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Introduction 
This chapter describes technical and clinical aspects 
of the therapeutic removal of macromolecular sub
stances from the circulation. Substances targeted 
by this therapy exceed a molecular weight of about 
50 kDa, and are thus too large to be removed by 
hemodialysis or hemofiltration. The term 'plasma
pheresis' refers to the removal of plasma from whole 
blood. Plasma which has been removed must be 
replaced by a protein solution in order to maintain 
the patient's plasma volume and colloid osmotic 
pressure; hence the term 'plasma exchange'. In recent 
years an increasing number of techniques have 
become clinically available for processing pheresed 
plasma to remove offending proteins and to allow 
the useful and beneficial plasma components to be 
returned to the patient; these approaches are often 
termed 'selective plasma exchange'. 

Unselective plasma exchange 
In the first step of this extracorporeal procedure, 
anticoagulated whole blood is separated into plasma 
and a suspension of cells. The concentrated cells are 
mixed with an appropriate substitution solution and 
are returned to the patient. The separation itself is 
based upon either centrifugation or on membrane 
filtration. Perhaps the simplest way to harvest an 
adequate volume of plasma from whole blood is to 
collect a bag of anticoagulated blood, centrifuge 
it and express off the plasma supernatant (1). The 
plasma containing the target pathogen is discarded 
while the cells are resuspended in a saline or protein 
solution and returned to the patient. When repeated 
several times this batch procedure provides effective 
reduction in the plasma concentration of intravas
cular toxins (2). 

In the late 1960s continuous centrifugal apheresis 
equipment was developed, originally with the aim of 

collecting blood cells for bone-marrow transplant 
recipients (3). The approach was readily adapted to 
separate plasma from whole blood. The equipment 
for continuous centrifugation was originally complex 
and bulky; but over the years designs have become 
far simpler and more user-friendly. Today it is poss
ible to perform continuous apheresis with compact 
hardware, a small extracorporeal priming volume, 
and a single venous access. 

Clinical online plasma separation employing 
highly permeable membranes became available in 
1978 (4). The enabling membranes were originally 
developed in Japan to recover a cell-free filtrate of 
ascitic fluid for reinfusion in patients with advanced 
liver disease. Although not ideally suited for plas
mapheresis (5), early studies with these hollow fibers 
motivated the development of a wide variety of 
clinical plasmafilters fabricated from several different 
polymers (6). These devices are freely permeable to 
all plasma proteins, including albumin, the immu
noglobulins, and large lipoproteins (Figure 1). 
Furthermore, the design of membrane filters has been 
improved so that devices with smaller surface areas 
permit plasma exchanges at blood flow rates which 
can be obtained from peripheral veins (7). Originally 
plasmafilters were primarily available in the form of 
hollow fibers. In the mid-1980s a device with a 
rotating annular membrane was introduced (8, 9); 
the fluid dynamic effects created by the rotation 
allow very high local filtration rates and thus low 
membrane surface (10). Recently another approach 
to rotating membranes, based upon a rotating disk, 
has been developed. Details of these devices will be 
contained in a later section. 

Membrane materials and device 
configuration 
Polymers used for hollow fiber and flat sheet plasma 
separation membranes include cellulose diacetate, 
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Figure 1. Schematic illustration of permeability properties (sieving 
coefficients) of membranes used for various extracorpo rea I blood 
purification procedures. Curves represent: 1, standard hemodialysis 
membrane; 2, hemofi ltration membrane; 3, cascade fi ltration memb
rane; 4, plasma separation membrane. Molecular weights (in Oa) of 
reference marker molecules: urea, 60; creatinine, 113; vitamin B'2, 
1355; ~2-microglobulin, 11 ,800; albumin, 66,000; IgG, 150,000; IgM, 
970,000; ~-lipoprotein, 2,400,000 

polyethylene, polymethylmethacrylate, polymer alloy 
(cellulose diacetate-based), polypropylene, polysul
fone, polyvinyl alcohol and polyvinyl chloride. The 
diameter of all hollow fiber membranes is between 
270 and 370 11m with a wall thickness of 50-150 11m. 
The nominal pore size is around 0.5-1.0 11m, which 
prevents transport of normal platelets through the 
membrane. The effective fiber length is between 
13.5 and 26 cm. Two flat-sheet devices for plasma 
separation (from COBE and 3M) and special cyclers, 
became available in the 1980s, but both have since 
been discontinued. 

Factors governing mass transport in 
membrane plasma separation 
The transport of plasma through plasma separation 
membranes depends upon three factors: 

1. membrane characteristics and filter design (hol
low fiber or flat sheet, pore size, fiber diameter in 
hollow fiber filters or channel height in flat sheet 
devices, membrane surface area); 

2. blood composition (hematocrit, blood viscosity, 
platelet count, plasma protein composition); and 

3. operating conditions (blood flow rate, trans
membrane pressure, filtrate flux, wall shear rate, 
filtration fraction). 
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Figure 2. Illustration of the fluid-mechanic phenomena occurring 
when blood flows through a hollow fiber. Under ideal operating condi· 
tions (A), the cells flow centrally and a cell·free secondary layer will 
form near the inner membrane surface, as shown in the upper panel. At 
a high TMP (B and region III, Figure 3), cells impinge on the membrane 
surface (cellular concent ration polarization), block the filtration of plas
ma through the membrane (8), and hemolyze 

These will be individually discussed in the following 
sections: 

Membrane filter design 
When blood is fractionated through a permeable 
barrier, red cells and other formed elements are car
ried to the wall by Stoke's Law drag forces. The 
accumulation of these cellular components at the 
membrane surface forms a so-called secondary 
membrane, increases hydrodynamic resistance to 
flow to and through the membrane. At the same time, 
flow tangential to the membrane surface removes 
these blood cells from the wall by augmented particle 
diffusion (11), as illustrated in Figure 2. Under any 
given conditions of operation and flow, a trans
membrane flux is reached in which the rate at which 
cells are carried to the membrane exactly equals the 
rate at which they are removed. This autoregulated 
process is often termed cellular concentration polar
ization and is extensively described in the bioengi
neering literature (12-14). Under certain conditions 
cells resident on the membrane surface will hemolyze. 
In hollow fiber devices, hemolysis can be avoided by 
maintaining filtration fraction below ",30% (11). 

