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Introduction

The term “apheresis” is derived from a Greek word
meaning “removal.” In its most general sense,
apheresis refers to techniques for large-scale
removal of selected components of the blood.
“Plasmapheresis” refers to removal of plasma,
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“erythrocytapheresis” to removal of red blood cells,
and “leukapheresis” to removal of white blood
cells. In the first part of this chapter we (SLG, DFF,
HCK) will give an overview of apheresis tech-
niques in general as currently practiced in the
United States, describe some of the issues that are
unique to the application of apheresis techniques in
pediatrics, and will review indications for use of
apheresis in patients with kidney disease. The latter
portion of the chapter (GK) is devoted to an in-
depth description of low-density lipoprotein (LDL)
apheresis, a specialized application of apheresis
technology, as it is currently practiced in Europe.
Although the majority of this chapter will be
devoted to automated apheresis used for thera-
peutic purposes, the technique of apheresis is
commonly used in other situations. The original
automated cell separators were designed in the
1960s for donor apheresis, specifically for draw-
ing transfusable single-donor platelet products
from normal volunteer donors. It remains true
today that the majority of automated apheresis
procedures performed in the United States are
donor procedures, to produce either platelets or
plasma. Furthermore, the term “apheresis” need
not be restricted to procedures that use automated
cell separator instruments. Manual apheresis pro-
cedures using syringes, tubing, stopcocks, and
blood bags can be designed to perform whole blood
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exchanges in neonates with hyperbilirubinemia,
to perform therapeutic phlebotomies for adults
with idiopathic hemochromatosis, to harvest
whole blood from donors to provide T-cell infu-
sions or even to prepare small volumes of plasma
or packed red blood cells for neonates. In most
cases, however, the automated cell separators
offer significant advantages over manual proce-
dures in speed, sterility, and overall safety.

Automated Apheresis Technology
Principle of Separation

Since apheresis technology is based on the use of
automated cell separators, it is helpful to under-
stand how these instruments work. The basic task
of automated cell separators is to separate red
blood cells, buffy coat, and plasma while main-
taining sterility such that one or more of the com-
ponents can be returned to the patient or donor. In
most instruments, this separation is accomplished
by mechanical centrifugation. It is also possible
to separate plasma from cells by filtration across
a membrane, but machines based on this princi-
ple are used predominantly for collecting plasma
from adult donors or in the intensive care unit
setting for treatment of sepsis-associated microan-
giopathies [1]. Centrifugal devices separate
whole blood into components on the basis of den-
sity differences, while membrane separators work
on the basis of differences in particle size.

The configuration of the centrifugal separa-
tion chamber differs among instrument manufac-
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turers, but all have certain design requirements in
common. All apheresis systems have single use
disposable plasticware that will maintain sterility
during centrifugation and that incorporates safety
features such as air traps to prevent embolism,
filters to prevent reinfusion of aggregates, pres-
sure monitors for access pressure, and a means to
infuse an anticoagulant to prevent clot formation
in the extracorporeal circulation. All automated
separators have an obligate extracorporeal vol-
ume (ECV) and an obligate extracorporeal red
cell mass (ECRCM), which must be in the instru-
ment’s tubing during the apheresis procedure.
ECV and ECRCM vary depending on both the
type of apheresis device used and the type of pro-
cedure being performed. For example, using the
COBE Spectra, the ECV and ECRCM for the
leukapheresis set are 285 and 114 mL, respec-
tively, but they are 170 and 68 mL for the plasma/
RBC exchange procedure. The temporary loss of
these volumes, typically 200-400 mL as shown
in Table 41.1, is usually well tolerated by adults,
but volume and red cell balance must be taken
into careful consideration when automated
apheresis is performed in small children, espe-
cially if the ECV represents >10-15% of the
patient’s blood volume

The Apheresis Process
Number of Vascular Access Points

Cell separators are designed to perform “discon-
tinuous” or ‘“continuous” procedures, and some

Table 41.1 Extracorporeal volumes of centrifugal separators for plasmapheresis

During procedure run

Type of cell Volume Red cells
separator Name of separator Apheresis procedure (CV) (mL) (ECRCM) (mL)
Continuous flow COBE Spectra Plasma/RBC exchange 170 68

COBE Optia Plasma’/RBC exchange 185 10
Baster/Fenwall ~ Plasma Plasma/RBC exchange 393 68

CS-3000 +Fresenius AS 104  Plasma/RBC exchange 150 90
Discontinuous Hemonetics V50 and MCS Plasma/RBC exchange 284 (125 mL bowl)® 87.5
flow 515 (225 mL bowl)® 180

“Plasma exchange only available in the United States at this time
YECV for a patient hematocrit of 40%; the lower the hematocrit, the larger is the ECV
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can be modified to do both. Discontinuous
apheresis procedures consist of cycles of three
separate phases: drawing blood, separating the
components, and returning. Since the drawing of
blood and returning of blood are done in distinct
phases, discontinuous procedures require only
one point of vascular access. For this reason, they
are often called “single arm” procedures. In con-
trast, “continuous” apheresis procedures carry
out the drawing, separation, and returning of
blood simultaneously and continuously. This
requires two points of vascular access, one for
drawing and one for returning, and thus these
procedures are called “two arm procedures.” One
feature of continuous procedures is that there is
no cyclic removal and administration of volume
to the patient, a decided advantage when the ECV
of the machine makes up a significant fraction of
the patient’s blood volume. For therapeutic
apheresis in pediatrics, especially for children
younger than 10 years old, the safety advantages
of a continuous circuit are the main consider-
ation, and one must accept the need for “two
arms.” In contrast, the “single arm” procedures
are well suited to donor procedures in healthy
adults who can tolerate a small fluctuation in their
blood volume, and who would prefer to have only
one venipuncture.

Quantification of Removal

Plasmapheresis is the most commonly indicated
apheresis treatment for kidney disease. The gen-
eral rationale for plasmapheresis is to remove,
safely and efficiently, those soluble substances in
the plasma that might play a role in the patient’s
disease process, for example, the pathogenic anti-
glomerular basement membrane antibody in
patients with Goodpasture syndrome.
Plasmapheresis is not as selective as dialysis (see
comparison below) since whole plasma is
removed. As plasma is removed from the patient,
a replacement fluid must be given to maintain
intravascular volume and oncotic pressure. This
replacement fluid becomes admixed with the
patient’s plasma, and some of it is subsequently
removed as the plasmapheresis proceeds. At the
start of a plasmapheresis, most of what is removed
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Fig. 41.1 The percentage of the patient’s initial plasma
still remaining in circulation, on the vertical axis, as a
function of the volume of plasma removed during plasma-
pheresis, on the X-axis. The volume of plasma removed is
expressed as a multiple of the patient’s baseline plasma
volume

is the patient’s plasma, whereas at the end of the
plasmapheresis, much of what is removed is
replacement fluid. The relationship of the amount
of plasma removed (expressed as multiples of the
patient’s plasma volume) in a plasmapheresis to
the fraction of the original plasma remaining is
given in Fig. 41.1 [2]. A plasmapheresis proce-
dure that removes a volume equal to the patient’s
plasma volume will achieve about 63% removal
of the original plasma, with 37% remaining in the
patient, as shown in the figure. Removal of twice
the patient’s plasma volume will remove 86% of
the original plasma. From the figure, it is appar-
ent that the additional benefit of prolonging a
plasmapheresis past two volumes is marginal.
Finally, the overall efficiency of a single plasma-
pheresis procedure, or of a series of treatments is
also affected by the distribution between intra-
and extravascular compartments of the targeted
substance and on other metabolic characteristics
such as rate of resynthesis and degradation [2].

