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BERS

(57) Abstract: A blood processing assembly com-
prises a frame (70) rotatable about a rotational axis
(82) and a hlood processing chamber (18) carried
by the frame (70) for rotation about the rotational
axis(82). An umbilicus (100) has one end coupled
1o the blood processing chamber (18) along Lhe ro-
tational axis (82) and an opposite end held in a non-
rotating position along the rotational axis (82). A
mid region of the umbilicus (100) exlends, al least
in part, outside the rotational axis (82). The frame
(70) carries at least one support channel {96, 98),
which is sized and configured to engage the mid
region of the umbilicus (100). The support channel
(96, 98) includes a side edge (99, 101) that is sized
and configured to self-load the mid region of the
umbilicus (100) into the suppert channel (96, D8)
in response to rotation of the frame (70) in a desig-
nated direction.
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BLOOD PROCESSING SYSTEMS AND METHODS
WITH UMBILICUS-DRIVEN BLOOD PROCESSING CHAMBERS
RELATED APPLICATIONS

This application claims the benefit of co-
pending United States Patent Application Serial No.
. 09/976,830" filed ‘October 13, 2001, and.entitled "Blood
..SepéréfioﬁJfsjstéhéﬁ‘aﬁaﬂ.Methadéf'withl ﬁmbilicﬁs:ﬁriven 2
Blood Separaticﬁ Chambers" .
FIELD OF THE INVENTION

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

BACKGRQUND OF THE INVENTION

Today people routinely separate whole blood,
usually by centrifugation, into its various therapeutic
‘components, such. as.‘red blood;’cells,  platelets, and--

"plasia.

Conventional blood processing methods use
durable centrifuge equipment in association 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.

Conventional blood centrifuges are of a size

that does not permit easy transport between collection
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sites. Furthermore, loading and unloading operations can
sometlmes be time consumlng ‘and tedlous o

’ In addition, a need exists for further
improved systems and wethods for collecting blood
components in a way that lends itself to use in high
volume, on line blood collection environments, where
higher vyields of critically needed cellular blood
components, like plasma, red blood cells, and platelets,
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
for automated blood processing controllers that can
gather and generate more detailed informat:l.on and controlA e
s:.gnals to a:Ld the operator 1n max:l.mlz:l.ng processmg and‘ '
separatlon eff1c1enc1es. A

SUMMARY OF THE INVENTION

One aspect of the invention provides a blood
processing asseubly comprising a frame rotatable about a
rotational axis and a blood processing chamber carried by
the frame for rotation about the rotational axis. An
umbilicus has one end coupled to the blood processing
chamber along the rotational axis and an opposite end

held in. a non rotatlng pos:.t:.on along the rotat:.onal

'axz.s. A m ¢ r_g:.on of - l:he umb:.l:.cus extends, at least :.n :
part, outside the rotational axis. The frame carries at o
least one support channel, which is sized and configured
to engage the mid region of the umbilicus. The support
channel includes a side edge that is sized and configured
to self-load the mid region of the umbilicus into the
support channel in response to rotation of the frame in a
designated direction. .
In one embodiment, the frame is adapted to be

rotated in a given direction during a blood separation
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procedure. The designated direction is opposite to the
given direction. i ' ‘

in one embodlment ‘the support channel is
sized and configuted to inhibit travel of the umbilicus
in radial directions toward and away from the rotational
axis.

) In one embodiment, the support channel imparfs
rotation to the mid portion of the umbilicus in response
to rotation of the frame about the rotational axis. In
this arrangement, rotation of the umbilicus imparts
rotation to the blood processing chamber.

In one embodiment, . the support channel
includes a low friction material.

Another aspect of the invention provides a
_blood proce551ng assembly comprlslng a frame rotatable

"abcut a rotatlonal ax1s and ‘a- blood proces31ng chamber 
carried by the frame for rotatlon about the rotatlonal
axis. An umbilicus has one end coupled to the blood
processing chamber along the rotational axis and an
opposite end held in a non-rotating position along the
rotational axis. A mid region of the umbilicus extends,
at least in part, outside the rotational axis. First and
second support channels are spaced apart on the frame
along the rotational axis. The first and second support

,,channels are 51zed and conflgured to mutually engage the

The flrst and second3-.

support channels' are arranged in a reverse faCLng
relationship to mutually engage the mid region regardless
of direction of rotation of the frame.

In one embodiment, at least one of the support
chamnels is sized and configured to inhibit travel of the
umbilicus in radial directions toward amd away from the
rotational axis.

In one embodiment, at least one of the support

channels imparts rotaticn to the mid portion in response
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to rotation of the frame about the rotational axis. "In
this arrangement, rotation "of the umblllcus :|.mparts
rotation to the blood processmg chamber. ’

In one embodiment, at least one of-the support
chan:ﬁels includes a low friction mata;:ial.

Other features and advantages of the
inventions are set forth in the foilowing specification
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
proce551ng dev:Lce ‘to cause- separatlon and collectlon of . .
_one Kl more blood components (shown packaged 1n a trayf‘_
for transport and storage before use).

Fig. 2 is a perspective view of the blood
processing device shown in Fig. 1, shown in an opened
condition for operatiom.

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

4_pressure actuated cassette.

; FJ,g' 4 1s ‘a. perspectlve v1ew of the blood;
pfocessing dev:Lce shown in Fig. 3, w:.th the tray
containing the disposable liguid and blood flow set
positioned for loading the flow set on the device.

Figs. 5 and 6 are, respectively, right and
left side perspective views of the blood processing
device shown in Fig. 2 after the liquid and blood flow
set has been loaded onto the device for use.

Fig. 7 is a perspective view of the blood

processing chamber and attached umbilicus that forms a
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part of the liquid and blood flow set shown in Figs. 5
“and 6. )
' » ‘Fig. 8 is a perspective visw of the interior
of a representative embodiment of the blood processing
chamber of a type shown in Fig. 7, the interior of the
chamber being configured to perform a red blood cell
separation and collectiom procedure using the device
shown in Figs. 5 and 6.
Fig. 9 is a perspective view of the interior
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

proce551ng chamber of a type shown in Flg 7. has beenv.

) :1oaded for use . RER ]
Fig.- 117 is an enlarged perspectlve view of a“
fixture that is carried by the umbilicus 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. 1iC is an exploded perspective view of
. ‘the optlcal sens:mg stat:.on shown in Fig. 11A..
: F:Lg 11D i

: -a top 'v1ew of t:he optlcal sens:l.ng:":
‘ statlon shown in Flg “11a. o

Figs. 11E and 11F are schematic views of a
circuit that can be used in association with the optical
sensing station shown in Fig. 11A.

Fig. 12 is a diagrammatic view of the interior
of the blood processing chamber of a type shown in Fig.
7, showing 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
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desired relationship.

Fig. 13 is a diagrammatic view of the‘inte_ribr
of thé blood processing chamber of a type shown in Fig.
7, with the buffy coat layer having moved very close to
the low-G wall, creating an undesired over -spill
condition that sweeps buffy coat components into the
plasma being collected. )

Fig. 14 is a diagrammatic yiew 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 | ,at forms a part of the

:llqu:l.d and blood Elow set shown i Flgs 5 and 6" and 1tsv..’~ '
operatlve association w:Lth the pump and valve statlon onb k
the device, also shown in Figs. 5 and 6, which applies
positive and negative pneumatic pressure to the cassette
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.

Flg 17.is a.plane v1ew of a cassette in Wthh .

‘:the Elu:.d c1rcu1t shown “n Flg 17 is- 1mp1ementer‘ )

Fig. 18 1s a top perspect:we view of the:
interior of a representative embodiment of the blood
processing chamber of a type shown in Fig. 7, the
interior of the chamber being configured to perform a
plasma separation and collection procedure using the
device shown in Figs. 5 and 6.

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

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

’ Fig. 21 is an enlarged bottom perspective view
of the region shown in Fig. 20, showing the path that red
blood cells take as they are directed from the separation
zone by the barrier.

Fig. 22 is an enlarged top perspective view of
the region shown in Fig. 20, showing the separate paths
that red bloocd cells. and plasma take as they are directed
from the separation zone by the barrier.

v Fig. 23 is a schematic view of a cassette of a
type shown in Figs. 16 and 17 coupled to a liquid and
) blood flow set. 1n a configuration. that can be used for a

plasma collectlon procedureA
F:.g 24 is a schematlc 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

appllcatlon of positlve and negat:l.ve pneumat:.c pressures . .

e transport alr in a controlled m‘.nner that verlfles"’i,'"

'that tubmg intended to convey blood and llqu:Lds to and
from the donor has been properly installed on the device,
as shown in Figs. 5 and 6.

Figs. 262 and 26B 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 anticoagulant into blood

drawn from the donor has been properly installed on the
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device, as shown in Figs. 5 and 6.

F:Lgs. 27 to 29 are schematic viéws of the
fluld ‘¢ircuit shown in Fig. 16 heing conditioned by
application of positive and negative pneumatic pressures
to Efansport a liguid in a controlled manner that
verifies the physical integrity of the cassette prior to
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 EHBODIPEEN‘I‘S

Flg 1 shows a fluld processlng sysr_em 10 thatr‘ :
embod:.es the features of the invention. The system 10
can be used for processing various fluids.

The system 10 is particularly well suited for
processing . whole blood and other suspensions of
biological cellular materials. Accordingly, the
illustrated embodiment shows the system 10 used for this
purpose. ’

I. sttemv overview

The system 10 J.ncludes two prlnc:.pal _components. . ..
These are,‘ (;)_ a’ blood process:r.ng deV1ce 14 -; shown in e
‘Fz.g. 1in a 'closed condltlon 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,
which interacts with the blood processing device 14 to
cause separation and collection of one or more blood
components -- the set 12 being 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

-10-
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mounted on the blood processing device 14 for use.

a. The Process:.ng Dev:Lce

Theé blood proce551ng dev:Lce 12 is intended to be a
durable item capable of long term use. In the
illustrated and preferred embodiment, the blood
processing device 14 is mounted inside a portable housing
or case 36. The case 36 presents a compact footprint,
suited for set up and operation upon a table top or other
relatively small surface. The case 36 is also intended to
be transported easily to a collection site.

The case 36 includes a base 38 and a hinged 1id 40,
which closes for tramsport (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 1nt0 a desu:ed_

,'Y"conflguratmn,. e g.; by moldlng N 'I‘he ' case 36 - is‘l
preferably made from a hghtwe:.ght yet dura.ble plastlci
material.

A controller 16 is carried omboard the device 14.
The controller 16 governs the interaction between the
components of the device 14 and the components of the
flow set 12 to perform a bleod processing and collection
procedure selected by the operator. 1In the illustrated
embodiment, the controller 16 comprises a main processing
unit (MPU) .. which can , comprisa, e. 9 ‘. a Pentium type-

T »'mlcroprocessor madé: by' Intel Corporat:.on, although other .
’cypes of conventional microprocessors can be used. The.
MPU can be mounted inside the 1lid 40 of the case 36. A
power supply with power cord 1B4 supplies electrical

I power to the MPU and other components of the device 14.

pPreferably, the controller 16 also includes an
interactive user interface 42, which allows the operator
to view and comprehend information regarding the
operation of the system 10. In the illustrated

i embodiment, the interface 42 is implemented on an

11-
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interface screen carried in the 1id 40, which displays
1nformatlon for viewing by the operator in alpha-numeric
format and as graphical images.

Further details of the controller 16 can be found in
Naya'}i et al, United States Patent 6,261,065, which is
incorporated herein by reference. Further details of the
interface can be found in Lyle et al, United States
Patent 5,581,687, which is also incorporated herein by
reference.

