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Abstract
Objective—A state-of-the-art centrifugal pump combined with hollow-fiber oxygenator for
extracorporeal membrane oxygenation has potential advantages such as smaller priming volumes
and decreased potential to cause tubing rupture as compared with the traditional roller head/
silicone membrane systems. Adoption of these state-of-the-art systems has been slow in neonates
as a result of past evidence of severe hemolysis that may lead to renal failure and increased
mortality. Extracorporeal systems have also been linked to platelet dysfunction, a contributing
factor toward intracranial hemorrhage, a leading cause of infant morbidity. Little data exist
comparing the centrifugal systems with the roller systems in terms of hemolysis and platelet
aggregation at low flow rates commonly used in neonatal extracorporeal membrane oxygenation.

Design—Prospective, comparative laboratory study.

Setting—University research laboratory.
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Subjects—Centrifugal pump, roller pump, hollow-fiber oxygenator, and silicone membrane
oxygenator.

Interventions—Comparative study using two pumps, the centrifugal Jostra Rotaflow (Maquet,
Wayne, NJ) and the roller-head (Jostra, Maquet, Wayne, NJ), and two oxygenators, polymethly-
pentene Quadrox-D (Maquet) and silicone membrane (Medtronic, Minneapolis, MN). Five test
runs of four circuit combinations were examined for hemolysis and platelet aggregation during 6
hrs of continuous use in a simulated in vitro extracorporeal membrane oxygenation circuit
circulating whole swine blood at 300 mL/min.

Measurements and Main Results—Hemolysis was assessed by spectrophometric
measurement of plasma-free hemoglobin. Platelet aggregation was evaluated using monoclonal
CD61 antibody fluorescent flow cytometry profiles. All of the extracorporeal membrane
oxygenation systems created plasma-free hemoglobin at a similar rate compared with static blood
control. There was no difference in the mean normalized index of hemolysis of the centrifugal/
hollow-fiber oxygenator system as compared with the roller-head/silicone membrane systems
(0.0032 g/100 L vs. 0.0058 g/100 L, p ≥ .7). None of the extracorporeal membrane oxygenation
systems had a significant increase in platelet aggregation above baseline.

Conclusions—In a low-flow neonatal environment, a state-of-the-art centrifugal pump
combined with new fiber-type oxygenators appear to be safe in regard to hemolysis and platelet
aggregation.

Keywords
cardiopulmonary bypass; centrifugation; extracorporeal membrane oxygenation; flow cytometry;
hemolysis; platelet aggregates

Use of extracorporeal membrane oxygenation (ECMO) in the treatment of acute respiratory
and cardiac failure has become an accepted modality in many institutions for patients failing
conventional therapy. It has been shown to significantly reduce mortality and morbidity in
critically ill infants and adults (1-6). The success of ECMO in providing gas exchange and
circulatory support has led to an increase in its use in increasingly complex medical and
surgical patients (4, 7). Recently, new technologies for ECMO in terms of centrifugal pumps
and hollow-fiber oxygenators have become available in the marketplace. Although
practitioners have been slow to adopt these newer ECMO components as a result of past
concerns of severe hemolysis, many centers are now adopting these newer ECMO
components. According to a 2008 survey of North American active ECMO centers, >80%
routinely used roller pumps for neonatal ECMO (8). This study also showed that these
centers primarily used the classic silicone membrane oxygenators (67%) in comparison to
the centers using microporous hollow-fiber oxygenators (19%) and polymethylpentene
hollow-fiber oxygenators (14%). A follow-up survey in 2010 found that the majority of
centers had switched to hollow-fiber oxygenators, although centrifugal pump use remains
less than roller pumps. The impact of these new systems on hemolysis and safety has not
been thoroughly addressed.