Control of Volume and Red Cell Mass

The rates at which blood is drawn, processed, and
returned during an apheresis procedure are deter-
mined by computerized algorithms that control
the peristaltic pumps that move the blood through
the tubing. While it is beyond the scope of this
chapter to discuss these algorithms in detail, a
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few general points are worthwhile. First, within
certain limits, the patient’s net balance of volume
and the net balance of red cell mass can be manip-
ulated independently during an apheresis proce-
dure. This means, for example, that it is possible
to administer a red cell transfusion during a plas-
mapheresis with no net increase in the patient’s
intravascular volume, a maneuver that can be
very advantageous for a patient with anemia and
oliguric kidney failure. Second, it is possible to
perform a plasmapheresis procedure that results
in a net removal of plasma volume from the
patient, or in a net fluid gain.

Anticoagulation

An anticoagulant must be added to the blood as it
enters the extracorporeal circuit in order to pre-
vent clotting in the machine’s tubing. Sodium
citrate is the most commonly used anticoagulant
for apheresis; sodium citrate is the anticoagulant
in blood products as well. It acts to chelate cal-
cium to prevent in vitro activation of the clotting
cascade. When infused into the patient, the citrate
may cause transient hypocalcemia. The severity
of this side effect depends on the rate of infusion,
the capacity for hepatic metabolism of citrate,
and the patient’s state of calcium homeostasis
(i.e., baseline hypocalcemia or hypoparathyroid-
ism). In many apheresis protocols, the rate of cit-
rate infusion to the patient is the limiting safety
factor in determining how rapidly blood can be
drawn and returned, and ultimately how long the
procedure will last.

The symptoms of reduced ionized calcium
related to citrate [3] are usually referred to as
“citrate toxicity.” The mildest and most common
symptoms are perioral or hand and foot tingling
and paresthesias. Some patients experience nau-
sea, an unusual taste in the mouth, or lighthead-
edness. More severe hypocalcemia may lead to
tremors, twitching, muscular spasm, tetany, sei-
zures, arrhythmias, and hypotension related to
myocardial dysfunction [4-6]. Patients undergo-
ing apheresis should be monitored for early signs
of citrate toxicity either by clinical questioning or
measurement of ionized calcium levels. In small
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children or sedated or unconscious patients who
cannot verbalize their discomfort, frequent vital
signs including blood pressure and EKG moni-
toring are necessary.

Prevention of hypocalcemia can also be
achieved using a regional anticoagulation proto-
col, adapted from continuous renal replacement
therapy protocols [7], in which a calcium chlo-
ride (8 g/L of NS) is infused in the return line at
1.5-2 times the blood pump rate in mL/h. For
example, if the blood pump rate is 60 mL/min,
the calcium chloride rate would be 90 mL/h. In
general, mild symptoms can be relieved by reduc-
ing the rate of citrate infusion or by stopping the
procedure temporarily until symptoms subside.
Oral calcium supplements are often used to treat
mild subjective symptoms although their efficacy
has not been proven. For severe reactions, such
as seizures, tetany, or EKG changes, it is advis-
able to terminate the procedure altogether and
administer parenteral calcium supplements.

Heparin alone, or in combination with sodium
citrate, can also be used as the anticoagulant for
apheresis procedures. The patient will usually
receive the equivalent of a therapeutic dose of
heparin during the procedure and would be
expected to have an elevated activated clotting
time (ACT) and an anticoagulant effect afterward.
Some centers that use heparin as the anticoagu-
lant monitor the degree of heparinization during
the procedure and adjust the infusion rate. The
reason to use a combination of citrate and heparin
is to reduce the net dose of citrate required to pre-
vent clotting in the machine, reduce the dose of
citrate delivered to the patient, and permit the
blood processing to speed up. The decision to use
heparin must take into account the effect of the
apheresis procedure on the coagulation system,
and the patient’s underlying risk for hemorrhage.

Procedures

There are three basic therapeutic apheresis proce-
dures: plasmapheresis, erythrocytapheresis, and
leukapheresis. These three procedures are modi-
fied in various ways for the therapeutic goal at hand
and for safety considerations in small children.
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Plasmapheresis

Plasmapheresis involves separation of the plasma
from the cellular elements of blood, collecting the
patient’s plasma into a waste bag, and returning to
the patient his own cells mixed with a fluid to
replace the discarded plasma. The replacement
fluid must contain colloid to maintain the patient’s
intravascular oncotic pressure. When 5% albumin
is used as the only replacement fluid, the plasma-
pheresis procedure can be performed with mini-
mal concern for transfusion-transmitted infectious
disease or transfusion-associated lung injury
(TRALI) [8]. Removal of plasma and replacement
with 5% albumin will result in depletion of most
plasma proteins including immunoglobulins and
the components of the coagulation cascade. As
shown in Fig. 41.1, plasmapheresis of one plasma
volume will reduce the levels of coagulation pro-
teins by about 70%, which can be associated with
a fibrinogen level below 100 mg/dL and prolonga-
tion of the PT and aPTT but not usually with clini-
cal bleeding. If the rate of hepatic regeneration of
these lost coagulation factors is normal, a schedule
of plasmapheresis procedures every other day
generally does not require exogenous replacement
with fresh frozen plasma (FFP). However, if daily
plasmapheresis is necessary or if the patient has a
concomitant coagulopathy, the replacement fluids
must include FFP. If the pre-plasmapheresis fibrin-
ogen level is less than 100 mg/dL, FFP should also
be included as part of the replacement fluids. If
FFP is used as the replacement fluid, the patient’s
plasma proteins and coagulation parameters will
remain within normal limits. Plasmapheresis using
FFP as replacement fluid is more properly termed
“automated plasma exchange.”

