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Abstract

Excessive albumin losses during HC (haemocatharsis) are considered a potential cause of hypoalbuminemia—a key risk
factor for mortality. This review on total albumin losses considers albumin “leaking” into the dialysate and losses due to
protein/membrane interactions (i.e. adsorption, “secondary membrane formation” and denaturation). The former are fairly
easy to determine, usually varying at the level of ~2 g to ~7 g albumin loss per session. Such values, commonly accepted
as representative of the total albumin losses, are often quoted as limits/standards of permissible albumin loss per session.
On albumin mass lost due to adsorption/deposition, which is the result of complicated interactions and rather difficult to
determine, scant in vivo data exist and there is great uncertainty and confusion regarding their magnitude; this is possibly
responsible for neglecting their contribution to the total losses at present. Yet, many relevant in vitro studies suggest that
losses of albumin due to protein/membrane interactions are likely comparable to (or even greater than) those due to leaking,
particularly in the currently favoured high-convection HDF (haemodiafiltration) treatment. Therefore, it is emphasised that
top research priority should be given to resolve these issues, primarily by developing appropriate/facile in vivo test-methods

and related analytical techniques.
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Introduction—scope

In this review, the generic term HC (haemocatharsis) is used
to designate all currently employed modes (i.e. haemodi-
alysis, haemodiafiltration, haemofiltration). In recent years,
HC modes relying more on convection than on diffusion, are
preferred for treatment of ESRD (end-stage renal disease)
patients. Many studies (e.g. [1-3]), show that, in particular
OL-post-HDF (online, post-dilution haemodiafiltration),
involving large transmembrane/ultrafiltration rate (and the
concomitant large substitution volume), is quite beneficial
leading to reduced mortality [1, 3]. However, there is con-
cern that, under such conditions (involving relatively high-
permeability membranes), excessive albumin losses may
occur, which are possibly associated with hypoalbuminemia,
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at least for some ESRD-patient categories [4]. In view of
these concerns, the total albumin loss, in grams per HC ses-
sion, is commonly a criterion (i.e. a limit not to exceed) to
take into account in assessing the overall performance of a
particular HC protocol (including membrane type) in clini-
cal practice. For instance, the Japanese Society for Dialysis
Therapy (JSDT) has recommended such a standard/limit on
permissible total albumin loss [5].

The literature at present is confusing, regarding the safe
limit of albumin losses per session and how to determine it.
There are recent papers recommending such a limit, using
results of clinical studies, where only albumin losses to
dialysate are considered (e.g. [4, 6, 7]). However, several
other studies conclude that it is impossible at present to
recommend such limits/standards for various reasons (e.g.
[8, 9]). In parallel, extensive relevant work is performed on
the undesirable effects due to interaction of plasma proteins
with the HC membranes (i.e. their haemocompatibility)
[10-12]. However, data obtained from such studies have
been inadequately utilised to address the issues related to
albumin losses. Therefore, in this paper, reviewing mostly
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recent relevant literature, an effort is made to shed light on
key issues related to total albumin losses during HC, thus
enabling prioritisation of research to improve the situation.
In the following, factors and basic conditions favouring albu-
min losses will be outlined first; next, the status of literature
on the types of potential losses will be separately dealt with.

Albumin losses during haemocatharsis
Types of losses: driving forces, conditions

There are two main types of albumin losses during HC,
i.e. (i) albumin “leaking”/permeating into the dialysate and
(i1) losses through albumin interaction with, and adsorp-
tion/deposition into/on, the HC membranes [13, 14]. Two
basic driving forces and their rather complicated interaction
are responsible for such losses. The main driving force for
albumin permeation through the membranes is the effec-
tive (local) transmembrane pressure difference (leading
to ‘ultrafiltration’ flow), along the hollow-fibre membrane
filter, and to a much lesser extent (considered relatively
insignificant) the protein concentration difference between
plasma and dialysate, i.e. the mechanism of convection is
dominant/controlling (over diffusion) in this case [2, 15]. In

