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(57) Abstract: Processing systems and
methods comprise a separation device
that, in use, performs a separation process
including separation of red blood cells
from blood or a suspension containing
red blood cells. The systems and methods
include an outlet line (104) coupled to
the separation device to remove red blood
cells from the separation device, at least in
part, while the separation process occurs.
A sensor (148) associated with the outlet

line (104) senses hematocrit of red blood
cells removed from the separation device
and generates a sensed hematocrit output.
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A controller is coupled to the separation
device to control removal of red blood cells
from the separation device based, at least
in part, upon the sensed hematocrit.
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RED -BLOOD CELL PROCESSING SYSTEMS AND METHODS
WHICH CONTROL RED BLOOD CELL HEMATOCRIT
RELATED APPLICATIONS

This application claims the benefit of co-
5 pending United States Application Serial No. 09/931,146
flled August 16, 2001 -and entltled "Sens1ng Systems and .
Methods for leferentlatlng Between leferent Cellular;
Blood Species During Extracorporeal Blood Separatlon or
Processing".

10 FIELD OF THE INVENTION

This invention relates to systems and methods
for processing and collecting blood, blood constituents,
or other suspensions of cellular material.

BACKGROUND OF THE INVENTION

15 Today people routinely separate whole blood,
»usually by centrlfugatlon, 1nto its, varlous therapeutlc:
fcomponents,{ such as. red blood cells, platelefs;‘ and;
plasma.

Conventional blood processing methods wuse

20 durable centrifuge equipment in essociation with single
use, sterile processing systems, typically made of
plastic. The operator loads the disposable systems upon
the centrifuge before processing and removes them
afterwards.

25 Conventional blood centrifuges are of a size
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that does not permit easy transport between collection
sites. Furthermore, loading and unloading operations can

sometimes be time consuming and tedious.' 4 |
_ In addition, a need exists for further
5 improved systems and methods for collecting blood
components in a way that lends itself to use in high
volume, on 1line blood collection environments, where
higher vyields of critically needed cellular blood
components, like plasma, red blood cells, and platelets,

10 can be realized in reasonable short processing times.

The operational and performance demands upon
such fluid processing systems become more complex and
sophisticated, even as the demand for smaller and more
portable systems intensifies. The need therefore exists

‘l§, for automated blood proces51ng controllers that can

o ﬁe gather and generate more detalled 1nformatlon and control‘fA“
81gnals 'to aid the operator in max1mlzlng proces31ng and
separation efficiencies.’

SUMMARY OF THE INVENTION

20 According to one aspect of the invention,
processing systems and methods comprise a separation
device that, in use, performs a separation process
including separation of red blood cells from blood or a
suspension that contains red blood cells. The systems and

25 ,methods 1nclude an outlet llne coupled to the separation

4fdev1ce to’ remove red blood cells from the separatlonﬁd’ B

' dev1ce,‘at least in part, while the separatlon process.“
occurs. According to this aspect of the invention, a
sensor is associated with the outlet line to sense

30 hematocrit of red blood cells removed from the separation
device and to generate a sensed hematocrit output. A
controller is coupled to the separation device to control
removal of red blood cells from the separation device
based, at least in part, upon the sensed hematocrit

35 output.
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In one embodiment, the controller controls
removal of red blood cells by, e.g., adjustlng flow ratei
of red blood cells in the outlet 1line based, at least in
part, upon the sensed hematocrit output.

5 . In one embodiment, the controller compares the
sensed hematocrit output to a predetermined red blood
cell hematocrit value and controls removal of red blood
cells based, at least in part, upon the comparison.

In one embodiﬁent, the controller monitors

10 deviation between the sensed hematocrit output and .a
predetermined red Dblood cell hématocrit wvalue and
controls removal of red blood cells based, at least in
part, upon the deviation, e.g., based upon the magnitude
of the deviation, or the change of the deviation over

15 time. o . )

s ,: ‘ In one embodlment the sensor optlcally senses~' -
‘the hematocrlt of red ‘blood cells removed from’ the;
separation device to generate the sensed hematocrit
output. ‘

20 According to another aspect of the invention,
systems and methods employ a separation device that, in
use, performs a separation process that includes
separation of red blood cells and plasma from blood or a
suspension containing red blood cells and plasma. An

25 inlet llne 1s coupled to the separatlon dev1ce to conveY.

-~ Blood or suspens1on 1nto the separatlon dev1ce at . af}i S

“controlled blood flow rate Ob, at least in’ part, whlle;z:':(
the separation process occurs. A plasma outlet line is
coupled to the separation device to convey plasma from

30 the separation device at a controlled plasma flow rate
Qp, at least in part, while the separetion process
occurs. A red blood cell outlet line is coupled to the
separation device to remove red blood cells from the
separation device at a red blood cell flow rate Qrbc, at

35 1least in part, while the separation process occurs,
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whereby Qrbc = Qb - Qp. A sensor associated with the

outlet line senses hematocrit of red blood cells removed

from - the separation device and generates a sensed -
hematocrit output. A controller coupled to the separation
deviée controls a ratio between Qb and Qp based, at least
in part, upon the sensed hematocrit output.

It has been discovered that, during separation
of whole blood, at a determinable high threshold of red
blood cell hematocrit HCTRBC, platelets will cease
exiting the separation device with red blood cells. At
this given high threshold value HCTRBC, platelets tend to
remain with the plasma in the separation device, and
thereby be subject to mixing with the plasma. Based upon
this discovery, a blood processing set point for red
blood cell hematocrlt SET_] HCTRBC can be set to approach

':but not exceed, thlS hlgh threshold red. blood ce11~;AA '

hematocrlt value. Adjustlng the ratlo (QP)/(QWB)

achieve (SET_HCTRBC) during a given plasma collection
procedure serves to optimize plasma collection parameters
for that procedure, as well as mediate against or avoid
over spill conditioms. Using SET_HCTRBC as a control
allows (QP) to be maximized to optimize procedure time
and maximize red blood cell hematocrit, while inducing
platelets to leave the chamber with the red blood cells

‘to av01d an over. splll condition..

) Other features and“< advantages Zof:i the'
1nventlons are set “forth in the follow1ng spe01f1catlon h
and attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a perspective view of a fluid
processing system, ideally suited for blood processing,

comprising a blood processing device (shown in a closed

"condition for transport and storage) and a disposable

liquid and blood flow set, which interacts with the blood

processing device to cause separation and collection of

PCT/US2003/033311
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one or more blood components-(showﬁ packaged in a tray
for transport and storage before use) . .

Fig. 2 is a perspectlve view of the blood

processing device shown in Fig. 1, shown in an opened
5 condition for operation.

Fig. 3 is a perspective view of the blood
processing device shown in Fig. 2, with the centrifugal
station open to receive a blood processing chamber and
.the pump and valve station open to receive a fluid

10 pressure-actuated cassette.

Fig. 4 is a perspective view of the blood
processing device shown in Fig. 3, with the tray
containing the disposable liquid and blood flow set
positioned for loading the flow set on the device.

15, . o Flgs 5 and 6 are,‘respectlvely, .right and‘
' left 51de ‘perspectlve v1ews ‘of the blood, proce531ngﬁi‘
.dev1ce shown in Flg 2 after the 11qu1d and blood flow"
set has been loaded onto the device for use.

Fig. 7 is a perspective view of the blood |

20 processing chamber and attached umbilicus that forms a
part of the liquid and blood flow set shown in Figs. 5
and 6.

Fig. 8 is a perspective view of the interior

of a representative embodiment of the blood processing

. 25  chamber of a type shown in Flg 7, ‘the interior of the

L chamber belng conflgured to perform a red blood cellflff':'i

.separatlon. and collectlon.‘procedure u51ng the dev1ce'”.
shown in Figs. 5 and 6.

Fig. 9 is a perspective view of the interior

30 of the centrifuge station of the device shown in Figs. 5

and 6, with the station door opened to receive a blood
processing chamber of a type shown in Fig. 7.

Fig. 10 is a perspective view of the interior
of the centrifuge station shown in Fig. 9 after a blood

35 processing chamber of a type shown in Fig. 7 has been
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loaded for use.

Fig. 11A is an enlarged perspective view of a

. -fixture that is carried by the umwbilicus shown in Fig. 7,

showing‘its intended association with an optical sensing
station that forms a part of the device shown in Figs. 5
and 6.

Fig. 11B-is a side section view of the optical
sensing station shown in Fig. 11A.

Fig. 11C is an exploded perspective view of
the optical sensing station shown in Fig. 11A.

Fig. 1ID is a top view of the optical sensing
station shown im Fig. 11A.

Figs. 11E and 11F are schematic views of a

circuit that can be used in association with the optical

sens1ng statlon shown 1n Flg 11A

Flg 12 is a dlagrammatlc v1ew of the 1nter10r o

of the blood process1ng chamber of a type shown in Fig.
7, show1ng the separation of whole blood into a red blood
cell layer, a plasma layer, and an intermediate buffy
coat layer, with the position of the layers shown in a
desired relationship.

Fig. 13 is a diagrammatic view of the interior
of the blood processing chamber of a type shown in Fig.
7, with the buffy coat layer having moved very close to

the low G wall .creatlng an undes1red over sp111

condltlon that sweeps buffy coat components 1nto the:ii:“f'V

‘plasma be1ng coliected.

Fig. 14 is a diagrammatic view of the interior
of the blood processing chamber of a type shown in Fig.
7, with the buffy coat layer having moved very close to
the high-G wall, creating an undesired under spill
condition that leads to a reduction of the hematocrit of
red blood being collected.

Fig. 15 is an exploded perspective view of the

fluid pressure-actuated cassette that forms a part of the

PCT/US2003/033311
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liquid and blood flow set shown in Figs. 5 and 6 and its

operative association w1th the pump and valve statlon on -

. the device, also shown in Flgs. 5 and 6, Wthh applles

positive and negative pneumatic pressure to the cassette
5 to circulate liquid and blood through the cassette.

Fig. 16 is a schematic view of a fluid circuit
that can be implemented in the cassette shown in Fig. 15
to enable the performance of different blood processing
and collection procedures.

10 Fig. 17 is a plane view of a cassette in which
the fluid circuit shown in Fig. 17 is implemented.

Fig. 18 is a top perspective view of the
interior of a representative embodiment of the blood
processing chamber of a type shown in Fig. 7, the

15 interior - of the chamber be:Lng conflgured to perform a

; ".4":plasma separatlon and collectlon procedure uSLng the)' )

 device shown in Figs. 5 and 6. o

Fig. 19 is a bottom perspective view of the
blood processing chamber shown in Fig. 18.

20 Fig. 20 is an enlarged side perspective view
of an interior region in the blood processing chamber
shown in Fig. 18, showing a barrier having a tapered
surface that directs red blood cells from the separation
zone in a path separate from plasma.

.25 Flg 21 15 an enlarged bottom perspectlve v1ew

‘~A;of the reglon shown 1n Flg 20 show1ng the path that redr e

blood cells take as they are dlrected from the separatlon
zone by the barrier.
Fig. 22 is an enlarged top perspective view of
30 the region shown in Fig. 20, showing the separate paths
that red blood cells and plasma take as they are directed
from the separation zone by the barrier.
Fig. 23 is a schematic view of a cassette of a
type shown in Figs. 16 and 17 coupled to a liquid and

35 blood flow set in a configuration that can be used for a
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plasma collection procedure.
Fig. 24 'is a schematic view of a cassette of a
type shown in Figs: 16 and 17 coupled to'a liquid and

blood flow set in a configuration that can be used for a

. double unit red blood cell collection procedure, the

blood flow set also being shown in Figs. 5 and 6 after
being loaded on the blood processing device.

Figs. 25A and 25B are schematic views of the
fluid circuit. shown in Fig. 16 being conditioned by
application of positive and negative pneumatic pressures
to transport air in. a controlled manner that verifies
that tubing intended to convey blood and liquids to' and
from the donor has been properly installed on the device,
as shown in Figs. 5 and 6.

Flgs. 26A and 26B are schematlc v1ews of the

'fluld 01rcu1t shown :ul F1g 16 belng condltloned byi't

'appllcatlon of p031t1ve and negatlve pneumatlc pressures‘

to transport air in a controlled manner that verifies
that tubing intended to convey anticoagulant into blood
drawn from the donor has been properly installed on the
device, as shown in Figs. 5 and 6.

Figs. 27 to 29 are schematic views of the
fluid circuit shown in Fig. 16 being conditioned by
application of positive and negative pneumatic pressures

to transport a llquld in. a,_controlled manner that

‘ffverlfles the phy51ca1 1ntegr1ty of the cassette prlor to

30

35

use.

The invention may be embodied in several forms
without departing from its spirit or essential
characteristics. The scope of the invention is defined
in the appended claims, rather than in the specific
description preceding them. All embodiments that fall
within the meaning and range of equivalency of the claims
are therefore intended to be embraced by the claims.
DESCRIPTION OF THE PREFERRED EMBODIMENTS |

PCT/US2003/033311
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Fig. 1 shows a fluid processing system 10 that

' embodles tHe features of  the 1nventlon. The system 10
can be used for processing various fluids. o

The system 10 is particularly well suited for

5 ‘processing whole blood and other suspensions of

biological cellular materials. Accordingly, the

illustrated embodiment shows the system 10 used for this

purpose.
I. System Overview

10 The system 10 includes two principal components.
These are: (i) a blood processing device 14 -- shown in

Fig. 1 in a closed condition for transport and storage,
and in Figs. 2 and 3 in an opened condition for
operation); and (ii) a liquid and blood flow set 12,
15 . which 1nteracts w1th the blood proce851ng dev1ce 14 .to .
’1;cause separatlon and collectlon of one or uwre blood;
'components -- the set 12 belng shown in Figs. 1 and 4
packaged in a tray 48 for transport and storage before
use, and in Figs. 5 and 6 removed from the tray 48 and
20 mounted on the blood processing device 14 for use.

A. The Processing Device

The blood processing device 14 is intended to be a
durable item capable of long term use. In the
_illustrated and preferred embodiment, the Dblood

25 ~proce551ng device. 14 is mounted 1ns1de a portable housing . .

‘ﬂfor case 36.‘The case 36 presents a compact footprlnt,?avz
sulted for set up and operatlon upon a table top or other"
relatively small surface. The case 36 is also intended to
be transported easily to a collection site.

30 The case 36 includes a base 38 and a hinged 1id 40,
which closes for transport (as Fig. 1 shows) and which
opens for use (as Figs. 2 to 4 show) . In use, the base 38
is intended to rest in a generally horizontal support

surface. The case 36 can be formed into a desired
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configuration, e.g., by molding. The case 36 is
preferably made from a lightweight,; yet durable, plastic
material. = ‘ ‘
A controller 16 is carried onboard the device 14.
5 The controller 16 governs the interaction between the
components of the device 14 and the components of the
flow set 12 to perform a blood processing and collection
procedure selected by the operator. 1In the illustrated
embodiment, the controller 16 comprises a main processing
10 unit (MPU), which can comprise, e.g., a Pentium™ type
microprocessor made by Intel Corporation, although other
types of conventional microprocessors can be used. The
MPU can be mounted inside the 1id 40 of the case 36. A
power supply with power cord 184 supplies electrical
15 power to the MPU. and other. components of . the dev1ce 14.
A . Preferably, the controller 16 also 1ncludes an
1nteract1ve user 1nterface 42 whlch allows the operator
to view and comprehend information regarding the
operation of the system 10. In the illustrated
20 embodiment, the interface 42 is implemented on an
interface screen carried in the 1id 40, which displays
information for viewing by the operator in alpha-numeric
format and as graphical images.
Further details of the controller 16 can be found in
25 Nayak et al, Unlted States Patent 6, 261,065, .which is

'1ncorporated hereln by reference Further detalls of theifli S

‘1nterface can be found in Lyle et al Um.ted States‘
Patent 5,581,687, which is also incorporated herein by
reference.

30 As Fig. 1 shows, the 1lid 40 can be used to support
other input/outputs to couple other external devices to
the controller 16 or other components of the device 14.
For example, an ethernet port 50, or an input 52 for a
bar code reader or the like (for scanning information

35 into the controller 16), or a diagnostic port 54, or a
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port 56 to be coupled to a pressure cuff 60 worn by a
donor to enhance blood flow rates during blood proces31ng
(see, e.g., Figs. 23 and 24), or a system transducer -
calibration port 58, can all be conveniently mounted for
5 acceésAon the exterior of the 1id 40, or elsewhere on the
case 36 of the device 14.
B. The Flow Set

The flow set 12, is intended to be a sterile, single

use, disposable item. Before beginning a given blood

10 processing and collection procedure, the operator loads
various components of the flow set 12 in association with

the device 14 (as Figs. 4 and 5 show). The controller 16
implements the procedure based upon preset protocols,
taking into account other input from the operator. Upon

o A5 completlng the procedure, the operator removes .the flow

]set 12 from assoc1at10n w1th the dev1ce 14 The portlonhﬂgi R

of the set 12 holdlng the collected blood component or

components are removed from the device 14 and retained

for storage, transfusion, or further processing. The
20 remainder of the set 12 is removed from the device 14 and

discarded.

The flow set includes a blood processing chamber 18,

a fluid actuated pump and valve cassette 28, and an array

associated processing containers 64 and flow tubing
25 coupled to the chamber 18 and the cassette 28, as. will be.
= ?:aldentlfled 1n greater deta11 later ‘ :

1. The Blood Proce551nggghamber

.In the illustrated embodiment (see Fig. 5), the flow
set 12 includes a blood processing chamber 18 designed
30 for use in association with a centrifuge. The processing
device 14 includes a centrifuge station 20 (see Figs. 2
and 3, which receives the processing chamber 18 for use
(see Fig. 5).

As Figs. 2 and 3 show, the centrifuge station 20
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comprises a compartment 24 formed in the base 38. The
centrlfuge statlon 20 1ncludes a door 22. The door 22
opens (as Flgsh 3" and 5 -show) to allow loading of the'
processing chamber 18 into the compartment 24. The door
22 dloses (as Figs. 2 and 6 show) "to enclose the
processing chamber 18 within the compartment 24 during
operation.

