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HISTORICAL NOTE
The history of extracorporeal oxygenators*
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Summary

Extracorporeal oxygenators are artificial devices that substitute for anatomical lungs by delivering
oxygen to, and extracting carbon dioxide from, blood. They were first conceptualised by the
English scientist Robert Hooke (1635—1703) and developed into practical extracorporeal oxyge-
nators by French and German experimental physiologists in the 19th century. Indeed, most of the
extracorporeal oxygenators used until the late 1970s were derived from von Schroder’s 1882
bubble oxygenator and Frey and Gruber’s 1885 film oxygenator. As there is no intervening barrier
between blood and oxygen, these are called ‘direct contact’ oxygenators; they contributed signi-
ficantly to the development and practice of cardiac surgery till the 1980s. Membrane extracorporeal
oxygenators introduce a gas—permeable interface between blood and oxygen. This greatly decre-
ased the blood trauma of direct-contact extracorporeal oxygenators, and enabled extracorporeal
oxygenators to be used in longer-term applications such as the intensive therapy of respiratory
distress syndrome; this was demonstrably beneficial for neonates but less so for older patients. Much
work since the 1960s focused on overcoming the gas exchange handicap of the membrane barrier,

leading to the development of high-performance microporous hollow-fibre oxygenators that
eventually replaced direct-contact oxygenators in cardiac theatres.
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The distinguished 17th century English scientist and
philosopher Robert Hooke (1635-1703) demonstrated
experimentally in 1667 that inflation and deflation of the
lungs of an animal was not mandatory for the oxygenation
of the blood flowing through them. He also speculated as
to ‘whether suffering the blood to circulate through a
vessel, so that it may be openly exposed to the fresh air
[might] not suffice for the life of an animal’ without using
the lungs for oxygenation [1, 2].

The artificial oxygenation and perfusion of individual
organs was an objective of early 19th century physiolo-
gists. Julien-Jean Cesar le Gallois failed in his attempts to
perfuse isolated decapitated rabbits by the injection of
arterial blood in 1812 because of coagulation [3] but,
following the description of the method of defibrinating
blood by Prevost and Dumas in 1821 [4], Lobell [5]
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successfully perfused an isolated kidney by injecting
arterial blood in 1849. In 1858, Brown-Sequard perfused
the head of a dog with moderate success by injection, and
showed that 5 min of ischaemia of the brain resulted in
death of the organ [6, 7].

Early development of extracorporeal
oxygenators for isolated organ perfusion

The first ‘direct contact’ artificial oxygenation of blood in
an extracorporeal circulation was achieved in 1869 by
Ludwig and Schmidt [8] by shaking together defibrinated
blood with air in a balloon. Further development of
‘direct-contact’, ‘three-dimensional’ extracorporeal oxy-
genation of blood was the perfusion of an isolated kidney
in 1882 by Schroder of Strasburg, using the first simple
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‘bubble oxygenator’ [2, 6, 9, 10] and, from the same
laboratory in 1882, Frey and Gruber described the first
‘two-dimensional’, direct-contact extracorporeal oxygen-
ator that exposed a thin film of blood to air in an inclined
cylinder which was rotated at a frequency of 30 min~' by
an electric motor [2, 6, 10, 11].

Several bubble and surface type oxygenators were
developed in the first two decades of the 20th century
[10]. For example, Hooker described in 1910 a bubble
oxygenator [10, 12] and in 1915 a film oxygenator in
which blood flowed over a single rotating disc to be
oxygenated [10, 13]. Richards and Drinker described an
oxygenator in 1915 that incorporated a perforated silk
screen through which the blood flowed [10, 14].

Progress towards whole body perfusion: heparin

The problem of reliably preventing coagulation in per-
fusion was solved by the 1916 discovery of heparin by
Jay Maclean. Maclean, a medical student working in the
laboratory of W. H. Howell at the John Hopkins
University at Baltimore, demonstrated that a phosphatide
(cuorin) extracted from canine heart muscle prevented
coagulation of the blood [2, 6, 15]. Subsequently, it
was discovered that the active substance could also be
extracted from dog liver in reasonable quantities and it
was given the name ‘heparin’ [6, 16]. The discovery of
the anticoagulant property of heparin paved the way
to the development of whole body perfusion in animals
and, subsequently, extracorporeal oxygenators for use in
human cardiac surgery [2, 6].

Crucial developments in apparatus for
extracorporeal oxygenation

The first whole body extracorporeal perfusion with
isolation of the heart was, in fact, demonstrated in a
canine model by the Russian scientists Brukhonenko and
Tchetchuline in 1929 [2, 17-19]. They used the quies-
cent isolated lung as an oxygenator in a remarkable series
of perfusion experiments, first with the isolated head and
then using the whole body of the animal.

Many workers described ingenious oxygenating sys-
tems for isolated organs between 1920 and 1950. Von
Schroder of Strasburg, for instance, built the first bubble
oxygenator in 1882 [9], in which air was introduced into
a venous reservoir and the subsequent increase in pressure
in the reservoir forced oxygenated blood into an arterial
reservoir, which then perfused an isolated organ. Von
Euler and Heymans [20] in 1932 developed the opposite
and novel approach of introducing ‘atomised’ blood into
an air/oxygen environment. However, there were three
important devices that were to be ultimately developed
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into apparatus for clinical open heart surgery in man:
the film oxygenator developed by Gibbon between 1937
and 1953 [2, 10, 21-25]; the rotating disc oxygenator
described in 1948 by Bjork [2, 10, 26]; and the improved
all-glass bubble oxygenator described in 1952 by Clarke,
Gollan and Gupta [2, 27].

The use of oxygenators during the early years
of open-heart surgery

The Mayo-Gibbon pump-oxygenator

The painstaking work of Gibbon in designing experi-
mental film oxygenators that had extended over two
decades [21-25] was crowned with success when he
carried out the first successful human intracardiac opera-
tion under direct vision using a mechanical extracorporeal
pump-oxygenator on 18th May 1953 [2, 10, 22, 25].
Gibbon’s original objective was to develop an apparatus
capable of suspending the natural circulation during
Trendelenburg’s emergency operation for pulmonary
artery embolectomy [21, 22]. However, the first human
operation was in fact closure of an atrial septal defect [25].
Gibbon’s early experimental oxygenator filmed blood
over the inner surface of a rotating cylinder in an oxygen
atmosphere [2, 21-23]. However, this could not be
enlarged to perfuse animals larger than a cat [28]. Thus, in
Gibbon’s later animal experiments and the first human
operation, he used a stationary screen oxygenator that he
had developed [24, 25]. This consisted of a series of six to
eight wire mesh screens arranged vertically and in parallel
in a plastic container down which the blood flowed,
forming a stable film that was exposed to a flow of oxygen
[10]. Each of the screens was 60 cm high and had a width
of 10 cm.

Kirklin et al. [29, 30], at the Mayo Clinic in Rochester
Minnesota, further developed the Gibbon-type stationary
screen oxygenator into the Mayo-Gibbon pump-oxy-
genator apparatus after careful animal experimentation.
This was a sophisticated commercially available unit [6].
Kirklin ef al. began their pioneering series of human
intracardiac operations in March 1955 using the Mayo-
Gibbon pump-oxygenator and were very successful [31].
A number of cardiac surgery units worldwide obtained
and used this apparatus [2, 31, 32]. The results were
satisfactory but the apparatus was bulky and cumbersome,
quite complicated to sterilise and operate, prone to the
problem of blood streaming (resulting in diminishing
blood surface area for gas exchange), and also required a
large blood and saline priming volume [33].

