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ialyzer Membranes as
eterminants of the Adequacy of Dialysis

adhukar Chelamcharla, John K. Leypoldt, and Alfred K. Cheung

Hemodialysis membranes have undergone a gradual but substantial evolution over the past
few decades. Classification of modern dialyzer membranes by chemical composition bears
little relationship to their functional characteristics. The fundamental properties that deter-
mine the capacity of the membrane to remove solutes and fluids are its surface area,
thickness, pore size, pore density, and potential to adsorb proteins. Dialyzer membrane
performance is characterized clinically by its efficiency, defined as the potential to remove
urea and presented as the mass-transfer area coefficient (KoA) and ultrafiltration coefficient
(Kuf),defined as the potential to remove water adjusted for the transmembrane pressure.
The parameter Kuf usually, but not invariably, correlates with the membrane permeability,
defined as the potential to remove middle molecules, with �2-microglobulin being the
currently popular marker. The sieving coefficient reflects the membrane potential to trans-
port solutes by convection and is particularly useful for hemofiltration. Enhancing solute
clearance is accomplished clinically by increasing blood and dialysate flow rates, strate-
gies that also are applicable to middle molecules for highly permeable membranes. Novel
designs of dialyzers include the optimization of fluid flow path geometry and increasing the
membrane pore selectivity for solutes by using nanotechnology.
Semin Nephrol 25:81-89 © 2005 Elsevier Inc. All rights reserved.
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emodialysis is the major form of renal replacement ther-
apy in the United States and many parts of the world. As

f December 2002, the number of patients on chronic main-
enance hemodialysis in the United States alone was approx-
mately 300,000,1 and these numbers are expected to grow
ignificantly in the next decade. Since their introduction half
century ago, dialyzer membranes and dialyzers have under-
one many significant advances. Dialyzer membranes have
volved from those based on natural materials such as cellu-
ose to various synthetic membranes with improved biocom-
atibility characteristics. The efficiency of dialyzers also has

mproved significantly, allowing greater removal of solutes in
shorter amount of time. Although adequate dialysis is un-
oubtedly an important factor that determines the outcomes
f chronic hemodialysis patients, the optimal level of solute
emoval that leads to the best clinical outcome has not been
efined clearly. This article discusses various types of dia-

yzer membranes and their characteristics that affect the dose
nd adequacy of dialysis.
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istorical Perspective
he first hemodialysis on a human was performed in 1923 by
aas2 by using collodion tubes. Kolff and Higgins3 improved

he procedure by using cellophane tubing that originally was
sed in sausage casings as the dialyzer membrane. In this
echnique, a cellophane membrane made from cellulose was
rapped around a drum that rotated in a tank of dialysate.
his rotating drum dialyzer was the first widely used hemo-
ialysis apparatus. Hemodialyzers have advanced in subse-
uent years by the development of several alternative designs
hat include twin-coil dialyzers, parallel-flow dialyzers, and,
nally, hollow fiber dialyzers, which is the dialyzer type most
ommonly used today.

ypes of Membranes
urrent dialyzer membranes can be broadly classified into 3

ypes based on their chemical composition: unsubstituted
ellulosic membranes, substituted cellulosic membranes,
nd synthetic membranes (Table 1).

nsubstituted Cellulosic Membranes
nsubstituted cellulosic membranes were the only dialyzer

embranes used from the 1940s through the 1960s. The
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82 M. Chelamcharla, J.K. Leypoldt, and A.K. Cheung
riginal cellophane membranes were made of cellulose,
hich is a polysaccharide derived from pressed cotton. Cu-
rammonium membranes regenerated from cellulose were
sed extensively in the 1960s and still are used in some parts
f the world, primarily because of their lower cost. Cupram-
onium membranes were practical because they could be
ade thin, mechanically strong, and provided reasonable
iffusive transport of small uremic toxins, such as urea and
reatinine.4 Their low mean pore size, however, renders them
ess effective in removing larger molecules.

ubstituted Cellulosic Membranes
nsubstituted cellulosic membranes have hydroxyl
roups on their glucosan rings, which appears to be re-
ponsible for their propensity to activate the complement
ystem via the alternative pathway when these proteins
ome into contact with blood. This activation of comple-
ent is partially responsible for the subsequent activation

f neutrophils and other leukocytes, making these mem-
ranes bioincompatible.5

The replacement of these surface hydroxyl groups with
cetate groups in cellulose acetate membranes decreases
omplement activation, thereby increasing biocompatibil-
ty, at least by the criteria of complement and neutrophil
ctivation. The first of this type of membrane was cellulose
onoacetate, in which many of the free hydroxyl groups
ere replaced by acetate residues. These were followed by

he development of cellulose diacetate and triacetate mem-
ranes with more than three-fourths substitution of the
ydroxyl groups, leading to further decreases in comple-
ent activation.6