Interestingly, certain flat sheet devices offer the 
advantage of allowing a far higher filtration fraction 
than hollow fibers (11). This is especially true when 
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an automated fluid cycler (e.g. COBE TPE) is used. 
This equipment was designed to automatically adjust 
the channel height and the filtration rate to give an 
optimal shear rate and transmembrane pressure for 
a given blood flow. The maximum filtration fraction 
which can be achieved in flat sheet devices approaches 
0.6 (11), allowing high-yield plasma separations even 
at the low blood flow rates achieved when peripheral 
veins serve as vascular access. Unfortunately, this 
system was discontinued in the early 1990s. 

A further development in the field of plasmapher
esis, which became available in the mid-1980s, 
employs a combination of centrifugal and membrane
based separation (Autopheresis-C®, Baxter, Deerfield, 
USA) (Figure 3). Rotation of an inner cylindrical wall 
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Concentrated cells 

Plasma 

Blood 
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Figure 3. Schematic drawing of the plasma separation device used in 
the Autopheresis-C® monitor (Baxter, Deerfield, USA). Anticoagulated 
blood is fed into a small slit between the housing and the rotating 
cylinder (3600 rpm). The rotating cylinder consists of a highly perme
able membrane. The cell-free plasma is harvested at the bottom of 
the rotating cylinder while the cell concentrate leaves the device at the 
left top 

Blood compartment 

collection top side 

Plasma collection bottom side 

Disk-Separator side view 

711 

in an annulus produces Taylor Vortices (10), which 
efficiently depolarize the membrane surface. An ana
logous plasma separation technique is included in 
the LIFE 18® apheresis unit (PlasmaSelect, Teterow, 
Germany) which also exploits rotationally induced 
shear forces to minimize cellular concentration pola
rization. In this device (Figure 4), a rotating disk is 
placed between two highly permeable membranes. 
Anticoagulated whole blood is fed into the small 
channels between the disk rotor and the membranes. 
The rotating disk is driven by a contact-free magnetic 
induction and the resultant fluid shear forces effi
ciently remove cells from the surface of the membrane. 
The plasma filtration is controlled by a pump on the 
filtrate side. The system allows a high plasma yield at 
both high and low blood flow rates. The separation 
unit, about the size of a CD-ROM, is placed in 
small housing with a priming volume of only 10 ml 
(Figure 4). 

Under appropriate operating conditions all curren
tly available membrane plasma separation modules 
exhibit nearly ideal protein permeability properties 
without significant macromolecule retention (6). 
Protein permeability can best be quantified by the 
sieving coefficient which is calculated according to the 
following equation: 

[1] 

where SC = dimensionless sieving coefficient, Cin= 
protein inlet concentration, Cout = protein outlet 
concentration and Cr= protein concentration in 
the filtrate. A sieving coefficient of 1.0 indicates that 
protein concentration in the filtrate is the same as in 
the blood; a sieving coefficient of 0 indicates that no 
protein at all is permeating through the membrane. 

For adequate characterization of a plasma 
separation module it is necessary to determine 
sieving coefficients for a spectrum of proteins which 
cover a wide molecular weight range (Figure 1). 

Figure 4. Side view of the separation device used in the LIFE 18® apheresis monitor (Courtesy of Plasmaselect. Teterow, Germany). For description see 
main text 
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A panel of permeant species should include the fol
lowing globularly shaped proteins (molecular weight 
in (kDa): albumin (66), IgG (150), IgM (',,970) and 
beta lipoproteins (> 2000). Sieving coefficients of at 
least 0.95 for all plasma proteins are standard for all 
available membrane plasma separators (6). 

Blood composition 
At values encountered clinically, hematocrit has only 
a small influence on filtration rate. Very high platelet 
levels can decrease filtration rate. Similarly, high 
concentrations of large proteins can interfere with the 
rate of filtration. Examples include IgM in para
proteinemia or Waldenstrom's disease, low-density 
lipoprotein in hyperlipoproteinemia or fibrinogen 
in hyperfibrinogenemia. In addition, cryoglobulins 
(mostly type I = monoclonal) which form a cryogel, or 
dissolve at a few degrees below physiologic temperat
ures, might precipitate within the membrane imme
diately after blood withdrawal. This complication can 
be prevented by warming up the entire extracorporeal 
circuit including the filtering device to 37-38°C,. 

Operating conditions 
Early investigators found that membrane plasma
pheresis can be performed only in a narrow window 
of operating conditions (11-14), which is determined 
primarily by the transmembrane pressure (TMP), 
the shear rate and the filtrate flux per unit filtering 
area (Figure 5). For a hollow fiber device the wall 

Region I Region II Region III 

2 

3 

Transmembrane Pressure (mm Hg) 

Figure 5. Schematic illustration of filtration phenomena in membrane 
plasmapheresis in the form of a plot of local filtration rate vs trans· 
membrane pressure. Curves 1,2, and 3 represent high, medium and low 
blood flow rates, respectively. In region I the membrane is the primary 
resistance to transport. Region II is a transition region. Region III repre
sents fully developed concentration polarization. Filtration in region III is 
accompanied by hemolysis 
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shear rate increases with blood flow rate and decrea
ses with the number of fibers and with the third 
power of the fiber radius. It is calculated according 
to the following equation: 

gw = 4QB / n x p x R 3 [2] 

where gw = wall shear rate (s - t QB = blood flow 
(mlls) , n = number of fibers and R = internal fiber 
radius (cm). Consequently, for a given device geo
metry the shear rate is determined only by the blood 
flow rate. 

