depicted in FIG. 1

,

venous blood from venous return line 12, as well as de-foamed and filtered

cardiotomy blood from cardiotomy reservoir 20, are discharged into a venous

blood reservoir 22. Air entrapped in the venous blood rises to the surface of the

blood in venous blood reservoir 22 and is vented to atmosphere through a purge

line 24. The purge line 24 is typically about a 6 mm ID flexible tubing, and the air

space above the blood in venous blood reservoir 22 is substantial. A venous

blood pump 26 draws blood from the venous blood reservoir 22 and pumps it

through an oxygenator 28, an arterial blood filter 30, and the arterial line 14 to

return the oxygenated and filtered blood back to the patient's arterial system via

the arterial cannula coupled to the arterial line 14.

[0008] A negative pressure with respect to atmosphere is imposed upon the mixed

venous and cardiotomy blood in the venous blood reservoir 22 as it is drawn by

the venous blood pump 26 from the venous blood reservoir 22. The negative

pressure causes the blood to be prone to entrain air bubbles. Although arterial

blood filters, e.g., arterial blood filter 30, are designed to capture and remove air

bubbles, they are not designed to handle larger volumes of air that may

accumulate in the extracorporeal blood circuit. The arterial blood filter 30 is

basically a bubble trap that traps any air bubbles larger than about 20-40 microns

and discharges the air to atmosphere through a typically about 1.5 mm ID purge

line 32. The arterial filter 30 is designed to operate at positive blood pressure

provided by the venous blood pump 26. The arterial blood filter 30 cannot

prevent accumulation of air in the venous blood pump 26 and the oxygenator 28

because it is located in the extracorporeal blood circuit downstream from them.
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[0009] As shown in FIG. 2 from the above-referenced '860 patent, it has been proposed

to substitute an assisted venous return (AVR) extracorporeal blood circuit for the

conventional extracorporeal blood circuit of the type depicted in FIG. 1 ,
whereby

venous blood is drawn under negative pressure from the patient's body. The

arterial blood filter 30 is moved into the venous return line 12 upstream of the

venous blood pump 26 to function as a venous blood filter 30'. The venous blood

reservoir 22, which accounts for a major portion of the prime volume of the

extracorporeal blood circuit, is thereby eliminated. De-foamed and filtered

cardiotomy blood from cardiotomy reservoir 20 is drained into the venous blood

filter 30, and venous blood in venous return line 12 and the venous cannula

coupled to it is pumped through the venous blood filter 30. Exposure of the

venous blood to air is reduced because the venous blood filter 30' does not have

an air space between its inlet and outlet (except to the extent that air

accumulates above the venous blood inlet), as the venous blood reservoir 22

does. Suction is provided in the venous return line 12 through the negative

pressure applied at the outlet of venous blood filter 30' by the venous blood

pump 26 to pump the filtered venous blood through the oxygenator 28 and into

the arterial blood line 14 to deliver it back to patient 10. Again, the venous blood

filter 30' is basically a bubble trap that traps any air bubbles larger than about 20-

40 microns and discharges the air through a typically about 1 .5 mm ID purge line

32.

[0010] The arterial blood filter 30 is also relocated with respect to the cardiotomy

reservoir 20 and modified to function as a venous blood filter 30' in the

extracorporeal blood circuit shown in FIG. 3. Evacuation of air from venous

blood received through venous return line 12 is facilitated by increasing the size

of the purge port 34 of the venous blood filter 30' to accept a larger diameter

purge line 42, e.g. a 6 mm ID line, rather than the 1.5 mm ID line. A vacuum

greater than that normally used for venous drainage is applied through purge line

42 to the purge port 34 to actively purge air from venous blood filter 30. The

cardiotomy reservoir 20 is at ambient pressure but is conveniently purged by the
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same vacuum that purges air from venous blood filter 30. A valve 36, e.g., a

one-way check valve, is incorporated into the purge port 34 or purge line 42 to

prevent air or blood purged from the cardiotomy reservoir 20 from being drawn

into venous blood filter 30' by the negative pressure in venous blood filter 30'

when the purging vacuum is not active.

[001 1] As shown in FIG. 4 from the above-referenced '860 patent, venous blood is

drawn through the upper venous blood inlet 44 of venous blood filter 30', down

through the filter 46 and a screen or other conventional bubble trapping device

(not shown), and out the venous blood outlet 48 by the venous blood pump 26.

The purge port 34 is located above the venous blood inlet 44, and air that is

separated out by the screen or other conventional bubble trapping device

accumulates in the space 50 above the venous blood inlet 44. An air sensor 38

is disposed adjacent the purge port 34 that generates a sensor signal or modifies

a signal parameter in the presence of air in the space 50. The sensor signal is

processed by circuitry in a controller (not shown) that applies the vacuum to the

purge line 42 to draw the accumulated air out of the space 50. The vacuum is

discontinued when the sensor signal indicates that venous blood is in the space

50. Thus, an "Active Air Removal" (AAR) system is provided to draw the

accumulated air out of space 50 when, and only when, air present in the space

50 is detected by air sensor 38 to purge the air and to prevent venous blood

filling space 50 from being aspirated out the purge line 42 by the purging

vacuum. The purging vacuum may be produced by a pump 40, or it may be

produced by connecting the purge line 42 to the vacuum outlet conventionally

provided in operating rooms.

[0012] Again, suction is provided in the venous return line 12 through the negative

pressure applied at the outlet 48 of venous blood filter 30' by the venous blood

pump 26 to pump the filtered venous blood through the oxygenator 28 and into

the arterial blood line 14 to deliver it back to patient 10. De-foamed and filtered

cardiotomy blood is also pumped by venous blood pump 26 from cardiotomy
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reservoir 20 through the oxygenator 28 and into the arterial blood line 14 to

deliver it back to patient 10.

[0013] While the AVR extracorporeal blood circuit illustrated in FIGs. 3 and 4, and

particularly the use of the AAR method and system, represents a significant

improvement in extracorporeal circuits, its implementation can be further refined

and improved. A need remains for an AAR system and method that optimizes

the air sensor and its functions and that detects and responds to error conditions

and faults that can arise over the course of prolonged surgical use.

[0014] Moreover, the typical prior art extracorporeal blood circuit, e.g. the above-

described extracorporeal blood circuits of FIGs. 1 - 3, has to be assembled in the

operating room from the above-described components, primed, and monitored

during the surgical procedure while the patient is on bypass. This set-up of the

components can be time-consuming and cumbersome and can result in missteps

that have to be corrected. Therefore, a need remains for an extracorporeal blood

circuit having standardized components and that can be set up for use using

standardized setup procedures minimizing the risk of error.

[0015] The resulting distribution of the components and lines about the operating table

can take up considerable space and get in the way during the procedure as

described in U.S. Patent No. 6,071 ,258, for example. The connections that have

to be made can also introduce air leaks introducing air into the extracorporeal

blood circuit. A need remains for a compact extracorporeal blood circuit that is

optimally positioned in relation to the patient and involves making a minimal

number of connections.

[0016] The lengths of the interconnected lines are not optimized to minimize prime

volume and attendant hemodilution and to minimize the blood contacting surface

area. A large blood contacting surface area increases the incidences of

embolization of blood cells and plasma traversing the extracorporeal blood circuit

and complications associated with immune response, e.g., as platelet depletion,

complement activation, and leukocyte activation. Therefore, a need remains for
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a compact extracorporeal blood circuit having minimal line lengths and minimal

blood contacting surface area.

[0017] Furthermore, a need remains for such a compact extracorporeal blood circuit

with minimal blood-air interfaces causing air to be entrained in the blood. In

addition, it is desirable that the components be arranged to take advantage of the

kinetic assisted, venous drainage that is provided by the centrifugal venous blood

pump in an AVR extracorporeal blood circuit employing an AAR system.

[0018] Occasionally, it becomes necessary to "change out" one or more of the

components of the extracorporeal blood circuit during the procedure. For

example, it may be necessary to replace a blood pump or oxygenator. It may be

necessary to prime and flush the newly constituted extracorporeal blood circuit

after replacement of the malfunctioning component. The arrangement of lines

and connectors may make this very difficult to accomplish. A need therefore

remains for a compact extracorporeal blood circuit that can be rapidly and easily

substituted for a malfunctioning extracorporeal blood circuit and that can be

rapidly primed.

[0019] Consequently, a need remains for a extracorporeal blood circuit that is compactly

arranged in the operating room, that takes advantage of kinetic assist, and is

small in volume to minimize the required prime volume and to minimize the blood

contacting surface area and blood-air interfaces. Moreover, a need remains for

such an extracorporeal blood circuit that is simple to assemble in relation to other

components, that provides for automatic monitoring of blood flow and other

operating parameters, that can be simply and rapidly primed, that provides for

detection and removal of air from the extracorporeal blood circuit, and that

facilitates change out of the extracorporeal blood circuit or components employed

with it during the procedure.
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SUMMARY OF THE INVENTION

[0020] The present invention addresses at least some of these needs in unique and

advantageous ways.

[0021] This invention relates to extracorporeal blood circuits, systems, and methods of

use and more particularly to a disposable, integrated extracorporeal blood circuit

comprising a plurality of components and lines interconnecting components

compactly arranged in 3-D space, having reduced volume and blood contacting

surface area, and supported spatially by a component organizing and supporting

system simplifying assembly, operation, and change-out of the disposable,

integrated extracorporeal blood circuit.

[0022] The disposable, integrated extracorporeal blood circuit provides extracorporeal

oxygenation of a patient's blood during cardiopulmonary bypass surgery adapted

to be performed in the presence of a specialist (herein referred to as a

perfusionist, regardless of training) on a patient in an operating room and

employing a venous return line and an arterial line coupled to table lines

extending to the respective venous and arterial systems of the patient.

[0023] The disposable components preferably comprise a blood pump, a Venous Air

Removal Device (VARD), a blood oxygenator, and an arterial filter. The

components of the disposable, integrated extracorporeal blood circuit of the

present invention and lines coupling the components are supported in 3-D space

by a disposable circuit support module that is itself supported by a reusable

circuit holder. The disposable component organizing device mounts the

components of the disposable, integrated extracorporeal blood circuit of the

present invention in close proximity to one another to facilitate connection with a

patient and to conserve space taken up in the operating room. The reusable

circuit holder preferably supports prime solution bags and reusable components

including an active air removal (AAR) controller.

[0024] The disposable, integrated extracorporeal blood circuit of the present invention

advantageously performs all of the gas exchange, heat transfer, and micro-
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emboli filtering functions of standard extracorporeal blood circuits, in a way as to

conserve volume, reduce set up and change-out time, eliminate an in-line venous

blood reservoir, facilitate priming with prime solution, and facilitate purging of air

from the disposable, integrated extracorporeal blood circuit.

[0025] This summary of the invention has been presented here simply to point out some

of the ways that the invention overcomes difficulties presented in the prior art and

to distinguish the invention from the prior art and is not intended to operate in any

manner as a limitation on the interpretation of claims that are presented initially in

the patent application and that are ultimately granted.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] These and other advantages and features of the present invention will be more

readily understood from the following detailed description of the preferred

embodiments thereof, when considered in conjunction with the drawings, in

which like reference numerals indicate identical structures throughout the several

views, and wherein:

[0027] FIG. 1 is a schematic diagram of a first prior art extracorporeal blood circuit that

uses a venous reservoir;

[0028] FIG. 2 is a schematic diagram of a second prior art extracorporeal blood circuit

that does not use a venous reservoir;

[0029] FIG. 3 is a schematic diagram of a third prior art extracorporeal blood circuit that

does not use a venous reservoir and employs a venous blood filter with active air

removal;

[0030] FIG. 4 is a simplified schematic view of the prior art venous blood filter of FIG. 3;

[0031] FIG. 5 is a schematic view of the components of the disposable, integrated

extracorporeal blood circuit of the present invention in relation to prime solution

holding bags and a sequestering bag;

[0032] FIG. 6 is a representational diagram of the arrangement of the principle

components of the disposable, integrated extracorporeal blood circuit of FIG.
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5supported in 3-D space by a disposable circuit support module that is mounted

to a reusable circuit holder that supports further reusable components and is

adapted to be mounted to the a heart lung machine console for operating the

oxygenator and blood pump of the disposable, integrated extracorporeal blood

circuit;

[0033] FIG. 7 is a perspective view of the disposable circuit support module of FIG. 6;

[0034] FIG. 8 is a schematic view of the components of the disposable, integrated

extracorporeal blood circuit of the present invention supported by the disposable

circuit support module of FIGs. 6 and 7;

[0035] FIGs. 9-11 are schematic views of the components of the disposable, integrated

extracorporeal blood circuit of the present invention in relation to a sequestering

bag and first and second prime solution bags illustrating the steps of priming the

disposable, integrated extracorporeal blood circuit with prime solution;

[0036] FIGs. 1 2A and 1 2B are cross-section views of one embodiment of a VARD

employed in the disposable, integrated extracorporeal blood circuit in accordance

with the present invention;

[0037] FIG. 1 3A is a schematic view of the orientation of piezoelectric elements

employed in the VARD illustrated in FIGs. 12A and 12B in accordance with the

present invention;

[0038] FIG. 1 3B is a plan view of a piezoelectric element employed in the VARD

illustrated in FIGs. 12A and 12B;

[0039] FIG. 13C is a side cross-section view taken along lines 13C - 13C in FIG. 13B of

the internal components of the piezoelectric element;

[0040] FIG. 1 3D is a partial exploded perspective view of the VARD and piezoelectric

elements;

[0041] FIG. 13E is a further partial exploded perspective view of the VARD and

piezoelectric elements;
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[0042] Fig. 1 4 is a plan view of an AAR controller employed in the practice of the

present invention;

[0043] FIG. 1 5 is a system block diagram of the AAR controller of FIG. 1 4;

