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educe Embolic Load to Brain After Cardiac
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Background. Microembolism during cardiopulmonary
ypass has been suggested as being the predominant
ause of neurocognitive disorders after cardiac surgery.
hed blood, normally retransfused into the patient dur-

ng cardiopulmonary bypass, is a major source of lipid
icroemboli in the brain capillaries. A newly developed

echnique based on acoustic standing-wave separation of
articles in fluid in microchannels, with the capacity to
emove lipid particles in blood, is presented.

Methods. A separator consisting of eight parallel, high-
delity microfabricated channels was actuated with an
ltrasound field to create a standing wave. Three differ-
nt concentrations of lipid particles (diameter, 0.3 �m)

ere added to blood samples with increasing hemat-
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urgery, Lund University Hospital, SE-221 85 Lund, Sweden; e-mail:
enrik.jonsson@thorax.lu.se.
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crits and introduced into the separator channels to
eparate lipid particles and erythrocytes.

Results. The mean separation rates for lipid particles
ere 81.9% � 7.6% and for erythrocytes 79.8% � 9.9%,

nd both were related to the hematocrit level of the
ncoming blood sample. The procedure was atraumatic
nd did not cause hemolysis.
Conclusions. Particle separation by means of an acous-

ic standing-wave technique can be used for atraumatic
nd effective removal of lipid particles from blood, with
he possible clinical implication of reducing neurocogni-
ive complications after cardiopulmonary bypass.

(Ann Thorac Surg 2004;78:1572–8)

© 2004 by The Society of Thoracic Surgeons
or the majority of patients undergoing cardiac sur-
gery, the outcome in terms of cardiac function is

xcellent, and, for some, predicted long-term survival is
ncreased. Despite improvements in surgical techniques
uring the recent decades, complications resulting from
urgery persist. Of all the possible complications, cere-
ral complications are by far the most feared and costly.

meta-analysis showed an overall incidence of 1.7% of
ostoperative stroke [1]. Cognitive dysfunction after sur-
ery, with symptoms dominated by deficits of memory
etention and attention together with inability to learn
ew tasks, is more frequent, and figures ranging from
0% to 70% have been reported [2]. What is even more
larming is that many of these deficits are permanent. In
recent long-term follow-up, it was reported that 42% of
atients suffered from cognitive dysfunction 5 years after
urgery [3].

The origin of these cognitive deficits has been dis-
ussed for many years. Evidence is mounting that micro-
mboli play a major role in this type of subtle brain
amage [4–7]. Moody and coworkers [8, 9] reported
assive embolization of lipid particles to the brain,

mounting to millions of emboli in the capillaries of the

ccepted for publication April 21, 2004.

ddress reprint requests to Dr Jönsson, Department of Cardiothoracic
rain. The source of the emboli was found to be the shed
lood from the surgical field, into which lipids leak into

he pericardial cavity from adipocytes in the mediasti-
um, subcutis, and bone marrow (Fig 1A) [10]. These
mboli are often referred to as lipid microemboli, and the
lood containing these lipid particles is normally retrans-

used into the patient if a heart-lung machine is used,
eading to massive embolization of lipid particles, rang-
ng in size from 5 to 50 �m.

As the currently available techniques for particle sep-
ration (filters and centrifuges) are inadequate to remove
hese lipid particles satisfactorily [11, 12], we set out to
evelop a new separation technique based on ultrasonic
tanding waves, realized in microfluidic channels. The
eparation of suspended particles using standing waves
s itself not new, and has been described previously [13,
4]. Both these methods were, however, hampered by
erious limitations, and cannot be used for this
pplication.
The separation technique described here is based on

ilicon microstructure development, which enables the
anufacture of high-fidelity, microchannel arrays in sil-

con wafers for online acoustic separation of micropar-
icles in a parallel fashion for increased throughput.