The Kay-Cross disc oxygenator

The Bjork rotating disc film oxygenator (1948) [2, 26]
employed in animal studies was modified for clinical use
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by Melrose in 1953, by Kay and Cross and their
colleagues in 1956 [34, 35], by Osborn, Bramson and
Gerbode in 1960 [36] and by other workers. The Melrose
model described in 1953 after comprehensive animal
studies was used clinically very successtully for open heart
surgery for human patients at the Royal Postgraduate
Hospital in London and other cardiac units [2, 37]. It was
an ingenious drum and disc oxygenator. It gave good
service in the early days of clinical cardiopulmonary
perfusion, but it was cumbersome and required consid-
erable time and expertise to service and assemble. Later,
simpler versions with Teflon®-coated stainless steel discs
in a silicone-coated Pyrex® chamber were preferred
[6, 10, 22, 34-36]. Some disc oxygenators with presteri-
lised disposable plastic discs became available later [6].

The need for blood conservation required the film-
ing discs to be placed close to their disc enclosure. This
led to risks of foaming and haemolysis when the discs
spun, which limited their clinical applicability [22, 33].
Nevertheless, rotating disk oxygenators continued to be
favoured by many clinicians in the 1960s and 1970s
despite the dominance of the practical disposable single-
use disposable bubble oxygenators until single-use mem-
brane oxygenators became generally available. This was in
part due to their perception that the Kay-Cross oxygen-
ator caused less blood damage than the bubble oxygenator
in longer surgical cases [10, 38].

The DeWall bubble oxygenator

Studies of the function of the version of the bubble
oxygenator devised by Clarke, Gollan and Gupta were
important for the subsequent design of the DeWall
bubble oxygenator [39] that was used by Lillehei and his
team in their continuing pioneer work in intracardiac
surgery [2, 6, 39-41]. Clarke, Gollan and Gupta [27]
reported in 1950 that although small bubbles with their
large surface area to volume ratio favoured oxygen
uptake, they were less buoyant. This means that smaller
bubbles are less likely to rise spontaneously to the surface
and are more likely to remain in suspension — air
embolism is therefore more likely. An optimum balance
has therefore to be obtained. This optimum is believed to
exist if the bubbles are between 2 mm and 7 mm in
diameter [42]. Alternatively, a mixture of small and big
bubbles may be used [41]. Furthermore, since carbon
dioxide removal occurs by diftusion, the partial pressure
of the gas vented from the oxygenator cannot exceed its
partial pressure in blood, which is normally 4.5 kPa, in
contrast to the 13.3 kPa of oxygen [33]; increasing the gas
exchange area is of limited benefit. Carbon dioxide
removal is therefore limited by the rate of fresh gas flow
necessary to maintain an optimum carbon dioxide partial
pressure differential.

986

Anaesthesia, 2006, 61, pages 984-995

The commercially available DeWall oxygenator [10]
had a vertical oxygenating column through which oxygen
bubbled upwards at a high gas flow rate. The resulting
foamy blood subsequently entered a defoaming chamber,
in which silicone-coated surfaces decreased the surface
tension of the bubbles, causing the smaller bubbles to
coalesce into larger bubbles. These larger bubbles were
then eliminated in a helical tubular reservoir in which the
bubbles floated upwards while the blood was pumped
downwards.

In March 1954, after careful animal research, Lillehei
and his team of the University of Minneapolis, Minne-
sota, began to conduct an interesting and relatively
successful series of intracardiac operations for the closure
of atrioventricular defects in children using the arterial
blood of an adult in a controlled cross-circulation
technique [43]. Lillehei ef al. then began to use the
DeWall bubble oxygenator clinically in May 1955 [40,
44]. DeWall type bubble oxygenators gained widespread
acceptance, being used in an estimated 90% of open heart
operations worldwide in 1976 [44]. This was because of
their many advantages: they were highly efficient because
of the large cumulative surface area of the oxygen
bubbles; they had a simple design without moving parts
other than the mechanical pumps that drove the circu-
lation; the components of the circuit were easily sterilised
and they were disposable [2, 6, 38, 45]. Their popularity
was cemented with the advent of single-use, relatively
inexpensive, presterilised and prepacked plastic versions
[2, 45-48]. A further advantage was that the priming
volume required for these disposable devices was so small
that a saline prime would often suffice without the
addition of donor blood. Some bubble oxygenators were
fitted with integral heat exchangers and had plastic venous
reservoirs that allowed direct observation of the changes
of blood volume in the circuit [33].

The DeWall oxygenator is a ‘sequential bubble
oxygenator’, i.e. the components (bubbler, defoamer,
reservoir and pump) are arranged linearly in series.
Other variants have been designed that are ‘concen-
tric bubble oxygenators’, in which for the sake of com-
pactness the components are arranged concentrically,
and also ‘foam oxygenators’, in which gas exchange
is achieved when blood films down a column in a
counter-current system [49]. Foam oxygenators conse-
quently share some functional properties with both film
and bubble oxygenators.

Limitations of the performance of direct contact
extracorporeal oxygenators

The length of time for which either bubble or film direct
contact extracorporeal oxygenators could be used without
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causing serious complications did not extend much
beyond 4 h [6, 45]. The principal limiting factor was
damage to blood constituents due to the direct contact of
blood with air surfaces and to contact with the plastic and
metal constituents of the pump oxygenator circuit. Blood
trauma included damage and destruction of red blood
cells and platelets, coagulation disorders and protein
denaturation. Prolonged extracorporeal perfusion could
also result in vascular problems, including diftuse capillary
leakage, poor peripheral perfusion, acidosis and progres-
sive organ failure [50].

These disadvantages of direct contact extracorporeal
oxygenators could be accepted and usually counteracted
for the relatively short duration of intracardiac surgery.
Many cardiac surgery units used profound hypothermia,
cooling the body with the aid of a heat exchanger to a
nasopharyngeal, i.e. brain, temperature of 10-12 °C. This
allowed the perfusion to be turned off completely for up
to 1 h while prolonged intracardiac surgery was per-
formed [6, 45]. Some units adopted the Drew method of
profound hypothermia [51, 52]. This technique elimin-
ated the use of an extracorporeal oxygenator completely.
The patient’s own lungs were employed as oxygen-
ators during cooling by bypassing both the left and right
sides of the heart with separate simultaneous perfusions
[6, 45, 51, 52].

The Mayo-Gibbon type screen oxygenators, the dis-
posable versions of the DeWall-type bubble oxygenator,
and the Kay-Cross disc oxygenator and its modifications
remained in use throughout the 1960s and 1970s. The
disposable bubble oxygenators became very popular
because of their convenience in use and low prime
volume but there was a general view that the rotating disc
oxygenators were somewhat better for longer cases [2, 10,
38, 45]. There are very few papers attempting to make
direct comparisons of the clinical performance of the
various forms of direct contact extracorporeal oxygenat-
ors. However, in 1961 Gerbode et al. gave their reasons
for marginally preferring a rotating disc over a bubble
oxygenator [53]. Engell ef al., writing in the same year,
also gave their reasons for marginally preferring the
disposable bubble oxygenator over a stationary screen
oxygenator [54].