As Fig. 1 shows, the 1id 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

‘.:Lnto the controller 16), or a dlagnost:.c port 54, or a

fport 56 to be coupled to a pressure cuff 60 worn by a‘
donor to enhance blood flow rates dunng blood processmg o
(see, e.g., Figs. 23 and 24), or a system transducer
calibration port 58, can all be conveniently mounted for
access on 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

process:.ng and collectlon procedure, the operat:or loads

; "Varlous components of the f 'ow set. 12 assoc:Lat:Lon with o
v 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
completing the procedure, the operator removes the flow
set 12 from association with the device 14. The portiom
of the set 12 holding the collected blood component or
components are removed from the device 14 and retained
for storage, transfusion, or further processing. The

remainder of the set 12 is removed from the device 14 and

-12-
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discarded.
The flow -set includes a blood processmg chanber 18,
‘a fluid actuated punp ‘and valve cassette 28, and an array' '
associated processing containers 64 and flow tubing
coupled to the chamber 18 and the cassette 28, as will be
identified in greater detail later.
1, The Blood Processing Chamber

In the illustrated embodiment (see Fig. 5), the flow
set 12 includes a blood processing chamber 18 designed
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 chawber 18 for use
(see Fig. 5). )

As Figs. 2 and 3 show, the centrifuge station 20

. comprises .a compartment 24 formed Jin the base 38. The

7"‘centr1fuge stat:.on 20 1nc1udes a door 22. The door 22."""'
opens (as Flgs. 3 and 5 show} to allow load:.ng of the
processing chamber 18 into the compartment 24. The door
22 closes (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

. 1nto component parts, princ:.pally, red blood cells,«-l

~p1asma,‘ E _»d 1ntermed1ate layer called the buffy coat_
'whlch is populated by platelets and leukocytes As wn.ll. ;
be described later, the configuration of the chamber 18
can vary according to the intended blood separation
objectives.

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,

13-
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integrated platform for all the pumping and valving
functlcns requlred for a given blood processing
pfocedﬁfe. In the’ illustrated embodlment the fluid
pressure comprises positive and negative pneumatic
preséure, although other types of fluid pressure can be
used.

As Fig. 5 shows, the cassette 28 is mounted for use
in a pneumatic actuated pump and valve station 30, which
is located in the lid 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 Flg 6). The pump and valve station. 30 1ncludes»

-:a manlfold assembly 34 (see Flg 4) located behlnd a<9
'valve face gasket 318. The manlfold assembly 34 applles.u
positive and negati&e pneumatic 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 liguid flow through the cassette 28.

Further details of the cassette 28 and the cperation

of the pump and valve station 30 will be described later.
Additional details can also be found in Nayak et al,
lUnlted States  Patent 6,261, 065, which has been .

: 1ncorporated hereln‘by reference.

3. Blood Process;ng COntalners and Tubxng

Referred back to Figs. 5 and 6, the flow set 16 also
includes an array of tubes and containers in flow
communication with the cassette 28 and the chamber 18.
The arrangement of tubes and containers can vary
according to the processing objectives. Representative
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 is6.

-14-
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When installed, the umbilicus 100 links the rotating
process‘ing chamber 18 with the cassette 28 without need
for rotal';ing seals. The umbilitus 100 can be made from
rotational-stress-resistant plastic materials, such as
Hytrel® copolyester elastomers (DuPont).

Referring now to Fig. 7, tubes 102, 104, and 106
extend from the proximal end of the umbilicus 100. The
tube 102 comveys 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 progessing charﬁber 18. The plasmé can
either be rich or poor in platelets, depending upon the
processing cbjectives.

As Fig. 7 shows, a fixture 108 gathers the tubes
.._102 194_, and 106 adjacent the umb:.llcus 100 ;n a.

',-cornpac\: :organrzed smde by s:Lde array outs:.de the_:»'
.Acentra.fuge station 20. The flxture 108 allows the tu.bes
102, 104, and 106 to be placed and removed as a group in
association with an optical sensing station 46 (see Figs.

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 sens1ng statlon 46 provn.des_

2 ';flect:.ng the presence or' absence of such blood .
lcomponents. This output is conveyed to the controller 15. ‘
The controller 16 processes the output and generates
signals to control processing events based, in part, upon
the optically sensed events. Further details of the
operation of the controller to control processing events
based upon optical sensing will be described later.
Additional details can also be found in Nayak et al,
United States Patent 6,261,065, which has Dbeen

incorporated herein by reference.

-15-
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As shown (see Figs. 5 amnd 6), the flow set 16
1nc1udes a phlebotomy needle 128, through which a donor
can be coupled tS the system 10 for blood processing. In
Figs. S and 6, the flow set 16 also includes a blood
sampiing assembly 110. The blood sampling assembly 110
allows for the collection of one or more samples of the
donor's blood at the commencement of a given blcod
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. K

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 phy31ologlc llquld or. medlcatlon 1nto the donor, .

‘”1f necessary, u51ng the phlebotomy needle 178' uandﬂ
without requiring an additional needle stick. o
An additional in-line manual clamp 116 is desirably
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. Altermatively, a
separate hemostat device (not shown) can be applied for
the purpose.
L As Flgs 1 and 2 also show, the device 14 can:

.1nclude other components compactly arranged to ald blood;‘
'proce551ng In addltlon to the centrlfuge statlon 20 and.
pump and valve station 30, already described, the device
includes one or more weigh stations 62 and other forms of
support for containers. The arrangement of these
components on.the device 14 can, or course, vary.

In the illustrated embodiment (see Fig. 3), the
weigh stations 62 comprise a series of container
hangers/weigh sensors arranged along the top of the ligd
40. In the illustrated embodiment, additional swing-out

-16-
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hangers/weigh sensors are also provided on the side of
the 11d 49 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 "1id 40 adjacent to the weigh stations 62 match
pictorial icons 66 -applied on the containers. By
matching the icons 66, the operator is visually guided 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 resty 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 llqulds are rece:.ved :Lnto and/or___
dlspensed from the contalners durlng proce851ng,‘ he})‘
‘welgh stations 62 prov1de output reflectlng welght
changes over time. This output is conveyed to the
controller 16. The controller 16 processes the
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
described later. Addltlonal detalls can also be found in |
 Nayak”ef. al. United Patent 6, 261 065, WHigh hag .
been 1ncorporated here1n by reference. o a

4. Blecod Processing Procedures

Under the control of the controller 16, the system
10 can be conditioned to perform different blood
processing procedures. The MPU includes an application
control manager that administers the activation of a
library of control applications. Each control application
prescribes procedures for carrying out given'functional

tasks using the centrifuge station 20 and the pump and
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valve station 30 in a predetermined way. The applications
‘can, e.g., reside as pfocéss software in EPROM's in the = -
MPU. R o '

As will be described later, through selective
application of pressure to thel cassette 28, it is
possible to use the same cassette 28 to carry out
different blood collection procedures.

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

-:blood from a, donor 15 ;:entrlfugally processed to y:l.eld up.
to two unlts (approx1mately 500 mi) 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 bloed .cells. Thev'

fportlon of the red blood 'Cél t 'retalned farj;J

collection are perlodlcally returned to the donor durlng'
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, during the course
of a plasma collection and/or red blood cell collection
procedure, the buffy coat interface can be remcved from
the chamber 18 and collected. With subsequent processing

to remove leukocytes, the buffy coat serves as a source
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of platelets.

Further details of the various-blood collection
"prbdedure's that' the system 10 can écéomplish are
described in United States Patent 6,261,065, which has
been’ incorporated herein by reference.

II. Other Technical Features of the Blood Separation

Components of the System

The blood processing chamber 18 and the centrifuge
station 20 of the system 10 desirably possess other
technical features 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
_and - configuration, -e. 9. by 1n3ect10n mold:.ng, from-a.
:v'r:Lg:Ld b1ocompat:.bie plastlc mater:.al Buch ‘as a non—
plasticized medical grade acrllonltrlle—butadlene styrene
(aBS). In this arrangement, the chamber 18 includes two
principal components -- a base component 200 and a 1lid
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
separation channel 210. One or more radial passages 212
_,extend from the hub 204 a.nd commupicate w:.th the channel.
. 2’1‘ M

. Blood and oth L flulds are d:.rected from the hubs ‘204 *
into and out of the channel 210 through these passages‘
212. A molded wall 2i4 forms an axial boundary of the
separation channel 210. The 1id component 202 also forms
another axial boundary of the separation channel 210.
While both axial boundaries are shown to be generally
flat (i.e., normal to the rotatiomal axis), it should be
appreciated that the axial boundaries can be tapered,
rounded, V-shape, and the like.
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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.g., by
a tj:gﬁt, dry press fit or by solvent bonding or by
ultrasonic welding -- to couple the umbilicus 100 in
fluid communication with the channel 210. The far end of
the umbilicus 100 and the base component 200 rotate as a
unit.

All contours, ports, channels, and walls that affect
the dynamics of the bload 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

'component ‘200 .can vary, according to the particular‘ .

:separatlon objectlves desued Representatlve examples,_‘
will be described in greater deta:l.l later.

B. The Centrifuge Station

The centrifuge station 20 (see Fig. 9) includes a
centrifuge 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 splns on a bearlng element. .
178, (Flg 9}, attacheﬂ te t:he bottom wall 72 An electr:_c _

" 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
horizontal (see Fig. 3), although other angular
orientations can be used. The motor 80 is capable of
rotating the yoke 70 in either clockwise or
counterclockwise directions, depending upon commands
issued by the controller 16.

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

" As Fig. 7 shows, the top of the processing chamber
18 includes an annular lip 220, to which the 1id
component 202 is secured. As Fig. 10 shows, the rotor
plate 84 includes a latching 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 Separatlon Chamber to a Centrlfuge Rotor,» which
has been 1ncorporated hereln by reference.'~ _  f

As Fig. 10 best shows, a sheath 144 on the near end
of the umbilicus 100 fits into a preformed, recessed
pocket 90 in the centrifuge statiom 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 is also shaped to
accommodate loading of the fixture 108 at the same time
the umblllcus sheath 144 is 1nserted . . The tubes 192

f104. and 106 are thereby placed and emoved -as, a
‘assoc1at10n with the sen51ng station ‘46, whlch is also':
located within the pocket 90, as Fig. 11 shows.
Umbilicus drive or support mewmbers 92 and 94 (see
Figs. 9 and 10) are carried by a side wall 76 of the yoke
70. When the rotor plate 84 is located in a prescribed
rotational position, 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
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into the pocket 90.

As Fig. 10 shows, one member 92 recéives the mid
portien of the umbilicus 100. The member 92 includes’ a
surface against which the mid portion of the umbilicus
100 'r'esbts. The surface forms a chamnnel 96, which faces
generally toward the yoke 70. The channel 8§
accommodates passage of the mid portion of the umbilicus
100, directing the upper portion of the umbilicus toward
the other member S4. 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 1ntended to be sacnflc:.al in. that the mater:.al of. .

.the convex surface is 1ntended to be worn away dur:l.ng use-_' '
by rotatmnal contact with the umbll:.cus 100 The convex:
configuration is dynamically changed by contact with the
umbilicus during use, to form an final contact
configuration 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 24 includes a surface agalnst wh:.ch the .upper .

~pOI‘t10n of the Aumbli cus 100 rests, ‘I‘he surface forms a

" channel 98 1ncl:|.ned toward the top wall 72 of the yoke“
70. The channel 98 generally faces away Efrom the yoke 70,
and is thereby im a reverse facing relationship with the
channel 95. To provide a transitional path for the
umbilicus between the two oppositely facing channels 96
and 98, the channel 96 is offset slightly 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,
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where the umbilicus sheath 144 and fixture 108 are
fitted. lee 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
axis"ez.. However, like the channel 96, the channel 98
permits rotation or twisting of the umbilicus 100 about
its own axis.

