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Abstract
Activation of the complement system and leukocytes by blood–membrane interac-
tions may further promote arteriosclerosis typically present in patients on lipopro-
tein apheresis. As clinical data on the hemocompatibility of lipoprotein apheresis are 
scarce, a controlled clinical study comparing two different types of plasma separa-
tion and fractionation membranes used in double-filtration lipoprotein apheresis was 
urgently needed, as its outcome may influence clinical decision-making. In a pro-
spective, randomized, crossover controlled trial, eight patients on double-filtration 
lipoprotein apheresis were subjected to one treatment with recent polyethersul-
fone (PES) plasma separation and fractionation membranes and one control treat-
ment using a set of ethylene-vinyl alcohol copolymer (EVAL) membranes. White 
blood cell (WBC) and platelet (PC) counts, complement factor C5a and thrombin–
antithrombin III (TAT) concentrations were determined in samples drawn at defined 
times from different sites of the extracorporeal blood and plasma circuit. With a nadir 
at 25 minutes, WBCs in EVAL decreased to 33.5 ± 10.7% of baseline compared with 
63.8 ± 22.0% at 20 minutes in PES (P < .001). The maximum C5a levels in venous 
blood reentering the patients were measured at 30 minutes, being 30.0 ± 11.2 µg/L 
with EVAL and 12.3 ± 9.0 µg/L with PES (P < .05). The highest C5a concentrations 
were found in plasma after the plasma filters (EVAL 56.1 ± 22.0 µg/L at 15 minutes 
vs PES 23.3 ± 15.2 µg/L at 10 minutes; P < .001). PC did not significantly decrease 
over time with both membrane types, whereas TAT levels did not rise until the end 
of the treatment without differences between membranes. Regarding lipoprotein(a) 
and low-density lipoprotein (LDL) cholesterol removal, both membrane sets per-
formed equally. Compared with EVAL, PES membranes cause less leukocyte and 
complement system activation, the classical parameters of hemocompatibility of 
extracorporeal treatment procedures, at identical treatment efficacy. Better hemo-
compatibility may avoid inflammation-promoting effects through blood–material 
interactions in patients requiring double-filtration lipoprotein apheresis.
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1  |   INTRODUCTION

Transient leukopenia in blood together with pulmonary dys-
function in the early minutes of hemodialysis with cellulosic 
dialysis membranes was first observed in the 1970s, when 
it could be attributed to the activation of the complement 
system.1 These symptoms of relative hemoincompatibility 
of cellulose membranes were linked to the presence of free 
hydroxyl groups on the surface, which trigger intense com-
plement system activation via the alternative pathway with 
the cleavage of several complement products, resulting in 
fragments C3a and C5a and the assembly of the membrane 
attack complex C5b-9.2 The extent of leukocyte and comple-
ment system activation are recognized as classical parameters 
of hemocompatibility. Synthetic dialysis membranes lacking 
free hydroxyl groups induce much lower complement and cell 
activation and, therefore, are considered as hemocompatible.3

Hemoincompatibility may have consequences for the out-
come of patients repeatedly exposed to artificial surfaces. It is 
long undisputed that inflammation contributes importantly to 
the initiation and progression of atherosclerosis in the general 
population.4 In patients on maintenance hemodialysis, blood–
dialysis membrane interactions, particularly complement acti-
vation, may further promote chronic inflammation leading to 
cardiovascular disease, the major cause for the excess mortality 
and morbidity observed in this population.5 Blood–membrane 
interactions are not limited to hemodialysis. Depending on 
the materials involved, they occur analogously in any kind 
of extracorporeal procedure, but only in dialysis have these 
interactions been extensively examined. For double-filtration 
lipoprotein apheresis, an extracorporeal procedure to remove 
proatherosclerotic lipoproteins, which has proven to decrease 
the incidence of cardiovascular events in patients with ele-
vated lipoprotein (a) (Lp(a)),6,7 the availability of such data is 
very limited. An ex vivo model passing human whole blood 
through different lipoprotein apheresis systems demonstrated 
strong activation of the alternative way of the complement 
system by ethylene-vinyl alcohol (EVAL) membranes.8 This 
observation was confirmed by a very small clinical study on 
only three patients showing an increase of complement C3a 
and Bb after lipoprotein apheresis with EVAL.9