The limit on the length of time that direct-contact
extracorporeal oxygenators could be used made them
unsuitable for use in the longer term for the therapeutic
support of adults and infants suffering from respiratory
distress syndrome (RDS). One thing was certain: clini-
cians concerned with cardiopulmonary perfusion in the
1950s, 1960s and 1970s followed the lengthy gestation of
membrane oxygenators very closely, and looked forward
with keen anticipation to the advent of a practical,
disposable version.

© 2006 The Author
Journal compilation © 2006 The Association of Anaesthetists of Great Britain and Ireland

M. W. Lim e History of extracorporeal oxygenators

Introduction of the membrane oxygenator

The idea of a protective membrane between blood and
air to decrease the problem of blood trauma inherent
in direct-contact extracorporeal oxygenators began with
observations by Kolff and Berk in 1944 [55]. They
noted that blood in their haemodialysis machine, which
contained 20 000 cm® of cellophane tubing, became
oxygenated when exposed to aerated dialysates; the gas
contents of the blood equilibrated with that of the
dialysate through the process of passive diffusion.

Although the potential advantage of the membrane

oxygenator in decreasing the degree of blood trauma

associated with direct-contact oxygenators was immedi-
ately evident, the problems were also quickly appreciated,
namely:

e a dearth of suitable membrane biomaterials, which
were judged on their gas permeabilities, mechanical
strength, how thinly they can be made without pinhole
defects and blood-—artificial surface interactions;

e the membrane constituted an additional barrier to gas
exchange;

e the problem of optimal distribution of blood and gas
flows so that there is efficient gas exchange.

The emphasis in early membrane oxygenator develop-
ment concentrated on finding suitable biomaterials [56],
as early biomaterials had low gas exchange performance
and poor mechanical properties, limiting the develop-
ment of membrane oxygenators. Of the earliest available
materials, ethylcellulose and polyethylene were the most
permeable to oxygen and carbon dioxide [57]. Polyethy-
lene offered good mechanical strength and was rolled into
a coil for the first experimental membrane oxygenator
[58, 59]. Clowes, Hopkins and Neville in 1958 used
25 m” of the more permeable ethylcellulose [60] (soon
replaced by the mechanically stronger polytetrafluoro-
ethylene or Teflon® [61]) in multiple sandwiched layers
in their device that constituted the first clinical membrane
oxygenator. Membrane support with grooved plates was
later added, making an arrangement akin to a manifold of
straight capillaries in parallel. This was to stop blood
collecting unpredictably in thick rivulets, a problem
similar to that of blood streaming in film oxygenators.

One disadvantage of hydrophilic membrane oxygenat-
ors is their tendency to leak plasma in a manner akin
to tents leaking water when wetted on the inside. This
severely shortened the duration of the use of the
membrane lung. To prevent this, membranes made of
hydrophobic polymers [56] were used. These materials
were initially derived from packaging materials used in
the capacitor industry, such as polytetrafluoroethylene
(Teflon®). With hydrophobic membranes, Melrose [62]
realised in 1958 that it is carbon dioxide removal that
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was the limitation, as carbon dioxide solubility in
hydrophobic solids is much less than its solubility in
hydrophilic solids. To emphasise the importance of
carbon dioxide transfer, the term ‘membrane lung’ was
coined. This problem was partly solved by the use of
silicone as the hydrophobic material in membrane lungs.
Although silicone had been discovered in 1947 and had
played an important role as a defoaming agent in direct-
contact devices, its excellent gas exchange properties [63]
were not discovered until 1957. Silicone had a permeab-
ility (the product of diffusivity and solubility) of 2600—
6500 x 10" ml oxygen.cm >.mmHg 's™' for oxygen
and four to five times higher than this for carbon dioxide,
these figures being some 40 times higher than those for
Teflon®.

Early silicone membranes had a number of problems.
They had low mechanical strength and were not free of
pinholes when made into a thin film. Solutions were
found to these problems. In 1959, Thomas designed the
first silicone membrane lung using a thin continuous
silicone membrane on a fabric support, which was made
by dip-coating a nylon mesh, and the pairing of two
sheets of ultrathin membranes together so as to decrease
the risk of leakages through random pinhole defects.

The definitive solution belonged to Burns [64] who, in
1959, developed a new process at Hammersmith Hospital
in London for the low-cost production of thin films of
silicone membranes that were virtually free of pinholes
and had greatly increased strength. Modern versions of
the silicone membrane oxygenators are still in use and are
marketed as long-term extracorporeal oxygenators [65].

Improving the gas exchange efficiency of
membrane oxygenators

With sufficiently thin membranes, the gas exchange
bottleneck was now recognised as having shifted from the
membrane to gas diffusion through blood. This was a
result of the thickness of the blood layer. Marx et al. [66]
determined that oxygen transfer into a blood film is
proportional to the square of the thickness of the blood
film and the diffusion resistance of the boundary layer.
This latter factor requires elaboration. In alveolar
capillaries, the blood channels are one cell thick, resulting
in efficient gas exchange. In artificial oxygenators, the
blood channels are much thicker. With laminar flow,
blood flows in orderly layers through these channels. The
boundary layer, i.e. the layer that is adjacent to the gas
exchange surface, quickly equilibrates with the venting
gas. However, this equilibration is slow to spread through
the other layers because of the low diffusivity of gas
through blood, which is 1.73 X 107° m%s7! for oxy-
gen and 1.45 X 107" m”s™" for carbon dioxide at 37 °C,
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with consequent deterioration of gas exchange efficiency.
Subsequent development therefore concentrated on
minimising these two bottlenecks. The first silicone
capillary oxygenator, comprising capillaries that were
100-500 pm in diameter, was designed by Bodell et al.
[67] in 1963. The small diameter of the hollow fibres
decreases the distance of the blood layers from the gas
exchange surface in two dimensions. Capillary oxygen-
ators also have the additional advantage of being better
able to control the volumes of both gas and blood
compartments.

Configurations with blood inside the fibres and
oxygen outside and the reverse configuration of blood
outside the fibres and oxygen inside were tried. Wilson
et al. [68] showed that the preferred configuration used
blood flowing inside the fibres. However, the opposite
is the case with current microporous hollow-fibre
oxygenators, as is described later. The second problem,
i.e. the diffusion resistance of the boundary layer, was
addressed by the induction of secondary flows in blood.
Secondary flows are fluid flows that are additional to the
mainstream. They may be used to disrupt laminar flow
and impart convective mass transfer to the mass of the
fluid. Mixing and therefore gas exchange performance
are thus increased. Passive internal secondary flows are
induced by forcing blood to ‘eddy’ around passive
obstacles, e.g. forcing blood to move in curved paths
around a helically wound tube [69] or by the insertion
of surface elements into blood passages [70]. Active
secondary flows are induced by using energetic mech-
anisms to disrupt laminar flow more effectively, resulting
in greater gas exchange efficiency. Mechanisms devised
for this include:

e periodic deformation of the membrane through cyclical
oxygen pressure to produce microscopic foci of mixing
71];

a rocking membrane envelope [72];

pneumatic pulsation of the membrane [72];

a rotating membrane-bound disk [72];

moving rod massage [73];

the toroidal membrane oxygenator [74, 75];

the annular membrane oxygenator by Gaylor ef al.
[76];
e vortex-shedding designs [77, 78].