(a) On-Line Hemodiafiltration (HDF)
External HDF

parallel, the physico-chemical interaction of plasma proteins
(including albumin) with the polymeric (porous) material of
hollow-fibre membranes determines the albumin adhesion
into the pores and on the inner surface of HC hollow-fibre
membranes as well as the possible formation of a protein
layer on the membrane surface, through further deposition of
albumin and other proteins (e.g. [14, 16]). This deposit layer,
whose significance has been recognised long ago [13, 17], is
often referred to as “secondary membrane” or fouling/’ gel’
layer [17]. As noted below, the physico-chemical protein/
polymeric-material interactions, also significantly affect
albumin leaking to dialysate, due to the reduced membrane
porosity and permeability caused by the adsorbed/depos-
ited proteins [3, 15, 18]. In addition, it should be stressed
that protein adsorption and fouling-layer/gel formation, is
related to other complicated phenomena, including albumin
unfolding/denaturation and ‘competitive adsorption’ among
the most abundant proteins (i.e. albumin, fibrinogen, trans-
ferrin) onto the membrane, which have been studied mostly
in vitro (e.g. [19]).

In respect of blood fluid-dynamics, the most extreme con-
ditions (favouring losses) are those prevailing during OL-
post HDF (Fig. 1, [2]) for the following reasons. Due to the
required large substitution volume, the total ultrafiltration
rate (Qup) in the HC filter is typically at high level, of order

(b) Expanded Hemodialysis (HDX)
Internal HDF

0 12t L

Fig. 1 Principle and pressure profiles of convection-based therapies
employing high-flux capillary membrane HC filters and ultrapure
dialysis fluid. a On-line haemodiafiltration (post-dilution) with exter-
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~100 mL/min. Importantly, in OL-post HDF, there is only
forward ultrafiltration along the entire HC filter (Fig. 1a)
and no “back-filtration” as in other modes (Fig. 1b) [2].
Therefore, the local rate of permeating ultrafiltrate is uni-
directional (Fig. 1a) and relatively high, favouring albumin
leaking to dialysate. In addition, the inlet blood flow rate
(Opin)»> usually 300 mL/min, and the shear stresses at the
membrane surface, are substantially reduced, leading to sig-
nificant increase of albumin concentration and blood/plasma
viscosity [15]. As is well known, these conditions favour
protein/albumin deposition and “gel”/fouling-layer forma-
tion [14, 15].

To understand adhesion affected by membrane physico-
chemical properties, very extensive work has been done
on protein/membrane—material interaction, while pursuing
haemocompatibility of materials for medical applications
[10, 12]. In addition to issues related to HC hollow-fibre/
membrane geometric features (fibre thickness, diameter),
porous structure, surface porosity and roughness, emphasis
is currently placed on specific physico-chemical properties,
including hydrophilicity, electric charge and surface active
units/species [20, 21].

Issues regarding determination of albumin losses
in vivo

The state of our knowledge on total albumin losses dur-
ing HC is greatly affected (in fact shaped) by the relative
ease, or (conversely) by the inherent/practical difficulties,
of accurately determining (particularly in vivo) either type
of albumin losses. Indeed, albumin permeating into the
dialysate is fairly easy to directly and accurately determine
(during, and at the end of, a HC session), through dialysate
sampling/analysis and measurement of the exiting/dispos-
able total dialysate volume. On the contrary, in vivo deter-
mination of albumin losses due to adsorption/deposition
(based on periodic inlet and outlet blood samples) necessi-
tates several steps, including accurate inlet and outlet blood
flow-rate (Qp;» Opou) Measurements, serum/plasma separa-
tion and then analysis/characterisation of plasma samples
for determination of albumin concentration. Such steps,
necessary to determine small differences in albumin con-
centration between inlet and outlet streams, are marred by
inherent uncertainties and experimental errors. It is noted
that the plasma volume is changing along the HC filter due
to ultrafiltration [2, 15] and likely during the 4-h HC ses-
sion. In addition, the usual analytical errors and uncertain-
ties of determining albumin in the plasma (at rather high
concentrations) may be of the same order of magnitude as
the changes/differences of interest, i.e. due to losses in the
HC filter. Finally, it should be stressed that (in a series of
‘instantaneous’ periodic samples, taken throughout a ses-
sion), such relatively small changes in albumin concentration

are important as they contribute additively to the total albu-
min losses in 4-h sessions.