Studies have shown that the release of cell-free plasma hemoglobin, a marker of hemolysis;
generated during ECMO is associated with renal dysfunction, increased blood transfusions,
clot formation in the circuit, and death in children on ECMO after cardiac surgery (9, 10). A
2004 Extracorporeal Life Support Organization registry analysis revealed that hemolysis
occurred in 13.6% of all ECMO procedures with a higher incidence of dangerous hemolysis
in centrifugal pumps (11). Prediction of severe hemorrhage during pediatric ECMO is
challenging, because there is no currently acceptable specific clinical or laboratory marker
(12, 13). A recent study showed that ECMO components can induce platelet

Meyer et al. Page 2

Pediatr Crit Care Med. Author manuscript; available in PMC 2012 October 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



microaggregates associated with impaired neurophysiological function (14) and can trigger
microhemorrhage and inflammatory reactions.

Previous published data comparing ECMO components at low flow rates simulating
neonatal ECMO conditions is limited. In 1996, a study by Moon et al (15) showed in a low-
flow environment that there was no significant difference in hemolysis between previously
used pumps. Our hypothesis is that at low flow rates, differences in hemolysis and platelet
aggregation are negligible when comparing a centrifugal pump/hollow-fiber oxygenator
system with a traditional roller-pump/silicone membrane system.

MATERIALS AND METHODS
A total of four ECMO circuits were tested using the Jostra Rotaflow centrifugal pump
(Maquet, Wayne, NJ), the Jostra HL-20 roller pump (Maquet), the Quadrox-D hollow-fiber
oxygenator (Maquet), and the 0800 ECMO silicone membrane oxygenator (Medtronic,
Minneapolis, MN). Figure 1 demonstrates the four ECMO system test circuits. All four
ECMO systems were tested five times using heparinized porcine whole blood. The same
blood from one donor animal was used for each experimental run of the four different
ECMO systems. Static blood controls were also maintained in a similar test environment
only without extracorporeal circuitry. Porcine whole blood was used as a result of the
species’ lack of hemolytic impact in the setting of prolonged perfusion (16) and as a result
of similarities between human and porcine platelets (17). Blood age was consistent for each
system. Institutional Animal Care and Use Committees approval was obtained for the use of
whole porcine blood used in this study. During 6 hrs of continuous use, hemolysis and
platelet aggregation were assessed by plasma-free hemoglobin measurements and whole
blood flow cytometric analysis, respectively.

Experimental Procedures
Each ECMO system was ventilated with a mixture of oxygen and room air in such a manner
to keep the pH, PCO2, and PO2 within normal ranges. Each roller pump was properly
occluded before each experimental run as per our hospital perfusionist protocol (18).
Quarter-inch heparin-coated tubing (Medtronic) was used primarily for connections between
each of the different components. Three-eighths to quarter-inch connectors were used at the
inlet and outlet of the centrifugal pumps and the inlet and outlet of the hollow-fiber
oxygenator. Quarterinch tubing was used in the HL-20 pump boot raceway and for the inlet
and outlet of the O800 silicone membrane oxygenator. Several 1/4 × 1/4-inch straight lured
connectors with stopcock (also known as pigtails) were placed along the circuit for blood
sample access. A Gish reservoir bag (Medtronic) was used as a venous reservoir. An arterial
catheter was used on the outflow tubing from the oxygenator to achieve the 230 mm Hg
pressure restriction on each of the test circuits. In our neonatal extracorporeal simulated
circuit, we chose to not use a venous catheter from the blood reservoir to the pump inlet
because the amount of shear stress, turbulence, and velocity generated in larger venous
cannulae at low flows has not been shown to be a major contributor to hemolysis (19, 20).

The circuits were primed with porcine whole blood including 4 IU/mL of porcine heparin
(Baxter Healthcare, Deerfield, IL). The blood was maintained at a temperature of 38°C at
flow rates of 300 mL/min against a pressure gradient caused by the resistance of the arterial
cannula. Flow rate of 300 mL/min was determined as standard support for a 3-kg child (150
mL/kg/min at roughly two-thirds cardiac index). The flow rate on all the test pumps was
measured with a Transonic Flow Meter (Transonic Systems, Ithaca, NY). The test circuits
and the static blood control were then sampled at the 30-min mark for baseline plasma-free
hemoglobin (fHb) values and then at 60, 90, 120, 180, 240, 300, and 360 mins, respectively.
The blood samples were then spun and run in triplicate for each data collection point. The
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test circuits and static blood control were also sampled at the 0-min mark for baseline flow
cytometry and then at 120, 240, and 360 mins.

