Chapter 2
Convective Techniques
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Abstract A great deal of evidence has now accumulated on the ability of
extracorporeal convective therapies to enhance removal of compounds of different
molecular weight which are markers or causative agents of severe uremic pathol-
ogy, such as cardiovascular disease, chronic inflammation, anemia and bone
metabolism derangement. A general reduction of the uremic toxicity might be the
link with the clinical benefits reported in patients undergoing convective therapies.
These benefits may eventually contribute to improving patient survival provided
that high convective volume and, thus, high removal of middle-sized compounds
is achieved, as suggested by the results of the recently published large trials. Post-
dilution hemodiafiltration (HDF), combining diffusion and convection as mecha-
nisms of solute removal, is the most widespread infusion mode in HDF and
commonly held as the most efficient in removing middle molecules. Alternative
convective and mixed convective-diffusive therapies, exploiting the more common
mechanisms of solute transport in different ways, have been developed and pro-
posed in the past years and more recently with the common aim to enhance
removal of toxic solutes of different size. An overview of their principles, techni-
cal aspects and transport mechanisms on which they are based is provided in this
chapter.
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Introduction

A new blood-purification modality based on convection as a mechanism of middle
molecular toxins removal was first applied in patients with end stage-renal failure
by Henderson and colleagues in 1967 at the University of Pennsylvania [1]. The
new technique, coupling diffusion and convection as a transport mechanism, was
called ‘diafiltration’. The fundamental principles and mathematical relationships of
their technique were published some years later [2, 3], but its clinical application
was started in Europe by Leber [4], who first proposed the original term ‘hemodi-
afiltration’ (HDF) for the new technique, and by Quellhorst, who reported in 1983
promising results of a series of studies in patients over a long time period [5].

Continuous evolution of HDF took place from its birth until the more recent
modalities of its application. Introduction of bicarbonate buffer in dialysis fluid and
replacement solutions minimized the relevant side-effects caused by the acetate or
lactate contained in the original fluids. The development of new synthetic highly
biocompatible and permeable membranes with selective cut-off extended the range
of removed compounds to small molecular weight proteins and beyond, while mini-
mizing albumin loss. On-line production of indefinite amount of ultrapure dialysate/
substitution fluid at low cost replaced the cumbersome and expensive use of fluids
in sterile bags. The ultrafiltration (UF) control systems, introduced to control body
weight (BW) loss with fluximeters measuring the differential flow between outlet
and inlet dialysate compartment, were adapted to optimize and safely modulate the
infusion rate (Q,,) through a feedback mechanism controlled by the trans-membrane
pressure (TMP). Nowadays, technological progress of dialysis systems grants a
high level of efficiency and safety to the convective techniques with the application
of advanced feedback devices, operating automatically and easily controlled through
a friendly user interface. In the last years, different infusion modalities in HDF have
been proposed as alternatives to the traditional post-dilution and pre-dilution modes,
combining convection, diffusion and adsorption to a different extent, but with the
common aim to improve the operational and clinical feasibility of convective thera-
pies and to achieve maximal solute removal in a wide spectrum of molecular
weights.

Water and Solute Transport in Convective Therapies

Ultrafiltration

Ultrafiltration (UF) of plasma water occurs as a consequence of a pressure gradient
across the dialyzer membrane modulated by applying a negative pressure in the
dialysate compartment of the filter. The driving force for water filtration at every
point of the capillary length of the dialyzer is the resultant of the hydraulic pressure
inside the fiber (Pg) and in the dialysate compartment (Pp) and the oncotic pressure
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exerted by plasma proteins (), which opposes to filtration. The average pressure
gradient across a dialyzer membrane (TMP) may be calculated as:

TMP =(P,, +P

Bout

)/2—(Py, +P,

ou )1 2= (7030 + 700 ) 12 Q.1
where the suffix in and out indicate the inlet and outlet ports of the two dialyzer
compartments.

The volumetric water flux (J) is a function of TMP according to the equation [6, 7]:

J,/A=L_ *TMP 2.2)

where L, is the hydraulic permeability of the membrane for water, i.e. the water flow
rate per unit area of membrane (A) per unit TMP gradient (ml/min/cm?»/mmHg).

Water permeability of a dialyzer membrane is defined in clinical practice with its
UF coefficient (Kyg, ml/h/mmHg/m?) according to the equation:

Ky = Qup / TMP /m? (2.3)

where Qur is the UF rate.
When referred to the overall membrane surface of a dialyzer Kyr becomes KygD,
ml/h/mmHg:

KD =Q, / TMP (2.4)

KuyrD corresponds to the slope of the regression equation [6] relating Qur with TMP
and characterizes numerically the hydraulic permeability of that dialyzer, which
largely depends on the surface and characteristics of the membrane (mainly the pore
radius), and on the dialyzer geometry. A nominal KyrD >40 ml/h/mmHg is a requi-
site for high-flux dialyzers.