Interestingly, from our own clinical experience with double-
filtration lipoprotein apheresis using synthetic plasma and frac-
tionation membranes based on EVAL, leukocytosis was frequently 
observed at the end of the treatment. Similar to hemodialysis with 
cellulosic membranes, this finding must be considered as a typical 
consequence of leukocyte rebound from pulmonary sequestrated 

neutrophils returning into blood and recruitment from the margi-
nated pool or bone marrow stores after complement-induced cell 
activation.10 This hypothesis is supported by the fact that EVAL, 
although classified as a synthetic and, hence, hemocompatible 
membrane, presents hydroxyl groups on its surface and activates 
the complement system in vitro.11,12 Furthermore, in a clini-
cal study on hemodialysis, complement activation with EVAL 
was higher compared with the synthetic, nonhydroxyl groups-
presenting membrane AN69 and similar to that of the syntheti-
cally modified cellulosic dialysis membrane Hemophan, whereas 
it was lower with respect to a regenerated cellulosic membrane.13 
Activation of the complement system and leukocytes may further 
promote arteriosclerosis typically present in patients on lipopro-
tein apheresis.5 Therefore, a controlled clinical study investigating 
the classical parameters of hemocompatibility in double-filtration 
lipoprotein apheresis was urgently needed, as its outcome may 
influence clinical decision-making.

2  |   PATIENTS AND METHODS

The study was executed in adherence to the Declaration 
of Helsinki. Study approval was obtained from the Ethics 
Committee of the University hospital Würzburg (registration 
no. 12/18). The study was registered at the German Register 
for Clinical Trials (DRKS00014075). All patients participat-
ing in the study gave written informed consent including the 
approval for publication of the study data.

2.1  |  Study design

The present trial compared the hemocompatibility of the EVAL 
membrane with a recently introduced polyethersulfone (PES)-
based membrane during double-filtration lipoprotein apheresis.

The study was prospective, randomized, and controlled 
in a crossover manner. Eight patients of at least 18 years of 
age routinely on double-filtration lipoprotein apheresis at two 
different sites (University Hospital Würzburg and Dialysis 
Center Elsenfeld, Germany) were eligible for the trial.

2.2  |  Study execution

After prerinsing of the extracorporeal circuit with saline accord-
ing to the machine’s routine procedure, each patient was sub-
jected to one treatment with a polyvinylpyrrolidone-blended 
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polyethersulfone (FPES) plasma (MicroPES TF10, 0.6  m2, 
3M PlasCure 0.6, 3M Deutschland GmbH, Wuppertal, 
Germany) and a fractionation (FractioPES 200, 1.9 m2, 3M 
SelectiCure H19) membrane, and one control treatment using 
a set of EVAL membranes (0.5 m2, Asahi Plasmaflo OP-05W; 
2.0 m2, Asahi Cascadeflo EC-50W, Asahi Kasei Medical Co., 
Ltd., Tokyo, Japan). All filters were gamma-ray sterilized. 
Double-filtration lipoprotein aphereses were performed with 
the OctoNova apheresis platform. Intraindividual treatment 
conditions were kept identical including blood and plasma 
filtration flow rates, which were always set at 100 and 30 mL/
min, respectively. Anticoagulation with standard heparin and 
target plasma volumes to be treated were unchanged adopted 
from the patients’ routinely used regimen.

2.3  |  Sampling

At baseline, after 5, 10, 15, 20, 25, 30, and 60 minutes as 
well as at the end of the treatments, samples were drawn at 
different sites of the extracorporeal blood and plasma circuit 
(Figure 1). Due to the machine presetting, plasma filtration 
was initiated 5 minutes after the blood pump had been started 
to fill the blood circuit. Therefore, except for the samples at 
60 minutes and at the end of treatment, sampling from the 
plasma circuit was accordingly adapted, that is, it was done 
5 minutes later.