Drs Jönsson, Laurell, Nilsson, and Petersson disclose
that they have a financial relationship with ErySave

AB.

0003-4975/04/$30.00
doi:10.1016/j.athoracsur.2004.04.071
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The aim of this investigation was to test the efficiency
f this separation method for erythrocytes and lipid
articles and to demonstrate the feasibility of the tech-
ique for this specific purpose in cardiac surgery, possi-
ly leading to a future role in reducing complications
fter cardiac surgery.

aterial and Methods

icrochip Development
he microfluidic separation chip was manufactured by
eans of standard silicon processing techniques [15].

his microfabrication technique provides, in principle,
erfectly vertical side walls of the microchannels as seen

n the scanning electron micrograph (Fig 2). The fine
ccuracy of the side walls are a prerequisite for obtaining
igh-quality acoustic resonance in the microfluidic de-
ice. One benefit of this technique is that although the
ltrasonic element is placed underneath the separation
hannel, the acoustic standing wave is obtained in the
ame plane as the silicon wafer, orthogonal to the direc-
ion of fluid flow (Fig 3). The high fidelity of the micro-
abrication process enables the manufacture of a separa-
ion device based on a parallel microchannel array. In
his study, a separator with eight parallel channels was
sed (Fig 4).

ig 1. Shed human blood from the pericardial cavity with lipid par-
icles visible on the surface (A). The same blood after being pro-
essed using particle separation with ultrasound standing-wave tech-
ique (B). A still from a video sequence during separation of a
uman blood sample showing erythrocytes in the center outlet
C) and lipid particles in the side outlets (D). The lipid particles can
e seen as a white patch against the inferior wall of the side outlet.
he direction of flow is from the bottom to the top of the image.
The acoustic forces exerted on the particles are depen- t
ent on the density, compressibility, and size of the
articles. The acoustic properties of lipid particles and
rythrocytes are such that the acoustic force field acts in
pposite directions on the two types of particles, thus

ig 2. The principle of particle separation with ultrasound standing-
ave technology. A scanning electron microscopy image shows the
igh-fidelity channels with vertical walls where separation is per-
ormed. Less-compressible particles with higher density (eg, erythro-
ytes) than the medium will move to the nodes, whereas more-com-
ressible particles with a lower density (eg, lipid emboli) will gather
t the antinodes.

ig 3. Schematic view of one 375-�m-wide separation channel and
scanning electron microscopic image of the trifurcation forming the

enter and side outlets in which the flow is be divided depending on
he acoustic properties of the particles. The orthogonal placement of

he ultrasonic transducer is also depicted.
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ollecting the erythrocytes in the standing-wave pressure
ode and the lipid particles in the antinode [15, 16]. At

he end of each separation channel, a trifurcation divides
he flow of fluid and particles according to their spatial
istribution in the channel (Fig 3) because the flow is
ompletely laminar. Particles collected in the node of the
tanding wave (erythrocytes) are collected in the center
utlet, and the lipid particles are collected in the side
utlets of the microseparator.

tudy Model
lipid–blood phantom was constructed for the separa-

ion experiments. Bovine blood was anticoagulated with
itrate and diluted with 0.9% saline solution to obtain
redetermined hematocrit levels. Lipid particles mimick-

ng lipid emboli were produced according to a standard
rotocol for sonicating tritium-labeled triolein with phos-
holipids [17] with minor modifications. A total amount
f 800 mg of triolein (of which 1.875 mg was radioactive;
1 �Ci/mg) and 8 mg of phospholipids were sonicated in
8 mL of phosphate-buffered saline. After sonication, 2
L of 20% fatty-acid-free bovine serum albumin in

hosphate-buffered saline was added. The resulting 4%
riolein emulsion was diluted to obtain the various work-

ig 4. Photograph of a structure consisting of eight parallel chan-
els, which was used in the study. The parallel channels are a pre-
equisite for increased throughput.

