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Three Dimensional Flow analysis of
a Leukocyte Removal Device*

Hirokazu Onodera

Abstract

In the autoimmune diseases, leukocytes do an important role to the onset of the
diseases. Therefore, it is thought that it is useful for the improvement of the disease to
remove leukocytes from the autoimmune disease patients. However, lymphocyte
removal which used the centrifuge method was complex the operation and has not
enough the removal efficiency of leukocytes, so the new technology which improved it
was aspired after.

In this research, first, this thesis shows the development of the leukocyte removal
device for the extracorporeal circulation therapy that can be easy handling to treat the
autoimmune disease. Second, it shows three dimensional flow analysis for designing a
leukocyte removal device.

In the development of the leukocyte removal device, we performed improvement to be
with the more safety of the filter. And we developed the new device for selective removal
of the lymphocyte. Then, leukocyte removal column has excellent therapeutic efficacy in
inflammatory bowel disease and rheumatoid arthritis and has been widely applied in
Japan.

In addition, it is important to analyzing the blood flow inside of the columns for
improvement of the removal efficiency and an ideally use for the therapies.

This study was aimed at the visualization of the blood flow in the column and
developing blood flow analysis system. The method: Radiographic contrast agent with
bovine blood was continuously injected from the inlet of the column by using X-ray
angiographies. During the exposure, the column was rotated 3 times per minute by the
specially designed rotating table. From the obtained sequential projection data, multiple

three dimensional images were reconstructed by filtered back-projection algorithm. For



guantitative analysis, blood flow in each voxel of the column was computed. The results
by the present system were compared with the conventional computer simulation results,
and it showed the computer simulation did not agree well with the real blood flow pattern
in the column. The present system is able to visualize three dimensional blood flow
pattern in the column and is useful to assess performance of the column for
leukocytapheresis. Then, this study evaluates the flow analysis system by two types of
half size column. And we show the effectiveness of this flow analysis system.

Finally, this thesis shows the development of three dimensional flow analysis for
leukocyte removal devices, which use at low blood flow rate, and designing two types of

leukocyte removal devices.
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Leukocyte removal device, flow analysis, tomographic view

*Doctoral Dissertation, Department of Bioinformatics and Genomics, Graduate
School of Information Science, Nara Institute of Science and Technology,
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1.1.1
Fig.1
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Fig.1 History of Blood Purification Therapy
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Fig.2 The Size of Blood Components for Blood purification devices.
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LDL

Tab.1 Adsorbents for medical use in practical use.
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Adsorbent , Ligands
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L 2

8 5 | Antibody IgG, LDL

o N

0 Protein A Immune complex
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Polymyxin B Endotoxin
Polyanion LDL, anti-DNA ab.
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Rheumatoid factor, anti-DNA ab.

Immune complex
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Non-Biological
adsorbent
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lon exchange resins

Bilirubin, bile acid
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1.1.2
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Fig.3 Leukocyte removal by non-woven fabrics
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30 50mL/min
(Fig.4)
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Anticoagulant

Blood Blood
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Leukocytapheresis
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Fig.4 Blood circuit for Leukocytapheresis.
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Fig.5 Cascade of BKN Activation
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Fig.6 Relationship between Surface negative charge and BKN value.
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Fig.7 Relationship between surface negative charge and moisture content in PET.
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(r?=0.86) [18]
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Fig.8 8
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Fig.8 WBC removal rate by leukocyte removal column

n=3(average) , Blood: Bovine blood (ACD-A), 37 ,Qb=50ml/min
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Tab.2 Coagulation factors and cells for analysis of clotting

(@]
VIl X
I \%
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(APTT)
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:10-40 pm

1 :08-28 pm

Fig.9 External view and filter part of Leukocyte removal column.

100 @
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70 T
60 |

50

30
20
10

Fig.10 WBC removal rate with Leukocyte removal column (in vitro).
Blood: bovine ACD-A ,Qb=50ml/min, n=10 e: average, bar: &STD
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(Fig.11)[21] 11
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Fig.11 Removal rate of WBC and platelets with leukocyte removal column ( in vivo).
Qb = 50mL/min, Anticoagulant: Nafamostat mesilate, Patients: Ulcerative Colitis, n=14(average)
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B Leukocyatapheresis
B Current therapy
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Fig.12 Efficacy of Leukocytapheresis for the treatment of UC patients.
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2.3.1
CD4 T T
CD4+T
(Fig.13)
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Fig.13 Roles for CD4+T Cells in immunological response system.
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Fig. 14 Concept of CD4+T Cells removal column
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Fig.15 Method for Immobilization of adsorbent
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/ Syringe pump

Blood : healthy donor blood
anti-coagulant :

ACD-A(blood : ACD-A=8:1)
Perfusion vol.  10ml

Flow rate :Qb=1ml/min

CD4+ Cells adsorption column
columnvol. 1ml
adsorbent vol. 12mg(1/350scale)

Fig.16 in vitro evaluation method for mini-scale column.
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Fig.17 Two-color Flowcytometry Analysis for CD4 Cells removal column.
Before column (left), After column (right)

T

1,200 1,500 ml
ACD-A 3 20 (20001U/L)
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60 ml
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9¢g
Fig.18 Selectivity evaluation tests for full-scale column.
1200mL  1500mL ACD-A :ACD-A=20:3
(20001U/L) 50ml/min

