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Abstract

Although the innovation has come in ECMO field, many problems remain unresolved. One of the main problems is about
long-term durability and biocompatibility. Another is the system’s size, weight, and its complicated equipment. For the former
problem, we have previously developed ECMO system which consists of a tiny, hydrodynamically levitated centrifugal pump
(BIOFLOAT-NCVC), a membrane oxygenator with hollow polyolefin fibers (BIOCUBE-NCVC), and the circuit treated
with a heparin-bonding material (T-NCVC coating), and reported three cases of animal experiments for 30-day heparin-free
drive. For the latter problem, we have integrated these elements to the compact system with sensors of temperature, pres-
sure, and SvO,, and blood flow. Its installation area is 595 cm?, weighs 8.9 kg with attachable oxygen cassette, and battery
which could last an hour at least. To evaluate the biocompatibility of this system, this ECMO was installed in four goats.
Scheduled duration was 14 days. Heparin was continuously infused to control their ACT between 150 and 200 s except one
2-week experiment without systemic heparinization. All of the four goats survived till the scheduled termination. Function
of the pump and the oxygenator during ECMO was stable. No obvious adverse events were observed. All lab data were of
normal range after 1 week. Small infarctions were found at kidneys, but they were not clinically significant. No thrombus was
found in the pump system. The oxygenators were extremely clean except a little thrombus formation; while, the heparin-free
examination revealed acceptable cleanliness. The present study revealed good anti-thrombogenicity of this ultra-compact
durable ECMO system with heparinization. Our system encourages awake and extubated management, rehabilitation, inter-
hospital transfer, and prehospital initiation of ECMO.
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Introduction

Extracorporeal Membrane Oxygenation (ECMO) is the
form of cardiopulmonary bypass which is indicated to car-
diogenic shock, severe respiratory failure, or cardiopulmo-
nary arrest, etc. [1]. Although innovation has come in this
field, many problems remain unresolved. Main problem is
about long-term durability or biocompatibility, especially
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thrombogenicity. Another problem is the system’s size
and weight, which prevents recent innovative management
during ECMO which includes letting patients awake, extu-
bated, rehabilitation including, standing, walking [2, 3] or
advanced usage like patients’ transfer equipped with ECMO
[4, 5], and prehospital initiation of ECMO [6-8].

For the former problem, we have previously developed
ECMO system which consists of a hydrodynamically levi-
tated centrifugal pump (BIOFLOAT-NCVC) [9], a mem-
brane oxygenator with hollow polyolefin fibers (BIOCUBE-
NCVC) [10, 11], and a circuit treated with a heparin-bonding
material (T-NCVC coating) [10, 11]. Its preclinical study has
already been done for without the administration of heparin
for 30 days, and revealed its good performance [9].

For the latter problem, ECMO system needs to be more
compact and lighter, and portable so as to hang out by
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oneself, and simpler, which means that the system has less
lines and cables without essential ones. Embedded sensors
and displays are also needed to continuously monitor pres-
sures and body blood temperatures and oxygenations. Oxy-
gen gas cylinder and batteries are also needed to achieve
hospital transfer.

To achieve this matter, we have integrated these technical
elements into the compact system with sensors of tempera-
ture, pressure, and SvO,, and a display of these information,
portable oxygen cassette, and battery. Its weight is less than
10 kg.

The purpose of this study is to evaluate the long-term
biocompatibility of this ultra-compact ECMO system in a
series of chronic animal experiments.

Materials and methods
ECMO system

Figure 1 shows macro-inspection of the system. All of the
elements were compactly arranged in this system. Its size
was 595 cm? in area, 405 mm in height, and its total weight
is 8.9 kg with the gas cylinder unit and 6.6 kg without it. So,
it is easy to lift or carry on one’s tod. Disposable unit could
be easily mounted to the driver unit within a minute without
any instruments, which is designed for quick priming for an
emergent initiation of ECMO.

The ECMO system has three parts: disposable unit, driver
unit, and gas cylinder unit. The disposable unit consists of
the blood pump, the oxygenator, and some sensors’ interface
which contact blood. The driver unit consists of the external
motor unit of the pump system and sensors’ transducers and
cables, and the display and the battery. The gas cylinder unit
contains oxygen cylinder.

Fig. 1 Macro-inspection of the ECMO system
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Disosable unit ‘

Centrifugal blood pump

The minute description about the blood pump system is in
reference 9. In brief, the pump system consists of a dispos-
able tiny pump head (a priming volume of 18 ml), and an
external driving motor unit. The impeller was designed to
levitate hydrodynamically, which enhanced the pump’s dura-
bility and anti-thrombogenicity.