able 1. Concentration of Red Blood Cells Expressed as Hema
oncentrations, Together With the Hemolysis Before Separati

redetermined
ematocrit

Measured Hematocrit in Phantom (%)

Before Separation Center Outlet

% 4.65 � 0.40 7.89 � 0.41
0% 9.14 � 0.03 15.14 � 2.63
5% 13.86 � 0.34 21.62 � 1.54
0% 20.25 � 4.95 25.09 � 2.90
5% 23.31 � 2.68 30.64 � 1.94
0% 28.16 � 0.58 38.06 � 2.61
Values are grouped according to their predetermined hematocrit, ie, differ
ifference was found between preseparation and postseparation hemolysis.
ng solutions of triolein used in the experiments. This
rocedure yielded emulsified triglycerides with a mean
iameter of 0.3 �m. Both blood and lipid emulsions were
lways used within 48 hours of preparation.
Eighteen different aliquots of blood and lipid with

ncreasing concentrations of erythrocytes (hematocrits of
%, 10%, 15%, 20%, 25%, and 30%) and lipid particles
0.5%, 1%, and 2%) were prepared. However, the aliquot
ith a hematocrit of 30% and 2% lipids would not mix
wing to the high concentrations of particles, and had to
e excluded from the study. For each of the 17 unique
ixtures of blood and lipid particles, we made three

ndependent measurements of hematocrit, hemolysis
measured as free hemoglobin in plasma), and lipid
ontent (measured as beta radiation) in samples taken at
he center and the side outlets, and before separation.

The flow was controlled with syringe pumps, and the
ow rate was maintained at 0.5 mL/min for both center
nd side outlets by applying the syringe pumps after the
tructure. The ultrasonic transducer was operated with
n 18.0 to 28.3 Voltage peak to peak sinusoidal signal at
requencies between 1.9739 and 2.0343 MHz.

The separation efficiency was measured as the ratio of
articles collected from the center and the side outlets
ivided by particles collected in the side and center
utlets combined, that is, the ratio of lipid particles in the
ide outlets to the center and side outlets, and the ratio of
rythrocytes in the center outlet to the center and side
utlets. This method for determining efficiency would
ield 100% if all erythrocytes were recovered. Hematocrit
eterminations were performed with a standard hemat-
crit centrifuge. The lipid particle load was determined
y measuring the radioactivity in whole blood, according

o a standard scintillation counting protocol [18]. Hemo-
ysis was determined using a HemoCue Low-HB device
Hemocue, Ängelholm, Sweden). The cutoff level for the
evice was 0.3 g/L. Levels below this value were set to 0.2
/L for calculations.

tatistics
roup values are expressed as the mean � standard
eviation. For measurements of hemolysis (Table 1), data
ere grouped according to their predetermined hemat-

t, Before Separation and After Separation at Different Initial
d After Separation in Both Center and Side Outletsa

Hemolysis (g/L)

Before Separation Center Outlet Side Outlets

0.47 � 0.21 0.41 � 0.32 0.48 � 0.29
0.67 � 0.40 0.56 � 0.26 0.6 � 0.38
0.67 � 0.45 0.58 � 0.24 0.69 � 0.39
0.70 � 0.40 0.64 � 0.26 0.79 � 0.42

0.9 � 0.0 1.41 � 0.81 1.07 � 0.26
1.35 � 0.21 1.05 � 0.05 1.35 � 0.23
tocri
on an
ent lipid particle concentrations are in the same group. No significant
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crit (different lipid concentrations were grouped in the
ame hematocrit group). To test for differences between
reseparation and postseparation hemolysis, a sign–rank

est was used. Correlations were investigated with uni-
ariate analysis, and univariate regression analysis was
erformed to test dependency. A p value less than 0.05
as considered significant.

esults

reseparation hematocrits for the different groups were
ll close to the intended hemoglobin concentrations for
he experiments. In addition, hemoconcentration was
een, and hematocrits in blood from the center outlet
anged from 7.9% to 38.1% (Table 1). A low degree of
emolysis was seen in almost all preseparation samples.
o change in the degree of hemolysis was seen as a

esult of the separation (Table 1).
The separation efficiency for erythrocytes, measured as

he ratio of the center outlet to the side and center outlets,
anged between 94% and 57% with a mean of 79.8% �
.9% (Fig 5). The separation efficiency decreased with
ncreasing hematocrit (r � 0.70, p � 0.0001).