Another type of ex situ indirect determination of depos-
ited/adsorbed albumin mass in used HC filters (right after
a session or test) is employed, aiming to determine the
deposits on/in the hollow-fibre membranes. Results of such
experimental studies have been reported using modules after
in vitro tests (e.g. [22]); however, very few test results are
available with “fouled” HC filters after a session (e.g. [23]),
as outlined below.

Studies on quantification of albumin losses
Albumin permeating into dialysate

Many clinical studies have been reported, involving ESRD
patients, on albumin permeating into the dialysate. Only
recent relevant publications are reviewed chronologically
here.

Tsuchida and Minakuchi [24] in a clinical study involv-
ing 118 patients, (treated with a highly permeable HC filter),
found that albumin leakage was on average 7.7+ 1.0 g/ses-
sion, whereas 314 patients using conventional high-flux HC
filters exhibited lower albumin loss. They also reported that
in the recommended Japanese standard for classification of
HC membranes, “the desirable albumin leakage per treatment
is less than 4 g”. In a clinical study by Fournier et al. [25], 8
patients underwent OL-post HDF and only albumin losses in
dialysate were determined (i.e. 3134 2450 mg/session); it
was also reported that such losses did not lead to hypoalbu-
minemia. Although mass of albumin adsorption/deposition on
the membrane was not determined, it was considered substan-
tial depending on HC filter type. Vega et al. [26] in a cross-
sectional study, involving 20 patients receiving OL-post HDF,
analysed albumin leakage during the first hour of HC session.
Moreover, ‘protein cake’ formation was considered responsible
for the gradual reduction of permeability and albumin losses
during this period. Potier et al. [7] collected data on albumin
loss (to dialysate only) from sessions involving 37 patients
and 19 different dialyzers; among other results obtained, they
concluded that 4/19 dialyzers lose more than 5 g/session albu-
min and should not be used in OL-post HDF. Gayrard et al.
[23], in a study involving 12 ESRD patients, determined total
protein removal to dialysate ~2.3 g per session, in maximum
convection OL-post HDF. They also employed a protein elu-
tion protocol ex situ to identify (and determine the mass of)
particular plasma proteins (including albumin) adsorbed on
the used HC filters. They reported that the total amount of
adsorbed proteins in the membranes was only 6.1% of the
respective amount of proteins removed through the dialysate.
However, the accuracy/reliability of determining the total mass
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of the deposited proteins with their elution protocol is unclear,
as discussed in “Discussion”.

Cuvelier et al. [27] reported on the case of a woman treated
with high convective volume OL-post HDF, who developed
severe hypoalbuminemia, attributed to massive albumin loss
into dialysate, i.e. 23.6 g albumin loss in one session, whereas
she only lost 4.6 g in a regular HD (haemodialysis) treat-
ment. Such loss per session (23.6 g) is by far the greatest ever
reported “leakage”, raising questions regarding its reliability/
representativeness. Finally, in a recent study [28] involv-
ing 52 patients undergoing high-volume OL-post HDF, the
temporal variation of albumin removal only through leaking
was determined for three types of HC filters. Modest cumula-
tive removal (~ 1.0 g to ~ 1.5 g per 4 h session) was reported.
Moreover, “secondary membrane” formation was considered
to interpret these data, although no attempt was made to quan-
tify it. It was also concluded (with insufficient justification)
that the albumin sieving-kinetics data point to reduced forma-
tion of ‘secondary membrane’.