The measures employed were very successful in
enhancing gas mass transfer. Kolobow’s device [71] in
fact exceeded 200 ml oxygen.min~'.m?, the limit for
the thickness of the silicone membrane used. This was
because the membrane inverted and stretched into the gas
side, increasing the surface area when hypobaric pressure
was applied. Kolobow’s device was mass-manufactured
and marketed by SciMed, then AveCor and now
MedTronic, becoming the only solid silicone membrane
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device consistently available for long-term life support
during the past few decades [79].

Use of membrane oxygenators for treating
respiratory distress syndromes

Adult respiratory distress syndrome

Right from the early stages of membrane oxygenator
development it was evident that membrane oxygenators
had significant advantages over bubble oxygenators.
Besides inflicting less blood damage, they are more
suitable for infants and children as they have a closed non-
distensible circuit, giving better control of blood volume.
They (and in particular the hydrophobic continuous
membrane devices) were therefore used in longer-term
applications such as in intensive care. The conventional
treatment of respiratory distress in premature babies and
in injured adults is by mechanical ventilation. This is
beneficial in the short term, but long-term forcible
distension resulting in barotrauma or volutrauma can
cause significant pulmonary damage. This damage may be
further complicated by associated oxygen toxicity to lung
tissues. Theoretically, extracorporeal membrane oxygen-
ation (ECMO) allows the lungs to rest, by taking over
the gas exchange functions of oxygenation and carbon
dioxide removal of the lungs. This may allow the lungs of
premature infants to mature into the vital life-sustaining
organs they should be, and should allow the damaged
lungs of adults to recover their function.

In support of this hypothesis, there were numerous
reports [80-83] of favourable outcomes with ECMO as a
treatment for adult respiratory failure. This led to the
important ECMO trial of 1975-77 [84]. However, the
results were disappointing. In a nine-centre prospective,
randomised trial involving 92 patients, patient survival
rate was <10% regardless of whether they were treated
with ECMO or on mechanical ventilation. All autopsies
showed extensive lung fibrosis, although a significant
number of patients died from technical complications.
Subsequent critiques identified the following confound-
ing factors [50]:

e a selection bias that excluded both best-risk and worst-
risk patients;

e failure of ensuring lung rest in some ECMO patients;

e absence of prior ECMO experience in some centres;

e a patient pool biased by an epidemic of influenza

pneumonitis in 1976.

After these disappointing results, Kolobow and Gatti-
noni [85] introduced a modified extracorporeal gas
exchange technique, called extracorporeal carbon dioxide
removal (ECCO,R), in 1978. Extracorporeal membrane
oxygenation required a high membrane surface area and
extracorporeal blood flows to carry out its dual function
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of oxygenating and decarbonating the blood. In contrast,
ECCO,R uses the large surface area of the natural lungs
to effect efficient oxygenation and delivers high gas flows
to the extracorporeal membrane lung for efficient
extraction of carbon dioxide. As the lungs no longer
need to extract carbon dioxide, low-minute volume
ventilation can be employed, resulting in minimal risks of
barotrauma and volutrauma. At the same time, alveoli are
recruited, avoiding the pitfall of poor lung perfusion with
ECMO [86]. Because the membrane lung is no longer
responsible for oxygenation, smaller membrane areas and
lower extracorporeal blood flows are needed com-
pared to ECMO, minimising the risk of blood trauma.
Again, while there were numerous favourable anecdotal
accounts, a randomised trial [87] failed to show any
statistically significant benefit for patients who were
treated by ECCO,R, compared to patients who were
treated by individualised mechanical ventilation regimes.

Not surprisingly, these disappointingly negative studies
dampened enthusiasm for extracorporeal gas exchange as
being a useful treatment for adult respiratory distress
syndrome.

Neonatal respiratory distress syndrome

In contrast to the results in adults, prospective, random-
ised, clinical trials investigating the efficacy of extracor-
poreal gas exchange in patients with neonatal respiratory
distress syndrome consistently showed favourable results
for ECMO therapy. The first study by Bartlett et al. [88]
looked at 12 infants and used the randomisation tech-
nique of ‘play the winner’, ie. the first patient was
afforded a 50 : 50 randomisation but all subsequent
patients were allocated odds favouring the previous
effective therapy. This avoids the ethical issue of unbiased
randomisation. In this study, the only patient allocated
mechanical ventilation died, whereas 11 patients allocated
ECMO survived, and the results were statistically signi-
ficant. Criticism of this study having a control population
of one led to a second prospective randomised study with
a more even treatment distribution. Nevertheless, ethical
concerns prevented unbiased randomisation. In a later
study [89], 39 infants with an expected 85% morta-
lity from severe persistent pulmonary hypertension and
respiratory failure were allocated conventional medical
therapy or ECMO patients. Randomisation ceased, as
planned, after the fourth conventional medical therapy
death. The ECMO arm had a 97% survival (28 of 29) and
the conventional medical therapy arm had a 60% survival
(6 of 10); the results were statistically significant.

These studies were followed by the first multicentre
randomised clinical trial [90] applying unbiased random-
isation. In this study, 185 mature newborns with severe
respiratory failure were randomly allocated treatment by
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either ECMO or conventional management. This allo-
cation was performed by a computerised protocol that
used the key prognostic variables of primary diagnosis,
disease severity, referral centre and ECMO centre. Of
the 93 subjects given ECMO support, 28 died before
discharge and another two died before their first birthday.
Of the 92 subjects given conventional support, 54 died
before discharge with no further deaths by their first
birthday. Of the rest, 17 from the ECMO group had
various levels of disabilities compared with 11 from the
conventional management group. The chance of survi-
val was therefore almost doubled with ECMO. These
survival figures were not clouded by high 1-year
morbidity rates or outcome measures in a later review
at four years [91]. Subsequently, ‘recruitment to the trial
was stopped early (November 1995) by the trial steering
committee on the advice of the independent data-
monitoring committee, because the data accumulated
showed a clear advantage with ECMO’. However, it
must be noted that the patient population of this trial was
restricted for methodological reasons. It may not there-
fore be representative. In addition, although this report
shows that ECMO is better than conventional ventilatory
therapy in neonates, it does not show that ECMO is
better than other alternatives to conventional therapy.
The results of this ECMO trial therefore fall short of
being conclusive. Important though this trial may be,
there is a need for additional studies on a wider variety of
patient populations and therapies before we can be
confident in judging the efficacy of ECMO at present,
and its viability as a therapy in the future.

As a postscript, the Extracorporeal Life Support
Organisation (ELSO) Registry has collected data on
ECMO patients internationally since 1989 [92]. There
are records on over 30 000 patients, with a current
average of 800 ECMO patients a year. Sixty-six per
cent of these are neonatal patients, with a 77% survival
to discharge. Paediatric and, to a lesser extent, adult
patients, form the remainder, both with > 50% survival
to discharge. Increasingly, extracorporeal support is
being applied to cardiac failure and cardiac arrest
patients, with survival to discharge about the 40%
mark.

