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Abstract  Venoarterial extracorporeal membrane oxygena- 
tion (ECMO) was performed in five dogs without systemic 
heparinization to assess the feasibility of heparin-free 
ECMO. The surfaces of the inverted hollow-fiber-type 
oxygenator and circuit of the ECMO system were coated 
with heparin by the endpoint-attached (covalent-bonded) 
technique. No heparin was administered to the animal 
except for a small dose to maintain patency of the arterial 
line (1 IU/h). ECMO was run for 24 h at a pump flow of 
50 ml/kg • min and was successful throughout the exper- 
iment in four of the five dogs. Scanning electron micro- 
scopy did not detect any blood clots in the oxygenator or 
circuit except for inside and outside the cannulas that were 
not coated with heparin in the carotid artery and jugular 
vein. Activated clotting time (ACT), fibrinogen, and anti- 
thrombin III (AT-III) activity remained within the normal 
physiological range. Serum heparin concentrations were 
low throughout the experiment, indicating minimal heparin 
release. Platelet levels decreased and fibrinopeptide B [~15- 
42 (FPB [315-42) increased significantly after 6 h ECMO. 
D-dimer levels did not change throughout the experiment. 
ECMO was discontinued in one case after successful a 23-h 
run because of macroscopic clot formation at the oxyge- 
nator blood inlet. ACT had suddenly increased to 160 s 
approximately 1 h prior to this clot formation. These results 
suggest that the amount of systemic heparinization required 
can be substantially reduced by a heparin-coated ECMO 
system. Total abolishment of heparin administration in 
pediatric venoarterial ECMO may be possible by refine- 
ment of this technique. Monitoring of AT-III and FPB [315- 
42 in addition to ACT may be useful for early diagnosis of 
latent but ongoing coagulopathies during ECMO. 
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Introduction 

The main cause of unsuccessful treatment with extracor- 
poreal membrane oxygenation (ECMO) has been the ten- 
dency for bleeding to occur during systemic heparinization 
[10, 11, 17, 22]. Intracranial hemorrhage is the most serious 
complication and is the limiting factor for the application of 
ECMO in premature infants [2, 5, 25]. Uncontrollable 
bleeding from surgical wounds may occur when ECMO is 
used following trans-mediastinal operations requiring car- 
diopulmonary bypass. Coating the surface of the circuit 
with heparin may provide adequate thromboresistance to 
the ECMO system, thus reducing the amount of systemic 
heparin administration required. 

Several studies [12, 20] have reported encouraging 
results with a venovenous heparin-coated ECMO system 
in sheep and dogs without systemic heparinization. This 
study was performed to assess the feasibility of systemic 
"heparin-free" ECMO for pediatric and neonatal treatment 
of respiratory failure. A neonatal venoarterial (VA) ECMO 
system coated with covalent-bonded heparin was used and 
long-term use of this system without systemic hepariniza- 
tion was evaluated in canine experiments. 

Materials and methods 

The experimental design of this study was approved by the Institutional 
Animal Care and Use Committee. Five beagles weighing 6.5-10.0 kg 
were placed on VA ECMO for 24 h at a pump flow of 50 ml/kg • min. 
No heparin was administered to the animal except for a small dose to 
maintain an arterial line open (1 IU/h) during ECMO. 

The dogs were anesthetized with pentobarbital sodium (30 mg/kg 
IV), tracheally intubated, and ventilated with a pressure-preset, time- 
cycled ventilator (Newport El00, NMI, CA). Anesthesia was main- 
rained with continuous IV infusions of pancuronium bromide and 
ketamine hydrochloride (both 2 mg/kg • h). Ventilator settings were 
adjusted to maintain arterial blood gases within the normal range. 
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Fig. l a - c  Scanning electron 
photomicrograph in a successful 
case: hollow fibers at a inlet, 
b central area, and e outlet of 
membrane oxygenator 

A large-bore catheter was placed in the femoral vein for blood 
sampling and providing maintenance fluids. A polyethylene catheter 
was advanced via the femoral artery into the thoracic aorta for 
measurement of arterial blood pressure and blood gas sampling. 
Penicillin G was given as a prophylactic both before and 12 h after 
surgical manipulation. A 12 or 14 F wire-reinforced, thin-wall cannula 
of segmented, polyurethane (TW-8-12, Kuraray, Osaka, Japan) was 
inserted into the right jugular vein and advanced to the level of the 
right atrium to provide venous drainage. An 8 F wire-reinforced, thin- 
wall, segmented polyurethane cannula was inserted into the right 
carotid artery and advanced to the level of the aortic arch to deliver 
oxygenated blood. 