Several recent review papers (presented chronologically)
also deal with these issues. Boschetti-de-Fierro et al. [6]
assessed clinical studies on the performance of HC filters.
Although the significance of ‘secondary membrane’ was dis-
cussed, no such albumin loss data were provided. Further-
more, they suggested, based only on albumin leakage data
[24], that “7.7+ 1.0 g/session is an estimate for a threshold
of albumin removal (that could impact serum albumin lev-
els), which should not be exceeded...”. Similarly, Van Gelder
et al. [8] concluded that with convective therapies (OL-post
HDF), albumin loss (through leakage only) is significant
(range: 0.08-7 g per 4 h treatment); however, they also noted
that the acceptable upper limit of dialysis-related albumin loss
remains unknown. Ward et al. [4] reviewed studies regarding
the possible effect of albumin losses (only due to leakage) on
hypoalbuminemia and the importance of concomitant inflam-
mation on outcomes in ESKD patients. They cautioned on use
of membranes causing albumin loss of 20 g/week, whereas
the use of HC filters resulting in weekly loss of 12 g (i.e.~4 g
per session?) appeared to pose little risk to patients. Kalantar-
Zadeh et al. [9] considered that albumin loss into the dialysate
was (a potentially modifiable) cause of hypoalbuminemia;
however, they also remarked that protein adsorption to the
membrane and tubing can occur and that patients tend to lose
approx. 68 g of total amino acids per session. In addition, it
was noted that no definition of “excessive” albumin loss during
dialysis has been proposed or accepted.

@ Springer

Albumin-membrane interaction and adsorption/
deposition

Competitive protein adsorption and albumin structural
changes

The interaction of human plasma proteins with membrane
materials has been extensively studied (in vitro) in the gen-
eral context of biocompatibility of materials for medical
applications including HC [12]. In early seminal papers by
Vroman and Adams [29, 30], interesting phenomena of com-
petitive protein exchange on artificial surfaces have been
observed, in which proteins already adsorbed on a surface
(from a protein-mixture solution) are displaced by others,
subsequently arriving. Significant research has followed
because such exchanges, commonly referred to as the “Vro-
man effect”, seem to be related to blood platelet adhesion to
surfaces and clotting (e.g. [31]). Of particular interest to this
review are observations that, during the initial adsorption
on surfaces, unfolding occurs of albumin and fibrinogen,
under high concentrations as in HC [32]. Moreover, there is
evidence that these proteins tend to competitively displace
other adsorbed proteins [19, 33]. Soderquist and Walton
[34] investigated the interrelation of adsorption/desorption
processes (on co-polypeptide and silicone surfaces) with
the structural changes of adsorbed albumin, y-globulin and
fibrinogen. They suggested a three-stage process, includ-
ing an initial reversible adsorption, a second phase where
the adsorbed proteins undergo slow conformational change
(with proteins essentially irreversibly adsorbed) and a final
stage where the denatured material is slowly desorbed. The
observed rather long timeframe of the last stage appears to
be irrelevant to the shorter 4 h period of a HC session. It
was also noted that denaturated albumin desorption (through
such mechanism) or detachment by shear forces have been
inadequately studied. Sivaraman and Latour [35] found that
platelets bind to adsorbed albumin (through receptor-medi-
ated processes), whose binding sites are formed by adsorp-
tion-induced protein unfolding. Importantly, a high degree of
such unfolding, was correlated strongly with increased level
of platelet adhesion. Moreover, greater albumin adsorption
occurred with increasing albumin solution concentration.
This was attributed to the fact that the transport rate of pro-
tein molecules to the surface increases as their concentra-
tion increases; thus, the molecules that adsorb from higher
concentration have less time to unfold and spread before the
surface becomes saturated with protein.