2.4  |  Analytical methods

For each substance, the mean value of a repeat determina-
tion was provided. To assess hemocompatibility, white blood 

cell (WBC) and platelet (PC) counts were quantified with an 
ABX Pentra 60 cell counter (Agon Lab AG, Reichenbach/
Stuttgart, Germany). Complement factor C5a (DRG C5a 
ELISA, DRG Instruments GmbH, Marburg, Germany) and 
thrombin–antithrombin III (TAT) (Enzygnost TAT micro, 
Siemens Healthcare Diagnostics Products GmbH, Erlangen, 
Germany) were measured by ELISA.

Determination of treatment efficacy was performed by 
calculating reduction rates of the serum concentrations 
of low-density lipoprotein (LDL), Lp(a), cholesterol, tri-
glycerides, high-density lipoprotein (HDL), fibrinogen, and 
albumin based on samples drawn from the patients’ arterial 
blood at baseline (C0) and at the end (Cf) of the therapy, re-
spectively. To account for extracellular volume changes, Cf 
was corrected based on the differences in the baseline and 
post-treatment hematocrits. The reduction rates (RR) were 
calculated according to the equation14:

2.5  |  Data analysis

For descriptive analysis of the results, mean values ± stand-
ard deviations were calculated. Within-subject between-
treatment differences were analyzed by paired t-test if 
data were normally distributed and by Wilcoxon–Mann–
Whitney test if not normally distributed. Within-subject 
within-treatment changes from baseline were analyzed in 
series by analysis of variance (ANOVA) and a Tukey post 
hoc test for normally distributed samples. The Friedman 

RR =
C

0
− Cf

C
0

× 100 [%] .

F I G U R E  1   Flow diagram of double 
filtration lipoprotein apheresis indicating 
the sampling sites used during the trial. 
Sampling sites were “art” (patient blood 
entering the plasma filter), “PF” (plasma 
leaving the plasma filter), “FF” (dead-end 
filtered plasma leaving the fractionator), 
“ven1” (hemoconcentrated blood leaving 
the plasma filter), and “ven2” (blood after 
adding of the processed plasma before 
reinfusion into the patient). QB, blood flow; 
QP, plasma flow
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test was used if normal distribution did not apply. A P 
value of <.05 was considered statistically significant. The 
statistical analysis was performed with the “Minitab 17 
Statistical Software” package (Minitab, Inc., State College, 
PA, USA).

3  |   RESULTS

3.1  |  Patient characteristics

Seven males with isolated Lp(a) hyperlipoproteinemia, all 
affected by cardiovascular disease, and one female with 
homozygous hypercholesterolemia type IIa without evi-
dence for vascular lesions were enrolled. Mean age was 
51.3  ±  12.0  years (54  years; range 26 to 66  years). The 
patients were previously for 64.9 ± 65.5 months (median 
50 months; range 3 to 195 months) on once weekly or bi-
weekly lipoprotein apheresis. Their body mass index was 
25.6 ± 3.3 kg/m2. Of the seven patients with cardiovascu-
lar disease, six suffered from three-vessel and one from 
two-vessel coronary artery disease. Four patients had a 
history of myocardial infarction, four had aortocoronary 
bypass operations, and six patients had received percuta-
neous coronary interventions. Two patients had an arterio-
venous fistula for blood access, whereas in six patients, 
lipoprotein apheresis was performed via the cubital veins 
of both arms.

3.2  |  Treatment parameters

Blood flow rates during treatment with EVAL and FPES 
were 101 ± 4 and 100 ± 0 mL/min, respectively. Plasma flow 
rates averaged at 29 ± 1 and 29 ± 1 mL/min. The treatments 
lasted 117 ± 18 and 116 ± 22 minutes obtaining mean pro-
cessed plasma volumes of 3,370 ± 523 and 3,314 ± 598 mL 
for EVAL and FPES, respectively. No significant differences 
were noted.