The centrifuge station 20 rotates the processing
chamber 18. When rotated, the processing chamber 18
centrifugally separates whole blood received from a donor
into component ' parts, principally, red blood cells,
plasma, and intermediate layer called the buffy coat,
which is populated by platelets and leukocytes. As will

be described later, the configuration of the chamber 18

. can 'vary accordlng to the 1ntended blood separatlon

2. The Fluid Pressure-Actuated Cassette

In the illustrated embodiment, the set 12 also
includes a fluid pressure-actuated cassette 28 (see Fig.
5). The cassette 28 provides a centralized, programmable,
integrated platform for all 'the pumping and valving
functions required for a given blood processing
procedure. In the illustrated embodiment, the fluid
pressure comprises positive and negative pneumatic

pressure, although other types of fluld pressure can be .

As Flg 5 shows, the cassette 28 is mounted for use
in a pneumatic actuated pump and valve station 30, which
is located in the 1id of the 40 of the case 36. The pump
and valve station 30 includes a door 32 that is hinged to
move between an opened position, exposing the pump and
valve station 30 (see Fig. 3) for loading and unloading
the cassette 28, and a closed position, enclosing the
cassette 28 within the pump and valve station 30 for use

(shown in Fig. 6). The pump and valve station 30 includes

PCT/US2003/033311
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a manifold assembly 34 (see Fig. 4) located behind a
valve face gasket 318. The manifold assembly 34 applles

" positive and negatlve pneumatlc pressure to the cassette.~

28 through the gasket 318, when the cassette 28 is when
mounted on the pump and valve station 30. The pneumatic
pressures direct liquid flow through the cassette 28.
Further details of the cassette 28 and the operation
of the pump and valve station 30 will be described later.
Additional details can also be found in Nayak et al,
United States Patent 6,261,065, which has been
incorporated herein by reference.

3. Blood Processing Containers and Tubing

Referred back to Figs. 5 and 6, the flow set 16 also
includes an array of tubes and containers in flow

communlcatlon w1th the cassette 28 and the chamber 8.

Q;TheL'arrangement of tubes and contalners can varY‘gtu,:.

accordlng to the proce551ng objectlves Representatlve
blood processing procedures and the associated flow sets
accommodating such procedures will be described later.
An umbilicus 100 forms a part of the flow set 1é.
When installed, the umbilicus 100 1links the rotating
processing chamber 18 with the cassette 28 without need
for rotating seals. The umbilicus 100 can be made from
rotational-stress-resistant plastic materials, such as
Hytrel® copolyester elastomers (DuPont) ) B
oo Referrlng now to Fig. 7, -tubes 102 104, and, 106;'..:

extend from the prox1mal end of the umblllcus 100. The

tube 102 conveys whole blood into the processing chamber
18 for separation. The tubes 104 and 106 convey,
respectively, centrifugally separated red blood cells and
plasma from the processing chamber 18. The plasma can
either be rich or poor in platelets, depending upon the
processing objectives.

As Fig. 7 shows, a fixture 108 gathers the tubes
102, 104, and 106 adjacent the umbilicus 100 in a

1

PCT/US2003/033311
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compact, organized, side-by-side array outside the

‘centrlfuge statlon 20. The fixture 108 allows the tubes
- 102, 104, and 106 to be placed and removed as a group in

assoc1atlon with an optical sensing station 46 (see Flgs.
9, 10, and 11), which is located adjacent to the
centrifuge station 20 outside the chamber 18.

The optical sensing station 46 optically monitors
the presence or absence of targeted blood components
(e.g., red blood cells and platelets) in blood conveyed
by the tubes 104 and 106. The sensing station 46 provides
outputs reflecting the presence or absence of such blood
components. This output is conveyed to the controller 16.
The controller 16 processes the output and generates

signals to control processing events based, in part, upon

.the optlcally sensed events. Further detalls of the;

’.operatlon of" the controller to control proce551ng events

based. upon optlcal sens1ng w111 be described 1ater.
Additional details can also be found in Nayak et al,
United States Patent 6,261,065, which has Dbeen
incorporated herein by reference.

As shown (see Figs. 5 and 6), the flow set 16
includes a phlebotomy needle 128, through which a donor
can be coupled to the system 10 for blood processing. In
Figs. 5 and 6, the flow set 16 also includes a blood

:sampllng assembly 110. The blood sampllng assembly 110 .
‘gallows -for the collectlon of one or’ more samples of the

" donor’s blood at the commencement of a glven. blood

processing procedure, through the phlebotomy needle 128.
A conventional manual clamp 114 (e.g., a Roberts Clamp)
is provided to control blood flow into the sampling
assembly 110.

As also shown in Figs. 5 and 6, the flow set 16 can
include an in-line injection site 112. The injection
site 112 allows a technician to introduce saline or

another physiologic liquid or medication into the donor,

PCT/US2003/033311
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if necessary, using the phlebotomy needle 128, and
w1thout requlrlng an add1t10nal needle stick. '

An additional in-line manual clamp 116 is de51rably
included upstream of the blood sampling assembly 110 and -
the injection site 112. This clamp 116 makes it possible
to quickly isolate the donor from the flow set 16, if
donor safety or comfort ~requires. Alternatively, a
separate hemostat device' (not shown) can be applied for
the purpose.

As Figs. 1 and 2 also show, the device 14 can
include other components compactly arranged to aid blood
processing. In addition to the centrifuge station 20 and
pump and valve station 30, already described, the device
includes one or more weigh stations 62 and other forms of

support for . contalners. 4The: arrangement of these

components onithe dev;ce 14 can, or course, vary

In the 1llustrated embodlment (see Fig. 3), theA'
weigh stations 62 comprise a series of container
hangers/weigh sensors arranged along the top of the 1lid
40. In the illustrated embodiment, additional swing-out
hangers/weigh sensors are also provided on the side of
the 1id 40 and the base. In use (see Figs. 5 and §6),
containers are suspended on the weigh stations 62. As
Figs. 5 and 6 also show, pictorial icons 66 applied to
the lld 40 adjacent to .the. welgh stations 62 match.

‘plctorlal 1cons 66 applled Lon- the contalners ;j.By_]7" 

matchlng the icons 66, the operator is v1sua11y gulded to
place the proper containers on the intended weigh
stations 62.

The weigh stations 62 can also comprise molded
recesses in the base 38 to rest containers. Pictorial
icons 66 on the base 38 adjacent the stations 62 match
pictorial icons 66 on the containers to guide the
operator in proper placement of containers during set up.

As blood or 1liquids are received into and/or

PCT/US2003/033311
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dispensed from the containers during processing, the
. weigh -stations 62 prOV1de output reflectlng -weight -
changes over time. This output is conveyed to the
controller 16. The controller 16 processes the

5 incremental weight changes to derive fluid processing
volumes. The controller generates signals to control
processing events based, in part, upon the derived
processing volumes. Further details of the operation of
the controller 16 to control processing events will be

10 described later. Additional details can also be found in
Nayak et al, United .States Patent 6,261,065, which has

been incorporated herein by reference.

4, Blood Processing Procedures

Under the control of the controller 16, the system
- 15 10 can be condltloned to perform .dlfferent blood -
: :proces31ng procedures- The MPU 1ncludes an appllcatlon:;
. control manager that admlnlsters ‘the actlvatlon of a
library of control applications. Each control application
prescribes procedures for carrying out given functional
20 tasks using the centrifuge station 20 and the pump and
valve station 30 in a predetermined way. The applications
can, e.g., reside as process software in EPROM's in the
MPU.
As will be described later, through selective .

25 appllcatlon of pressure to the Acassette 28 it is‘“

‘iip0551ble to use the same cassette 28" to carry out ?iiflj“'

different blood collectlon procedures.
For the sake of illustration, the implementation of
two clinical procedures will be described: (1) a plasma
30 collection procedure; and (2) a double unit red blood
cell collection procedure. During a plasma collection
procedure, "whole blood from a donor is centrifugally
processed to yield up to 880 ml of plasma for collection.
A1l red blood cells are returned to the donor. During a

35 double unit red blood cell collection procedure, whole
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blood from a donor is centrifugally processed to yield up
to two unlts (approx1mate1y 500 ml) ~of. red blood cells -
for “collection. All plasma constituent is. returned to the'.
donor.

:Although not described in detail, other clinical
procedures can be conducted by the system 10. For
example, a plasma / red blood cell collection procedure
can be performed, during which whole blood from a donor
is centrifugally processed to collect up to about 550 ml
of plasma and up to about 250 ml of red blood cells. The
portion of the red blood cells not retained for
collection are periodically returned to the donor during
blood separation. Plasma collected in excess of the 550

ml target and red blood cells collected in excess of the

'250 ml target are also returned to the donor at the end

'of the procedure As another example, durlng the coursei

of a plasma collectlon and/or red blood cell collectlon
procedure, the buffy coat interface can be removed from
the chamber 18 and collected. With subsequent processing
to remove leukocytes,.the buffy coat serves as a source
of platelets. '

Further details of the various blood collection
procedures that the system 10 can accomplish are
described in United States Patent 6,261,065, which has

‘been 1ncorporated hereln by reference

L II-: Other Technlcal Features of the Blood Separatlonw ‘

. Components of the System

The blood processing chamber 18 and the centrifuge
station 20 of the system 10 desirably possess other
technical Ffeatures that support the implementation of
diverse blood processing protocols.

A. The Blood Processing Chamber

In the illustrated embodiment (see Figs. 7 and 8),

the processing chamber 18 is preformed in a desired shape

PCT/US2003/033311
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and configuration, e.g., by injection molding, from a
rigid, blocompatlble ‘plastic’ mater1a1 such as a non-
p1ast1c1zed medical grade acrllonltrlle butadiene- styrene
(ABS) . In this arrangement, the chamber 18 includes two
5 prinéipal components -- a base component 200 and a lid
component 202.
The base component 200 includes a center hub 204.
The hub 204 is surrounded by inside and outside annular
walls 206 and 208 that define a circumferential blood
10 separation channel 210. One or more radial passages 212
extend from the hub 204 and communicate with the channel
210. Blood and other fluids are directed from the hub 204
into and out of the channel 210 through‘these passages
212. A molded wall 214 forms an axial boundary of the

.15 separatlon channel 210.' The 11d component 202 also forms.

: !.another ax1a1 boundary of the separatlon channel 210.;ﬂ;3f-

While both ax1al boundarles are shown to be generally..

flat (i.e., normal to the rotational axis), it should be

appreciated that the axial boundaries can be tapered,
20 rounded, V-shape, and the like.

The underside of the base component 200 includes a
shaped receptacle 216 that receives a shaped mount 218 on
the far end of the umbilicus 100. The mount 218 can be
secured to the receptacle 216 in various ways -- e€.9., by

25 a tlght, dry press flt or by solvent bond:.ng or by

;_ultrasonlc weldlng to couple the umblllcus 100 inffn2”4= o

fluid communication w1th the channel 210 The far end of
the umbilicus 100 and the base component 200 rotate as a
unit.

30 All contours, ports, channels, and walls that affect
the dynamics of the blood separation process are
preformed in the base component 200 in one or more
injection molding operations. The contours, ports,
channels, and walls that are preformed in the base

35 component 200 can vary, according to the particular
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separation objectives desired. Representative examples

will be described in greater detail later.

B. The Centrifuge Station

The centrifuge station 20 (see Fig. 9) includes a
centfifuge assembly 68. The centrifuge assembly 68 is
constructed to receive and support the molded processing
chamber 18 and umbilicus 100 for use.

As illustrated in Fig. 9, the centrifuge assembly 68
includes a frame or yoke 70 having bottom, top, and side
walls 72, 74, 76. The yoke 70 spins on a bearing element
78 (Fig. 9) attached-to the bottom wall 72. An electric
drive motor 80 is coupled to the bottom wall 72 of the
yoke 70, to rotate the yoke 70 about an axis 82. In the

illustrated embodiment, the axis 82 is essentially

. horlzontal (see Eign. 3),‘ although other ‘angular
'orlentatlons can. be used The motor 80 is capable of

'rotatlng the yoke 70 in either clockwise orA

counterclockwise directions, depending upon commands
issued by the controller 16.

A carrier or rotor plate 84 spins within the yoke 70
about its own bearing element 86, which is attached to
the top wall 74 of the yoke 70. The rotor plate 84 spins
about an axis that is generally aligned with the axis of
rotation 82 of the yoke 70.

As Flg 7 shows, the top of the process;ng chamberz

component 202 is secured As Flg 10 shows, the rotor
plate 84 includes a latchlng assembly 88 that removably
grips the lip 220, to secure the processing chamber 18 on
the rotor plate 84 for rotation.

Details of the latching assembly 88 can be found in

co-pending United States Patent Application Serial No.

09/976,829, £filed October 13, 2001 and entitled “Blood
Separation Systems and Methods with Quick Attachment of a
Blood Separation Chamber to a Centrifuge Rotor,” which

PCT/US2003/033311
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has been incorporated herein by reference.

As Fig. 10 ‘best shows, a sheath l44don the near end:

'of the umbilicus 100 fits into a preformed, recessed

pocket 90 in the centrifuge station 20. The pocket 90
holds the near end of the umbilicus 100 in a non-rotating
stationary position aligned with the mutually aligned
rotational axes 82 of the yoke 70 and rotor plate 84.

The preformed pocket 90 1is also shaped to
accomﬁodate loading of the fixture 108 at the same time
the umbilicus sheath 144 is inserted. The tubes 102,
104, and 106 are thereby placed and removed as a group in
association with the sensing station 46, which is also
located within the pocket 90, as Fig. 11 shows.

Umbilicus drive or support members 92 and 94 (see

Figs. . ¢ and 10) are. carrled by a. 51de wall 76 of the yokeﬁ:.
70 When the rotor plate 84 is, located 1n a prescrlbed;:i“»i

rotatlonal p051tlon, the support members 92 and 94 are
presented on the left side of the processing chamber 18
to receive the umbilicus 100 at the same time that the
sheath 144 and fixture 108 are manipulated for fitting
into the pocket 90. |

As Fig. 10 shows, one member 92 receives the mid
portion of the umbilicus 100. The member 92 includes a

surface against which the mid portien of the umbilicus

. 100 rests. The surface forms a channel 96, which faces‘n

“;Ligenerally toward the yoke 70‘;' fThef channel

30

35

‘accommodates passage of the mid portion of the umblllcus

100, directing the upper portion of the umbilicus toward
the other member 94. The channel 96 inhibits travel of
the mid portion of the umbilicus 100 in radial directions
toward and away from the rotational axis 82. However, the
channel 96 permits rotation or twisting of the umbilicus
100 about its own axis. Before use, the surface of the
channel 96 is generally convex. The convex configuration

is intended to be sacrificial, in that the material of

PCT/US2003/033311
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the convex surface is intended to be worn away during use

“by rotatlonal contact with the umbilicus 100. The convex

conflguratlon is dynamlcally changed by contact with the
umbilicus during use, to form an final contact
configﬁration that is dictated by the mechanical and
frictional interaction between the channel 96 and the
umbilicus 100 during use.
The other member 94 receives the upper portion of
the umbilicus 100, which the member 92 directs toward it.
The member 94 includes a surface against which the upper
portion of the umbilicus 100 rests. The surface forms a
channel 98 inclined toward the top wall 72 of the yoke
70. The channel 98 generally faces away from the yoke 70,

and is thereby in a reverse facing relationship with the

.:channel 96. To prov1de a. tran51t10nal path for the
11umb111cus between the two oppos1tely fa01ng channels 96 ..

'and 98, the channel 96 is offset sllghtly outward from

the channel 98. The channel 98 guides the upper portion
of the umbilicus 100 toward the recessed pocket 90, which
is located axially above the top wall 72 of the yoke 70,
where the umbilicus sheath 144 and fixture 108 are
fitted. DLike the channel 96, the channel 98 inhibits
travel of the upper portion of the umbilicus 100 in

radial directions toward and away from the rotational

:ax1s 82. However, llke the channel 96, the channel 98

1ts own ax1s.

Because the support channels 96 and 98 are arranged
in a reverse facing relationship, the channels 96 and 98
mutually engage the mid region of the umbilicus in a
complementary, “reverse grip” fashion regardless of the
direction of rotation of the yoke 70.

The inward facing orientation of the channel 96 best
captures the umbilicus during rotation of the yoke 70 in

the counterclockwise direction (when viewed from the top

PCT/US2003/033311
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of the rotor plate 84). This, in turn, stabilizes the

remainder of . the umbilicus for engagement | with the

'channel 98 during rotation in thls dlrectlon » The

processing chamber 18 is 1ntended,' during blood
procéssing  operations, to ©be rotated in a
counterclockwise direction.

The memher 94 includes opposed side edges 99 and 101 -
that taper inward toward the outward facing channel 98.
The tapered side edge 101 further guides the mid region
of the umbilicus into engagement with the outward facing
channel 98 in response to rotation of the yoke 70 in the
counterclockwise direction.

The outward facing guide edge 99 of the channel 98
defines an enlarged curved surface or ramp that extends

toward the rotat10na1 axis 82. The ramp 99 1s s1zed and

iconflgured to accompllsh self loadlng the umblllcus 1ntofa:'

the channel 98 when the yoke is rotated in thls clockw1se
direction (as viewed from the top of the rotor plate 84),
which is the direction opposite to the direction of
rotation intended for regular blood processing (i.e.,
counterclockwise). The ramp 99 also thereafter keeps the
upper portion of the umbilicus 100 from slipping out of
the channel 98 when the yoke 70 is rotated in a

counterclockwise direction. This, in turn, stabilizes the

_remainder of the umblllcus for engagement with then

ffchannel 96 durlng rotatlon 1n thls dlrectlon. _“” i

The conflguratlons of the channels 96 and 98 thereby
complement each other, to keep the mid region of the
umbilicus in engagement with the channels 96 and 98 in
response to rotation of the yoke 70 and regardless of the
direction of rotation of the yoke 70.

In the illustrated embodiment, the channel surfaces
96 and 98 of the support members 92 and 94 are preferably
fabricated from a low friction material, to thereby

eliminate the need for external lubrication or rotating

PCT/US2003/033311
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bearings on the umbilicus 100 itself. The material used

can, e.g9., comprlse Teflon® polytetrafluoroethylene-

" material (DuPont) ‘or an ultra hlgh molecular welght

polyethylene. Made from such materials, the channel
surfaces 96 and 98 minimize umblllcus drive friction and
the presence of particulate matter due to umbilicus wear.