Development of high-performance membrane
oxygenators for cardiac surgery

Despite the success of silicone membrane oxygenators for
long-term clinical applications, direct-contact oxygenat-
ors remained dominant for short-term clinical appli-
cations such as cardiac surgery in the 1970s. This was
due to membrane oxygenators being less efficient than
direct-contact oxygenators, cumbersome, prone to plasma
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leakages and thrombotic occlusions, and time-consuming
to assemble [10, 93]. The focus of much research effort in
the last 50 years has been to remove these remaining
disadvantages.

With the use of secondary flows in membrane lungs,
the membrane once again became the bottleneck for gas
exchange. The need to retain mechanical strength meant
there was limited scope for making the membrane even
thinner. An alternative approach was to use microporous
membranes, as first suggested by McCaughan ef al. [94].
These membranes have pores running through them
that allow some direct contact between blood and air,
allowing for more efficient gas exchange. The first
prototypes were made of microporous polyethylene,
sintered nickel or hydrophobic cellulose acetate polymers.
However, the pore size of these membranes exceeded 1—
10 um in diameter, the limit at which plasma leakage
occurs freely [56]. Air embolism is also more likely to
occur when the gas pressure exceeded that of the blood
side. With the advent of hydrophobic membranes with
good distribution of sufficiently small median pore size,
e.g. 0.02 um in the case of Celgard® — a microporous
polypropylene membrane, blood penetration of the
micropores was prevented by surface tension forces.
Microporous membrane lungs have operated for several
days without plasma leakage. Polypropylene was the
material used for hollow fibre construction as it is reliably
fabricated without defects at acceptable cost. Although
there is a direct blood—gas interface within the pores,
blood trauma is limited. This is thought to be because the
processes of protein deposition and water vapour con-
densation at the blood—air interface cause the micropor-
ous membranes to behave like continuous membranes
[56]. As with the earlier solid membrane lungs, further
development of the microporous membrane lungs
involved improving the gas exchange performance of
microporous membranes by applying secondary flow and
hollow-fibre technologies.

With the advent of microporous hollow fibre technol-
ogy, oxygenators were made from bundles of micropor-
ous hollow fibres 200-300 pum in diameter in a hard shell
[56, 93]. With their large surface area to volume ratio,
they proved to be efficient gas exchange devices. Other
advantages are that these oxygenators are simple to
fabricate, can be made into different sizes for different
patient needs, and have non-compliant blood and gas
compartments more suited to paediatric use. With these
advantages, membrane oxygenators began to be widely
accepted even in cardiac theatres.

A variant of the conventional hollow-fibre oxygenator
is the inverse-flow or ‘blood outside’ design [93]. These
devices have blood flowing in the external chamber
originally designed for gas, while gas flows within the
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hollow-fibres. The advantages of this design are as follows

[22, 93]:

e passive mixing is induced as blood weaves past the
hollow-fibres — the improvement in gas exchange
performance is such that membrane area is 2-2.5 times
smaller than conventional hollow-fibre oxygenators;

e lower pressures are generated, as high-viscosity blood
flows in a larger chamber while low-viscosity gas flows
in the narrower hollow-fibres;

e the gas exchange area is the outer surface of the hollow
fibres, which was larger than the inner gas exchange
surface of classical hollow fibre oxygenators.

The disadvantages are:

e fibre arrangements need to be optimised through
complex fluid dynamics studies so that efficient distri-
bution and movement of blood and oxygen may be
achieved;

e biocompatible shell materials and suitable blood ports
are needed.

The combined advantages of high gas exchange
efficiency, low blood trauma, compactness, simplicity
and low cost meant that microporous membrane lung
devices began to replace the efficient bubble oxygenators
in cardiac operating theatres [45, 93] in the 1980s.
However, for longer-term use, plasma leakage remained
a problem with microporous membrane lungs. Thus,
membrane lungs have separated into two major classes:
microporous hollow-fibre oxygenators for short-term
surgical use and non-microporous membrane lungs for
long-term intensive care use.

Recent advances

Device innovations

Extracorporeal gas exchange has come a long way since its
first conception by Hooke, both in terms of device
today,
research and development to improve extracorporeal

development and clinical application. Even
oxygenators continues apace. The success of the hollow-
fibre oxygenators led to the innovative concept of an
intracorporeal oxygenator called the intravascular oxy-
genator, or IVOX [95]. In IVOX, a bundle of silicone
elastomer-coated hollow fibres forming a non-micropor-
ous surface is inserted into the inferior vena cava of
a patient and oxygen is pumped through these fibres.
Secondary flows are achieved when venous blood weaves
its way through these fibres in the inferior vena cava. This
device 1is therefore the intracorporeal equivalent of
inverse-flow hollow-fibre oxygenators. Enhancements
to these devices include incorporation of balloon pump-
ing within the fibres further to generate secondary flows
and improve gas exchange performance — this was named
the Intravascular Membrane Oxygenator (IMO). Even
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then, the gas exchange performance of IVOX/IMO
devices (196.8 ml oxygen.min~'.m™* and 78 ml carbon

. . . _l
dioxide.min

.m~?) was inadequate for total respiratory
support, although it sufficed for partial respiratory
support. These devices are potentially revolutionary, as
they do not require complex cannulations and tubing to
convey blood extracorporeally for oxygenation. Indeed,
the blood-carrying tubes are natural and internal. Thus,
by performing a procedure a little more complex and
expensive than a vascular catheter insertion, intensivists
can quickly institute ‘extracorporeal’ oxygenation with-
out the risks associated with extracorporeal circulation.
Thus IVOX/IMO promises a simple and low-cost
method of delivering a form of ‘extracorporeal’ oxygen-
ation for intensive care use. However, this promise is not
being realised, as IVOX/IMO devices have failed to gain
widespread acceptance because initial studies failed to
demonstrate clinical benefit [96]. Nevertheless, research
and development work continues on this fascinating
concept.

The recent advent of efficient non-microporous
hollow fibres made of new biomaterials such as poly
4-methyl-1-pentene (PMP) [97-100] is also promising, as
it has resulted in non-microporous oxygenators that are
almost as efficient as microporous hollow-fibre oxygen-
ators. At the same time, non-microporous oxygenators
are highly resistant to plasma breakthrough and have a
long operating life, enabling long-term extracorporeal
applications. The dual advantages of operational effi-
ciency and longevity may herald the future dominance of
Nnon-microporous oXygenators.

Conclusions

As with many historical studies, this paper is more than a
retrospective glance. There are lessons within this history
that are relevant today. The outstanding lesson from this
paper is that medical devices need to be effective in what
they aim to do, be proven to be clinically effective and,
finally, be simple and inexpensive to manufacture to
achieve widespread clinical acceptance and therefore
market success. These characteristics are very much in
evidence in the successtul extracorporeal oxygenator
designs such as the DeWall bubble oxygenator, the
Kolobow silicone membrane oxygenator and the hollow-
fibre oxygenator. Where clinical applications are con-
cerned, the main lesson is that technology alone is not
enough. Physiologists and clinicians designed the early
extracorporeal devices based on their basic scientific
knowledge. Clinical perseverance and innovation pushed
clinical extracorporeal oxygenation past the many obsta-
cles it encountered along the way. We are not passive
consumers in an increasing medical technological age.
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Our medical knowledge, clinical skills and professional

dedication make us partners with technologists and

patients in the ongoing search for improved patient safety.