[0044] FIGs. 16A and 1 6B are a high level flow chart illustrating the Self Test, Standby,

and Automatic Modes of operation of the AAR system of the present invention;

[0045] FIGs. 1 7A and 1 7B are a high level flow chart illustrating the steps of operation of

the AAR system in the Automatic Mode;

[0046] FIG. 18 is an LCD screen display during the Self-Test Mode;

[0047] FIG. 1 9 is an LCD screen display during the Standby Mode;

[0048] FIGs. 20 - 26 are LCD screen displays responsive to depression of certain keys

by the perfusionist during the Standby Mode;

[0049] FIGs. 27 and 28 are LCD screen displays indicating the status of the purge valve

during the Automatic Mode;

[0050] FIG. 29 is an LCD screen display instructing the perfusionist to mechanically

open the pinch valve due to operation of the AAR controller in the battery backup

state;

[0051] FIGs. 30 -36 are LCD screen displays indicating error and system power states

during the Self-Test Mode;

[0052] FIGs. 37 - 42 are LCD screen displays indicating error and system power states

during the Standby Mode; and

[0053] FIGs. 43 - 57 are LCD screen displays indicating error and system power states

during the Automatic Mode.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0054] The various aspects of the present invention are preferably embodied in a

method and system that incorporates a disposable, integrated extracorporeal

blood circuit with reusable components including the reusable components of a
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heart-lung machine. The disposable, integrated extracorporeal blood circuit

preferably comprises the set of principal components comprising a VARD, a

centrifugal blood pump, an oxygenator, and an arterial blood filter all

interconnected with fluid lines. The disposable centrifugal blood pump is coupled

with the reusable blood pump driver that is in turn coupled to a pump driver

console. An oxygen line is coupled to the disposable blood oxygenator via a flow

meter and blender. Water lines are coupled to the disposable blood oxygenator

via a module for controlling water flow and water temperature. The preferred

embodiment of the VARD of the present invention comprises a venous filter that

provides an AAR function under the control of a reusable AAR controller. The

disposable, integrated extracorporeal blood circuit of the preferred embodiment

of the present invention further comprises a disposable component organizing

device or circuit support module for supporting the principal components and

lines in a predetermined 3-D spatial relationship. The preferred embodiment of

the present invention further comprises a reusable circuit holder adapted to be

coupled to the reusable components of the heart lung machine to support the

AAR controller and the reusable circuit support module.

[0055] The disposable, integrated extracorporeal blood circuit of the present invention

preferably has access ports through which the operator or perfusionist may

administer medications, fluids, and blood. In addition, the extracorporeal blood

circuit preferably includes multiple sites for sampling blood and for monitoring

various parameters, e.g., temperature, pressure, and blood gas saturation.

Clamps and valves are also disposed in the lines extending between or from the

principal components of the disposable, integrated extracorporeal blood circuit.

The disposable, integrated extracorporeal blood circuit of the present invention

can be set up and changed out more rapidly than conventional extracorporeal

blood circuits, and arrangement of the supplied components minimizes the

possibility of erroneous setup. The disposable, integrated extracorporeal blood

circuit of the present invention is a closed system that reduces the air-blood

interface and that minimizes the blood contacting surface area.
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[0056] The disposable, integrated extracorporeal blood circuit of the present invention

may be rapidly primed with prime solution. During priming, the venous return line

connector is coupled to the arterial line connector. The extracorporeal blood

circuit is supported in 3-D space so that the components and lines

interconnecting the components are disposed between a circuit high elevation

and a circuit low elevation. A prime solution source is supported at a source

elevation higher than the circuit high elevation, and prime solution is delivered

into the integrated extracorporeal blood circuit at the circuit low elevation. The

flow of prime solution from the prime solution source into the extracorporeal

blood circuit is controlled to upward fill the components and lines of the

extracorporeal blood circuit with prime solution, thereby displacing air upward.

Air is purged from the extracorporeal blood circuit as the prime solution fills the

extracorporeal blood circuit.

[0057] The preferred embodiment of the best mode of practicing the invention disclosed

herein incorporates all of the features of the present invention. However, it will

be understood that the various aspects of the present invention can be practiced

in alternative contexts than the context provided by the described preferred

embodiment.

Disposable. Integrated Extracorporeal Blood Circuit

[0058] The components of the disposable, integrated extracorporeal blood circuit 1 00

are illustrated in FIGs. 5 and 6. The principal components of the disposable,

integrated extracorporeal circuit 100 comprise the VARD 130, the centrifugal

blood pump 150, the oxygenator 160, and the arterial blood filter 180. The

disposable, integrated extracorporeal blood circuit 100 is illustrated in FIG. 5 in

relation to prime solution holding bags 380 and 390 that drain prime solution into

the disposable, integrated extracorporeal blood circuit 100 during priming and a

sequestering bag 370 adapted to sequester excess prime solution or blood at

times during the bypass procedure. The prime solution holding bags 380 and

390 are conventional IV bags that have penetrable seals that spikes can be
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inserted through in use. The sequestering bag 370 is supplied with three bag

tubes 372, 374 and 376 that have respective Roberts clamps 382, 384 and 386

applied thereto to selectively clamp shut or open the bag tube lumens. For

example, the Roberts clamps 382, 384, and 386 may be clamped shut when the

sequestering bag 370 is attached to or detached from the disposable, integrated

extracorporeal blood circuit 100. The interconnection of these principal

components and the prime solution holding bags 380 and 390 and sequestering

bag 370 through lines and further components is first described as follows.

[0059] The disposable, integrated extracorporeal blood circuit 100 is also illustrated in

FIG. 5 with a U-shaped, tubular, pre-bypass loop 120 that can be selectively

used to connect the arterial blood line 114 with the venous return line 112 during

flushing of the disposable, integrated extracorporeal blood circuit 100 with C02

gas and during priming of the disposable, integrated extracorporeal blood circuit

100 with prime solution from prime solution bags 380 and 390 as described

further below with respect to FIGs. 9-11. The pre-bypass loop 120 is coupled to

the venous return line 1 12 by a quick connect connector 102 and to the arterial

line 1 14 by a quick connect connector 104. The arterial line 1 14 and venous

return line 1 12 are preferably formed of 0.375 inch ID PVC tubing.

[0060] It will be understood that the pre-bypass loop 120 is disconnected from the

venous and arterial blood lines 112 and 114, respectively, after the disposable,

integrated extracorporeal blood circuit 100 is primed. Table lines extending to

venous and arterial cannulae extending into the patient are then connected to the

respective venous return line 112 and arterial line 114 through quick connectors

1 02 and 1 04, respectively. Any air that enters the venous return line 1 1 2 during

this switching process is eliminated by the AAR system and method of the

present invention as described further below.

[0061] The venous return line 112 extends from the quick connector 102 through a quick

disconnect connector 1 22 to the inlet 1 32 of the VARD 1 30. The assembly of a

tri-optic measurement cell (TMC) 38 BioTrend® connector 108 having a 0.375
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inch ID lumen coupled to a utility connector 110 having a 0.375 inch ID lumen is

interposed in the venous return line 112. The TMC 38 BioTrend® connector 108

may be used to hold a TMC cell (not shown) of the BioTrend™ Oxygen

Saturation and Hematocrit System, sold by Medtronic, Inc., to measure blood

oxygen saturation and blood hematocrit of venous blood passing through the

venous return line 1 1 2. The utility connector 1 1 0 supports a plurality of standard

luer ports and barbed ports.

[0062] A venous blood sampling line 106, preferably formed of 0.125 inch ID PVC

tubing, extends between one port of the utility connector 1 1 0 to one side of a

manifold 115. The manifold 115 comprises a rigid tube having a 0.125 inch ID

tube lumen and three stopcocks with side vent ports arrayed along the tube and

employed as described further below.

[0063] A venous blood pressure monitoring line 1 16 that is preferably formed of 0.125

inch ID PVC tubing is coupled to a stopcock 196 attached to a luer port of the

utility connector 110 and extends to a pressure isolator 1 1 7 and stopcock 125.

The pressure isolator 117 of the venous blood pressure monitoring line 116 has a

flexible bladder and is sized to be attached to a Medtronic® Model 6600 pressure

monitor and display box. Venous blood pressure monitoring may be used to

optimize kinetic drainage. For example, venous blood pressure that is too high,

too low, oscillating and/or chattering may indicate that the speed of the venous

blood pump is incorrect and should be adjusted.

[0064] An arterial filter recirculation line 1 18, preferably formed of 0.125 inch ID PVC

tubing and including a check valve 119, extends from a further luer port of the

utility connector 1 10 to the arterial filter purge port 186 of the arterial filter 180.

Under operating conditions described below, a small volume of arterial blood and

any air bubbles are drawn through the arterial filter recirculation line 118 and

check valve 119 from the arterial filter 180 into the venous return line 112. The

check valve 119 prevents reverse flow of venous blood into the arterial filter 1 80.
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[0065] In certain cases, it is desirable to provide passive venting of the venous blood in

the venous return line 112, and so a short, 0.250 inch ID, tube stub 124,

terminating in a 0.250 inch ID barbed port, extends from the utility connector 110

to function as a vent blood return port. A Roberts clamp 194 is fitted across the

0.250 inch ID tube stub 124 to be opened or closed in use when the tube stub

124 is coupled to active or passive venting equipment, e.g., the Gentle Vent

passive venting system sold by Medtronic, Inc.

[0066] A blood temperature monitoring adaptor 126 is provided extending from the utility

connector 110 and enabling insertion of a temperature probe connected with

temperature monitoring equipment.

[0067] The VARD 1 30 is described further below with reference to FIGs. 1 2A, 1 2B and

13. In general, air that is entrained in the venous blood drawn through the VARD
inlet 132 tends to be separated from the venous blood within VARD 130 and

accumulates in an upper chamber thereof. The presence of air is detected by

signals output from air sensors located about the VARD 130, and the air is

evacuated from the chamber.

[0068] The venous blood outlet 1 36 of VARD 1 30 is coupled to one branch of a "Y" style

segment or blood pump inlet line 156, preferably formed of 0.375 inch ID PVC.

The trunk of the "Y" style segment or line 156 is coupled to the blood pump inlet

152 of the centrifugal venous blood pump 150. The blood pump 150 is adapted

to be positioned in use with a drive motor (not shown) as described further below

that is selectively operated to draw venous blood through the VARD 130 and

pump it into the oxygenator 160.

[0069] Preferably, venous blood pump 150 is a centrifugal blood pump, e.g., a Bio-

Pump® centrifugal blood pump sold by Medtronic, Inc., that is capable of

providing sufficient negative pressure (to -200mm Hg) for kinetic assisted

drainage of venous blood from the patient. Operation of the Bio-Pump®

centrifugal blood pump is controlled by a Bio-Console® drive console sold by

Medtronic, Inc. The Bio-Console® drive console provides electrical energy to
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drive a reusable pump drive that in turn drives the Bio-Pump® centrifugal blood

pump. Exemplary blood pump drive systems are disclosed, for example, in U.S.

Patent Nos. 5, 021,048 and 5,147,186.

[0070] A fluid infusion line 1 76, preferably formed of 0.375 inch ID PVC tubing, is

coupled to the other branch of the "Y" style segment or line 1 56 and extends to a

connection with the tube 376 of the sequestering bag 370 made through a tubing

size adaptor and Roberts clamp 197. Prime solution can be selectively pumped

or drained from the sequestering bag 370 during priming, and blood can be

selectively pumped or drained from the sequestering bag 370 during the course

of the bypass procedure.

[0071] The location of VARD 1 30 upstream of venous blood pump 1 50 in the depicted

closed system provides kinetic assisted venous drainage due to the negative

pressure exerted on venous blood by the venous blood pump 150. An AAR
system and method automatically detects and suctions off air that collects in a

high, quiescent point in the venous line of the disposable, integrated

extracorporeal blood circuit 100. In the preferred embodiment of the present

invention, the high point is within the upper part of VARD 130 adjacent to the

purge port 1 34.

[0072] A VARD purge line 141 , preferably formed of 0.250 inch ID PVC tubing, is

coupled to the purge port 134 of VARD 130 through a stopcock 135 and extends

to a purge line distal end connector 143 adapted to be coupled to a vacuum line.

A VARD purge line segment 147 formed of silicone rubber and a vacuum sensor

line 145 are coupled to an AAR controller as described further below. VARD
purge line 141 or the purge port 134 of VARD 130 may include a means, e.g., a

one-way check valve, to prevent air from being pulled into the VARD 1 30 prior to

attachment of the purge line distal end connector 143 to the vacuum line. For

example, a check valve 123 is located at the connection of the VARD purge line

141 with the VARD purge line segment 147. In addition, an air permeable,

hydrophobic, fluid isolation filter 149, is located in a T-shaped branch of the
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purge line distal end connector 143 to prevent any blood suctioned from VARD

130 during operation of the AAR system from being suctioned into the vacuum

sensor within the AAR controller that the vacuum sensor line 145 is connected to.

The fluid isolation filter 149 is preformed with a female luer lock and a male luer

lock for attachment between the T-connector of VARD purge line segment 147

and the vacuum sensor Iine145, e.g., a 25 mm filter enclosing 0.2 urn Versapor®

200R hydrophobic acrylic copolymer on a non-woven support available from

PALL Life Sciences Division, Ann Arbor, Ml, of Pall Corporation.

[0073] A purging vacuum produced by a pump or a vacuum outlet conventionally

provided in operating rooms is applied through a vacuum line coupled to the

purging line distal end connector 143. Although not shown in FIG. 5, a collection

container or trap is to be interposed between purge line distal end connector 143

and the vacuum source or pump to trap the red blood cells that may be suctioned

from VARD 130 through VARD purge line 141 for possible salvage and return to

the patient. The liquid trap can be a standard hard-shell venous reservoir, a

standard cardiotomy reservoir, a chest drainage container, or a blood collection

reservoir used with the autoLog™ Autotransfusion System sold by Medtronic,

Inc. The blood collection reservoir used with the autoLog™ Autotransfusion

System has a 40 micron filter and may be mounted onto a mast of the console of

the heart-lung machine or other equipment in the operating room to function as a

liquid trap. Preferably, the vacuum source or pump is capable of supplying a

minimum of about -215 mmHg vacuum, and preferably is capable of suctioning

about 400 ml/min of air from the liquid trap without the vacuum decreasing below

about -180 mmHg.

