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AbstrAct

The theory that air is a cause of contact acti-

vation is not new and can be found in other 

disciplines such as deep-sea diving. As ap-

plied to cardiopulmonary bypass (CPB), 

studies have shown that blood activation 

increases when air remains in a membra-

ne oxygenator after priming, which may be 

one of the significant contributory reasons 

for the occurrence of High Pressure Excur-

sions (HPE).

A multitude of causes for HPE during 

CPB has been hypothesized but the true 

cause still remains unclear to this day, as 

it occurs at random and is therefore unpre-

dictable. Since all oxygenators demonstra-

te this phenomenon, it is clearly a combi-

nation of factors involving a sequence of 

events attributed to patient pathology, per-

fusion technique and type of oxygenator 

system; some being greater or lesser than 

others.

Our personal experience: Since Octo-

ber 2012 we have been using the Medtro-

nic Fusion membrane oxygenator with in-

tegrated filter and balance coating. Within 

the first 6 months we experienced 3 HPEs: 

(3/700 cases/year = 0.4 %). Activated Co-

agulation Times were all over 400 sec. 

Lowest temperature was 34 ºC. Recogni-

zing that microair causes platelet activati-

on, we took a critical look at our priming 

technique and noted that we were not ade-

quately removing all air on the venous si-

de of the oxygenator. This was observed 

when the pump flow (roller pump) was re-

duced to zero, and air was seen coming up 

the pre-membrane bubble trap into the ve-

nous shunt line when the oxygenator was 

tapped vigorously. A precise priming tech-

nique was then developed to remove mi-

croair from the venous side of the oxyge-

nator. Since we started using this specific 

protocol for de-airing, we have not experi-

enced another HPE, and to date, this inclu-

des over 4500 units. 
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ZusAmmenfAssung

Die Theorie, dass Luft eine Ursache für 

Kontaktaktivierung ist, ist nicht neu und ist 

auch in anderen Disziplinen wie etwa dem 

Tiefseetauchen zu finden. Angewandt auf 

einen kardiopulmonalen Bypass (CPB) ha-

ben Studien gezeigt, dass die Blutaktivie-

rung zunimmt, wenn nach dem Befüllen 

Luft in einem Membranoxygenator ver-

bleibt, was einer der Gründe für das Auf-

treten eines abnormalen Druckgradienten 

(APG) sein könnte.

Es wurden bereits zahlreiche Gründe für 

einen APG während der Anwendung eines 

CPB angenommen, aber der wahre Aus-

löser ist immer noch unklar, da der APG 

wahllos auftritt und daher unvorhersehbar 

ist. Da alle Oxygenatoren dieses Phäno-

men aufweisen, handelt es sich ganz klar 

um eine Kombination aus allen Faktoren, 

darunter eine Abfolge von Ereignissen, die 

der Pathologie des Patienten zugeschrieben 

werden, die Perfusionstechnik und die Art 

des Oxygenator-Systems. Manche dieser 

Faktoren sind bedeutender als andere.

Unsere persönliche Erfahrung: Seit Okto-

ber 2012 nutzen wir den Medtronic Fusion 

Membranoxygenator mit integriertem Filter 

und Balance-Beschichtung. Innerhalb der 

ersten 6 Monate kam es zu 3 APGs: (3/700 

Fälle pro Jahr = 0,4 %). Alle aktiven Gerin-

nungszeiten betrugen über 400 Sekunden. 

Die niedrigste Temperatur betrug 34 ºC. 

In der Erkenntnis, dass Mikroluftblasen zu 

einer Thrombozytenaktivierung führen, 

unterzogen wir unsere Befüllungstechnik 

einer kritischen Betrachtung und erkann-

ten, dass wir nicht angemessen alle Luft aus 

der venösen Seite entfernt hatten. Dies wur-

de beobachtet, als der Pumpenförderstrom 

(Rollenpumpe) auf Null reduziert wurde 

und bei starkem Ausklopfen des Oxygena-

tors zu sehen war, wie Luft aus der Blasen-

falle vor der Membran in die venöse Shunt-

Leitung austrat. Danach wurde eine präzise 

Befüllungstechnik entwickelt, um Mikro-

luftblasen aus der venösen Seite des Oxy-

genators zu entfernen. Seit wir mit diesem 

besonderen Protokoll zur Entlüftung begon-

nen haben, trat keine weiteren APG auf, bis-

her betrifft dies über 4.500 Einheiten. 
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IntroductIon