Hemophan (Gambro Renal Products, Lakewood, IL) is an-

able 1 Classification of Dialyzer Membranes Based on
hemical Composition

Membrane Category Chemical Composition

nsubstituted cellulosic Regenerated cellulose
Cuprammonium cellulose
Cuprammonium rayon
Cuprammonium rayon coated

with polyethylene glycol
ubstituted cellulosic Cellulose acetate

Cellulose diacetate
Cellulose triacetate
Hemophan
Synthetically modified

cellulose or (polysynthane)
ynthetic Polyacrylonitrile

Polyacrylonitrile copolymerized
with methalyl sulfonate
(AN69)

Polyamide
Polycarbonate
Polyethylene polyvinyl alcohol
Polymethylmethacrylate
Polysulfone
Polyethersulfone
ther cellulose-based membrane in which free hydroxyl p
roups are replaced by diethylaminoethyl moieties. Although
his substitution is less than 5%, the diethylaminoethyl
roups are capable of masking the hydroxyl groups, thereby
ecreasing complement activation by virtue of their size and
patial arrangement.7 These substituted membranes also
ave the advantage of being hydrophobic compared with the
ydrophilic unsubstituted cellulosic membranes. More re-
ently, cellulosic membranes with other substitutions, such
s the benzyl groups, have become available (synthetically
odified cellulose).8

ynthetic Membranes
everal synthetic membranes with high water permeability were
eveloped in the 1960s, primarily for the purpose of hemofil-
ration (Table 1).9 Compared with the thin and symmetric cel-
ulosic membranes, these membranes are thick (�20 �m) and

ay be either symmetric (eg, AN69; Hospa) or asymmetric (eg,
olysulfone). The asymmetric composition of the latter mem-
ranes refers to the 2-layered structure of the hollow-fiber wall
hen viewed in cross-section, with an inner thin layer that

omes into contact with the blood and plays a major role in
egulating solute removal and a thick supporting stroma. The
hemical and structural composition of the stroma varies and
ictates thermal and mechanical properties of the membrane.10

arly synthetic membranes were very hydrophobic, resulting in
xcessive adsorption of plasma proteins onto their surfaces. To
ircumvent this problem, polyvinylpyrrolidone has been added
o the manufacturing process to decrease their hydropho-
icity.11 The addition of polyvinylpyrrolidone may also affect
he pore size distribution of synthetic membranes and increase
he susceptibility of the membranes to modifications during
eprocessing of dialyzers for reuse.

hysical Characteristics
hat Determine
embrane Performance

he membrane characteristics are the most important deter-
inants of the dialyzer performance. Other factors, such as

he geometry of the membrane fibers that influence the blood
nd dialysate flow patterns and shear rates at the fluid-mem-
rane interface, also influence dialyzer performance. The
erformance of the membrane per se, and the transport pa-
ameters associated with the membrane, are, in turn, depen-
ent on the following properties: pore size, surface area,
embrane thickness, pore density, and protein adsorption.

ore Size
n ideal dialyzer membrane should closely resemble the glo-
erulus in its filtration properties and allow the transport of
remic solutes with a broad range of molecular weights,
ithout allowing the loss of serum albumin and other phys-

ologically beneficial proteins. The pore size is the most im-
ortant determinant of the membrane to achieve this tight
ontrol of solute transfer. The early unsubstituted cellulosic
embranes had very small pores and allowed for the trans-

ort of only water and small-molecular-weight solutes, such
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Dialyzer membranes and adequacy 83
s urea and creatinine, with little or no removal of uremic
oxins of molecular weights greater than 1,000 d. The devel-
pment of substituted cellulosic and synthetic membranes
ith larger pore sizes allowed the removal of larger solutes.
he current membrane manufacturing techniques integrate
arious scientific disciplines, including polymer chemistry
nd nanotechnology, to design synthetic membranes that al-
ow more selective removal of uremic toxins.