[0074] The blood pump outlet 1 54 is coupled to one end of a "T" style connector

functioning as an oxygenator inlet line 158, preferably formed of 0.375 inch ID

PVC tubing. The other end of the "T" style line 1 58 is coupled to the oxygenator

blood inlet 170 of oxygenator 160. The oxygenator blood inlet 170 and the

venous blood outlet 1 54 are thereby coupled together and supported at



P-1 1209.04 PATENT
-19-

substantially the same venous blood outlet/inlet elevation by the "T" style line

158.

[0075] One end of a priming line 1 59, preferably formed of 0.250 inch ID PVC tubing, is

coupled to a side branch of theT style connector or line 158. The priming line

159 extends to branching segments or lines 151 and 153, preferably formed of

0.250 inch ID PVC tubing, that terminate in spikes that are inserted into the

penetrable openings or seals of the prime solution bags 380 and 390. Roberts

clamps 161, 163, and 165 are fitted over the respective tubing segments or lines

1 51 , 1 53 and 1 59 to selectively clamp shut or open the tube lumens during

gravity priming of the disposable, integrated extracorporeal blood circuit 100 as

described further below. The side branch of the "T" style line 158 preferably

extends away from the blood pump 150 at an angle less than 90° to the trunk of

the "T" style line 158 so that any air that is entrained in the prime solution does

not stick at the junction of the side branch and instead rises through the side

branch and the priming line 159 to accumulate in a prime solution bag 380 or

390. Due to this arrangement, no air bubbles are entrapped in the line 159

during priming or operation of the disposable, integrated extracorporeal blood

circuit 100.

[0076] A blend of oxygen and air enters the oxygenator 1 60 through gas inlet 1 62 and

exits the oxygenator 160 through access port 1 64. Gas exchange between the

oxygen and the venous blood entering oxygenator blood inlet 170 then takes

place by diffusion through the pores in the hollow fibers of the oxygenator 160.

Thermal energy may be added or removed through the blood heat exchanger

that is integral with the oxygenator 160. Water is heated or cooled by a

heater/cooler of the heart-lung machine and warmed or chilled water is delivered

to the water-side of the heat exchanger. Water enters the heat exchanger

through a hose (not shown) coupled to water inlet port 166 and exits the heat

exchanger through water outlet port 168 and a hose (not shown) coupled thereto.

The oxygenator 160 is preferably a blood oxygenator of the type disclosed U.S.

Patent Nos. 4,975,247 5,312,589, 5,346,621, 5,376,334, 5,395,468, 5,462619,
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and 6,1 1 7,390, for example. Preferably, oxygenator 160 comprises an

AFFINITY® hollow fiber membrane oxygenator sold by Medtronic, Inc.

[0077] The temperature modulated, oxygenated blood is pumped out of the oxygenator

blood outlet 169 and through an oxygenator outlet line 188, preferably formed of

0.375 inch ID PVC tubing, that is coupled to the arterial filter inlet 182 of the

arterial filter 180. The heated or cooled oxygenated blood can also be pumped

out of a branch of the oxygenator outlet 169 and through an arterial blood

sampling line 172, preferably formed of 0.125 inch ID PVC tubing and including a

check valve 121 , that extends to one input of manifold 1 1 5 for sampling of arterial

blood and for drug administration.

[0078] A temperature monitoring adaptor 1 71 similar to adaptor 1 26 branches from of

the oxygenator blood outlet 169 to be used to monitor oxygenated blood

temperature.

[0079] A recirculation/cardioplegia line 1 74, preferably formed of 0.250 inch ID PVC

tubing, extends from a recirculation port 173 of the oxygenator 160 to a "Y" style

connector having two branches 175 and 177. The branch 175 is coupled to the

luer port of line 58 of the sequestering bag 370. A Roberts clamp 195 is used to

open or close the branch 175 of the "Y" style connector coupled to line 58 so that

prime solution or oxygenated blood can be selectively pumped into the

sequestering bag 370 during the course of priming or performance of the bypass

procedure. A second branch 177 of the recirculation/cardioplegia line 174

comprises a tube that is provided with a closed end and can be left intact or cut

away so that the recirculation/cardioplegia line 174 can be selectively coupled to

a cardiaplegia source or a hemoconcentrator while the Roberts clamp 195 is

closed.

[0080] The delivery of cardioplegia solution reduces or discontinues the beating of the

heart in a manner that will minimize damage to the myocardium. Cardioplegia

solution can also supply other ingredients to provide for myocardium protection

and may be delivered alone or may include oxygenated blood diverted from the
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arterial line. A cardioplegia circuit is formed that comprises the oxygenated blood

line, a cardioplegia solution bag and line, a cardioplegia delivery line, a pump

(e.g., peristaltic), and may also comprise pressure transducers to monitor the

solution pressure, an air detector and filters to prevent bubbles from entering the

heart, a timer, temperature sensors and a heat exchanger to monitor and control

fluid temperature, and a device for controlling and recording the total volume of

cardioplegia solution that is pumped. The cardioplegia solution is delivered to

the coronary arterial network or coronary sinus for distribution throughout the

myocardium and the circulatory system in a manner well known in the art.

[0081] The arterial blood filter 180 may take the form disclosed in U.S. Patent Nos.

5,651,765 and 5,782,791, for example, and preferably comprises an AFFINITY®

Arterial Filter sold by Medtronic, Inc. The oxygenated blood is pumped under the

pressure exerted by the venous blood pump 150 through the arterial filter inlet

182, through a filter and screen disposed within the arterial blood filter 180, and

through the arterial filter outlet 1 84 into the arterial line 114. Microemboli are

filtered from the oxygenated blood as it passes through the arterial filter 180. Air

that is entrained in the oxygenated blood tends to be separated from the

oxygenated venous blood by the screen and accumulates in an upper chamber

the arterial filter 180 below arterial filter purge port 186.

[0082] The arterial filter purge port 186 is coupled to a three-way stopcock 187 in the

arterial filter purge port 186 that has a branch coupled to an end of arterial filter

recirculation line 118. The three-way stopcock 187 is normally in an air

evacuation position that connects the arterial filter recirculation line 118 with the

arterial filter purge port 186. A low volume of arterial blood and any air that

collects in the upper chamber the arterial filter 180 below arterial filter purge port

186 are drawn by blood pump 150 through the utility connector 110 and venous

return line 112 into the VARD 130. The difference in pressure between the

positive pressure of the oxygenated blood within the chamber of the arterial filter

180 and the negative pressure in the venous return line 112 draws the blood and

air from the chamber of the arterial filter 180 when the venous blood pump 1 50 is
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running and the three-way stopcock 187 is moved to the air evacuation position.

The check valve 1 19 in the arterial filter recirculation line 118 prevents reverse

flow of venous blood through the recirculation line 118 when the blood pump 150

is not pumping. The three-way stopcock 187 can be manually moved to a

priming position opening the arterial filter chamber to atmosphere to facilitate

priming of the disposable, integrated extracorporeal blood circuit 100. As

described below, the arterial filter 180 is fitted into a receptacle of a disposable

circuit support module such that the operator can manually lift and invert the

arterial filter 180 during priming or during the bypass procedure to facilitate

evacuation of any air observed in the arterial filter 180.

[0083] The filtered, oxygenated blood is returned to the patient as arterial blood through

the arterial line 114 coupled to the arterial filter outlet 184 and through a table line

fitted to the quick connector 104 and coupled to an arterial canulla (not shown) or

directly to an end of an elongated arterial cannula extending into the patient's

heart. The arterial line 114 passes through a blood flow transducer connector

190 that receives and supports a Bio-Probe® blood flow transducer sold by

Medtronic, Inc. to make arterial flow rate measurements. In normal operation,

the Bio-Console® drive console determines arterial blood flow rate from the

output signal of the Bio-Probe® flow probe transducer mounted to blood flow

transducer connector 190 to make flow rate measurements of blood flow in

arterial line 1 14 or in oxygenator outlet line 188. Oxygenated, arterial blood flow

rate is generally determined to an accuracy of +/-5%.

[0084] The above-described barbed connections and luer connections with lines or

tubing preferably do not leak at pressures ranging between +750 mmHg and

-300 mmHg. In addition, the barbed connections preferably withstand pull forces

up to 10 lbs linear pull.

[0085] All surfaces of the disposable, integrated extracorporeal blood circuit exposed to

blood should be blood compatible through the use of biocompatible materials

e.g., silicone rubber, PVC, polycarbonate or plastisol materials. Preferably, the
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blood contacting surfaces of the disposable, integrated extracorporeal blood

circuit are coated with Carmeda® BioActive Surface (CBAS™) heparin coating

under license from Carmeda AB and described in U.S. Patent No. 6,559,132, for

example.

[0086] The disposable, integrated extracorporeal blood circuit 1 00 of the present

invention preferably has operable flow rates of 1 - 6 liters per minute of blood

through it without producing gas bubbles within venous blood pump 150 or

through fibers of oxygenator 160. The disposable, integrated extracorporeal

blood circuit is spatially arranged and supported in 3-D space by a component

organizing and supporting system of the present invention at the height of the

patient so that the respective venous return and arterial lines 1 12 and 1 14 can be

made as shortened to reduce prime volume.

[0087] The above-described components of the disposable, integrated extracorporeal

blood circuit 100 are spatially arranged and supported in 3-D space as shown in

FIG. 5 by a disposable circuit support module 200 and a reusable circuit holder

300 as shown in FIGs. 6 - 8. Most of the above-described lines and other

components interconnecting or extending from the VARD 130, the centrifugal

blood pump 150, the oxygenator 160, and the arterial blood filter 180 are not

shown in FIG. 6 to simplify the illustration.

[0088] The disposable circuit support module 200 is formed of a rigid plastic material

having a C-shaped arm 202 extending between lower snap fittings 204 and 206

and an upper snap fitting 208. A receptacle 210 is adapted to fit onto the

receiver 344 of the circuit holder 300. As shown in FIG. 6, the VARD 130 and

the oxygenator 160 are directly supported by the C-shaped arm 202, and the "Y"

style line 156 and "T" style line 158 couple the centrifugal blood pump 150

between the venous blood outlet 136 and the venous blood inlet 170, whereby

the blood pump 150 is indirectly supported by the C-shaped arm 202. TheV
style line 156 and "T" style line 158 are flexible, which advantageously allows the

perfusionist to grasp the blood pump 1 50 while it is not being driven during
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priming and tilt it to see if any air is accumulating in the blood pump chamber.

Any air accumulating in the blood pump chamber during priming, as described

further below, can be dislodged in this way.

[0089] The snap fittings 204 and 206 each comprise a fixed, concave, band formed as

part of C-shaped arm 202 and a separate U-shaped, band. The snap fitting 208

comprises a concave band that can be attached to or detached from the C-

shaped arm 202 and a separate U-shaped band. The separate U-shaped bands

can be snapped into engagement with the concave bands to form a generally

cylindrical retainer band dimensioned to engage the sidewalls of the oxygenator

160, the VARD 130 and the arterial blood filter 180.

[0090] During assembly, the oxygenator 1 60 is applied against the fixed, concave, half-

band, and the U-shaped, half-band is snapped around the oxygenator 160 and to

slots on either side of the fixed, concave, half-band to entrap oxygenator 160 in

lower oxygenator snap fitting 204 during assembly of the extracorporeal blood

circuit 100 so that it is difficult to remove the oxygenator 160. Similarly, the

VARD 130 and the arterial blood filter 180 are supported and entrapped in lower

and upper VARD and arterial filter snap fittings 206 and 208, respectively.

[0091] The upper snap fitting 208 encircling arterial blood filter 180 is detachable at a

clip 218 from the C-shaped arm 202. The arterial blood filter 180 and upper snap

fitting 208 can be manually detached at clip 218 and inverted by the perfusionist

during priming. Any air bubbles trapped in the lower portion of the arterial blood

filter 180 adjacent the arterial filter outlet 184 can then rise up through the

inverted arterial filter outlet 184 into the arterial line 114 to be drawn through the

bypass circuit 120 and the venous return line 112 into the VARD 130 to be

purged therefrom. The perfusionist can observe the movement of the air bubbles

and then insert the arterial filter 180 back into clip 218.

[0092] As shown in FIG. 8, lateral raceways 220 and vertical raceways 222 are provided

in the C-shaped arm 202 that laterally and vertically extending lines can be fitted

into. The VARD purge line 141 and the fluid infusion line 176 are extended
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vertically from the VARD 1 30 and the branch of the "Y" style line 1 56,

respectively, through one vertical raceway 222. The priming line 159 and the

recirculation/cardioplegia line 174 are extended laterally through the lateral

raceways 220.

[0093] Disposable circuit support module 200 advantageously maintains proper

orientation and positioning of the supported principal components and the lines

extending between or from them to optimize function. The short lines minimize

surface area contacted by blood. The oxygenator 160 is supported by

disposable circuit support module 200 so that the blood pump outlet 1 54 and the

oxygenator blood inlet 170 connected by "T" style connector or line 158 are at

about the same circuit low elevation level below prime solution holding bags 380

and 390 in order to facilitate gravity priming through priming line 159 and upward

filling of the blood pump 150 and oxygenator 160 and other circuit components

and lines with prime solution. Disposable circuit support module 200 positions

the VARD 130 above the blood pump 150 and the arterial blood filter 180 above

the VARD 1 30 in order to facilitate upward priming and movement of air into the

arterial filter purge port 186 to be drawn into the VARD 130 and purged as

described further below.