Further details of the support members 92 and 94 can
be found in co-pending United States Patent Application
Serial No. 09/976,830, filed October 13, 2001, and
entitled “Blood Separatlon Systems and Methods with

Umbilicus Driven Blood Separation Chambers,” which is

incorporated herein by reference.

Closing the centrifuge station door 20 positions a

holding bracket 21 on the underside of the door 20 (see

Fig. 5) in reglstry w1th the sheath 144 Another holdlng_w
"*u bracket 23 (as shown in Flg '5) on the unders1de of the aiﬁfk ‘

door 20 is p051t10ned in reglstry with ‘the flxture 108
when the door 20 is closed. A releasable latch 25
preferably holds the door 20 shut during operation of the
centrifuge assembly 68 (as Fig. 6 shows).

During operation of the centrifuge assembly 68, the
support members 92 and 94 carry the umbilicus 100 so that
rotation of the yoke 70 also rotates the umbilicus 100 in

tandem about the axis 82. Constrained within the pocket

‘90 at 1ts near end (1 e at the sheath 144) and coupled .
Vto ‘the’ chamber 16 at 1ts far end (i.e., by the mountf;T'“'

218), the umblllcus 100 tw1sts upon the channel surfaces
96 and 98 about its own axis as it rotates about the axis
82, even as the channel surfaces 96 and 98 inhibit radial
travel of the umbilicus relative to the rotation axis 82.
The twirling of the umbilicus 100 about its axis as it
rotates upon the channel surfaces 96 and 98 at one omega
with the yoke 70 (typically at a speed of about 2250 RPM)
imparts a two omega rotation to the processing chamber 18

secured for rotation on the rotor plate 84.
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The relative rotation of the yoke 70 at a one omega

“rotatlonal speed and the rotor plate 84 at a two omega

rotatlonal speed, keeps ‘the umblllcus 100 untwisted,
avoiding the need for rotating seals. The illustrated
arrangement also allows a single drive motor 80 to impart
rotation, through the umbilicus 100, to the mutually
rotating yoke 70 and processing chamber 18 carried on the
rotor plate 84. Further details of this arrangement are
disclosed in Brown et al U.S. Patent 4,120,449, which is
incorporated herein by reference.

As before described, the channel surfaces 96 and 98
are desirably formed and oriented in a complementary
fashion to accommodate rotation of the umbilicus 100 and

the driving of the processing chamber 18 in either

wclockw1se or. counter clockwise. directions.. Thus,”the

flchamber 18 can be rotated 1n one dlrectlon conduc1ve to77 K

one desired proces51ng objectlve, e.g., to accommodateA
priming and air ventlng prior to blood processing, and be
rotated in an opposite direction conducive to a different
processing objective, e.g., blood separation.
Furthermore, the close juxtaposition of the umbilicus
supports 92 and 94 to the umbilicus 100 when the rotor
plate 84 is in the prescribed rotational position‘to
accommodate mounting of the processing chamber 18, and

the complementary orlentatlons of the channels 96 and 98 .

giformed 1n the supports 92 and 94, whlch lead the near end?

of the umblllcus toward the support pocket 90, make.:
possible an ‘“easy-load” sequence of intuitive steps,
largely capable of being carried out in tandem, €£for
loading the processing chamber 18 for use and unloading
the processing chamber 18 after use. The contours and
orientations of the channels 96 and 98 aid in “capturing”
the umbilicus 100 as a result of rotation of the yoke 70
in either direction, to thereby properly orient the

umbilicus 100 on the channel surfaces 96 and 98, even

PCT/US2003/033311
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should the operator fail to load the umhilicus 100

'entlrely correctly in the first 1nstance

More partlcularly, the’ complementary features of the
channels 96 and 98 can be advantageously used to self-
load“the umbilicus 100 for use. Desirably, once the
processing chamber 18 is loaded onto the rotor plate 84,
and the umbilicus sheath 144 has been placed into the
pocket 90, while also initially placing the mid region of
the umbilicus 100 into the channels 96 and 98, the yoke
70 can then be initially rotated at a moderate speed
(e.g., 300 RPM) in the clockwise direction, which is the
direction in which the yoke 70 is rotated during blood
processing operations. Rotation in this direction makes

use of the elongated ramp 99 to assure that the umbilicus

4100 is- fully loaded into. the channel 98. hereafter, the .

~yoke 70 can ‘be rotated at the umderate speed 1n thefr~'

opposite (counterclockw1se) dlrectlon, to assure that ‘the
position of the umbilicus 100 has been stabilized in both
channels 96 and 98 for use. The yoke 70 can then be fully
ramped up to a rotational speed in the counterclockwise
direction conducive for blood processing.

c. Interface Control by Optical Sensing

In any of the above-described blood processing

procedures, the centrifugal forces present within the

‘process1ng chamber 18 separate whole blood 1nto a.region . .

‘fof packed red’ blood cells and a. reglon of plasma (as.'k SR

dlagrammatlcally shown in Flg 12. The centrlfugal
forces cause the region of packed red blood cells to
congregate along the outside or high-G wall of the
chamber, while the region of plasma is transported to the
inside or low-G wall of the chamber.

An intermediate region forms an interface between
the red blood cell region and the plasma region.
Intermediate density cellular blood species like

platelets and leukocytes populate the interface, arranged

PCT/US2003/033311
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according to density, with the platelets closer to the
plasma layer than the leukocytes., The'interface iS'also :
called the “buffy coat " because of its’ cloudy color,
compared to the straw color of the plasma region and the
red color of the red blood cell region.

It is desirable to monitor the location of the buffy
coat, either to keep the buffy coat materials out of the
plasma or out of the red blood cells, depending on the
procedure, or to collect the cellular contents of the
buffy coat. The system includes the optical sensing
station 46 (also shown in Figs. 11A to 11D), which houses
two optioal sensing assemblies 146 and 148 for this
purpose. This arrangement is also diagrammatically shown
in Figs. 12, 13, and 14.

The flrst sen51ng assembly 146 1n the statlon 462;“__”

"Htfoptlcally monltors the passage of blood components)

through the plasma collectlon. tube 106 The second“

‘ sensing assembly 148 in the station 46 optically monitors

the passage of blood components through the red blood
cell collection tube 104.

The tubes 104 and 106 are made from plastic (e.g.
polyvinylchloride) material that is transparent to the

optical energy used for sensing, at least in the region

‘where the tubes 104 and 106 are to be placed into

assoc1at10n w1th the sen31ng statlon 46.. The. flxture 108 .

j.»holds the tubes 104 and 106 1n v1eW1ng allgnment w1th Lts.f'“‘”
'respectlve sens1ng assembly 148 and 146. The flxture 108

also holds the tube 102, which conveys whole blood into
the centrifuge station 20, even though no associated
sensor is provlded. The .fixture 108 serves to gather and
hold all tubes 102, 104, and 106 that are coupled to the
umbilicus 100 in a compact and easily handled bundle.
The first sensing assembly 146 is capable of
detecting the presence of optically targeted cellular

species or components in the plasma collection tube 106.

PCT/US2003/033311
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The components that are optically targeted for detection
vary dependlng upon the procedure.
For a plasma colléction procedure, the first sensing
assembly 146 detects the presence of platelets in the
5 plasma'collection tube 106, so that control measures can
be initiated to move the interface between the plasma and
platelet cell layer back into the processing chamber.
This provides a plasma product that can be essentially
platelet-free or at least in which the number of
10 platelets is significantly minimized.
For a red blood cell-only collection procedure, the
first sensing assembly 146 detects the interface between
the buffy coat and the red blood cell layer, so that

control measures can be initiated to move this interface

15 Dback. into the. process1ng chamber ThlS max1mlzes the red Lo

l'blood cell yleld , - 4 - : ‘
© 'The presence of these cellular components in the
plasma, as detected by the first sensing assembly 146,
indicates that the interface is close enough to the low-G
20 wall of the processing chamber to allow all or some of
these components to be swept into the plasma collection
line (see Fig. 13). This condition will also be called an
“over spill.”

The second sensing assembly 148 is capable of

25 detectlng the hematocrlt of the red blood cells in the43‘

“Lred blood cell collectlon tube 104 The decrease of redpA
" blood hematocrlt "below a set minimum level durlng
processing that the interface is close enough to the
high-G wall of the processing chamber to allow plasma to
30 enter the red blood cell collection tube 104 (see Fig.
14) . This condition will also be called an “under spill.”
The construction of the sensing station 46 and the
first and second sensing assemblies 146 and 148 can vary.
In a desired implementation, the first sensing assembly
35 146 includes a light emitting diode (LED) 400 that can
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selectively emit either red or green light, and an
oppos1tely fa01ng photodlode 402, for measurlng 1nten51ty
of light transmltted through the plasma tube 106 by the
LED 400. The different wavelengths (green and red) of the
LED ”400 are selected to have generally the same
attenuation for platelets but significantly different
attenuation for red blood cells. The first sensing
assembly 146 can thereby differentiate between the
presence of platelets in the plasma flow (to detect an
over spill during a plasma collection procedure) and the
presence of red blood cells in the plasma flow (to detect
the buffy coat interface with red blood cells during a
buffy coat collection procedure) .

In a desired implementation, the second sensing

assembly 148 includes.-an 1nfrared LED 404 and two -

LED 404 and the other 408 fac1ng opp051te to the infrared
LED 404. The photodiode 408 measures light intensity
transmitted through the red blood cell tube 104 by the
LED 404. The photodiode 406 measures reflected light
intensity.

The sensing station 46 and the fixture 108 locate
the red blood cell tube 104 in a desired distance
relationship to the infrared LED 404 and photodiode 406,

““,whlch has been observed to result 1n a llnear correlatlon,,:ﬁ'w,

.-“between measured reflected411ght 1ntens1ty and red bloodV

cell hematocrlt. As an example, the 1nten51ty of'
reflected light measured at a predetermined radial
distance (e.g., 7.5 mm) from an incident light source
having a wavelength in the NIR spectrum (e.g., 805 nm)

(i.e., LED 404) varies as a linear function with
hematocrit for a hematocrit range of at least 10 and 90.

Thus, red blood cell hematocrit can be ascertained by
monitored reflected light intensity using the infrared
1LED 404 and the photodiode 406.
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The sensing station 46 can be constructed in various
‘ways. In one implementation, shown in Figs . 11A to 11D, A
the station 46 includes a molded body ‘500 comprising two
facing plates 502 and 504. The plates 502 and 504 are
5 spac:ed.apart to receive the fixture 108 and to hold the
red blood cell tube 104 and plasma 'tube 106 in precise
alignment with the first and second sensing assemblies
146 and 148. ‘
Each plate 502 and 504 includes an array of light
10 pipes 506 A/B/C and 508 A/B/C that desirably comprise
integrally molded components of the body 500. The light
pipes 506 A/B/C and 508 A/B/C are in precise optical
alignment with the LED’s and photodiodes comprising the
first and second sensing assemblies 146 and 148. These

15 | ULED’S and photodlodes are carrled on c:chuJ.t ~boards. 510 .

_.that are mounted on the exterlor of the body 500 fac:.ngi’ S

the llght plpes, e.g., using fasteners.
More particularly, the light pipe 506A of the plate
502 is in optical aligmment with the photodiode 402 of
20 the first sensing assembly 146. Correspondingly, the
oppositely facing light pipe 508A of the plate 504 is in
optical alignment with the red/green LED 400 of the first
sensing assembly 146.
The light pipe 506B of the plate 502 is in optical
25 allgnment Wlt.h .the infrared LED 404 of the second sensing g
1 ‘i,assembly 148 Correspondlngly, the oppos:Ltely fac1ng'£"‘.'-'}: :
- l:Lght plpe 5088 of the plate 504 is in optlcal allgnment ‘
with the transmitted light-detecting photodiode 408 of
the second sensing assembly 148. The light pipe 506C of
30 the plate 502 is in optical alignment with the reflected
light-detecting .photodiode 406 of the second sensing
assembly 148. 1In this arrangement, the light pipe 508C
of the plate 504 is empty. ‘
The control circuitry supporting the first and

35 second sensing assemblies 146 and 148 can also vary. In
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a representatlve embodlment (schematically shown in
. Figs. 11E and 11F), a. CPLD controller 410 (see Fig: 11F) :
"recelves a ser:Lal data stream (data stream B in Flgs 11E
and 11F) from a selected one of the photodiodes 402, 406,
5 and 1}08, which is indicative a sensed light intemsity
(transmitted or reflected, as the case may be) sensed by
the selected photodiode. The CPLD controller 410
generates a photodiode selection signal (selection signal
C in Figs. 11E and 11F) to select the photodiode 402,
10 406, or 408) for data stream receipt.

The CPLD controller 410 controls the gain of gain
amplifiers 412 individually associated with each
photodiode 402, 406, and 408 (see Fig. 11E), via a
digital data stream (data stream C in Figs. 11E and 11F),

15 which is generated by a serlal output port contalned;_
' ."-"‘Wlthln the controller 410.;“-} Each galn ampllfler 412"‘
receives a voltage s:Lgnal from a current-to- voltage -
converter 414 individually associated with each
photodiode 402, 406, 408, which converts the current
20 output of each photodiode 404, 406, and 408 to a voltage.
The amplified analog voltage output of each gain
amplifier 412 is applied to individual analog-to-digital
converters, which converts the analog voltage into the
serial data stream for the selected photodiode (data
2'54 .4stream B), whlch the CPLD c.ontrolle‘r‘. 410 ,rec,e‘ivee”for. .
V-,ifurther process:Lng ERANEN e T .. L
The serlal data stream B recelved by the CPDL’
controller 410 is applied to a serial to parallel port
418 to create a parallel data stream. The original
30 analog voltage from the selected gain amplifier 412 is
reconstructed by a digital to analog converter 420 and
applied to a bandpass filter 422. The bandpass filter
422 has a center frequency at the carrier frequency of
the modulated source 1light (i.e., 2 KHz in the
35 illustrated embodiment). The output of the bandpass
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filter 422 (which is sinusoidal) is sent to a full wave
rectlfler, which transforms- the 31nuso:1.dal output to a DC
‘output voltage proportlonal to the sensed ilght
intensity.

5 " A current source 428 is coupled to the LED’s 400 and
404. The current source 428 uniformly supplies current to
each LED 400 and 404, independent of temperature and the
power supply voltage levels. A modulator 430 modulates
the constant current at a prescribed frequency. The

10 modulation 430 removes the effects of ambient light and
electromagnetic interference (EMI) from the opticallj
sensed reading. In combination with the uniform current
source 428, the CPLD controller 410 -also adjusts the
magnitude of uniform current, and therefore the intensity

».15‘_:of each LED 400 and 404, LED current control data..is. .

o generated in serlal form by the: controller 410 (serlal,"‘ o
data stream A in F:Lgs. 11iE and 11F). ThlS serial data is
applied to digital-to-analog converters 426, individually
associated with each current source 428 for each LED 400

20 and 404.

The sensing assemblies 146 and 148 are operated by
the controller 16, which periodically actuates the
sensing assemblies 146 and 148 and samples the sensed
intensity outputs. Desirably, a given sensor output used

25 .. for control ,purposes comprlses an average of multlple;
.wsamples taken durlng a prescrlbed sampllng perlod For‘
example, durlng a glven sampllng perlod (e.g., every 100
usec), multiple samples (e.g., 64) are taken. An average

of these multiple samples is derived. The variance of the

30 sample average is also desirably determined Dby

conventional methodologies, and the sample average is
validated if the variance is less than a prescribed
maximum. If the variance of the sample average is equal
to or greater than the prescribed maximum, the sample

35 average is not used for control purposes. Desirably, to
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provide a more dependable output, a running average of
the last flve validated sample averages is used as the
control value. As w111 ‘be described in ‘greater deta11‘
later, the magnitude of the sample variance can also be
5 used'as.a means for detecting the presence of air bubbles
during an air purge conducted at the end of a given blood
processing procedure.
Further details of optical sensing arrangements are
disclosed in United States Patent No. 6,261,065, which
10 has been incorporated herein by reference.

III. Technical Features of the Pneumatically Actuated

Flow Control Components of the System

The cassette 28 and the pump and valve station 30 of

the system 10 desirably also possess other technical

15 features that support dlverse blood proce551ng protocols.gA4‘;‘1-

fAL The Cassette

In a preferred embodlment (see Fig. Als);‘ thei
cassette 28 comprises an injection molded body 300 made
of a rigid medical grade plastic material. Flexible
20 diaphragms 302 and 304, preferably made of flexible
sheets of medical grade plastic, overlay, respectively,
the front side and back sides of the cassette 28. The
diaphragms 302 and 304 are sealed about their peripheries
to the peripheral edges of the front and back sides of
25 .,the cassette .28. . . ‘ L o . .
B “As Fig. 15‘shows, the cassette 28 has ‘an . array of;"”
.1nter10r cav1t1es formed on both the front and back
sides. The interior cavities define pneumatic pump
stations (schematically designated PS in Fig. 15), which
30 are interconnected by a pattern of fluid flow paths
(schematically designated FP in Fig. 15) through an arrayA
of in line, pneumatic valve stations (schematically
designated VS in Fig. 15).

The layout of the interior cavities can vary
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according to the different objectives of different blood
processing procedures. Des1rably, the interior cav1t1es
of the cassette 28 define a programmable blood process1ng
circuit 306 (see Figs. 16 and 17). The programmable
circuit 306 can be conditioned by the controller 16 to
perform a variety of different blood processing
procedures in which, e.g., red blood cells are collected,
or plasma is collected, or both plasma and red blood
cells are collected, or the buffy coat is collected.
Fig. 16 diagrammatically shows a programmable fluid
circuit 306 that can be implemented as an injection
molded, pneumatically controlled cassette 28 of the type
shown in Fig. 15. Fig. 17 shows the specific

implementation of the fluid circuit 306 in the cassette

body 300 As w1ll be descrlbed the cassette 28 1nteracts.5_

centrallzed programmable, 1ntegrated platform, capable
of performing different blood processing functions.