3.3  |  Hemocompatibility parameters

The effect of the two membrane types on leukocyte activa-
tion was clearly different (Figure 2). Being already lowered 
at 5 minutes (P < .001), the WBCs in EVAL reached a nadir 
at 25 minutes with 33.5 ± 10.7% of baseline. A reduction of 
WBCs with PES was noted first at 10 minutes (P < .001) with 
the lowest value of 63.8 ± 22.0% at 20 minutes. The nadirs 
with the membranes were highly different (P < .001), but dif-
ferences between EVAL and PES were also observed between 
15 and 30  minutes at the same time (P  <  .05). At the end 
of apheresis, WBC count with PES normalized in the range 
of the baseline values (102.2  ±  19.7%), being much lower 
compared with EVAL (130.4 ± 21.0%; P < .001) (Figure 2). 
Differential count of the leukocytes revealed that the course 
of WBCs was primarily determined by the activation of neu-
trophils. The lowest (15.7 ± 12.1% of baseline) and highest 

F I G U R E  2   Course of the white blood cell count in arterial blood relative to baseline during lipoprotein apheresis with FPES and EVAL. The 
figure reflects mean values ± standard deviations. *P < .001 versus 0 minute; **P < .05 versus EVAL; #P < .01 versus EVAL. EVAL, ethylene-
vinyl alcohol; FPES, polyvinylpyrrolidone-blended polyethersulfone
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counts (145.3  ±  35.5%) with EVAL paralleled the WBC 
count at 25 minutes and at the end of the treatment. This find-
ing was also true with PES, in which neutrophil counts were 
53.2 ± 12.1% and 101.1 ± 21.5% of baseline at 20 minutes 
and at the end, respectively (no further data reported).

Regarding the relative PC, the membranes performed 
almost identically. After an initial drop at 5  minutes to 
93.6 ± 4.3% and 95.9 ± 4.4% of baseline with EVAL and 
PES, respectively, the PC decreased slowly, but continuously 
over time with both membrane types to finish at 91.0 ± 6.2 
and 91.2 ± 4.6%, respectively.

Compared with the baseline values of 0.06 ± 0.02 µg/L, 
C5a in blood after the plasma filter and in venous blood re-
entering the patient started to rise from 5 minutes on with 
both filter sets (P < .001) (Table 1). With EVAL, the max-
imum in venous blood was reached at 30  minutes with 
30.0 ± 11.2 µg/L, whereas, with PES, it was 59% lower and 
noted at the same time (12.3 ± 9.0 µg/L; P < .05). C5a lev-
els in venous blood further declined during the treatment, 
remaining significantly elevated at the end with both EVAL 
and PES (12.5 ± 7.6 and 10.8 ± 3.8 µg/L, respectively). The 
highest C5a concentrations were determined in the plasma 
circuit immediately after the plasma filters with both sets 
of membranes. At this location, C5a had a maximum of 
56.1  ±  22.0  µg/L with EVAL at 15  minutes and was sig-
nificantly higher compared with PES (23.3 ± 15.2 µg/L at 
10 minutes; P < .05). Plasma passage through the fraction-
ation filters did not further increase C5a levels, but the max-
ima were reached 20 minutes later at 35 minutes with EVAL 
(50.6 ± 19.4 µg/L; P < .01 vs. PES) and at 30 minutes with 
PES (18.7 ± 14.8 µg/L; P < .05 vs. EVAL).

TAT levels did not rise before the end of the treatment 
without differences between membranes (refer to Figure 3). 
Compared with the baseline level of 3.6  ±  2.9  µg/L, TAT 
concentrations in venous blood and in plasma after the 
plasma filter at the end of the therapy with EVAL were in-
creased to 80.4 ± 210.0 and 89.5 ± 206.7 µg/L (P <  .01), 
respectively. With PES, TAT behaved similarly and rose to 
25.8 ± 49.2 and 38.9 ± 35.8 µg/L (each P < .05 vs. baseline, 
4.4 ± 3.8 µg/L). No change in TAT concentrations was ob-
served in plasma after passage of the fractionators.