[0094] Module 200 is advantageously configured to allow access for clamping or

unclamping the lines or tubing segments or for making connections to the various

ports. The disposable circuit support module 200 advantageously allows venous

blood pump 150 to be independently manipulated, e.g., rotated, swiveled, and/or

pivoted, with respect to the disposable circuit support module 200 and holder

300. Disposable circuit support module 200 maintains proper

positioning/alignment of the components and lines of the disposable, integrated

extracorporeal blood circuit 100 to optimize priming of the disposable, integrated

extracorporeal blood circuit 100 in a very short time. Preferably, disposable

circuit support module 200 is transparent to allow sight confirmation of prime

solution or blood in the lines and other transparent components.
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[0095] Moreover, the disposable, integrated extracorporeal system 100 mounted to the

disposable circuit support module 200 can be assembled as a unit and then

attached to the circuit holder 300 for priming and use during a bypass procedure.

A replacement assembly of a disposable, integrated extracorporeal system 100

mounted to a disposable circuit support module 200 as shown in FIG. 8 can be

quickly assembled and substituted in a change-out during priming or the bypass

procedure if it is necessary to do so.

[0096] The circuit holder 300 comprises a mast 302 that extends through a shaft collar

304 of a mast arm assembly 306. The shaft collar 304 can be moved along the

mast 302, and mast arm assembly 306 can be fixed at a selected position by

tightening a lever 308. The mast arm assembly 306 includes a U-shaped notch

310 that can be inserted around an upright mast (not shown) of a heart- lung

machine console (not shown), and a clamp 312 can be rotated and tightened to

hold the mast 302 in a vertical orientation close to the heart-lung machine

console. The mast 302 is provided with an IV hanger 360 that the prime solution

holding bags 380 and 390 and the sequestering bag 370 can be hung from.

[0097] The mast 302 extends downward from the mast arm assembly 306 and through

a collar 316 of an electronics arm assembly 314 that can be moved along the

mast 302 and fixed in place by tightening a lever 318. The electronics arm

assembly 314 extends to a cross-bar 326 supporting a right support arm 320

adapted to support an AAR controller and a left support arm 322 adapted to

support a pressure monitor and display box, e.g., the Medtronic® Model 6600

pressure monitor and display box sold by Medtronic, Inc. The angle of the cross-

bar 326 with respect to the electronics arm assembly 314 and the support angle

of the right and left support arms 320 and 322 with respect to the cross-bar 326

can be adjusted by loosening the lever 324, rotating the cross-bar 326 and

pivoting the right and left support arms 320 and 322 to the desired angles, and

tightening the lever 324.
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[0098] The lower end of the mast 302 is coupled to a laterally extending support arm

assembly 330 that is formed with a cable supporting and routing channel 332. A

laterally extending module arm assembly 340 and a downwardly extending

external drive arm assembly 350 are mounted to an upward extension 334 of the

support arm assembly 330 by a spring lock mechanism 342. A tapered male

receiver 344 extends upward to be received in the downwardly extending female

receptacle 210 of the circuit support module 200 when the disposable, integrated

extracorporeal blood circuit 100 is mounted to the circuit holder 300. Line

receiving slots 348 are provided in the laterally extending module arm assembly

340 for supporting cables for temperature monitoring and the VARD cable 450.

VARD cable 450 has a cable connector 452 that is attached to a VARD sensor

connector 454 as schematically illustrated in FIG. 12B.

[0099] A TMC clip 346 is fitted to the free end of the laterally extending module arm

assembly 340 for engaging the TMC 38 BioTrend® connector 108 into which the

TMC cell of the BioTrend™ Oxygen Saturation and Hematocrit System is

inserted to measure venous blood oxygen saturation and venous blood

hematocrit of venous blood flowing through the venous return line 1 12 of the

disposable, integrated extracorporeal blood circuit 100. A cable (not shown) from

the TMC cell supported by TMC clip 346 extends to a BioTrend™ Oxygen

Saturation and Hematocrit System.

[00100] The Bio-Probe® blood flow transducer sold by Medtronic, Inc. to make blood flow

rate measurements through the arterial line is adapted to be mounted to the

laterally extending module arm assembly 340 at pin 354. A cable (not shown)

extends from the Bio-Probe® blood flow transducer supported at pin 354 extends

to a Bio-Probe® blood flow monitor sold by Medtronic, Inc.

[00101] An external drive motor for the blood pump 1 50 is attached to the free end mount

352 of the external drive arm assembly 350 to mechanically support and drive

the blood pump 150 through magnetic coupling of a motor driven magnet in the

external drive motor with a magnet of the centrifugal blood pump 150. An
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adaptor can be attached to the free end mount for coupling a hand-cranked

magnet with the magnet of the centrifugal blood pump 150 in an emergency

situation.

[00102] Thus, the VARD 130, the centrifugal blood pump 150, the oxygenator 160, and

the arterial blood filter 180 principal components, as well as the lines and other

associated components identified in FIG. 5, are spatially arranged and supported

in 3-D space by the disposable circuit support module 200 and the reusable

circuit holder 300 as shown in FIGs. 6 - 8. The assembly is closely positioned to

the heart-lung machine console that operates the drive motor of the centrifugal

blood pump 150, supplies oxygen to the oxygenator 130, and controls the

temperature of the blood or cardioplegia solution traversing the oxygenator 130.

The position of the mast arm assembly 306 along the mast 302 can be adjusted

to optimally extend the module arm assembly 340 toward and over the patient

during the procedure. The position of the electronics arm assembly 314 along

the mast 302 can be adjusted and fixed in place by tightening a lever 318 to

optimally position the AAR controller and Medtronic® Model 6600 pressure

monitor and display box for use during the bypass procedure. The fixed distance

between the support arm assembly 330 and the IV hanger 360 ensures that the

lengths of the priming line 159 and the fluid infusion line 176 coupled with the

prime solution holding bags 380 and 390 and the sequestering bag 370,

respectively, are advantageously minimized and are not affected by the

positioning of the mast arm assembly 306 along the mast 302.

[00103] Connections of the sensors, lines, ports, etc., with further components can be

readily effected after the disposable, integrated extracorporeal blood circuit 100

is assembled with the disposable circuit support module 200 and mounted to the

reusable circuit holder 300. For example, the reusable VARD sensor cable 450

depicted in FIG. 8 extends from the VARD connector 454 laterally through

channel 332 to make a connection with an AAR controller in a manner described

further herein.
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[00104] In accordance with a further aspect of the present invention, flushing, priming,

and use of the disposable, integrated extracorporeal blood circuit is simplified

and made more reliable and efficient.

[00105] The disposable, integrated extracorporeal circuit 1 00 is flushed with the pre-

bypass loop 120 in place with C02 gas after set-up and prior to priming in order

to drive out any ambient air. Referring to FIG. 8, the fluid infusion line 176 is

clamped by closing Roberts clamp 197. In reference to FIG. 14, a portion of the

VARD purge line segment 147 is fitted into a fluid in-line (FIL) sensor 404, and

the purge line distal end connector 143 is fitted into a clip 426 to orient the fluid

isolation filter 149 vertically. The VARD purge line segment 147 is not fitted into

the purge valve 410 (preferably a pinch valve as described further below) at this

time so that C02 gas can flow through the VARD 1 30 and the VARD purge line

141 and purge line segment 147 to atmosphere. The VARD stopcock 135 is set

to the open position so that C02 gas can flow through the VARD 130 to

atmosphere. The arterial filter purge port 186 is opened to atmosphere by setting

stopcock 187 to the appropriate position so that C02 gas can flow through the

arterial filter 180 to atmosphere.

[00106] A C02 gas delivery line with a microporous bacteria filter is attached to the 0.250

inch spike at the end of one of priming line branch 151 or 153, and the

associated Roberts clamp 161 or 163 and the Roberts clamp 165 are opened.

The Roberts clamps 195 and 197 are also opened. The C02 gas is then turned

on to flow through 0.250 inch PVC tubing priming line 1 59 and then through all of

the major components and lines of the disposable, integrated extracorporeal

circuit 100 to atmosphere at a flow rate of 2-3 liters per minute. Upon

completion, the C02 gas is turned off, and the VARD stopcock 135 is closed.

The 0.250 inch priming line 151 or 153 is disconnected from the C02 line, and

the associated Roberts clamp 161 or 163 is clamped again.

Priming
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[00107] The prime volume of the disposable, integrated extracorporeal blood circuit 100

preferably is roughly about 1000 ml or less. Preferably, the disposable,

integrated extracorporeal blood circuit may be primed using a single one-liter

intravenous bag 380 of prime solution, e.g., a saline solution. However, two

prime solution bags 380 and 390 are preferably provided and filled with prime

solution for use in initial priming or as required during the bypass procedure.

[00108] The steps of priming the disposable, integrated extracorporeal circuit 1 00 with

the bypass circuit 120 fitted in place are shown in FIGs. 9-11. The blood pump

1 50 is turned off during initial stages of priming and turned on at the end stage of

priming. The VARD purge line 141 (shown in part) is extended upward so that

purge line distal end connector 143 is located about at the elevation of hanger

360 so that air accumulating in can VARD 130 can escape through the open

purge line distal end connector 143. The arterial line 114 is at a slightly higher

elevation than the venous return line 112 due to the U-shape of the bypass circuit

120. As prime solution is fed by gravity through the priming line 159, the prime

solution enters the circuit low elevation atT style connector or line 1 58 and

upward fills the components and lines of the extracorporeal blood circuit 100 in a

sequence illustrated in FIGs. 9-11. Oxygenator 160 and the oxygenator outlet

line 188 are antegrade filled, i.e., upward filled with the normal direction of blood

flow when blood pump 150 is operating. Blood pump 150, VARD 130, venous

return line 112, utility connector 110, bypass circuit 120, and arterial line 114 are

retrograde filled, that is upward filled against the normal direction of blood flow

when blood pump 1 50 is operating.

[00109] The prime solution bags 380 and 390, filled with prime solution, and the empty

sequestering bag 370 are hung on the IV hangar 360 in preparation for priming.

The Roberts clamps 382 and 386 can be left open as shown in FIG. 9 because

the spike ports 372 and 376 are not yet perforated. The branch 1 77 of the "Y"

style connector attached to the recirculation/cardioplegia line 174 employed

during cardioplegia remains plugged, and the temperature sensor ports 171 and
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126 are sealed. Initially, Roberts clamps 384, 161, 163, 165, 194 and 195 are

closed, and the Roberts clamp 197 remains open.

[00110] As shown in FIG. 9, the 0.250 inch spikes of the lines 151 and 153 branching

from the 0.250 inch priming line 159 are inserted through the penetrable seals of

the prime solution bags 380 and 390, respectively. A branch 175 of the "Y" style

connector attached to the recirculation/cardioplegia line 174 is coupled to the

bayonet access port at the free end of the bag line 374 of the sequestering bag

370. The remaining ports and stopcocks remain as set at the end of the flushing

operation. Tubing clamps, e.g., hemostats, are applied at about point C1 of the

branch of the "Y" style line 156 that is coupled at its trunk to the blood pump inlet

152 and at about point C2 in the oxygenator outlet line 188 to prevent flow of

prime solution into the chambers of VARD 130 and arterial blood filter 180,

respectively.

[00111] Then, the Roberts clamps 161 and 165 are opened to gravity fill the pump 150,

the oxygenator 160, the fluid infusion line 176, and the oxygenator outlet line 188

with prime solution draining from prime solution bag 380 while the clamp is

maintained at C1 . The Roberts clamp 197 is opened (if not already open) while

the fluid infusion line 1 76 extends upward supported in one vertical raceway 222

as shown in FIG. 8. The upward direction of the branch of "Y" style line 1 56

coupled to the fluid infusion line 176, and the upward support of the fluid infusion

line provides a "standpipe" that facilitates driving air out of the blood pump 150

and retrograde filling of the blood pump 150 and fluid infusion line 176 with prime

solution. The Roberts clamp 197 is closed as shown in FIG. 9 after the fluid

infusion line 176 is filled with prime solution. Antegrade filling of the oxygenator

outlet line 188 is assisted by unclamping the tubing clamp at about C2 and

applying the tubing clamp again at about C2 when prime solution reaches the

arterial filter inlet 182.

[001 12] Turning to FIG. 1 0, the 0.250 inch spike at the end of the fluid infusion line 1 76 is

then inserted into the bayonet port at the free end of bag line 376 extending from
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sequestering bag 370. One of the Roberts clamps 384 and 195 is closed as

shown in FIG. 10 when prime solution rises through the recirculation/cardioplegia

line 1 74 and begins to fill the sequestering bag 370. Thus, upward filling of the

oxygenator 160 and the pump 150 and the fluid infusion line 176 and

recirculation/cardioplegia line 174 is accomplished to drive air bubbles upward

and out of the venous blood pump 150 and oxygenator 160 and the lines coupled

therewith as shown by the cross-hatching in FIGs. 9 and 10.

[00113] The tubing clamp at C1 is also released in FIG. 10 to allow the prime solution to

rise upward through the VARD outlet 136, to fill the VARD 130, and to pass

through the VARD inlet 132 into the venous return line 112. The prime solution

rises upward through the venous return line 112, the utility connector 110, the

TMC 38 BioTrend® connector 108, the bypass circuit 120, the arterial line 114

passing through the blood flow transducer connector 190, and through the

arterial filter outlet 1 84 into the chamber of the arterial filter 180. The check valve

119 prevents prime solution from rising from the utility connector 110 through the

arterial filter recirculation line 1 18 to the stopcock 187. The housing of the

arterial filter 180 is preferably transparent so that the upward rising prime solution

and any air bubbles can be seen. The stopcock 187 is closed when the prime

solution starts to escape the arterial filter purge port 186.