Acknowledgements

I am indebted to Dr Thomas Boulton, retired Anaes-
thetist and former Editor-in-Chief of Anaesthesia. This
paper would be much poorer without his material
contributions and editorial assistance. I also acknowledge

the assistance of Dr Alfred Gunning, Dr Keith Dorrington

and Prof. Brian Bellhouse for providing me with

information and insights regarding the development of

extracorporeal oxygenators.

References

1

10

11

12

13

992

Hooke R. An account of an experiment made by R Hooke
of preserving animals alive by blowing air through their
lungs with bellows. Philosophical Transactions of the Royal
Society 1667; 2: 539.

Rendell-Baker L. History of thoracic anaesthesia. In:
Mushin WW, ed. Thoracic Anaesthesia, Chapter 20,
Oxford: Blackwell Scientific Publications, 1963: 598—61.
LeGallois JJC. Expériences sur le principe de la vie.
Notamment sur Celui des Mouvemens du Coeur, et Sur le Siége de
ce Principe; Suivies du rapport fait a la premiére classe de I’ Institt sur
celles relatives aux movemens du Coeur. Paris: D’Hautel, 1812.
Prévost JL, Dumas JB. Examen du sang et de son action
dans les divers phénomenes de la vie. Annales de Chimie
1821; 18: 280-96.

Lobell CE. De conditionibus quibus secretiones in glandulis
perficiuntur, Diss Marburgi Cattorum: typ Elwerti, 1849.
Wylie WD, Churchill-Davidson HC. A Practice of Anaes-
thesia, 3rd edn. London: Lloyd-Luke, 1972: 691-715.
Brown-Sequard E. Du sang rouge et du sang noir, et de
leurs principaux elements gazeuse, 'oxygene et acide
carbonique. Journal of Anatomie (Paris) 1858; 1: 95.
Ludwig C, Schmidt A. Das Verhalten der Gase, Welche
mit dem Blut durch die reizbaren Siugethiermuskelz
stromen. Leipzig Berichte 1868; 20: 12-72.

von Schréder W. Uber die Bildungstitte des Harnstofs.
Archiv Fur Experimentelle Pathologie und Pharmakologie 1882;
15: 364—402.

Hewitt RL, Creech O Jr. History of the pump oxygenator.
Archives of Surgery 1966; 93: 680-96.

von Frey M, Gruber M. Studies on metabolism of isolated
organs. A respiration-apparatus for isolated organs. Unter-
suchungen uber den stoftwechsel Isolierter organe. Ein
respirations-apparat fur isolierte organe [in German].
Virchows Archiv_fur Physiologie 1885; 9: 519-32.

Hooker DR. A Study of the isolated kidney: the influence
of pulse pressure upon renal function. The American_Journal
of Physiology 1910; 27: 24—44.

Hooker DR. The perfusion of the mammalian medulla.
The effect of calcium and of potassium on the respiratory

14

15

16

17

20

21

22

23

24

25

26

27

28

29

30

(=]

31

Anaesthesia, 2006, 61, pages 984-995

and cardiac centers. American Journal of Physiology 1915; 38:
200.

Richards AN, Drinker CK. An apparatus for the perfusion
of isolated organs. Journal of Pharmacology and Experimental
Therapeutics 1915; 7: 467-83.

McLean J. The thromboplastin action of cephalin. American
Journal of Physiology 1916; 41: 250-7.

Howell WH, Holt E. Two new factors in blood coagula-
tion heparin and pro-antithrombin. American Journal of
Physiology 1918; 47: 328—41.

Probert WR, Melrose DG. An early Russian heart-lung
machine. British Medical Journal of 1960; 1: 1047-8.
Brukhonenko S. Circulation artificielle du sang dans I’
organisme entire d’'un chin avec Coeur exclu. Journal of de
Physiologie et de Pathologie Generale 1929; 27: 251-72.
Brukhonenko S, Tchetchuline S. Experiences avec la tete
isolee du chien. Journal of de Physiologie et de Pathologie
Generale 1929; 27: 31-79.

Von Euler US, Heymans C. An oxygenator for perfusion
experiments. Journal of Physiology 1932; 74: 2-3.

Gibbon JH Jr. Artificial maintenance of circulation during
experimental occlusion of the pulmonary artery. Archives of
Surgery 1937; 34: 1105-31.

Galletti PM, Mora CT. Cardiopulmonary bypass: the his-
torical foundation, the future promise. In: Mora CT, ed.
Cardiopulmonary Bypass: Principles and Techniques of Extra-
corporeal Circulation, Chapter 1. New York: Springer, 1995.
Gibbon JH Jr. An oxygenator with large surface area to
Volume ratio. Journal of Laboratory and Clinical Medicine
1939; 24: 1192-8.

Miller BJ, Gibbon JH, Fineburg C. An improved
mechanical heart and lung apparatus; its use during open
cardiotomy in experimental animals. Medical Clinics of North
America 1953; 1: 1603-24.

Gibbon JH Jr. Application of a mechanical heart and lung
apparatus to cardiac surgery. Minnesota Medicine 1954; 37:
171-85.

Bjork VO. Brain perfusions in dogs with artificially oxy-
genated blood. Acta Chirurgica Scandinavica; 137: 1948; 96:
1-5.

Clarke LC Jr, Gollan F, Gupta VB. The oxygenation of’
blood by gas dispersion. Science 1950; 111 (2874): 85-7.
Bjork VO, Sternlieb JJ, Davenport C. From the spinning
disc to the membrane oxygenator for open-heart surgery.
Scandinavian Journal of Thoracic and Cardiovascular Surgery
1985; 19: 207-16.

Jones RE, Donald DE, Swan JC, Harshbarger HG, Kirklin
JW, Wood EH. Apparatus of the Gibbon type for
mechanical bypass of the heart and lungs; preliminary
report. Proceedings of the Staff Meetings of the Mayo Clinic
1955; 30: 105-13.

Kirklin JW, Theye RA, Patrick RT. The Stationary
Vertical Screen Oxygenator. In: Allen JG, ed. Extracorporeal
Circulation. Thesis. Springfield, Illinois: Charles C Thomas,
1958: 57-66.

Kirklin JW, Donald DE, Harshbarger HG, et al. Studies in
extracorporeal circulation. I. Application of Gibbon-type

© 2006 The Author

Journal compilation © 2006 The Association of Anaesthetists of Great Britain and Ireland



Anaesthesia, 2006, 61, pages 984-995

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

pump-oxygenator to human intracardiac surgery: 40 cases.
Annals of Surgery 1956; 144: 2—-8.

Moftit EA, Patrick RT, Swan HJC, Donald DE. A study of
blood flow, venous blood oxygen saturation, blood pres-
sure and peripheral resistance during total body perfusion.
Anesthesiology 1959; 20: 18-26.

Galletti PM, Colton CK. Artificial lungs and blood-gas
exchange devices. In: Bronzion JD, eds. The Biomedical
Engineering Handbook, Chapter 125. Boca Raton: CRC
Press, 1995.