Plasmapheresis with Staphylococcal
Protein A Immunoadsorption

Since plasmapheresis removes all plasma proteins
and requires a large volume of replacement fluids,
selective removal of specific plasma constituents
is an attractive therapeutic approach. Selective
removal can be accomplished by immunologic,
chemical, or physical means depending on the
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specific pathogenic substance to be targeted. One
example is specific removal of immunoglobulin
G (IgG) using immunoadsorption columns. The
advantages of immunoadsorption columns over
simple plasmapheresis are as follows: (1) large
quantities of replacement fluids are not needed,
(2) removal is targeted to antibodies and does not
affect other plasma constituents, and (3) there is a
potential for greater overall efficiency because a
larger volume of plasma may be treated than by
simple plasmapheresis.

Two techniques have been developed to
remove IgG and IgG-containing circulating
immune complexes from plasma after it has been
separated from the cellular elements by plasma-
pheresis. The staphylococcal protein A-silica col-
umn (Prosorba® column, Fresenius HemoCare,
Inc., Redmond, WA) utilizes a solid phase of sil-
ica gel beads to which staphylococcal protein A
has been bound. The staphylococcal protein A
binds human IgG selectively, permitting other
plasma proteins to pass through into the column
eluate and to be returned to the patient. While this
is theoretically attractive as a means of achieving
specific removal of IgG, the amount of IgG actu-
ally removed is limited by the binding capacity of
the column, which is about 2 g of human IgG.
The clinical value of immunoadsorption is lim-
ited, and is often attributed to “immunomodula-
tion” rather than quantitative removal of IgG.
The Prosorba column has been approved by the
FDA for the treatment of ITP [9, 10] and rheuma-
toid arthritis [11, 12].

A variation of this technique, staphylococcal
protein A-agarose column (Immunosorba® col-
umn, Excorim AB, Lund, Sweden) which was
recently acquired by Fresenius HemoCare,
employs the intermittent renewal of two staphy-
lococcal A columns to increase the quantity of
IgG removed. One column is stripped and regen-
erated while a second column is in use, and then
the flow of plasma is diverted to the newly
stripped column when the first column is satu-
rated. This is the only column which has regula-
tory approval in the United States for the treatment
of patients with hemophilia A and B with inhibi-
tors [13—15]. However, the use of both protein
A immunoadsorption column techniques has
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been reported in patients with kidney diseases,
such as, hemolytic uremic syndrome (HUS),
Goodpasture syndrome, rapidly progressive
glomerulonephritis (RPGN) including lupus
nephritis, nephrotic syndrome, and kidney
allograft rejection [16-32].

As will be discussed later in this chapter, col-
umn technology is also available for use in con-
junction with plasmapheresis for selective
removal of plasma lipids, with return of the
remaining plasma proteins. Two such techniques
are available in the United States for the treat-
ment of hyperlipidemia, primarily in adults [33—
35]. In pediatric practice, this therapy is indicated
for rare congenital hyperlipidemia syndromes
that are associated with extremely elevated
plasma lipid or cholesterol levels and premature
atherosclerosis. While standard plasmapheresis
can also be used to remove blood lipids, the spe-
cialized techniques and equipment currently in
use in Europe to treat these children using low-
density lipoprotein (LDL) apheresis will be
described later in this chapter.

Erythrocytapheresis

Erythrocytapheresis involves separation of the
plasma from the cellular elements, collecting pri-
marily the patient’s red cells into the waste bag
and returning the patient’s own plasma mixed
with donor-packed red blood cells. This technique
can be of great value for hemoglobinopathies, and
occasionally for diseases caused by intra-erythro-
cytic parasites such as malaria. The principal
applications of erythrocytapheresis are in sickle
cell disease. The pheresis machines can be pro-
grammed to calculate the volume of packed red
blood cells needed to achieve a desired post-pro-
cedure hemoglobin S level, as long as the patient’s
pre-procedure hematocrit, hemoglobin S, and
packed red cell hematocrit concentrations are
known. The patient’s total hemoglobin can also
be raised without a large volume of intravascular
fluid. Common indicators for erythrocytapheresis
in sickle cell disease include emergent prepara-
tion for surgery, severe acute chest syndrome, or
cerebrovascular event. Typically, a post-procedure
hemoglobin S of 25% is desired in these acute
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situations. Erythrocytapheresis may also be used
to deliver chronic transfusion therapy in sickle
cell disease for primary or secondary stroke pre-
vention, and for other indications which require
chronic transfusion therapy. The typical post-
procedure hemoglobin S concentration is 15% in
this chronic situation, with a schedule of treat-
ments every 4—-6 weeks to maintain hemoglobin S
less than 30—40%. The principal advantage of
erythrocytapheresis in this setting is that iron
overload associated with regular RBC transfu-
sions can he reduced or prevented [36, 37].

Leukapheresis

Leukapheresis involves separation of the whole
blood into three fractions: plasma, red cells, and
white cells from the buffy coat. The plasma and
red cells are returned, and only the leukocyte
fraction is retained as a leukocyte product. With
the standard leukapheresis procedure using the
automated cell separators, a replacement fluid is
not needed since both donor and therapeutic leu-
kapheresis are collection procedures, not
exchange procedures. For any leukapheresis pro-
cedure, a replacement fluid may be needed to
compensate for the volume of leukocytes and red
cells removed in the waste or collected product,
especially in small children. This technique can
be applied as therapeutic leukocyte depletion to
patients with hyperleukocytosis from leukemia
as a rapid means of reducing blood viscosity
associated with extremely high peripheral white
blood cell counts [38—40]. In, general, two blood
volumes are processed, and the procedure may he
expected to remove approximately 50% of the
circulating platelets along with the leukocytes
[41]. Variations of this leukapheresis technique
can be used to harvest peripheral blood mononu-
clear cells from an allogeneic or autologous
donor, as sources of either hematopoietic stem
cells for stem cell transplantation [42-48], den-
dritic cells, T-lymphocytes for donor lymphocyte
infusions [49-53], and other cell-based therapies.
Another variation of the leukapheresis procedure
is termed “photopheresis,” in which the mononu-
clear cells harvested by leukapheresis are treated
with a photoactivatable chemical (a psoralen),
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subjected to irradiation under ultraviolet-A light
(UVA), and returned to the patient. This therapy
is used for cutaneous T-cell lymphoma [54-59]
and may have broader applications as immuno-
logic therapy for other autoimmune diseases [60,
61], solid organ graft rejection [62, 63] including
kidney allograft rejection [62, 63], and graft-ver-
sus-host disease [54, 64, 65].