A miniaturized VA ECMO system specifically developed for 
neonates was used. It consists of a 2,000 cm2 double-layer polyolefin 
inverted, hollow-fiber membrane oxygenator (KM7800, Kuraray, 
Osaka, Japan) and segmented polyurethane tubing attached by poly- 
carbonate connectors. The membrane oxygenator and tubing were 
coated with heparin using an end-point-attached, covalent-bonded 
technique (Carmeda AB, Stockholm, Sweden) in which 18 mU/cm2 
heparin molecules are coated on the membrane and circuit. The total 
amount of heparin used is 3,420 IU. 

Thin-wall cannulas for blood drainage and delivery and polycar- 
bonate connectors were not heparin-coated because of technical 
difficulties. The uncoated cannulas and connectors were dipped in 
saline with heparin (1 IU/mI) just before cannulation. The circuit and 
oxygenator were primed with a balanced salt solution, the total priming 
volume being approximately 130 ml. A heating pad was used to warm 
the trunk of the animal while hot air at 42 °C was blown over the entire 
ECMO system to maintain normothermia. No resuscitative efforts were 
made even if shock developed. No blood transfusions were given. 

Oxygen (02) flow (100%) was adjusted to maintain the gas flow- 
blood flow ratio slightly above 1. Once a stable bypass flow was 
achieved, the ventilator was readjusted to a minimal setting (peak 
pressure 12 cm H20, end-expiratory pressure 3 cm H20, respiratory 
rate 10/min, inspired 02 fraction 30%). 

Fig. 2 a - c  Scanning electron 
photomicrographs in unsuccess- 
ful case: hollow fibers at a inlet, 
b central area, and e outlet of 
membrane oxygenator 

After 24 h ECMO, the animal was killed and the ECMO system 
was immediately removed. All blood remaining in the circuit was 
drained by gravity and gently washed out with balanced salt solution. 
The tubing and membrane oxygenator were examined for clot forma- 
tion by scanning electron microscopy. The bioactivity of the heparin on 
the surface of this system was also examined by the same method used 
when the heparin was initially coated [1]. Microscopic examination of 
the lungs, liver, kidneys, and brain was performed. 

The following coagulation parameters were measured: activated 
clotting time (ACT), blood heparin concentration, fibrinogen, anti- 
thrombin III (AT-III) activity, fibrinopeptide A (FPA), fibrinopeptide B 
~ 15-42 (FPB ~ 15-42), D-dimer concentration, and platelets. ACT was 
measured before and every 2 h after ECMO began. The other param- 
eters were measured at 0 (just after the cannulations), 1, 6, 12, and 24 h 
after initiating ECMO. White blood cell (WBC), red blood cell (RBC), 
and activated complement 3, 4, and 5 (C3a, C4a, and C5a, respec- 
tively) counts were measured at the same time intervals as the other 
parameters. 

Statistical comparisons were made by one-way analysis of variance 
(ANOVA) for repeated measures and Scheffe's test. An alpha error of 
less than 0.05 was considered significant. 

Results 

T h e  E C M O  outco~nes are s u m m a r i z e d  in Tab le  1. E C M O  

was  succes s fu l ly  p e r f o r m e d  t h r o u g h o u t  the  e x p e r i m e n t  in  

four  cases  (cases  1 to 4);  in  o n e  (case  5), a f te r  a success fu l  

23 -h  run,  it was  d i s c o n t i n u e d  b e c a u s e  la rge  b l o o d  c lots  

f o r m e d  at the  o x y g e n a t o r  b l o o d  inlet .  C o n c e n t r a t i o n s  o f  0 2  

an d  c a r b o n  d i o x i d e  (CO2) o f  the  b l o o d  d o w n s t r e a m  f r o m  

the  m e m b r a n e  o x y g e n a t o r  s h o w e d  tha t  o x y g e n a t i o n  and  

Body Cannula PCO2/PO2 
weight size at 24 h a 
(kg) V/A (Fr) (mmHg) 

Outcome Thrombus formation 

successful (+) locations 
unsuccessful (-) 

Table 1 Summary of ECMO 
outcomes (V venous, 

Case 1 7.0 14/8 
Case 2 6.5 14/8 
Case 3 7.0 14/8 
Case 4 10.0 14/8 
Case 5 9.5 14/10 

43.3/286 (+) 
32.0/414 (+) 
32.1/499 (+) 
31.1/536 (+) 
not detected (-) 

cannulae connectors 
cannulae connectors 
cannulae connectors 
cannulae connectors 
oxygenator blood inlet 

A arterial) a At outlet of membrane oxygenator 
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Fig. 3 Changes in activated clotting time (ACT) and heparin con- 
centration 

CO2 removal  remained satisfactory throughout the experi- 
ment in successful cases. 