Because the support channels 96 and 98 are arranged
in a reverse facing relationship, the channels 56 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 counterclockw:n.se dlrectlon (when viewed from the top

'of the roto plate 84). & Thls, din I:urn,: stablllzes the"
rema:l.nder of the umb:.llcus for engagement w1th the
channel 98 during rotation in this direction. The
processing chamber 18 is intended, during blood
processing operations, to be  rotated in a
counterclockwise direction.

The member 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 umblllcus into engagement with the outward facing .

“channel SB 1n respon rotatf on of the yoke 70 111 the"‘ o

'counterclockwn.se d:.rectlon.

The outward facing guide edge 99 of the channel 98
defines an enlarged curved surface or ramp that extends
toward the rotational axis 82. The ramp 99 is sized and
configured to accomplish self-loading the umbilicus into
the channel 98 when the yoke is rotated in this clockwise
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.,
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counterclockwise) . The ramp 99 also thereafter keeps the
- upper portion of the umbilicus 100 from slipping out of
Athe channel 98 when the ‘yoke 70 is rotated in &
counterclockwise direction. This, in turn, stabilizes the
remainder of the umbilicus for engagement with the
channel 96 during rotation in this direction.

The configurations 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 chammel surfaces
96 and 98 of the support members 92 and 94 are preferably
fabricated from a low friction material, to thereby

ellmlnate the need for external lubrlcatlon ©or rotating .

Tbearlngs on’ the umblllcus 160 _tself ‘Thé material used. -
‘can, e.g., comprlse " Teflon® polytetrafluoroethylene-
material (DuPont) or an ultra high molecular weight
polyethylene. Made from such wmaterials, the channel
surfaces 96 and 98 minimize umbilicus 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

entltled “Blood Separatlon Systems and . Methods w1th .

vab111cus Deren Bloed Separatlon Chambers,": jabi
1ncorporated here1n by reference o

Closing the centrifuge station door 20 positions a
holding bracket 21 on the underside of the door 20 (ses
Fig. 5) in registry with the sheath 144. Another holding
bracket 23 (as shown in Fig. 5) on the underside of the
door 20 is positioned in registry with the fixture 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).
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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 its near end (i.e., at the sheath 144) and coupled
to the chamber 16 at its far end (i.e., by the mount
218), the umbilicus 100 twists 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 ?oke 70 (typically at a speed of about 2250 RPM)
imparts a two omega rotation to the processing chamber 18

secured for rotatlon on the rotor plate.84..

L The relatlve rotatlon c>f the yoke 70 at a one.omegva::

.rotatlonal speed and the rotor plate 84 at a two omega
rotational speed, keeps the umbilicus 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
discloged in Brown et al U.S. Patent 4,120,449, which ig

1ncorporated herein by reference

: As before de ’rlbed the channel surfaces 96 and 9EQ g
are de51rably formed and orlented in a complementary‘
fashion to accommodate rotation of the umbilicus 100 and
the driving of the processing chamber 18 in either
clockwise or counter clockwise directions. Thus, the
chamber 18 can be rotated in one direction conducive to
one desired processing objective, e.g., to accommodate
priming and air venting prior to blood processing, and be
rotated in an opposite direction conducive to a different

processing objective, e.g., blood separétion.
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Furthermore, the close juxtaposition of the umbilicus
' supports 92 and 94 to the umbilicus '100 when the rotor
plate 84 is in‘the'preécribed‘rotationél position to
accommodate mounting of the processing chamber 18, and
the Eomplementary orientations of the channels 96 and 98
formed in the supports'QZ and 94, which lead the near end
of the umbilicus toward the support pocket 90, make
possible an reasy-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

umblllcus 100 on the channel surfaces 96 and 98,.even,

"fshould the operator fa11 to load thAl
’ entlrely correctly in the flrst instance.

More particularly, 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 1n1t1ally rotated.at a nmderate speedr

le.g.) 300" REM) ockwise
“dlrectlon in which the yoke 70 is rotated during blood-:

‘rectlon, whlch -is. thej_E

processing operations. Rotation in this direction makes
use of the elongated ramp 99 to assure that the umbilicus
100 is fully loaded into the channel 98. Thereafter, the
yoke 70 can be rotated at the moderate speed in the
opposite (counterclockwise) direction, 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

-26-




WO 2004/037427 PCT/US2003/033469

- 25 -

direction conducive for blocd processing.

. Interface Corntrol by' Optical Sensing-

In any of the abové-described blood proce‘ssirig ’
procedures, the centrifugal forces present within the
vproc'éssing chamber lﬁiseparate whole blood into a region
of packed red bleood cells and a region of plasma (as
diagrammatically shown in Fig. 12. The centrifugal
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 betweesn
the red blood cell region and the plasma region.
Intermediate density cellular blood species 1like

_platelets and leukocytes populate the mterface, arrangedg

accordlng to densmy. w1th the platelets closer to the‘:
plasma layer than the leukocytes The interface is also V
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 om the
procedure, or to collect the cellular contents of the

._‘buffy coat I'he system :anludes .the opt:.cal sens:tng.”

'-statlon 46 (also shown in: Flgs 11A to 11D) T wthh houses_.:, ‘
two optlcal sensing assemblles 146 and 148 for this
purpose. This arrangement is also diagrammatically shown

in Figs. 12, 13, and 14.

The first sensing assembly 146 in the station 46
optically monitors the passage of blood components
through the plasma collection tube 106. The second
sensing assembly 148 in the ;tation 46 optically monitors
the passage of blood components through the red blood
cell collection tube 104. '
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The tubes 104 and 106 are made from plastic (e.qg.
pblyvinylchigride) material that is transparent to the
optical energy used for sensing, at Teast in the region
where the tubes 104 and 106 are to be placed into
assoéiétion with the sensing station 46. The fixture 108
holds the tubes 104 and 106 in viewing aligmment with its
respective sensing assembly 148 and 146. The fixture 108
also holds the tube 102, which conveys whole blood into
the centrifuge station 20, even though no associated
sensor is provided. 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

_‘spec1es or. components in the plasma collection tube 106.

f The components that are optlcally targeted for deteetlong}

vary dependlng upon the procedure

‘For a plasma collection procedure, the first sensing
assembly 146 detects the presence of platelets in the
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

platelets ls 51gn1f1cantly mlnlleEd

; ';For a red blood cellionly ollectlon procedure the:_J“
first senSLng assembly 136 detects the interface between
the buffy coat and the red blood cell layer, so that
control measures can be initiated to move this interface
back into the processing chamber. This maximizes the red
blood cell yield.

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

wall of the processing chamber to allow all or some of
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these components to be swept into the plasma collection
‘Lline (see ﬁig. 13): This céndition will also'be called ah -
“ever-spill."k R i : ‘
The second sensing assembly 148 is capable of
detedting the hematocrit of the red blood cells in the
red bleod cell collection tube 104. The decrease of red
blood hematocrit below a set minimum level during
processing.that the interface is close enough to the
high-G wall of the processing chamber to allow plasma to
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
146 1nc1udes a llght emlttlng dlode (LED) 400 that can

selectlvely emlt elther red or green i 1§ht ’ ana an‘

Dpposxtely fac1ng photodlode 402, for meaeurzng 1ntens1ty'
of light transmitted 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 durlng a plasma collectlon procedure) and the
presence of red blcod cells 1n the plasma flow (to detectﬁ:"
the buffy coat 1nterface with red blood cells durlng a
buffy coat collection procedure).

In a desired implementation, the second sensing
assembly 148 includes an infrared LED 404 and two
photodiodes 406 and 408, one 406 adjacent the infrared
LED 404 and the other 408 facing opposite 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
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intensity. |
The -sensing station 46 and the fixture 108 locate
'thé red blood cell tube 104 in a desired *distance
relationship to the infrared LED 404 and photodiode 406,
which ﬁas been observed to result in a linear correlation
between measured reflected'light intensity and red blood
cell hematocrit. As an example, the intensity of
reflected 1light 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 intemnsity using the infrared
“LED 404 and the photodlode 406

The sen51ng statlon 46 can be constructed 1n varlous -
vwé?s. In one 1mp1ementatlon, shown in Flgs. 118 to 11D )
the station 46 includes a molded body 500 comprising two
facing plates 502 and 504. The plates 502 and 504 are
spaced 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
plpes 506 A/E/C and 508, A/B/C ‘that deslrably compr

;1ntegrally molded components of’ fhe body 500 The’ llght y
pipes 506 A/B/C and 508 A/B/C are in precise optlcalk.
alignment with the LED’s and photodiodes comprising the
first and second sensing assemblies 146 and 148. These
LED's and photodiodes are carried on circuit boards 510
that are mounted on the exterior of the body 500 facing
the light pipes, e.g., using fasteners. ’

More particularly, the light pipe 506A of the plate
502 is in optical alignment with the photodiode 402 of
the first sensing assembly 146. Correspondingly, the
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oppositely facing light pipe 508A of the plate 504 is in
opt:.cal alignment w:.th the red/green LED 400 of the flrst :
sensing assembly 146.

The light pipe 506B of the plate 502 is in optical
alignment with the infrared LED 404 of the second sensing
assembly 148. Correspondingly, the oppositely facing
light pipe 508B of the plate 504 is in optical alignment
with the transmitted light-detecting photodiode 408 of
the second sensing assembly 148. The light pipe 506C of
the plate 502 is in optical alignment with the reflected
light-detecting photodiode 406 of the second sensing
assembly 148. In this arrangement, the light pipe 508C .
of the plate 504 is empty.

The control circuitry supporting the first and

second sens:l.ng assembl:.es 146 and. 148 can also vary. In

a"representat:.ve embodlment, (schematlcally shown 1n
Flgs 11E and’ llF), a CPLD controller 410 (see F:Lg 11F)‘
recelves a serial data stream (data stream B in Figs. 11E
and 11F) from a selected one of the photodiodes 402, 406,
and 408, which is indicative a semsed light intensity
(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,
406, or 408) for data stream recelpt

The CPLD controller' 10 controls (:he ga:.n of gain‘:‘. ‘

ampllflers; a12” mdlv:v.dually vassoc:.ated with ‘each
photodiode 402, 406, and 408 (see Fig. 11E), via a
digital data stream (data stream C in Figs. 11E and 11F),
which is generated by a serial output port contained
within the controller 410, Each gain amplifier 412
receives a voltage signal from a current-to-voltage
converter 414 individually associated with each
photodiode 402, 406, 408, which converts the current
output of each photodiode 404, 406, and 408 to a voltage.
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The amplified analog voltage output of each gain
amplifier 412 1s applled to 1nd1v1dual analog -to- dlgltal
converters, whlch converts the analog volt:age into the
serial data stream for the selected photodiode (data
stream B), which the CPLD controller 410 receives for
further processing.

The serial data stream B received by the CPDL
controller 410 is applied to a serial to parallel port
418 to create a parallel data stream. The original
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
111ustra|:ed embodlment) The output of _the bandpass
filter 422 (wh

h :.s smuso;dal) ise senl: t:c)»a full wave‘:
rect.;f:.er, wh:l.ch transforms the 51nusc>1da1 output to'a DC
output voltage proportional to the sensed 1light
intensity. )

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
_modulatlon 430 removes the effects of amblent light and

‘.elec’cromagnetl.c mterference MI) from the opt:.cally L

sensed readmg In comb:.nat:l.on w:.th the unlform current'
source 428, the CPLD controller 410 also adjusts the
magnitude of uniform current, and therefore the intemsity
of each LED 400 and 404. LED current contrcol data is
generated in serial form by the controller 410 (serial
. data stream A in Figs. 11E and 11F). This serial data is
applied to digital-to-analog converters 426, individually
associated with each current source 428 for each LED 400
and 404.
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The sensing assewblies 146.and .148 are operated by
the controller 16, which perlodlcally actuates the -
‘sensz.ng assembhes 146 and 148 and samples the sensed
intensity outputs. Desirably, a given sensor output used
for 'éoritrol purposes comprises an average of multiple
samples taken during a prescribed sampling period. For
example, during a given sampling period (e.g., every 100
psec), multiple sawples (e.g., 64) are taken. BAn average
of these multiple sawples is derived. The variance of the
sample average is also desirably determined by
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
average is not ‘used for control puzposes Deslrably, ko
'Drov:.de e “more dependable output a runnmg average of;,f'"‘
‘the last five validated sample averages is used as the :
control value. As will be described in greater detail
later, the magnitude of the sample variance can also be
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
has been J.ncorporated here:n.n by reference
'IﬁI,I' _'

Techn:.cal Features of.. the Pneumat:.cally Actuated»

Flow COntrol Cogponents of the System

The cassette 28 and the pump and valve stationm 30 of
the system 10 desirably also possess other technical
features that support diverse blood processing protocols.