Plateletpheresis

Plateletpheresis involves separation of the whole
blood from healthy donors into three fractions:
platelet-poor plasma (PPP), platelet-rich plasma
(PRP), and red cells. The PRP is retained as a
single-donor platelet concentrate (more accu-
rately termed ‘“apheresis platelets”) while the
PPP and red cells are returned to the donor. This
is the single most frequent application of aphere-
sis technology. Plateletpheresis is indicated as a
therapeutic procedure to remove excess platelets
from the circulation in patients with symptomatic
thrombocytosis [66—70].

Comparison of Apheresis
and Dialysis

Both plasmapheresis and hemodialysis are thera-
peutic techniques involving extracorporeal cir-
cuits for selective removal of components of the
blood. For this reason, apheresis and dialysis are
sometimes confused, and are occasionally con-
sidered as alternative therapeutic options in a
patient with kidney disease. In fact, plasmaphere-
sis has been performed safely and efficiently
using hemodialysis equipment after modification
of the procedure [71, 72]. However, the funda-
mental mechanisms and clinical utility of plas-
mapheresis and dialysis are entirely different.
Plasmapheresis employs centrifugation to sep-
arate whole plasma from the cellular components
of blood. Whether the therapeutic goal is to reduce
levels of pathogenic immunoglobulins, lipids,
paraproteins, or other substances in the plasma,
whole plasma is removed during plasmaphere-
sis, and the proteins of the clotting cascade, nor-
mal immunoglobulins, and other plasma proteins
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are lost. The efficiency of plasmapheresis in
removing these substances depends primarily on
the volume of plasma removed, but also on their
distribution between intra- and extravascular com-
partments, rate of equilibration between compart-
ments, and other metabolic characteristics [72].

On the other hand, dialysis employs a semiper-
meable membrane and a dialysis fluid to alter the
solute concentrations and free water content of
the patient’s plasma. Ions, salts, small molecules,
and free water may be removed, but the plasma
proteins are unaffected. Thus, dialysis is suitable
for treating the electrolyte disturbances, waste
product accumulation, water intoxication, and
volume overload of kidney failure. Dialysis can
also be used to remove toxins if the toxin mole-
cule is small enough and dialyzable, whereas
plasmapheresis is suited to removal of antibodies
and other pathogenic proteins and lipids, and to
large-scale replacement with FFP. Plasmapheresis
can be used to remove some toxins, especially if
they are predominantly bound to proteins in the
plasma. Plasmapheresis does not alter the electro-
lyte content of plasma, and has only very transient
effects on the plasma levels of small molecules
such as urea or ammonia. Plasmapheresis can be
used to a limited extent to treat fluid overload, but
the fluid removed is plasma from the intravascu-
lar space not free water or extravascular fluid. The
differences between plasmapheresis and dialysis
are summarized in Table 41.2.

Pediatric Issues

Use of apheresis in children is feasible regardless
of the size of the patient, as long as adequate vas-
cular access can be established. However, aphere-
sis procedures in young children must be
customized to the situation and to the size of the
patient because apheresis equipment and the soft-
ware that controls it are, in general, designed for
use in adults.

Vascular Access

Most children smaller than 30 kg will not have
antecubital veins with large enough diameter to
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Table 41.2 Comparison of therapeutic apheresis with dialysis

Plasmapheresis
Targets for removal

of plasma
Principle of separation Centrifugation
Extracorporeal volume 250-400 mL

Autoimmune disease
Coagulation defect
Metabolic disease

Indications

Treat fluid overload Limited
Treat coagulopathy Yes
Treat electrolyte imbalance No

permit successful use of peripheral venous access
for apheresis procedures. The access for drawing
blood into the cell separator is the most critical,
requiring a vein large enough to admit a 16-gauge
steel needle and resilient enough to withstand a
flow rate as high as 2 mL/kg/min. A 20-gauge
flexible IV catheter can be used for returning.
A double lumen catheter is usually used for
smaller patients or patients with unusable veins so
that both draw and return can use the same central
access. It is preferable to draw from the proximal
ports and reinfuse at the distal point to minimize
recirculation, although in practice the better func-
tioning port is usually chosen for the drawing
access. The length, gauge, and positioning of the
tip of the catheter will depend on the child’s size.
However, the wall of the catheter must be resilient
enough to withstand the negative pressure gener-
ated during the apheresis procedure. In practice,
catheters designed for use in dialysis also work
well for apheresis procedures, but the softer single
and double lumen catheters, such as the Broviac
catheter, commonly used in oncology patients and
in intensive care units, are not suitable as the draw
line, although they can be used for returning.

Extracorporeal Volume

Extracorporeal volume is the most important
consideration in adapting apheresis instruments
designed for adults to use in children. The ECV
for cell separators in clinical use varies from 200
to 400 mL depending on the machine and the pro-
cedure to be performed as shown in Table 41.1.

Antibodies, plasma proteins, soluble elements

Dialysis
Electrolytes, free water

Semipermeable membrane
80-350 mL
Kidney failure, toxin removal

Effective
No
Yes

Table 41.3 Formulae [73] for estimation of total blood
volume (BV, in liters) and plasma volume (PV, in liters)
based on the patient’s height (H, in meters), weight (W, in
kilograms), and venous hematocrit (Hct, in percent)
Male

BV=0.3669xH*+0.03219x W +0.6041

Female

BV=0.3561 xH*+0.03308 x W+0.1833

PV =BV x(1-Hct/100)

Unless specific measures are taken to compensate
for this volume, the patient’s blood volume will
be depleted by this amount during the apheresis
procedure. While an adult may easily tolerate the
temporary loss of 200-400 mL of whole blood,
this ECV may be too much for a small child. As
a general guideline, modification of the proce-
dure in the interest of patient safety is required if
the ECV exceeds 15% of the patient’s total blood
volume (TBV) and should he considered if the
ECV exceeds 10% of the TBV.

The ECV for an apheresis procedure is a fixed
specification of the instrument and tubing, and
can be determined precisely. The patient’s TBYV,
however, must be estimated in order to plan the
apheresis procedure. The TBV estimate is a basic
parameter for the algorithms that control the
pumps on an automated apheresis instrument. The
traditional formula used by most pediatricians to
estimate TBV is 70-75 cm’/kg. More complex,
empirically derived formulae [73] for blood vol-
ume estimation that take into account gender,
weight, and height are shown in Table 41.3. These
formulae are programmed into the software of
some automated apheresis instruments. While
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these formulae may be more accurate than a
weight-based TBV estimate in adults, they may
yield overestimates of TBV in children, especially
prepubertal males.

Blood Priming

In addition to the ECV, there is an obligate
ECRCM, a volume of packed red blood cells
which must be held in the apheresis instrument in
order to achieve the separation of plasma from
red cells. Two decisions arise with respect to this
ECRCM. First, can the patient tolerate the tem-
porary loss of this red cell mass during the proce-
dure? The answer to this question depends not
only on the patient’s total blood volume, but also
on the patient’s hematocrit and cardiovascular
and pulmonary reserve. Second, can the patient
tolerate the bolus of fluid which is associated
with returning the red cells, or “rinsing back” the
red cells from the machine to the patient at the
end of the apheresis procedure? The answer to
this question also depends on a clinical assess-
ment of the patient’s blood volume, cardiopul-
monary reserve, and kidney function.