Pore size is also the most important determinant of ultra-
ltration of water. The relationship between these 2 can be
xplained with the Hagen-Poisseuille equation, assuming
hat all the pores have a cylindric shape:10

R � 8 �L ⁄ �r4, (1)

n which R is the resistance to ultrafiltrate flow through a
ingle pore, � is the viscosity of ultrafiltrate, L is the thickness
f the membrane, and r is the radius of the pore. From this
quation, one can see that a small increase in the pore radius
ill decrease the flow resistance to a great extent. Current

ommercial dialyzer membranes cannot be manufactured
ith pores of a single uniform size; thus, all membranes

ontain pores of various sizes. The most selective dialyzer
embranes have pore size distributions that are narrow, with

he majority of pores of approximately the same size.

urface Area
he surface area of a dialyzer is a function of length and inner
iameter of the individual hollow fibers and the total number
f hollow fibers in the dialyzer. One advantage of small fiber
iameter is the decrease in the thickness of the unstirred layer
f blood at the membrane-blood interface, thus minimizing
he boundary layer effect, which in turn leads to increased
ransmembranous diffusion of solutes. Unfortunately, very
arrow hollow fibers are disadvantageous at that same time,
hich also can be explained by the Hagen-Poisseuile equa-

ion.10 According to this formula, the flow of liquid through a
ylinder or hollow fiber can be calculated as:

QB � �P ⁄ (8 �L ⁄ �r4), (2)

n which QB is the blood flow rate, �P is the axial pressure
ecrease, � is the blood viscosity, L is the fiber length, and r

s the hollow fiber radius. Another way of expressing this
quation is as follows:

QB � �P ⁄ R, (3)

n which R is the resistance to the blood flow through the
ollow fiber. From these equations, it can be deduced that

R � 8 �L ⁄ �r4 (4)

quation 4 shows that a small decrease in the hollow fiber
adius will increase the resistance to blood flow to a great
xtent, thus requiring higher hydrostatic pressure to perfuse
he fibers. Another disadvantage of very narrow hollow fibers
s the increased potential for thrombosis. The usual dimen-
ions of hollow fibers in current dialyzers are 20 to 24 cm in

ength and 180 to 220 �m in inner diameter. From these m
alues, the internal surface area of an individual fiber can be
alculated by using the formula:

A � 2�rL, (5)

n which A is the surface area, r is the radius, and L is the
ength of the fiber. Currently, large-surface-area dialyzers
ave approximately 12,000 fibers in each dialyzer. The inter-
al surface area of the dialyzer can be obtained by multiply-

ng the total number of fibers in a dialyzer with the internal
urface area of each fiber. The surface area of currently used
arge dialyzers exceeds 2 m2.

embrane Thickness
he initial cellophane membrane was 20 to 40 �m in thick-
ess. The substituted cellulosic membranes used nowadays
re much thinner, with thicknesses of approximately 8 �m,
hus allowing improved mass transport. Contrary to the sym-
etric and thin cellulosic membranes, asymmetric synthetic
embranes contain a thin skin layer that comes in contact
ith the blood and a thick support layer that provides struc-

ural support to the skin layer. The pore size of the support
ayer is 2 to 3 times that of the skin layer. Therefore, the
upport layer is not a major selective barrier to solute transfer,
lthough it may provide a diffusion barrier to certain solutes
ecause of its thickness.

ore Density
he pore density of a dialyzer membrane is an important
eterminant of water flux and solute clearance. Uremic tox-

ns often are classified based on their molecular weights.
iddle molecules traditionally have been defined as uremic

oxins with molecular weights in the range of 500 to 5,000 d.
his range later was extended to include solutes with higher
olecular weights, in part because of the recognition that
any proteins with molecular weights less than that of albu-
in (60,000 d) are retained in kidney failure and possess
otential toxicity. �2-microglobulin (�2M; 11,800 d) is a pro-
ein in this category and is a commonly used marker at
resent for the assessment of middle-molecule clearance of
ialyzers.
In general, the water flux and permeability for middle mol-

cules of a membrane are directly related to each other, so
hat a membrane with high water flux also has high perme-
bility to middle molecules. On a theoretic basis, however,
his relationship does not always hold true. A membrane that
as a very large number of small pores, either as a result of
igh pore density or large surface area, will have high water
ux (high flux), but may have low permeability to middle
olecules.

rotein Adsorption
lthough many uremic solutes and water are removed from

he blood by means of diffusion and convection, peptides and
mall proteins are removed by adsorption to the surface of the
embrane during hemodialysis. Adsorption occurs primar-

ly within the pore structures rather than on the nominal

embrane surface that comes into contact with the blood.12
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84 M. Chelamcharla, J.K. Leypoldt, and A.K. Cheung
herefore, a membrane with high pore density and large
ores but a small surface area could adsorb more proteins
han a membrane with a high surface area but low pore den-
ity and small pores. Another characteristic that affects ad-
orption is the hydrophobicity of the membrane; the more
ydrophobic the membrane is, the higher the adsorptive ca-
acity. In dialyzers containing membranes that avidly adsorb
roteins, quantification of the dialysate proteins alone would
ubstantially underestimate the removal of the protein by the
ialyzer. Adsorption is also at least partially responsible for
he prevention of back-transfer of endotoxins and other cy-
okine-inducing substances from the dialysate to the blood
ompartment.