[001 14] The stopcock 1 35 is also opened so that prime solution begins to fill the upwardly

extending VARD purge line 141 as shown in FIG. 10 and is then closed. As

noted above, the VARD purge line 141 is supported to extend upward during

priming by one vertical raceway 222 of the C-shaped arm 202 as shown in FIG. 8

so that air can escape through VARD purge line 141 and to atmosphere. At least

the upper part of the housing of the VARD 130 is preferably transparent so that

any air bubbles can be seen. The purge line segment 147 is inserted into the

purge line pinch valve 410 to close the purge line segment 147 as the VARD
purge line 141 begins to fill with prime solution. The stopcock 135 remains open,

and the stopcocks 196, and 125 are opened. Stopcock 125 is then closed when
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prime solution rises and fills the venous blood pressure monitoring line 116 and

the pressure isolator 1 1 7.

[001 15] Thus, air is driven upward and out of the chambers of the VARD 1 30 and the

arterial filter 180 as they are filled with prime solution as shown in the cross-

hatching in FIG. 10. The Roberts clamps 161 and 165 remain open. In FIG. 11,

the tubing clamp is applied at about C3 is removed to allow priming fluid to drain

from prime solution bag 380 through the priming line 1 59, the pump 1 50, and the

fluid infusion line 176 into the sequestering bag 370. The sequestering bag 370

is filled with sufficient prime solution to enable priming of the cardioplegia circuit

through the cardioplegia port 177. It may be necessary to open Roberts clamp

163 to drain prime solution from the second prime solution bag 390 in filling

sequestering bag 370.

[00116] The wall vacuum source is then coupled to the purge line distal end connector

143 via the vacuum line and liquid trap to provide a regulated -215 mmHg

vacuum through the VARD purge line 141 when the pinch valve 410 is opened.

The VARD sensor cable 450 is attached to the sensor element connector on

VARD 1 30 and the cable connector 454 on the housing 402 of the AAR controller

400. The Roberts clamp 165 is closed, the tubing clamp at C2 is released, and

the venous blood pump 150 is turned on at minimum flow.

[001 17] The three stopcocks of sampling manifold 1 1 5 are then set to allow arterial blood

flow and air to be drawn by the venous blood pump 150 through the arterial blood

sampling line 172, check valve 121 , the sampling manifold 115, line venous

blood sampling line 106 and into the utility connector 110. Air is thereby vented

out of the arterial filter recirculation line 118 and sampling manifold 1 1 5 through

the utility connector 110 into the VARD 130 by the venous blood pump 150. The

air that accumulates in the VARD upper chamber is then suctioned out through

the line VARD purge line 141 when the AAR controller pinch valve is manually

opened as described below. Arterial filter 180 and fitting 208 can be detached,

inverted, and gently tapped so that the pumped prime solution moves any air in
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the arterial filter 180 out through the arterial filter outlet 184 and to the VARD

130. The arterial filter 180 and fitting 208 are then reinstalled into the fitting 208

and inspected visually for evidence of any air bubbles that may require repeating

of the inverting and tapping steps. The stopcocks of the sampling manifold 1 1

5

is then reset to block flow.

[00118] At this point, the extracorporeal blood circuit 100 is primed. The pre-bypass loop

120 is disconnected, and table lines coupled to cannulae or elongated cannulae

(herein referred to generally and collectively as table lines) can be attached to

the quick disconnect connectors 102 and 104. The oxygen lines are coupled to

the access ports 162 and 164 and the water lies are coupled to the water inlet

166 and water outlet 168 of the oxygenator 160.

AAR System and Method

[001 19] In a further aspect of the present invention, an improved AAR system and

method are provided that are capable of sensing and removing air and blood

froth from VARD 130 while removing a minimal amount of liquid blood. The AAR

system comprises the VARD 130 depicted in greater detail in FIGs. 12A, 12B

and 1 3 functioning with an AAR controller 400 of the present invention depicted

in FIGs. 14-15. The AAR system is capable of removing a continuous stream of

air injected into the venous return line 1 12 at a rate of up to about 200 ml/min

from VARD 130 after the AAR controller 400 is connected with the VARD 130

and made operational as described further below in reference to FIGs. 16-57.

The AAR system preferably can handle a maximum rate of air removal of about

400 ml/min of air and blood froth. In addition, the AAR system is capable of

removing a 50cc bolus of air injected into the venous return line 112 over several

seconds from VARD 130. The VARD 130 is advantageously employed with the

AAR controller 400 performing the methods described herein, but the principles

of design and operation of VARD 130 may be alternatively employed in other

contexts.



P-1 1209.04
-35-

PATENT

[00120] The VARD 1 30 is preferably a modified conventional arterial blood filter having

upper and lower air sensors. For example, VARD 130 may be a modified

AFFINITY® Arterial Filter sold by Medtronic, Inc. Air entrapped in the venous

blood is actively removed by a vacuum applied to the purge port 134 of VARD

130 through the VARD purge line 141 . The VARD 130 preferably comprises a

housing 142 having a hollow volume displacer 146 comprising an inverted cone

that extends down into center of the venous blood chamber 140 from an upper

end wall of the housing 142 and defines an annular upper VARD inlet chamber

148 and an annular lower VARD chamber 140. The housing 142 incorporates

components enabling the filtering of the venous blood drawn through it by blood

pump 1 50 and the detection and automatic removal of air and froth rising to the

VARD inlet chamber 148. The lower cap or portion of housing 142 including the

outlet port 136 are not shown in FIGs. 12A and 12B.

[00121] Normally, the lower VARD chamber 140 and the upper inlet chamber 148 of

VARD 130 is filled with blood as venous blood pump 150 draws venous blood

through upper inlet 144 coupled to venous return line 1 12 into VARD inlet

chamber 148, through an internally disposed filter element (not shown) and out of

the lower VARD outlet 136. A screen or other conventional bubble-trapping

device may be inserted in venous blood chamber 140 below the VARD inlet

chamber 148 to trap air bubbles in the blood stream and cause them to stay in

the VARD inlet chamber 148. The VARD 130 differs from the arterial blood filter

180 in that it incorporates a sensor array 138 comprising four piezoelectric

elements 138A, 138B and 138C, 138D that are arranged in orthogonally

disposed pairs of piezoelectric elements 138A, 138B and 138C, 138D as shown

in FIGs. 12A, 12B, and 13 that sense the level of blood within the upper VARD

inlet chamber 148 or in the lower VARD chamber 140.

[00122] In one embodiment of the present invention, a first or upper pair of ultrasonic

piezoelectric elements 138A and 138B is disposed across the purge port 134 and

a second or lower pair of ultrasonic piezoelectric elements 138A and 138B is

disposed below the VARD inlet chamber 148 forming the sensor array 138. The
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piezoelectric elements 138A and 138C are disposed, preferably by bonding, on

the exterior surface of the cavity inside the volume displacer 146. The

piezoelectric elements 138B and 138D are disposed, preferably by bonding, on

the exterior surface of the housing extending between the upper portion of the

VARD inlet chamber 148 to the purge port 134 and the housing 142,

respectively.

[00123] The piezoelectric elements 138A, 138B and 138C, 138D utilized herein may

preferably be formed employing conventional, rectangular, piezoelectric crystal

layers of a thickness selected to be resonant in the range of 1 to 3 MHz, and

specifically about 2.25 MHz and mounted as depicted in FIGs. 12A and 12B and

described below. Conductive thin film electrodes are deposited, plated or

otherwise applied to the major surfaces of the piezoelectric crystal layers, and

conductors are welded or soldered to the electrodes. As is well known, such a

piezoelectric element can be excited to oscillate in a thickness mode by an RF

signal applied, via the conductors and electrodes, across the thickness of the

crystal layer. The resulting mechanical vibration of the transmitting piezoelectric

element is transmitted though a fluid chamber or conduit. Ultrasonic vibrations

emitted by the transmitting piezoelectric element pass through the liquid in the

chamber or conduit to impinge upon the receiving piezoelectric element. The

receiving piezoelectric element vibrates in sympathy with the ultrasonic vibrations

and produces an alternating current potential proportional to the relative degree

of vibratory coupling of the transmitting and receiving piezoelectric elements.

The degree of coupling of the ultrasonic vibrations abruptly drops when air is

introduced between the transmitting and receiving piezoelectric elements, and

the output amplitude of the signal generated by the receiving piezoelectric

element drops proportionally.

[00124] Therefore, one piezoelectric element of each pair 1 38A, 1 38B and 1 38C, 1 38D is

used as a transmitting crystal, and the other piezoelectric element of each pair

138A, 138B and 138C, 138D is used as the signal receiver. It is preferable to

use pairs of piezoelectric elements, one a transmitter and the other a receiver,
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rather than to employ a single piezoelectric element used as both transmitter and

receiver, because a pair of piezoelectric elements provides a more robust

sensing system. The presence of liquid or air between the transmitting

piezoelectric element and the receiving piezoelectric element differentially

attenuates the transmitted ultrasonic signal in a manner that can be detected

from the electrical signal output by the receiving piezoelectric element in

response to the ultrasonic signal.

[00125] The eight conductors coupled to the eight electrodes of the piezoelectric

elements 138A, 138B and 138C, 138D are extended to VARD connector 454

(depicted schematically in FIG. 12B) mounted on the VARD housing 142. The

distal cable connector 452 of reusable VARD cable 450 extending to AAR

controller 400 shown in FIG. 14 is intended to be coupled to the VARD connector

454. The VARD cable 450 comprises 10 conductors, and the distal cable

connector 452 and VARD connector 454 comprise 10 contact elements. Eight of

the cable conductors are coupled through eight of the mating connector elements

with the eight conductive thin film electrodes of the sensor array 138. Two

further connector elements of the VARD connector 454 are electrically in

common, and a continuity check can be performed by the VARD circuitry through

the two cable conductors joined when contacting the two connector elements. In

this way, any cable or connector failure can be immediately detected and an

alarm sounded by the VARD 400.

[00126] The excitation of the transmitting piezoelectric elements and the processing of

the signals generated by the receiving piezoelectric elements is performed by an

electronic circuit of the AAR controller 400 coupled to the cable. A

microprocessor or controller of the electronic circuit of AAR controller 400 utilizes

the processed received signals to determine when the liquid level is below the

upper pair of piezoelectric elements 138A, 138B and opens a pinch valve 410

engaging and normally closing the silicone rubber purge line segment 147 to

allow suction to be applied through the VARD purge line 141 to purge port 134 to

evacuate the air and froth within the upper VARD inlet chamber 148 below the
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level of the piezoelectric elements 138A, 138B. The vacuum applied at the purge

port 1 34 overcomes the negative pressure imposed by venous blood pump 1 50

within VARD inlet chamber 148 and draws out the accumulated air through the

purge port 134. An audible and/or visual warning may be activated to indicate

the presence of air within the VARD inlet chamber 148. For example, an audible

and/or visual alarm may be activated if liquid, e.g., blood or saline, is not sensed

for approximately five seconds. The warning may continue while air is being

removed. Detection of liquid between the upper pair of piezoelectric elements

138A, 138B causes the controller to close the pinch valve 410 to halt the

application of vacuum through the VARD purge line 141

.

[00127] The second, lower pair of piezoelectric elements 1 38C, 1 38D located just above

the transition of the venous blood chamber 140 with the VARD inlet chamber 148

provides a backup to the first, upper pair of piezoelectric elements 138A, 138B,

should the first, upper pair of piezoelectric elements fail. The second, lower pair

of piezoelectric elements 138C, 138D also provide a way to detect if the liquid

level has dropped below a minimally acceptable level, even though pinch valve

410 has been opened by the detection of air by the first, upper pair of

piezoelectric elements 1 38A, 1 38B. A further distinctive audible and/or visual

alarm may be activated if the blood level falls below the second pair of

piezoelectric elements 1 38C, 1 38D.

[00128] In one embodiment of the present invention, the piezoelectric elements 1 38A,

138B, 138C, 138D are preferably rectangular in shape and arranged so that the

long axis of the transmitter piezoelectric element 138A, 138C is rotated 90° from

the long axis of the receiver piezoelectric element 138B, 138D in the manner

shown in FIG. 10. This configuration provides better transmission overlap at 139

of the transmitted ultrasonic signal to the receiver piezoelectric element of the

pair.

[00129] The piezoelectric elements 138A, 138B, 138C and 138D are also illustrated in

FIGS. 13B - 13E. Each piezoelectric element 138A, 138B, 138C and 138D
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comprises a piezoelectric crystal assembly 428 encased within a nonconductive

element housing 432. The element housing 432 preferably comprises a

lid 435 and a base 433, wherein the base 433 is longer than the lid 435. The lid

435 has an upwardly extending rib as shown in FIGs. 13B and 13C. The sides

of base 433 extend past the lid 435 as shown in FIG. 13C.

[00130] A pair of conductors 434 and 436 extend through the long side of lid 435 of the

element housing 432 in the configuration of piezoelectric elements 138B and

1 38D. An alternative pair of conductors 434' and 436' extend through the short

side of lid 435 of the element housing 432 in the configuration of piezoelectric

elements 138A and 138C. In each configuration, the conductors 434, 436 or

434', 436' are coupled to thin film electrodes formed on the major opposed

surfaces of the piezoelectric crystal layer 428 within the lid 435. The

piezoelectric crystal layer 428 may be formed of any suitable piezoelectric

ceramic bearing the opposed surface electrodes. One surface electrode is

adhered to the base 433 that is to be applied against the slot side wall of the

VARD housing 142.