Pieniazek et al. [36] investigated changes in albumin
structural characteristics during HD (haemodialysis). They
evaluated the susceptibility of plasma albumin to oxida-
tion in ESRD patients, before and after a HC session, in
comparison to healthy persons. They also assessed the
conformational state of albumin under such conditions,
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employing EPR (electron paramagnetic resonance) spec-
troscopy. Significantly, their data showed that during HC
the level of thiols (+ SH groups) was significantly affected,
decreasing by ~ 15%. They concluded that the significant
conformational changes, occurring in vivo during HC,
negatively affect the albumin antioxidant function. Finally,
Sishi et al. [37] recently investigated interactions between
proteins and membrane material made of PES (polyethersul-
fone), PAN (polyacrylonitrile) and PVDF (polyvinylidene
fluoride). In particular, they examined adsorption of main
human serum proteins (albumin, fibrinogen, transferrin), at
realistic concentrations, across the membrane thickness (i.e.
into the pores), using an in-situ SR-pCT (Synchrotron-based
X-ray micro-tomography) imaging technique. Albumin was
preferentially adsorbed to all three membranes. PES mem-
brane, possessing comparatively larger pores, adsorbs albu-
min within its whole thickness, whereas PAN and PVDF
membranes tend to absorb it only at the top and in middle
layers. SEM (scanning electron microscope) image analysis
was employed to identify changes in the deposited proteins
morphology, depending on membrane properties.

Studies on adsorbed /deposited albumin mass

There is a significant amount of in vitro work on protein
adsorption and deposition to membranes, where HC con-
ditions are simulated to various degrees, aiming to clarify
the complicated phenomena involved, which will be briefly
reviewed. On the contrary, there is hardly any definitive
in vivo study regarding albumin mass adsorbed/deposited
in HC filters.

Interpreting data on membrane performance, in an early
clinical study, Rockel et al. [13] recognised the secondary
membrane formation and its significant effects on perme-
ability and species rejection, but did not determine the
deposited-protein mass/loss. The latter was neglected and
account was taken only of albumin leaking into the dialysate,
i.e. ~1.4 g per session. Later Gachon et al. [38], using an
elution protocol, determined the adsorbed proteins on used
HC filters after a session. The reported amount of adsorbed
proteins, for ~ 1 m? membrane surface area, was extremely
small, i.e. < 10 pg total. The applied protocol involved exten-
sive preliminary flushing (by recirculating saline solution),
followed by sequential treatment with elution solutions;
finally, reverse transmembrane pressure/flushing was applied
to recover proteins adsorbed within the membrane pores.
However, one can express reservations on the fitness of
such protocol, to determine total mass of deposited proteins,
particularly because the fouling layer (above the ‘tightly’
adsorbed proteins on the inner membrane surface) could be
removed by flushing and be unaccounted. Significantly, the
authors [38] express concern that protein may still remain

adsorbed in the HC filters, even after the latter have been
subjected to this intensive treatment protocol.

Langsdorf and Zydney [17] have shown that the per-
meation characteristics of particular flat-sheet (Cuprophan
and PAN) membranes can be described using a two-layer
membrane model, i.e. that a layer of adsorbed plasma pro-
teins provides an additional resistance to mass transfer in
series with that of membrane itself. Later, Morti and Zydney
[39], using PAN and CTA (cellulose triacetate) HC filters,
performed in vitro tests with human plasma, under rather
“mild” conditions (Qyr=0, Qyj00a =200 and Qy;,; =500 mL/
min) and measured permeability as well as other charac-
teristics of deposited secondary layer. They determined
experimentally the developing thickness of protein layer for
PAN and CTA HC filters at 1.9+0.5 pm and 4.4 +0.5 pm,
respectively. It is estimated that, for a typical HC filter of
2.0 m? surface area and fibre inner diameter 200 pm, a layer
thickness 1.0 pm amounts to a deposit volume of ~2.0 mL
(or ~2 g, for deposit density ~ 1 g/mL); therefore, the total
mass of deposited proteins corresponding to these data is
roughly ~4 g to ~9 g. However, under conditions of large
convective/ultrafiltration rates (Qyr~ 100 mL/min), as in
OL-post HDF, one would expect a significantly greater
mass of deposited proteins, including albumin. Birk et al.
[40] tested (in vitro) 12 commercially available HC filters
(using 11 different membrane materials) and perfused them
with human blood containing 1251-labelled plasma proteins.
Under filtration conditions (not quite representative of those
prevailing in high-convection HC modes), the total protein
adsorption ranged from 338 to 2098 mg/m? membrane
surface, whereas the fraction of adsorbed low-molecular-
weight-proteins (LMWP < 65 kDa) varied between 14 and
70% of total protein.