A. The Cassette

In a preferred embodiment (see Fig. 15), the
cassette 28 comprises an injection molded body 300 made
of a rigid medical grade plastic material. Flexible
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diaphragms 302 and 304, preferably made of flexible
sheets of. med1ca1 grade plastlc, overlay, respectlvely,
the front side and back sides of tHe cassette 28. The
diaphragms 302 and 304 are sealed about their peripheries
to the pempheral edges of the front and back sides of
the cassette 28.

As Fig. 15 shows, the cassette 28 has an array of
interior cavities formed on both the front and back
sides. The interior cavities define pneumatic pump
stations (schematically designated PS in Fig. 15), which
are intercomnected by a pattern of fluid flow paths
(schematically designated FP in Fig. 15) through an array
of in line, pneumatic valve stations (schematically
designated VS in Fig. 15).

] The layout of the 1nt:erlor cavltles can vary .
-accord:.ng to the dlffEI'entl ob]ect ves o: dlfferent blood
processlng procedures Desn.rably, the interior cavities
of the cassette 28 define a programmable blood processing
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.

_ Flg 16 dlagrannnatlcally shows a programma.ble fluid
-"c:.rqu.t 306 that can be 1mplemented as ‘an :.njectlon',,-’:;;
molded pneumatlcally 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 will be described, the cassette 28 interacts
with the pneumatic pump and valve station 30 to provide a
centralized, programmable, integrated 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
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" chambers DP1 and DP2 are desirably operated by the
controller 16 in tandem to seive as a gereral purpose,
donor interface pump.  The dual dotior interface pump"
chambers DP1 and DP2 work in parallel. One pump chamber
draws fluid, while the other pump chamber expels fluid.
The dual pump chambers DPL and Dp2 thereby altermate draw
and expel functions to provide a uniform outlet flow. The
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, wh:.ch lS coupled to the donor tube 12s.

’ A donor clamp 154 external ‘to the fluid clrcu:.t: 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
that could 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-
ant:.coagulant tube 152 Junctmn for added,donor safety )

. ] $ _ ‘.‘-16 ‘also . .
de51rab1y 1nc1udes a pneumatlc pump cham.ber Ipp that'

serves as a dedicated in-process whole blood pump, to
convey whole blood from a reservoir 158 into the
processing chamber 1B. The dedicated function of the pump
chamber IPP frees the donor interface pump chambers DPL
and DP2 from the added function of supplying whole blood
to the processing chamber 18. Thus,  the in-process whole
blood pump chamber IPP can maintain a continuous supply
of blood to the processing chamber 18, while the donor
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interface pump chambers DP1 and DP2 operate in tandem to
simultaneously. draw and return blood to the donor through
the single phlebotomy needle. 'Pro'cessihg time is thereby
minimized. »

"Tﬁe fluid circuit 306 also desirably includes a
pneumatic pump chamber PP that serves as a plasma pump,
to convey plasma from the processing chamber 18 into a
collection container 160. The ability to dedicate
separate pumping functions provides a continuous flow of
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 V1 to V26 in Fig. 16, that comnect the pump
chambers DP1; DP2, IPP, PP, and ACP to an array of flow
paths that transport blood and blood components to and,

’from the donor and to and from the process:l.ng chamber
The functlons cf the valves Vi to V26 are summar:.zed in
the following table:
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Valve |Valve Function .

Vi Controls fluid 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

Vs Controls conveyance of red blood cells for return
to the donor through the donor tube 126

ve Controls fluid conveyance through one an end of
DP1

A\ Controls fluld conveyance through an end of DPz

V8 'Controls ccmveyance of processmg solutlon (e g. ,

salme) 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

V1o Controls conveyance of plasma for return to the
donor through the donor tube 126

Vil Controls fluid conveyance through an end of PP

viz. - 'Con_tr_ol_:;f‘l‘uid;=gqnyeyance to and. from donor -tube |- ..

V13 Controls fluid conveyance 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

Vie Controls fluid conveyance through an end of IPP

vi7 Controls fluid conveyance through an end of PP
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Valve |Valve Function
vis ACont'rols -fluid ,cc;nveya'nce- 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

Va1 Controls fluid conveyance of red blood cells

through tube 104 from the processing chamber.

Controls fluld conveyance through an end of ACP

.Ccntrols fluld conveyance through and end of ACP"

Controls isolation 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 f£luid conveyance to addition external

blood collection container(s) 172 (if called for

by the blood processing protocol)

o . The flex1ble dlaphragms 302 and 304 overlaymg thef
‘:Afront' andA back’ suies of the’ cassette body 300 restb
against upstanding peripheral edges surrounding the pump
chambers DP1l, 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
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putp and valve station 30, as shown in Fig. 5. In this
orientation (see Fig. 15 as well), the diaphi-agm 302
faces outward toward the door 32 of the valve station 30
ports P8 to P13 face downward, and the ports Pl to P7 are
vert:ically stacked one above the other and face inward.

As will be described, localized application by the
punmp 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 Vi
to V26 and/or to expel and draw liguid 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

Arnaterlal 174 (see Flg 17) ko, remove clots and cellular_‘-“

'"aggregations that can form durlng blood proce551ng st C
'shown schematlcally in Flg 15, 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
returned to the donor passes through the filter 174. The
cavit.y 308 also serves to trap air in the flow path to
and from the donor.

Another interior cavity 310 (see Fig. 16) is also
provided in the cassette body 300. The cavity 310 is
‘placed :|.n the c1rcu1t 306 between the port P5 and. the B
_val e VlE of the

- n process pump:mg‘ stat:l.on I

cavity '310 serves as another air trap within the cassettet'
body 300 in the whole blood flow path serving the
separation chamber 18. The cavity 310 also serves as a
‘capacitor to dampen the pulsatile pump strokes of the in-
process pump IPP serving the separation chamber 18.

B. Pump and V’alve Station

The cassette 28 interacts with a pneumatic actuated
pump and valve station 30, which is mounted in the 1id of
the 40 of the case 36 (see Fig. 15).
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'I‘he inside face 324 of the door 32 of the pump and
valve station 30 (wh:Lch is desirably metal, as- w1ll be
explained later) carries an elastomeric gasket 312. The
gasket 312 contacts the front side of the cassette body
300 when 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
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
s thereby secured, in a tlght se_al’ipg_, fit v._ri‘t;h‘ip‘ ‘the,__pgmp L
fand valve stat on 30, Lot ' : T

The pump and valve stat:.on 30 J.ncludes a pneumatlc :
manifeld assewbly 34, which is best shown in Fig. 15. 1In
use, the diaphragm 304 is held by the bladder 314 in
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
face gasket 318, -while, :Ln F:Lgs .4 and 15, the valve face.

gaske 318 has been ) t1a11y removed to,", et{:er show the:
manlfold assembly 34 ‘ ' c
The manifold assembly 34 includes an array of
actuator ports 320 arranged to mirror the array of pump
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
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 aseembly
34 also distributes pressure levels to the door bladder
314 (elready 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
high positive pressures (e.g., + 500 wmHg) applied for
closing the cassette.valves V1 to V26 and to drive the
expression of liquid from the in-process puhp IPP and the
plasma pump PP. The magnitude of Pimpr is sufficient to
overcome a minimum pressure of approximately 300 mm Hg,

which is typlcally present w1th1n the process1ng chamber..

Plnpr and Phard are operated at the hlghest ressure‘f,f
to ensure that upstream and downstream valves ﬁsed in
conjunction with pumping are not forced opened by the
pressures applied to operate the pumps.

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
Hard. Vacuum (-350. ang), whlch 1s the deepest vacuum,

fapplled 1n the nmnl old ass'

1y 34 to open cassette[f 2

valves Vl to v26. The manlfold essembly 34 also generatesv
Vgen, or General Vacuum (-300 mmHg), which is applied to
drive the draw function of each of the pumps DP1, DP2,
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

valve station 30 can be found in United States Patent
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reference. . ) :

. ‘Capacitive Flow Sensing

.The controller 16 desirably includes means for
moniﬁoring 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
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
contact W1th fluids within thelr respectl e, pump, .. -
Chambersn The capac1t1ve'01rcu1ts comprlse capaCLtorsilwzl

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
capacitor plate. 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
assembly 34, and the- gasket 312 overlylng the inside face
324 of the door 32f
energy through each PCBA 332 creates an electrlcal field

;‘The passage of electrlcalfg

within the respective pump chamber. Cyclic deflection of
the diaphragm 304 associated with a given pump chamber to
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 increases as fluid is draw into the pump
chamber, and capacitance decreases as fluid is expelled
from pump chamber,
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In this arrangement, the PCBA’s 332 each includes a
capac1t1ve sensor (e. g , a Qprox E2S8). The capacitivé
sensor reglsters changes in capac1tance for the circuit
332 for each pump chamber. The capacitance signal for a
giveh 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.

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
_senseqd . maximum‘ and - minimum signal' Values . during

fﬁsubsequent draw and expel cycles ‘to fluld volume drawn4"
and expelled through the pump chamber. The controller 16
can sum the fluid wvolumes pumped over a sample time
period to yield an actual flow rate.

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

Fig. 15 shows the PCBA's 332 located entirely,
'51de the cassebte 28, belng face mounted w1th1n thE‘_E

‘ae5001ated “actuator port 320. In one‘ alternative
embodiment, a component of the circuit 332 (e.g., one of
the capacitor plates) can be placed inside the pump
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

manifold assenbly 34 or as molded circuit board
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components integrated with the body of the manifold
assembly 34, In the latter embodlment €lectrical
cucult:ty or routlng 'is molded on thermoplastic parts,
€.9., by lithographic patterning, over-molding, or by
seal:ing a flexible circuit to a corhponent part. The
thermoplastic parts, which perform electrical functions,
are integrated, e.g., by ultrasonic welding, to other
components that perform the pneumatic functions of the
manifold assembly 34, ‘forming compact, multi-layer,
multi-functional assemblies. In this arrangement,
electrical connection with the external 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

sensors, and/or by use, of consolidated rlbbon cables

IV ’_»Use of System to Perform a Plasma Collectmn ;
‘ Procedure ’ ’ ‘

Use of a blood flow set 12 in association with the
device 14 and controller 16 to conduct a typical plasma
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
venlpuncture. Durmg the. collectlon cycle, whole blc>od__1 .

drawn from the donor: lS processed to collec

whlle 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
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‘
ieukécytes.‘ The chamber 18 shown in’ Fig. 18 can also be ’
used to perform a plasma/red blood cell collection
proéédure.

-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
component 200 and a 1id 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
component. 202. forms another, a.xlal boundary of the channel
'Azlo Wh:.le both ax1al houndarles " are : shown to be L
generally flat (i.e. , normal to the rotatlonal axls) 1t: “
should be appreciated that the axial boundaries can be
tapered, rounded, V-shape, and the like. When assembled,
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
. walls. . The opposmg stlffexung walls form ~an open. -

}intenor reglon' 222 4n"the hub 204, whlch communlcates
:w1th the channel 210 Blood and ‘fluids are J.ntroduced
from the umbilicus 100 into and out of the separation
channel 210 through this region 222.