The mean TMP represents the pressure difference 
between the blood and the filtrate compartment: 

TMP - (Pin + Poud P 
- 2 filtr [3] 

where Pin = pressure at the filter blood inlet, Pout = 
pressure at the filter blood outlet and Pfiltr = pressure 
at the filtrate side. 

At very low values of TMP, filtration rate increa
ses with increasing TMP (Figure 5, region I). At 
intermediate TMPs the plasmafiltration reaches a 
plateau or maximum (region II) above which it is 
independent of transmembrane pressure. At some 
stage (region III) further increases in transmembrane 
pressure will lead to hemolysis. Satisfactory, albeit 
complex, explanations are available for this behavior 
(11- 14). The understanding they provide has guided 
the design of hardware and disposables which allow 
simple, safe, and reliable operation. 

Sterilization of membrane plasma separators; reuse 
In general, sterilization procedures for membrane 
plasma separators are adapted from those used for 
hemodialyzers. Originally, most filters were sterilized 
with ethylene oxide gas and at least one anaphy
lactoid reaction during a clinical plasma exchange 
has been attributed to residual ethylene oxide (16). 
Presently, as with hemodialysis filters, it is considered 
best practice to sterilize membrane filters with steam 
and gamma-radiation. 

Because membrane plasma separators were expen
sive when first introduced commercially, reuse has 
been investigated by several groups [e.g. refs. (17) and 
(18)]. When reuse is performed properly, a filter can be 
utilized several times without significant loss in flux or 
protein permeability (18). Because of associated labor 
costs, physician liability, and decreasing disposable 
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costs, reuse never became a widespread practice in 
clinical plasmapheresis. 

Hardware 
Equipment for membrane plasmapheresis is available 
from several companies (e.g. ASAHI, Baxter, Braun, 
Fresenius, Gambro, Hospal, Kaneka). Safety stand
ards for this extracorporeal treatment are similar 
to those for hemodialysis. There are, however, some 
differences in safety requirements inherent in the 
membrane plasma separation process. An ideal 
system should include the following components: 

1. negative pressure monitor in the blood drawing 
line; 

2. blood pump which can be operated at low blood 
flow rates (minimum 40, maximum 200 mllmin); 

3. continuous infusion of the anticoagulant (heparin 
or citrate) with the option of different anticoagu
lant dosing regimes; 

4. filter inlet and outlet pressure monitors; 
5. air bubble detector and clamp in the venous 

return line; 
6. pressure gauge in the plasma filtrate line; 
7. controlled plasma filtration via a pump in the 

plasma line; 
8. hemoglobin detector in the plasma filtrate line; 
9. substitution pumps which maintain adjustable 

infusion rates at various values of filtration rate; 
10. warmers in the replacement and/or venous 

return lines. 

Ideally the equipment should display the transmem
brane pressure (TMP). Adequate alarms should be 
included for all essential parameters (e.g. inadequate 
blood withdrawal, TMP, air). 

Comparison of different plasma 
exchange methods 
A few publications compare the efficiency of centri
fugal and membrane-based techniques (19-22). All 
these studies suggest that the efficacy is comparable 
when both methods are applied under optimal con
ditions. However, when a high citrate to blood ratio 
is used in centrifugation, the dilutional effect will 
reduce efficiency in comparison with membrane 
plasma separation where heparin is typically emplo
yed as anticoagulant (22). Moreover, platelet loss is 
significantly greater with centrifugation. 

Technical aspects of membrane 
plasma separation 
Vascular access 
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For most plasma separation devices a stable blood 
flow of 50-80 ml/min is sufficient, which usually 
permits access from peripheral veins. Generally, fil
tration rate should not exceed 30-50 mllmin because 
side-effects of plasma exchange procedures are 
observed at high rates of the infused substitution 
fluid. The lower filtration rates are recommended 
despite the availability of large surface area hollow 
fiber plasma separators (0.5-0.6 m2) which can be 
operated at blood flow rates up to 300 mllmin or 
more, yielding a plasma flow of up to 100 mllmin. 
In patients with potentially irreversible renal disease 
with the risk of complete loss of kidney function (e.g. 
all forms of rapidly progressive glomerulonephritis) 
a large-bore central venous catheter is preferred. 
This access method preserves peripheral veins for 
fistula placement if renal replacement therapy could 
be required later. 

Anticoagulation 
For anticoagulation in a routine membrane plasma 
exchange a bolus of heparin (2000-5000 IU) is 
combined with continuous heparin (300-1200 IU/h) 
or citrate infusion (ACD-A 1 ml/15-30 ml of blood). 
In patients at risk for bleeding (e.g. pulmonary 
hemorrhage in Goodpasture's syndrome, thrombotic 
thrombocytopenic purpura/hemolytic uremic synd
rome), the amount of anticoagulant must be reduced 
to avoid bleeding complications. In those cases the 
anticoagulant regimen should be monitored during 
treatment by an appropriate test (APT when heparin 
is used). Fractionated low molecular weight heparin 
is also an acceptable anticoagulant, although special 
monitoring is required (23). 

Replacement solutions 
The concentration of serum albumin, which is the 
main determinant of oncotic pressure, should be kept 
constant during plasma exchange to avoid poten
tially life-threatening intracorporeal fluid shifts. 
Accordingly, separated plasma has to be replaced 
isovolumetrically and iso-oncotically. Most centers 
prefer a solution of 4--5% human albumin to which 
electrolytes can be supplemented as required. Calcium 
should be adjusted to a physiologic concentration 
to avoid hypocalcemic symptoms, especially when 
citrate is used for anticoagulation. In large-volume 
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plasma exchanges with rapid reinfusion via a catheter 
placed in the superior caval vein, cardiac arrhyth
mias have been attributed to substitution fluid low in 
potassium (24). Colloidal iso-oncotic replacement 
fluids (dextran, gelatin, hydroxyethyl starch) have 
been used in plasma exchange because they are more 
economical than plasma or albumin. This approach 
is best limited to replacement of the first 20% of the 
volume to be exchanged (e.g. first 500 ml in a 3--4 L 
plasma exchange). These synthetic colloidal substi
tutes are rapidly cleaved with a serum half-life of 
hours compared to 10-18 days for albumin. 