Yamamoto et al. [16] investigated the effects of internal
filtration/ultrafiltration on membrane fouling based on the
membrane’s pure-water permeability, diffusive permeability,
and sieving coefficient. Membrane fouling caused by protein
adhesion was shown to increase due to enhanced ultrafil-
tration, particularly at the early treatment stage. Although
evidence of membrane fouling was clear, the albumin/pro-
tein mass deposited on the membranes was not quantified.
Tomisawa and Yamashita [41] using HC filters made of
PMMA (polymethyl methacrylate) and PEPA (polyester pol-
ymer alloy) membrane material simulated HC by employ-
ing dilute synthetic BSA (bovine serum albumin) solutions
(i.e. 5.10 g BSA in 2000 mL batches). It was reported that
fractional BSA adsorption exceeded 50% (i.e. ~2.3 g) at
rather high Qyg (> 60 mL/min) with PMMA membranes
but smaller with PEPA ones, concluding that the significant
amount of albumin adsorbed by the membrane should be
taken into account when a clinical criterion of the total albu-
min loss is considered. In vitro tests by Kim et al. [42] con-
firmed previous results [17] that protein deposition occurs
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quickly, noting that the properties of the protein-deposit
become nearly constant after ~20 min as also noted earlier
[17]. Moreover, it was suggested that protein deposition is
enhanced by increasing ultrafiltration rates, further affecting
HC performance.

Gomez et al. [22] employing a novel in vitro uremic
matrix, determined total albumin loss during simulated
HDF sessions. Reported data with a PMMA-HDF mode
were: total mass of albumin extracted/lost (M,,)>15 g,
albumin lost in dialysate (M;,)) ~5 g and albumin adsorbed
only ~50 mg. The difference [M,, — My, => ~10 g may
suggest that this albumin mass is absorbed/deposited
within the module and possibly in the rest of HC circuit.
This [M,,,—Mg;,] difference was ~4.5 g for CTA-HDF
treatment. Although some sources of error or uncertainties
should be considered, these relatively large albumin depos-
ited/adsorbed mass cannot be overlooked. Kiguchi et al. [43]
used dilute aqueous albumin solution (4 g/L), recirculated
through three types of PEPA and one PSf (polysulfone) HC
filter, to simulate fouling and study-related clearance effects.
Although an albumin layer was developed and immobi-
lised, the deposited albumin mass was not determined. In a
clinical study, by Vanommeslaeghe et al. [44], involving 10
ESRD patients, data on albumin concentration in inlet and
outlet blood/plasma streams were obtained (designated as
Alb; 1 Alb,,ue)- These data were apparently used to cor-
rect respective venous concentrations, and determine extrac-
tion ratios, but not to estimate total albumin losses during
HC session. Finally, Abdelrasoul et al. [45] investigated
the competitive adsorption (on PES membrane) of main
proteins albumin, fibrinogen (FB) and transferrin (TRF),
by employing synthetic single and multiple protein solu-
tions. In general, the proportion of adsorbed FB and TRF in
the deposit was significantly greater than that in the initial
protein feed-solution, suggesting preferential adsorption of
those proteins compared to albumin. In addition, using the
special SR-pCT technique, the adsorbed albumin within the
membrane pores appeared to be dominant and substantial.
However, no specific quantitative data on total adsorbed/
deposited mass of those proteins were obtained, although
recognised as significant.

There are few recent reviews on protein/membrane—mate-
rial interactions of relevance to the topic of this paper. Huang
et al. [14] dealt with blood—membrane interactions that influ-
ence solute removal. The role of secondary membrane for-
mation, and concentration polarisation on membrane perfor-
mance was discussed. Attention was paid to the composition
of fouling layer (comprised mostly of the dominant proteins,
albumin, fibrinogen, immunoglobulinG) and its effect on
inflammatory response and thrombogenicity. Westphalen
et al. [46] assessed our understanding protein-adsorption
phenomena during HC, including related mechanisms and
blood activations as well as the associated consequences. It
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was concluded that there is no model available to correlate/
estimate the rate (or mass) of protein adsorption or the total
amount of protein adsorbed during hemodialysis as a func-
tion of main operating conditions.