linical Terms Used to
haracterize Membrane
erformance

he following terms are used clinically to characterize dia-
yzer performance.

fficiency
y convention, the term efficiency refers to the capacity of the
ialyzer to remove low-molecular-weight uremic solutes.
rea is by far the most extensively studied marker of these

olutes. The mass transfer area coefficient (KoA), expressed
n mL/min, for a given solute is the clearance of the dialyzer at
nfinitely high blood and dialysate flow rates on a theoretical
asis. Therefore, KoA is a measure of the maximum solute
emoval capacity of the dialyzer and conceptually has been
onsidered as an intrinsic property of the dialyzer membrane.

KoA values for urea usually are provided in the manufac-
urers’ brochures for dialyzers. Current dialyzers are classi-
ed into high-efficiency and low-efficiency types based on
heir urea KoA. A high-efficiency dialyzer has a KoA value of
reater than 600 mL/min, whereas a low-efficiency dialyzer
as a KoA value of less than 450 mL/min. These definitions
re arbitrary and have not been sanctioned by regulatory
gencies. KoA per se has little value for individual patients
ecause it is not possible to attain these infinitely high flow
ates in clinical practice. KoA values should be used primarily
nly for the purpose of comparing different dialyzer models,
ut not as absolute measures of their clinical performance.
Mathematic formulae and nomograms are available to es-

imate the urea clearance (K) of a particular dialyzer at a given
lood flow rate and dialysate flow rate, based on the dialyzer’s
oA value.13 The dialyzer K value for urea increases with the
lood flow rate, although the relationship is not linear and

able 2 Effect of Changing Dialyzer Blood Flow Rate on Urea

KoA
(mL/min)

K at Qb 2
(mL/min

onventional 400 150
igh efficiency 1,000 200

OTE. Dialysate flow rate was assumed to be 500 mL/min.
epends on the type of membrane and the design of the t
ialyzer. With an increase in blood flow rate, the K value of a
ow-efficiency dialyzer increases only modestly because the
ow efficiency of the dialyzer, and not the blood delivery to
he dialyzer, is the limiting factor under these conditions.
his concept can be shown by comparing the change in the
rea clearances of 2 hypothetical dialyzers with different KoA
alues at 2 different blood flow rates using the urea clearance
ormula proposed by Daugirdas et al14 (Table 2).

At a blood flow rate of 250 mL/min (Qb 250), the clear-
nce K is 150 mL/min for the hypothetical low-efficiency
ialyzer, with a KoA of 400 mL/min and a dialysate flow
ate of 500 mL/min. When the dialyzer blood flow rate is
ncreased from 250 mL/min to 450 mL/min (Qb 450), the

achieved by the same dialyzer and the identical dialysate
ow rate increases from 150 to 177 mL/min, representing
n increase of 18%. In contrast, the K of the arbitrary
igh-efficiency dialyzer with a KoA value of 1,000 mL/min

s 200 mL/min at a Qb of 250 mL/min and the identical
ialysate flow rate. This Qb is low for the high-efficiency
ialyzer. In other words, the capacity of the dialyzer to
emove urea has not been exploited fully because of the
ow delivery rate of blood and its urea content to the
ialyzer. When the Qb is increased from 250 to 450 mL/
in, there is a substantial increase (32%) in K, to 263
L/min. Therefore, a high-efficiency dialyzer should be
sed to derive the maximum benefit from increasing Qb.
When a dialyzer of very high efficiency is used, the limiting

actor may no longer be the dialyzer itself; instead, the blood
ow rate through the vascular access and the ability of the
eart to tolerate the extracorporeal blood flow become the
ritical determinants. Similar to the clearance of free solutes
uch as urea and creatinine, the clearance of protein-bound
olutes recently has been shown to increase by using high
oA dialyzers and by increasing the dialysate flow rate.15

ermeability
y convention, the permeability of a dialyzer membrane usu-
lly denotes the capacity of the membrane to clear middle
olecules. It should be noted that, besides molecular weight,

he charge and other physicochemical properties of the mol-
cule also determine the clearance by a certain dialyzer mem-
rane. High-permeability membranes have clearance values
f greater than 20 mL/min for �2M. In contrast, the �2M
learances of low-permeability membranes are less than 10
L/min, and often are approximately zero (Table 3). Note

hat the definition of membrane permeability for �2M de-
ned here does not take into consideration the dialyzer blood
ow rate and dialysate flow rate. These clearance values apply

rance

K at Qb 450
(mL/min)