In patients in whom a decrease of coagulation 
factors or other blood proteins (e.g. immunoglobu
lins, complement) might be troublesome, fresh 
(frozen) plasma (FFP) is recommended for volume 
replacement. This is not an entirely benign alter
native: FFP still has an intrinsic risk of transmitting 
viral infections, especially in those cases where the 
donor is screened for presence of antibody rather 
than for antigen. Historical values of the risk for 
pathogen transmission from properly screened blood 
are for the human immunodeficiency virus (HIV), 
1 in 493,000; for the human T -celllymphotropic virus 
(HTLV), 1 in 641,000; for the hepatitis Cvirus (HCV), 
1 in 103,000; and for the hepatitis B virus (HBV), 1 in 
63,000 (25). Moreover, as the incidence of immediate 
side-reactions during the plasma exchange procedure 
itself is highest with FFP replacement, separation 
and substitution should be limited to 20-25 ml/min. 
As citrate is the anticoagulant in FFP, calcium must 
also be supplemented when this fluid is employed. 

Protein kinetics and exchange volume 
For an 'ideal solute' distributed exclusively in the 
plasma and in the absence of protein retention by the 
membrane filter, the reduction in concentration of 
those moieties not returned with the replacement 
fluid can be predicted by the following equation (26): 

[4] 

where C = protein concentration (giL) after the 
volume, V, has been exchanged; Co = initial protein 
concentration (giL); P = total patient's plasma 
volume (L) and V = plasma volume actually exch
anged (L) (Figure 6). Equation [4] implies that the 
overall quantity of a solute removed increases with 
exchange volume, but the process efficiency progres
sively decreases with increasing exchange volume 
(27). These removal kinetics have been validated 
experimentally for immunoglobulins, coagulation 
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Figure 6. Protein kinetics in plasmapheresis. The upper panel demon
strates simple idealized first·order pharmacokinetic removal during the 
time of a plasma exchange session. The lower panel includes the more 
clinically relevant phenomena of resynthesis and redistribution 

factors, complement proteins and lipoproteins. 
However, circulating immune complexes demon
strate a far more rapid decrease than predicted by 
Equation [4]. This uncharacteristic behavior has 
been explained by: 

1. enhanced endogenous catabolism (28, 29); 
2. formation of new immune complexes in the 

altered protein milieu which behave differently 
both biologically in the patient and biochemi
cally in the assays used compared to the original 
ones; and 

3. methodological problems with the detection of 
circulating immune complexes due to multiple 
interactions (30). 

Except for albumin, the plasma concentration of 
most proteins rebounds following a plasma exchange 
session (Figure 6). The first phase of the rebound is 
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governed primarily by re-equilibration of the plasma 
protein with that of the extravascular compartment 
(redistribution). This phase lasts about 6-12 h; its 
amplitude depends on the distribution space of the 
particular protein within the body. Only 25% of the 
total body IgM content is located intravascularly 
compared to about 50% of the total body IgG. 
Consequently, the post-exchange rebound of IgM is 
lower than that of IgG. The further time-course of 
plasma protein concentrations depends on compen
satory resynthesis (Figure 6). In the particular case of 
pathogenic immunoglobulins (autoantibodies, para
proteins), synthesis can be minimized by administra
tion of cytotoxic drugs to selectively deplete B 
lymphocytes, which are stimulated by the plasma 
exchange-induced immunoglobulin depletion (31, 32). 

Side-effects and adverse reactions 
Side-effects observed in plasma exchange may be 
caused by the substitution fluid, the anticoagulant, 
and the extracorporeal procedure itself, including 
technical failures. Common side-effects of plasma 
exchange are summarized in Table 1 (24, 33-41). 
Severe side-reactions are rare. According to the 
French Register for Plasma Exchange for the year 
1985, the risk of transmitting hepatitis B or the 
human immunodeficiency virus was 0.4% or 0.09%, 
respectively, even when using FFP as replacement 
fluid (38). In the early 1980s fatal reactions occurred 
once in about 3000 treatments or once per 500 
patients (42, 43) and are now in a far lower range 
(once per 10,000 procedures) (41). 

Table 1. Immediate complications (expressed as percentage of pro
cedures) observed during therapeutic plasma exchange. Combined data 
from several early reports are given in the first column ('Combined') 
(24,33-40), data for 1986,1994 arid 1998are from the French Apheresis 
Registry (41) 

Complications/year 

Combined 1986 1994 1998 

Fever and chills 1-18 3.7 0.55 0.2 
Systemic hypotension 0-12 1.42 on OA3 
Allergic reactions 0-12 1.8 0.36 OA5 
Nausea, vomiting 1.57 0.34 0.10 
Hypocalcemia 0-9 1.17 0.31 1.3 
Hematoma at puncture site 0.15 0.21 OA 
Cardiac arrhythmias 3 0.3 om 0.04 
Pulmonary edema om 0.3 0.06 
Death 0.1 0.02 0.01 
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Traces of micro aggregates of plasma proteins and 
activators of the kinin system present in commercial 
albumin solutions, as well as the non physiologic 
electrolyte milieu (if not corrected before use), are 
believed responsible for the majority of side-effects. 
The incidence of reactions is greater when FFP is 
used than for albumin replacement. Therefore, FFP 
administration should be limited to those cases where 
it is clearly necessary. Administration of albumin at 
a far faster rate (10-50 ml/min) in plasma exchange 
than recommended by the pharmaceutical suppliers 
(8-10 ml/min) may explain the incidence of side
reactions seen in this treatment compared to the 
infusion of albumin in the common hospitalized 
population where albumin-related side-effects are 
rare (about 0.01%) (44). 