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
circumferentially along the chamnel 210 during
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separation.

Addltlonal wolded interior walls d1v1de the region -
222 1nto three passages 226, 228 and 230 The passages
226, 228, and 230 extend from the hub 204 and commmnicate
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
bleod 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 oppos:.te to the cncumferentlal flow of whole ..

',blcod, 1 e P ci ckw e, although whole blood flow J.s the'
same dlrect:.on as rotation is bel:.eved des:.rable 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 terminus wall L

’v:.nlet passage

‘226 are the plasma co. lect:Lon 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
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barrier 232 is tapered toward an annular boundary of the
channel 210 Awhich, in the 1llustrated embodlment, is the
annular wall 214) in ‘the direction toward the term.mus"
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 den51ty components .
adjacent to - the hlgh <G wall 208, comrm.\nlcate w1t11 the
opening 236. The ledge 238 keeps plasma, whlch 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 except toward the plasma collection
passage 228. The plasma exiting the separation chammel
210 is thereby free or essentially free of the higher
density materials, which exit the separation channel 210
t:hrough the rest:rlcted h:.gh -G openlng 236,

‘I‘he 1edge'

_38 jo:.ns an axlal surface 240 wh:.ch 1s

3anera11y allgned with the low ¢ wall 206 The ‘axial o
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 collectlon passage 228 (as Fig. 22
shows) .

As Fig. 22 also best shows, plasma residing along
che low-G wall 206 is circumferentially directed by the
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barrier 232 and ledge 238 to the plasma collection
passage 228 and into the umbilicus 100 The "higher
density fluid contalnlng red blood cells and the buffy
coat components (platelets and leukocytes), which reside
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
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
:abrupt changes 1n flow dlrectlons whlle the hlgher andfvu
vlower den51ty materlals are dlrected toward their
respective cdllection passages 230 and 228. Abrupt
changes in flow direction could induce undesired vortex
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.

- It should be apprec1ated that the barrier. 232 could,u

be conflgured opp051tely relatlve to the ‘rectlon efn
blood flow, so that the tapered edge 234 dlrects blood'-
along the high-G wall 208 in an axial flow direction
upward from a bottom annular boundary wall toward an
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

side. In a radial separation field established between
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high-G and low-G surfaces, the axial flow direction
(eithér “up” or “down” along thé axis of rotation) blood
takes along a high-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
towaxrd their respective collection passages.

The contours, ports, channels, and wa_lls 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 1id
component 202 comprises a simple flat part that can be
_easily welded .to the open end of the base component. 200

-vto cllose sit .after’ moldmg Because all features that
affect the separat:.on process are 1ncorporated 1nto one
injection molded component, any tolerance differences
between the base 200 and the 1id 202 will mnot affect the
separation efficiencies of the chamber 18.

If the contours, ports, channels, and walls that are
preformed in the base 200 create surfaces that do mnot
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 byA_.__‘

nestlng cup shaped subassemb

Les. or wo symmetrlc halves.

Alternatlvely, moldmg mandrels can be mserted and ‘
removed from both ends of the base 200. In this
arrangement (see Fig. 19), the chamber 18 can be wolded
in three pieces; namely, the base 200, the 1id 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
in various ways. Interior structures can be molded on
‘one 51de 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 plasﬁa collection container 160, a

.red blood cell collection contalner or reservolr 162, a. .

:whole blood 1n process contamer 158,. n ant:.coagulant L
contalner 150 and a process:mg fluld (e.g., sallne)
container 164.

1. Plasma Collection Cycle

During a typical collection cycle of the plasma
‘collection procedure, whole blood drawﬁ from the donor is
processed to collect plasma, while returning red bloaod
cells to the donor. The donor interface pumps DP1/DP2 in
the cassette, the anticoagulant pump ACP in the cassette,
_the in- process pump 1pp in. the cassette,,and the pl sma, ...
:pump PP :Ln the cassette are pneumat:.cally dr:. ven h :

controller 16, in conjunctlon with associated pneumatlc
valves V1 to V26, to draw anticoagulated blood into the
in-process container 158, while comveying 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 160 at a contxolled

rate QP, while removing red blood cells from the
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processing chamber 18 into the red blood cell container

162 (at a rate QRBC = QWB - QP). This phase continues

:uﬁtil.a'teréeted volume of plasma is collected in the
plasma collection container 160 (as monitored by a weigh

sensér) or until a targeted volume of red blood cells is

collected in the red blood cell collection container 162

(as also wonitored by a weigh sensor) .

If the volume of whole blood im 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 volume of whole blood reaches a predetermlned

'bmlnlmum threshold 1n the 1n process Contalner 158" durlng'f
'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 betwsen 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

,red blood cells has been collected ‘whichever occurs

'é. Red ‘Biood Cell Retirn Cycle

buring 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
blood cells into the red -blood cell contalner 162. This
arrangement: also conveys red blood’ cells from the red
blood cell container 162 to the donor, while also mixing
saline from the container 164 in line with the returned
red blood cells. The in line wixing 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
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'

’terml.nate blood separatlon. The phase contlnues unt'l'

‘:the red hlood cell’ CDntalneI‘ 162 emptles

Upon emptylng the red blood cell contalner 162 theA ‘
controller 16 operates the donor interface pump station
DP1 to draw whole blood from the in process container 158
to f£ill the donor tube 126, thereby purge red blood cells
(mixed with saline) in preparation for another draw whole
blocd cycle. The controller 16 then conducts another
collection cycle. The controller 16 operates in
successive collection and return cycles until the weigh
sensor 1nd:|.cates that a des:.red volume of plasma has been
:collected : .

g the plasma collec 1on contalner 160. Thef

bcontroller 16 termmates the supply and removal of blood’
to and from the processing chamber, while operating the
donor interface pumps DP1/DP2 in the cas.sette 28 to
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

During a given plasma collection cycle, the
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controller 16 desirably operates the sensing station 4s,
to mon:Ltor the presence of targeted cellular blocd
species components (in partlcular, platelets or
leukocytes, or both) in the plasma collection tube 106.
The ﬁresence 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
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)

In response to an, over sp:.ll condlt:l.on (shown in

‘-Flg 13), the conf:roller 16 operates the 1n process pump»":
'.IPP to draw whole blood from the 1n-pr0cess contalner 158
into the processing chamber 18 at a predetermined flow
rate. Red blood cells continue to exit the chamber 18
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
of red blood cells, forc:.ng the 1n&:erface away from the |
ilow ¢ wall and back ‘toward. th ; :
chamber (as Flg ‘12 shows) After the preestabllshed tlme‘

period, the controller 16 resumes operation of the plasma
pump PP for a short time periocd (e.g., 10 seconds), while
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, c¢lean plasma
will be detected by the first sensor 146, and normal
plasma collection can be resumed. If clean plasma is not

sensed, indicating that the over spill has not been
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corrected, the controller 16 repeats the a.bove descrlbed
sequence. ) .

" The above-described sequence does’ n&t ie'ly ﬁpon'.‘
ascertaining the actual physical position of the
inteiface within the separation chamber, but ingtead
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 contaminatjon 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 blood .

;fenter:.ng» the separatlon cham.ber (QWB) and the flow rat' ]
of plasma ex1t1ng 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)/(QWE) therefore
correlates to the physical position of .the interface
within the separation chamber 18. At a given fixed (QWB),

increases in (QP) ,,thereby 1ncreaslng t:he rat:.o, removes

"a greater volum

: -plasma and. therefore moves the': e
‘interface toward ‘the low-G wall’ (as Fig. 13 shows)
Conversely, at a given fixed (QWB), 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 biood
which cannot be readily controlled or measured durlng ‘the
course of a’ blood processing procedire.

It has been discovered that the wmagnitude of the
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
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
1nterface and the hlgh -G wall (i.e., with decreases in
‘the ‘fatio (QP)/(QWB)) By adjustlng the ratlo QP)/(QWB);
to achieve a targeted hematocrlt of red blood cellsb
exiting the chamber 18 (HCTRBC), a targeted physical
position of the interface relative to the high-G wall can
be 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
changes in the hematocrlt of red blood cells ex1t1ng the

proce551ng chamber 18: over tlme.-Alternatlv Vi varlousjb

convéntional means for sensing red blood cell hematocr:t“':
can also be used.

An optimal set point for HCTRBC (SET HCETRBC) can be
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
optimal collection time., The data demonstrates that, at a
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determinable high threshold HCTRBC, platelets will cease
exiting the chamber 58 w1th red blood cells. At ’chis‘,_
given high threshold value HCTRBC platelets tend to
remalntwn_th the plasma in the chamber 18, and thexeby be
subjéct 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 & 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_HCIRBC as a control allows (QP) to
be maximized to optimize procedure time and maximize red
‘blood cell hematocr:.t whlle 1nduc1ng platelets to leave
;‘:the "chamber w1th the red blood cells to av01d an over":_ )

Splll condlt:.on

Tn 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
location within the separation chawber that is

empirically determined to optimize plasma purity and

collection time, while avpf;ding 91_: min:}mizin_g der spill |

In a representat:.ve 1mplementat10n, the rat:.o (QP)/ o
(QWB) 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)/ (QWB) is multiplied by
a decrement factor of about 95% to set the initial ratio
(oP)/ (QWB). In this implementation, the “ideal” (QP)/
(OWB) is set equal to (1 - Hi/Ho), where Hi is the

hematocrit of anticoagulated whole blood entering the
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separation chamber 18, and Ho is SET_ HCTRBC. Hi is
der:.ved based upon the act:ual or estimated hematocrlt of‘
the donor (Donor_ HCT) and the ‘dilution of the whole blood
as a. result of addition of anticoagulant. Hi can be
deri\;'ed, e.g., by multiplying Donor_ HCT by (1 minus the
anticoagulant-to-whole blood ratio/100).

As the procedure progresses, sensed HCTIRBC is
periodically compared to SET_HCTRBC, and the initial
ratio {QP)/{(QWwB) 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 -HCTRBC as well as the rate at which
the difference is changing. Conventional PID control
»_-technlques can. be used. Des1rab1y, the. ratlo (QP /(QWB)'
,.1s :anremented or-. decremented w1thin a set mln:.mum 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(Hi). The donodr’s whole

_blood hematocrlt can. be- phy51cally measured at. the outsetv_ )

of a processmg procedure, or “be’ based qun

empir:.cally determined default ‘value (e. g.. 0. a1 for a
female donor and 0.43 for a male donor).

gince 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
inlet and return pathways primed with whole blood, the
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controller 16 conditions the centrifuge station 20 to
undergo a ramp—up phase Durlng 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 régisters 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 inversely with the donor’s
"yantlcoagulated whole blood hematocrlt -Since the volume .
"of the: molded proce551ng cha.mber 18 ig’ flxed and known,.“‘
the antlcoagulated whole blood hematocrlt: value for the
donor can be directly derived from the measured volume of
anticoagulated whole blood required to £il1l it at the
outset of a given processing procedure.
V. Use of the System to Perform 2 Double Red Blood

Ccell Collection Procedure

Use of the set 12 in association with the device 14
and controller 16 to conduct @ typical double unit red

blood cell colléction prf;cedure will now be described for. .

illustrat:.vé "purposes .- . ; ,
A. The Blood Processing Chamber

Fig. 8 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 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

aoumerals will be used for this reason. As previously
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described, the processing chamber 18 is fabricated'in two
separately molded pieces; mnamely, .the base 200 and the
1id 202. The hub 204 is surrounded radially by inside and‘
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 1id 202 is secured to the top
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
222 in the hub 204, which communicates with the channel
:210, Blood and fluids are 1ntroduced from the- umblllcusu,v
vloo 1nto and out of the separatlon.channel 210 through"
this reglon 222. A molded interior wall 224 formed inside
the region 222 extends entirely across the channel 210,
joining the outside annular wall 208. The wall 224 forms
a terminus in the eeparation channel 210, which
interrupts flow circumferentially along the chamnel 210
during separatiom.