Oxygenator, cannula, and surface coating technique

A membrane oxygenator with hollow polyolefin fibers
(BIOCUBE 6000, Nipro Corporation, Japan) was used.
The surface area of the hollow fibers in this oxygenator was
1.3 m2. Both the inflow and outflow cannulas, which were
originally developed for femoral cannulation, were made of
polyurethane and had been reinforced with wire to prevent
kinking. All of the surfaces of the circuit were treated with
a heparin-bonding material (T-NCVC coating) to impart
anti-thrombogenicity.

Implanted sensors and display

Figure 2 shows where and what kind of the sensors are
implanted. Sensors of pressure, temperature, were implanted
in series with ECMO circuit. These sensors were made not
to protrude nor dent, without generating blood stagnation
or turbulence. Flowmeter and SO, sensor was attached to
inflow tube. All of these sensors’ transducer is implanted
on driver unit. On top of the driver unit is touch panel dis-
play which indicates these information in real time. So, no
additional cables or lines to transport such information are
needed.

Oxygenator
BIOCUBE6000

Centrifugal pump
| BIOFLOAT NCVC
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Fig.2 Sensors and display
mounted on the system

Battery and oxygen supply

A lithium ion battery is built in the driver unit. The gas
cylinder unit has capacity of 150-L oxygen of standard con-
ditions and is easily detachable. It could be used not merely
when a patient is in bed, with external supply of oxygen and
electrical energy, but also when a patient is out of bed, with
these oxygen and energy units which could last 1 h.

The entire system to achieve portability

Figure 1 shows macro-inspection of the system. All of the
elements descripted above were compactly arranged in this
system. Its size was 595 cm? in area, 405 mm in height, and
its total weight is 8.9 kg. So, it is easy to lift or carry on
one’s tod. The gas cylinder unit could be detached easily
for bedside use with external oxygen supply, which result
in lighter (6.6 kg) device. Disposable unit could be easily
mounted to the driver unit within a minute without any
instruments, well designed for quick priming in an emergent
initiation of ECMO.

Animals and surgical procedure

Four Saanen goats (42-61 kg) were used. The protocols
for the surgical procedures, postoperative care, and the
termination of the animals were approved by the insti-
tutional committee on animal experiments. All of the
animals received humane care in accordance with the
“Guide for Care and Use of Laboratory Animals” (NIH
publication 86-23, revised 1996) during the experiments.

Anesthesia was induced with ketamine (8—10 mg/kg IM)
and maintained via mechanical ventilation with 1.0% iso-
flurane in oxygen gas (50-100%). The right carotid artery
and the right jugular vein were exposed. After the initial
infusion of heparin (100 I U/kg), the inflow cannula was
inserted via the vein, through the right atrium, and the end
of cannula was placed between posterior vena cava and the
diaphragm under fluoroscopic guidance. The outflow can-
nula was inserted into the artery. Then, the whole ECMO
system (i.e. the pre-primed centrifugal pump and the mem-
brane oxygenator) were connected to the cannulas. An
additional (not included in the ECMO system) ultrasonic
flowmeter probe (ME-9PXL, Transonic Systems Inc., US)
was attached to the inflow cannula. Both the pump and
oxygenator were fixed to a harness that had been specially
designed for the animal experiments. The animals were
extubated after they became conscious. A schematic view
of the experiments is shown in Fig. 3.

Postoperative care

The scheduled experimental duration was over 14 days.
The rotational speed of the pumps was adjusted to maintain
the flow of the ECMO between 2.0 and 3.0 L/min. ACT
were checked every day and continuous administration of
heparin was performed to control their ACT between 150
and 200 s in the three of the four experiments. In the other
experiment, heparin was not used without initial shot dur-
ing the surgery. V/Q ratio of ECMO was 1.
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J Blood flow

Blood flow

T-NCVC® coating (Heparin coating)

Inflow: Transjugular right atrium, Outflow: Carotd artery

Fig.3 Schema of the experiments

Measurements for device performance

Bypass flow and pressures of the three points of the
device (before the pump, between the pump and the oxy-
genator, and after the oxygenator) were continuously
monitored and recorded with the software Labchart 8. The
pressure drop across the oxygenator was daily evaluated
from these measurements to estimate flow path block-
age by thrombus formation. O, and CO, transfer rate
was examined by the blood gas analysis of these pres-
sure lines, just after the initiation of the ECMO, and at
postoperative days 1, 3, 7, and just before the termination.