The fluid circuit 306 includes dual pneumatic pump
chambers DP1 and DP2 (see Figs. 16 and 23). The pump
cﬁambers DP1 and DP2 are desirably operated by the
controller 16 in tandem to serve as a general purpose,
donor interface pump. The dual donor interface pump
chambers DP1 and DP2 work in parallel. One pump chamber
draws fluid, whlle .the other .pump chamber expels fluid.

and expel functlons to prov1de a uniform outlet flow. Thev
donor tube 126 having the attached phlebotomy needle 128
is coupled to pump chambers DP1 and DP2.

The fluid circuit 306 also desirably includes a
pneumatic pump chamber ACP, which serves as a dedicated
anticoagulant pump, to draw anticoagulant from an
external container 150 and meter the anticoagulant into
the blood drawn from the donor through an anticoagulant
tube 152, which is coupled to the donor tube 126.
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A donor clamp 154 external to the fluid circuit 306

.(see also Flgs. 4 and 5) is- operated by the controller 16
to close the donor tube 126 and anticoagulant tube 152.
when specified conditions occur during blood processing

5 that.coﬁld affects the comfort or safety of the donor.
The donor clamp 154 serves to isolate the donor from the
fluid circuit 306 when these conditions occur. The
manually operated clamp 116 or a hemostat is also
desirably placed downstream of the donor tube-

10 anticoagulant tube 152 junction for added donor safety.

The fluid circuit 306 shown in Fig. 16 also
desirably includes a pneumatic pump chamber IPP that
serves as a dedicated in-process whole blood pump, to
convey whole blood from a reservoir 158 into the

15 proce531ng chamber 18 The dedlcated functlon of the pump .-
f .;;chamber IPP frees the donor 1nterface pump chambers DPljl‘f*
‘ and DP2 from the added functlon of supplylng whole blood
to the processing chamber 18. Thus, the in-process whole
blood pump chamber IPP can maintain a continuous supply

20 of blood to the processing chamber 18, while the donor
interface pump chambers DP1 and DP2 operate in tandem to
simultaneously draw and return blood to the donor through
the single phlebotomy needle. Processing time is thereby
minimized.

25 The fluld c1rcu1t 306. also de31rab1y 1nc1udes a.; .

J'f;pneumatlc pump chamber PP that serves as a plasma pump,'"
to convey plasma from the proce881ng chamber 18 into a
collection container 160. The ability to dedicate
separate pumping functions provides a continuous flow of

30 blood into and out of the processing chamber 18, as well
as to and from the donor.

The fluid circuit 306 includes an array of valves,
designated V1l to V26 in Fig. 16, that connect the pump
chambers DP1; DP2, IPP, PP, and ACP to an array of flow

35 paths that transport blood and blood components to and
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from the donor and to and from the processing chamber.
’I"he functions -of the valves V1 to V26 are summarized in

“the following table:
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Valve |Valve Functlon A
Vi Controls fluld flow through flow port 0 of IPP
V2 Controls isolation of an external collection

| container 162 intended to collect red blood cells

during processing

V3 Controls conveyance of red blood cells to the

external collection container 162

V4 Controls conveyance of whole blood to the

external in process container 158

V5 Controls conveyance of red blood cells for return

to the donor through the donor tube 126

V6 Controls fluid conveyance through one an end of
DP1
V7 Controls fluld conveyance_ through an end of DP2
VBCV f;,Controls conveyance of proce851ng solutlon (e g. ,;52 L

" | saline) through ‘ends of DP1 and DP2 from an

external solution container 162

Vo Controls isolation of the external collection
container 160 intended to collect plasma during

processing

Vio Controls conveyance of plasma for return to the
donor through the donor tube 126

V1l Controls fluid conveyance through an end of PP

S viz. Cont;o;ffluidfconveyance;to'and:f;om'donor tube |-
V13 Controls fluid conveyanoe through an end of DP1
V14 Controls fluid conveyance through an end of DP2
V15 Controls conveyance of processing solution (e.g.,

saline) through ends of DP1 and DP2 from the

external solution container 164

V1ie Controls fluid conveyance through an end of IPP

V17 Controls fluid conveyance through an end of PP
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Valve Valve Function

vig' Controls £fluid conveyance through a ‘chamber

housing a filtration medium, intended to filter
blood being returned to the donor through the
donor tube 126

V19 Controls isolation of an external collection
container 166 intended to collect buffy coat
during processing (if called for by the blood

processing protocol)

V20 Controls isolation of the external container 164

( .
holding processing fluid

v21l Controls fluid conveyance of red blood cells

through tube 104 from the processing chamber.

v22 Controls fluld conveyance through an end of ACP
-j~V23£tf 'Controls fluld conveyance through and end of ACP -
AV24 o Controls 1solat10n of ‘an external contalner 168

that holds a blood additive solution (if called
for by the blood processing protocol)

V25 Controls isolation of the external container 164

holding processing fluid

V26 Controls fluid conveyance to addition external

blood collection container(s) 172 (if called for

by the blood processing protocol)

The flex1ble dlaphragms 302 and 304 OVerlaylng the ..
' front and back 31des of the cassette body' 300 rest

against upstanding peripheral edges surrounding the pump
chambers DPl1l, DP2, IPP, PP, and ACP; the valves V1 to
V26, and array of connecting flow paths. The pre-molded
ports Pl to P13 (see Figs. 16 and 17) extend out along
two side edges of the cassette body 300 to couple the
fluid circuit 306 within the cassette body 300 to already
described external containers and to the donor.

The cassette 28 is vertically mounted for use in the

PCT/US2003/033311
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pump and valve station 30, as shown in Fig. 5. In this
orientation (see Fig. 15 as.well){'the diaphragﬁﬂ302
faces outward toward the door 32 of the valve .station"?;o,l
ports P8 to P13 face downward, and the ports Pl to P7 are
5 vertically stacked one above the other and face inward.

As will be described, localized application by the
pump and valve station 30 of positive and negative fluid
pressures upon the backside diaphragm 304 serves to flex
the diaphragm 304 to close and open the valve stations V1

10 to V26 and/or to expel and draw liquid out of the pump
chambers DP1, DP2, IPP, PP, and ACP.

As set forth in the above table, an additional
interior cavity 308 is provided in the cassette body 300.

The cavity 308 forms a station that holds a blood filter
15 .materlal 174 (see Fig. 17) to remove clots and. cellular
B .A(aggregatlons that can form durlng blood proce531ng As R
d:shown schematlcally in Fig. 16, the cav1ty 308 is placed
in the circuit 306 between the port P8 and the donor
interface pump stations DP1 and DP2, so that blood. .
20 returned to the donor passes through the filter 174. The
cavity 308 also serves to trap air in the flow path to
and from the domnor.
Another interior cavity 310 (see Fig. 16) is also
provided in.the cassette body 300. The cavity 310 is
25 placed in the 01rcu1t 306 between the port PS5 and the . ‘
”fj{ valve V16 of the 1n process pumplng statlon IPPH The:;flr‘"
4 cav1ty 310 serves ‘as another air trap w1th1n the cassette“.“‘."
body 300 in the whole blood flow path serving the
separation chamber 18. The cavity 310 also serves as a
30 capacitor to dampen the pulsatile pump strokes of the in-
process pump IPP serving the separation chamber 18.

B. Pump and Valve Station

The cassette 28 interacts with a pneumatic actuated
pump and valve station 30, which is mounted in the 1lid of
35 the 40 of the case 36 (see Fig. 15).
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The inside face 324 of the door 32 of the pump and
valve statlon 30 (whlch 1s desirably metal, as. will be
explalned later) carries an elastomeric gasket 312 The
gasket 312 contacts the front side of the cassette body

‘5 300 v}heb the door 32 is closed. An inflatable bladder 314
lays between the gasket 312 and the inside face 324 of
the door. With the door 32 opened (see Fig. 3), the
operator can place the cassette 28 into the pump and
valve station 30. Closing the door 32 and securing the

10 latch 316 (shown in Figs. 3 to 5) brings the gasket 312
into facing contact with the diaphragm 302 on the front
side of the cassette body 300. Inflating the bladder 314
presses the gasket 312 into intimate, sealing engagement
against the diaphragm 302. The cassette body 300 is

15 thereby secured 1n a. tlght ) eeallng fit. yithinthe pump

’ ‘:and valve statlon 30.,," IR "ff R .

The pump and valve statlon 30 1ncludes a pneumatlc
manifold assembly 34, which is best shown in Fig. 15. 1In
use, the diaphragm 304 is held by the bladder 314 in

20 intimate engagement against the manifold assembly 34 when
the door 32 of the pump station 20 is closed and the
bladder 314 is inflated. Desirably, a valve face gasket
318 overlies the pneumatic manifold assembly 34, to serve
as a spill shield. Fig. 3 shows the presence of the valve

25 face gasket 318, whlle, 1n Flgs 4 and 15, the valve face - -

= :"'gasket 318 has been partlally removed to better show the - |
manlfold assembly 34 '

The manifold assembly 34 includes an array of
actuator ports 320 arranged to mirror the array of pump

30 chambers and valves on the cassette 28. Under the
control of the controller 16, the manifold assembly 34
selectively distributes the different pressure and vacuum
levels to the actuator ports 320, which apply the levels
of pressure and vacuum systematically to the pump

35 chambers and valve of the cassette 28 through the
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diaphragm 304, to route blood and processing liquids in

‘an intended fashion through the fluid circuit 306. Under:

- the.control of the controller 16, the manifold assembly

34 also distributes pressure levels to the door bladder

5 314 falready described), as well as to the donor pressure

cuff 60 (see Fig. 23) and to the donor clamp 154 (already
described) .

The manifold assembly 34 generates Phard, or Hard

Pressure, and Pinpr, or In-Process Pressure, which are

10 high positive pressures (e.g., + 500 mmHg) applied for
closing the cassette valves V1 to V26 and to drive the
expression of liquid from the in-process pump IPP and the
plasma pump PP. The magnitude of Pinpr is sufficient to
overcome a minimum pressure of approximately 300 mm Hg,

.15  which 1s typically present w1th1n the proces51ng chamber o

B .Tuls. Plnpr and Phard are operated at the hlghest pressure" L
to ensure that upstream and downstream valves used in
conjunction with pumping are not forced opened by the
pressures applied to operate the pumps.

20 The manifold assembly 34 also generates Pgen, or
General Pressure (+ 300 mmHg), which is applied to drive
the expression of liquid from the donor interface pumps
DP1 and DP2 and the anticoagulant pump ACP.

The manifold assembly 34 also generates Vhard, or

. 25 Hard Vacuum (-350. mmHg) , .. whlch is. the deepest vacuum.. -

ﬂ:applled in’ the " manlfold assembly 34 to -open cassettefifﬂm"

"valves V1 to V26 The manlfold assembly 34 also generates
Vgen, or General Vacuum (-300 mmHg), which is applied to
drive the draw function of each of the pumps DP1, DP2,

30 IPP, PP, and ACP. Vgen is required to be less extreme

than Vhard, to ensure that pumps DP1, DP2, IPP, PP, and

ACP do not overwhelm upstream and downstream cassette
valves V1 to V26. '

Further details of the operation of the pump and

35 valve station 30 can be found in United States Patent
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reference. ' ' ’ ‘ '

C. Capacitive Flow Sensing

The controller 16 desirably includes means for
5 monihoring fluid flow through the pump chambers of the
cassette 28. In the illustrated embodiment, the pump and
valve station 30 carries small printed circuit board
assemblies (PCBA’s) 332. One PCBA 332 is associated with
each pneumatic actuator port 320 that applies negative
10 and positive pressure to the diaphragm 304 to draw fluid
into and expel fluid.from the cassette pump chambers DP1;
DP2; IPP; PP; and ACP. The PCBA’'s 332 are each coupled to
an electrical source and are each part of a capacitive
circuit that is in electrical conductive interaction or
.15 . contact with flulds_ w1th1n thelr respectlve pump.. .. .
‘*:chambers The capac1t1ve 01rcu1ts comprlse capac1torsh”
sandw1ch1ng each pump chamber. Each PCBA 332 forms one
capacitor plate, and the metallic inside face 324 of the
door 32 of the pump and valve station 30 forms the other
20 capacitor plate. I Between the plates are the pump
chambers themselves. Fluid in the pump chambers are
shielded from actual physical contact with the circuits
by virtue of the cassette diaphragms 302 and 304, the

valve face gasket 318 overlying the pneumatic manifold

25 . assembly 34, .and the gasket 312 overlylng the, -inside face . .. .-

_7324 of the door 320 B The passage of electrlcaleg"'

4 energy through each PCBA 332 creates an electrlcal field
within the respective pump chamber. Cyclic deflection of

the diaphragm 304 associated with a given pump chamber to

30 draw-fluid into and expel fluid from the pump chamber
changes the electrical field, resulting in a change in
total capacitance of the circuit through the PCBA 332.
Capacitance inereases as fluid is draw into the pump
chamber, and capacitance decreases as fluid is expelled

35 from pump chamber.
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In this arrangement, the PCBA'’s 332 each includes a
-capac1t1ve sensor (e. g.,'a Qprox E28). The capacitive
sensor reglsters changes in capacitance for ‘the circuit
332 for each pump chamber. The capacitance signal for a
5 given circuit 332 has a high signal magnitude when the
pump chamber is filled with liquid, has a low signal
magnitude signal when the pump chamber is empty of fluid,
-and has a range of intermediate signal magnitudes when
the diaphragm occupies intermediate positions.

10 At the outset of a blood processing procedure, the
controller 16 can calibrate the difference between the
high and low signal magnitudes for each sensor to the
maximum stroke volume of the respective pump chamber. The
controller 16 can then relate the difference between

) 15  sensed max1mum and mlnlmum signal values durlng»

‘ 'lsubsequent draw and expel cycles to fluld volume drawnf‘f
and expelled through the pump chamber The controller 16‘
can sum the fluid volumes pumped over a sample time
period to yield an actual flow rate.

20 The controller 16 can compare the actual flow rate
to a desired flow rate. If a deviance exists, the
controller 16 can vary pneumatic pressure pulses
delivered to the actuators for the cassette pump chambers
to minimize the deviance. |

25 .Figt> 15 _ shows the PCBA'S 332. located entlrely o

o Yiout51de the cassette 28, belng face mounted w1th1n thef:
ass001ated actuator port 320. In"one alternatlve
embodiment, a component of the circuit 332 (e.g., one of
the capacitor plates) can be placed inside the pump

30 chamber of the cassette 28, with the electrical
connection to the rest of the circuit routed outside the
pump chamber. In another alternative embodiment, the
circuit 332 and electrical connections can be implemented
on flexible electrode circuits face-mounted on the

35 manifold assembly 34 or as molded circuit board
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components integrated with the body of the manifold
assembly 34. 1In the latter embodiment, electrlcal
circuitry or routlng is molded on thermoplastlc parts,
e.g., by lithographic patterning, over-molding, or by

5 seallng a flexible circuit to a component part. The
thermoplastic parts, which perform electrical functionms,

are integrated, e.g., by ultrasonic welding, to other
components that perform the pneumatic functions of the
manifold assembly 34, forming compact, multi-layer,

10 multi-functional assemblies. In this arrangement,
electrical connection with the extermal controller 16 and
other external sensors can be achieved, e.g., by female
electrical connectors soldered into place to receive
electrical pins from the controller 16 and related

- 15, sensors, and/or by use of consolldated rlbbon cables.},

4~;V1; Use of System to Perform a Plasma CollectlonF L

Procedure

Use of a blood flow set 12 in association with the
device 14 and controller 16 to conduct a typical plasma

20 collection procedure will now be described.

The plasma collection procedure includes a pre-
collection cycle, a collection cycle, and a post-
collection cycle. During the pre-collection cycle, the
flow set 16 is primed with saline to vent air prior to

. 25 'avenlpuncture Durlng the collectlon cycle, whole blood

fdrawn from the donor 1s processed to collect plasma,;j‘l'“'-‘

while returnlng ‘red blood cells to the donor Durlng the
post-collection cycle, excess plasma is returned to the
donor, and the set 16 is flushed with air, as will be
30 described in greater detail later.
A. The Blood Processing Chamber

Fig. 18 shows an embodiment of the centrifugal
processing chamber 18, which can be used in association

with the system 10 shown in Fig. 1 to perform a plasma
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collection procedure, yielding plasma that is free or

'essentially free of platelets, red blood cells, and

leukooYtes; The chamber 18 shown in Fié. 18 can also be

used to perform a plasma/red blood cell collection
5 procedufe.

As previously described with respect to embodiment
of a chamber shown in Fig. 8 (with like parts being
assigned like reference numerals), the processing chamber
18 is desirably fabricated as separately molded base

10 component 200 and a 1lid component 202. The molded hub 204
is surrounded radially by inside and outside annular
walls 206 and 208 that define a circumferential blood
separation channel 210. A molded wall 214 (see Fig. 19)
forms an axial boundary of the channel 210. The 1id

15 component 202 forms another axial boundary of the channel.

1 3210 Whlle both ax1al boundarles are shown to be:ii “
generally flat (i.e., normal to the rotatlonal ax1s), it
should be appreciated that the axial boundaries can be
tapered, rounded, V-shape, and the like. When assembled,

20 the 1id component 202 is secured to the top of the
chamber 18, e.g., by use of a cylindrical sonic welding
horn.

In the chamber 18 shown in Fig. 18, the inside
annular wall 206 is open between one pair of stiffening

25  walls. The opp051ng stlffenlng walls form .an _open. .

"1.:l1nterlor reglon 2227 1n the hub 204 ~wh1ch communlcatesfw:

Hw1th the channel "210. Blood and flulds are 1ntroduced
from the umbilicus 100 into and out of the separation
channel 210 through this region 222.

30 In the embodiment shown in Fig. 18, a molded
interior wall 224 is formed inside the region 222 that
extends entirely across the channel 210, joining the
outside annular wall 208. The wall 224 forms a terminus
in the separation channel 210, which interrupts flow

35 circumferentially along the channel - 210 during
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separation.

Additional molded 1nterlor walls divide -the reglon
222 1nto three passages 226 228, and 230. The passages.
226, 228, and 230 extend from the hub 204 and communicate
with the channel 210 on opposite sides of the terminus
wall 224. Blood and other fluids are directed from the
hub 204 into and out of the channel 210 through these
passages 226, 228, and 230.

