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Abs勧富ct:To develop a continuous arteriovenous hemo・
filtration (CA VH) system， which does not need systemic 
anticoagulation. for patients of acute renal failure having 
bleeding tendencies， a totally antithrombogenic continu-
ous ultrafiltration system (ACUS) was designed. which 
consists of an antithrombogenic polyacrylonitrile-poly-
ethyleneoxide (PAN-PEO) hollow fiber membrane and 
ionically heparin-bound catheter. tubing. and module 
header. Antithrombogenicity of PAN-PEO membrane， 
which occupies more than 90% of total inner surface area 
of ACUS， was considered to be due to highly concentrated 
PEO nearthe inner surface.ofthe membrane and the finely 
dispersed (Iess than 5∞A) microstructure of the inner 

Continuous arteriovenous hemofiltration (CA VH). 
proposed by Kramer et al. (1). has been demon-
strated to be one of the most effective and practical 
procedures for controlling ftuid and electrolyte bal-
ance in patients with acute renal failure. However. 
continuous administration of an anticoagulant dur-
ing long CA VH treatment is inherently risky. espe-
cially for patients with bleeding tendencies or com-
plications. We attempted. therefore. to develop a 
totally antithrombogenic continuous ultrafiltration 
system (ACUS). which scarcely needs systemic an-
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surface. ACUS was applied to 24 patients without sys-
temic anticoagulation. and one filter worked for an average 
of 32 h without deteriorating their bleeding tendencies. 
Any significant changes in m司jorparameters ofbiocompat・
ibility during those treatments were not observed. More 
than2∞mllh of ultrafiltrate was obtained even under very 
low mean bl∞d pressure， less than 70 mm Hg. Based 
upon these results. ACUS was concluded to be suitable 
for mild and sustained treatment to control ftuid and elec-
trolyte balance in patients of acute renal failure with bleed-
ing complications. Key Words: Antithrombogenicity-
Biocompatibility-Hemofiltration-Heparinized surface-
PAN-PEO membrane. 

ticoagulation (2，3)_ In this system， the hollow fiber 
membrane made with polyacrylonitrile-polyethyl-
eneoxide (PAN-PEO) copolymer blended with 
PAN homopolymer， occupies more than 90% of its 
total inner surface area. The pu中oseof this paper 
is twofold: to c1arify the mechanism of the anti-
thrombogenicity of PAN-PEO membrane， and to 
evaluate its biocompatibility in c1inical settings in 
details. 

MATERIALS AND METHODS 

Designing of ACUS 

Elementary technologies in the designing of 
ACUS were c1assified into the following two catego-
ries: selection of two antithrombogenic materials， 
PAN-PEO membrane and heparinized material; and 
manipulation of smooth blood ftow in the extracor-
poral circuit. including introduction of a tangential 
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FIG.1. Chemlcal structures and major functions of polymer 
materials that were used for preparing an antithrombogenic 
PAN-PEO hollow fiber membrane. The leUers m， n， and p 
denote the unit numbers. 

header， smooth connection of parts， and shallow and 
fixed insertion of catheters (2). As shown in Fig. 1， 
PAN-PEO hollow fiber membrane， which occupies 
more than 90% of the total inner surface area of 
ACUS， was prepared by blend spinning oftwo poly-
mers， PAN-PEO copolymer and PAN homo-
polymer. 

Morphological analysis of PAN-PEO membrane 
The morphological structure of the inner surface 
ofthe membrane was studied by field emission scan-
ning electron microscopy (FE-SEM)， and the cross-
sectional structure of the membrane stained with 
osmic acid was observed by transmission electron 
microscopy (TEM). PEO content at 50 A from the 
inner surface of the membrane was measured by 
X-raY photoelectron spectroscopy (XPS). The distri-
bution profile of PEO in the cross-section of the 
membrane was observed by secondary ion mass 
spectrometry (SIMS). 

Evaluation in animal models 
Animalexpe吋mentswere performed with unhepa・
rinized beagle dogs (body weight around 10 kg) un-
der intravenous pentobarbital sodium anesthesia. 
Connecting a system for evaluation between the 
femoral artery and vein， extracorpor叫 circulation
without a blood pump was attempted. The blood 
ftow rate was monitored by using an ultrasonic 
flowmeterσ101: Transonic Systems lnc.， U.S.Aふ

Clinical evaluation 
ACUS was applied to 24 patient$， 1isted in Table 
1， without systemic heparinization or a blood pump 
by connecting a total system between the femoral 
artery and vein， after obtaining the informed con-
sent. A total of 36 PAN-PEO filter modules were 
used in those 24 patients. 