[00131] Preferred ways of mounting the piezoelectric elements 1 38A, 1 38B, 1 38C and

138D to the VARD housing 142 are illustrated in FIGs. 13D and 13E. Four slots

438A, 438B, 438C, and 438D shaped to conform to the element housing 432 are

formed on the outer wall of the housing 142. The slots 438B and 438D shown in

FIG. 13D are shaped to receive the respective piezoelectric elements 138B and

138D extending orthogonally to the axis of the VARD housing 142 and the hollow

volume displacer 146 as shown in FIGS. 12A, 12B, and 13A. Each slot 438B

and 438D, is shaped to receive the lid 433 that is applied against he housing

wall. Stops 439B and 439D fit against the side of container 435 when the lid 433

is slipped into the respective slot 438B and 438D against the housing wall. The

slots 438A and 438C shown in FIG. 13E are formed within the wall of hollow

volume displacer 146 and are shaped to receive the respective piezoelectric

elements 138A and 138C extending in alignment with the axis of the VARD
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housing 142 and the hollow volume displacer 146 as shown in FIGS. 12A, 12B

and 13A.

[00132] During assembly, the outer surface of the nonconductive element housing 432 is

coated with a gel adhesive that is cured when exposed to UV light, for example,

and is fitted into the slots 438A, 438B, 438C, and 438D. The VARD housing 142

is exposed to UV light to cure the adhesive.

[00133] The AAR controller 400 is shown in greater detail in FIGs. 14 and 15 comprising

an AAR controller operating system that includes AAR controller circuitry 460 and

electrical components coupled thereto to function as described further herein.

The AAR controller circuitry 460 and certain components coupled to the circuitry

shown in FIG. 15 are powered normally by an AC line input 418 to power supply

464 but can be powered by a backup battery 462 in case of general power failure

or failure of the power supply 464. The power supply 464 comprises redundant

power supply circuits and switching circuitry for selecting an operable power

supply circuit to deliver operating power. The AAR controller circuitry 460 takes

the form of a microprocessor-based computer operating under control of software

stored in RAM and can be programmed via the programming port 466.

[00134] In FIG. 14, a clamp (not shown) on the rear side of housing 402 of the AAR

controller 400 is adapted to be attached to the left support arm 322 of the

reusable circuit holder 300 shown in FIG. 6. After attachment, a perfusionist

interface 420 comprising an LCD screen 430 and a control panel 440 are

disposed outward to facilitate seeing the displayed text in LCD screen 430 and

warning lights and to facilitate use of the soft keys of the control panel 440.

[00135] The FIL sensor 404 disposed on the upper surface of the housing 402 has a

hinged cover or latch 405 extending across an upward opening slot so that the

slot cross-section area is constant when the latch 405 is closed. The latch 405

preferably has a downward extending bar that extends into the FIL sensor

upward opening slot. In use, the FIL sensor latch 405 is opened, the VARD

purge line 141 is extended laterally across the oxygenator 160, a portion of the
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compressible VARD purge line segment 147 is fitted into the FIL sensor slot, and

the FIL sensor latch 405 is closed. The portion of the compressible VARD purge

line segment 147 fitted into the FIL sensor slot is compressed by the downwardly

extending bar when the latch 405 is closed so that the tubing wall is pressed

tightly and uniformly against the opposed side walls of the FIL sensor slot. The

purge line distal end connector 143 is fitted into the upward opening slot of clip

426 with the isolation filter 149 and the vacuum sensor line 145 extending

vertically.

[001 36] The pinch valve 41 0 disposed on the upper surface of the housing 402

comprises upper and lower members 406 and 408 that define a side opening slot

between them that a further section or portion of the compressible VARD purge

line segment 147 can be fitted into. A purge line guide post 409 also extends

upward from the upper surface of the housing 402 so that the purge line segment

147 is routed between the purge line guide post 409 and the pinch valve 410

when the pinch valve 410 is closed and the purge line segment 147 is not yet

positioned in the pinch valve slot.

[00137] A pinch rod 458 extends upward from within the AAR controller housing 402

under spring tension. The pinch rod 458 extends transversely into and across

the slot between the upper and lower members 406 and 408. The pinch rod 458

can be moved downward out of the pinch valve slot by depression of mechanical

release button 412 to insert a portion of the compressible VARD purge line

segment 147 into the slot. The purge line guide post 409 and the FIL sensor slot

holding another portion of the VARD purge line segment 147 as described above

keep the portion of the VARD purge line segment 147 within the pinch valve slot

when the pinch rod 458 is later moved downward out of the pinch valve slot as

described below.

[00138] The pinch rod 458 again extends upward under spring tension to compress the

section of compressible VARD purge line segment 147 closed upon release of

the mechanical release button 412. The pinch rod 458 cannot extend all the way
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portion of the purge line segment 147 is fitted into the slot. The pinch rod 130

can be retracted by again depressing mechanical release button 412. The pinch

rod 130 extends through the core of a solenoid coil that is powered under the

control of the circuitry of the AAR controller 400 to draw the pinch rod 458

downward to the pinch valve open position.

[00139] The tubing of purge line segment 147 inserted into the pinch valve and FIL

sensor slots is composed of a soft, biocompatible material having a suitable

durability and resilience, e.g., silicone rubber tubing. Preferably, the silicone

rubber tubing of purge line segment 147 has a 0.250 inch ID and a 0.375 inch

OD, and the silicone rubber tubing has sufficient resilience to restore the lumen

diameter to at least 3/4 of its nominal lumen diameter upon retraction of the pinch

rod 130.

[00140] Typically, if air is sensed in the VARD 1 30, fluid would not be sensed in the purge

line segment 147 by the FIL sensor 404, and so the pinch valve would close 410

before blood is suctioned all the way to the FIL sensor 404. However, the

intermittent detection and purging of air through the purge line 141 will in time

draw boluses of blood or blood-air froth out of the VARD 130 through the purge

line segment 147 such that detection of blood by the FIL sensor 404 could cause

the AAR operating system to inappropriately close the pinch valve 410 while air

is still sensed in the VARD 130. Therefore, preferably the sensor output signal of

the FIL sensor 404 is processed over a time window that minimizes this

possibility.

[00141] More particularly, the FIL sensor 404 is preferably a high frequency acoustic

sensor employing a piezoelectric element disposed on one side of the FIL sensor

slot that is energized to emit acoustic energy and a piezoelectric element

disposed on the other side of the FIL sensor slot that is coupled to FIL sensor

signal processing circuitry to function as a receiver element. The receiver

element provides a FIL sensor output signal that varies in amplitude as a function
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of the modulation of the emitted acoustic energy by air or fluid in the portion of

the purge line segment 147 within the FIL sensor slot. The FIL sensor output

signal is attenuated by fluid in the portion of the purge line segment 147 within

the FIL sensor slot. The FIL sensor output signal is sampled at a predetermined

sampling rate/and the sampled amplitude is compared to a threshold set for air.

Generally speaking, a count in a hardware or software counter of the AAR

circuitry 460 (FIG. 15) is incremented or decremented by the high or low output

of the comparator. For example, the count may be incremented each time that

the sampled FIL sensor output signal is attenuated by fluid in the line and is

decremented or reset to zero each time that the sampled FIL sensor output

signal has an amplitude that is not attenuated by air in the line. A FIL error state

is only declared when a predetermined count is met. Therefore, intermittent

boluses of fluid, particularly the patient's venous blood, and blood-air froth do not

trigger declaration of the FIL error state.

[00142] The distal end of the vacuum sensor line 1 45 is attached to a vacuum sensor

input 414 on a first side of the housing 402 as shown in FIG. 14. An audible tone

generator 416 is mounted to the first side of the housing 402. An AC power cord

418 is attached to a receptacle in the second side of the housing 402. The

reusable VARD sensor cable 450 containing the eight conductors attached to the

eight surface electrodes of the piezoelectric elements 138A, 138B, 138C and

138D and the two continuity checking conductors extends between the cable

connector 452 and the cable connector 422 on the second side of the housing

402. The purge line segment 147 fitted into the slots of the FIL sensor 404 and a

pinch valve 410 is preferably at the same level as the VARD purge port 134, and

the height of the AAR controller 400 is adjustable by adjusting the electronics

arm assembly 314 along the mast 302.

[00143] The soft keys in the control panel 440 depicted in FIG. 14 include an "ON" key

and an "OFF" key that can be depressed by the perfusionist to power up and

power down, respectively, the AAR controller circuitry 460 and the various

sensors and electrical components coupled to the circuitry. A "RESET" key can
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be depressed at any time by the perfusionist to reset the controller signal

processor and restart the AAR operating algorithm in the Self-Test Mode

described further below. A yellow "Caution" light and a red "Alarm" light are lit

when the signal processor determines certain respective caution and alarm

conditions. The audible tone generator 416 emits respective audible caution and

alarm tones. A "MUTE" switch can be depressed to silence the audible tones.

The "STANDBY" and "AUTO" keys can be depressed to initiate the respective

Standby and Automatic Modes described further below. The "MANUAL" soft key

can be depressed to open the pinch valve 410 in the Standby and Automatic

Modes if the AAR operating system is being powered by the power supply 464

and only for as long as the "MANUAL" soft key remains depressed. The function

keys F1
, F2, and F3 can be depressed in response to a message displayed

along the lower edge of the LCD screen 430 in alignment with the particular

function key.

[00144] Referring to FIG. 15, the pinch rod 458 is axially aligned with and coupled to a

solenoid core that moves downward into housing 402 when the solenoid coil is

energized or when the mechanical release button 412 is manually depressed. A

solenoid driver 470 is selectively actuated by AAR controller circuitry 460

automatically or when the MANUAL key is depressed to drive the pinch rod 458

downward overcoming the biasing force of the spring. Preferably, a plurality of

optical pinch valve sensors 472 are provided within the housing 402 to determine

the position of the downwardly extending pinch rod 458 or solenoid core coupled

to the pinch rod 458. For example, a plurality of holes are formed through the

pinch rod 458, and light emitters and photocells arranged along the length of the

pinch rod 458 so that emitted light passing through a particular hole is detected

by a photocell of an optical position sensor to generate an output signal. The

output signals of the optical position sensors 472 signify whether the pinch rod

410 is in a fully open position, a closed position against the portion of the purge

line segment 147 fitted into the pinch valve slot, and a fully closed position

extending all the way across the pinch valve slot. The output signals of the pinch
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rod position sensors 472 are also employed to confirm that the pinch rod 458 has

moved from one position to the other position in response to the applied

appropriate command or is in an improper position and malfunctioning. Pinch

rod positions other than these fully open, closed or fully closed positions that are

sensed at inappropriate times are considered error positions or states, and an

audible and visible alarm are emitted and a valve error message is displayed on

LCD screen 430 as described below.

[00145] The purging operation in the Automatic Mode is dependent upon a number of

conditions and sensor input signals that effect the automatic opening and closing

of the pinch valve 41 0. The AAR controller circuitry 460 and the solenoid that

moves the pinch rod 458 must be powered by an operational power supply 464

rather than the backup battery 462 in order to automatically open the pinch valve

410. Generally speaking, the automatic opening of the pinch valve 410 in the

Automatic Mode takes place when output signal generated by one of the upper

air sensor piezoelectric elements 1 38A, 1 38B (or the lower air sensor

piezoelectric elements 138C, 138D) indicates that air is present in the VARD inlet

chamber 148 and when specific error states are not declared. The conditions

and states are continually monitored, and a declared error state inhibits the

opening of the pinch valve 410, that is interrupts and closes the purge valve if

purging has already started or prevents the purge valve opening if purging has

not started. The depression of the OFF, STANDBY and RESET keys also both

interrupt the opening of the pinch valve 410 and terminate the Automatic Mode.

Mechanical opening of the purge valve 410 is possible at any time.

[00146] The error states declared in the Automatic Mode that inhibit opening of the purge

valve 410 are indicated by error messages displayed on the LCD screen 430

depicted in FIGs. 50 -56 and emission of light and sound Cautions that alert the

perfusionist to take appropriate corrective action. The declared error states

include low suction (FIG.55), failure of the VARD sensors (FIG. 54), a pinch valve

failure (FIGs. 50 - 52), failure of the VARD cable continuity check (FIG. 56), and

a FIL error state (FIG. 53). A vacuum threshold level must be met by the vacuum
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in the vacuum line segment 147 measured through vacuum sensor line 145 and

isolation filter 149 by the vacuum sensor coupled to vacuum sensor input 414.

The failure of one or more of the piezoelectric elements 1 38 is declared in the

event that the air sensor signal from the receiver one of the lower piezoelectric

element 1 38C or 138D signifies detection of air while the air sensor signal from

the receiver one of the upper piezoelectric element 138A or 138B signifies

detection of fluid. A pinch valve error state is declared when the pinch rod 458

does not move to or from the open or closed position or is in an improper

position. A VARD cable connection failure is declared when the continually

check results in an open circuit as described above. A FIL error state is declared

when blood is sensed in the purge line segment 147 for the required time as

described above. The perfusionist then must take appropriate action, which may

include replacing the AAR controller 400 or the VARD cable 450 or manually

opening the pinch valve to purge air.

[00147] If the AAR controller circuitry 460 is powered by power supply 464, the operator

can manually evacuate the air by depressing the MANUAL key on the control

panel 440 if no error state is declared. When the MANUAL key is depressed in

the absence of an error state, power is supplied to the solenoid to draw the pinch

rod 458 down to open the pinch valve 410 thereby allowing the vacuum source

coupled to nozzle 143 to remove air from the VARD 130 through the VARD

purge line 141 . The LCD screen 430 displays "VALVE OPEN" while the

MANUAL key is depressed, although the Automatic Mode remains enabled when

pressing the MANUAL key. The perfusionist releases the MANUAL key to close

the pinch valve 410 once air has been removed from the VARD 130. The Alert

message "AIR IN VARD" automatically clears from the LCD screen 430. The

yellow LED stops flashing and the audible tone stops.