% Change in K From
Qb 250 to Qb 450

177 �18%
263 �32%
Clea

50
)

o usual operating conditions in US dialysis centers that in-
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Dialyzer membranes and adequacy 85
lude a blood flow rate of 300 to 450 mL/min and a dialysate
ow rate of 500 to 800 mL/min. Although these flow rates
ave little impact on �2M clearances by low-permeability
embranes, they significantly could affect the clearance by
igh-permeability membranes in a manner similar to, albeit
o a lesser extent than, their effect on urea clearance. There-
ore, it might be necessary to characterize membrane perme-
bility more precisely in the future, even for clinical compar-
sons. For example, �2M clearances could be evaluated at
pecific blood and dialysate flow rates. Alternatively, KoA
alues for �2M could be determined.

ieving Coefficient
he sieving coefficient (S) is another measure of the mem-
rane’s capacity to clear solutes. Unlike permeability, which

s more reflective of the diffusive transport properties, S is
eflective of the convective transport properties. It is calcu-
ated as follows:

S � Cf ⁄ Cp, (6)

n which Cf and Cp are the solute concentrations in the ultra-
ltrate and the plasma water, respectively, determined in a
urely convective mode.16 An S value of 1.0 indicates that the
olute is not hindered in its movement across the membrane,
nd solute concentrations in both compartments therefore
re identical. The S value is dependent on the mean pore size
f the membrane, the molecular weight, and the configura-
ion of the solute. The S value of low-molecular-weight sol-
tes, such as urea and potassium, almost always is close to
nity, but the S value decreases as the molecular weight of the
olute increases. Knowledge of the S value for various solutes
s particularly useful in the setting of hemofiltration in the
ntensive care unit, where the removal of drugs in the extra-
orporeal circuit occurs primarily by convection.

ltrafiltration
ltrafiltration refers to the transfer of water across the dia-

yzer membrane. The ultrafiltration coefficient (Kuf) is calcu-
ated in milliliters of ultrafiltrate per hour per mm Hg of
ransmembrane pressure (TMP). A membrane with a very
igh Kuf will need a very low TMP to filter a large amount of
ater. It should be noted that the term Kuf is not normalized

o membrane surface area; therefore, dialysis membranes that
ave small pores potentially could have a high Kuf if the

able 3 Comparison of Functional Parameters of Conventiona

Functional
Parameters High Efficiency

KoA urea >600 mL/min
Kurea* >200 mL/min
Kuf Variable
K�2M* Variable

OTE. Except for the definitions of high flux and low flux, which are
arbitrary and provided by the HEMO study or the current author

bbreviations: Kurea, urea clearance; K�2M, �2M clearance.
Under usual operating conditions (see text for explanation).
urface area is very large. The official classification of dialyzer s
embranes by the Food and Drug Administration is based
n the Kuf.17 According to this classification, dialyzer mem-
ranes are divided into high-flux and low-flux categories (Ta-
le 3).High-flux membranes have Kuf values of greater than
2 mL/h/mm Hg, and as high as 80 mL/h/mm Hg. Low-flux
embranes have Kuf values less than 12 mL/h/mm Hg. The

emodialysis (HEMO) study further defines high-flux mem-
ranes as those with �2M clearances of greater than 20 mL/
in and low-flux membranes as those with �2M clearance of

ess than 10 mL/min.18 This definition was chosen arbitrarily
o achieve clear separation between the 2 treatment groups
ith regard to �2M clearances.
The terms flux and permeability often are used interchange-

bly, even though they are not always directly related to each
ther, as explained earlier when describing the concept of
ore density. In vitro Kuf values reported by manufacturers
ften are overestimates of the in vivo values by 3% to 5%.
his overestimation is partly owing to the differences in the
ature of the solution used in the testing. For example, values
btained using whole bovine blood are expected to be lower
han those obtained using crystalloid solutions. This depen-
ence of dialyzer performance on the nature of the testing
olution also applies to other membrane transport parame-
ers, such as KoA and the S value.

Although the early cellulosic membranes were low flux,
embrane flux is independent of its chemical composition in
ost modern dialyzers. Cellulosic membranes can be made

nto either low flux or high flux, and synthetic membranes
lso can be either low flux or high flux. Table 3 provides a
eneral comparison of the transport characteristics of con-
entional, high-efficiency, and high-flux dialyzers.