If plasma exchange is performed within 3 days 
prior to anesthesia, the depletion of cholinesterase 
can cause prolonged postoperative apnea requiring 
prolonged assisted ventilation (45). 

Plasmapheresis and drug removal 
Few publications deal with the removal of ther
apeutic drugs during plasma exchange (46-49). The 
extracorporeal elimination efficiency of a given 
pharmaceutical substance depends on the volume of 
distribution, the protein binding of the substance, 
intercompartment equilibration and the volume of 
plasma exchanged. 

In general, the fractional removal of substances 
with a large volume of distribution is low regardless 
of the drug ratio bound to plasma proteins. An 
exchange of one patient plasma volume usually 
removes less than 1-3% of the total body store of a 
particular drug (see Table 2). Consequently, an addi
tional dose is usually not necessary. Nevertheless 
drug concentration should be directly monitored 
if possible, especially in drugs with a narrow ther
apeutic range, e.g. phenytoin. Samples for drug 
monitoring should be drawn before, and drugs 
administered after, plasmapheresis. 

Plasma exchange is relatively ineffective in remo
ving protein-bound toxins or in the treatment of 
drug overdoses. It is indicated only for those intox
icants which exhibit a high protein binding (>80%), 
a small volume of distribution «0.2 Llkg) and a 
prolonged biological half-life (50, 51). 

Alternative plasma exchange procedures 
Under some circumstances membrane plasma exch
ange can be performed in simple circuits without 
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Table 2. Volume of distribution (VD) (Ltg) and protein binding (%) of 
some selected drugs (46-49). The calculated volumes of distribution are 
for a 70 kg patient. For comparison, the volume 01 distribution for IgG is 
around 6-7 Land for IgM 4-5 L 

VolumeD! VD!ora 70 kg Protein 
Drug distribution (Llkg) person(L) binding(%) 

Acetylsalicylic acid 0.1-0.2 -14 50-90 
Cyclophosphamide 0.79 55 12 
Diazepam 1.1 77 98 
Digitoxin 0.6-0.8 42-56 90-97 
Digoxin 5-12 350-840 20-30 
Paracetamol 0.9-1.0 63-70 0-20 
Phenobarbital 0.7 49 15-45 
Phenytoin 0.6 42 90-95 
Prednisone 1 70 70-95 
Theophylline 0.5 35 40 

complicated hardware. Hollow fiber modules have 
been placed directly between artery and vein, in a 
spontaneous or 'A V' circuit (52, 53). In another 
approach a single-access circuit relying on gravity and 
alternating between withdrawal and return has been 
described (53,54). In appropriate patients, membrane
based and centrifugal plasma separation can also be 
combined with routine hemodialysis (55-59). 

Plasma fractionation 
In un selective plasma exchange, the elimination of 
the pathogen from the circulation is achieved by 
removing it together with all normal plasma com
ponents (Figure 7). Starting in about the mid-1970s, 
several procedures to selectively remove disease
specific circulating macromolecular pathogens from 
blood or plasma have become available. These pro
cedures are termed plasma fractionation or closed
loop plasmapheresis. As illustrated in Figure 8, 
separated plasma undergoes further fractionation to 
remove the pathogens; the useful and beneficial 
plasma proteins are then returned to the patient. The 
advantages of this approach include: 

1. minimization of side-reactions from exogenous 
protein replacement, and 

2. elimination of the significant cost of replacement 
plasma (59). 

Table 3 summarizes disease conditions where plasma 
fractionation procedures have been or are performed 
routinely, albeit on a small scale and in selected 
patients. 
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Figure 7. Flow diagram of unseleclive plasma exchange. For simpli
city, pumps and monitoring devices are not included. The flow directions 
are indicated by arrows 
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Figure 8. Schematic illustration of a closed·loop plasmapheresis 
circuit. Available plasma fractionation procedures include cascade 
filtration and adsorption 

Existing plasma fractionation protocols employ 
routine laboratory protein separation techniques 
adapted to the requirements of an online extra
corporeal circuit. Most approaches are based on 
membrane filtration or adsorption (59,60), and each 
approach to fractionation encompasses a variety of 
approaches. 

The simplest and most straightforward technique 
is direct sorption of plasma from whole blood, in 
which case there is no need for a plasma separation 
step. Some systems for this format have already 
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Table 3. Diseases in which plasma fractionation procedures are performed on a routine clinical basis; also mentioned is the circulating pathogen 

Disease Circulating pathogen Available procedures 

Systemic lupus erythematosus Anti-ds DNA antibodies Adsorption of IgG or ds DNA antibodies 

Myasthenia gravis Anti-acetylcholine receptor antibodies Adsorption of IgG or of specific antibodies 

Anti-GBM disease, Goodpasture's syndrome Anti-glomerular basement membrane antibodies Adsorption of IgG 

Familial hypercholesterolemia LDLcholesterol Cascade filtration, thermofiltration adsorption of LDL. HELP*, DAUt 

Waldenstrbm 's macroglobulinemia IgM paraprotein Cascade filtration 

Cryoglobulinemia Type I or II cryoglobulins Cascade filtration, cryofiltration 

Hemophilia due to autoantibodies Anti-factor VIII or IX autoantibodies Adsorption of IgG 

Presensitized transplant recipients IgG autoantibodies against HLAantigens Adsorption of IgG 

Gram-negative sepsis Endotoxin Adsorption (Polymyxin B)+ HELP* 

Hyperfibrinogenemia Elevated fibrinogen levels HELP*, cascade fiitration/rheopheresis, adsorption 

*HELP, heparin-induced extracorporeallipoprotein precipitation 
tDAU: direct adsorption of lipoproteins from whole blood 
+Whole blood perfusion 

Table 4. Adsorption systems for whole blood perfusion 

Trade name Manufacturer Target substance Reference 

DAU® Fresenius HemoCare, LDL, liprotein (a) Bosch et al. (102) 
St Wendel, Germany 

Toraymycin Toray,Tokyo, Japan 
PMX-20R® 

Endotoxin Kodama et al. (106) 

Lixelle® Kaneka, Osaka, ~2-Microglobulin Sueoka (107), 
Japan Furuyoshi et al. (116) 

become commercially available (Table 4), while others 
are still experimental (61, 62). These approaches are 
described in a following section. 