The procedure modifications that compensate
for the ECV and ECRCM for young children
undergoing apheresis are often referred to as
“priming.” While it is possible to prime the
apheresis instrument by filling all of the tubing
with red blood cells at a predetermined hemat-
ocrit before starting, priming is usually accom-
plished by infusing additional red cells or fluids
at the start of the procedure during the time that
the machine is filling with blood from the patient.
With proper planning, it is possible to perform an
apheresis procedure in a small child with no
change in the patient’s blood volume or red cell
mass during the procedure. The technical details
of priming for pediatric apheresis procedures are
discussed in detail in one of the references [74].

In general, the method of priming for an
apheresis procedure affects the patient’s blood
volume during the procedure and also the final
amount of fluid administered at the end of the
procedure. The patient’s ability to tolerate vol-
ume depletion, loss of red cell mass, and volume
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overload must be assessed as part of the planning
before the procedure is started. For children
weighing <20 kg or for patients who are anemic
or hemodynamically unstable, red cell priming is
usually indicated. From a practical standpoint,
this means that half to one unit of packed red
cells must be ordered and available before the
apheresis procedure can be started.

Anticoagulation (Dose)

The need for anticoagulation to prevent clotting
in the extracorporeal circuit was discussed above.
For apheresis procedures in pediatrics, one must
pay particular attention to the dose rate at which
the anticoagulant is administered to the patient.
Since the anticoagulant is added to the blood
drawn from the patient in a constant ratio of vol-
ume of anticoagulant per volume of blood, the
rate of blood draw determines the dose of antico-
agulant that the patient ultimately receives.
Apheresis procedures in children are often per-
formed at higher flow rates than adults, when the
rate is expressed on a per kilogram basis. Using
typical values as an example, a 70-kg adult under-
going plasmapheresis with flow rates of
90-120 mL/min experiences blood draw rates in
the range of 1.3-1.7 mL/kg/min, but a 20-kg
child undergoing plasmapheresis using a central
line that permits a flow of 40 mL/min experiences
a draw rate of 2.0 mL/kg/min. Thus, the dose rate
of anticoagulant, citrate, heparin, or a combina-
tion will be higher in the child than in the adult.
For many apheresis protocols, the dose rate of
citrate is the limiting parameter for how fast the
procedure can be run. Procedure modifications
including calcium supplementation based on
regional citrate anticoagulation protocols used in
CRRT [7] to prevent citrate toxicity are com-
monly used in pediatric plasmapheresis.

Hypothermia
Children and adults experience some degree of

hypothermia during apheresis procedures because
of cooling of blood in the extracorporeal circuit.
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This side effect may be more pronounced in
younger children since the flow rate per kilogram
is higher than for adults, as discussed above.
A blood warmer is commonly incorporated into
the return line in most pediatric apheresis proce-
dures. Depending on the model used, the warmer
increases the ECV by 20-50 mL.

Cooperation

The aspects of apheresis that children tolerate
least well are the needles, the need to remain
seated and still, the restriction of one or both
arms, the operation of the blood pressure cuff,
and boredom. The apheresis staff must be expert
in phlebotomy and IV placement to gain the trust
and cooperation of young patients. The staff must
also be able to provide age-appropriate explana-
tions of what is going on, and should encourage
parental involvement wherever possible. Space
and resources to provide distracting entertain-
ment for children undergoing apheresis are a
necessity. With a sensitive and experienced
apheresis staff, it is rare that children are so
frightened, inconsolable, or uncooperative that
sedation must be used.

S.L. Goldstein et al.

Application to Kidney Diseases

The evidence that demonstrates the clinical effi-
cacy of apheresis-based treatments is compelling
in some disease states and marginal in others. For
this reason, the Journal of Clinical Apheresis has
published, most recently in 2010 [75], a catego-
rized listing of the indications for therapeutic
apheresis. The indications are placed into one of
four categories, as shown in Table 41.4, based on
the strength of evidence that therapeutic aphere-
sis is effective for that disease process. Although
this system of categories is imperfect, it is helpful
in guiding clinical decisions about the use of
apheresis. When therapeutic apheresis is applied
to diseases of the kidney, either plasmapheresis
or plasma exchange is most commonly indicated.
The kidney diseases for which therapeutic aphere-
sis may be indicated are shown in Table 41.5,
along with commonly used treatment schedules.
Of course, these schedules must be individual-
ized based on the patient’s clinical condition. It is
important to establish at the start of a course of
apheresis how the success or failure of the ther-
apy will be monitored and judged. This is often
difficult to determine with certainty, because

Table 41.4 Categories of the indication for therapeutic apheresis by evidence of effectiveness (American Society of

Apheresis, Ref. [75])

Category Description

1 Disorders for which apheresis is accepted as first-line therapy, either as a primary standalone treatment
or in conjunction with other modes of treatment
Example: plasma exchange in Guillain—Barré syndrome as first-line standalone therapy; plasma
exchange in myasthenia gravis as first-line in conjunction with immunosuppression and cholinest-

erase inhibition

1I Disorders for which apheresis is accepted as second-line therapy, either as a standalone treatment or in

conjunction with other modes of treatment

Example: plasma exchange as a standalone secondary treatment for acute disseminated encephalo-
myelitis after high-dose IV corticosteroid failure; extracorporeal photopheresis added to corticoster-
oids for unresponsive chronic graft-versus-host disease

III Optimum role of apheresis therapy is not established. Decision making should be individualized
Example: extracorporeal photopheresis for nephrogenic systemic fibrosis; plasma exchange in

v

patients with sepsis and multiorgan failure
Disorders in which published evidence demonstrates or suggests apheresis to be ineffective or harmful.
IRB approval is desirable if apheresis treatment is undertaken in these circumstances

Example: plasma exchange for active rheumatoid arthritis
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many diseases do not have a discrete identifiable
marker with which to follow clinical response to
treatment.