Hemolysis Analysis
Plasma-free Hb was determined by using a spectrophotometer (Molecular Devices,
Sunnyvale, CA) as described previously (21). The plasma-free Hb and measured hematocrit
were used to calculate a normalized index of hemolysis to standardize the method of
performing this in vitro evaluation (22) (Fig. 2).

Platelet Count
Platelets were isolated from whole blood samples using the BD Unopette Platelet/WBC
system (BD, Franklin Lakes, NJ). The samples were then counted manually on an Improved
Neubauer Hematocytometer (Hausser Scientific, Horsham, PA).

Flow Cytometry
Whole blood was also evaluated by a flow cytometric method described previously (23).
Aliquots (5 μL) of heparinized whole blood were placed in flow cytometry staining buffer
solution (eBioscience, San Diego, CA) and then incubated for 20 mins in the dark at room
temperature with saturating concentrations of appropriate fluorescein isothiocyanate-labeled
anti-porcine CD61 antibody (Clone: JM2E5; AbD Serotec, Kidlington, UK). This antibody
is able to recognize and immunoprecipitate the gpIIb/IIIa surface glycoprotein from porcine
platelets (24). The samples were washed to remove nonspecific antibody and then analyzed
on a FACSCalibur flow cytometer (BD Bioscience, San Jose, CA).

Platelets and platelet aggregates were distinguished from other blood cells and small
particulate debris on the basis of platelet specific CD61-fluorescein isothiocyanate antibody
fluorescence (see Fig. 3A). Nonspecific binding was evaluated using a control irrelevant
monoclonal antibody, fluorescein isothiocyanate-mouse IgG1 Isotype Control (BD
Bioscience). A flow cytometric gate was set for acquiring 35,000 cell events in the platelet
population (see Fig. 3B). Based on previous methods (14), platelet aggregates were
determined as fluorescein isothiocyanate-positive events larger than single platelets and
quantified by depletion of fluorescein isothiocynate-positive events from the intact platelet
population (single platelets):

Where Nafter = single platelet population at each time point collected after exposure to
extracorporeal circuitry and Nbefore is the single platelet population at each time point
collected before exposure to extracorporeal circuitry.

Statistical Methods
Data were collected electronically for analysis and reported as mean and SE for each
experiment number. The hemolysis between pump combinations over time were analyzed
using multivariate regression by xtgee (generalized estimating equation) in Stata 8.0
(College Station, TX) to account for the longitudinal measurements of free Hb by pump
combination (roller + silicone, roller + Quadrox, centrifugal + silicone, centrifugal +
Quadrox) over time (30, 60, 90, 120, 180, 240, 300, and 360 mins). In this regression model,
the free Hb was regressed on: experiment number, elapsed time, pump combination, and the
interaction of pump combination and elapsed time. The effect of interest was the pump

Meyer et al. Page 4

Pediatr Crit Care Med. Author manuscript; available in PMC 2012 October 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



combination and elapsed time (interaction term). A similar regression model was used for
platelet and normalized index of hemolysis analysis and also ran using xtgee in Stata. The
model fit for platelet and normalized index of hemolysis was, e.g., platelets = experiment
number + time + pump combo + pump/time.

RESULTS
All four ECMO systems and the static blood samples had increases in the amount of plasma-
free Hb (fPH) over time. None of the systems created fPH at a greater rate than the other
systems or the static samples. The roller pump in combination with the Medtronic silicone
membrane oxygenator or with the Quadrox D oxygenator had similar increases in fPH over
time: 0.79 mg/dL/hr and 0.65 mg/dL/hr, respectively. The Rotaflow centrifugal pump in
combination with the Medtronic silicone membrane or with the Quadrox D oxygenator had
similar increases in fPH over time, 1.00 mg/dL/hr and 0.96 mg/dL/hr, respectively. The rate
of fPH created over time was not statistically significantly different between the static blood
samples or each of the pump/oxygenator combinations. Mean fPH values, hematocrit, and SES

for each ECMO system and statics are listed in Table 1. Figure 4 shows a plot of the free
fPH values over time. Using multivariate regression analysis, we found no difference
between ECMO systems (p = .49). The normalized index of hemolysis showed similar
results with no statistically significant difference between any of the ECMO systems (p = .
73). Figure 5 is a graphic representation of the normalized index of hemolysis for each of the
ECMO systems.