The separation ratio of lipid particles measured as
adioactivity ranged from 66% to 94% with a mean of
1.9% � 7.6% (Fig 6). In contrast to erythrocytes, the
eparation ratio for lipids increased with increasing he-
atocrit in the incoming sample (r � 0.33, p � 0.05).
A sample of shed blood collected from a patient

ndergoing cardiac surgery was processed in a separate
xperiment. From visual examination by macrophotogra-
hy, we estimated complete removal of all macroscopic

ipid microemboli in this model (Fig 1).

omment

e describe here a novel ultrasound technique with the
bility to separate and remove lipid particles from blood.

ig 5. Separation efficiency of red blood cells measured as a function
f hematocrit. Samples with 0.5% lipid particles (�), 1% lipid parti-
les (}), and 2% lipid particles (Œ) were compared. Superimposed
easurements are indicated by larger symbols.
icroembolism has been suggested by many investiga- s
ors to be the main contributor to the pathogenesis of
eurocognitive complications after cardiac surgery [5, 6,
9, 20]. Moody and coworkers [8, 9] showed that there
as an increased number of lipid microemboli in brain

apillaries after experimental cardiopulmonary bypass,
nd referred to them as small capillary arteriolar dilata-
ions (SCADS). Brooker and coworkers [10] found that
hese originated from the pericardial shed blood that is
outinely retransfused to the perfusion circuit by means
f cardiotomy suction.
During cardiopulmonary bypass the hematocrit is in-

entionally reduced, as induced hypothermia increases
he viscosity of the blood, but it is also done to avoid
nnecessary transfusions. A crystalloid priming solution

s therefore added to achieve a hematocrit of approxi-
ately 20% to 25%. In shed blood, the hematocrit is even

ower as it gets mixed with saline solution or other slush
uids used during surgery. The efficiency of the ultra-
ound separator regarding the removal of lipid particles
anged between 66% and 94% with a mean of 81% at the
ematocrit levels investigated. This is much better than

hat which can be achieved with other methods, such as
ell wash by means of centrifugation or filters, currently
sed in clinical practice.
Saline cell washing, followed by centrifugation (cell-

aving device technology), reduced the number of emboli
y approximately 50% [12]. However, the method has
everal drawbacks. The process is intermittent with a
eed to collect a minimal batch volume (typically 400 to
00 mL) before washing can be initiated, and the devices
re large, occupying space in an already crowded envi-
onment. Hemolysis is always a side effect, probably as a
esult of the extreme gravitational force (500 to 2,000 g)
xerted on the erythrocytes when the centrifuge reaches
he maximum speed.

With filters, an even lower reduction in the number of
mboli was achieved. Kincaid and coworkers [12] re-
orted that approximately 30% to 40% was removed, and

ig 6. Separation efficiency of lipid particles cells as a function of
ematocrit measured by radioactivity. Samples with 0.5% lipid par-

icles (�), 1% lipid particles (}), and 2% lipid particles (Œ) were
ompared. Superimposed measurements are indicated by larger

ymbols.
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recent study also showed a 30% reduction [11]. Filters
ill eventually become saturated, resulting in rapid re-
uction of filtering capacity [11]. Also, it is generally
elieved that filters only disperse larger emboli into
maller ones. The typical arterial line filter in use has a
ore size of 40 �m, and will still allow lipid particles large
nough to wedge in small brain capillaries to pass
hrough.