Biocompatibility measurements

Blood samples were collected before the implantation of
the device, after its implantation, and at postoperative
days 1, 3, 7, and just before the termination. The goats’
plasma-free hemoglobin, red and white cell counts, and
biochemical parameters were measured. Pathological dis-
section was done to explore the evidence of thrombo-
embolism or bleeding of the internal organs. Also, the
dissection of the entire system was done to explore the
formation of thrombi.

Results

All of the four goats survived till the scheduled termination
and no device exchange was necessary. None of the animals
presented any signs of thromboembolic complications.

Overall performance of this ECMO

The data of the pumps’ and the oxygenators’ performance
are shown in Table 1 and Fig. 4. The pumps and the oxygen-
ators were operated stably. The ECMO flow was controlled
to targeted flow rate with little manipulation of pump speed.
There were no mechanical problems. The O, transfer rate
and CO, transfer rate remain stable during the experiment.
The animals’ blood data indicated that the oxygenator has
worked sufficiently during the course of the experiments.

Coagulation status, hemolysis and other blood
sample data

Table 2 is the animals’ hematological and biochemical data.
The activated clotting time (ACT) was controlled from 150
to 200 s among the three with heparin administration. The
other heparin-free animal exhibited 100—120 s of ACT. The
animals’ plasma-free hemoglobin increased immediately
after the implantation of the device, but returned to the
normal range within a week. All of the animals’ biological
data remained within their normal ranges throughout the
experiment.

Pathological exploration

Macro-inspection of the internal organs revealed small
infarctions at kidneys (Fig. 5). But it is not clinically signifi-
cant because values of BUN and creatinine were not elevated
and their urination was normal without macroscopic hema-
turia. No other evidence of thromboembolism nor bleeding
was found in the all animals. The cannulation site was clean.

Dissection of the ECMO system

Figure 5 shows macroscopic inspection of elements of the
system.

Ta!)le 1 Summmy of the four #  Heparinuse  BW (kg) Duration  Termination  Pump speed (rpm) Pump flow (L/min)
animal experiments (da
ys)
1 - 61 14 Scheduled 4134+1384 2.2+0.7
2 + 61 18 Scheduled 4233 +157 2.5+0.0
3 + 47 15 Scheduled 4223 +157 2.5+0.1
4 + 42 14 Scheduled 4930+1143 24+0.5
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Fig.4 Summary of ACT control and Oxygenator performance
Table2 Summary of blood test Pre POD 0 POD 1 POD 3 POD 7 At termination
data (n=4)
Hb (g/dL) 11.7+0.8 10.5+0.7 9.8+0.9 10.8+1.3 9.3+0.6 9.8+1.2
Free Hb (mg/dL) 1.9+1.6 1.7+£1.5 32+3.0 45425 2.6+3.3 34+24
RBC (x 10° /uL) 143+23 13.6+£2.5 13.8+1.3 14.1+£2.7 12.7+£2.5 13.2+24
WBC (x 10% /uL) 89+1.38 12.4+49 103+1.6 9.8+1.6 94425 82+14
Plt (x 10°/uL) 50.7+8.6 44.6+6.3 41.4+93 42.2+6.9 51.0+8.1 47.2+9.8
Cre (mg/dL) 0.45+0.08 0.40+0.08 043+0.10 0.38+0.10 0.33+0.10 0.38+0.10
BUN (mg/dL) 16.4+4.6 13.6+2.7 10.4+4.2 9.8+3.3 16.4+4.3 157+£2.8
LDH (IU/L) 289+ 69 466 + 141 620+253 353+74 304 +80 387+95
GOT (IU/L) 56+6 97+12 148 +£28 126 +£22 52+6 48 +4
GPT (IU/L) 16+4 20+3 26+6 28+6 19+4 16+4
ALB (g/dL) 2.7+0.3 2.0+0.2 23+0.2 2.6+0.3 2.7+0.2 2.8+0.2
TBIL (mg/dL) 0.3+0.0 0.2+0.0 0.2+0.0 0.3+£0.0 0.3+0.0 0.3+0.1

ACT activated clotting time, Hb hemoglobin, Free Hb plasma-free hemoglobin, RBC red blood cell count,
WBC white blood cell count, Pit platelet count, Cre creatinine, BUN blood urea nitrogen, LDH lactate
dehydrogenase, GOT glutamic oxaloacetic transaminase, GPT glutamic pyruvate transaminase, ALB albu-

min, TBIL total bilirubin

Macroscopic examinations of the explanted blood pumps
did not detect any thrombus formation on the surface that
came into contact with blood, e.g., in the blade passages or
the washout hole in the impeller. There were no remarkable
findings like scratches on the pump housing, which indicates
that the impeller had not come into mechanical contact with
the pump housing.