Berne RM, Cross FS, Hirose Y, Jones RD, Kay EB,
Zimmerman HA. Certain clinical aspects of the use of a
pump-oxygenator. Journal of the American Medical Association
1956; 162: 639—41.

Cross ES, Berne RM, Hirose Y. Evaluation of a rotating
disc type oxygenator. Proceedings of the Society for Experi-
mental Biology and Medicine 1956; 93: 210—4.

Osborn JJ, Bramson ML, Gerbode F. A rotating disc blood
oxygenator and integral heat exchanger of improved
inherent efficiency. Journal of Thoracic Surgery 1960; 39:
427-37.

Melrose DG. Mechanical heart-lung for use in man. British
Medical Journal 1953; 2: 57-62.

Bartlett RH, Harken DE. Instrumentation for cardiopul-
monary bypass — past, present and future. Medical Instru-
mentation 1976; 10: 119-24.

DeWall RA, Gott VL, Lillehei CW, Read RC, Varco RL,
Warden HE, Ziegler NR. A simple, expendable, artificial
oxygenator for open heart surgery. Suigical Clinics of North
America 1956; 36: 1025-34.

Lillehei CW, DeWall RA, Read C, Warden HE, Varco R.
Direct vision intracardiac surgery in man using a simple
disposable artificial oxygenator. Diseases of the Chest 1956;
29: 1-8.

Lillehei CW, DeWall RA. Design and clinical application
of the helix reservoir pump-oxygenator system for extr-
corporeal circulation. Postgraduate Medicine 1958; 23: 561—
73.

Nunn JF. Nunn’s Applied Respiratory Physiology, 4th edn.
Oxford: Butterworth Heinemann, 1993.

Lillehei CW, Cohen M, Warden HE, Varco RL. The
direct vision correction of congenital abnormalities by
controlled cross circulation; results in thirty-two patients
with ventricular septal defects, tetralogy of Fallot, and atrio
ventricularis communis defects. Surgery 1955; 38: 11-29.
Lillehei CW. History of the development of extracorporeal
circulation. In: Arensman RM, Cornish JD, eds, Extracor-
poreal Life Support. Boston: Blackwell Scientific Publica-
tions, 1993: 9-30.

Hurt R. The technique and scope of open-heart surgery.
Postgraduate Medical Journal 1967; 43: 668—74.

Gott VL, DeWall RA, Paneth M, et al. A self-contained
disposable oxygenator of plastic sheet for intracardiac
surgery. Thorax 1957; 12: 1-9.

Rygg IH, Kyvsgaard E. A disposable polyethylene
oxygenator system applied in a heart-lung machine. Acta
Chirurgica Scandinavica 1956; 112: 433—7.

© 2006 The Author
Journal compilation © 2006 The Association of Anaesthetists of Great Britain and Ireland

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

M. W. Lim e History of extracorporeal oxygenators

Rygg IH, Kyvsgaard E. Further development of the heart-
lung machine with Rygg-Kyvsgaard plastic bag oxygen-
ator. Minerva Chirurgica 1958; 13: 1402—4.

Galletti PM, Brecher GA. Heart-lung bypass: principles and
techniques of extracorporeal circulation. Thesis. New
York: Grune & Stratton, 1962.

Bartlett RH. The development of prolonged extracorpor-
eal circulation. In: Arensman RM, Cornish JD, eds,
Extracorporeal Life Support. Boston: Blackwell Scientific
Publications, 1993: 31-41.

Drew CE, Anderson IM. Profound hypothermia in
cardiac surgery, report of three cases. Lancet 1959; 1: 748—
50.

Boulton TB. Profound hypothermia by the Drew tech-
nique. International Anesthesiology Clinics 1967; 5: 381—
410.

Gerbode F, Osborn J, Melrose DG, Perkins HA, Norman
A, Baer DM. Extracorporeal circulation in intracardiac
surgery. A comparison between two heart-lung machines.
Lancet 1958; ii: 284—6.

Engell HC, Rygg E, Arnfred E, Frederiksen T, PoulsenT.
Clinical comparison between a stationary-screen oxygen-
ator and a bubble-oxygenator in total body perfusion.
Acta Chirurgica Scandinavica 1961; 122: 243-51.

Kolff WJ, Berk HT. Artificial kidney: dialyzer with great
area. Acta Medica Scandinavica 1944; 117: 121-34.
Aebischer P, Goddard M, Galletti PM. Materials and
materials technologies for artificial organs. In: Materials
Science and Technology — a Comprehensive Treatment, Vol. 14,
Medical and Dental Materials, Chapter 4. In: Cahn RW,
Haasen P, Kramer EJ Williams DF, eds. Cambridge: VCH
Weinheim, 1992.

Clowes GHA Jr, Hopkins AL, Kolobow T. Oxygen dif-
fusion through plastic films. Transactions — American Society
for Attificial Internal Organs 1955; 1: 23—4.

Kolff WJ, Baltzer R. The artificial coil lung. Transactions —
American Society for Artificial Internal Organs 1955; 1: 39-42.
Kolff W], Effler DB, Groves LK, Peereboom G, Moraca
PP. Disposable membrane oxygenator (heart-lung
machine) and its use in experimental surgery. Cleveland
Clinic Quarterly 1956; 23: 69-97.

Clowes GH Jr, Hopkins AL, Neville WE. An artificial lung
dependent upon diffusion of oxygen and carbon dioxide
through plastic membranes. Journal of Thoracic Surgery 1956;
32: 630-7.

Clowes GHA Jr, Neville WE. Further development of a
blood oxygenator dependent upon the diffusion of gases
through plastic membranes. Transactions — American Society
for Artificial Internal Organs 1957; 3: 52-8.

Melrose. DG, Bramson ML, Osborn JJ, Gerbode F. The
membrane oxygenator; some aspects of oxygen and carbon
dioxide transport across polyethylene film. Lancet 1958; i:
1050-1.

Kammermeyer K. Silicone rubber as a selective barrier.
Industrial Engineering Chemicals 1957; 49: 1685—6.

Burns N. Production of a silicone rubber film for the
membrane lung. Biomedical Engineering 1969; 4: 356-9.

993



M. W. Lim e History of extracorporeal oxygenators

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

994

Iwahashi H, Yuri K, Nose Y. Development of the oxy-
genator: past, present, and future. Journal of Artificial Organs
2004; 7: 111-20.

Marx TI, Snyder WE, St John AD, Moeller CE. Diffusion
of oxygen into a film of whole blood. Journal of Applied
Physiology 1960; 15: 1123-9.

Bodell BR, Head JM, Head LR, Formolo AJ, Head JR.
A capillary membrane oxygenator. Journal of Thoracic and
Cardiovascular Surgery 1963; 46: 639-50.

Wilson R, Shepley DJ, Llewellyn-Thomas E. A membrane
oxygenator with a low priming volume for extra-corporeal
circuit. Canadian _Journal of Surgery 1965; 8: 309-11.
Dorson W Jr, Baker E, Hull H. A shell and tube
oxygenator. Transactions — American Society for Artificial
Internal Organs 1968; 14: 242-9.

Peirce EC 2nd, Dibelius WR. The membrane lung: studies
with a new high permeability co-polymer membrane.
Transactions — American Society for Artificial Internal Organs
1968; 14: 220—-6.