3.4  |  Treatment efficacy

Regarding treatment efficacy, both membrane sets per-
formed equally. Reduction rates of the target lipoproteins 
Lp(a) (−69.5 ± 6.0 vs. −69.8 ± 5.7%) and LDL (−65.2 ± 6.9 
vs. −64.9 ± 8.8%) as well as of fibrinogen (−48.8 ± 4.3 vs. 
−46.8 ± 5.6%) were almost identical with EVAL and PES. 
The same was true for the retention of HDL (−18.2 ± 7.3 
and −17.4 ± 13.6%, respectively) and albumin (−15.6 ± 6.6 
and −13.4 ± 5.5%, respectively) (Figure 4).

4  |   DISCUSSION

Although, recently developed second generation antisense 
oligonucleotides targeting apolipoprotein(a) represent a 
promising future option,15-17 lipoprotein apheresis is the only 
treatment with proven benefits on the incidence of cardiovas-
cular events in patients suffering from Lp(a) hyperlipopro-
teinemia, progressive cardiovascular disease, and maximized 
lipid-lowering medication to date.6,7 A positron emission 
tomography study on patients with familial hypercholes-
terolemia attributed the beneficial outcome of lipoprotein 
apheresis to anti-inflammatory effects on arterial wall in-
flammation through the reduction of atherogenic apoprotein 
B-containing lipoproteins.18 It is obvious that inflammation-
promoting effects through blood–material interactions dur-
ing therapy may cause the opposite. Already decades ago, 
complement system and leukocyte activation exerted by 
cellulosic dialysis membranes in patients on maintenance 
hemodialysis were regarded as a major cause for chronic 
inflammation and cardiovascular disease.5,19,20 In double-
filtration lipoprotein apheresis, the effects of different plasma 
separation and fractionation membranes on the classical pa-
rameters of biocompatibility have not even been investigated 
in a controlled clinical study.

Significant complement system activation in lipoprotein 
apheresis is known from heparin-induced extracorporeal 
LDL-precipitation, in which it is induced by the plasma sep-
aration membrane.21 Depending on the membrane material 
used, the generation of activated complement factors during 
this therapy form differed. Treatments with polyethylene or 
polymethylmethacrylate filters led to very high concentra-
tions of complement C3a and were accompanied by transient 
granulocytopenia, whereas polypropylene and polysulfone 
membranes caused less complement activation without tran-
sient leukocytopenia.22 Strong activation of the alternative 
way of the complement system by synthetic EVAL plasma 
separation membranes was demonstrated in an ex vivo model 
of lipoprotein apheresis using both a dextran sulfate adsorber 
column and a membrane fractionator for the elimination of 
lipoproteins from separated plasma.8 A very small, uncon-
trolled clinical study on only three patients demonstrated 
highly increased complement C3a and Bb plasma concentra-
tions after lipoprotein apheresis with a set of EVAL plasma 
separator and fractionator. Unfortunately, as values were de-
termined exclusively before and after treatment, the study 
examined neither the kinetics of activated complement nor 
the impact of the two membranes differing considerably in 
surface area.9

The present trial not only investigated the individual 
effect of the two serial filters of double-filtration lipopro-
tein apheresis on the classical parameters of hemocompat-
ibility. In a randomized, crossover controlled approach, a 
set of EVAL membranes, which were already introduced 
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in the early 1980s,23 was compared with a recently intro-
duced set of PES-based plasma separation and fractionation 
membranes.24

Both types of membrane materials caused a significant 
complement C5a concentration increase beginning with the 
first sampling after 5 minutes and not returning to baseline 
values until the end of the treatments. Compared with PES, 

complement activation with EVAL was throughout much 
higher in the respective extracorporeal blood and plasma cir-
cuit at the same times. The maxima of the C5a concentrations 
in the blood and plasma containing sections of the circuit oc-
curred at different times because of the serial arrangement 
of the plasma filters. They were also a consequence of the 
differences in the blood (100 mL/min) and plasma (30 mL/