Cascade filtration 
In cascade filtration a second membrane filter divides 
separated plasma into high and low molecular weight 
fractions (Figure 9). This therapy format, called 
cascade filtration or double-filtration, was first 
described by Agishi and co-workers in 1980 (63), and 
is useful only when the target pathogen has a far 
higher molecular weight than albumin. Under these 
circumstances a fraction containing the pathogen will 
be retained by the second filter, whilst the low mole
cular weight albumin-rich fraction is returned to the 
patient. Cascade filtration is feasible only where the 
target pathogen has a molecular weight at least ten 
times than of albumin (,,-,700 kDa). Hyperviscosity 

0 Blood 

Recirculation 
Loop 

Figure 9. Cascade filtration circuit including options for a recirculation 
loop and operation with a waste fraction of the secondary filter, 
respectively 

due to macroglobulinemia (IgM; 970 kDa), familial 
hypercholesterolemia (target: LDL cholesterol) and a 
disturbed microcirculation (due to increased levels of 
fibrinogen, el2-macroglobulin or IgM) are examples of 
clinical conditions in which cascade filtration has been 
successfully applied. Since many high molecular 
weight proteins are removed in addition to the 
pathogen, cascade filtration does not result in specific 
pathogen removal. It does, however, recover sufficient 
albumin to make exogenous albumin replacement 
unnecessary in most treatments (64--66). 
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Efficacy of the cascade filtration process depends 
not only on the membrane but also on the design of 
the secondary circuit. The retentate may simply be 
allowed to build up inside the secondary filter ('dead
end mode'), be recirculated, or be discarded ('single
pass mode'). Each configuration results in slightly 
different pathogen removal profiles and albumin 
recovery rates (66-68). One problem of cascade 
filtration is progressive occlusion of the secondary 
filter during the procedure, indicated by a rising 
transmembrane pressure and/or reduced flux. Several 
techniques have been introduced to limit plugging 
of the secondary filters: reverse rinse at a rising 
TMP (69), back-flushing of the filter (70), or pulsa
tile flow (71). 

A few filters (e.g. Evaflux®-2A and 3A; Kuraray, 
Osaka, Japan; Cascadeflo® AC-1730; ASAHI, Tokyo, 
Japan) have been described to separate IgG (160 kDa) 
from albumin (67 kDa). The separation, however, is 
not complete (72, 73). 

Cryofiltration 
This procedure was first described by Nose and his 
colleagues from the Cleveland Clinic (74). In cryo
filtration the separated plasma is fed into a special 
secondary filter (,cryofilter') where it is cooled down 
to 4°C. In the presence of heparin, several plasma 
constituents form a cryogel or precipitate, consisting 
primarily of a fibronectin-fibrinogen complex and 
entrapped with immunoglobulins and immune 
complexes (75, 76). The cryofiltrate is membrane
impermeable and readily separated from plasma. 
Disorders in which cryofiltration has been applied 
clinically are systemic lupus erythematosus, rheu
matoid arthritis and ABO-incompatible transplants, 
as well as disorders with elevated levels of cryoglo
bulin and cryofibrinogen (77). 

Thermofiltration 
When cascade filtration is performed at room tem
perature, plasma in the secondary filter reaches a 
temperature of around 30°C. In thermofiltration the 
secondary filter is warmed up to a physiologic temp
erature (37°C, sometimes up to 42°C) (72). The higher 
temperature results in a sharper separation (78). 

Rheopheresis 
The term 'rheopheresis' has been introduced to 
describe the application of cascade filtration in 
disturbed microcirculation (79). The clinical goal of 
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this procedure is removal of globular-shaped high 
molecular weight plasma constituents (Clrmacro
globulin, IgM, low density lipoprotein (LDL) cho
lesterol) as well as the non-globular fibrinogen (MW 
340 kDa), all of which interfere with whole blood 
and plasma viscosity. A rapid improvement of 
rheological properties is reported with rheopheresis. 
Disorders in which rheopheresis is presently inves
tigated are age-related macular degeneration, the 
diabetic foot syndrome, some types of ischemic heart 
disease and peripheral arterial occlusive disease, 
cerebrovascular disease and sudden deafness (79). 

Combination of phYSicochemical separation techniques 
An excellent example of physicochemical fractiona
tion in a closed-loop circuit is the removal of LDL 
cholesterol from plasma by heparin-induced extra
corporeal precipitation at low pH. This technique, 
which was originally introduced by Fuchs and 
co-workers (80), relies upon the tendency of an 
LDL cholesterol-heparin complex to form a readily 
removable precipitate at low pH. In the first step, 
plasma is separated from whole blood by membrane 
filtration (Figure 10). The plasma is then mixed in 
equal parts with a heparin-containing buffer (heparin 
concentration, 100,000 U/L, pH 4.8) resulting in a 
pH of5.l2 and a heparin concentration of50,000 U/L. 
Under these conditions LDL cholesterol precipitates 
and is retained in a micro porous secondary filter. 
Following readjustment of pH and electrolyte levels 
by dialysis and ultrafiltration, the processed plasma 
is recombined with the main blood stream (80). This 
therapy format has been termed heparin-induced 
extracorporeal LDL precipitation (HELP); its 
safety and efficacy in clinical application are 
well documented (81). An advantage of the HELP 
procedure is that other heparin-binding plasma 
proteins, including lipoprotein (a) and fibrinogen, 
are eliminated along with LDL cholesterol (82, 83). 
Removal of fibrinogen results in acute and chronic 
improvements of hemorheological parameters (84), 
which supports its application also in situations with 
a disturbed microcirculation. This system has also 
been evaluated for endotoxin removal (85). 