Discussion

The research efforts to determine the total albumin losses
during HC are part of the significant general efforts to bet-
ter understand the effects of extracorporeal blood filtration,
in various types of patient treatment including HC. In this
context, it is desirable to develop sound criteria (applicable
in medical practice) for implementing particular HC modes.
Furthermore, it is expedient to give priority to such criteria
for HC modes which are associated with the most severe
conditions leading to the greatest albumin losses. OL-post
HDF is broadly considered to be such a mode [2, 15]. The
preceding review suggests that there are three types of poten-
tial losses, whose contribution to the total losses is unclear,
primarily due to our incomplete physical understanding and
the complexity of factors determining/causing them, as sum-
marised in the following.

Albumin permeating/‘leaking’ into the dialysate is
broadly recognised as a primary type of loss. As explained,
it is relatively easy to determine in vivo, mainly through
sample analyses and rather simple mass balance calcula-
tions on the disposable dialysate; thus, reliable data exist
in the literature, obtained under various conditions (e.g. [7,
24-26]). Furthermore, the temporal variation of albumin
sieving coefficient is broadly employed to characterise the
performance of a particular HC mode and of the membrane
used, in respect of targeted toxins removal. As is well known
[2, 14,15, 17, 26], albumin ‘leaking’ is significantly affected
by the protein adsorption/deposition into the pores and onto
the hollow-fibre inner surface, which reduce the perme-
ability thus impacting on the HC membrane performance.
Albumin leaking is reflected in the temporal variation of the
respective sieving coefficient. However, it must be stressed
that this variation (i.e. the ‘kinetics’ of albumin permeating
the membrane), although it is an indicator of HC filter per-
formance, should not be used to infer (or characterise) the
development of fouling/“secondary”-membrane formation
during HC, as is occasionally done (e.g. [28]). Importantly,
based on this review, the use of albumin ‘leaking’ data to set
criteria for the maximum permissible fotal albumin losses
is considered unwarranted and questionable, as long as the
other two types of losses are not quantitatively determined
and comparatively assessed.

Albumin loss by adsorption/deposition. Quite a few
in vitro studies (e.g. [22, 39—41]) strongly suggest the sig-
nificant mass/loss of adsorbed/deposited albumin, of magni-
tude comparable to, or even greater than, that due to leakage.
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However, these results have not been confirmed by the exist-
ing meagre data from studies in vivo or by ex situ examina-
tion of HC filters after patients’ treatment. Regarding losses
due to adsorption/deposition, one may differentiate between:
(i) adsorption into the membrane pores and initial coverage
by tightly bound proteins, (directly) on the inner membrane
surface [37] and (ii) possible further ‘gel’/fouling-layer for-
mation (beyond the initial surface layer) through copious
protein/albumin deposition [35]. This distinction of the two
sub-cases is seldom discussed in the HC literature [35]. The
former type (i) is mainly responsible for the reduction of
membrane permeability in the early stages of HC [17, 26,
42]. It may be added here that the gel/fouling layers (type ii)
have been rather extensively studied in other ultrafiltration
operations, treating much simpler dilute aqueous BSA solu-
tions (e.g. [47]). It is shown there that for low permeation
fluxes (in L/m>h), as in HC, such gel layers are not particu-
larly coherent and their specific resistance to permeation
is relatively low, which is in line with the observed quite
small permeability reduction of HC membranes at long
times (i.e.>1 h) [17].