Apheresis and ACE Inhibitors

One unusual interaction of medications with
apheresis therapy is relevant to the care of patients
with kidney disease. Antihypertensive agents of
the angiotensin-converting enzyme (ACE) inhib-
itor class have been associated with an atypical
and potentially severe reaction occurring shortly
after the start of apheresis procedures. The symp-
toms include flushing and hypotension in most
patients, and abdominal cramping, diarrhea, nau-
sea, and diaphoresis in some. The reactions were
first reported in patients taking ACE inhibitors
who underwent staphylococcal protein A column
therapy, but have been associated with plasma-
pheresis [76] and other therapies involving extra-
corporeal circuits. The postulated mechanism of
these reactions is that during an apheresis proce-
dure elevated levels of bradykinin are generated.
In most apheresis patients this is inconsequential
because of rapid degradation of bradykinin by
kininase II. However, if the patient is receiving
ACE inhibitors, the degradation mechanism may
be blocked by the drug, and the vasodilatory and
gastrointestinal effects of bradykinin give rise to
the symptoms. Many ACE inhibitors have been
implicated, and it is recommended that ACE
inhibitors be withheld at least 24 h before an
apheresis procedure.

Low-Density Lipoprotein (LDL)
Apheresis

Background

Familial hypercholesterolemia (FH) is an auto-
somal dominant hereditary metabolic disease due
to inactivating mutations in the low-density lipo-
protein receptor (LDLR) gene. This results in
grossly elevated plasma LDL cholesterol. Clinical
manifestations are severe and include premature
atherosclerosis and a high risk of myocardial

S.L. Goldstein et al.

infarction before the age of 30. Because lipid-
lowering drug therapy often is insufficient, LDL
apheresis has been a mainstay of FH treatment
for the past 20 years. LDL apheresis in combina-
tion with drug therapy lowers LDL cholesterol
plasma levels by 40—70%, and earlier treatment
is more likely to prevent the complications of
premature atherosclerosis. Pediatric reports are
scarce and often refer to patients above the age of
10 years, despite the fact that treatment is recom-
mended below this age. Different techniques for
LDL apheresis are available, including chemoad-
sorption, precipitation, cascade filtration, and
direct adsorption. However, most commercial
systems are not suitable for children below 10
years due to large extracorporeal volume require-
ments. The following section will review the
experience and technique with LDL apheresis in
the pediatric population.

Homozygous familial hypercholesterolemia
(FH) affects one subject per million inhabitants. It
is characterized by grossly elevated LDL choles-
terol plasma levels (>15.5 mmol/L). Clinical signs
and symptoms include tuberous xanthomas over
the extensor surfaces, thickened Achilles tendons,
and stenosis of the carotid artery and aortic valve
developing during the first 10 years of life.
Untreated, this results in myocardial infarction
and/or sudden death due to cardiovascular com-
plications during the first or second decade of life
[77, 78]. Brown and Goldstein discovered that FH
is caused by mutations within the LDL receptor
gene [79]. The LDL receptor is essential for
uptake of LDL into the cells by receptor-mediated
endocytosis. This occurs mainly in hepatocytes
and accounts for the clearance of about 70% of all
plasma circulating LDL [79]. The gene for the
LDLR is located on chromosome 19, and more
than 800 different mutations have been described
([80], http://www.ucl.ac.uk/th). Heterozygous
patients rarely develop clinical signs during child-
hood other than elevated LDL cholesterol plasma
levels, but left untreated, their relative risk of
death is increased three- to fourfold [81].

Treatment options for FH are limited. Conven-
tional cholesterol-lowering therapy includes
dietary interventions, intestinal bile-acid or choles-
terol binding agents (cholestyramine), specific
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cholesterol absorption inhibitors (ezetimib), and
3-hydroxy-3-methylglutaryl-coenzyme Areductase
inhibitors (HMGCoA-reductase-inhibitors, sta-
tins). However, in FH patients cholesterol-lowering
drug therapy often is not sufficient to lower the
plasma LDL cholesterol level to recommended lev-
els below 100-140 mg/dL. In FH patients resistant
to dietetic and drug therapy, extracorporeal choles-
terol elimination by LDL apheresis is indicated.
LDL apheresis lowers cholesterol by approxi-
mately 50% long term [82] and has been proven
effective to prevent future cardiovascular events
[83, 84].

Indication for LDL Apheresis

The diagnosis of FH should be validated. The

American Heart Association has published a set

of diagnostic criteria and LDL apheresis indica-

tions focused on cardiovascular risk reduction in

high-risk pediatric patients [85].

In patients with HF LDL apheresis is indicated
if the following take place:

* A LDLR deficiency is demonstrated function-
ally or genetically. These patients have LDL
cholesterol plasma levels above 15 mmol/L
and face a high risk of cardiovascular morbid-
ity and mortality already in childhood.
Therefore LDL apheresis is indicated as pro-
phylaxis for these devastating complications.

* Plasma cholesterol cannot be lowered below
160 mg/dL despite dietetic and medical
therapy.

e In heterozygous FH LDL apheresis is only
indicated as a secondary treatment option;
most patients will respond to drug therapy.

LDL Apheresis Technique

For extracorporeal removal of cholesterol, direct
absorption from whole blood can be obtained
(Fig. 41.2). In most systems, plasma is separated
from the cellular blood components by mem-
brane or centrifuge separation. The separated
plasma then passes through the absorber unit, in
which LDL is removed by different methods,
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Fig.41.2 Scheme of LDL apheresis using direct absorp-
tion technique without prior separation of plasma from the
cellular blood components

before the cleared plasma is given back to the
patient without major volume change (Fig. 41.3).
The disadvantage of membrane-plasma separa-
tion is the limited capacity of the plasma filter
membrane. However, with modern plasma fil-
ters, this is no longer a significant clinical prob-
lem in LDL apheresis. With centrifuge plasma
separation, the amount of plasma generated is
not limited.

For membrane-plasma separation, a plasma
filter with a membrane surface of 0.2 m? is rec-
ommended for children of 10-20 kg body weight,
and 0.5 m? for children >20 kg, assuming the
treatment is designed to process approximately
1.5 times the plasma volume (see Table 41.3 and
Ref. [73] for plasma volume determination).

Venous Access
Venous access can be obtained by peripheral

veins, central-venous catheter (dialysis catheter)
or arteriovenous fistula. The blood flow needed is
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Fig.41.3 Scheme of LDL
apheresis using techniques
after separation of plasma
from the cellular blood
components

i

Ca++ in case of
citrate-based
anticoagulation

considerably lower than in hemodialysis, but
should be more than 10 mL/min even in small
children. In older children, blood flow of
60-80 mL/min is sufficient. Peripheral veins are
the preferred access in adult patients. Several
studies have shown that peripheral access is suf-
ficient in more than 50% of adolescent patients
[82, 86]. However, because both antecubital veins
often must be used, patients become totally
dependent on the assistance of hospital or aphere-
sis personal or accompanying persons for sniff-
ing, eating, and almost all activities during the
procedure. This is reported to be discomforting,
especially with longer duration of treatment [82].
The antecubital veins should not be used for
blood sampling or infusions unrelated to LDL
apheresis. For these reasons, an arteriovenous fis-
tula or central line might be advantageous with
respect to both patient comfort and treatment
adherence. In our experience, patients have dis-
continued treatment due to discomfort associated
with bilateral antecubital venipuncture and taping
for the LDL apheresis procedure. Due to the long
treatment period expected with FH, an arterio-
venous fistula is the preferred access.