Figure 6 shows the whole blood flow cytometry profile of each ECMO system and static
blood controls after 0 (baseline), 120, 240, and 360 mins of perfusion. Baseline represents
blood samples that were drawn immediately after priming the artificial circulatory loop. The
ellipse on the baseline and 360-min plots show a change over time in the amount of CD61
binding to the platelets during perfusion. Mean platelet aggregation percentages for all times
are shown in Table 1. Figure 7 shows a plot of platelet aggregation over time. Using
multivariate regression analysis, we found no difference in the amount of platelet
aggregation between the ECMO systems as compared with the static control (p = .74).
Platelet counts fell over time in all ECMO systems as compared with the static control.

DISCUSSION
Although ECMO has been in regular use since 1979, ECMO complications such as
hemolysis and hemorrhage are still leading causes of mortality and morbidity (9, 25).
Intravascular hemolysis can be generated in the ECMO circuit as a result of the change in
pressure across either of its main components, the blood pump, or the membrane oxygenator
(26, 27). Hemolysis leads to the creation of cell-free plasma Hb, a potent nitric oxide
scavenger associated with adverse clinical signs and symptoms, including gastrointestinal,
cardiovascular, pulmonary, urogenital, hematologic, and renal abnormalities (28). Elevated
free plasma Hb has been implicated in thrombus formation, worsening renal function, and
mortality on ECMO (9, 10).

Newer designed centrifugal pumps have less stagnant areas and less heat generation at the
rotor/pump head interface primarily as a result of novel suspension techniques, which reduce
friction, thus reducing heat generation, which can contribute to a longer pump head lifespan.
Smaller blood volumes within the pump head may also reduce hemolysis seen in prior
centrifugal pump setups by reducing stagnation, heating, and thrombosis. In our comparative
study at low flow rates, the amount of hemolysis generated in each of the four ECMO
circuits and the static control was minimal. This minimal amount of hemolysis over time and
the longevity of both new pump heads and circuit components may reduce the need to
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replace ECMO circuits in prolonged ECMO runs, therefore reducing risks related to clinical
instability, donor exposure, air embolism, bacterial contamination, and inflammatory
response to a new nonendothelialized surface, all of which may occur when ECMO circuits
are changed out.

Hemorrhage during ECMO is common, with >35% of cardiac patients on ECMO reported to
have significant bleeding (29). Intracranial hemorrhage is a major predictor of morbidity and
occurs in 3% to 12% of patients with the greatest risk in neonates (29, 30). Previous
literature proposed that platelet levels were important in predicting intracranial hemorrhage
when platelet counts were <200,000/mm3 (31), when platelet counts were difficult to
maintain (32), or with increasing platelet transfusion requirements (33). Further research
found a significant correlation between the total number of platelet transfusions and the
length of the ECMO run (34), attributing the large need for platelet transfusions during
ECMO because of impairment of platelet function (35-37). Although the mechanisms of
platelet dysfunction are not completely understood, several researchers believe it is the result
of deficiency of platelet agonists. These agonists are reduced in ECMO by hemodilution and
the universal use of heparin that inhibits thrombin, the preeminent platelet activator (35, 36).

A study by Linneweber et al (14) used sensitive flow cytometric analysis to detect increased
circulating platelet aggregates and increased platelet consumption in the roller pump when
compared with the centrifugal pump. Under low-flow conditions, we performed a similar
analysis and found no difference in the amount of aggregation generated over time for any
of the systems. It is interesting to note that the centrifugal/hollow-fiber system had the
lowest amount of platelet aggregation, although this combination was not statistically
significant from the other systems. During the course of experimental runs, a change in the
whole blood flow cytometry profile occurred demonstrating generation of smaller platelet
fragments over time when compared with static blood control. This is most pronounced in
the centrifugal pump/silicone membrane circuit, an uncommonly used clinical system as a
result of the need to generate high revolutions per minute (approximately 3000 revolutions/
min) to push blood forward through the high resistance of the silicone membrane lung. We
hypothesize that this clinical combination of a higher negative pressure and high resistance
creates subsequent shear stress, resulting in the platelets to break apart over time. The effects
that the centrifugal pumps and/or the hollow-fiber oxygenators have on platelet degradation
over time and how this may affect patient outcome will need further investigation.