As the processing chamber 18 is rotated (arrow R in
Fig. 18), an umbilicus 100 (not shown) conveys whole
blood into the channel 210 through the passage 226. The
whole blood flows in the channel 210 in the same
direction as rotation (which is counterclockwise in Fig.

18) . Alternatively, the chamber 18 can be rotated in a

-'dlrectlon opp051te to the c1rcumferent1a1 flow of whole -

same ‘direction as rotatlon is belleved desirable for
optimal blood separation.

The whole blood separates within the chamber 18 as a
result of centrifugal forces in the manner shown in Fig.
12. Red blood cells are driven toward the high-G wall
208, while lighter plasma constituent is displaced toward
the low-G wall 206. The buffy coat layer resides between
the walls 206 and 208.

Clrcumferentlally spaced adjacent the termlnus wall

: ﬁ224 nearly 360 degrees from the whole blood 1nlet passage»;AQ

226 are the plasma collectlon passage 228 and the red
blood cell collection passage 230. In an upstream flow
direction from these collection passages 228 and 230, a
barrier 232 projects into the channel 210 from the high-G
wall 208. The barrier 232 forms a constriction in the
separation channel 210 along the low-G wall 206. In the
circumferential flow direction of the blood, the
constriction leads to the plasma collection passage 228.

As Figs. 20 and 21 show, the leading edge 234 of the

PCT/US2003/033311
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barrier 232 is tapered toward an annular boundary of the
channel 210 (which, in the illustrated ewbodiment, is the

" cannular wall 214) in the direction toward the terminus

wall 224. The tapered edge 234 of the barrier 232 leads
to an opening 236, which faces the annular boundary of
the separation channel 210. The opening 236 faces but is
spaced axially away from the annular boundary closely
adjacent to the high-G wall 208. The opening 236
communicates with the red blood cell collection passage
230.

A ledge 238 extends an axial distance within the
opening 236 radially from the low-G wall 206. The ledge
238 constricts the radial dimension of the opening 236
along the high-G wall 208. Due to the ledge 238, only

red blood cells and other. hlgher dens1ty components, :

opening 236. The 1edge 238 keeps plasma, which is not
adjacent the high-G wall 208, away from communication
with the opening 236. Due to the radial restricted
opening 236 along the high-G wall 208, the plasma has
nowhere to flow exceﬁt toward the plasma collection
passage 228. The plasma exiting the separation channel
210 is thereby free or essentially free of the higher

density materials, which exit the separation channel 210

“through the restrlcted h1gh -G openlng 236. .
‘ - The, 1edge 238 jOlnS an’ ax1a1 surface 240, wh1ch 1si?f“ i
generally allgned ‘with the low-G wall 206. The axial

surface 240 extends axially along the axis of rotation to
the red blood cell collection passage 230. By virtue of
the barrier 232, the ledge 238, and other interior walls,
the red blood cell collection passage 230 is isolated
from the plasma collection passage 228 (as Fig. 22
shows) .

As Fig. 22 also best shows, plasma residing along
the low-G wall 206 is circumferentially directed by the

PCT/US2003/033311
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barrier 232 and ledge 238 to the plasma collection

" 'passage 228 and into the umbilicus 100. The higher

‘dens1ty fluid contalnlng red blood cells and the buffy

coat components (platelets and leukocytes), which reside

5 closer to the high-G wall 208, are directed axially along

the tapered edge 234 of the barrier 232 toward an annular

boundary and the restricted high-G opening 236. From the

high-G opening 236, the red blood cells and buffy coat

components comprising the higher density fluid are

10 directed over the radial ledge 238 toward the low-G wall

206, and then axially into the red blood cell collection
passage 230 and into the umbilicus 100.

The tapered edge 234 that leads the higher density

materials axially toward an annular boundary of the

A_lS.'“separatlon channel 210 for. collectlon mltlgates agalnst: '

‘ ’:abrupt changes 1n flow dlrectlons whlle the hlgher and™. .

lower den51ty materlals are dlrected toward thelr‘

respective collection passages 230 and 228. Abrupt

changes in flow direction could induce undesired vortex

20 mixing of the buffy coat materials into the plasma. The

presence of the radial ledge 238 in the opening 236 also

promotes separation of the high density fluid from the

plasma, maintaining a desirably high red blood cell

hematocrit.

.25 it should be apprec1ated that the barrler 232 could”,

A?be conflgured opp051tely relatlve to. the dlrectlon of;”jf
blood flow, ‘so that the tapered edge 234 dlrects bloodw
along the high-G wall 208 in an axial flow direction
upward from a bottom annular boundary wall toward an

30 upper boundary annular wall. In this arrangement, the
high-G opening 236 would be located adjacent and axially
spaced from the upper annular boundary wall, and the
removal of blood could occur from the opposite side of
the processing chamber, i.e., the bottom annular wall

35 side. In a radial separation field established between
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high-G and 1low-G surfaces, the axial flow direction

B (elther “up” or “down” ‘along the axis of rotatlon) blood

'takes along a hlgh -G surface toward an annular boundary

is not important to achieving the separation objective;
rather, it is the mitigation against abrupt changes in
the flow direction while higher and lower density
materials separated within the radial field are directed
toward their respective collection passages.

The contours, ports, channels, and walls that affect
the blood separation process may be preformed in the base
component 200 in a single, injection molded operation,
during which molding mandrels are inserted and removed
through the open end of the base component 200. The lid

component 202 comprises a simple flat part that can be

Aeas11y welded to the. open end of the base component 200 ..

affect the separatlon process are 1ncorporated 1nto one
injection molded component, any tolerance differences
between the base 200 and the lid 202 will not affect the
separation efficiencies of the chamber 18.

1f the contours, ports, channels, and walls that are
preformed in the base 200 create surfaces that do not
readily permit the insertion and removal of molding

mandrels through a single end of the base 200, the base

..200 can be formed by separate. molded parts, elther by;”‘

'3f{;nest1ng cup shaped subassemblles or two symmetrlc halves e

30

35

Alternatlvely, moldlng mandrels can be inserted and
removed from both ends of the base 200. In this
arrangement (see Fig. 19), the chamber 18 can be molded
in three pieces; namely, the base 200, the 1lid 202 (which
closes one end of the base 200 through which top molding
mandrels are inserted and removed), and a separately
molded insert 242 (which closes the other end of the base

200 through which bottom molding mandrels are inserted

" and removed, as shown in Fig. 19.
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The chamber 18 can be counterbalanced for rotation

1n various ways. Interlor structures can be molded on

'one ‘side of the chamber 18 to counterbalance interior

structures on the opposite side of the chamber 18. Wall
thickness can be varied about the chamber 18 to achieve
counterbalancing. Alternatively, as shown in Fig. 18,
the chamber 18 can include a molded pocket 248 to carry a
suitable counterbalancing weight. ' ‘

B. The Cassette and Flow Set

- Fig. 23 shows the cassette 28 previously described
coupled to external processing «containers in a
configuration that can be used for a plasma collection
procedure. For a plasma collection procedure, the

containers include a plasma collection container 160, a

arred blood cell collectlon contalner or.. reservoir 162,

contalner 150, and a processing fluid (e.g., saline)
container 164.

1. Plasma Collection Cycle

During a typical collection cycle of the plasma
collection procedure, whole blood drawn from the donor is
processed to collect plasma, while returning red blood
cells to the donor. The donor interface pumps DP1/DP2 in
the cassette, the anticoagulant pump ACP in the cassette,

‘the. in- process pump. IPP. 1n the cassette, and the, plasma,:“

controller 16, in conjunction with associated pneumatic
valves V1 to V26, to draw anticoagulated blood into the
in-process container 158, while conveying the blood from
the in-process container 158 into the processing chamber
18 at a controlled rate QWB for separation. This
arrangement also removes plasma from the processing
chamber 18 into the plasma container’lso at a controlled

rate QP, while removing red blood cells from the

PCT/US2003/033311
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proce531ng chamber 18 into the red blood cell container
162 (at a rate QRBC = QWB - QP).  This phase continues
untll a targeted volume of plasma is collected in the'
plasma‘collectlon container 160 (as monltored by a weigh
sensor) or until a targeted volume of red blood cells is
collected in the red blood cell collection container 162
(as also monitored by a weigh sensor).

If the volume of whole blood in the in-process
container 158 reaches a predetermined maximum threshold
before the targeted volume of either plasma or red blood
cells is «collected, the controller 16 terminates
operation of the donor interface pumps DP1/DP2 to
terminate collection of whole blood in the in-process

container 158, while still continuing blood separation.

If ‘the wolume.of . whole blood .reaches .a predetermlned S

'mlnlmum threshold 1n the 1n process contalner 158 durlnggff'

blood separatlon, but before the targeted.'volume of
either plasma or red blood cells is collected, the
controller 16 returns to drawing whole blood to thereby
allow whole blood to enter the in-process container 158.
The controller toggles between these two conditions
according to the high and low volume thresholds for the

in-process container 158, until the targeted volume of

. plasma has been collected, .or until the target volume of
. xed blood cells ‘has been collected whlchever occurs,;;
;*flrst ' o Lo ‘ N

2. Red Blood Cell Return Cycle

During a typical return cycle (when the targeted
volume of plasma has not been collected), the controller
16 operates the donor interface pumps DP1/DP2 within the
cassette 28, the in-process pump IPP within the cassette,
and the plasma pump PP within the cassette, in
conjunction with associated pneumatic valves, to convey
anticoagulated whole blood from the in-process container

158 into the processing chamber 18 for separation, while
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removing plasma into the plasma container 160 and red
bldod cells into the red blood cell container 162. This
arrangement also cenﬁeys red blood céllelfrdm'ﬁhe red
blood cell container 162 to the donor, while also mixing
5 saline from the container 164 in line with the returned
red blood cells. The in line mixing of saline with red
blood cells raises the saline temperature and improves
donor comfort. This phase continues until the red blood
cell container 162 is empty, as monitored by the weigh
10 sensor.

If the volume .of whole blood in the in-process
container 158 reaches a specified low threshold before
the red blood cell container 162 empties, the controller
16 terminates operation of the in-process pump IPP to

15 ‘termlnate blood separatlon - The phase contlnues untllﬁw

'":lthe red blood .cell container 162 emptles o -

~ ' Upon emptylng the red blood cell contalner 162 the
controller 16 operates the donor interface pump station
DP1 to draw whole blood from the in process container 158
20 to £fill the donor tube 126, thereby purge red blood cells
(mixed with saline) in preparation for another draw whole
blood cycle. The controller 16 then conducts another
collection cycle. The controller 16 operates in
successive collection and return cycles until the weigh

25 sensor indicates that a de51red volume of plasma has been . .. -

'*f‘collected 1n the plasma collectlon contalner 160 hef:}iiglff::

controller 16 termlnates the supply and removal of blood
to and from the processing chamber, while operating the
donor interface pumps DP1/DP2 in the cassette 28 to

30 convey red blood cells remaining in the red blood cell
container 162 to the donor. The controller 16 next enters
an air purge cycle, the details of which will be
described later.

D. Control of the Interface

35 During a given plasma collection cycle, the
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controller 16 des1rably operates the sensing station 46,
to monitor the presence of targeted cellular blood
species components (in partlcular, platelets or
leukocytes, or both) in the plasma collection tube 106.
5 The presence of these cellular components in the plasma,
which are detected by the first sensor 146, indicates an
over spill condition - i.e., indicating that the
interface is close enough to the low-G wall of the -
processing chamber to allow all or some of these blood
10 species components to be swept into the plasma collection
tube 106 (see Fig. 13). This is not desirable, as the
objective is to collect plasma free or substantially free
of cellular blood components (i.e., a platelet-poor‘
plasma product)
.15 . In response to an over Splll condltlon (shown in.
) “~€:Flg 13),.the controller 16 operates the 1n-process pump
“IPP to draw whole blood from the in- process contalner 158
into the processing chamber 18 at a predetermined flow
rate. Red blood cells continue to exit the chamber 18
20 through the tube 104 for collection in the collection
container 162. However, the controller 16 ceases
operation of the plasma pump PP for a preestablished time
period (e.g., 20 seconds). This action increases the
volume of plasma in the chamber 18 relative to the volume
. 25:.=of red blood cells,,forc1ng the 1nterface -away from. the. -
i ";low G wall and back toward the mlddle of the separatlon
chamber (as Flg 12 shows) After the preestabllshed time
period, the controller 16 resumes operation of the plasma
pump PP for a short time period (e.g., 10 seconds), while
30 diverting the plasma to the red blood cell collection
container 162 for return to the donor. After this time
period, if the spill has been corrected, clean plasma
will be detected by the first sensor 146, and normal
plasma collection can be resumed. If clean plasma is not

35 sensed, indicating that the over spill has not been
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corrected, the controller 16 repeats the above-described
sequence ’

" The above- descrlbed sequence does not rely upon
ascertaining the actual physical position of the
interface within the separation chamber, but instead
relies upon the measurement resolution for the sensor 146
to discern the presence of cellular components should
they move too close to the high-G wall and exit the
chamber. When the prescribed maximum allowable platelet
contamination is set to a desired low threshold, the
platelet contamination threshold can lay below the
measurement resolution of the sensor 146. Therefore, a
control scheme that relies exclusively upon sensing an

over spill condition may not be optimal.

. The. dlfference between the flow rate of whole bloodwmj'
enterlng the separatlon chamber (QWB) and the flow rate; s

of plasma exiting the separatlon chamber 18 (QP)

determines the flow rate of red blood cells exiting the
chamber (QRBC) (i.e., (QRBC = (QWB)- (QP)). (QWB) is
typically maintained at a fixed desired rate to optimize
processing time, which for a plasma collection procedure
generally about 70 ml/min. The ratio (QP)/(QWB) therefore
correlates to the physical position of the interface
within the separation chamber 18. At a given fixed (QwB) ,

1ncreases in (QP), thereby 1ncrea51ng the ratlo, removes

interface toward the low-G wall (as F:Lg 13 shows)
Conversely, at a given fixed (owWB) , decreases in (QP),
thereby decreasing the ratio, removes a lesser volume of
plasma and therefore moves the interface toward the high-
G wall (as Fig. 14 shows).

The “ideal” ratio (QP)/(QWB)is one that keeps the
interface in a desired position within the chamber (as
Fig. 12 shows) to avoid an over spill condition in the

first instance. However, the “ideal” ratio (QP)/(QWB) is
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a function of the hematocrit of the donor’s whole blood,
which cannot be readily. controlled or measured. durlng the
".course of a blood proces51ng procedure
It has been discovered that the magnitude of the
5 hematocrit of red blood cell exiting the chamber 18
(HCTRBC) can be used to control the physical position of
the interface within the separation chamber 18, and
thereby minimize or avoid over spill conditions. More
particularly, the hematocrit of red blood cells exiting
10 the chamber 18 (HCTRBC) increases with increasing
distance between the.interface and the high-G wall (i.e.,
with increases in the ratio (QP)/(QWB)). Conversely, the
hematocrit of red blood cell exiting the chamber 18
(HCTRBC) decreases with decreasing distance between the
15 ._1nterface and the hlgh -G wall (i.e., w1th decreases in .
/”;g'the ratlo (QP)/(QWB)) By ad]ustlng the ratlo (QP)/(QWB);‘?
':to achleve a targeted ‘hematocrit of red blood cells
"exiting the chamber 18 (HCTRBC), a targeted physical
position of the interface relative to the high-G wall can
20 Dbe achieved, without inducing an under spill or over
spill condition.

As before described, the sensor 148 for the red
blood cell collection tube 104 is desirably adapted and
configured to optically detect hematocrit HCTRBC and

. 25 changes, in the hematocrlt of red blood cells, ex1t1ng the A
' ﬂ”proce551ng chamber 18 over. tlme Alternatlvely, varlousﬁ“":'
‘conventlonal means for sen51ng red blood cell hematocrlt -
can also be used.
An optimal set point for HCTRBC (SET_ HCTRBC) can be
30 selected based upon analysis of empirical clinical data
generated during system operation, which correlates
measured optimal plasma product quality (in terms of
platelet, red blood cell, and leukocyte contamination,
and, in particular, the absence thereof) and measured

35 optimal collection time. The data demonstrates that, at a
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determlnable high threshold HCTRBC, platelets will cease

ex1t1ng the ¢hamber 58 with red blood cells. At thlS

glven hlgh threshold value HCTRBC, platelets tend to’
remain with the plasma in the chamber 18, and thereby be
subjecﬁ to mixing with the plasma. Based upon this
discovery, SET_HCTRBC is set to approach, but not exceed,
this high threshold red blood cell hematocrit value. In a
representative implementation, SET_HCTRBC equals about
80 + 5. '
Adjusting the ratio (QP) / (QWB) to achieve
(SET_HCTRBC) during .a given plasma collection procedure
serves to optimize plasma collection parameters for that
procedure, as well as mediate against or avoid over spill

conditions. Using SET HCTRBC as a control allows (QP) to

~be maxlmlzed to optlmlze procedure tlme and max1m1ze red . B
‘blood cell hematocrlt whlle 1nduc1ng platelets to leavejfj””' .

"the chamber with the red blood cells to avoid an over‘”:

spill condition. )

In this arrangement, the controller 16 periodically
compares sensed HCTRBC (sensed by the sensor 148) to
SET HCTRBC, and adjusts the ratio (QP)/(QWB) to minimize
the difference between sensed HCTRBC and SET_HCTRBC.
Control based upon SET HCTRBC keeps the interface in a

ljocation within the separation chamber that is

Aemplrlcally determlned to optlmlze plasma purlty and . 4
:collectlon tlme, whlle av01d1ng or mlnlmlzlng ‘over splll}};'f“’9‘*

condltlons

In a representative implementation, the ratio (QP)/

(OWB) is desirably set at the outset of a given plasma
collection procedure to a value that is somewhat less
than an “ideal” (QP)/(QWB). In a representative
implementation, the “ideal” (QP)/ (owWB) is multiplied by
a decrement factor of about 95% to set the initial ratio
(oP)/ (QWB). In this implementation, the “ideal” (op) /
(OWB) is set equal to (1 - Hi/Ho), where Hi is the
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hematocrit of anticoagulated whole blood entering the
separation chamber 18, and Ho is SET___HC‘I‘RBC. Hi is.
derived based upon the actual or estimated hematocrit of
the donor (Donor HCT) and the dilution of the whole blood
as a result of addition of anticoagulant. Hi can be
derived, e.g., by multiplying Donor HCT by (1 minus the
anticoagulant-to-whole blood ratio/100) .