Anticoagulation

For anticoagulation the same medications are
principally applicable as for hemodialysis or

Blood
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plasma separation. However, in membrane-
plasma separation a higher level of anticoagula-
tion is needed as in hemodialysis. The choice of
anticoagulation is influenced by the method of
LDL apheresis: for dextran-sulfate absorption
(Liposorber®, Fa Kaneka) no citrate anticoagula-
tion is needed, whereas for the cascade filtration
(CascadeFlow®, Fa. ASHAI Kassei Kurray) and
directadsorption (DALI®, Fa Fresenius, Germany)
citrate anticoagulation is recommended. The anti-
coagulation is aimed at sufficient anticoagulation
in the external blood circuit with the best biocom-
patibility, and without activation of the coagula-
tion system, complement system, or cellular
blood components. Use of citrate-based antico-
agulation has been shown to have the advantage
of inhibition of calcium-dependent complement
activation [87], albeit this was not confirmed in
other studies [88]. For control of anticoagulation,
measurement of activated clotting time or ionized
calcium in case of citrate anticoagulation should
be immediately available.

LDL Apheresis Systems

Different techniques for removal of LDL are
available (Table 41.6). When choosing an LDL
apheresis system, the size of the child, i.e., his/her
circulating blood volume should be calculated, as
many commercially available systems require
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Table 41.6 Technical data of the LDL apheresis systems used in pediatric patients

Plasma
System separation Vblood (mL)  V plasma(mL)  Anticoagulation Pt. size
Dextran-sulfate (Liposorber®) Yes 170 230 Heparin >20 kg
Dextran-sulfate (Liposorber®) Yes 65 100 Heparin 10-20 kg
custom made [16]
Heparin-induced extracorporeal Yes Heparin >30 kg
LDL precipitation (H.E.L.P.®)
Double/cascade filtration Yes 165 180 Citrate >20 kg
(CascadeFlow®)
Direct adsorption (DALI®) No Citrate

large priming volumes. The extracorporeal blood
volume should not exceed 5-7% of circulating
blood volume. In children below the age of 6
years priming of the extracorporeal circuit is often
performed using albumin [89]. However, this is
not ideal due to increased costs, risk of adverse
events, and increased risk of transmitted infec-
tions. Most published pediatric series report on
use of the Liposorber®-system, but cascade filtra-
tion and direct absorption have also been
described, whereas precipitation techniques are
infrequently used in pediatric patients.

Chemoadsorption (Liposorber®,
Fa. Kaneka)

The Liposorber®-System adsorbs LDL to dex-
tran-sulfate-cellulose from plasma separated
from the cellular blood components. The mecha-
nism of adsorption is the result of electrostatic
forces between negatively charged sulfate-groups
on dextran-sulfate and positively charged Apo B
of LDL and Lp(a). Immunoglobulins, HDL, and
albumin are adsorbed by this system at a very low
level (http://www.liposorber.com/physician/pre-
scribe/prescribe.htm) [83, 86, 89-91]. The com-
mercially  available  system uses  two
dextran-sulfate columns, which are alternately
being loaded and regenerating. The ECV of the
system is 400 mL; therefore this system cannot
be used safely in small children. Because brady-
kinin can be generated in the plasma filter as well
as in the dextran-sulfate columns, bradykinin-
related symptoms can be observed when transi-
tion time is too short for bradykinin inactivation.
Furthermore, ACE inhibitors decrease bradykinin

inactivation and should therefore not be used with
dextran-sulfate adsorption or stopped at least 24 h
before treatment.

Dextran-sulfate columns can be run with
a pediatric blood pump monitor and a volume-
regulated plasma dialysis device (BM-25, Fa.
Baxter) using a custom-made tubing system (Pad.
Lipidapherese-Set 109.4, Fa Meise, Germany).
With such a system, the volume of the extracor-
poreal circuit can be reduced to 60 mL in the
blood compartment and 100 mL in the plasma
compartment, making this system suitable for
children of 10-20 kg without the need of priming
with albumin [92] (Fig. 41.4).

Double/Cascade Filtration

The double/cascade filtration (CascadeFlow EX
50 W Lipidfilter (Fa ASAHI Kasei Kuraray,
Tokyo, Fa DIAMED Cologne)) depletes plasma
components nonspecifically according to their
size. After separation from the cellular blood
components, plasma is run on a plasma fraction-
ator (ethylene vinyl alcohol copolymer) that
retains LDL by 98% and fibrinogen by 69%
(data given by manufacturer [93]), which is dis-
carded. The reduction in fibrinogen might
exclude patients with low fibrinogen plasma
levels. For anticoagulation, citrate is used.
The system has a priming volume of 165 mL
blood and 180 or 240 mL plasma according to
the size of the plasma fractionator used.
Therefore it is suitable for children above about
20 kg body weight. However, due to its lack of
specificity, this technique is reported to be used
decreasingly [86].
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Fig. 41.4 LDL apheresis unit with dextran-sulfate col-
umn (Liposorber®) in small children. The photos shows
3.5-year-old children during the LDL apheresis using a

Precipitation Techniques

In heparin-induced extracorporeal LDL precipi-
tation (H.E.L.P.® Fa Braun, Melsungen, Germany,
http://www.help-therapie.de) LDL, Lp(a), and
fibrinogen are precipitated from plasma by hepa-
rin in acidic buffer with a pH of 5.12 (sodium
acetate). The cleared plasma then passes a hepa-
rin adsorber (DEA mod. polyamide, fill volume
150 mL, adsorption capacity >300.000 IE hepa-
rin). This is followed by a single pass dialysis
with a cellulose membrane (ultrafilter SMC 1.8,
1.84 m? surface, fill volume 117 mL, max. TMP
600 mmHg) for removing the sodium acetate and
normalizing the pH. The system is complex but
the procedure is well tolerated (<3% adverse
events) [94]. However, published pediatric expe-
rience is not available. In contrast to the dextran-
sulfate adsorption, H.E.L.P. additionally reduces
fibrinogen plasma levels. This system may not be
usable in patients with low fibrinogen levels.
Co-medication with ACE inhibitors is possible.
Due to its large extracorporeal volume, the system

custom-made tubing on a BM25 balanced blood pump
with the Liposorber® system. Venous access by single
needle to a Cimino fistula

is not recommended for patients <30 kg body
weight. The H.E.L.P. system also removes com-
plement. Therefore the indication in patients with
low C3 or C1 esterase inhibitor deficiency should
be thoroughly evaluated. For anticoagulation, no
citrate must be used. An initial heparin bolus of
2,000 IE/m? body surface often is sufficient.