It might be argued that our test model with very small
ipid particles (0.3 �m in diameter) was not optimal, as
linically relevant microemboli must be of a considerably
arger size. However, the force exerted by the ultrasound
n particles scales with the volume of the particle. A
0-�m particle has a volume 37,000 times larger (the cube
f 10/0.3) than that of a 0.3-�m particle. Consequently,
he force exerted will be 37,000 times greater. It is
herefore reasonable to assume that the separation ratio
ill increase as the particles become larger. To demon-

trate that this method also allows for the removal of
arger lipid particles, we tested shed blood from the
ericardial cavity of a patient and found by visual inspec-

ion that all the lipid droplets had been removed (Fig 1).
Existing methods have a limited efficiency in removing

mboli, which may explain why studies of the clinical
utcome of emboli removal have shown negative or
onflicting results [4, 7]. The present method can cleanse
lood of at least 80% of particles. In fact, a separation
fficiency greater than 90% was achieved at least once for
very sample, and it is reasonable to believe that further
mprovements and fine tuning of the technique will
esult in a separation ratio of at least 90% for small
articles (diameter less than 1 �m), and probably even
igher for larger particles. This will enable us to perform
etter studies to assess the impact of microemboli re-
oval on the patient’s neurocognitive outcome.
The separation rate for erythrocytes ranged between

7% and 95% with a mean of 80%. The test point with low
eparation ratio could be attributed to artifacts, such as
rapping of air bubbles in separation channels, which
ere not detected by the operator. When these outliers
ere excluded and relevant hematocrit for the clinical

ituation chosen (�20%), the mean recovery rate was
5%. Some erythrocytes were lost to the side outlets, but
his can be improved by adjusting the flow velocities in
he center and side outlets.

No process-related hemolysis was observed. Ultra-
ound can, however, be used to achieve hemolysis by
nducing shear forces by cavitation [21]. These forces
epend on both frequency and intensity, and normally

ower frequencies will yield larger forces [22]. On the
ther hand, low-intensity ultrasound, which is used, for

nstance, in diagnostic procedures, produces no signifi-
ant cavitation, and has been proven safe throughout the
ears [23]. The application of an acoustic standing wave
isplaces some particles, eg, erythrocytes, to the nodes,
nd they are thus positioned at a location where no
avitation is present. However, cavitation is present at
he antinodes (where lipids are collected), but with the
requency and intensity used in this model, the cavitation

orces are weak at the antinodes. For comparison, it can t
e mentioned that cell-saving device technology dis-
laces erythrocytes to the periphery, where the gravita-

ional force is the highest, which could explain the
emolysis seen after centrifugation [24, 25]. The acoustic
eparation technique shows no evidence of exposing
lood cells to strong shear forces. We found no hemolysis

n this study, and the technique seems to be atraumatic to
ells, which further adds to the clinical benefit.

Ultrasonic standing-wave techniques, for the purpose
f particle separation, have been described earlier [13,
4]. However, these techniques were neither developed
or nor tested with blood. Gröschl [13] manufactured a
evice with a standing wave between two transducers
entimeters apart. This device resulted in substantial
urbulence, with low efficiency, and only low concentra-
ions of particles could be processed. The technique
escribed in this paper uses the benefits of laminar flow

n microfluidic channels. An estimate of the laminar flow
ndex, the Reynolds number, for the flow velocity and
hannel dimensions used and blood as the fluid yields a
alue of less than 20 (a Reynolds number of less than
,000 is considered to indicate laminar flow). Thus, the
xtremely laminar flow in the channels is another con-
ributing factor to the high separation ratio. Hawkes and
oakley [14], on the other hand, tested single-line sepa-

ation with low throughput and low precision. The nov-
lty of our technique is the micromechanic fabrication,
ielding an extremely high precision, together with a
wo-dimensional, distribution of channels. The fabrica-
ion of a microchannel array (Fig 3) makes it possible to
ealize parallel channels actuated by a single transducer.
arallel channels are a prerequisite for the scalability and