Visible b lood clots were seen on the heparin-coated 
surfaces only at the oxygenator  inlet in the unsuccessful 

T a b l e  2 Blood parameters (N = 5, mean ___ SD, WBC white blood 
cells, RBC red blood cells, Ca activated complements) 

Control 6 h 12 h 24 h 

Platelets 21.2_+5.6 13.3_+2.9 a 7.2_+ 1.0 a 6.4_+ 1.2 a 
(104/ram 3) 

WBC 1.06_+0.44  1.46_+0.39 1.57-+0.64 1.60_+0.54 
(104/ram 3) 

RBC 594 _+108 548 _+35 5 0 6 _ + 7 0  518-+137 
(104/ram3) 

C3a 27.6___3.8 33.0_+5.0 32.2_+8.0 31.8_+10.1 
(ng/ml) 

C4a 53.8_+8.5 59.2+15.7 54.8-+9.1 59.4-+12.5 
(ng/ml) 

C5a < 10 < 10 < 10 < 10 
(ng/ml) 

a p <0.01 

case. Scanning electron microscopic photographs of  the 
oxygenators in one of  the successful cases are shown in 
Fig. 1. Only a few blood clots had formed around the 
hollow fibers of the oxygenator  and its binding fibers. In 
contrast, Fig. 2 shows a photomicrograph from case 5. 
There were visible b lood clots inside and outside the non- 
heparin-coated cannulas in the carotid artery and jugular  
vein in all cases. 

Changes in blood cell counts and Ca concentrations in 
all five cases are shown in Table 2. Platelets decreased from 
6 h onward. Changes in WBC, RBC, and Ca concentrations 
were not significant during ECMO. Figure 3 displays the 
changes in ACT and heparin concentrations. In the four 
successful cases ACT remained within a range of  8 0 - 1 0 0  s 

F i g .  4 Changes in coagulation 
parameters (N = 4, mean -+ SD, 
*P <0.01, *P <0.05) 

O ~  successfu lcases 

mg/dl 
ng/dt 

3so _] F i b r i n o g e n  ~ o o  _ 

3 0 0  .~ 
250 ~ 80 

2°°_ I \ - ' - . . ~  ~ 6o 
\ 

lOOJ N 
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~10 

loo A n t i t h r o m b i n  III ng/ml 
9 0 ~  40 

80  _ 1- - • 

4 0  
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= unsuccessful case 

Fibrinopeptide B [3 15-42 
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D-dimer 
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and heparin concentrations were low during the 24-h 
experiment. In case 5, ACT suddenly increased to 160 s 
at 22 h, 1 h prior to clot formation, and by 24 h had 
increased to over 400 s, although the serum heparin con- 
centration remained low. The bioactivity of heparin on the 
surface of the membrane examined in vitro remained the 
same after the 24-h experiment. 

The changes in coagulation parameters are shown in 
Fig. 4. In the successful cases AT-III activity decreased 
significantly 6 h after ECMO began, but did not go below 
75% at 24 h. FPB [315-42 increased significantly. Fibrino- 
gen and FPA levels did not change during the entire 24-h 
perfusion period. D-dimer also did not change during the 
experiment. A decrease in fibrinogen and an increase in 
FPB ~15-42 were shown in the unsuccessful case from hour 
6 until the completion of ECMO. Platelet count changes 
were similar to the other four cases. AT-III activity fell 
below 75% at 12 h and was 40% at 24 h. Fibrinogen and 
AT-III appeared to be consumed. D-dimer did not change. 

Histologic examination of the brain, kidney, spleen, and 
lungs showed no microscopic thrombi in any of the ani- 
mals. 

Discussion 

The purpose of this study was to evaluate the feasibility of 
VA ECMO without systemic heparinization. Numerous 
attempts to diminish the total amount of systemic hepar- 
inization in order to avoid the tendency toward bleeding 
have been made since the 1970s [8, 15, 18, 21, 24, 26]. The 
covalent-bonded heparin coating technique where partially 
degraded heparin has its covalent end-point attached to the 
surface of the ECMO circuit has been developed [16] for 
long-term ECMO. The favorable results obtained with this 
technique in adult patients with respiratory failure suggest 
the feasibility of long-term ECMO with minimal systemic 
heparinization [4, 13]. 