[00148] The method of operation of the AAR system in the Self-Test, Standby, and

automatic (AUTO) operating modes and in response to detected normal and

abnormal conditions and battery power states is illustrated in the flowcharts of

FIGs. 16A-16B and 17A-17B and the LCD screen displays in FIGs. 18-57. It is
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assumed that the above-described components of the disposable, integrated

extracorporeal blood circuit 100 are spatially arranged and supported in 3-D

space as shown in FIG. 5 in relation to the patient on the operating table by the

disposable circuit support module 200 and reusable circuit holder 300. It is also

assumed that all operational connections, sensors, lines and the like, are made

with components and lines of the extracorporeal blood circuit 100 as described

above, and that the priming solution bags 380 and 390 and the sequestering bag

370 are supported by the IV hangar 360 with the lines connected in preparation

for priming as shown in FIG. 9. The reusable VARD sensor cable 450 extends

from the VARD connector 454 laterally through channel 332 and is connected

with the AAR controller VARD connector 422. At this point, the purge line

segment 147 is routed to extend upward for priming, and the VARD controller

400 is connected to an AC power line.

[00149] Turning to FIG. 1 6A, the AAR controller circuitry 460 commences a self-test

operating mode in step S102 when the "ON" key is depressed in starting step

S100. A solid LCD display appears in LCD display screen 430 for 2 seconds, for

example, followed by a display of the version of the installed software as shown

in FIG. 18, to verify proper operation of the LCD display screen 430.

Furthermore, both the yellow (Caution) and red (Alarm) LEDs on control panel

440 flash momentarily to verify proper operation when the "ON" key is

depressed, and a series of "chirp" sounds are emitted by the audible tone

generator 416 for several seconds to verify proper operation. The perfusionist is

expected to observe or hear the failure of these components and to check the

power line connection and backup battery, repeat start up, and to replace the

AAR controller 400 if does not pass these initial self-tests.

[001 50] Further self-test operations ensue in step S1 02 if these components of the AAR

controller 400 function properly. The backup battery 462, software, and pinch

valve 410 are subjected to self-test in step S102 to test proper state or function

upon power up. Failure messages shown in FIGs. 30 - 36 are displayed in step

S106 on LCD screen 430 in response to certain declared self-test failures. The
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self-tests are repeated in step S102 if the perfusionist depresses the "RESET"

key as detected in step S108. The perfusionist is expected to take appropriate

action in step S1 10 if the self-test failure persists, particularly to replace the AAR

controller 400 and start over at step S100 if the self-test failure messages of

FIGs. 30 - 33 are displayed.

[00151] In one of the self-tests, a software cyclic redundancy check (CRC) is run in step

S102 to ensure that the software is functioning correctly. In step S106, the LCD

screen 430 displays the message appearing in FIG. 30 instructing the

perfusionist to replace the AAR controller 400 with a backup unit in step S108 if

the CRC failure is declared.

[00152] The pinch valve 410 is subjected to mechanical function and software self-tests.

The pinch valve solenoid 470 is powered in response to a software instruction to

move the pinch rod 458 upward to the closed position and downward to the open

position. The response and position of the pinch rod 458 is detected employing

the pinch valve optical sensors 472. The LCD screen 430 displays the message

of FIG. 31 or FIG. 32 in step S106 if a pinch valve hardware failure is found. The

LCD screen displays the message of FIG. 33 in step S106 if a pinch valve

software failure is found. Again, the perfusionist can depress the RESET key per

step S108, and the AAR controller 400 is to be replaced by a backup unit per

step S1 10 if the pinch valve self-test failure is repeated.

[00153] The power states of the AAR controller 400 are also determined, and the LCD

screen 430 displays one of the messages of FIGs. 34 - 36 in step S106 if a

power state failure is detected. While operating algorithm of the AAR controller

400 can be powered by the battery 462, use of line power applied to one of the

redundant power supply circuits in power supply 464 is required to power the

solenoid and is otherwise preferred since the battery power can deplete during

the cardiac bypass procedure. The power state self-tests determine whether the

AAR controller circuitry 460 is being powered by the battery 462 or the power

supply 464. The power state self-tests also determine that a battery 462 is or is
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not present in its compartment and the current state of depletion of battery

power, if the battery 462 is present. Thus, the perfusionist is instructed to take

the appropriate action per step S1 10 if the battery power is low (FIG. 34), is not

present (FIG. 35) or if battery backup is "ON" (FIG. 36) indicating a power supply

failure or mains failure or simply that the AAR controller power cord is not

plugged into mains power. The LCD screen displays of FIGs. 34 - 36 highlight

the F3 key with the word "CONTINUE?" indicating that the perfusionist can

proceed, if necessary, to the Standby Mode and employ the AAR controller 400

in battery backup, which may be necessary under certain conditions.

[001 54] The LCD screen 430 displays "NO ERRORS DETECTED" in step S1 1 2 as

shown in FIG. 19 upon successful completion of the Self-Test mode or upon

pressing the F3 key in response to the LCD screen displays of FIGs. 34 - 36.

The operating algorithm automatically switches to the Standby Mode in step

S114. The LCD screen 430 displays the message shown in FIG. 20 indicating

that the pinch valve is in the normally closed (pinch rod 458 is up) state and that

highlights the F2 key as "MENU" at the bottom of the LCD screen 430 unless an

error state is immediately detected in step S1 1 6. Various conditions are also

monitored when the operating algorithm is in the Standby Mode of step S1 14,

and any corresponding error states are detected in step S1 16. In step S1 18, one

of the error messages of FIGs. 37 - 42 is displayed on LCD screen 430, the

Caution LED light is flashed, and the Caution note sounds. The MUTE key can

be depressed to halt emission of the Caution sounds. The perfusionist can take

appropriate action in step S120. The operating algorithm remains in the

STANDBY Mode while action is taken to correct the condition causing the

declaration of an error state or condition unless it is necessary to replace the

AAR controller 400. In that case, the replacement AAR controller is installed and

connected as described above in step S100, and the Standby Mode of step S1 14

is again entered upon successful completion of steps S102 - S112.

[00155] For example, a VARD cable continuity check is periodically conducted, and the

message of FIG. 37 is displayed if the VARD cable connector 452 (FIG. 14) is
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not connected to the VARD connector 454 (FIG. 12B) as indicated by the failure

of the continuity check performed in block 468 (FIG. 1 5). The VARD cable 450

can be reconnected or replaced in step S120.

[00156] The message of FIG. 38 is displayed on LCD screen 430, and the corresponding

Caution light and sound emitted when air is detected between the lower

piezoelectric elements 138C, 138D and/or upper piezoelectric elements 138A,

138B. The detection of air in VARD 130 is not an error state per se, and purging

of the air is possible as described below.

[00157] The power states are monitored, and one of the messages of FIGs. 40, 41 , and

42 is displayed if the corresponding power state failure is detected, and the

perfusionist can choose to ignore these error states.

[00158] The error message of FIG. 39 may be displayed and the corresponding Caution

light and sound emitted when suction is not sensed at suction port 414. In this

way, the operability of the vacuum sensor or the connection of the vacuum

sensor line 145 to the suction port 414 can be ascertained. However, the

vacuum source is typically disconnected at this point so that further tests of the

FIL sensor can be conducted as described below.

[00159] The displayed messages of FIGs. 37 - 42 also highlight the F2 key as "MENU" at

the bottom of the LCD screen 430. The perfusionist can proceed to depress the

F2 key from any of the displayed messages of FIGs. 20 and 37 - 42. If the

perfusionist depresses the F2 key, the LCD screen 430 displays the message of

FIG. 21 presenting three choices "LANG" (choose language) "SENSOR" (run FIL

sensor test), and "RETURN" (go back to the FIG. 20 LCD screen display) for the

keys F1
, F2, and F3, respectively.

[00160] If the perfusionist depresses the F1 key, a choice of languages appears in the

LCD screen display of FIG. 22 that the perfusionist can scroll through by

repeatedly depressing the F1 or F2 key until the appropriate language is

displayed, whereupon the perfusionist can then depress the F3 key to continue in

the displayed language.
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[00161] At this point, the perfusionist should test the operation of the FIL sensor 404 as

indicated by the F2 key in the LCD screen display of FIG. 21 . A test fluid tube in

a diameter corresponding to the material and diameter specifications of the purge

line segment 147 and that is empty of fluid can be temporarily placed passing

through the FIL sensor 404. The perfusionist fits the tube into the FIL sensor

404, closes the sensor latch, and depresses the F2 key in the LCD screen

display of FIG. 21 to initiate detection of the absence of fluid in the test tube, and

the successful detection of air is indicated in the LCD screen display of FIG. 23.

[00162] It is also desirable to determine that the FIL sensor 404 can accurately detect

fluid in the purge line segment 147 when it is placed to pass through it as shown

in FIG. 14. So, the perfusionist depresses the F3 key designated "RETURN" to

return to the LCD screen display of FIG. 20 and then depresses the F2 key to

advance to the LCD screen display of FIG. 21 . The perfusionist fills the test fluid

tube with saline or water and places the fluid filled test tube passing through the

FIL sensor 404. The FIL sensor latch is closed to apply uniform pressure against

the fluid filled test tube, and the perfusionist again depresses the F2 key to

conduct the test. The successful detection of fluid is indicated in the LCD screen

display of FIG. 24, and the F3 key designated "RETURN" is then depressed to

return to the LCD screen display of FIG. 20.

[00163] The AAR controller 400 is replaced by a backup unit and the process is restarted

in step S100 if "AIR" or "FLUID" is inappropriately displayed in the messages of

FIGS. 23 and 24, respectively, during the FIL sensor tests. The message of FIG.

20 is displayed on the LCD screen 430 upon successful completion of the FIL

sensor tests. The disposable, integrated extracorporeal blood circuit 100 is then

prepared for priming and primed as described above with respect to FIGs. 9-11

while the AAR controller 400 is in the Standby Mode.

[00164] The AAR system is employed in the concluding stages of priming as described

above to complete the evacuation of air from the components and lines of the

disposable, integrated extracorporeal blood circuit 100. The VARD stopcock 135
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is opened (if not already open). The perfusionist opens the latch over the FIL

sensor 404 and manually depresses the mechanical release button 412 to

depress the pinch rod 458 downward. Portions of the purge line segment 147,

partly filled with prime solution, are placed as shown in FIG. 14 fitted into the FIL

sensor 404, the pinch valve 410, and the clip 426, with the vacuum sensor line

145 extending vertically. The perfusionist closes the latch over the FIL sensor

404 that applies uniform pressure to the portion of the purge line segment 147

trapped therein, and releases the mechanical release button 412 to allow the

pinch rod 458 to rise upward and pinch the portion of the purge line segment 147

trapped therein.

[001 65] The perfusionist attaches the free end of the vacuum sensor line 1 45 to the

vacuum sensor input 414. The vacuum sensor line 145 is attached to the

vacuum sensor input 414, and the purge line distal end connector 143 is coupled

to a vacuum source, preferably through a vacuum line including a shut-off valve

and the liquid trap. The shut-off valve is opened, the vacuum source regulator is

adjusted to provide the specified vacuum (-225 mm Hg in this instance), and the

error message of FIG. 39 should discontinue at this point.

[00166] Height adjustments are made to electronics arm assembly 314 along the mast

302 of FIG. 6 to ensure that the purge line segment 147 mounted at the top of

the AAR controller 400 is at about the same height as the VARD purge port 134.

[00167] In this STANDBY state, the standby message of FIG. 20 will be normally

displayed absent any detected errors. It would then be expected that the

message of FIG. 38 is displayed and the corresponding Caution light and sound

emitted when air is detected between the VARD air sensors. In the Standby

Mode, the pinch valve 410 remains closed and is not automatically opened when

air is sensed in the VARD 1 30. The perfusionist can selectively open the pinch

valve 41 0 to purge air from the VARD 1 30 by depressing the MANUAL key (only

if none of the power state failures are detected) or by depressing the mechanical

release button 412 to depress the pinch rod 458 downward. The LCD screen
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430 displays the message depicted in FIG. 25 when the MANUAL key is

depressed and displays the message depicted in FIG. 26 when the mechanical

release button 412 is depressed. The Caution light and sound are discontinued

when air is no longer detected between the upper piezoelectric elements 138A,

138B.

[00168] After priming is completed, the operating algorithm remains in the Standby Mode,

and the patient is prepared for cardioplegia and/or bypass as described above.

The perfusionist can then depress the AUTO key to initiate the Automatic Mode

of operation of the AAR controller 400 and VARD 1 30 during the delivery of

cardioplegia and during bypass. As indicated in FIG. 16A, certain 'transition"

conditions are tested in step S124 when the AUTO key depression is detected in

step S122. The transition error state messages that are detected in step S126

are displayed in step S128, and appropriate corrective action may have to be

taken in step S130 before the Automatic Mode can be entered from step S126.

The algorithm remains in the Standby Mode of step S1 14 after the corrective

actions are taken in step S130 and ready to repeat the transition tests in step

S124 upon subsequent depression of the AUTO key detected in step S122. The

algorithm is restarted at step S100 with a replacement AAR controller 400

installed and connected as described above, if the AAR controller 400 must be

replaced, and the Standby Mode of step S1 14 is again entered upon successful

completion of steps S102 - S1 1 2.

[00169] The VARD cable continuity is checked again in step S1 24, and the message of

FIG. 43 is displayed on LCD screen 430 in step S128 if continuity is not found.

The VARD cable 450 is either connected again or replaced and re-connected.

The F3 key is depressed to return to step S1 14 and the AUTO key is depressed

to again check for VARD continuity. If the error is repeated, the AAR controller

400 is to be replaced by a backup unit that is installed and connected as

described above in step S100, and the Standby Mode of step S1 14 is again

entered upon successful completion of steps S102 - S1 12.
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[00170] The presence or absence of a portion of the purge line segment 147 in the pinch

valve 410 is determined in step S124 from the position of the pinch valve rod

458. A portion of the purge line segment 147 within the pinch valve opening

prevents the pinch valve 458 from being urged all of the way across the pinch

valve opening, and the position of the pinch rod 458 is detected by the optical

sensors 472. The message of FIG. 44 is displayed on the LCD screen 430 in

step S128 if the purge line segment 147 is not detected in this manner within the

slot of the pinch valve 410. The perfusionist repositions the purge line segment

147 and depresses the F3 key to return to step S1 14. The AUTO key is again

depressed to check for presence of the purge line segment 147. If the error is

repeated, the AAR controller 400 is to be replaced by a backup unit that is

installed and connected as described above in step S100, and the Standby Mode

of step S1 14 is again entered upon successful completion of steps S102 - S1 12.