As the procedure progresses,. sensed HCTRBC is
periodically compared to SET_HCTRBC, and the initial
ratio (QP)/(QWB) is incremented or decremented to
minimize the difference. Preferably, to avoid an over
spill condition, the increments to the ratio (QP) / (QWB)
are determined taking into account the difference between

sensed HCTRBC and SET HCIRBC as well as the rate at which

the dlfference is changlng Convent10na1 PID control

is 1ncremented or decremented w1th1n a set minimum and
maximum range of values based upon the “ideal” ratio
(QP) / (QWB) .
‘ Should an over spill be encountered, it is corrected
in the manner discussed above and processing then
proceeds. |

As above described, “ideal” (QP)/ (QWB) is a

function, at least in part, of the anticoagulated whole

blood hematocrit of the donor(Hl) , The donor s whole |

: ‘f".blood hematocrlt ‘Gan be phys:.cally measured at the outset*:,'::: . L

of "a process:Lng procedure, or be based upon an’
empirically determined default value (e.g., 0.41 for a
female donor and 0.43 for a male donor).

Since the system 10 includes a blood processing
chamber 18 of known maximum capacity, the controller 16 -
can empirically derive the anticoagulated whole blood
hematocrit of the donor on line at the outset of a given
blood processing procedure.

After venipuncture has been performed and the blood
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inlet and return pathways primed with whole blood, the
controller 16 condltlons the centrlfuge statlon 20 .to
undergo a ramp up phase. ’ During the ramp- up phase, the
processing chamber 18 is accelerated to blood collection
velocity. Whole -blood is pumped into the separation
chamber 18. The red blood cell exit tube is closed,
while the plasma exit tube is opened. The controller 16
retains this state until the sensor on the plasma tube
detects the presence of red blood cells. This occurrence
indicates,that the processing chamber 18 has been filled
with anticoagulated whole blood. With this occurrence,
the controller 16 registers the volume of whole blood
that has been conveyed into processing chamber 18. The
volume of whole blood required to £ill the processing

chamber ~18: will vary 1nversely w1th the _donor’s.

' antlcoagulated whole blood hematocrlt Slnce the volumelif:“'

of the molded proce531ng chamber 18 is flxed and known,.
the anticoagulated whole blood hematocrit value for the
donor can be directly derived from the measured volume of
anticoagulated whole blood required to fill it at the
outset of a given processing procedure.

V. Use of the System to Perform a Double Red Blood

Cell Collection Procedure

Use of the set 12 in association with the device 14

?and controller 16 to conduct a typlcal double un1t red

1llustrat1ve purposes.
A. The Blood Processing Chamber

Fig. 8 shows an embodiment of the centrifugal
process1ng chamber 18, which can be used in association
w1th the system 10 shown in Fig. 1 to perform the
intended red blood cell collection procedure. The chamber
18 shares many technical features of the chamber shown in

Fig. 18 and previously described, and common reference
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numerals will be used for this reason. As previously
described, the proce351ng chamber 18 is fabrlcated in two_
:separately molded pleces, namely, the base 200 and the -

1id 202. The hub 204 is surrounded radially by inside and

5 outside annular walls 206 and 208 that define a

circumferential blood separation channel 210. A molded

annular wall 214 (see Fig. 7) closes the bottom of the

channel 210. The 1id 202 closes the top of the channel

210. When assembled, the 1lid 202 is secured to the top

10 of the chamber 18, e.g., by use of a cylindrical sonic
welding horn. .

As previously described, the inside annular wall 206

is open between one pair of stiffening walls. The

opposing stiffening walls form an open interior region

15 222 in the hub 204, whlch communlcates w1th the channel
“'”Z_i.zlo. Blood and” flulds are’ 1ntroduced from the umblllcusA:

100 into and out of the separatlon channel 210 through

this region 222. A molded interior wall 224 formed inside

the region 222 extends entirely across the channel 210,

20 joining the outside annular wall 208. The wall 224 forms

a terminus in the separation channel 210, which

interrupts flow circumferentially along the channel 210

during separation.
Additional molded interior walls divide the region

25 222 1nto three passages 226, 228, and 230. The passages

32 26, 228 and 230 extend from the hub 204 and communlcate: ;'“‘ B

jw1th the channel 210 ‘on opp051te 51des of the terminus
wall 224. Blood and other fluids are directed from the
hub 204 into and out of the channel 210 through these
30 passages 226, 228, and 230.

As previously described, the chamber 18 can be
counterbalanced for rotation in various ways.

As the processing chamber 18 shown in Fig. 8 is
rotated (arrow R in Fig. 8), the umbilicus 100 conveys

35 whole blood into the channel 210 through the passage 226.
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The whole blood flows in the channel 210 in the same

direction as rotation (which is counterclockw1se 1n Fig.

‘8). Alternatlvely, the chamber 18 can be- rotated in a

direction opposite to the circumferential flow of whole

5 blood,‘i.e., clockwise, although a whole blood flow in

the same direction as rotation is believed to be
desirable for blood separation efficiencies.

The whole blood separates as a result of centrifugal
forces in the manner shown in Fig. 12. Red blood cells

10 are driven toward the high-G wall 208, while lighter
plasma constituent is displaced toward the low-G wall
206. ’
As Fig. 8 shows, a dam 244 projects into the channel
210 toward the high-G wall 208. The dam 244 prevents
115 _Dpassage of plasma, whlle allow1ng passage of red blood
:h‘iﬂ'cells 1nto a channel 246 recessed41n the hlgh G wall 208.’3
The channel 246 dlrects the red blood cells 1nto the
umbilicus 100 through the radial passage 230. The plasma
constituent is conveyed from the channel 210 through the
20 radial passage 228 into umbilicus 100.

Because the red blood cell exit channel 246 extends
outside the high-g wall 208, being spaced further from
the rotational axis than the high-g wall, the red blood
cell exit channel 246 allows the positioning of the

252. 1nterface between the red blood cells and the. buffy coat .

-,very close to. the hlgh:g wall durlng 4b100df;f;;_4‘ :

proce551ng, w1thout spllllng the buffy coat into the red

blood cell collection passage 230 (creating an over spill

condition). The recessed exit channel 246 thereby permits

30 red blood cell yields to be maximized (in a red blood

cell collection procedure) or an essentially platelet-

free plasma to be collected (in a plasma collection
procedure) .

As before described, the contours, ports, channels,

35 and walls that affect the blood separation process may be
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preformed in the base 200 in a single, injection molded
operatlon, during which molding mandrels are 1nserted and
removed through the open end of the base 200 If the
contours, ports, channels, and walls that are preformed
in the base 200 create surfaces that do not readily
permit the insertion and removal of molding mandrels
through a single end of the base 200, the base 200 can be
formed by separate molded parts, either by nesting cup
shaped subassemblies or two symmetric halves, or by

removal of molding materials through both ends of the

" pase 200 and use of inserts 242, as Fig. 19 shows.

B. The Cassette

The interior configuration of pump chambers, valves,

and fluid paths for cassette 28 used for the double unit

.,red blood cell procedure is the same as the cassette 28

L used for the plasm@. procedure, and. common referenceV'

20

.25

"contalner 158.;an antlcoagulant contalner 150 and'sf:

30

35

numbers are used for thlS reason Flg.'24 shows the
cassette 28 previously described coupled to external
processing containers in a configuration that can be used
for a double unit red blood cell collection procedure.
For a double unit red blood cell collection procedure[
the containers include the same array of containers used
for the plasma collection procedure; namely, a plasma
collection container 160, a red blood cell collection

contalner or reserv01r 162, .a whole blood in- process_

proce551ng fluid (e g., sallne) contalner 164 For a'f
double unit red blood cell «collection procedure,
additional containers are used; namely, a red blood cell
additive solution container 168 and a leukocyte reduction
collection assembly 176 comprising a leukocyte removal
filter 170 and one or more red blood cell storage
containers 172 and associated tubing 178. Figs. 5 and 6
show the mounting of cassette 28 and collection

containers shown in Fig. 24 on the device for a double
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unit red blood cell collection procedure.

1. Collection Cycle -

‘ Durlng a typlcal ‘collection cycle of ‘the double unltv
red blood cell collection procedure, whole blood drawn
5 from'the donor is processed to collect two units of red
blood cellsf while returning plasma to the donor. The
" donor interface puﬁps DP1/DP2 in the cassette, the
anticoagulant pump ACP in the cassette, the in-process
pump IPP in the cassette, and the plasma pump PP in che
10 cassette are pneumatically driven by the controller 16,
in conjunction with associated pneumatic valves, to draw .
anticoagulated blood into the in-process container 158,
while conveying the blood from the in-process container
158 into the processing chamber 18 for separation. This
.15 .arrangement also removes plasma from the process1ng:
”':chhamber 1nto the plasma contalner 160 whlle remov1ng red:f
blood cells from the proce531ng chamber 1nto ‘the red
blood cell container 162. This phase continues until an
incremental volume of plasma is collected in the plasma
20 collection container 160 (as monitored by a weigh sensor)
or until a targeted volume of red blood cells is
collected in the red blood cell collection container 162
(as monitored by a weigh sensor) .
If the volume of whole blood in the in-process

. 25 :;contalner 158 reaches a predetermlned max1mum threshold = . .

:rﬂbefore the targeted volume of - e1ther plasma or red bloodjff¥~=.

cells is collected the controller 116' termlnates'A
operation of the donor interface pumps DP1/DP2 to
terminate collection of whole blood in the in-process
30 container 158, while still continuing blood separation.
If the volume of whole blood reaches a predetermined
minimum threshold in the in-process container 158 during
blood separation, but before the targeted volume of
either plasma or red blood cells is collected, the

35 controller 16 returns to drawing whole blood to thereby
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allow whole blood to enter the in-process container 158.
The ‘controlier toggles between these two conditions
accordlng to the high and low volume thresholds for the
in-process container 158, until the requisite volume of

5 plasma has been collected, or until the target volume of
red blood cells has been collected, whichever occurs
first.

2. Return Cycle

During a typical return cycle (when the targeted
10 volume of red blood cells has not been collected), the
controller 16 operates the donoi interface pumps DP1/DP2
within the cassette 28, the in-process pump IPP within
the cassette, and the plasma pump PP within the cassette,
in conjunction with associated pneumatic valves, to
- 15 . convey antlcoagulated whole . blood from the 1n processﬁ
) 'contalner 158 1nto “the. process1ng chamber 18 forl”:
separatlon, whlle remov1ng plasma ‘into the plasma '
container 160 and red blood cells into the red blood cell
container 162. This arrangement also conveys plasma from
20 the plasma container 160 to the donor, while also mixing
saline from the container 164 in line with the returned
plasma. The in line mixing of saline with plasma raises
the saline temperature and improves donor comfort. This
phase continues until the plasma container 160 is empty,

f_254 as monltored by the welgh sensor.

TIf the volume of whole blood 1n the 1n process;“p.f,."

contalner 158 reaches a spe01f1ed low threshold before

the plasma container 160 empties, the controller 16

terminates operation of the in-process pump IPP to

30 terminate blood separation. The phase continues until
the plasma container 160 empties.

Upon emptying the plasma container 160, the

controller 16 conducts another collection cycle. The

controller 16 operates in successive collection and

35 return cycles until the weigh sensor indicates that a
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desired volume of red blood cells have been collected in
‘the’ red blood cell collectlon container 162.  The
'controller 16 termlnates the supply and removal of blood -

to and:from the processing chamber, while operating the

5 donor interface pumps DP1/DP2 in the cassette 28 to
convey plasma remaining in the plasma container 160 to
the donor. The controller 16 next operates the donor
interface pumps DP1/DP2 in the cassette to convey the
blood contents remaining in the in-process container 158

10 to the donor as well as convey saline to the donor, until
a prescribed replacement volume amount is infused, as

monitored by a weigh sensor.

3. Forced Under Spill (Final Red Blood Cell
Purge)

-15 . - dIn.an- alternatlve embodlment the controller 16 ...
o llshortens the overall procedure time by cau51ng A forcedfdf
Aunder splll of red blood cells from the separation
chamber into the red blood cell collection container near
the end of the procedure. The deliberately forced under
20 spill purges residual red blood cell volume from the
separation chamber at the end of a procedure, thereby
simplifying and shortening the time of collectlon and the
final return cycle.
In this embodiment, the controller 16 periodically
.25 or constantly monitors the. volume of red blood cells
‘.{?remalnlng to be collected durlng a glven procedure 'fThe K‘“N
controller 16 commences the forced under spill condition
when the volume of red blood cells remaining to be
collected equals or approximates the volume of red blood
30 cells occupying the separation chamber 18. The volume of
red blood cells occupying the seperation chamber can be
derived based upon (i) the area of the separation chamber
18 (KA) (which is a known quantity based upon geometry of

the chamber); (ii) the change in interface position
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during a red blood cell purge (KI) (which is also a known
quantity based on geometry of the chamber); (iii) inlet

" anticoagulated whole blood Hematocrit  (Hi), the

derivation of which has been previously described, or
which can comprise a default value dependent upon gender;
(iv) outlet red Dblood cell hematocrit HCTRBC, the
derivation of which has also been previously described;
and (v) the absolute volume of red blood cells present in
the chamber 18 at the start of the red blood cell purge
sequence (KRBC) (which is a constant based upon the
geometry of the separation chamber 18). Representative
algorithms for deriving the volume of red blood cells
occupying the separation chamber based upon the above
factors (Forced Under SpillRBC) are:
Forced Under SplllRBC (KRBC) + AIP * HCTRBC

~_where AIP 1s the 1n process blood volume"x‘

needed to achieve the under sp111 (KI)/[(l— (H1))/A
HCTRBC/ (KA) ]

During the forced under spill, the red blood cell
collection tube 104 is closed and the plasma collection
tube 106 is opened. In this state, the platelet and
leukocyte layer of the interface is conveyed from the
chamber 18 along with the plasma for return to the domor.

This reduces leukocyte contamination of the red blood

.'cells When the controller 16 detects that red blood‘,vuﬂ..
: ;cells have entered the plasma collectlon tube 106 (whlchﬁfz7f U

the sensor 146 w111 detect), the controller closes theA
plasma collection tube and opens the red blood cell
collection tube. This state allows the red blood cells
that have accumulated in the separation chamber to be
conveyed to the red blood cell collection container.
Typically, the blood cell collection target is achieved
during this state. If that target is not reached, the
controller 16 reverts to a normal red blood cell

collection state.
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Upon completlon of a red blood cell collection
'procedure, the controller 16 enters ‘an air purge cycle,
the details of Wthh will be descrlbed later.

4, TL.eukofiltration

5 ' When the collection of red blood cells and the
return of plasma and residual blood components have been
completed, the controller 16 can switch, either
automatically or after prompting the operator, to an in-
1ine leukofiltration cycle. During this cycle, red blood

10 cells are removed from the red blood cell collection
reservoir 162 and -conveyed into the red blood cell
storage containers 172 through the leukocyte removal
filter 170. At the same time, a desired volume of red
blood cell storage solution from the container 168 is

15 mixed with the red blood cells. , |

o . The leukofllter 170 can be varlously constructed
‘I‘he filter can, e€.9., comprlse a housing 1nclos1ng a
filtration medium that can comprise a membrane oOr be made
from a fibrous material, such as melt blown or spun

20 bonded synthetic fibers (e.g., nylon or polyester or
polypropylene), semi-synthetic fibers, regenerated
fibers, or inorganic fibers. 1I1f fibrous, the medium
removes leukocytes by depth filtration. If a membrane,
the medium removes leukocytes by exclusion. The housing

- 25, can comprlse rlgld plast:Lc plates sealed about their. ,

"-.;perlpherles. Alternatlvely, . ‘the: hous:,ng ‘can comprlsejl-’f-;
flexible sheets of medical Qrade plastlc materlal such
as polyvinyl chloride plasticized with di-2-ethylhexyl-
phthalate (PVC- -DEHP) . The filter 170 can be held during

30 use in a retaining fixture 182 on the base of the device.

In the first stage of the leukofiltration cycle, the
controller 16 operates donor 1nterface pumps DP1/DP2 in
the cassette to draw air from the red blood cell storage
containers 172, the filter 170, and the tubing 178, and

35 to transfer this air into the red blood cell collection
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reservoir 162. This stage minimizes the volume of air
re51d1ng in the red blood cell storage contalners 172
before the leukocyte removal process begins. The stage
also provides a volume of air in the red blood cell
5 collection container 162 that can be used purge red blood
cells from the filter 170 dinto the red blood cell
collection containers 172 once the leukocyte removal
process is completed.
In the next stage, the controller 16 operates the
10 donor interface pumps DP1/DP2 in the cassette 28 to draw
a priming volume of.storage solution from the solution
container 168 into the red blood cell collection
reservoir 162. This stage primes the tubing 180 between
the container 168 and the cassette 28, to minimize the
15 volume of a1r pumped 1nto the flnal red blood cell
":ﬁf ;storage contalners 172 ' ' ‘”": E 'f‘
| " In the next stage, the controller 16 operates the
donor interface pumps DP1/DP2 in the cassette 28 to
alternate pumping red blood cells from the red blood cell
20 collection reservoir 162 into the red blood cell
collection containers 172 (through the filter 170), with
pumping of red blood cell storage solution from the
container 168 into the ‘red blood cell collection
containers 172 (also through the filter 170). This
.25, alternatlng process mlxes the storage solutlon w1th .the .
"*{red blood cells. The controller 16. counts the pneumatlct:“f*
‘pump strokes for red blood-cells and the storage solutlon"'
to obtain a desired ratio of red cell volume to storage
solution volume (e.g., five pump strokes for red blood
30 cells, followed by two pump strokes for storage solution,
and repeating the alternating sequence) . This
alternating supply of red blood cells and storege
solution continues until the weigh scale for the red
blood cell collection reservoir 162 indicates that the

35 reservoir 162 is empty.
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When the red blood cell collection reservoir 162 is
empty, ‘the controller 16" operates the donor interface -
pumps DPl/DP2 to pump a predetermlned volume of air from
the red blood cell collection reservoir 162 through the
filter l70. The volume of air is predetermined based upon
the volume of air that was drawn into the red blood cell
collection reservoir 308 before the leukocyte removal
process began. .The air serves to purge red blood cells
from the filter 170, to minimize the presence of residual
red blood cells in the tubing, cassette 28, and filter
170. This step also assures that the red blood cell
collection reservoir 162 is completely empty.