ECMO without systemic heparinization was success- 
fully performed in four of five dogs for 24 h with this 
technique. Heparin from the coated system did not appear 
to leak into the bloodstream, as evidenced by the low levels 
of serum heparin concentration throughout the experiment. 
The bioactivity of heparin on the surface of the membrane 
oxygenator and the roller pump remained the same as on in- 
vitro examination in all casesl These findings suggest that 
the required amount of total systemic heparinization may be 
substantially reduced by use of the covalent-bonded tech- 
nique in pediatric VA ECMO. 

The coagulation parameters of the four successful and 
one unsuccessful cases in this study differed. The changes 
found in the four successful cases were consistent with 
previous heparin-free ECMO studies, although there has 
been some variance among investigators [12, 20]. In this 
study, ACT remained within the normal range of 80 - 110 s. 
The decreases in platelet concentration observed were 
similar to previous reports performed either with or without 
systemic heparinization [9]. AT-III activity decreased, but 
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remained within the physiologic range at 24 h. Increases in 
FPB [315-42 indicated hyperfibrinolysis; however, no sec- 
ondary hyperfibrinolysis was detected, as was confirmed by 
the stable D-dimer values during the experiments. Small 
blood clots around the non-heparin-coated cannulas and 
connectors may account for the changes in coagulation 
parameters. It thus appears reasonable to conclude that 
heparin-free VA ECMO using a heparin-coated ECMO 
system during 24 h does not significantly affect the normal 
coagulation cascades of healthy dogs. 

There was an unexpected prolongation of ACT to over 
400 s prior to discontinuing ECMO in the unsuccessful 
case, even though heparin release was negligible. It is 
difficult to determine whether this coagulopathy resulted 
from the animal's individual characteristics or a specific 
mechanical problem with the particular ECMO circuit used. 
The sudden development of the abnormal ACT suggests 
that there is a certain risk in evaluating hemostatic status by 
ACT alone when systemic heparinization is totally avoided 
or markedly decreased. 

Heparin concentration may be a useful parameter only 
during systemic heparinization when heparin is present in 
large amounts. The total amount of heparin used for surface 
coating in this method is too small to be detected by 
intermittent measurement of heparin concentration in the 
blood, and may thus not be a significant factor. A method of 
measuring heparin in the ACT assay has recently been 
developed to monitor heparin-independent alterations in 
coagulation functions [3], and may prove to be helpful. 

Changes in coagulation parameters were measured to 
see whether total abolishment of systemic heparinization 
would promote disseminated intravascular coagulation 
(DIC). It is well known that DIC is common in sick 
neonates. Its etiologies are vast, and DIC may originate 
from maternal illness, birth complications, or underlying 
diseases such as sepsis. 

Coagulation and fibrinolysis are kept in balance by the 
coordination of many factors, including endothelium and 
blood vessel vasoactivity. Rapid consumption of coagula- 
tion factors occurred in the unsuccessful case, with a large 
blood clot forming in the ECMO circuit. Secondary fibri- 
nolysis did not follow, perhaps because blood clots did not 
form in vivo. The lack of histologic evidence of emboliza- 
tion is consistent with this speculation. 

Several studies of changes in fibrinolysis inhibition 
under various conditions have been made. Elevation of 
plasminogen activator inhibitor (PAI) activity has been 
found in the acute respiratory distress syndrome [7, 14]. 
Corrigan et al. suggested that newborns have lower levels 
of plasminogen (tPA) and tissue PAI relative to fibrinolytic 
inhibitors such as PAI-1 [6]. McVeen et al. [19] also 
reported that the levels of PAI-1 activity and tPA antigen 
were significantly higher in newborns with severe respira- 
tory failure, but were reduced during ECMO. These results 
suggest that sick newborns who require ECMO have a 
tendency toward hypercoagulopathies. 

Animal studies on platelet function have shown that the 
surface heparinization technique does not improve platelet 
preservation [23]. This may indicate an earlier consumption 
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of  coagulat ion factors in animals than that seen in human 
adults. Careful monitoring of  AT-III and FPB [315-42 in 
addition to ACT would be useful for early diagnosis of  a 
latent but ongoing coagulopathy during ECMO. Adequate 
supplements of  AT-III and platelets may also be helpful in 
heparin-free ECMO. 

In conclusion, the results of  this study suggest that 
systemic heparinization can be substantially reduced by 
the use of  a heparin-coated ECMO system. Total abolish- 
ment of  heparin administrat ion in VA ECMO remains to be 
further investigated. 
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