High-flux dialysis has 3 clinically important consequences
hat should be considered.

olume Control
y definition, high-flux membranes remove large quantities
f fluid with only relatively low TMP, which could lead to
xcessive fluid removal and intravascular volume depletion if
he TMP is not controlled tightly. Modern dialysis machines
ave automated systems that accurately control the ultrafil-
ration rate and volume. The Kuf of the dialyzer membrane is
lmost never a determinant of the ability to remove fluid from
he patient. For example, even with a Kuf of 10 mL/h/mm Hg,
TMP of 200 mm Hg (which is attained readily) would be

h-Efficiency and High-Flux Dialyzers

igh Flux
Conventional

(Low Efficiency, Low Flux)

ble <450 mL/min
ble <200 mL/min
mL/h/mm Hg <12 mL/h/mmHg
mL/min <10 mL/min

ed by the Food and Drug Administration, the other definitions are
l, Hig

H

Varia
Varia
>12
>20

provid
s.
ufficient to remove 2 L of fluid in an hour or 8 L of fluid in
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86 M. Chelamcharla, J.K. Leypoldt, and A.K. Cheung
hours. The major hindrance is the plasma fluid refilling
apacity of the patient.

ack-Transfer
nother consequence of high-flux dialysis is back filtration,19

hich can be explained as follows. As the blood enters the
rterial or afferent end of the dialyzer, there is a higher in-
raluminal pressure inside the hollow fiber compared with
he dialysate side. This leads to ultrafiltration of fluids so that
he pressure within the lumen of the hollow fiber decreases
oward the venous or efferent end and actually will become
ess than the pressure in the dialysate compartment at that
oint. This axial pressure decrease will allow ultrafiltration of
ater from the high-pressure dialysate compartment to the

ow-pressure blood compartment. This phenomenon of
ack-transfer is partly responsible for the transport of endo-
oxins and other contaminants from the dialysate side to the
lood compartment. Hydrophobic synthetic membranes
ave been shown to adsorb some of the dialysate contami-
ants and minimize the contamination of the blood that oc-
urs during the back-transfer process.

lbumin Loss
third concern regarding the use of high-flux membranes

elates to the nonselectivity of the membranes. Although a
arger pore size is helpful in removing middle molecules, the
ossibility of losing albumin from the plasma also increases
ith high-flux dialysis.20 With the availability of super high
ux membranes with very high permeability, this potential
omplication is even more likely. Some researchers have ad-
ocated the removal of some albumin to remove toxins that
re bound to this plasma protein. Although there is limited
nformation about the clinical significance of serum albumin
oss associated with the dialysis membranes, the loss of a
arge amount of albumin, to remove the proportional amount
f albumin-bound toxins, is likely to be deleterious. The use
f predilutional hemofiltration to dissociate the toxins from
lbumin is probably a more reasonable approach. Further
tudies are needed to address this important issue.

ffect of Re-Use on Membrane
erformance

ialyzer re-use is a common practice in the United States,
ith 80% of dialysis centers using reprocessed dialyzers,21

lthough it is practiced in less than 10% of the centers in
urope22 and prohibited in Japan.23 The characteristics of
arious membranes may change on re-use of the dialyzers,
epending on the chemical structure of the membrane and
he type of reprocessing method used.

Re-use leads to the decrease of effective surface area of the
ialyzers as a result of blood clotting in some of the hollow
bers, sometimes causing an incomplete delivery of the pre-
cribed dialysis dose. This led to the concept of total cell
olume (TCV), also known as fiber bundle volume. Gotch24

howed that dialyzers lose less than 10% of small-solute
learance if the TCV of the reprocessed dialyzer is maintained

t more than 80% of its initial value. Current guidelines from a
he Centers for Disease Control and Prevention and the As-
ociation for the Advancement of Medical Instrumentation
andate that the re-used dialyzers should have a urea clear-

nce that is at least 90% of its initial value or at least 80%
CV. The 80% TCV requirement, however, was based his-

orically on data generated from low-flux membrane dialyz-
rs that were disinfected using formaldehyde only. As new
ynthetic membranes and newer germicides, such as glutar-
ldehyde, peracetic acid, heat, and citric acid, came into use,
he relationship between TCV and membrane performance
ecame less clear. Several later studies showed that this cri-
erion of 80% TCV also applied to high-flux synthetic mem-
ranes,25,26 however, these studies involved only a very small
umber of patients. Data from the HEMO study showed that
hen high-flux membranes were reprocessed, the loss of
rea clearance was almost double that of low-flux mem-
ranes (-1.9% versus -1.0% after 10 re-uses).18 The relation-
hip between the loss of urea clearance and the number of
e-uses appeared to be linear, at least up to 20 re-uses. The
se of Renalin (Minntech Corporation, Minneapolis, MN) as
germicide decreased the urea clearance the most, especially

n high-flux cellulose triacetate dialyzers (-2.9% per 10 re-
ses).
There is a poor relationship between the degree of loss in