Centrifugal pumps have been shown to have significant benefits of less priming volume,
inability to cause tubing rupture, and similar generation of free hemoglobin as compared
with roller pumps (38, 39). Additionally, hollow-fiber membrane oxygenators have
demonstrated little to no plasma leakage, excellent blood compatibility, and low blood flow
resistance (40). A recent retrospective clinical evaluation comparing the Medtronic
centrifugal pump/hollow-fiber system with the Maquet centrifugal pump/hollow-fiber
system found the latter system to have less hemolysis, lower transmembrane pressures, and
less thrombus formation (41). This research correlates with previous published reports
showing this latter system is ideal for long-term support such as ECMO and could be used in
various sizes of patients (42). We contribute to this knowledge by presenting a comparative
in vitro evaluation of each neonatal ECMO system for hemolysis and platelet aggregation,
finding newer components to be possibly as safe, if not safer, than more traditional
components.

Limitations of the Study
There are several limitations of our study including a limited time period that data were
collected, the use of a mock in vitro study, which may not replicate the real neonatal ECMO
condition, and the use of porcine blood instead of human blood. Clinically ECMO systems
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are used up to several weeks; therefore, future studies will need a longer time period than 6
hrs. The use of whole porcine blood was accounted for in this study by using porcine
specific antibodies, maintaining a normal temperature during perfusion, and maintaining a
static blood control at the same blood age for comparison. Our study did not address the
issue of fibrinolysis, a major component of ECMO hemorrhage; therefore, future studies are
needed examining this in more detail. Further studies are needed using human blood
components in a multiple-day ECMO experiment to confirm current study findings.

CONCLUSIONS
The centrifugal pump/hollow-fiber oxygenator systems generate the same amount of fPH
and platelet aggregation as the roller-head/silicone membrane system over 6 hrs of
continuous use at low flow rates. Our study suggests that under similar in vitro conditions
that newer components will generate no more hemolysis or platelet aggregation than
previously used components. These results are encouraging as more hospitals begin using
state-of-the-art ECMO components for infants and small children. Increasing use of similar
systems is also occurring in rapid extracorporeal life support systems with cardiopulmonary
resuscitation, low-prime cardiopulmonary bypass systems, and during interhospital transport
of patients.
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Figure 1.
Diagram of the four different test circuits.
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Figure 2.
Normalized index of hemolysis (N.I.H.). Hb, hemoglobin.
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Figure 3.
A, An explanatory guide to interpreting a whole blood flow cytometry profile using CD61-
fluorescein isothiocyanate (FITC) antibody. B, After gating on the platelet specific events,
one can quantify the amount of aggregation created over time.
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Figure 4.
Mean free hemoglobin plotted as a function of time. All four extracorporeal membrane
oxygenation systems created free hemoglobin at a similar rate compared with the static
control. Using multivariate regression, we found no difference between pump combinations
(p = .49).
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Figure 5.
Mean normalized index of hemolysis values in g/100 L. The difference in normalized index
of hemolysis between each extracorporeal membrane oxygenation system was not large
enough to reach statistical significance (p = .73).
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Figure 6.
Whole blood flow cytometry profile of all four extracorporeal membrane oxygenation
systems over time. The elliptical circle shows a change over time in the amount of CD61
binding to the platelets during perfusion in the centrifugal pumps. This could correlate to a
noticeable change in platelets size and shape in the centrifugal pumps. This figure is a
representation of four experiments. FITC, fluorescein isothiocyanate.
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Figure 7.
Mean platelet aggregation percentage plotted as function of time. The percentage of platelet
aggregation in all extracorporeal membrane oxygenation systems is similar to static control
throughout 6 hrs of continuous use (p = .74).
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