Adsorption techniques 
In a variant on affinity chromatography, separated 
plasma is passed through an adsorption device 
containing a ligand capable of binding the target 
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Figure 10. Flow diagram of the HELP procedure. PS, plasma separation filter; D/UF, dialysis and ultrafiltration. For details, see text 

pathogen (Figure 8). For clinical purposes, three types 
of ligands or binding systems have been utilized: 

1. In order to remove antibodies of known speci
ficity the corresponding (multivalent) antigens 
are bound to a solid matrix. This protocol was 
first described in 1976 for removal of DNA 
antibodies by a DNA-containing column (86); 
however, it has never evolved to a routine 
treatment. A more sophisticated technique has 
been developed for elimination of antibodies 
against the acetylcholine receptor (AchRAb) 
from myasthenic plasma in the treatment of 
myasthenia gravis. Here the ligand is an 18 amino 
acid chain sequence capable of binding to the 
target antibody (Mediosorba® MG-50, Kuraray, 
Osaka, Japan) (87). An analogous protocol for 
specific elimination of fibrinogen and fibrin 
from whole blood relies upon a pentapeptide 
covalently bound to sepharose (RheoSorb®, 
Plasmaselect, Teterow, Germany) (88). 

2. A slightly different technique relies on non
immunospecific binding affinity of proteins for 
(non-antigenic) solid surfaces. For example, 
LDL, which bind to heparin (89) and dextran 
sulfate, can be removed from plasma by perfu
sion over a column containing either of these 
ligands (90). Other compounds with strong and 

semi-selective affinity are protein A (for IgG 1, 2, 
4 and immune complexes containing IgG), phe
nylalanine (for immune complexes), and tryp
tophan (for acetylcholine receptor antibodies in 
myasthenia gravis) (91). Two columns contain
ing matrix-bound protein A are commercially 
available. Protein A fixed to a silica matrix was 
first described in 1978 (92) and is now marketed 
by Fresenius HemoCare, St Wendel, Germany 
(Prosorba ®). Its main field of application is 
rheumatoid arthritis (93). Because the adsorp
tion capacity of Prosorba® for IgG is relatively 
low (94), the column likely functions by a more 
complex mechanism than simple sorption (93). 
A pronounced removal of IgG is possible with 
sepharose-protein A columns (Immunosorba®, 
Fresenius HemoCare, St Wendel, Germany) 
when used together with a regeneration system 
(95). With multiple applications the removal 
capacity ofImmunosorba®, is quite high. 

3. Immunoadsorption may also exploit specific 
polyclonal (e.g. sheep anti-human) or mono
clonal antibodies fixed to a solid matrix support 
to remove the corresponding antigens. This 
technique offers a high degree of selectivity and 
specificity when compared with chemical affinity 
systems. Removal of human LDL (96,97), imm
unoglobulins G (94) or lipoprotein (a) (98, 99) 
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Table 5. Summary of commercial adsorption systems for clinical on· line plasma perfusion 

Ligand Matrix Target substance 

Protein A Sepharose IgG 

Protein A Silica beads IgG 

Tryptophan Polyvinyl alcohol Some autoantibodies 

Phenylalanine Polyvinyl alcohol Some autoantibodies 

Dextran sulfate Cellulose LDL cholesterol 

Dextran sulfate Cellulose Anti·ds DNA antibodies 

Penta peptide Sepharose Fibrinogen 

Anti·lgG Sepharose IgG 
antibodies 

Anti ·LDL Sepharose LDL cholesterol 
antibodies 

Anti·lipoprotein Sepharose Lipoprotein (a) 
(a) antibodies 

18 amino acid Cellulose beads Acetylcholine receptor antibodies 
sequence 

with matrix fixed specific antibodies has now 
become a routine clinical procedure. 

A vailable commercial adsorption systems are sum
marized in Table 5. Most of these systems incorpo
rate one form or another of regeneration to remove 
bound toxins; this increases the capacity of a single 
column and the overall mass removal efficacy of the 
process. 

Elimination of defined substances 
LDL cholesterol 
For more than two decades, patients with familial 
hypercholesterolemia and highly elevated LDL 
cholesterol levels (total cholesterol > ",500 mg/dl) 
and progressive coronary heart disease despite 
aggressive pharmacologic therapy have been treated 
with a variety of plasma fractionation procedures. 
The H.E.L.P. procedure was the first commercially 
available device for removal of LDL cholesterol 
(80), and has enjoyed widespread utilization. As of 
December 2001, more than 185,000 procedures have 
been performed worldwide. In addition to LDL 
cholesterol, the H.E.L.P. procedure also removes 
lipoprotein (a) and fibrinogen. Plasma adsorption 
using dextran sulfate (Liposorber®) (100, 101) or anti 
LDL antibodies as ligands (LDL-Therasorb®) (96) 
represent the remaining options for LDL apheresis . 

Trade name, Manufacturer Remarks 

Immunosorba®, Fresenius HemoCare, To be used in combination with 
St Wendel, Germany a regeneration system 

Prosorba®, Fresenius HemoCare, Single use 
St Wendel, Germany 

Immusorba®TR·350, ASAHI,Tokyo, Japan Single use 

Immunsorba® PH·350, ASAHI,Tokyo, Japan Single use 

Liposorber®, Kaneka, Osaka, Japan Regeneration system or single use 

Selesorb®, Kaneka, Osaka, Japan Regeneration system or single use 

RheoSorb®, Plasmaselect, Teterow, Germany Regeneration system 

IgG·Therasorb®, Plasmaselect,Teterow, Germany Regeneration system 

LDL·Therasorb®, Plasmaselect, Teterow, Germany Regeneration system 

Lipopak®, Pocard, Russia Regeneration system 

Mediosorba® MG·50, Kuraray, Osaka, Japan Single use 

Newly developed technology allows direct adsorp
tion of lipoproteins from whole blood without the 
initial plasma removal step (DALI®, Fresenius 
HemoCare, St. Wendel, Germany) (102). The DALI® 
device has entered into limited but clinical practice. 