Data analysis 
AlI data were expressed as mean :!:: standard devi-
ation (SD)， unless otherwise stated， and statistical 
analysis was performed by Student's t-tes1. 

RESULTS 

Antithromboge凶cityof PAN-PEO membrane 
By changing the spinning conditions of the 
PAN-PEO hollow fiber membrane， various kinds 
of microstructures at the inner surface were made. 
Some typical cases are shown as scanning electron 
micrographs in the upper panel of Fig. 2. The rela-
tionship ofthe microstructure size thus measured by 
SEM with the antithrombogenicity of those mem-
branes expressed in terms of extracorporal circula-
tion time in the unheparinized dog model is shown 
in the lower left panel of Fig. 2. lt is noted that the 
elttracorporal circulation time was strikingly elon-
gated once the microstructure size became less than 
500λ. Contrasting differences in the adhesion of 
platelets and other cellular components on出emem-
branes in the dog experiments are shown in the scan-
ning electron micrographs of lower magnification in 
the lower right panel of Fig. 2. Again， the microstruc-
ture size is demonstrated to be a key determinant 
and marker of antithrombogenicity. 
In order to clarify the microstructure of the inner 
surface， the cross-section of the membrane was 
studied by TEM， and the result is shown in the upper 
right panel of Fig. 3. This micrograph demonstrates 
the presence ofthree kinds ofregions; high contrast 
black PEO region stained with osmic acid， white 
PAN region， and the gray part considered to be 
pores by comparing it with the scanning electron 
micrograph of the cross-section of the membrane 
(not shown here). Note that PEO is aggregated ne訂
the inner surface. PEO concentration at the depth 
of 50 A from the inner surface was analyzed by XPS， 

T ABLE 1. Primary disea.se.s 0[24 patient.s with 
bleeding tendencies 

Congestive heart failure 
Cancer 
Hematological neoplasma 
Valvular heart disease 
Li ver cirrhosis 
Abdominal aortic aneurysma 
SLE 
Cerebral bleeding 
Trauma 

Total 

Patients 

6 
5 
3 
3 
2 
2 

24 

Filters 

10 
7 
4 
5 
2 
2 
3 

2 

36 
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FIG. 2. Relatlonship between the surface 
microstructure 01 the membranes and 
their antlthrombogenicity (碍ethe text). 

served by SIMS， PEO concentration ne釘 theinner 
sunace of the membrane made with PAN-PEO and 
PAN blend polymers was higher than that with only 
PAN-PEO copolymer， as shown in the lower panel 
ofFig.3. 

and the result is shown in the upper left panel of 
Fig. 3. Concentration ofPEO at that point was 459る，
which was much higher than the average concentra-
tion of 18% in the whole membrane. Furthermore， 
according (0 the depth profile of PEO content ob-

TraDSls1ss lon El・ctronHicroscopy 
(TEH> 

• i l¥bjt|| 可ζ I!&II・ .... I

v' 
nv 。c 
s
 。
r
 
t
 

F』e
 

nF
 

停
泊n
 。
r
 
t
 
e
 
e
 
-e
 

0
 ・
L

。
h

“
 
。r・veJ
 

-apa 

r
p
 

a
va 

v
A
a
‘
 

45w't% InDer 
Surface 

J.Bw't% 
(Ave.】

Iobole 
I!e・brane

Secondary lon Mass Spectroscopy(SIHS) 

PEO Cont伺 t，"'， 

FIG. 3. Oistribution 01 PEO in the mem-
brane (see the text). 

ω 

tミ
200 400 600 
D・pthFr。舗 IDn.rSurface<A】。

Artif Orrun$. Vul. 16. No. 1. 1991 



ANTlTHROMBOGENJCJTY OF PAN-PEO /49 

(n) 
20 

15 

10・

5 

range 5:?17!trs 
me田 32 hrs 
(n・36)

<6 <12 <24 <48 <96 >96 

Duration of ACUS Treatment(hrs/one filter) 

FIG.4. Distribution of the duration time each PAN-PEO filter 
module functioned without systemic anticoagulatlon. 