HPE, pathophysiology and causes

Pathophysiology of HPE

Since the 1990s, articles describing the 

phenomenon of an increase in pre-memb-

rane pressure and fibrin formation found in 

oxygenators under normal ACTs have been 

published [1–11]. Over this span of time, 

such names as High Pressure Drop, High 

Delta P, Trans-Oxygenator pressure gradi-

ent, Oxygenator Thrombosis, White Clot 

Syndrome, cryofibrinogenation, pressure 

excursions, oxygenator vasoconstriction 

and abnormal trans-oxygenator pressure 

gradients have been given to this unusual 

phenomenon. What all the tested systems 

had in common was an increased fibrin gel 

network with platelet deposits on the mem-

brane surface. At the time of these inves-

tigations, HPE was reported as the most 

common adverse event involving membra-

ne oxygenators [13].

When CPB is initiated, a layer of fibri-

nogen immediately coats the hollow fibres. 

Fibrinogen is an important co-factor in pla-

telet adhesion; it is a soluble adhesive pro-

tein and acts as a glue for platelet depositi-

on [3]. If the fibrin gel matrix forms a tight 

network and the platelets become activated, 

the thickness of the pathological fibrin and 

the number of platelet aggregates increases, 

these rapidly block the inlet of the oxygena-

tor, causing a high resistance to blood flow 

and increased pre-membrane pressure. 

Fortunately, most HPE events are transi-

ent, immediately beginning as a steadily in-

creasing pre-membrane pressure that can go 

upwards or greater than 500 mmHg within 

5 minutes on CPB and lasting 15 to 25 mi-

nutes. Blood work taken at this time will 

display markedly reduced platelets of up to 

98 % [11], which eventually return to nor-

mal with no loss of function. Graph 1 shows 

the typical pressure changes during an HPE.
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sociated with CPB, such as administrati-

on of heparin, hypothermia, and low pH all 

play a role in amplifying cryoprecipitation. 

Whatever the cause(s), patients at most risk 

to generate an HPE are those with an in-

creased procoagulatory activity capable of 

forming tighter fibrin gel networks and ac-

tivated platelets.

CPB related causes

Hypothermia 
Hypothermia is an established technique 

used in cardiac surgery and is therefore a 

common denominator in most cases that 

experience HPE. It has been demonstrated 

that large drops in platelet counts occur du-

ring the cooling process due to an increase 

in platelet reactivity with a resultant incre-

ase in fibrinogen binding [19]. Therefore, 

the impact of temperature may be critical 

in individuals who have an increased ten-

dency to form tighter fibrin gel networks. 

Although the occurrence of HPE has been 

reported at normothermia, the influence of 

hypothermia remains key.

Hemodilution
In today’s systems, the priming volume has 

been dramatically decreased and even mo-

some patients are more susceptible to activa-

tion of the complement system, placing them 

at increased risk, with abnormal clotting ten-

dency and reactive platelets [14]. A general 

summary of causative factors from published 

literature revealed a higher incidence of HPE 

in patients who were predominately male, 

over the age of 45 [8], with a presence of co-

ronary artery disease [11], sudden withdrawal 

of aspirin [15] (which promotes tighter fibrin 

formation), increased levels in coagulation 

factors, high fibrinogen, high thrombocytes, 

high von Willebrand Factor, low antithrom-

bin [6], low D-dimers, low protein S [3], and 

low protein C. 

Patients with cold agglutinin disease, or 

antiphospholipid syndrome, when exposed 

to hypothermia were at increased risk for 

HPE [16]. Cryofibrinogen is a term used 

to denote a pathological fibrin in which a 

precipitate forms and this provides a tem-

plate for platelet adhesion [17]. Cryopreci-

pitation is a protein reaction containing a 

large amount of fibrinogen which normally 

precipitates at low temperatures of around 

4 degrees [3]. Studies in cryofibrinogenati-

on showed that in patients who developed 

HPE, a cryoprecipitate occurred at warmer 

temperatures [18]. Events commonly as-

Note: this male patient had a thrombocy-

te count of 250,000 pre-CPB and at time of 

the HPE it was 49,000. As a rule, platelets 

return to normal with no loss of function.