Additional molded interior walls divide the region
222 into three passages 226, 228, and 230. The passages
:226 228,‘and 2390 extend from the hub 204 and communlcate'

_w1th theé “channel . 210 on opp031te sides of the termlnus‘;_
wall 224. Blood and other fluids are dlrected from the
hub 204 into and out of the channel 210 through these
passages 226, 228, and 230.

As previously described, the chawber 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
whole blood into the channel 210 through the passage 226.
The whole blood flows in the channel 210 in the same
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directi.on as rotation (which is counterclockwise in Fig.
B). 'Alterna.tl:ive'lly, the chamber 18 can be 'rot_,ated' in a
direction opposite to. the circumferential fldw of whokle
blood, -i.e., clockwise, although a whole blood flow .in
the same direction Aas 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
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
passage of plasma, while allowing passage of red blood
;«cé,l'ls'.,in'té a éha{;inel. 246 recessed in.the high-G'wall 208.
The channel 246 faﬁ.{f‘e‘ct:s“;the_'red blood cells. 1ﬁt§o the :
umbilicus 100 through the radial passage 230. The plasma
constituent is conveyed from the chamnel 210 through the
radial passage 228 into umbil)'..cusb 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
_interface between the red blood cells and the buffy coat

;ve;.:yf.vgli‘gs;é" tp" the  high-g ,wall, 208 during blood ..

'}proc‘és;i‘_ng ., without spll’lmg thé_':'ﬁllz;“ffy“coa_'t ‘into ‘the red ol
blood cell collection passage 230 (creating an over épill :
condition). The recessed exit channel 246 thereby permits
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,
and walls that affect the blood separation process may be

preformed in the base 200 in a single, injection molded
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operation, during which molding mandrels are inserted 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
permlt 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
base 200 and use of inserts 242, as Fig. 19 shows.
l 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
,-used for the plasma procedure, and common reference;;-
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
contdiner or reservoir 162, a whole blood in-process

container 158, .an. antlcoagulant contalner 150 and a.

"processmg flu:.d (e 9., sallne) contalner 164 For a_ﬁ‘
double unit red blood cell collectlon procedure,
additional comtainers 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

unit red blood cell collection procedure.
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1. Collection Cycle

During a typ:Lcal collection cycle of the double u.nlt_
red blood cell collection procedure, whole blood drawn
from the donor is processed to collect two units of red
blood cells, while returning plgsma to the donor. The
donor interface pumps 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 the
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
arrangement also removes plasma from the processing
.chamber 1nto ‘the plasma container. 160, while removmg red:
'_'blood cells from the: processnxg cha,mber mto the red :
blood cell container 162. This phase continues until an
incremental volume of plasma is collected in the plasma
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
container 158 reaches a predetermined maximum threshold

‘_.before the- targeted volume of . elther plasma or: red blood

cells is" collected,_ “the co troller 16 temunates
operation of the donor interface pumps DPl/DP2 to
terminate collection of whole blood in the in-process
container 158, while still continuing blood separation.
If the volume of whole blood reaches a predétermined
minimum threshold in the in-process container 1;38 during
blood separation, but before the targeted volume of
either plasma or red blood cellé is collected, the
controller 16 returns to drawing whole blood to thereby

allow whole blood to enter the in-process container 158.
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The controller toggles between these two conditions
according to the high an'd‘low volurﬁg t_hreslholds,‘ for the
in-process container 158, until the requisite volume of
plasma.has been collected, or until the target volume of
red blood cells has been collected, whichever occurs
first.
2. Return Cycle

During a typicé.l return cycle (when the targeted
volume of red blood cells 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
;:,.contalner 158 ;Lnto the: process1ng chamber 18 for:.
.separatlon, . whlle remov:.ng plasma 1nto the plasma
container 160 and red blood cells intc the red blood cell
container 162. This arrangement also conveys plasma from
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,
as monitored by the weigh sensor.

-If. the yolume, of:.yhole blood -in; the .in- -process . .

.::_fcontalner 158 reaches a si:vemf:.ed low threshold before'.;
the plasma container 160 empties, the controller 16
terminates operation of the in-process pump IPP to
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 im successive collection and
return cycles until the weigh sensor indicates that a
desired volume of red blood cells have been collected in
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the red blood cell collection container 162. The
controller 1le termlnates the supply and removal of blocd
to and from the processing chamber, while operating the
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
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)
In an alternative ewmbodiment, the controller 16

‘shortens the overall. procedure time by cau51ng a forced
”under Splll of red blood ~cells, from the separat:.on. .
chamber into the red blocd cell collectlon container. near
the end of the procedure. The deliberately forced under
spill purges residual red blood cell wvolume from‘the
separation chamber at the end of a procedure, thereby
simplifying and shortening the time of collection and the
final return cycle.

In this ewbodiment, the controller 16 periodically
or constantly monitors the volume of red blood cells

- remaining to.be- collected durlng a given. procedure.. .The

f"'controller 16 commences the forced under spill COndlthTl:'
when the volume of red blood cells remaining to be
collected equals or approximates the volume of red blood
cells occupying the separation chamber 18. The volume of
red blood cells occupying the separation 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
during a red blood cell purge (KI) (which is also a known
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quantity based on gsometry of the chamber); (iii) inlet
_anticoagulated - whole ~blocd hematocrit  (Hi), the
‘derivation of which has been prevmusly descrlbed or
which can comprise a default value dependent upon gender;
(iv)'. outlet red blood cell hematocrit HCTRBC, the
derivation of which has alsc 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
cccupying the separation chamber based upon the above
factors (Forced Under SpillRBC) are:
Forced Under SpillRBC = (KRBC) + AIP * HCTRBC

. - wher AIP . is ‘the .in process blood . volume. :
“ needed to achleve the under sp:.ll 1 _KI)/:[ (1= Hl))/x.f.t
HCTREC/ (xa)]

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
cells have entered the plasma collectlon tube 106 (wh:.ch._

the ,sensor 146 w:Lll'_ tect), the controller closes the.»
"plasma collectlon tube and opens the red blood cell
collection tube. This state allows the red blood cells
that have accumulated in the separation chamber to bhe
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 mnormal red blood cell
collection state.

Upon completion of a red blood cell collection
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procedure, the controller 16 enters an air purge cycle,
the deta:.ls of which will be descrlbed later.
‘ 4. Leukofiltration -

When the collection of red blood cells and the.
retu;:n of plasma and residual blood components have been
completed, the controller 16 can switch, either
automatically or after prompting the operator, to an in-
line leukofiltration cycle. During this cycle, red blood
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
mixed with the red blood cells.

The. 1eukof11ter 170 can. be variously constructed.. .

~‘..The filtér, can,' e = comprlse a hous:Lng :anlosmg 2
‘flltratlon medium that can comprise a membrane or be made
‘from a fibrous material, such as melt blown or spun
bonded synthetic fibers (e.g., nylon or polyester or
polypropylene), semi-synthetic fibers, regenerated
-fibers, or inorganic fibers. If fibrous, the wedium
removes leukocytes by depth filtration. If a membrane,
the medium removes leukocytes by exclusion. The housing
can comprise rigid plastic plates sealed about their

:.peripheries. Alternatively, the - housxng can comprlse.‘

‘.y'ﬂex1b1e sheets of medlcal grade plastlc materlal‘ such‘v,:.
as poly'v:.nyl chloride plastlc:.zed with di-2-ethylhexyl-
phthalate (PVC-DEHP). The filter 170 can be held during
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 interface 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
to transfer this air into the red blood cell collection

reservoir 162. This- stage minimizes the volume of air

-66-




WO 2004/037427 PCT/US2003/033469

- g5 -

residing in the red blood cell storage containers 172
’before the leukocyte rerioval process beglns The stagé~
also prov1des a volume of air in the red blood cell
collection container 162 that can be used purge red blood
cellé from the filter 170 into the red blood cell
collection containers 172 once the leukocyte removal
process is completed.

In the next stage, the controller 16 operates the
danor 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
volume of air pumped into the final red blood cell
storage contalners 172

. In ‘the’ nexE stage, the controller 16 operates the S
dcnor interface pumps DP1/DP2 in the cassette 28 to
alternate pumping red blood cells from the red blood cell
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 througp the filter 170). This
alternating process mixes the storage solution with the
red blood cells._ The controller 1s, counts the pneumat;.c Cees
pump strokes ok . red Bl d' cells and the storage solut:.on
£o obtain a desu:ed ratio of red cell volume to storage
solution volume (e.g., five pump strokes for red blood
cells, followed by two pump strokes for storage solution,
and repeating the alternating sequence). Thisg
alternating supply of red blood cells and storage
solution continues until the weigh scale for the red
blood cell collection reservoir 162 indicates that the
reservoir 162 is empty.

When the red blood cell collection reservoir 162 is
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empty, the controller 16 operates the donor interface
pumps DP1/DP2 to pump a pi—edetermined volume of air from
‘the red Blood cell collection ieservoir 162 through the
filter 170. 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 additiomal storage
solution through the filter 170 and into the red blood
storage containers 172, as required to ensure that a
desired ratlo between storage. solutlon volume and red

":blood cell volume ex1sts. . T en," as a flnal step, the"w' B
controller :LE pumps a last, predetermlned volume of
storage scolution through the filter 170 to rimse any
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
filter 170 to complete draining.

. Further details of the leukoflltratlon cycle and the-_

.leukoflltratlon._fllter 170 can be found 1n "Co Pendlng’
United States Patent Apphcat].on SerJ.al No 09/976 B32,v“
filed October 13, 2001, and entitled “Blood Separation
Systems and Methods that Alternate Flow of Blood
Component and Additive Solution through an 1In-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

cells and plasma. It is desirable to return these
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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 bloeod cells as poss:.ble
minimizes donor red blood cell loss and shortems 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
liquid, to flush red blood cells from the separation
chamber after blood processing also lessens the weight of
potentially bio-hazardous wastes ti’xat must be disposed of
after blood processing.

Sterile a1r is purged from the system and parked in .
the 1n—prc>cess whole blood reservcnr durmg the. 1n1t:1a1"_
prlmlng cycle prlor to a glven blood processmgr‘
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
separation chambex 18 whlle residual red blood cells are . ..
he" ] a./pt _‘ D’ chrough the -
plasma outlet ‘tube 106 from the chamber 18 This phase

‘drawn by operatlon of

continues until air is detected in the plasma tube 106.
A second phase of the air flush then commences.

During 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 rotatiomal rate (e.g., 300 RPM),
sufficient to displace red blcod cells toward the high-G
wall of the chamber 18 for removal, and to displace air
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residing in the separation chamber 18 toward the low-G
wall of the separatlon chamber 1s8. 'The second phase
continues until air is detected in the red blood cell
tube 104. At this point, the air flush is terminated.
" The detection of air in the red blood cell tube 104
and 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
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
Aplasma tube 106 uses red and green light transmission to
determine the concentrations of platelets and/or red
blood cells 1n plasma ex1t1ng t:he chamber 1s. The sensor
148 1n the red blood cell ‘tube 104 uses mfrared (805 nm)
reflectance and transmlsslon to determ:.ne the hematocrlt
of red blood cells exiting the separation chamber 18.
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 semsor output is the
average of multiple samples.
It is been determined that the present of air
bubbles passing by either sensor 146 or 148 creates a
pronounced varlance among the. measurement samples taken

_‘by the’ sensor, whlch s:.gnlflcantly exceeds the varlance -

‘used to Valldate sample averages dur:.ng normal operat:.on‘
A set threshold variance among samples taken during a
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, sguaring the sum of the
differences, and dividing this quantity by the number of
samples minus one,
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In the case of the plasma line sensor 146, if the
varidnce for ‘either red ‘or green transmittance
.measurements exceeds a threshold varlance of about 4000‘
(which is greater than the variance by which the validity
of éamples 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.