It should be stressed that high-convection modes (particu-
larly OL-post HDF) favour ‘secondary membrane’ formation
(particularly type ii above). Indeed, favourable conditions for
a gel/fouling-layer formation are due to the imposed high
ultrafiltration rate, which leads to increased albumin/protein
concentration, plasma viscosity and polarisation phenom-
ena as well as reduced axial shear stresses, along the entire
length of the HC filter [1, 2, 15]. However, as outlined in
“Issues regarding determination of albumin losses in vivo”,
experimental difficulties and uncertainties are encountered
to determine this type of deposits (i.e. adsorbed albumin
and gel layer) by tests in vivo, particularly through blood/
fluid sampling; thus, no such data exist. Rather limited data
are available on the adsorbed albumin, by employing ex situ
elution techniques on used modules (i.e. [38]). Importantly,
these protocols (involving rather intensive preliminary flush-
ing and subsequent elution) likely remove the ‘gel’ layer
together with all the proteins and other species remaining
within the used HC filter, including protein mass in the filter
entry and exit sections as well as in the rest of the extra-
corporeal circuit; however, the latter are essentially losses
to be accounted for. Moreover, problems and uncertainties
related to the adequacy of elution techniques are occasion-
ally reported (e.g. [38]). Therefore, these elution protocols
tend to identify and possibly quantify only the initial tightly
bound surface layer (type i above). Evidently, appropriate
experimental protocols need to be developed/improved to
permit reliable determination of the total adsorbed/deposited
albumin mass.

Albumin conformational changes (i.e. leading to dena-
tured albumin in flowing plasma), which impair the nor-
mal/natural albumin functions, should be also viewed as a

loss. Conformational changes have been recently identified
in characterisation/analysis of ESRD patients’ blood before
and after HC [36]; such changes may be attributed [at least
partly] to the dynamics of blood—material interactions
which are well documented in in vitro studies (e.g. [19, 31].
Contact with other components (e.g. pumps, piping) of the
extracorporeal circuit might also contributes to such albumin
conformational changes. No particular attention is currently
paid in the literature to quantify such effective losses. More-
over, the difficulty to quantitatively determine the albumin
losses due to denaturation, from in vivo data, may be also (at
least partly) due to the fact that the commonly used meth-
ods of blood characterisation (based on dye binding, size
exclusion, and immunoassay techniques) cannot distinguish
between native and denatured albumin [48].

The preceding review clearly suggests that priority in
research efforts should be given to clarify blood/plasma
interactions with the hollow-fibre membranes (and possibly
with other components of the HC extracorporeal circuit),
thus allowing to quantify the albumin losses, separately, due
to adsorption/deposition and denaturation. Only then sound
criteria on maximum permissible fotal albumin losses during
HC can be developed. In addition, development of facile and
accurate methods to determine (separately) the native and
denatured albumin concentration, in the context of in vivo
tests, would greatly aid these efforts. The suggested specific
research targets can be pursued in the context of significant
ongoing efforts aiming to improve biocompatibility of mate-
rials towards optimisation of HC modes [11, 12].

Concluding remarks

This review suggests that, during haemocatharsis of ESRD
patients, three types of potential albumin losses can con-
tribute to the total amount lost per session, i.e. losses due
to (i) albumin ‘leaking’ into the permeate, (ii) membrane
fouling (or ‘secondary’ membrane formation) and (iii) con-
formational albumin changes of the treated blood/plasma,
essentially depriving albumin of its natural functions. Reli-
able data exist on the first type of losses, and can be obtained
in vivo rather easily. In respect of albumin adsorption/depo-
sition losses, very meagre quantitative information exists
from in vivo studies, despite their well-known key role in
HC performance; lack of such data is mainly attributed to
experimental difficulties. Finally, the quantitative determi-
nation of albumin conformational changes (i.e. effectively
‘losses’) has been essentially neglected (with notable recent
exceptions), despite extensive work on their possible nega-
tive role in triggering undesirable effects (e.g. complement
activation, platelet adhesion, reduced antioxidant function,
blood clotting).

@ Springer
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Based on this critical review, the use of albumin ‘leaking’
data (as a sole quantifiable type of losses), to set criteria for
the maximum permissible total albumin losses, is considered
unwarranted and questionable, as long as the other two types
of losses have not been quantitatively determined and com-
paratively assessed. Obviously, research efforts should focus
on better understanding and quantifying albumin losses due
to adsorption/deposition and denaturation.
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