Steps to attenuate this condition should be 

immediately undertaken and include, when 

possible, rewarming the blood [5]. This has the 

effect of reducing viscosity, keeping the plate-

lets from sticking to the surface and pacifying 

the platelets. Any fluid replacement should be 

calcium-free to prevent further platelet aggre-

gation. Even though the use of Sodium nitro-

prusside (SNP) has been reported as a means 

of pacifying platelets during times of HPE in 

animals [16], it has had no significant effect 

in clinical cases [11] [see graph 1 “Treatment 

of HPE”]. If the problem persists and the pro-

cess advances to the non-reversible stage (as 

a result of the platelet degranulation), the gas 

transfer may then become compromised as 

blood is shunted around the hollow fibres, re-

ducing the effective gas transfer surface area. 

In these cases, an oxygenator change-out will 

more than likely be required.

cAuses of hPe 
Patient related causes

The degree to which each individual patient 

responds to complement activation varies as 
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stick to the surface and are more effectively 

removed by thumping techniques. This is 

especially true of non-permeable materi-

als used for the heat-exchangers within the 

oxygenation module in which air is easily 

trapped [27].

the medtronIc fusIon membrAne 
oxygenAtor WIth 25mm IntegrA-
ted fIlter

The Fusion uses a “Progressive Fiber Fil-

tration (PFF)” in its hollow fiber bundle. 

PFF is a method of winding the fiber bund-

le with the polypropylene hollow fiber ma-

terial in such a way that the spaces between 

the hollow fibers get smaller as the bund-

le is formed outward. This creates a back 

pressure within the hollow fiber bundle and 

makes it more efficient in the removal of 

microair. This not only reduces priming 

volume, but smaller bubbles are also trap-

ped before entering the arterial side of the 

oxygenator. Therefore, a rigorous de-airing 

technique should be followed as one would 

de-air an arterial filter. 

1)  The cardiotomy reservoir and the oxyge-

nator are not joined as a single unit. This 

allows the oxygenator to be easily remo-

ved from the holder and held separately 

to remove any air seen on the arterial si-

de of the membrane oxygenator.

2)  The venous side is made partially visib-

le through a clear plastic pre-membrane 

bubble trap with a venous shunt line (at-

tached to the venous line inlet of the car-

diotomy reservoir). During priming, air 

is shunted through this line. This venous 

shunt line is also left open when CPB is 

initiated and during CPB.

3)  The hollow fibers composing the mem-

brane are fitted inside the housing using 

a non-friction fit, which means that there 

is a space between the fiber bundle and 

the housing, allowing more visualizati-

on of any air. 

Our system consists of the Stoeckert S5 

heart-lung-machine with an external roller 

pump. Both pre- and post-membrane pres-

sures are measured. The blood cardioplegia 

line is attached to the top 1/4″ outlet on the 
oxygenator. The pump is primed with 1 li-

ter Jonosteril. 

There are 3 shunts in the system that are 

left open during the whole priming proce-

dure:

1)  venous shunt line from pre-membrane 

bubble trap to the venous line inlet of the 

reservoir 

2) manifold from oxygenator to reservoir

3)  3/16″ line attached to a stopcock in the 
arterial line to the reservoir.

ring CPB but very few articles referring to 

the amount of air that remains in membra-

ne oxygenators after priming and the effect 

this may have on blood activation. The si-

gnificance of this has long been reported 

in the literature in which studies identified 

the effects of microair on platelet activati-

on. One of the first articles, written in 1978, 

stated that “…the elimination of trapped 

gas nuclei from the membrane surface du-

ring priming reduces the initial interaction 

between blood elements and the foreign 

surface.“ [23] The following year, in 1979, 

another article identified that “Trapped air 

bubbles after priming have been strongly 

implicated in the presence of platelet ad-

hesion on exposure of the membrane to 

blood.” [24] This paper also indicated that 

the priming technique was the principle de-

terminant of oxygenator performance, both 

in terms of platelet loss and flow resistance. 