Kolobow T, Bowman RL. Construction and evaluation of
an alveolar membrane artificial heart-lung. Transactions —
American Society for Artificial Internal Organs 1963; 9: 238—43.
Drinker PA. Progress in membrane oxygenator designs.
Anesthesiology 1972; 37: 242—60.

Frantz SL, Chopra P, Goldenberg AL, Brown L, Miller
FM, Dennis C. A membrane combined oxygenator and
pump — principles. Transactions — American Society for Arti-
ficial Internal Organs 1968; 14: 233-5.

Bartlett RH, Isherwood J, Moss RA, Olszewski WL, Polet
H, Drinker PA. A toroidal flow membrane oxygenator:
four day partial bypass in dogs. Surgical Forum 1969; 20:
152-3.

Bartlett RH, Drinker PA, Burns NE, Fong SW, Hyans T.
The toroidal membrane oxygenator: design, performance,
and prolonged bypass testing of a clinical model. Transac-
tions — American Society for Artificial Internal Organs 1972; 18:
369-74.

Gaylor JD, Murphy JF, Caprini JA, Zukerman L, Mockros
LF. Gas transfer and thrombogenesis in an annular mem-
brane oxygenator with active blood mixing. Transactions —
American  Society for Artificial Internal Organs 1973; 19:
516-24.

Bellhouse BJ, Bellhouse FH, Curl CM, et al. A high
efficiency membrane oxygenator and pulsatile pumping
system, and its application to animal trials. Transactions —
American Society for Artificial Internal Organs 1973; 19: 72-9.
Dorrington KL, Gardaz JP, Bellhouse BJ, Sykes MK.
Extracorporeal oxygen and CO, transfer of a polypropy-
lene dimpled membrane lung with variable secondary
flows: partial bypass in the dog. Journal of Biomedical
Engineering 1986; 8: 36—42.

Bartlett RH, Commentary on ‘Kolobow T, Bowman RL.
Construction and evaluation of an alveolar membrane artificial
heart-lung. Transactions — American Society for Artificial Internal
Organs 1963; 9: 238—42 [WWW document|’. http://
echo.gmu.edu/bionics/ Toppapers7.htm [accessed 26
February 2005].

81

82

83

84

85

86

87

88

89

90

91

92

93

94

Anaesthesia, 2006, 61, pages 984-995

Hill JD, O’Brien TG, Murray ]J], et al. Prolonged extra-
corporeal oxygenation for acute post-traumatic respiratory
failure (shock—lung syndrome). Use of the Bramson
membrane lung. New England Journal of Medicine 1972; 286:
629-34.

Schulte HD. Membrane oxygenators in prolonged assisted
extracorporeal circulation [in German|. Deutsch Medizini-
sche Wochenschrift 1973; 98: 508-13.

Geelhoed GW, Adkins PC, Corso PJ, Joseph WL. Clinical
effects of membrane lung support for acute respiratory
failure. Annals of Thoracic Surgery 1975; 20: 177-87.

Gille JP, Bagniewski AM. Ten years of use of extracor-
poreal membrane oxygenation (ECMO) in the treatment
of acute respiratory insufficiency (ARI). Transactions —
American Society for Artificial Internal Organs 1976; 22: 102-9.
Zapol WM, Snider MT, Hill JD, et al. Extracorporeal
membrane oxygenation in severe acute respiratory failure.
A randomized prospective study. Journal of the American
Medical Association 1979; 242: 2193—6.

Kolobow T, Gattinoni L, Tomlinson T, Pierce JE.

An alternative to breathing. Journal of Thoracic and Cardio-
vascular Surgery 1978; 75: 261-6.

Gattinoni L, Pesenti A, Mascheroni D, et al. Low fre-
quency positive pressure ventilation with extracorporeal
CO, removal in severe acute respiratory failure. Journal of
the American Medical Association 1986; 256: 881—6.

Morris AH, Wallace CJ, Menlove RL, ef al. Randomized
clinical trial of pressure-controlled inverse ratio ventilation
and extracorporeal CO, removal for adult respiratory dis-
tress syndrome. American Journal of Respiratory and Critical
Care Medicine 1994; 149 (2, Part 1): 295-305.

Bartlett RH, Roloff DW, Cornell RG, Andrews AF,
Dillon PW, Zwischenberger JB. Extracorporeal circulation
in neonatal respiratory failure: a prospective randomized
study. Pediatrics 1985; 76: 479-87.

O’Rourke PP, Crone RK, Vacanti JP, et al. Extracorporeal
membrane oxygenation and conventional medical therapy
in neonates with persistent pulmonary hypertension of the
newborn: a prospective randomized study. Pediatrics 1989;
84: 957-63.

UK Collaborative ECMO, Trial Group. UK collaborative
randomised trial of neonatal extracorporeal membrane
oxygenation. Lancet 1996; 348: 75-82.

Bennett CC, Johnson A, Field DJ, Elbourne D, UK
Collaborative ECMO, Trial Group. UK collaborative
randomised trial of neonatal extracorporeal membrane
oxygenation: follow-up to age 4 years. Lancet 2001; 357:
1094-6.

Conrad SA, Rycus PT, Dalton H. Extracorporeal Life
Support Registry Report 2004. American Society for Artificial
Internal Organs Journal 2005; 51: 4-10.

Gaylor JDS. Membrane oxygenators: current developments
in design and application. Journal of Biomedical Engineering
1988; 10: 541-7.

McCaughan JS Jr, Weeder R, Blakemore WS, ef al.
Evaluation of new non-wettable macroporous membranes
with high permeability coefficients for possible use in a

© 2006 The Author

Journal compilation © 2006 The Association of Anaesthetists of Great Britain and Ireland



Anaesthesia, 2006, 61, pages 984-995

95

96

97

membrane oxygenator. Journal of Thoracic and Cardiovascular
Surgery 1960; 40: 574-81.

Cox CS Jr, Zwischenberger JB, Traber LD, ef al. Use of an
intravascular oxygenator/carbon dioxide removal device in
an ovine smoke inhalation injury model. Transactions —
American Society for Artificial Internal Organs 1991; 37: M411—
3.

Zwischenberger JB, Tao W, Bidani A. Intravascular
membrane oxygenator and carbon dioxide removal
devices. A review of performance and improvements.
American Society for Artificial Internal Organs Journal 1999; 45:
41-6.

Peek GJ, Killer HM, Reeves R, ef al. Early experience
with a polymethyl pentene oxygenator for adult extra-

© 2006 The Author
Journal compilation © 2006 The Association of Anaesthetists of Great Britain and Ireland

98

99

100

M. W. Lim e History of extracorporeal oxygenators

corporeal life support. American Society for Artificial Internal
Organs Journal 2002; 48: 480-2.

Walker G, Liddell M, Davis C. Extracorporeal life
support — state of the art. Paediatric Respiratory Review 2003;
4: 147-52.

Horton S, Thuys C, Bennett M, Augustin S, Rosenberg M,
Brizard C. Experience with the Jostra Rotaflow and
QuadroxD oxygenator for ECMO. Perfusion 2004; 19: 17—
23.

Toomasian JM, Schreiner RJ, Meyer DE, ef al. A poly-
methylpentene fiber gas exchanger for long-term extra-
corporeal life support. American Society for Artificial Internal
Organs Journal 2005; 51: 390-7.

995