[00171] The AAR controller circuitry 460 also checks for any failure of the air sensor

signal processing circuitry to properly respond to and interpret the air sensor

output signal received from the receiver one of the piezoelectric elements 138A,

138B and 138C, 138D in step S124. It is expected that the AUTO key will be

depressed when the VARD 130 is filled with fluid following priming, and therefore

the air sensor output signal should not be indicative of air in the VARD 130. In

step S124, the air sensor signal processing circuitry can be checked by a

software test algorithm for accuracy in its response to the actual or true air

sensor output signal and to a test air signal generated internally that is indicative

of air in the VARD 130. The air sensor processing circuitry should not respond

by providing a Caution or an Alarm based on the true air signal and should

respond by providing a Caution or an Alarm in response to the test air signal. An

erroneous response to the true air signal or the test air signal can be indicative of

VARD cable failure or a failure of the air signal processing circuitry. The

message of FIG. 45 is displayed on the LCD screen 430 in step S128 if an

erroneous response is determined. The VARD cable 450 is either disconnected

and connected again or replaced by a backup VARD cable 450. The F3 key is
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depressed to return to step S1 14 and the AUTO key is depressed to again check

for air sensor signal circuitry or cable conductor integrity. If this error is repeated,

the AAR controller 400 is to be replaced by a backup unit that is installed and

connected as described above in step S100, and the Standby Mode of step S1 14

is again entered upon successful completion of steps S102 - S1 12.

[00172] In a further transition test, the output signals of the pinch valve optical sensors

472 are processed, and a logical conclusion is derived that the pinch rod 458 is

in the proper closed position pressed against the portion of the purge line

segment 147 within the pinch valve slot. The message of FIG. 46 is displayed on

the LCD screen 430 if the pinch rod 458 is not detected in the proper closed

position. The AAR controller 400 is to be replaced by a backup unit that is

installed and connected as described above in step S100, and the Standby Mode

of step S1 14 is again entered upon successful completion of steps S102 - S1 12.

The message of FIG. 44 is displayed if the pinch rod 458 is detected extending

across the pinch valve slot, and the purge line segment 147 is to be repositioned

within the pinch valve slot.

[00173] The vacuum or suction that is provided through the vacuum line connected to the

purge line distal end connector 143 also continues to be checked in step S124

via vacuum sensor line 145 attached to the vacuum sensor input 414. The

message of FIG. 47 is displayed on the LCD screen 430 in step S128 if the

vacuum is low. The perfusionist is to take appropriate action in step S130 to

adjust and independently test the vacuum through the vacuum sensor line 145,

check the connection of the vacuum sensor line 145 to the vacuum sensor input

414, and depress the F3 key to return to the Standby Mode in step S1 14.

[00174] Turning first to FIG. 16B, the conditions that result in declaration of error states

displayed by the error messages of FIGs. 50 - 56 are monitored in step S132

while the purging operations are conducted in step S150 as expanded in steps

S160-S196of FIGs. 17Aand 17B. In FIG. 16B, the error monitoring and

response operations and the actions taken by the perfusionist are depicted in
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parallel with the air purging operations since declared error states and actions of

the perfusionist can interrupt or inhibit purging. The perfusionist can interrupt the

Automatic Mode by depressing either the STANDBY key in step S152, returning

to step S1 14 or the OFF key in step S154 shutting the AAR controller algorithm

down in step S156.

[00175] In FIG. 1 6B, the error messages shown in FIGs. 50 - 56 are displayed on LCD

screen 430 in step S136 in place of the message of FIG. 27 when an error state

is declared in step S134, and automatic opening of the pinch valve 410 is

inhibited or interrupted in step S138. The error messages shown in FIGs. 50 -

52, and 54 - 56 result from the monitored conditions that cause the above-

described error messages of FIGs. 31, 32, 45, 39, and 43, and similar corrective

actions are to be taken in step S148. If no error states are declared in step

S134, and no air is detected in the VARD 130, the operation in the Automatic

Mode of step S150 results in display of the message of FIG. 27 by the LCD

display screen 430 in step S196.

[00176] The error messages of FIGs. 50 - 54 and 56 offer the option to the perfusionist to

continue operation by depressing the F3 key designated CONTINUE? to "clear"

the error message if it is transitory. The depression of the F3 key is detected in

step S140, and the current message generated in step S150 is displayed in step

S142 and the automatic opening of the pinch valve 144 is enabled. However,

steps S132 restarts, and the error state is again declared in step S134 if the

underlying error condition is still present. Thus, the opening of the pinch valve

410 may only be transitory.

[00177] The perfusionist will then resort to either depressing the RESET key in step S1 46

to return to the Self Test Mode of step S102 or take the appropriate corrective

action in step S148, which may involve replacing the AAR controller 400 and

restarting the algorithm at step S100. Or the perfusionist may simply resort to

manually opening the pinch valve by depressing the mechanical release button

41 2 or the MANUAL key or to manually clamping and unclamping the suction line



P-1 1209.04
-57-

PATENT

or VARD purge line 141 as air is observed in the VARD 130 or venous return

line.

[00178] The operations in step S150 of FIG. 16B, expanded upon as steps S160 - S196

in FIGs. 17A-17B, depend upon whether the AAR circuitry 460 is being powered

by the power supply 464 or is being powered by the backup battery 462, i.e., the

operating system is in the battery backup state. In general, the operating system

automatically opens the pinch valve 410 or responds to the MANUAL key

depressed by the perfusionist when the operating system is powered by the

power supply 464. The pinch valve 410 is closed or inhibited from opening when

an error state is declared. However, the perfusionist is able to depress the

mechanical release button 412 to push the pinch rod 458 down and open the

pinch valve 410 at any time during the Automatic Mode to open the pinch valve

410.

[001 79] The operating system will neither automatically open the pinch valve 41 0 nor

respond to the MANUAL key depressed by the perfusionist if the operating

system is in the battery backup state. Again, the perfusionist is able to depress

the mechanical release button 412 to push the pinch rod 458 down and open the

pinch valve 410. When air is sensed in VARD 130, the perfusionist is prompted

to depress the mechanical release button 412, and the pinch valve 410 will

remain open as long as the perfusionist continues to depress the mechanical

release button 412. In practice, the perfusionist is expected to observe the air

being purged through the distal purge line segment 147 and to release the

mechanical release button 412 when blood is observed in purge line 141 or

purge line segment 147.

[00180] In addition, there are distinct AAR responses in the Automatic Mode to detection

of air between the upper pair of piezoelectric elements 1 38A, 138B and the lower

pair of piezoelectric elements 138C, 138D. Air detected between the lower pair

of piezoelectric elements 138C, 138D indicates that too much air is entering the

extracorporeal blood circuit 100 possibly from an air leak in the table lines or the
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cannulae extending into the venous and arterial vasculature of the patient. The

error message "AIR IN VARD" of FIG. 48 is displayed by the LCD screen 430 if

air is detected between the lower pair of piezoelectric elements 138C, 138D.

The red Alarm LED flashes accompanied with the audible Alarm tone emitted by

audible tone generator 416.

[00181] The operating power state is determined in step S1 60 of FIG. 1 7A, and the

message of FIG. 57 is displayed in step S162 when the operating system is

relying on the backup battery 462. The yellow Caution LED flashes

accompanied with a single repeating, audible Caution tone emitted by audible

tone generator 416. Thus, the message of FIG. 27 that would be typically

displayed in the absence of air detected in the VARD 130 is not displayed on the

LCD screen 430 if the operating system is relying on the backup battery 462.

[00182] The message of FIG. 29 is displayed in step S168 when air is only detected

between the upper piezoelectric elements 138A, 138B, as determined in steps

S164 and S166. Again, the yellow Caution LED flashes accompanied with a

single repeating, audible Caution tone emitted by audible tone generator 416.

The perfusionist manually opens the pinch valve 410 in step S1 70 by depressing

the mechanical release button 412 until the air is no longer detected between the

upper piezoelectric elements 138A, 138B. The message of FIG. 57 is then

displayed again on the LCD screen 430 in step S162 because the operating

system continues to be powered by the backup battery 462.

[00183] The message shown in FIG. 49 is displayed and the Alarm sound and red light

are emitted in step S172 if air is detected between the lower piezoelectric

elements 138C, 138D and between the upper piezoelectric elements 138A,

138B. The perfusionist manually opens the pinch valve 410 in step S174 by

depressing the mechanical release button 412 until the air is no longer detected

between the lower piezoelectric elements 138C, 138D. The perfusionist also

takes appropriate corrective actions in step S178 to locate and stem air suction
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into the extracorporeal blood circuit 100 or in the table lines and cannulae and

may also slow the speed of the blood pump 150.

[00184] The message of FIG. 29 is then displayed in step S1 68 when air is only detected

between the upper piezoelectric elements 138A, 138B, as determined in steps

S164 and S166. Again, the yellow Caution LED flashes accompanied with a

single repeating, audible Caution tone emitted by audible tone generator 416.

The perfusionist continues to manually open the pinch valve 410 in step S174 by

depressing the mechanical release button 412 until the air is no longer detected

between the lower piezoelectric elements 138C, 138D, and the message of FIG.

57 is again displayed on the LCD screen 430 in step S142 because the operating

system continues to be powered by the backup battery 462.

[00185] The automatic application of power to the solenoid to lower the pinch rod 458 to

automatically open the pinch valve 410 can take place in step S184 or step S194

when the determination is made in steps S160 that the AAR operating system is

powered by the power supply 464 and no error states are declared in step S1 34

as confirmed in steps S182 and S192, respectively.

[00186] In the absence of a declared error state, the message shown in FIG 28 is

displayed on the LCD screen 430 and the yellow Caution LED flashes

accompanied by a Caution tone emitted by audible tone generator 416 in step

S190 if air is detected between the upper piezoelectric elements 138A, 138B in

step S188 and is not detected between the lower piezoelectric elements 138C,

138D in step S178. The pinch valve 410 is automatically opened in step S194,

and air is purged through the VARD purge line 141 until air is no longer detected

between the upper piezoelectric elements 138A, 138B in step S188. The

message shown in FIG. 27 is displayed in step S196 when air is no longer

detected between the upper piezoelectric elements 138A, 138B.

[00187] Similarly, in the absence of a declared error state, the message shown in FIG 48

is displayed on the LCD screen 430 and the red Alarm LED flashes accompanied

with an Alarm sound emitted by audible tone generator 416 in step S180 if air is
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detected between the upper piezoelectric elements 138A, 138B and the lower

piezoelectric elements 138C, 138D in step S178. The pinch valve 410 is

automatically opened in step S184, and air is purged through the VARD purge

line 141 until air is no longer detected between the lower piezoelectric elements

138C, 138D in step S178. The perfusionist also takes appropriate corrective

actions in step S178 to locate and stem air suction into the extracorporeal blood

circuit 100 or in the table lines and cannulae and may also slow the speed of the

blood pump 150. It should be noted that the speed of the blood pump 150 may

be automatically lowered if air is detected between the upper piezoelectric

elements 138A, 138B and the lower piezoelectric elements 138C, 138D in step

S178.

[00188] Then, air is detected between the upper piezoelectric elements 138A, 1 38B in

step S188, the message shown in FIG 28 is displayed on the LCD screen 430

and the yellow Caution LED flashes accompanied by a Caution tone emitted by

audible tone generator 416 in step S190. The pinch valve 410 remains

automatically opened in step S194, and air is purged through the VARD purge

line 141 until air is no longer detected between the upper piezoelectric elements

138A, 138B in step S188. The message shown in FIG. 27 is displayed in step

S196 when air is no longer detected between the upper piezoelectric elements

138A, 138B.

[00189] In this way, air is purged automatically in step S1 84 or S194 as long as no error

state is declared in step S134 of FIG. 16B resulting in the error messages of

FIGs. 50 - 56 that inhibit opening of the pinch valve as determined in steps S182

and S192, respectively. If an error state is declared in step S134, the

perfusionist may choose to manually open the pinch valve 410 by depressing the

mechanical release button 412 or the MANUAL key in step S186. Other

appropriate corrective action is to be taken in accordance with steps S146 and

S148 of FIG. 16B. Thus, the AAR system of the present invention can be

employed in manual and automatic operating modes to reliably detect air in the

VARD 130 and remove it.
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[00190] The various sensors and error condition monitors of the AAR operating system

function independently and in parallel operations. It will be understood that the

steps of the operating algorithm performed by the AAR operating system

depicted in FIGs. 16A - 16B and 17A - 17B are merely exemplary and that they

can be performed in somewhat different order.

Conclusion

[00191] All patents and publications referenced herein are hereby incorporated by

reference in their entireties.

[00192] It will be understood that certain of the above-described structures, functions and

operations of the above-described preferred embodiments are not necessary to

practice the present invention and are included in the description simply for

completeness of an exemplary embodiment or embodiments. It will also be

understood that there may be other structures, functions and operations ancillary

to the typical performance of a cardiac bypass procedure that are not disclosed

and are not necessary to the practice of the present invention.

[00193] In addition, it will be understood that specifically described structures, functions

and operations set forth in the above-referenced patents can be practiced in

conjunction with the present invention, but they are not essential to its practice.

[00194] It is therefore to be understood, that within the scope of the appended claims, the

invention may be practiced otherwise than as specifically described without

actually departing from the spirit and scope of the present invention.