mall-solute clearance and the change in middle-molecule
learance on dialyzer reuse. The effect of re-use on middle-
olecule clearance varies greatly, depending on the type of
embrane and the type of reprocessing method used.26,27 In

he HEMO study, when Renalin alone was used as the ger-
icide, �2M clearances by the high-flux cellulose triacetate
embranes (CT190, Baxter Healthcare Corporation; Deer-
eld, IL) decreased more than 50% after 10 re-uses. In con-
rast, there was a substantial increase in �2M clearance by
olysulfone membranes (F80B, Fresenius Medical Care; Lex-

ngton, MA) when bleach was used in conjunction with a
ermicide. Reprocessing of dialyzers using bleach also has
een shown to increase albumin leakage by high-flux poly-
ulfone membranes, although the magnitude of this leakage
ppears to be small for the newer polysulfone membranes.28

These differences in dialyzer performance associated with
e-use likely reflect the various effects of the reprocessing
eagents on membrane pore structures and fiber paths of the
ialyzers. These observations indicate the need for collecting
ore information regarding the effect of re-use on solute

learances, especially for middle molecules with different
olecular weights and potential toxicities. As the under-

tanding of uremic toxins increases and the clearances of
iddle molecules are targeted more precisely, the TCV crite-

ion developed for urea clearance probably will be insuffi-
ient in the monitoring of performance during dialyzer reuse.

dequacy of Dialysis
his article focuses on dialyzer membranes as determinants
f dialysis adequacy, rather than attempting to define dialysis

dequacy precisely.
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mall-Solute Clearance
he National Cooperative Dialysis Study was the first ran-
omized controlled study that examined the effect of urea
learance on clinical outcomes in chronic hemodialysis pa-
ients.29 Based on the results of the National Cooperative
ialysis Study, the concept of urea Kt/V for quantification of
ialysis was developed and became the standard for prescrib-

ng and monitoring the chronic hemodialysis dose.30 For the
ast 2 decades, dialysis adequacy in the United States largely
as emphasized urea clearance. Initially, a urea Kt/V value of
.85 was thought to be sufficient. As data from observational
tudies accumulated in subsequent years, a higher Kt/V ap-
eared to be associated with a decrease in mortality, at least
p to a Kt/V of 1.2 to 1.3.
Whether a further increase in urea Kt/V confers survival

dvantage remains a matter of controversy. Observational
tudies have suggested that increasing dialysis dose greater
han the current Kidney Disease Outcome Quality Initiatives
uidelines improves patient survival.31-33 In the primary anal-
sis of the HEMO study, however, there was no statistically
ignificant difference in all-cause mortality between patients
ho were randomized to the standard dose (with achieved

ingle-pool urea Kt/V of 1.32) and those who were random-
zed to the high dose (with achieved single-pool urea Kt/V of
.71) during 3-times-per-week hemodialysis. Subgroup
nalysis of the HEMO study and observational analysis of the
S Renal Data System data suggest that higher doses improve
atient survival in women, but not in men.34 This differential
ffect of high dose does not appear to be owing to differences
n body size. Until further information becomes available, it
ppears reasonable to achieve a single-pool urea Kt/V of 1.25
or men, as suggested by the most recent Kidney Disease
utcome Quality Initiatives guidelines, and consider a
igher Kt/V (1.70) for women.
Strategies to increase urea Kt/V to these targets include

ncreasing the dialyzer clearance K and/or the treatment time.
he latter can be prolonged to 6 to 8 hours per session,
lthough definitive proof of the benefits of these long dialysis
reatments still is pending. Dialyzer urea K can be increased
y increasing dialyzer blood flow, dialysate flow, or the KoA
f urea. As discussed earlier, an increase in blood or dialysate
ow rate does not lead to substantial increases in K unless the
oA of the dialyzer is substantially higher than the blood and
ialysate flow rates. The value of increasing blood flow rate is
iscussed in another article “Vascular Access as a Determi-
ant of Adequacy of Dialysis,” in this issue.
The KoA of the dialyzer can be increased by the simulta-

eous use of 2 dialyzers connected either in parallel or in
eries. This seldom is necessary nowadays with the availabil-
ty of very large single dialyzers with KoA values exceeding
,200 mL/min. Recent innovations in dialyzer design also
ave enhanced dialyzer efficiency by the placement of mul-
ifilament spacer yarns within the fiber bundle and the use of
avy or moiré structuring of the fibers.35 Such modifications
ave been shown to increase the urea clearance by up to 20%
t similar blood and dialysate flow rates.
Because of its association with vascular calcification and d
yperparathyroidism, hyperphosphatemia has received a
reat deal of attention in recent years. Although dietary re-
trictions and oral phosphate binders are critical measures of
orrecting hyperphosphatemia, removal by dialysis also can
lay an important role, as evidenced by either normalization
f serum phosphorus levels or induction of hypophos-
hatemia by frequent nocturnal hemodialysis.36,37 Although
hosphate is a relatively small molecule, it appears to be
etter removed by high-flux than low-flux membranes.
onetheless, the acute changes in serum phosphorus con-

entration may not be significantly different between high
ux and low flux because of the rapid physiologic responses
o extracorporeal phosphate removal.