In heparin (+) group, the oxygenators were extremely
clean with little thrombus formation; while, the heparin-
free examination revealed acceptable cleanliness. Throm-
bus formation was observed between the casing and the
fiber bundle near the corners of both the inlet and outlet
sides due to low flow velocity near the casing wall.
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Pump Oxygenator Oxygenator Temp. sensors Kidneys
Side view Middle sheet Outlet side Pressure sensors
lsi
14 days
ACT:120 = 8

Heparin free

2nd

18 days
ACT:166 * 10
Heparin
administration

Not evaluated
(sensors were not
implanted)

3rd

15 days
ACT:169 + 9
Heparin
administration

4th
14 days
ACT:166 * 14
Heparin
administration

Fig.5 Macro-inspection of dissected elements of the systems and organs depicted number on columns of sensors are corresponding to numbers

depicted in Fig. 2

Other elements of the ECMO circuit including tube, sen-
sors, and their junctions were free of thrombi.

The inflow cannulas were deformed in all cases prob-
ably due to external forces associated with neck movement
of the animals. This was considered to be inevitable in the
present animal model. All of the inflow and outflow cannulas
were free from thrombi, except for a small ring thrombus
observed in the edge of the outflow port.

Discussion
The needs for long-term durable ECMO

The need for durable mechanical circulatory support sys-
tems, including ECMO systems, has been growing as such
systems are increasingly being used to aid the recovery
of cardiopulmonary function or bridges to devices such
as implantable LVAD [1]. There are several reports about
long-term ECMO support. Hoashi et al. [12] reported on
prolonged cardiopulmonary support in neonates and infants
with a median support period of 21.7 days. Kusajima et al.
[13] described the continuous use of a single ECMO cir-
cuit for 74 days, which did not result in hemolysis or serum
leakage.

Technical elements to achieve anti-thrombogenicity
in this ECMO system

We have previously developed hydrodynamically levi-
tated centrifugal pump, membrane oxygenator with hollow
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polyolefin fibers, and coating technique, and demonstrated
its biocompatibility in 30-day animal experiments. All of
these elements are installed on the present system [9-11].
Especially, the pump of the system which employs hydro-
dynamic levitation systems is expected to exhibit superior
anti-thrombogenicity compared to conventional pivot-bear-
ing pumps. The mechanism is that some of the fluid that
passes through the impeller returned to the impeller inlet,
washing out the corners of the blood path. This washout flow
is driven by the pressure difference created by the impeller.
Indeed, the explanted blood pumps did not have any clot
formation on their inner surfaces.

Furthermore, the sensors of pressures and blood tem-
peratures have tube-like form and do not protrude nor dent
against blood stream and are equipped in serial manner
without any branch lines. These sensors were also free from
thrombi even under the heparin-free ECMO drive and, thus,
demonstrate good anti-thrombogenicity.

Compact, integrated design to achieve portability

The system is 595 cm? of installation area (about A4 size),
weighs 8.9 kg with portable oxygen cassette, and battery
which could last an hour at least stand alone and with sen-
sors of pressure, temperature, SvO,, and flowmeter, and
display which could monitor these parameters simultane-
ously in one display above the system without any addi-
tional cables or lines. This is quite small and simple but an
integrated structure considering conventional ECMO system
consisting of a big pump and oxygenator, and long circuit
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lines, many branch lines, cables of sensors, and independent
displays to monitor these bioinformation.

Concerning installing compact ECMO system, hydrody-
namic levitation-based pumps can have simple structures
and be controlled with simple circuits because there is no
need to monitor the position of the pump’s impeller. This is
superior to magnetic levitation-based pump (another non-
contacting levitation systems), which tends to be bigger. Fur-
thermore, motor driver unit of the pump is implanted on the
driver unit of this system to achieve compactness. Priming
volume of the pump itself is only 18 mL.

Clinical revolution of the management of ECMO

These advantages make patient management easier, espe-
cially in the situation of extubating management, rehabili-
tation like standing, walking inside or outside of hospital,
patient’s intra-hospital transfer, inter-hospital transfer with
ambulance car, helicopter, and aircraft, or even prehospital
initiation of ECMO.

Conclusion

Chronic animal experiments aimed at evaluating the biocom-
patibility of a newly developed integrated, compact ECMO
system. All of four animals survived for the scheduled two-
week study period without major complications. All of the
pump surfaces and pump circuit that came into contact with
blood were free from thrombi, while there are some in artifi-
cial lung and no signs of adverse effects on end-organ func-
tion were observed. The newly developed portable ECMO
system demonstrated satisfactory biocompatibility.
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