In general, artificial surfaces are intrinsi-

cally prone to activate platelets but when 

microair becomes part of the surface, the 

level of blood activation increases dramati-

cally, which may be a major cause for HPE. 

system PrImIng

Air bubbles have a tendency to stick to sur-

faces, the degree to which depends on the 

material, construction of the oxygenator 

and priming technique. Priming techniques 

vary greatly depending on whether a rol-

ler pump or centrifugal pump are used. The 

practice of gravity versus forced flow, the 

use of carbon dioxide, pulsatile flow, ad-

ding resistance to the arterial line, variation 

in pump flowrate, type of priming soluti-

on, distinct thumping techniques, tempera-

ture of perfusate, and length of circulation 

time all have an influence on how well the 

CPB system is de-aired. Vacuum has been 

shown to be the most efficient method but 

is restricted more to the historical closed 

units such as the silicone membrane [24, 

25]. A patent from 1996, based on the use 

of vacuum, reconfirmed the importance of 

microair elimination stating, “Any residu-

al air activates blood components incre-

asing the potential for high pressure drop 

within the hollow fiber oxygenator.” [26] 

However, in the name of safety, membrane 

oxygenators incorporate a number of gas 

outlets, making vacuum application more 

challenging.

When priming is initiated, there is always 

a certain amount of microair created which 

must be removed. Larger air bubbles are 

more buoyant and rise to the highest point 

and can be easily removed through shunt 

lines. Smaller bubbles have a tendency to 

re so when retrograde autologous priming 

(RAP) is performed. Less hemodilution 

leads to a higher concentration of fibrino-

gen and blood coagulation factors, which 

may influence to a greater degree fibrino-

gen coating and platelet reactivity.

Priming solutions
The initial priming of the CPB system uses 

a crystalloid solution at room temperature. 

Additives, such as albumin or blood are tit-

rated later when priming is complete in or-

der to prevent frothing of the prime. Only 

albumin attenuates platelet activation [20, 

21]. Albumin coats the surface of the hol-

low fibers, reducing the amount of fibrino-

gen or cryofibrinogen adhering to the sur-

face, thus preserving circulating platelets. 

Therefore, when albumin was removed 

from priming solutions, there was a causa-

tive increase in HPE incidences [22].

Oxygenator design 
It is well-known and acknowledged that all 

oxygenators have demonstrated HPE and 

that it has also been associated with chan-

ges in oxygenator designs. The incidence 

of HPE appears to have increased with 

low priming volume oxygenators of less 

than 300 ml because the blood path is nar-

rower and therefore the effect is far more 

noticeable [5]. The latest development in 

membrane oxygenators are those with fil-

ter capabilities integrated in the membrane 

oxygenator, making the system even more 

compact. 

Coated surfaces 
Standardization of coatings for MOs have 

definitely improved blood biocompatibili-

ty. The rate of HPEs is much lower in coa-

ted systems at 0.03 % as compared to the 

uncoated systems at 4.3 %, implying that 

a coated surface is platelet-protective [6]. 

There are several types and strengths of 

surface coatings with a broad range of effi-

cacy. Surface coating improves the blood-

contact surface by making it more uniform, 

and minimizes the absorption of patholo-

gical fibrin, platelets and other blood cells. 

The initial triggering of platelets is redu-

ced, and selective surface adsorption of 

other plasma proteins forms a biocompa-

tible membrane [6].

gme As A cAuse for hPe?
Since the beginning of Cardiopulmona-

ry Bypass (CPB), gaseous micro emboli 

(GME) has continued and remains an is-

sue. There are numerous publications on 

the generation and handling of GME du-
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Therefore, since a good perfusion starts 

well before going on bypass, taking a cri-

tical look at how oxygenators are primed 

is vital.
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our successful elimination of HPEs when 

we changed our priming and de-airing me-

thods, correlated to our analysis. The limi-

tation to our hypothesis is the small number 

of cases and the inability to reproduce the 

results in clinical cases. 