In the case of the red blecod 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
variance by which the validity of samples are gauged for
,_normal :Lnterface sensmg purposes), the controller 16 .
generates an: alr bubble detectlon s:.gnal for the red..
blood cell tube 104. The con\:roller 16 termlnates 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 clawp 154,
and the correct placement of a clamp 116 or a hemostat

.downstream of the donor tube- antlcoagulant tube . 152

Junctlon.: The correct placement-fof the cassette, correct: 8
routing of t:hese 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 f£luid flow
channels within the cassette. In addition to a pneumatic
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seal, the amount of trapped air between cassette
'dlaphragm 304 and valve face gasket 318 of the pneumatlc
manifold assembly 34 should be minimized for effective
operation of fluid valves and pumps. Inflation of the
door bladder 314 prior to complete installation of
cassette 28 against the manifold assembly 34 can
compromise sealing. Defects in cassettve sealing surfaces,
like knicks and dings, as well as improper loading of
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
integrity checks.  1In a representative implementation,
-;these 1nstallat10n and 1ntegr1ty checks :anlude (1)
-cassette presence check wh'.Lch verlfles the presence of-,
cassette 28 in the pump and valve station 30 prior to
inflation of door bladder 314; (2) a burp routine to
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 agaimst the
manifold assembly 34 and the lack of leaks in the valve
face gasket 318; (4) a dry cassette integrity test, which
verifies -- using air -- the correct routing of the donor

,Jtube 126. and: the antlcoagulant tube, 152-. through donor_:

'__‘clamp 154 --and (5) a- wet” cassette ;\.ntegrlty test, whlch

verifies -- using a 11quld {e. g : saline) -- the a.bsence”
of cassette defects which could compromise sealing of
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 comnecting a donor and starting a desired
blood processing session.

With reference to Fig. 15, the operator installs the
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cassette 28 in the pump and valve station 30 and closes
the station door 32. If the cassette 28 is present the
available volume for expans:Lon of door bladder 314 is
reduced. Therefore, the time required to reach a given
preseure 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
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
pressure in the bladder 314 equals or exceeds a
prescribed threshold pressure _(PBLAD) le.g.. -800 mmHg), .

'.»w1th1n a prescrlbed tlme per:Lod (e g. "30 seconds), . e

controller 18 deems that the cassette 28 is present
within the station. Otherwise, the controller 16 alarms
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

The burb routine minimizes the amount of air trapped

- between valve face gasket 318 .and cassette dlaphragm 304,

r'after the door 32 has been closed (1n genera

L, ‘sée Fig.! .
15). 'I'rapped air can adversely affect the performance of
valves and pumps in the cassette 28.

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
manifold assembly 34, but does not cause a pneumatic seal
with the valve face gasket 318. While the door bladder
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314 is‘ at this lesser pressure, the controller 16 then

dir_eéts_'thg' "manifo'ld’ aésembly 34 to regulate PHARD and
then PGEN for prescribéd time p'eriods. This&eguiatioﬁ of A
dlfferent 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

the door bladder pressure is regulated to its - full,

designated sealing pressure (e.g., about 900 mmHg). The

controller 18 proceeds to the next integrity test, which

is the valve cross-talk test.

C. Valve Cross-Talk Test

The objective of the valve cross-talk test is to

_.detect leaks . in- the. valve face gasket 318 prior-to start ... .

of a sallne pr:.me of _the £low. ‘set 12. The controller 16
dlrects the manifold assembly 34 to set the door bladdex
314 to sealing pressure. Adjacent valves and pump
chawbers 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 |Vi; V3; V5; V7; V10; V12; V14; V16; V17; V18;
V21; V24; V26; DPl; DP2; and ACP

27 V4i Ve "va' vo; Vil; ¥i3; V15; V19; V20; |
\va2; v23 ;:V26; TPP; and PP C

Vacuum

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
acceptable specified level (e.g., less than about 2 to 3
mmHg/sec) . The controller generates an alarm if any
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region experiences a leak rate equal to or greater than
the specified acceptable level, which indiéa.te‘s leaks in
the valve face gaéket 318. ‘ o -

If all regions experience a leak rate less than the
specified acceptable 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
anticoagulant tube 152 bypassing the donor cla‘mp 154; (2)

; .the. donor tube 126 and/or the. antlcoagulant tuhe 152 ..

l»belng plnched "'(3) the: absence of the clamp 116 or &
Vhemostat at the donor tube 126/anticoagulant t:ube 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 gquality assurance testing following
manufacture, e.g., during shipment and handling prior to
use.

The. dry cassette mtegrn.ty test pressurlzes selectedv.-_v

‘:l:reg:‘.ons of the cassette 28 usmg a1r The dry cassettei'_‘_‘_
integrity test uses air mstead of llquld 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.

During 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

designated pump chambers in the cassette 28 to draw air
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from the umbilicus 100 into a selected region, and to
‘close des:.gnated valves to hold pressure w1th1n the
reglon The initial pressure is sensed in a pump chamber
communicating with the vregion. The pump chamber is
coupied to the targeted tube through the donor clamp 154,
which is set to a closed condition. The mwanifold assembly
34 is directed to apply positive pressure to the pump
chamber serving the region, to try to expel air from the
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
pressure drop ratio (final pressure/initial pressure) is
_experlenced that is greater than a predetermlned‘
jthreshold the donor clamp 154 1s not preventlmg ‘air :
flow, and a mlsload is deemed to exist.

In a representative implementation, the dry cassette
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)

The condition of the fluid circuit 306 at the outset

of Phase 1 is shown. in F19.,25A

Durlngg hase 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
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 puﬁp
PP. In the fluid circuit 306, this path can be created,
e.g., by opening V2/ V21 (opening the red blood cell tube
104 from the umwbilicus 100 to the red blood cell
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container 162); openlng v1/Vié (openmg the whole blood
tube 102 into the umbilicus 100 ‘to the "in- process.v._
container 158 through the in-process pump PPP; and
opening V5/v6/v10/V11/V17 ({opening the plasma tube 106
‘from the umbilicus 100 to the donor pump DP1 through the
plasma pump PP). The donor clamp 154 is closed, as are
the other valves in the fluid circuit 306.

The controller 16 directs the wanifold 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 Vg, which closes the air path from the
_umb111c:us 100, The controller then. dlrects the manlfoldv
assembly 34 to, open valves V12/V13/V18, th.ch opens_ a
path from the donor pump PPL to the donor tube 126,

regulated only by the domor clamp 154, which remains
closed. The condition of the fluid circuit 306 at thie
stage of Phase 1 is shown in Fig. 25B.
The controller 16 next directs the manifold assewbly
34 to hold PGEN and VHARD, vent VGEN, and, after a
prescribed delay period, record the initial PGEN1 in the
donoxr pump DPL.
The controller 16 then dlrects the mam.fold -assembly:

,34 to apply pressure to DPl for a prescrlbed penod of
t1me This dlrects alr 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.

Tf the ratio DGEN2/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
the cassette 28. If the ratio PGEN2/PGEN1 is equal to or

77-




WO 2004/037427 PCT/US2003/033469

- 76 -

greater than the spec:.f:.ed value, the controller 16 deems
.that leakage of a:Lr through the donor clamp. 154 did not
occur, and that t:he donor tube 126 is properly installed
in the donor clamp 154. In this instance, the controller
16 moves to Phase 2 of the dry cassette integrity test.

2. Phase 2 (Migsload Conditions of Anti-

coagulant Tube)

_The condition of the fluid circuit 306 at the outset
of Phase 2 is shown in Fig. 26A.

At the outset of Phase 2, the controller regulates
DGEN, 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
cassette valves are closed, except for the valves that
»establlsh a. path that allows ‘air to be drawn from the - -
umblllcus 100 :Lnto the antlcoagulant pump charrﬂ:er ACP.'-_"
through the plasma pump PP, donor pump PP1, and the donor
clamp 154. In ‘the fluid circuit 306, this path can be
‘creat:ed, e€.g., by opening Vz/ v21 (opening the red blood
cell tube 104 from the umbilicus 100 to red blood cell
container 162); opening V1/Vié (opening the whole blood
tube 102 into the umbilicus 100 from in-process container
158 through the in-progress pump PPP; opening
v5/V6/V10/V1i1/Vi7 (opening the plasma tube 106 from the.
umblllcus 100 te “donor pump DP1-. through the plasma pump.:
PR); and Spening V12/v13/v2 ‘ he. ‘donior . tube 126W
from the donor pump PP1, through donor tube 126 and

anticoagulant tube 152 into anticoagulant pump chamber
ACP). 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
donor tube 126 and anticoagulant tube 152 (as shown by
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the arrow AIR path in Fig. 26A). The controller 16 then
directs the manifold assembly 34 to close V22 and the
donor clamp 154, keeping the remainder of the path to.tﬁe
umbilicus 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
apply pressure to ACP while opening V22 for a prescribed
periocd 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 PGEN2. The condition of the fluid
circuit 306 at this stage of Phase 2 is shown in E‘ig.
"26B, w:Lth the arrow AIR path from ACP to the donor cla!rp,, .
‘5154 1ndlcated . L
‘ If the ratlo PGENz/PGENl is less than a spec:.fled
value, the controller deems that leakage of air occurred

through the donor clamp 154, and that the anticoagulant
tube 152 is not properly installed in the donor clawp
154. The controller prompts the operator to reinstall
‘the cassette 28. If the ratio PGEN2/PGENL is equal to or
greater than the specified value, the controller deems
that leakage of air through the donor clamp 154 did not

. eccur,v and, l:hat the antlcoagulant tube 152 1s properly

V”mstalled n the donor clamp 154 In th].s mstance, the -}_: :

controller moves to the final mtegrlty check, whlch is
the wet cassette integrity check.

B. 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
completely primed with a priming fluid, e.g., saline. The
check uses capacitive sensing to determine the ability of
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the fluid circuit to maintain a pneumatic seal in
' selected test reglons when the fluld pathways are fllled
with the prlmmg fluid.

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,
the pump chamber is f£illed 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 semsing,
the controller 16 assesses the volume of fluid remaining
in the chamber after the emptying attempt is made. If
the volume of fluld rema:.n].ng in the pump chamber aftexr.

] the attempt :.s greater than ar predetermlned' mmlmum"‘"‘
volume, the controller 16 deems that the test region was )
pneumatically sealed sufficiently to resist leakage of
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
testing desirably creates and tests a sequence of test

reglons 1n SU.CCESS].OIL.

'I‘he boundary of the varlous test re"' ~ca'ri_fk'}e',

deflned by evaluatzlng the various posslble s"é'alivng"
failure modes that the circuit can experience.

In a representative implementation, the controller
16 opens the following valves to create a first targeted
test regiom: V3; V5; V6; V7; V15; V20; Vv25. Fig. 27 shows
the test region in bold solid limes. The test region
includes the donor pump DP1 and DP2, and the test region
includes a path through which blood and blood components

are conveyed to and from the donor.
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The controller 16 operates the donor pump DP1/DP2
and actuates the approﬁriate valves to draw saline from
the saline containei‘ 164 into the test region, to
pressurize the test region with saline to a predetermined
senséd 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, V1Q, V8, Vi3, and Vi4. The
controller 16 desirably opens additional wvalves
downstream of the boundary valves to proxfide 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,
the following valves downstream of the boundary valves
can be opened to prov:.de leak pa.ths Vi; V1i; Vi7; V22;
"'?:_V 37 the antlcoagulant pump: ACP the plasma. pump PP; the',v"‘_
in- iarocess pump IPP; and the donor clamp 154. The
possible fluid leak paths are shown in phantom lines in
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/V13/Vl4 and, by capacitive
sensing, records the pump £ill volumes for each chamber.