iddle-Molecule Clearance
espite the widespread popularity of urea Kt/V in the quan-

ification of dialysis dose, it only represents one aspect of
ialysis adequacy, that is, clearance of small uremic toxins.
he middle-molecule hypothesis, initially proposed in the
960s, suggested the importance of other uremic toxins with
igher molecular weights that are not cleared readily by con-
entional low-flux cellulosic membranes and do not follow
he dialyzer kinetics of urea.38 In the past few decades, a
umber of middle molecules with various sizes, physico-
hemical properties, and in vitro toxicities have been identi-
ed.
Observational studies have suggested the benefits of using

igh-flux membranes, such as the improvement of neutro-
hil functions and plasma lipolytic activities and lower inci-
ence of amyloidosis and mortality.39-42 The HEMO study
andomized 1,846 patients to either the high-flux or low-flux
rm and followed-up these patients for an average period of
.48 years. The term flux used in the HEMO study is essen-
ially the same as the term permeability used in this article.
here was a clear separation in �2M clearance between the 2
roups, with mean values of 33.8 mL/min and 3.4 mL/min,
espectively. Although the 8% decrease in all-cause mortality
n the high-flux arm compared with the low-flux arm was
tatistically insignificant, the high-flux arm was associated
ith a statistically significant 20% decrease in cardiac deaths

n secondary analysis. The beneficial effects appeared to be
ore prominent in patients who had been dialyzed for a

onger period of time before the study.
Inasmuch as these HEMO data suggest that high-flux di-

lysis improves long-term clinical outcome, removal of mid-
le molecules is preferable. It should be noted that, despite
he clear separation between the 2 arms, the mean �2M clear-
nce in the high-flux arm (33.8 mL/min) was substantially
ess than the values that can be achieved and maintained by
sing certain types of dialyzers and reprocessing methods
60–70 mL/min). Nocturnal dialysis, hemodiafiltration, and
orbent technology are other techniques that can increase
iddle-molecule clearance further.
As the costs of synthetic high-flux membranes decrease

urther, the use of these membranes is becoming more com-
on in the United States and many parts of the world. As

iscussed earlier, increasing dialyzer blood flows may en-
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88 M. Chelamcharla, J.K. Leypoldt, and A.K. Cheung
ance middle-molecule clearance when high-flux mem-
ranes with very large pore sizes are used. A significant lim-

tation of porous membranes is the loss of plasma albumin
nd larger proteins. Applications of the advances in polymer
cience and nanotechnology show promise in the develop-
ent of selective membranes that provide high middle-mol-

cule clearances while minimizing the loss of larger proteins.

luid Removal
he maintenance of the euvolemic state is an important as-
ect of adequate dialysis. Unfortunately, this is an area that
as not been emphasized sufficiently by the practitioners and
egulatory agencies, partly because of the lack of a clear def-
nition and tools to assess the optimal volume status and the
ymptoms that often are encountered in patients undergoing
ialytic fluid removal. It is important to reiterate that the
ialysis membrane and its Kuf are almost never the limiting
actors for fluid removal. The limiting factors are usually the
lasma refilling rate and tolerance of the patient.

ther Functions of Dialysis Membranes
n addition to the primary function of providing a semiper-
eable surface for water and solute removal, dialysis mem-

ranes have been designed for other purposes. An example of
his is membranes that possess antioxidant properties. Oxi-
ative stress is well described in chronic dialysis patients and
as been attributed to the uremic milieu, chronic inflamma-
ion, and other factors. Hemodialysis may exacerbate the ox-
dant stress by blood-membrane interactions that lead to
omplement and leukocyte activation. For example, the ac-
ivation of neutrophils by unsubstituted cellulosic mem-
ranes results in the release of reactive oxygen species.43 An
dvancement in decreasing oxidant stress is the development
f dialyzer membranes that are coated with �-tocopherol.
everal studies have shown that these membranes decrease
xidant stress by various mechanisms.44,45 Novel concepts
nd developments similar to this likely will transform the
ialysis membrane from a passive to a dynamic structure that

s capable of further improving the uremic milieu.
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