The controller 16 next pumps additional storage
solution through the filter 170 and into the red blood

. storage contalners 172, as. requlred to epsure. that a .

;blood cell volume ex1sts. Then, as a flnal step, the

controller 16 pumpe a last, predetermined wvolume of
storage solution through the filter 170 to rinse any4
still-remnant red blood cells from the filter 170 and
into the storage containers 172. This £final step
maximizes post-filtration percent red blood cell
recovery. The controller 16 desirably waits a

predetermined time period (e.g., 20 seconds) to allow the

fllter 170 to complete draining. ) . |
: ' Further detalls of the leukoflltratlon cycle and the L7

"leukoflltratlon fllter 170 can "be found in Co- Pendlng '

United States Patent Application Serial No. 09/976,832,
filed October 13, 2001, and entitled “Blood Separation
Systems and Methods that Alternate Flow of Blood
Component and Additive Solution through an In-Line
Leukofilter,” which is incorporated herein by reference.
VI. Air Purge

At the end of a given blood collection procedure,

the chamber 18 will contain residual volumes of red blood

PCT/US2003/033311
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cells and plasma. It is desirable to return these
residual volumes ‘of blood components to the donor. This
is partlcularly true in the case of red blood cells. The
ablllty to return as many red blood cells as possible
minimizes donor red blood cell loss and shortens the
subsequent deferral period, during which collection of
red blood cell from the donor is not permitted. '

It has been discovered that the most efficient way
to flush red blood-cells from the separation chamber for
return to the donor is by sending sterile air through the
separation chamber. -The use of sterile air, instead of a
11qu1d to flush red blood cells from the separation
chamber after blood processing also lessens the weight of

potentially bio-hazardous wastes that must be disposed of

after blood proce551ng

Sterlle a;r 1s purged from the system and parked 1n’1‘

the in-process whole plood reserv01r durlng the 1n1t1al"A.A

priming cycle, prior to a given blood processing
procedure. This becomes the source of sterile air to
subsequently flush red blood cells from the separation
chamber after completion of the blood processing
procedure.

During a first phase of ‘the air flush, the red blood
cell collection tube 104 is closed. Air is pumped

through 'the . whole - blood .inlet tube, 102 into  the

"7ﬂfseparatlon chamber 18 whlle re31dual red blood cells are.

30

35

drawn by operatlon of the plasma pump PP through theA o

plasma outlet tube 106 from the chamber 18. This phase
continues until air is detected in the plasma tube 106.
A second phase of the air flush then commences.

puring the second phase, the plasma outlet tube 106
is closed, and the red blood cell tube 104 is opened. The
separation chamber 18 is ramped into rotation to- achieve
a relatively modest rotational rate (e.g., 300 RPM) ,
sufficient to displace red blood cells toward the high-G
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wall of the chamber 18 for removal, and to displace air
're51d1ng in the separatlon chamber 18 toward the low-G -

" wall of the separation chamber i8. The second phase
continues until air is detected in the red blood cell

5 tube 104. At this point, the air flush is terminated.
The detection of air in the red blood cell tube 104
iand the plasma tube 106 can be accomplished using a
conventional ultrasonic air detector. However, it has
been discovered that the same sensors 146 and 148 used
10 for optically detecting cellular components in the plasma
and red blood cell tubes 106 and 104 can also be used to

- detect the presence of air in these tubes 106 and 104.
As previously described, the sensor 146 in the
plasma tube 106 uses red and green light transmission to

15 .:determlne the. concentratlons of platelets and/or' red

"'blood cells in plasma ex1t1ng the chamber 18. The sensorjf JAff'

x148 in the red blood cell tube 104 uses infrared (805 nm)

reflectance and transmission to determine the hematocrit

of red blood cells exiting the separation chamber 18.

20 The sensors 146 and 148 are operated by the controller

16, which periodically actuates the sensors 146 and 148

and samples the outputs. A given sensor output is the
average of multiple samples.

It is been determined that the present of air

25  bubbles pa551ng by elther sensor 146 or 148 creates a

“‘fﬁ‘}pronounced varlance among the measurement samples taken:i'.~ﬂ

“.by the ‘sensor, which 51gn1f1cantly exceeds the varlance'

used to validate sample averages during normal operation.

A set threshold variance amcng samples taken during a

30 sample period can be correlated to the presence of air

during the air flush cycle. The variance of multiple

samples taken during a given sampling period can be

determined, e.g., by summing the difference between each

sample and the sample average, squaring the sum of the

35 differences, and dividing this quantity by the number of
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In the case of the plasma line sensor 146, if the

varlance : for " either red or green ' transmlttance :

measurements exceeds a threshold variance of about 4000
(which is greater than the variance by which the validity
of samples are -gauged for normal interface sensing
purposes), the controller 16 generates an air bubble
detection signal for the plasma tube 106. The controller
16 shifts from first phase to the second phase of the air
flush protocol. V ‘

In the case of .the red blood cell line sensor 148,
if the variance of either infrared transmittance or
infrared reflectance measurements exceeds a threshold

variance of about 2000 (which is also greater than the

_varlance by which the valldlty of. samples are gauged for

‘:'normal 1nterface sen51ng purposes), the controller 16{in‘;ﬁ*~

generates an air bubble detection s1gnal for the red.
blood cell tube 104. The controller 16 terminates the
second phase of the air flush protocol.

VII. Cassette Integrity Checks

Installation of the blood flow set 12 involves
correct placement of the cassette 28 in the pump and
valve station 30, correct routing of the donor tube 126

and anticoagulant tube 152 through the donor clamp 154,

.and the correct placement of a clamp 116 or a. hemostat.:;_
Adownstream of the donor tube antlcoagulant tube 152”;*5'554

'junctlon The correct placement of the cassette, correct“ o

routing of these tubes 126 and 152 through the donor
clamp 154, and the presence of a clamp 116 or a hemostat
is desirably checked in every procedure prior to
connecting the donor to the flow set.

A pneumatic seal between cassette diaphragm 304 and
the pneumatic manifold assembly 34 is necessary to ensure
proper functioning of fluid pressure-actuated valves and

pumps, as well as the integrity of the fluid flow
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channels within the cassette. In addition to a pneumatic
t.seal‘l the amount of trapped air Dbetween cassette
hdlaphragm 304 and valve face gasket 318 of the pneumatlc“
manifold assembly 34 should be minimized for effective
5 operaticn of fluid valves and pumps. Inflation of the
door bladder 314 prior to complete installation of
cassette 28 against the wmwanifold assembly 34 can
compromise sealing. Defects in cassette sealing surfaces,
like knicks and dings, as well as improper loading of

10 cassette 28 in the cassette holder 26 can also compromise
sealing. These conditions also are desirably detected
prior to connecting the donor to the flow set 12.

For these reasons, the controller 16 desirably
undertakes a series of cassette installation and

15 integrity checks. In a representatlve 1mp1ementat10n,

‘ dﬁAthese 1nsta11atlon and lntegrlty checks 1nclude (1)
cassette presence check which verifies the presence of
cassette 28 in the pump and valve station 30 prior to
inflation of door bladder 314; (2) a burp routine to

20 minimize trapped air between cassette diaphragm 304 and
valve face gasket 318; (3) a valve cross-talk check,
which verifies proper seating of cassette 28 against the
manifold assembly 34 and the lack of leaks in the valve
face gasket 318; (4) a dry cassette integrity test, which

25 ,‘verlfles -- u31ng air - the correct routlng of the donor.

”jéétube 126 and the antlcoagulant tube 152 through donorf
clamp 154 and (5) a wet’ cassette 1ntegr1ty test which
verifies -- using a liquid (e.g., saline) -- the absence
of cassette defects which could compromise sealing of

30 valves and integrity of fluid channels.

A. Cassette Presence Check

This test verifies that a cassette 28 is installed
and the door 32 of the pump and valve station 30 is
closed prior to connecting a donor and starting a desired

35 Dblood processing session.



WO 2004/037377 PCT/US2003/033311

- 72 -

With reference to Fig. 15, the operator installs the
cassette 28 in the pump and .valve statlon 30 and closes
the station door 32. If the cassette 28 is present the
available volume for expansion of door bladder 314 is

5 reduced. Therefore, the time required to reach a given
pressure level is reduced. This property is used during
the cassette presence check to verify the presence of
cassette 28 in the pump and valve station 30.

The controller 16 directs the manifold assembly 34

10 to apply vacuum to open all cassette valves and pumps.
The controller 16 then directs the manifold assembly 34
to apply pneumatic pressure to the door bladder 314. The
controller 16 registers the build-up of pressure in the
bladder 314, while also tracking elapsed time. If the
;SAA,pressure in the bladder 314 equals .9:; exceedsﬂ a |
‘””.fgprescrlbed threshold pressure (PBLAD) (e g.,{BdO”ﬁﬁﬁg)&‘:
"within a prescrlbed time perlod (e. g., 30 seconds), the.
controller 18 deems that the cassette 28 is present
within the station. Otherwise, the controller 16 alarms
20 and prompts the operator to load the cassette 28.

once the presence of the cassette 28 is verified,
the controller 18 proceeds to the next integrity test,
which is the burp routine.

B. Burb Routine

.25  .The burb routlne mlnlmlzes the amount of air trapped_
‘tti,}fbetween valve face gasket 318 and cassette dlaphragm 304 )
“Aafter the door 32 has been closed (in general see Flg
15). Trapped air can adversely affect the performance of

valves and pumps in the cassette 28.

30 The controller 16 invokes the burb routine after the
presence of the cassette 28 has been verified. During the
burb routine, the door bladder 314 is inflated to a
prescribed lesser pressure level (e.g., less than about
800 mmHg), which seats the cassette 28 against the

35 manifold assembly 34, but does not cause a pneumatic seal
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with the valve face gasket 318. While the door bladder
314 is at thlS lesser pressure, the controller 16 then
directs the manlfold assembly 31 to regulate PHARD and
then PGEN for prescribed time periods. This regulation of
5 different pressures against the valve face gasket 318
causes the valve face gasket 318 to puff. This action
will expel residual air trapped between.the cassette
diaphragm 304 and the valve face gasket 318. This action
is conducted for a predetermined time period, after which
10 the door bladder pressure is regulated‘ to its full,
designated sealing pressure (e.g., about 900 nmHg) . The
controller 18 proceeds to the next integrity test, which

is the valve cross-talk test.

C. Valve Cross-Talk Test

C15 ) The objectlve of the valve .cross- talk test is to .

'fgdetect leaks in. the valve face gasket 318 prlor to start?'su,wf"

of a saline prime of the flow set 12. The controller 16H
directs the manifold assembly 34 to set the door bladder
314 to sealing pressure. Adjacent valves and pump
20 chambers are grouped by the controller 16 into pressure
and vacuum categories, e.g., as follows (refer to Fig.
25A for a schematic overview view of the arrangement of

these valves):

Pressure |Vl; V3; V5; V7; V10; V12; V14; V1e6; V17; V18;
’ v21; v24 V26 DPl "Dp2;-and ACP ‘

| Vacuum < |vV2; VA; VE; VB V9 VIL; Vi3; 15 vi9s veos |
v22; V23; V25; IPP; and PP

25 The controller 16 directs the manifold assembly 34
to sequentially apply PHARD, PGEN to the pressure regions
and to apply VHARD and VGEN to the vacuum regions. The
pressure leak rate for each region at each
pressure/vacuum level is determined and compared to an

30 acceptable specified level (e.g., less than about 2 to 3
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mmHg/sec) . The controller generates an alarm if any

‘region experlences a leak rate equal to or greater than

the specified acceptable level which indicates 1eaks in'
the valve face gasket 318.

" If all regions experience a leak rate less than the
specified accéptable level, the controller 18 proceeds to
the next integrity test, which is the dry cassette
integrity test.

D. Dry Cassette Integrity Test

The dry cassette integrity check detects misload
conditions dealing with donor tube 126 and anticoagulant
tube 152 prior to performing a saline prime of the flow
set. The misload conditions can be any one or a
combination of (1) the donor tube 126 and/or
antlcoagulant tube 152 bypa551ng the donor clamp 154; (2)

being plnched (3) the absence of the clamp 116 or a B

hemostat at the donor tube 126/anticoagulant tube 152
junction. In addition to misload conditions, the test can
also detect defects in the flow set, such as pin holes or
broken ports in the donor tube 126, anticoagulant tube
152, or anticoagulant container 150, which may have
occurred after quality assurance testing following

manufacture, e.g., during shipment and handling prior to

reglons of the cassette 28 u31ng air. The dry cassette
integrity test uses air instead of liquid, so that proper
cassette installation can be ascertained before fluid is
introduced into the cassette 28. Thus, if a misload is
detected, the cassette 28 can be readily reinstalled in
an unused, sterile condition.

puring a dry cassette integrity test (as
schematically depicted in Figs. 25A/25B and 26A/26B), the

controller 16 directs the manifold assembly 34 to actuate

PCT/US2003/033311
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designated pump chambers in the cassette 28 to draw air
from the umbilicus 100 1nto a- selected reglon, ‘and to
close de51gnated.'valves to hold. pressure w1th1n the
reglon The initial pressure is sensed 1n a pump chamber
5 communlcatlng with the region. The pump chamber is
coupled to the targeted tube through the donor clamp 154,
which is set to a closed condition. The manifold assembly
34 is directed to apply positive pressure to the pump
chamber serving the region, to try to expel air from the
10 pump chamber. A final pressure is sensed after a
specified time period. If the targeted donor tube 126 or
anticoagulant tube 152 is properly loaded in the donor
clamp 154, the donor clamp 154 should prevent air flow
and thereby prevent a pressure drop from occurring. If a
..415 ..pressure drop ratlo (flnal pressure/lnltlal pressure) is .
- {experlenced that Li greater than a' predetermlnedt;:'l
Athreshold, the donor clamp 154 is not preventlng air
flow, and a misload is deemed to exist.
In a representative implementation, the dry cassette
20 integrity test comprises two phases. In the first phase,
misload conditions dealing with the donor tube 126 are
detected. In the second phase, misload conditions of the
anticoagulant tube 152 are detected.
' 1. Phase 1 (Misload Condition of Donor Tube)

25, . . The condltlon of the. fluld 01rcu1t 306 .at the outset,,
{ Mmjlof Phase 1 is~ shown in. Fig.. 25A.g43ﬁ. -'. ‘, "‘” ,'.',

. Durlng Phase 1 the controller 16 regulates PGEN,
PHARD, VGEN, and VHARD to system pressure levels. The
donor clamp 154 is opened, and the entire cassette 28 is

30 vented to the blood processing chamber 18. All cassette
valves are then closed, except for the valves in a path
that allows air to be drawn from the umbilicus into the
donor pump chamber DP1 by operation of the plasma pump
PP. In the fluid circuit 306, this path can be created,

35 e.g., by opening V2/ V21 (opening the red blood cell tube
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104 from the umbilicus 100 to the red blood cell

.contalner 162), openlng V1/V16 (cpening the whole blood

tube 102 ihto the umblllcus 100 to’ the in- process-
container 158 through the in-process pump PPP; and
opening V5/V6/V10/V11/V1i7 (opening the plasma tube 106
from the umbilicus 100 to the donor pump DPl1 through the
plasma pump PP). The donor clamp 154 is closed, as are
the other valves in the fluid circuit 306. 4

The controller 16 directs the manifold assembly 34
to actuate the plasma pump PP for a designated number of
pump strokes. This draws air from the umbilicus 100 into
donor pump DP1 (as shown by the arrow AIR path in Fig.
253) .

The controller 16 then directs the manifold assembly

.34 to close V6, vhich closes. the. air. path from -the
‘vumblllcus 100. The controller then dlrects the manlfold :
' assembly 34 to open valves V12/V13/V18 whlch opens a

path from the donor pump PP1 to the donor tube 126,
regulated only by the donor clamp 154, which remains
closed. The condition of the fluid circuit 306 at this
stage of Phase 1 is shown in Fig. 25B.

The controller 16 next directs the manifold assembly
34 to hold PGEN and VHARD, vent VGEN, and, after a
prescribed delay period, record the initial PGEN1 in the

donor _pump. DPP1. ) ‘ : . o
4 The controller 16 then dlrects the manlfold assemblyi‘“
.34 to apply pressure "to DP1 for a prescrlbed perlod of

time. This directs air from the donor pump DP1 toward
the donor clamp 154, as shown by the arrow AIR path in
Fig. 25B. The controller 16 records existing PGEN2.

If the ratio PGEN2/PGEN1 is less than a specified
value, the controller 16 deems that leakage of air has
occurred through the donor clamp 154, and that the donor
tube 126 is not properly installed in the donor clamp
154. The controller 16 prompts the operator to reinstall

PCT/US2003/033311
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the cassette 28. If the ratio PGEN2/PGEN1 is equal to or
greater than the.specified value, the cohtroller'lé_,deems
that leakage of air thrdugh'the donor clamp 154 did not
occur, and that the donor tube 126 is properly installed

5 in the donor clamp 154. In this instance, the controller
16 moves to Phase 2 of the dry cassette integrity test.