The controller 16 opens the reglon under test. to the‘_‘._'_

‘__donor pump by o' Y e and close donor"_ -
. pump chambers DPl and DP2 for a 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 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
above a completely empty chamber), fluid leakage from the

test region has occurred. An alarm is generated. If the

-81-




WO 2004/037427 PCT/US2003/033469

- 80 -

final values for both pump chambers are equal to or
greater ‘than the threshold mlnlmum, flu1d leakage has not’
oceurred, and the test proceeds ’

The integrity of another test region can be tested
by o;pening the follewing valves: V5; Vé6; 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
paths to create a more sensitive test: V11; Vv17; Vv21;
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 wvalves that can be
opened in the leak paths marked with an asterisk (*).

The . domor = pump, DPl/DPz is‘_ actuated' for ..a.: .

predeterm:.ned number of pump strokes, to pressurlze the %
region under test w1th saline from the external sallne‘
container 164. During this time, the donor pump chambers

DPl 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 resgion under

test to the donor pump DP1/DP2 by opening valves V6 and
‘,.V7 and. close donor pump... chambers DP1 -and DP2 for a

predetermlned shortened push tlme ta move flu' d :
test reglon The 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
(which represents a baseline volume above an empty
chamber), fluid leakage into the test region has
cccurred. An alarm is generated. If the final values for
both pump chambers are equal to or greater than a
threshold (which represents a baseline volume above an
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empty chamber), fluid leakage has not occurred, and the
test proceeds '
‘The 1ntegr1ty of another test region can 'be tested
by opening the following valves, the following valves are
opened to 4create yet another test region: V4; Vi3; V14;
V15; and V20. Fig. 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
create leak paths: V3; V5; V10; V1l; V21; V22; 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
opened in the leak paths marked with an asterisk (*).

. The . donor. bump. DPl/DPZ Sis actuat:ed ;for,,a, )
-predetermned number of pump strokes to pressurlze the
.reglon under test w1th sallne from the in- processv
container 158, by ‘passing the umbilicus 100. During this
time, the donor pump chambers DP1 and DP2 are filled with
saline. The controller 16 isolates the pump chambers
DP1/DP2 Dby closing valves V6/V7/V13/Vl4 and, by
capacitive semsing, records the pump fill volumes for
each chamber. The controller 16 opens the region under
test to the donor pump by opening valves V13 and V14 and
~close donor ump chambers DP1, and DPZ for a predetemuned

.shortened push tlme to ve. flu' d _nto the test reglon

" The controller 16 then c:lose valves V13 and V14 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 (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
are equal to or greater than a threshold (which

represents a baseline volume above an empty chamber),
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fluid leakage has not occurred, and the three-phase test
of the representative 1mp1ementatlon is concluded. ‘

’ Of course, other test reglons could be establlshed
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
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
procedures. It should be appreciated, however, that the
. features of the 1nventlon equally. lend themselves to use»
: in’ other process:l.ng proceduresh
‘ For example, the systems‘ and methods descrlbed
which make use of a programmable cassette in association
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.
Furthermore, the systems and methods described are not

llmlted to .the kprocessmg of human or an:.mal blood drawn - .

ffrom vascularj 1rculatory systems

to process or separate suspensu)ns cfea.ted‘ outside
vascular circulatory systems and containing cellular
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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We Claim:

1. A blood processing assembly couwprising

““a frame rotatable about a rotational axis,

a. blood processing chamber carried by the
frame for rotation about the rotational axis,

an umbilicus having one end coupled to the
blood processing chamber along the rotational axis and an
opposite end held in a non-rotating position along the
rotational axis, v;.'ith a mid region of the umbilicus
extending, at least in part, outside the rotational axis,
and A

at least one support chamnnel on the frame
being sized and configured to engage the wmid region of
the umbilicus, the support channel including an edge' that
is 51zed and conflgured to self load the m:Ld reglon of .
'the umb:.l:.cus :Lnt:o the supporc channel J.n responSe to,.
‘rotatlon of the frame in a deslgnated dlrectlon

2. An assenbly according to claim 1

wherein the frame is adapted to be rotated in
a given direction during a blood separation procedure,
and

wherein the designated direction is opposite
to the given direction.

3. An assembly accordlng to claim ‘1

) whereln the support channel is 51zed andu

L ‘the umbillcus
directions t:oward and away from the rota\:lonal axis.

'n'conflgured to 1nh1b1t trave

radJ.al

4. An assembly according to claim 1

wherein the support channel imparts rotation
to the mid portion in response to rotation of the frame
about the rotational axis.

5. An assembly according to claim 4

wherein rotation of the umbilicus imparts
rotation to the blood processing chambex.

5. An assembly according to claim 1
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wherein the support channel 1nc1udes a low
fr:.ctmn material. o
7. A blood processing assembly comprlslng ‘
a frame rotatable about a rotational axis,
a2 blood processing chawber carried by the
frame'for rotation about the rotational axis,
an umbilicus having one end coupled to the
blood processing chamber along the rotational axis and an
opposite end held in a non-rotating position along the
rotational axis, with. a mid region of the umbilicus
extending, at least in part, outside the rotational axis,
and
first and second support chanmels spaced apart
on the frame along the rotational axis, the first and
secand: support channels bemg sized and conflgured Lo, -
: mut:ually engage the ma.d reglon of the umblllcus v‘;ﬁheﬁi,‘,-v
‘f:.rst and second suppor\: channels be:.ng arranged in a
reverse facing relationship to mutually engage the mid
region regardless of direction of rotation of the frawe.
8. An assembly according to claim 7
wherein at least one of the support channel is
sized and configured to inhibit travel of the umbilicus
in radial directions toward and away from the rotational
axis.

An assembly accordlng to clalrn 7

WV re:Ln at leas(: one of. the suPport channels.

1mparts rotatlon t:o the mid portlon in response to
rotation of the frame about the rotational axis.
10. An assembly according to claim 9
wherein rotation of the umbilicus imparts
rotation to the blood processing chamber.
11. An assembly according to claim 7
wherein at least one of the support channels
includes a low friction material.

12. A blood processing assewbly comprising
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a frame rotatable about a rotatiomal axis, the
frame hav1ng walls that deflne an ‘open. 1nter10r space

>through which the rotitiomal axis passes,

a drive mechanism coupled to the frame to
rotate the frame about the rotational axis,

a rotor carried by the frame within the open
interior space for relative rotation about the rotational
axis,

a blood processing chamber secured to the
rotor for rotation with the rotor about the rotational
axis, R

an umbilicus having an end coupled to the
blood processing chamber along the rotational axis,

a mwount aligned with the rotational axis
.outside the frame for holdlng an opp051te end_of the.

;umblllcus 1n a non rotatlng and statlonary p051t10n, w1thif<b
a mid region of the umbilicus belng bowed outside the
rotational axis, and

first and second support channels spaced apart
on the frame along the rotational axis, the first and
second support channels being sized and configured to
mutually engage the mid region of the umbilicus to impart
rotation to the mid portion in response to rotation of
the frame about the rotational axis, the first and second

Hsupport channels belng arranged ln &, .reverse fac1ng_‘_

1relat10nship'-o mutually engage the mid egion regardless:iAT
" of direction of rotation of the frame.-ﬂ
13. An assembly according to claim 12
wherein at least one of the first and second
support channels includes opposed side edges that lead
inward toward the respective support channel to guide the
mid region of the umbilicus into engagement with the
respective channel in response to rotation of the frame
and regardless of direction of rotation of the frame.

14. An assembly according to claim 12
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wherein at least one of the first and second
~ support channeis_ includes a side edge that is Asized, and
‘configured to self-load the mid region of the umbilicus
into the respective support channel in response to
rota.’tion of the frame in a designated directiom.
15. An assembly according to claim 12
wherein the first and second a second éupport
channels are sized and configured to inhibit travel of
the umbilicus in radial directions toward and away from
the rotational axis.
16. An assembly according to claim 12
wherein the first and second support channels
are sized and configured to lead the opposite end of the
umbilicus toward the mount. ‘
17..  An. assembly accordlng to claim 12.
. ’ where:.n rotat:.on of the umbll:Lcus 1mparts_"--v
vrotatlon to the blood processmg chamber secured to the
rotor.
18. An assembly according to claim 12
wherein one of the support channels faces
generally toward the frame and the other one of the
support channels faces generally away from the frame.
19. An assewbly according to claim 12
wherein the one support channel closest to the mount
.. faces generally away, from the frame and the other support .
“,vchannel farthest from the mount faces generally towardl
the frame
20. An assembly according to claim 19
wherein the one support channel includes
opposed side edges that lead inward toward the respective
support channel to guide the mid region of the umbilicus
into engagement with the respective channel in response
to rotation of the frame and regardless of the direction
of rotation of the frame.
21. An assembly according to claim 12
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wherein at least one of the first and second
-support channels mcludes a side edge that is sized and
conflgured to self-load the mid Tegion of the umblllcus
into the respective support channel in response to
rota-tion of the frame in a designated direction.

22. An assembly according to claim 12

wherein the one support channel is sized and
configured to lead the opposite end of the umbilicus
toward the mount.

23. An assembly according to claim 12

wherein at. least one of the first and second
support channels includes a low friction material.

24. A blood processing assembly comprising

a frame rotatable about a rotational axis, the
Erame. havmg -walls that. deflne an:: open :Lnterlor spaceA
through"whlch the rotatlcmal axls passes, ) :

a drlve mechanism coupled to the frame to
rotate the frame about the rotational axis,

a rotor carried by the frame within the open
interior space for relative rotation about the rotationmal -
axis,

a blood processing chamber secured to the
rotor for rotation with the rotor about the rotational
axis,

.an urbilicus hav:.ng an end coupled to the

blood process:.ng chamber along the rotat:lonal ax:.s,
a mount allgned w1th the rotational axls\

outside the frame for holding an opposite end of the

umbilicus in a non-rotating and stationary position, with

a mid region of the umbilicus being bowed outside the

rotational axis, and

first and second support channels spaced apart

on the frame along the rotational axis, the first and

second support channels being sized and configured to

mutually engage the mid region of the umbilicus to impart
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rotation to the mid portion in response to rotation of
the frame about the rotational axis, at least one of the
“first and second support channels includes opposed side
edges .that lead inward toward the respective support
channel to guide the mid region of the umbilicus into
engagement with the respective channel in respomse to
rotation of the frame and regardless of direction of
rotation of the frame.
25. An assembly according to claim 24
wherein at least one of the side edges is
gized and configured to self-load the mid region of the
umbilicus into the respective support chanmel in response
to rotation of the frame in a designated direction.
26. An assemwbly according to claim 24
L - wherein the. flrst and second a.second supportA
channels are slzed and conflgured to 1nhibit travel of -
.the umbll:.cus in radlal directions toward “and away from
the rotational axis.
27. An assembly according to claim 24
wherein the first and second support chamnels
are sized and configured to lead the opposite end of the
umbilicus toward the mount.
28. An assembly according to claim 24

wherein rotation of the umbilicus imparts

rotatlon to the blood processn.ng chamber secured to the

s’ rotor. B

29. “ An asseﬁblf acééiding to'“clairri 24
wherein one of the support channels faces
generally toward the frame and the other ome of the
support channels faces genérally away from the frame.
30. An assembly according to claim 24
wherein at least one of the first and second

support channels includes a low friction material.
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