Whole Blood Apheresis

Direct adsorption of lipoproteins on whole blood
is obtained with the DALI®-system (Fa Fresenius
Medical Care, Germany [95]). This technique
lowers both LDL and Lp(a). The system does not
need plasma separation. The blood is run over the
adsorber unit, which contains negatively charged
polyacrylate ligands immobilized on polyacryl-
amide. The DALI adsorber is available in five
different sizes (300, 500, 750, 1,000, and
1,250 mL). Anticoagulation is performed by cit-
rate. The DALI system is reported to be increas-
ingly used in France [86].
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Infrastructure for Pediatric LDL
Apheresis

The application of LDL apheresis in children and
adolescents needs specific structural conditions
and staff qualification. The physician should be
trained in pediatric extracorporeal therapies as
well as in intensive care medicine, because acute
life-threatening complications can occur. The
unit should also have emergency equipment. The
nursing staff must be experienced in maintaining
extracorporeal circuits in children. It is recom-
mended that at least one physician and one to two
nurses are present during the entire procedure.
The availability of social workers, teachers, or
play therapists may increase pediatric patient tol-
erance of apheresis, especially if the patient is
immobilized due to blood lines in both antecu-
bital veins. For control of anticoagulation, mea-
surement of activated clotting time or ionized
calcium in case of citrate anticoagulation should
be immediately available. Pediatric dialysis units
offer qualified staff and appropriate equipment,
but due to high costs, in most countries health
insurance systems must authorize LDL apheresis
in the individual patient prior to the start of
treatment.

LDL Apheresis Treatment Results
Plasma Cholesterol

Despite different characteristics of the currently
available techniques, efficacy in lowering plasma
cholesterol levels is similar. One single treatment
session with the processing of 1.5x plasma vol-
ume lowers plasma LDL cholesterol by 50-80%
[82, 86, 90, 96, 97]. In the long term, patients
have 18-52% lower average plasma LDL choles-
terol levels with a treatment frequency of once
every 1-2 weeks [82]. The average LDL choles-
terol level is calculated as the mean of the LDL
cholesterol plasma concentrations before and
after the LDL apheresis session. However, rec-
ommended targets are often not met.

791
Atherosclerotic Lesions

In general, a late start of LDL apheresis in FH
patients is associated with more severe involve-
ment of the aortic valve and less response to
treatment. Atherosclerotic involvement of the
aortic valve often is detectable by 6 years of age
and shows no or little regression on therapy.
Therefore, initiation of LDL apheresis is recom-
mended below the age of 8 years [85] or even 6
years [84]. If the patient has established athero-
sclerotic lesions, a mean plasma cholesterol
<140 mg/dL was found to be associated with
regression of the lesions in adult patients [81].
LDL cholesterol was the main determinant for
the effect of LDL apheresis. In pediatric FH
patients on LDL apheresis followed with angiog-
raphy every 2 years, Stefanutti reported no devel-
opment of atherogenic lesions in those free of it
at start of treatment. In about 50% of patients
lesions were already present before LDL aphere-
sis started. These lesions regressed or stabilized
and no increase was observed with biweekly or
weekly apheresis sessions aiming at a posttreat-
ment LDL cholesterol of 70-100 mg/dL [84].
After a mean observation period of 12.6 +6 years,
all FH patients of the pediatric series of Palcoux
[86] were alive with normal physical and puber-
tal development; these patients began LDL
apheresis treatment at a mean age of 8.5 years.
Cardiac disorders were observed in five children
during the treatment period, three of them experi-
encing angina pectoris. In the series of Hudgkins
with biweekly treatment, which resulted in a 48%
lowering of baseline plasma cholesterol levels,
60% of patients showed atherosclerotic disease
of the coronary artery or aorta or aortic valve on
angiography. The lesions progressed in one third
of the patients [90].

Xanthomas/Xanthelasmas
Xanthomas or xanthelasmas may develop rapidly

and are of significance for the body image of
the adolescent patient. On adequate apheresis
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Table 41.7 Adverse events reported during LDL apheresis in pediatric patients

Hudgins [90]
Dextran-sulfate

System cellulose cellulose
Vascular access 4.7 2
Hypotension 2.9 2
Nausea 1.0 0.2
Inconvenience n.r.
Anaphylactic reactions n.r. n.r.

n.r. not reported, pts patients

therapy, the xanthomas and xanthelasmas are
reported to resolve completely or decrease in size
within 2 years [85]. Even after 12 years, these
lesions may resolve [86].

Adverse Events

LDL apheresis in general is well tolerated. In
many series including our own, adverse events
occurred more often during the development of
an apheresis capability in the unit with limited
prior experience. In our own series with two FH
twins starting weekly LDL apheresis at the age of
3.5 years, a high level of adverse events was
recorded (14%) during the first 75 treatment epi-
sodes, mainly due to venous access problems and
mild hypotension (6.7%): much lower rates were
seen with further follow-up. Adverse events can
be minimized by careful selection of apheresis
modality according to extracorporeal volume
and adherence to exclusion criteria. The most
commonly reported adverse events are related
to hypotension and venous access problems
(Table 41.7). Furthermore, anaphylactic reactions
were observed in 9 of 27 patients in the series of
Palcoux [86]. Most of these patients used whole
blood adsorption techniques, but anaphylactic
reactions are also found in dextran-sulfate cellu-
lose systems due to bradykinin liberation. In some
patients development of iron deficiency has been
described ([98], Klaus unpublished), necessitat-
ing iron supplements.

Stefanutti [84]
Dextran-sulfate

Coker [82]
Dextran-sulfate cellulose

Palcoux [86]
Dextran-sulfate

direct adsorption cellulose
4.5 6/21
0.2 2/21 pts
0.2 n.r

1721 pts
n.r. 9/27 pts

LDL Apheresis Recommendations

LDL apheresis is indicated in FH patients not

responsive to medical treatment. In summary, the

following recommendations are suggested (for
details, see text):

o Start LDL apheresis at age below 6-8 years.

e Vascular access by peripheral antecubital
veins in adolescents, if tolerated; Cimino fis-
tula in younger subjects.

e Adequately equipped unit and trained staff
including psychosocial support is necessary.

e Selection of modality by adjusted extracorpo-
real volume and local experience.

* Initial treatment frequency: every 2 weeks.

* Reduction in LDL cholesterol should be aimed
at the lowest level possible, at least 60%
reduction per session.

e In patients with established atherosclerotic
lesions, mean LDL cholesterol should be
<100 mg/dL.

o If targets are not met, frequency should be
increased to weekly sessions.
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