The design of oxygenators varies and 

therefore the priming methods may also ha-

ve to be adjusted. Often the arterial side of 

the oxygenator is easily inspected for any 

evidence of air while the venous side of the 

membrane oxygenator may be completely, 

or to a great degree, concealed inside the 

entrance of the oxygenator and direct visu-

alization is not always possible. It is then 

assumed that if no air is seen on the arterial 

side, or any visible areas that the membra-

ne oxygenator is air-free. It is this undetec-

ted air that remains on the heat-exchanger 

or venous-side of the oxygenator that the 

blood initially comes into contact with 

and becomes activated when going on by-

pass. More research is required in the daily 

practice of de-airing membranes.

Measuring pre-and post-membra-

ne pressure for early detection of an HPE 

and therefore early detection is necessary. 

Complete priming of the oxygenator, slow 

initiation of CPB and leaving the oxygena-

tor venous shunt open all encourage good 

practice.

Other helpful considerations to redu-

ce not only the occurrence of HPE but in-

flammatory reactions in general during 

CPB may also include Heparin coated cir-

cuits, adding albumin to the prime, mini-

mizing cooling and sometime in the future 

again: vacuum priming. 

Potential risk factors presented by each 

patient should be part of a pre-bypass 

check-list to help document important lab 

values such as level of Thrombocytes, Fib-

rinogen, and AT III. 

conclusIon 
The aim of this communication is to high-

light the crucial importance of de-airing 

membrane oxygenators and not to sing-

le out one oxygenator, as it is well docu-

mented that all oxygenators are affected. 

The Medtronic Fusion is our oxygenator 

of choice and is therefore used in our ex-

ample. 

Future research and medical advances in 

technology involving microair are not only 

important to prevent neurological sequelae 

but the attenuation of platelet activation and 

the associated additional inflammatory re-

actions. Our priming technique has clearly 

improved the removal of air, which has re-

sulted in preventing the occurrence of HPEs.

fusIon PrImIng technIque

The arterial line is clamped above the 3 

way-stopcock in which the 3/16″ shunt line 
is attached and connected to the cardioto-

my reservoir.

–  Start Pump flow around 2 to 2.5 l/m to 

de-air the arterial boot tubing.

–  Reduce flow to 1.2 LPM (during this 

time the pressure rises quickly (up to 

200 mmHg).

–  Use this pressure to de-air both pre- and 

post-membrane line pressures.

–  Turn Cardioplegia pump on to 300 ml/

min.

–  Remove the arterial line clamp.

–  Raise the pump flow up to 4 l/m.

To remove air from the arterial side

–  The arterial side is de-aired with the car-

dioplegia running. 

–  Remove the oxygenator from the holder.

–  Manually turn and vigorously tap the 

unit till all air bubbles are removed from 

the oxygenator and arterial outlet.

–  The oxygenator is then placed onto the 

holder and the cardioplegia is turned off.

To remove air from the venous side

–  The arterial pump is turned down to zero. 

This allows larger, buoyant air bubbles 

to rise up into the venous bubble trap and 

the venous shunt line.

–  The arterial pump is turned on again and 

air will be removed via the venous shunt 

line.

–  The arterial pump is again turned down 

to zero.

–  The oxygenator is tapped forcefully to 

dislodge the smaller microair stuck to 

the membrane surface.

–  The arterial pump is turned on again to 

remove the air from the venous shunt 

line.

–  These final steps are repeated until no air 

is seen coming up to the top of the pre-

membrane bubble trap from forceful tap-

ping.

–  Finally, both the arterial pump and car-

dioplegia pump are turned on and the 

oxygenator is removed from the holder 

to make sure there is no air on top of the 

membrane on the arterial side.

*The venous shunt line from the pre-mem-

brane bubble trap is left open with the initi-

ation and duration of CPB. 

dIscussIon

The hypothesis of air as a causative fac-

tor and “missing link” to HPE is based on 

previous studies indicating a definite hig-

her activation of blood. This, along with 

Treatment of HPE 

May include one or all of the below:

–  Begin rewarming (a drop in pre-membra-

ne pressure should occur within minutes)

*Take blood work to confirm low platelet 

count

–  Give only calcium-free solutions!

–  Check for adequate AT III level 

–  Magnesium

–  Infuse platelet passivating agents (decre-

ases platelet adhesion)

–  Epoprostenol (200 ng/kg) [28]

–  Nitroprusside (NO donor) 100–200 mcg; 

drip of 1–5 mcg/kg/min [11, 29]
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