F I G U R E  3   Course of the thrombin–antithrombin-III concentration in venous blood and in plasma after passage of the plasma filter as well as 
the fractionator during lipoprotein apheresis. No significant differences between FPES and EVAL filters were observed. Mean values ± standard 
deviations are presented. *P < .05 versus 0 minute; **P < .01 versus 0 minute. EVAL, ethylene-vinyl alcohol; FPES, polyvinylpyrrolidone-
blended polyethersulfone

F I G U R E  4   Reduction rate of lipoproteins and fibrinogen did not show significant differences between FPES and EVAL. Mean 
values ± standard deviations are displayed. EVAL, ethylene-vinyl alcohol; FPES, polyvinylpyrrolidone-blended polyethersulfone
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min) flow rates as well as of the different volumes required 
to fill the plasma separation and the fractionation filters. 
Furthermore, as the plasma pump was only started 5  min-
utes after the blood pump, it was expected that C5a levels in 
plasma after the plasma filter would rise accordingly later. 
Because in the downstream fractionator, the saline also was 
displaced by plasma first, reaching the maximum C5a in-
crease after this filter would take even longer.

Therefore, it was conclusive that the maximum comple-
ment C5a concentration in venous blood, that is, the most rel-
evant location with regard to adverse effects where blood and 
plasma had merged before reentering the patient after having 
passed both filter modules, was measured at 30 minutes within 
lipoprotein apheresis. At that time, the increase of C5a was 
significant with both types of membranes, being 500-fold with 
EVAL and, much less prominent, 205-fold with PES in rela-
tion to baseline (Table 1). When compared with data gener-
ated in hemodialysis with the synthetic membranes PES (only 
threefold increase at 10 minutes) and polysulfone (sevenfold 
at 5 minutes), these concentrations were not only much later 
within the treatment, but were also far higher.25 With respect 
to the blood and plasma samples immediately drawn after the 
plasma filter in lipoprotein apheresis, the maximum with PES 
was also observed each at 10 minutes, whereas, with EVAL, it 
was reached at 20 and 15 minutes, respectively. This was sim-
ilar to observations in hemodialysis with the two membrane 
types.13,25 Differences in the patient populations may explain 
discrepancies in C5a kinetics to some extent. Whereas patients 
in the present study did not suffer from renal failure, in pa-
tients with end-stage chronic kidney disease on maintenance 
dialysis, the unspecific immune defense is inhibited due the 
accumulation of uremic toxins.26 This may be a reason for the 
considerably higher baseline complement C5a levels in the di-
alysis patient cohort.25 However, a significantly greater influ-
ence is likely to result from the much larger surface area of the 
filters in lipoprotein apheresis. The dialysis membrane surface 
areas were 1.7 and 1.8 m2.25 In the present trial investigating 
double-filtration lipoprotein apheresis, the blood passed not 
only the plasma filter membranes of 0.5 (EVAL) and 0.6 m2 
(PES), but different to dialysis, filtered plasma subsequently 
came into contact with the plasma filter wall structures and 
the outside surface as well as with the surfaces of the frac-
tionation membrane inside (2.0 and 1.9 m2, respectively), wall 
layer, and membrane outside. Therefore, the contacting net 
surface areas were much larger than only adding the nominal 
membrane surface information specified by the manufacturers 
for the respective filters. Consequently, the time-delayed C5a 
concentrations in plasma after passage of the plasma filter, 
where they already reached their maxima because no further 
increase was noted after the fractionator, were much higher 
than in the blood. When reinfused into the extracorporeal 
blood circuit, complement C5a from plasma was diluted and 
fueled the concentrations measured in venous blood.