2. Phase 2 (Misload Conditions of Anti-

coagulant Tube)

The condition of the fluid circuit 306 at the outset
10 of Phase 2 is shown in Fig. 26A.
At the outset of Phase 2, the controller regulates
PGEN, PHARD, VGEN, and VHARD to system pressure levels.
The donor clamp 154 is opened, and the entire cassette 28
is vented to the blood processing chamber 18. All
.15 .cassette valves are. closed except for the valves that‘_“
: ."Ak‘,'establlsh a.path’ that allows air ‘to be drawn from the 3
4umb111cus 100 1nto the antlcoagulant pump chamber ACP“ |
through the plasma pump PP, donor pump PPl, and the donor
clamp 154. In the fluid circuit 306, this path can be
20 created, e.g., by opening V2/ V21 (opening the red blood
cell tube 104 from the umbilicus 100 to red blood cell
container 162); opening V1/V16 (opening the whole blood
tube 102 into the umbilicus 100 from in-process. container
158 through the in-progress pump PPP; -opening
25 __VS/V6/V10/V11/V17 (openlng the plasma tube 106 from the -

umblllcus 100 to donor pump DPl through the Plasma Pump“x-:.ﬂf.".‘ w

PP) ; and opening V12/V13/V22 (openlng the donor tube 126
from the donor pump PP1l, through donor tube 126 and
anticoagulant tube 152 into anticoagulant pump chamber
30 ACPp). The clamp 116 or a hemostat is also clamped
closed. The controller 16 directs the manifold assembly
34 to actuate the plasma pump PP for a designated number
of pump strokes. This draws air from the umbilicus 100

into anticoagulant pump ACP, through the junction of the
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donor tube 126 and anticoagulant tube 152 (as shown by
the arrow AIR path in F:Lg 26A) .- The controller 16 then
.dlrects the manifold assembly 34 to close V22 and the‘
donor clamp 154, keeping the remainder of the path to the
5 wumbilicus 100 open.
The controller 16 next directs the manifold assembly
34 to hold PGEN and VHARD, vent VGEN, and, after a
prescribed delay period, record -the initial PGEN1. The
controller 16 then directs the manifold assembly 34 to
10 apply pressure to ACP while opening V22 for a prescribed
period of time. Air flow beyond V22 through the
anticoagulant tube 152 is regulated only by the donor
clamp 154, which remains closed. The controller 16
records existing PGENZ. The condition of the fluid
.15 ,c:.rcu:.t 306 at th:l.s stage of Phase 2.is shown in Flg
26B, ‘with the arrow AIR. path from AC’P to the donor clamp “‘
“154 1ndlcated
If the ratio PGEN2/PGEN1 is less than a specified
value, the controller deems that leakage of air occurred
20 through the donor clamp 154, and that the anticoagulant
tube 152 is not properly installed in the donor clamp
154. The controller prompts the operator to reimstall
the cassette 28. If the ratio PGEN2/PGEN1 is equal to or
greater than the specified value, the controller deems
. - 25 . that leakage of air through the donor clamp 154 did not
s I:occur, and that the antlcoagulant tube 152 is: properly._"i“"""‘
K 1nsta11ed in the donor clamp 154, In tl’llS instance, the
controller moves to the final integrity check, which is
the wet cassette integrity check.
30 E. Wet Cassette Integrity Check

The wet cassette integrity check is designed to
detect defects related to product quality and donor
safety that may occur in the cassette 28 itself. The
check is conducted after the fluid circuit has been

35 completely primed with a priming fluid, e.g., saline. The
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check uses capa01t1ve sensing to determine the ablllty of
the “fluid circuit to maintain a pneumatlc seal in™
selected test regions when the fluld pathways are fllled..
with the priming fluid.

5 ‘ During the wet cassette integrity tests, a selected
test region that includes at least one pump chamber is
created. The test region is pneumatically sealed from the
remainder of the fluid circuit 306 by closing valves
about the boundary of the test region. During the test,

10 the pump chamber is filled with priming fluid. The
controller 16 conditions the manifold assembly 34 to
attempt to empty the priming fluid from the pump chamber
into the enclosed test region. Using capacitive sensing,
the controller 16 assesses the volume of fluid remaining

.15 :Ln the chamber after the emptylng attempt :Ls made S IE

the volume “of fluld remalnlng in’ the pump chamber after:{" e

the attempt is greater than a predetermlned minimum
volume, the controller 16 deems that the test region was
pneumatically sealed sufficiently to resist leakage of
20 fluid from the test region. If the volume of fluid
remaining in the pump chamber after the attempt is equal
to or less than the predetermined minimum volume, the
controller 16 deems that leakage of fluid out of the test
region has occurred, and a defect alarm is generated. The

. testlng des:Lrably creates and tests a sequence of test PR

~.reglons in succes51on. ‘ ‘ sl RS N

The boundary of the various test reglons can be
defined by evaluating the various possible sealing
failure modes that the circuit can experience.

30 In a representative implementation, the controller
16 opens the following valves to create a first targeted
test regien: V3; V5; V6; V7; V15; V20;- V25. Fig. 27 shows
the test region in bold solid lines. The test region
includes the donor pump DP1 and DP2, and the test region

35 includes a path through which blood and blood components
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are conveyed to and from the donor.

The controller 16 operates the donor pump DPl/DP2
and actuates the approprlate valves to draw saline from
the sallne container 164 into the test region, to

5 pressurize the test region with sadline to a predetermined
sensed pressure. The pump chambers DP1/DP2 are filled
with saline in the process.

In Fig. 27, the test region is pneumatically sealed
by boundary valves V2, V4, V10, V8, V13, and V14. The

10 controller 16 desirably opens additional valves
downstream of the boundary valves to provide leak paths
that fluid exiting the test region through the boundary
valves can follow, thereby creating a more sensitive test
of the specific boundary valves themselves. In Fig. 27,

15 the follow1ng valves downstream of the boundary valves,“

‘ can be opened to prov1de leak paths Vi v11 v17 v22~'”f
V23; the antlcoagulant pump ACP the plasma pump PP the .
in-process pump IPP; and the donor clamp 154. The
possible fluid leak paths are shown in phantom lines in

20 Fig. 27, with the valves outside of the boundary valves
that can be opened in the leak paths marked with an
asterisk (*).

The controller 16 isolates the pump chambers DP1/DP2
by closing valves v6/V7/Vi3/vi4 and, by capacitive

25, sen51ng, records the pump flll volumes for each chamber.‘“
The controller 16 opens the reglon under test: to theAf .
donor pump by openlng valves V6 and V7 and close donor
pump chambers DP1 and DP2 for a predetermined shortened
push time to move £fluid into the test region. The

30 controller 16 then closes valves V6 and V7 and waits for

a sample delay period. The controller 16 then obtains
capacitance sensor readings. If the final values for
either pump chamber is less than a threshold minimum
value (which can, e.g., represents a baseline volume

35 above a completely empty chamber), fluid leakage from the
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test region has occurred. An alarm is generated. If the
final - values for both punp 'chambers are equal -to. or
greater than the threshold minimum, £1uid leakage has ot
occurred, and the test proceeds.

5 " The integrity of another test region can be tested
by opening the following valves: V5; V6; V7; V15; V20;
V25. Fig. 28 shows this test region in bold solid lines.
The controller 16 can open the following valves
downstream of the boundary valves to provide fluid leak

10 paths to create a more sensitive test: V11; V17; V2i;
V22; V23; the anticoagulant pump ACP; the plasma pump PP;
the in-process pump IPP; and donor clamp 154. The fluid
leak paths are shown in phantom lines in Fig. 28, with
the valves outside of the boundary valves that can be

15 opened in the leak paths marked with an. asterlsk (*). :

o " The- donor pump DPl/DPz is- actuated f:fo'r;, a
‘predetermlned number of pump strokes to pressurlze the'
region under test with saline from the external saline
container 164. During this time, the donor pump chambers

20 DP1 and DP2 are filled with saline from the saline
container 164. The controller 16 isolates the pump
chambers DP1/DP2 by closing valves V6/V7/V13/V14 and, by
capacitive sensing, records the pump fill volumes for
each chamber. The controller 16 opens the region under

.25 test to the donor pump DPl/DPZ by openlng valves V6 and .

P V7 and close donor pump chambers DPl and DP2 for au.; P

'predetermlned shortened push time to move fluid into the
test region. The controller 16 then closes valves V6 and
V7 and waits for a sample delay period. The controller 16
30 then obtains capacitance sensor readings. If the final
values for either pump chamber is less than a threshold
(which represents a baseline volume above an empty
chamber), £luid 1leakage into the test region has
occurred. An alarm is generated. If the final values for

35 Dboth pump chambers are equal to or dJreater than a
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threshold (which represents a baseline volume above an
.empty chamber) , fluld leakage has not occurred and- the
test proceeds. . ’
The integrity of another test region can be tested
5 by opening the Afollowing valves, the following valves are
opened to create yet another test region: V4; V13; V14;
V15; and V20. F1g 29 shows the test region in bold solid
lines. As in the preceding test regions, the following
valves downstream of the boundary valves can opened to
10 create leak paths: V3; V5; V10; V11; v21; Vv22; V23; the
anticoagulant pump ACP; the plasma pump PP; the in-
process pump IPP; and the donor clamp 154. The fluid leak

paths are shown in bold phantom lines in Fig. 29, with

~

the valves outside of the boundary valves that can be
15 . opened in the leak paths marked w1th an asterlsk (*) )
S " ‘The'«’ donor pUmp DPl/DPz '1-1 actuated for a""‘ ‘
predetermlned number of pump strokes' to pressurlze the'
region under test with saline from the in-process
container 158, by passing the umbilicus 100. During this
20 time, the donor pump chambers DP1 and DP2 are filled with
saline. The controller 16 isolates the pump chambers
DPl/DPZ by <closing valves ve/V7/vi3/Vi4 and, by
capacitive sensing, records the pump £fill volumes for
each chamber. The controller 16 opens the region under

. 25 :test to the donor pump by openlng valves Vi3 and V14 and .

".close donor pump chambers DPl and’ DPz for a predetermlned,;‘ s

" shortened push time to move flIJ.ld into the test region.
The controller 16 then close valves V13 and V14 and waits
for a sample delay period. The controller 16 then obtains

30 capacitance sensor readings. If the final values for
either pump chamber is less than a threshold (which
represents a baseline volume above an empty chamber),
fluid leakage into the test region has occurred. An alarm
is generated. If the final values for both pump chambers

35 are equal to or greater than a threshold (which
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represents a baseline volume above an empty chamber),
fluid leakage has not occurred, and the three- phase test
"of the representative 1mp1ementat10n is concluded.
Of course, other test regions could be established
5 and tested according to the above-described rationale.
‘ Following the battery of cassette integrity tests,
venipuncture and blood processing using the system 10 can
proceed.
VIII. Conclusion
10 The many features of the invention have been
demonstrated by describing their use in separating whole
blood into component parts for storage and blood
component therapy. This is because the invention is well
adapted for use in carrying out these blood processing
154 :procedures It should be. appre01ated however, that the ..
":f:3features of the 1nvent10n equally lend themselves to usehf~:}
'1n other process1ng procedures ‘
For example, the systems and methods described,
which make use of a programmable cassette in association
20 with a blood processing chamber, can be used for the
purpose of washing or salvaging blood cells during
surgery, or for the purpose of conducting therapeutic
plasma exchange, or in any other procedure where blood is

circulated in an extracorporeal path for treatment.

. ..25 Furthermore,:the systems and methods descrlbed .are not .

_11m1ted to the process1ng of human or an1ma1 blood drawn”;'.
from vascular c1rculatory systems, but can also be used o
to process - or separate suspensions created outside
vascular circulatory systems and containing cellular
30 blood components or matter recombinantly produced or
collected from naturally occurring sources.
Features of the invention are set forth in the

following claims.
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I Claim:

1. A proce551ng system comprlslng ’

a separatlon device that, in use, performs a
separation process including separation of red blood
cells from blood or a suspension containing red blood
cells,

an outlet line coupled to the separation
device to remove red blood cells from the separation
device, at least in part, while the separation process
occurs,

a sensor associated with the outlet line to
sense hematocrit of red blood cells removed £from the
separation device and to generate a sensed hematocrit
output, and

a controller coupled to .the. separatlon device

-:to control removal of red blood cells from the separatlon~f7~."3'”

device based, at least in part upon the sensed
hematocrit output.

2. A system according to claim 1

wherein the separation device performs the
separation process by generating a centrifugal separation
field.

3. A system according to claim 1

wherein the controller controls removal of red

”bloodtcells by adjustlng flow rate of red blood cells in

‘ hematocrlt output.

4. A system according to claim 1

wherein the controller compares the sensed
hematocrit output to a predetermined red blood cell
hematocrit value and controls removal of red blood cells
based, at least in part, upon the comparison.

5. A system according to claim 1

wherein the controller monitors deviation

between the sensed hematocrit output and a predetermined

PCT/US2003/033311
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red blood cell hematocrit value and controls removal of
‘red blood cells based, at least in part, upon the
deviation. A ‘ ; :
. 6. A syscem according to claim 5
5 o wherein the controller controls removal of red
blood cells based, at least in part, upon magnitude of
the deviation.
7. A system according to claim 5
wherein the controller controls removal of red
10 Dblood cells based, at least in part, upon change of the
deviation over time.
8. A system according to claim 1
wherein the sensor optically senses the
hematocrit of red blood cells removed from the separation
15 device to generate the sensed hematocrit output.
9. A proce551ng system comprising
.a- separatlon dev1ce that, in’ use, performs al
u'~separatlon process 1nclud1ng separatlon of . red blood}
cells and plasma from blood or from a suspension
20 containing red blood cells and plasma,
an inlet line coupled to the separation device
to convey blood or the suspension into the separation
device at a controlled blood flow rate Qb, at least in
part, while the separation process occurs,
25 a plasma outlet line coupled to the separation
device to convey plasma from the separation device at a
, controlled plasma flow rate Qp, atbleasthin part, while
Lthe separatlon process occurs,;Af‘ L Z““iif'i P
T "'a red blood cell outlet 1iné’ coupled to the
30 separation device to remove red blood cells from the
separation device at a red blood cell flow rate Qrbc, at
least in part, while the separation process occurs,
whereby Qrbc = Qb - Qp,
a sensor associated with the outlet line to

35 sense hematocrit of red blood cells removed from the



WO 2004/037377 PCT/US2003/033311

- 86 -

separation device and to generate a sensed hematocrit
output, and
a controller coupled. to the separatlon device
to control a ratio between Qb and Qp based, at least in
5 part, upon the sensed hematocrit output.
' 10. A system according to claim 9
wherein the separation device performs the
separation process by generating a centrifugal separation
field.
10 11. A system according to claim 9
wherein the controller sets Qb at a selected
magnitude and varies Qp to control the ratio.
12. A system according to claim 9
wherein the controller controls the ratio
15 Dbased, at least in part, upon deviation between the
sensed hematocrit output and a predetermlned red blood
““cell hematocrlt value ‘ Sl , .
' 1307 & system accordlng to c1a1m 12°
wherein the controller controls the ratio
20 Dbased, at least in part, upon magnitude of the deviationm.
14. A system according to claim 12
wherein the controller controls the ratio
based, at least in part, upon change of the deviation
over time.
25 15. A system according to claim 9
wherein the sensor optically senses the
hematocrlt of red blood cells removed from the separatlonA
7-5fdev1ce to generate the sensed hematocrlt output.f
’ 16. A proce551ng method comprlslng the steps
30 of
performing a separation process including
separation of red blood cells from blood or a suspension
containing red blood cells,
removing red blood cells from the separation

35 device, at least in part, while the separation process
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occurs,
sensing hematocrit of red blood cells removed
from the separation device to generate ~a'.seﬁsed'
hematocrit output, and ‘

5 o controlling removal of red blood cells from
the separation device based, at least in part, upon the
sensed hematocrit output.

17. A method according to claim 16
wherein the separation process includes
10 generating a centrifugal separation field.
18. A method according to claim 16
wherein _ the controlling step includes
adjusting flow rate of red blood cells removed from the
separation device based, at least in part, upon the
15 sensed hematocrit output.
19. A method according to claim 16
Whereln 3the. controlllng 1 step ihéludes;
comparlng the’ sensed hematocrlt output to a predetermlnedll
red blood cell hematocrit value and controlling removal
20 of red blood cells based, at least in part, upon the
comparison. ‘
20. A method according to claim 16
wherein the controlling step includes
monitoring deviation between the sensed hematocrit output
25 and a predetermined red blood cell hematocrit value and
controlling removal of red blood cells based, at least in
part, upon the dev1atlon o . L
B ' 21 “A- method accordlng to" clalm 20«3;7”'m‘jj
whereln " the controlllng " step : 1ncludesd
30 controlling removal ef red blood cells based, at least in
part, upon magnitude of the deviation.
22. A method according to claim 20
wherein the controlling step includes
conﬁrolling removal of red blood cells based, at least in

35 part, upon change of the deviation over time.
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23. A method according to claim 16
wherein the sensing step includes. optically .
seqsing:the hematocrit. of red blood cells removed frem
the separation.device to generate the sehsed hematocrit
5 output.
. 24. A processing method comprising the steps
of '
performing a separation process with a
separation device including separation of - red blood
10 cells and plasma from blood or a suspension containing
red blood cells and plasma,
conveying blood or the suspension into the
separation device at a controlled blood flow rate Qb, at
least in part, while the separation prdcess occurs,
15 conveying plasma from the separation device at
a controlled plasma flow rate Qp, at least in part,
; whlle the separatlon process occurs,' - :“:h:u '_';-”.
: " remdving red. blood cells from the separatlon:
device at a red blood cell flow rate Qrbc, at least in
20 part, while the separation process occurs, whereby Qrbc
= Qb - Qp,
sensing hematocrit of red blood cells removed
from the separation device to dJdenerate a sensed
hematocrit output, and
25 controlling a ratio between Qb and Qp based,
at least in part, upon the sensed hematocrit output.
' 25 A method accordlng to. clalm 24 .
. whereln the separatlon process generates a;fi
k centrlfugal separatlon field.’ o
30 ' 26. A method according to claim 24
wherein the controlling step includes setting
Qb at a selected magnitude and varying Qp to control the
ratio. '
27. A method according to claim 24

35 wherein the controlling step includes
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‘cc‘)ntrollring the ratio based, at least in part, upon
"deviation -between the sensed hematocrit output and a
; Apreaet,erminfed red blood cell hematocfit value. .
'28. A method accbrding to claim 27
"5 . wherein the controlling step includes
coritrolling the ratio based, at least in part, upon
magnitude of the deviation.
29. A method according to claim 27
‘wherein the controlling step includes
10 controlling the ratio based, at least in part, upon
change of the deviation over time.
30. A method according to claim 24
wherein the sensing step includes optically
sensing the hematocrit of red blood cells removed from
15 the separation device to éenerate the sensed hematocrit

output.
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