(Fig.18)
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Fig.19 Result of Mini scale tests for CD4+TCells removal columns.
CD4+/CD4-TCells removal rate (left), Change of Cells population (right)
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CD4+T 80
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Cb4 T
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80%
CD4+T
(Fig.20)

100 = ® —8——9
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60
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40
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Fig.20 Full-scale removal tests with CD4+cells removal column.
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2.3.7 EAE

2.3.71
CcD4 CD
10 EAE
200g 15mL
2.3.7.2 in vitro
in vitro CD4
10mL 80% CD4
15m 60% 80%
Fig.21 CD4
50 CDh4
3
8
&

pre post

B CD4+CD8- B CD4+CD8+ [0 CD4-CD8- [OCD4-CD8+

Fig.21 Rat CD4+Cells Removal Test. (in vitro).
Blood: rat whole blood (ACD-A), 5ml, Flow rate: 1ml/min
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2.3.7.3
(experimental autoimmune
encephalomyelitis, EAE) EAE
CD4+
[27](Fig.22) ( BSA

cDa* T- Cell
Removal Column

Fig.22 Extracorporeal treatment for EAE rat.

Blood flow rate:1mL/min, Treated blood vol.:15mL (LMW-heparin)

1mL/min
15mL 22
MS
Fig.23 MS
5,7,8 CDA4(+) BSA
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35 —=— control(n=4)

3 r —o— CD4 removal filter(n=4)

Clinical Score

1
05
0
05 ¢

5 10 15 20 25

day

Fig.23  Effect of cytapheresis with CD4 removal column on adaptive transfer EAE.
Cytapheresis on the day of transfer of Line 1 marginally suppresses clinical signs of
EAE. Mean =£Std of four rats per group are plotted.
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3.1

4

Pre filter
1l Main filter

Fig. 24 Structure of leukocyte removal column.
Blood goes into the column from inlet, and goes out for outlet.
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3.2
3.2.1

Fig.25

20 25
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Fig.25 Flow analysis system for Leukocytapheresis columns.
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3.2.2.1

2
10 pm 40 pm
3.0 50pm
Fig. 26 CD4
50 mL
30 50 mL/min
I A
N /
Fig. 26 Structure of CD4+Cells removal column
Acid Citrate
Dextrose-A( ACD-A) 8 1
X C 9800 S-SP(GE-OEC
) 140

43



3.2.2.2

Plasauto-LC Fig.27
500 mL
100 mL/min 50 mL/min 5
50mL/min 50mL
X
50 kVp 0.61 mA 4 /s
Bavine Blood Radicer aphic
(Blood AGD-A=8:1) Contrast feent
Solution
e

Waste Fluid

Fig.27 Flow Circuit of blood for CD4+Cells removal column. Flow rate of bovine blood: 50mL/min.
Contrast Agent solution, bovine blood added Omipak140(50%,v/v), flow rate:50 mL / min, flow

volume :50mL.
44



3.2.2.3
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(7)

45

T 300(sec)
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Fig. 28
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Fig.28 Maximum concentration time of CD4+removal column.

(8) Fig.29 Fig.29
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Fig. 29 Flow rate in column map of CD4+ removal column.
Flow speed ><10™(/sec) Max:119><10* (/sec), Min 63><10™ (/sec)

3.2.3
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3.3.2

“ E” Fig.24
2 ACD-A
8 1
X C 9800 S-SP(GE-OEC
) 140

11

(Fig. 30)

Fig. 30 Rotating table and a column setting. Rotation speed: 3 rot. / min
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3.3.3
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Fig.31
500mL 100mL/min
50mL/min 7
20
50mL/min 50mL
10
3
8
X 50kVp 0.61mA 4 Is
2
ACD-A
37
3.3.4
DICOM 1
4.5< 80
[29] [30] 20

50



Bovine blood Radiographic

(blood:ACD-A=8:1) Contrast Agent
solution e

el
11

» ®
&
e | I 3

Leukocyte .
removal column '|

Waist fluid = 4

Fig. 31 Flow circuit of blood.
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3.3.5
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3.3.5.1

Fig.32
40mm
Z 150mm 38mm 28mm
18mm
Tmm
Fig. 32
5675 Navier-Stokes
SIMPLE
no-slip r,z
A Z A
(<] 5<
/C_<%<'r r_
-~ | SEE-
\_/

Fig. 32 Simulation model for the column.
Cylindrical lattice model (left), Simulation lattice model (right)
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3.3.5.2
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(a):3D recnstruction pictures t=1, 3.5, 6., 8 min

(b): Tomographical profile reconstruction pictures from t=0 to t=11

Fig. 33 Reconstruction pictures of blood

flow

B |
IJJJ

T=

J /

_.‘-.'_“__.ﬁ-'._‘_..-

Fig.34 X-ray images between before and after increasing column pressure.
60, 120, 180, 240, 300, 360 (sec), Before image(right), After image(left).

54



Fig.35

(1l 4 A

Fig.35 Difference image of the pressure increasing column.
T=60, 120, 180,340,300,360(sec), =after-before.
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Fig.38 Temporal flow rate change of a column.
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34

Fig. 42 Blood flow image in the column.
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