he increased throughput needed to meet clinical de-
ands. The presented device with eight parallel chan-

els can handle 60 mL/h, and at least a 20-fold increase in
hroughput will be necessary to meet clinical demands.
his can be achieved by increasing the number of paral-

el channels. In addition, the planar technology of chan-
els can also be used to realize serial processes, with

mproved separation efficiency. For example, two-stage
eparation could increase the separation efficiency fur-
her. If the recovery rate for erythrocytes is 90% in the
rst step, a second step would yield another 90% recov-
ry of the 10% remaining, resulting in 99% overall
ecovery.

It was not the aim of this study to investigate the
eparation efficiency for leukocytes or thrombocytes.
owever, their physical properties in terms of density

nd compressibility resemble those of erythrocytes, and,
herefore, they will most likely follow erythrocytes to the
enter outlet. This separation platform can be used in
everal other fields of particle separation. The physical
roperties that determine the force exerted on the parti-
les are the density, compressibility, and size. Other
iologic particles, such as bacteria, macromolecules, li-
oproteins, and viruses, have physical properties that
ould make separation possible with acoustic technique.

e propose the acronym PARSUS (particle separation
sing ultrasound) be used for this generic separation
echnique.
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In conclusion, a novel technique, using an ultrasound
tanding wave in a microdomain for the separation of
ipid particles in shed blood, is presented. The microem-
olic load on brain capillaries during cardiac surgery can
e abolished or reduced. Whether this, in turn, will lead

o an overall improvement in the neurocognitive out-
ome of individual patients must be assessed in further
tudies. The generic platform has inherent properties of
calability and design flexibility enabling the implemen-
ation of the technique in other types of particle
eparation.
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NVITED COMMENTARY
emoval of lipid particles has become of interest after the
larming results of Moody and colleagues [1] on lipid
mbolization in brain arterioles after cardiac surgery. It
esulted in various attempts to reduce lipids in retrans-
usion blood, which would be beneficial after cardiac
urgery, but also after orthopedic surgery. Despite the
nown side effects of retransfusion from the wound area,
utologous blood transfusion is increasingly used to
educe the use of allogenic blood. A major problem in
ustifying the efforts, time, and costs to clear retransfu-
ion blood from lipid particles is to obtain evidence of
linically relevant brain damage and evidence for the
ominant role of lipid particles.
First of all, brain damage has been reported with
ot show any deterioration in cognitive functions,
hereas biochemical markers of brain damage, such as
100� and enolase, showed in some studies small and

ransient appearance. Clearly, the specificity of such
ests is not sufficient or sensitive enough to demon-
trate brain damage. Perhaps new markers, such as
arnosinase, may appear relevant for monitoring brain
amage.
The second problem is that lipid particles are only

ne of the suspects of brain damage. Gaseous emboli,
acromolecules, inflammatory agents, and leukocyte-

latelet aggregates may be involved in occlusion of
he small vasculature as well. In their discussion the
uthors indicated that, eg, macromolecules may also be

emoved by the current technique of particulate separa-
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tion, but other potential sources of embolization possibly
remain in retransfusion blood. The combination with
other techniques to remove platelets, leukocytes, and
products that affect hemostasis or inflammation may be a
future option.

Third, the reuse of shed blood is a matter of dispute. It
depends on the operation time, preference of surgeons, and
need for immediate volume during the procedure. To
obtain the technique widely used, it must be simple, fast,
and cost effective.

Nevertheless, the PARSUS technique presented here
offers new possibilities to improve the quality of retrans-
fusion with high efficacy for removing potential danger-
ous lipid particles. Hopefully these qualifications will be
supported by adequate monitoring instruments. It would

be exciting to see the efficacy of a larger scale PARSUS
device in clinical practice.
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