Complement activation plays a causative role in leukocyte 
activation and correlates with transient leukopenia in hemodi-
alysis.27 Synthetic membranes, such as EVAL and PES, were 
attributed as biocompatible because of only limited comple-
ment and cell activation.13,25,27 In accordance with the results 
on complement C5a generation, the present data evidenced 
a marked difference in leukocyte activation between the two 
membrane types tested as well as in comparison with the 
much more favorable results from past studies in hemodialy-
sis.13,25 EVAL led to a linear relative reduction of leukocyte 
counts of 66.5% after 25 minutes with an excess recovery to 
130% of baseline until the end of the treatment. Apart from 
the rather slow decline, which is most probably caused by the 
longer-lasting intense complement generation in lipoprotein 
apheresis, these kinetics are in accordance with leukocyte 
rebound from sequestrated neutrophils returning into blood 
and recruitment from bone marrow stores as described earlier 
for less biocompatible dialysis membranes.11 Compared with 
EVAL, PES must be regarded as more biocompatible because 
its relative decrease in WBC was only 36.2% at 20 minutes 
without excess recovery at the end. For both membrane types, 
the observed transient leukopenia was essentially the result of 
granulocyte activation, which is perfectly in line with previ-
ous reports.25 The plasma filter membrane is the largest sur-
face in contact with blood during double-filtration lipoprotein 
apheresis to exert direct membrane–blood cell interactions. 
Compared with dialyzers, the plasma filter membrane sur-
face areas are generally small, in the present setting only one 
third of a standard dialysis membrane. Therefore, to explain 
the differences between EVAL and PES in inducing transient 
leukopenia, only the extent of complement activation appears 
conclusive because it correlates with the leukocyte drop.27

In accordance with routine practice patterns for lipopro-
tein apheresis, anticoagulation with unfractionated heparin 
was performed in the present study to prevent clotting, which 
involves the activation of platelets and the hemostatic system 
through the foreign surfaces of the extracorporeal circuit.28 No 
abnormalities were observed for the course of PC and TAT 
concentrations, reflecting both an adequate level of anticoagu-
lation and no pronounced pro-coagulatory effects of the plasma 
and fractionation membranes. After a drop at 5 minutes due to 
dilution from the saline used for rinsing of the extracorporeal 
circuit, PC with EVAL and PES averaged at 91% of baseline 
at the end of the treatment. TAT concentrations were assessed 
to measuring coagulation activation, but again, no differences 
between the two membrane types were determined. TAT levels 
had risen in venous blood and in plasma after the plasma filter 
only at the end of the therapy with EVAL and PES, indicat-
ing that the previously effective anticoagulation had subsided 
as anticipated.29 In contrast, TAT concentrations were not in-
creased in the plasma after passage of the fractionators, a find-
ing most probably attributed to elimination by retention of the 
large TAT complexes of 230 kDa in its nonaggregated form.30
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In terms of treatment efficacy, both membrane sets per-
formed equally. Elimination of the target lipoproteins Lp(a) 
and LDL was almost identical with both EVAL and PES and 
far exceeded the 60% minimum reduction rate target for a 
single-lipoprotein apheresis treatment.31 Furthermore, the 
undesired retention of the protective HDL and of albumin 
was far below 20%.

CONCLUSION

In conclusion, compared with EVAL, PES membranes cause 
less leukocyte and complement system activation at identical 
treatment efficacy. Inflammation promotes atherosclerosis, 
and repeated complement activation through blood–dialysis 
membrane interactions is regarded to cause chronic inflam-
mation leading to cardiovascular disease in patients on main-
tenance hemodialysis.4,5 Therefore, implementing more 
hemocompatible plasma separation and fractionation PES 
membranes instead of EVAL membranes would be conse-
quent as it may reduce inflammation-promoting effects from 
blood–material interactions in the patients on double-filtration 
lipoprotein apheresis already suffering from progressive car-
diovascular disease. Whether such a change actually affects 
patient outcome is currently completely unclear. However, 
suppliers of EVAL membranes for lipoprotein apheresis need 
to be confronted with these unfavorable data. A comparable 
constellation in hemodialysis during the 1990s led to the dis-
appearance of complement-activating cellulosic dialysis mem-
branes from the market.32 Therefore, an increased demand for 
PES-based or chemically similar filters can be expected.
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