Clinical performan田 andbiocompatibility of ACUS 
Figure 4 i1lustrates how Jong each of the 36 
PAN-PEO membrane modules functioned as a con-
tinuous hemofilter without systemic anticoagula-
tion. The duration time of each module varied from 
5 to 217 h， and the average value was 32 h. More 
than 75% ofthe total modules worked for more than 
12 h. The relationship between the ultrafiltration rate 
(UFR) and the mean blood pressure (MBP) is shown 
in Fig. 5. It is noted that more than 200 mllh of 
ultrafiltrate was obtained under very low MBP， such 
as below 70 mm Hg. ln those clinical evaluations， 
any deterioration of bleeding tendencies or compli-
cations was not observed. 
ACUS treatment was prescribed 1 or 3 times to 3 
patients and major parameters regarding coagula-
tion-fibrinolysis cascade were measured during 4 h 
treatment. Although data are not shown， the plasma 
levels of contact factors， high molecular weight ki-
ninogen， prekallikrein， Factor XIIa， and Factor Xla， 
remained unchanged. Changes in the plasma levels 
of fibrinopeptide A， plasmin inhibitor complex， and 
platelet factor 4 (PF4) are shown in Fig. 6. Fibrino-
peptide A level increased slightly while the latter 
two parameters did not show any significant change. 
β-thromboglobulin leveI did not vary just as PF4. As 
shown in Fig. 7， platelet count， white cell count， 
activated clotting time (ACT)， and plasma levels of 
complement fragments， C3a， C4a and C5a， during 
the treatment were quite stable. 

DISCUSSION 

As previously described (2，3)， ACUS was de-
signed and developed based upon two key techno-
logies， that is， selection oftwo kinds ofantithrombo-
genic materials and hemodynamic modification. 
Among them， the antithrombogenicity ofPAN-PEO 
membrane is one of the most essential and critical 
factors because the surface area of the membrane is 
large and occupies the major part of the inner surface 
that comes in contact with blood. In this report， the 
characteristic morphological structure of the mem-
brane， which showed excellent antithrombogeni-
city， was clarified using SEM， TEM， XPS， and 
SIMS. The data obtained through these observations 
consistent1y suggest that finely dispersed (less than 
500 A) microstructure of PEO aggregated near the 
inner surface contribute to the materialization of the 
antithrombogenicity of PAN-PEO membrane. 
Clinical performance 加 dbiocompatibility of 
ACUS were widely evaluated in this study， and the 
previous preliminary observations (2，3) were con-
firmed. Although the duration time of each filter 
module varied， pa口lydue to the very variable physi. 
cal conditions of the patients to whom ACUS was 
applied， one module functioned for an average of 
32 h， and the desired level ofUFR w;鎚 attainedeven 
under very low blood pressure. Furthermore， a wide 
range ofparameters regarding biocompatibility were 
measured in this study. No anticoagulant was admin. 
istered; nevertheless， coagulation， fibrinolysis加 d
complement systems were hardly activated. Thus， 
safety of ACU S as well as its efficiency were further 
confirmed. 

Uluョfiltrate(mνbr) 

“加

4∞ 

ヌm

200 

1∞ 
。。 30 ω 90 120 

MBp(m血HB}

FtG. 5. Relatlonship between the mean blood pressure and 
ultrafiltrate volume obtained in clinical trials . 

..t"σOrgans. VQI. 16. No. 2. 1992 



150 M. ARAKAWA ET AL. 

1
・--E 
t
-
-
A
E
 --
2
・

肉

V
-
E--
向日・-
ac-
-a

・2・r-
s

。E
a
t
-
-aa-----hu---a・-b-
'a-
S
E
・E
.‘
au 
--
，、.
2

B

 

・
E

・

•• 

一-HJ
。。

.‘
 au--
、.，.‘4

・
，E孟
nu

.• 

‘
 

---v

・
-a a
 

I
 
】
.‘・
a・r・--L町
、，t
{

句

a
M
-
-
w

t
0

・
i
 

-・‘，
a

・

2
6
 
l
 
n
 
I
 

2 (2) 4 !4) 
101・tOutl・t101・tOutlet 
TlDe(hrs】

ω01"、〆νぺ'.".・‘・'
l て~ .'、--~ .. 

柵 1..f~、7・円、誌、:
2ω"'. . .. ........j ・ぃ-

。 (2) 4 (4) 
101et Outlet Inlet Outlet 
11回 (M)

Ralat1咽P1t(制
200 

RelaU.. C3・4制
200 

100 

-岨ぽ抱(ft・6' 国凪企SD(a.8)

。‘-E・I・u司時制C(亀}
200r 

a 
Rel・tJ，y，・c・・t亀】200 

100 100 

-岨帥5O(a'1) ..""tSO(，，'81 
n~ ・ &

E・I・t1'司Mπ【耳}
200 

O 
..1811時 C5a(ll，
20。

100 

周回!SIl(n.'， 周回色5O(a-'】。 。
• IS 30・$ iO 
Tl国 t・1回】 o IS 3・・S 伺

11回 (mJ...，12・
FIG.7. Changes in major biocompatlbility parameters durlng 
ACUS treatment. 

ArlifOrgans. Vol. 16. No.1. 1991 

FIG. 6. Changes in three parameter事 re-
garding coagulation-flbrlnolysis c踊・
cades in ACUS treatment. 
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