Lipoprotein (a) 
Lipoprotein (a) is an inherited risk factor for accel
erated arteriosclerosis and is currently refractory 
to pharmacological therapy. Lipoprotein (a) can be 
effectively removed by cascade filtration, by the 
H.E.L.P. procedure, or by dextran sulfate column 
perfusion. Alternatively, an adsorption column 
02utilizing antibodies directed against apolipopro
tein B-IOO and lipoprotein (a) is available and in 
clinical use in several countries (Lipopak®, Pocard, 
Russia) (99,103) As usual the antibody based 
column offers higher selectivity than other options. 
The DALI® whole blood adsorption system also 
removes lipoprotein (a) (104). 

Endotoxin 
Endotoxin removal has been performed with varying 
success as an experimental treatment for severe 
sepsis. Technically, endotoxin can be removed with 
the H.E.L.P. system (85) or a variant (lOS) or by 
whole blood perfusion using cartridges with a 
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polymyxin B ligand (Toraymycin® PMX-20R; 
Toray, Tokyo, Japan) (106, 107). Other adsorbers 
under investigation employ also polymyxin B 
(61,108) or human albumin (62). Whether selective 
endotoxin adsorption reduces morbidity and mor
tality in severe gram negative sepsis is still a matter of 
scientific debate. 

Immunoglobulins G, circulating immune complexes 
Immunoglobulins of the G class are involved in 
several autoimmune disorders (e.g. systemic lupus 
erythematosus, myasthenia gravis, immune throm
bocytopenia, antibodies against coagulation factors 
VIII and IX). Such autoantibiodies can be removed 
either with adsorption onto protein A (binds IgG 
I, 2, and 4, but not 3) (94) or with columns cont
aining polyclonal antihuman IgG antibodies (IgG
Therasorb®) which bind all IgG classes (109,110). 
Procedures which combine any of these columns 
with a regeneration system provide highly effective 
removal ofIgG (110). Adsorption ofIgG containing 
immune complexes has been described (110), but this 
remains controversial. 

Fibrinogen 
Fibrinogen is one of the main determinants of blood 
and plasma viscosity. Fibrinogen removal is believed 
to be clinically beneficial in patients with elevated 
levels and disturbed microcirculation. Fibrinogen can 
be removed unselectively with the H.E.L.P. procedure 
(112). Cascade filtration, possibly with a specially 
designed secondary filter (Cascadeflo® AC-1760; 
ASAHI, Japan), removes not only fibrinogen but also 
other high molecular weight substances including 
IgM, alpha-2-macroglobulin and LDL cholesterol; 
this results in a subsequent lowering of whole blood 
and plasma viscosity and an improved microcircula
tion ('rheopheresis') (79,84). The DALI® whole blood 
adsorption system also improves blood and plasma 
viscosity (104). 

Acetylcholine receptor antibodies 
In myasthenia gravis, antibodies against the acet
ylcholine receptor of the motor end plate are 
responsible for the neuro-muscular transduction dis
turbance. In patients not responding to conventional 
drug therapy, plasmapheresis and more recently 
adsorption techniques offer rapid improvement of 
patient symptomatology. The acetylcholine receptor 
antibodies can be removed unselectively by plasma 
perfusion over tryptophan linked to polyvinyl alcohol 
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(Immusorba® TR-350; ASAHI, Tokyo, Japan) 
(113,114). Ths column is designed for single use and 
allows the perfusion of about 2 liters of plasma. 
A recently developed adsorber (Mediosorba® MG-
50, Kuraray, Osaka, Japan) contains an 18 amino 
acid sequence of the target region of the acetylcholine 
receptor antibody and thus allows a very specific 
removal of this autoantibody (87). 

DNA antibodies 
Antibodies against double stranded DNA are the 
biochemical hallmark of systemic lupus erythemato
sus. A very simple antibody adsorption system was 
described and used on an experimental basis in 1976 
(86). More recently it was discovered that dextran 
sulfate binds not only LDL cholesterol, but also 
DNA antibodies (91). A commercial column based on 
dextran sulfate (Selesorb®, Kaneka, Osaka, Japan) is 
available in some countries. Columns containing the 
amino acids tryptophan or phenylalanine bound to a 
polyvinyl alcohol gel (Immusorba® TR-350 or 
Immusorba® PH-350, respectively) exhibit affinity for 
DNA antibodies (91) and are marketed by ASAHI 
Medical, Tokyo, Japan. Other approaches to remove 
DNA antibodies are based on columns containing 
protein A-sepharose (Immunosorba®) or antihuman 
IgG-sepharose (IgG-Therasorb®) (11 0). 

Beta-2-Microglobulin 
Beta-2-microglobulin associated amyloidosis has 
evolved to a chronic complication in the long-term 
hemodialysis population. Removal by hemodialysis, 
hemofiltration and hemodiafiltration (115) is limited. 
A hemocompatible adsorber has been developed 
(Lixelle®, Kaneka, Osaka, Japan) and is undergoing 
clinical evaluation (116). Another device is still in the 
stage of pre-clinical evaluation (117). 

Concluding perspectives 
Since the early 1970s, therapeutic plasma exchange 
has steadily developed from an un selective protocol 
to a more selective and more specific therapy for the 
removal of pathognomonic plasma components. 
Unselective plasma exchange still has its place in 
clinical practice, primarily in treatment of disorders 
for which the macromolecular pathogen has not yet 
been identified. In those disease conditions where the 
nature of the causative pathogens are known and for 
which an appropriate removal system is available, 
more selective forms of the therapy are preferred. 
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The most promlSlng of these applications include 
a variety of clinical situations associated with elevated 
lipids, pathogenic immunoglobulins, autoantibodies, 
or a disturbed microcirculation. Direct adsorption from 
whole blood is the next step in the evolution of apheresis. 
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