Lower than nominal KyeD values are found in vivo as a consequence of the pro-
tein layer formation on the inner face of the membrane (secondary membrane). Loss
in hydraulic permeability is negligible and quite constant along low-flux HD ses-
sions conducted at moderate Qur [8]. Progressive and even substantial reduction in
KyrD may be observed during HDF and hemofiltration (HF) sessions when higher
Qur and filtration fraction (FF) are applied, as an effect of the solute and protein
polarization on the inner membrane surface and thickening of the secondary mem-
brane [9, 10]. In addition, the colloid osmotic pressure exerted by the concentrated
plasma proteins counteracts the filtration pressure [11]. As a consequence, the mod-
ern feedback systems are very effective in preventing this risk by adapting Qug to the
actual operating conditions and reducing it automatically whenever TMP rises to
dangerous values. Besides the hydraulic permeability properties of the membrane,
maximal Qur level is mainly a function of the blood flow rate (Qg) permeating the
capillaries of the dialyzer. Therefore, high Qg are preferential for the production of
high UF and convective removal and, thus, to achieve high efficiency in the applica-
tion of convective therapies.
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Convection

Convection is the main transport mechanism of middle molecular size solutes in
mixed convective-diffusive therapies. Convective solute removal is the result of the
bulk movement of the solvent (plasma water) across the membrane driven by the
hydrostatic pressure gradient between blood and dialysate compartments. Convective
transport is constant over a wide range of molecular weight solutes but decreases as
the hydrated molecular size approaches that of the pores of the membrane. In gen-
eral, the degree to which convection increases total solute removal is proportional to
Qur and to the molecular weight of the solute [12]. The membrane characteristics
(electro-chemical properties and structure, pore radius and conformation) also play
an important role [13—16]. The ability of a membrane to remove a specific solute
from plasma by convection is determined by its sieving properties and expressed
mathematically with an index, the sieving coefficient (S¢, dimensionless), unique
for that solute and that membrane. Sc, measured in vitro in a defined experimental
setting and in the absence of diffusion, is the ratio between the solute concentration
detected in the UF (C,) and its average plasma concentration within the dialyzer [6]:

Sc = 2Cuf /(Cin + Cout) (25)

According to Eq. 2.5, S value is inversely related to the solute molecular weight
and varies between 1 for a freely permeable molecule and O for a molecule to which
the membrane is completely impermeable. However, in a clinical setting, the same
events that limit the hydraulic permeability of the membrane and reduce Qur may
also affect removal of middle-molecular solutes by convection. As a consequence of
the progressive thickening of the secondary membrane layer the in vivo S¢ value
(apparent sieving) for molecules such as beta2-microglobulin (f2-m) may results in
lower values than those measured in vitro and may even approach zero in post-
dilution HF at very high Qug [17].

Convective transport of a solute (J¢) may be expressed with the mathematical equa-
tion which defines its relation with the solute plasma concentration (C) and the rate of
fluid transfer across the membrane Qg limited by the solute and membrane Sc:

T, =Q, *C*S, (2.6)

The equation also defines the clearance of the solute when pure convection is
applied in HE.

Diffusion

Diffusion is the main transport mechanism of small molecular size solutes also in
mixed convective-diffusive therapies. Solute diffusion follows a trans-membrane
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concentration gradient between blood and dialysis fluid according to a first-order
kinetics and the process is represented mathematically by the Fick’s law:

Jo/A=-K *dc/dx 2.7)

where Jp, is the rate of solute diffusive flux per unit area of the membrane (A), pro-
portional to the solute concentration gradient (dc/dx), and K, is the overall mass
transfer coefficient (or solute diffusion coefficient), which is a property of the mem-
brane and the solute and characterizes the overall resistance to a definite solute flux
across a unit area of that membrane. When referred to the overall surface of a dia-
lyzer, its diffusion coefficient for a specific solute is defined with the expression
KoA (i.e. overall mass transfer coefficient *area). According to the Eq. 2.7, diffu-
sive transport is proportional to the surface area of the membrane: progressive
increase in dialyzer surface at constant Qg results in moderate enhancement of the
diffusive transport according to a curve that achieves its plateau faster for small
molecular solutes. The level of the plateau is a function of the diffusive permeability
of the membrane.

Diffusion property of a dialyzer is also influenced by blood and dialysate flow
rates (Qg, Qp), and the relative role of each factor depends on K A, according to the
equation by Michaels [18]

_ 1-BXP[KA(Q—Qy)/(Qu* Q)]
1/Q, -1/Q, *EXP[K,A*(Q, -Q,)/(Q,*Q,)]

2.8)

D

where Kp, is the diffusive dialyzer clearance. The effect of increasing Qg up to 500—
600 ml/min progressively increases Ky, of small solutes to a greater extent than that
of middle-high molecular weight solutes, which is scarcely affected by Qg values
beyond 200-250 ml/min [19]. An increase in Qp from 500 to 800 ml/min results in
a small-moderate enhancement of small solute removal by diffusion but not of the
larger solutes [20-22].

Interactions Between Diffusion and Convection

Convection and diffusion act simultaneously as solute transport mechanisms in
HDF, even if to a different extent according to the molecular weight of the removed
solute. However, the overall mass transport is not the sum of the two separate com-
ponents because of an interaction between them, which is more prominent at the
high Qur of HDF. Their effects cannot be distinguished from each other, but some
mathematical models have attempted to quantify their combined effect in term of
solute removal. The simplest model is described by the equation [23]:

Kipr =Kp + Qe *T (2.9)
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where Kypr is the overall (convective + diffusive) clearance, and T is the transmit-
tance coefficient, a parameter which is a function of the flow conditions and mem-
brane properties. An expression for T that is universal for all solutes is:

withQ,. <70ml/min: K, =K, +0.46*Q,, (2.10)

withQ, >70ml/min: K, =K, +0.43*Q,, +0.00083Q,.>  (2.11)

Absorption

Absorption assumes relevance as a removal mechanism particularly in the case of
some high-flux membranes carrying electrical charges, such as polyacrilonitrile and
polymethyl-metacrilate [24, 25], and may significantly enhance the dialyzer clear-
ance of f2-m and of several cytokines. Polysulfone membranes show minor absorp-
tive capacity and remove middle molecule compounds mainly by convection [26].
Electrochemical interaction between these membranes and certain hydrophobic
compounds like peptides and proteins may cause them to adhere on the inner sur-
face of the membrane within the pore structure [27]. Therefore, the open pore struc-
ture of high-flux membranes affords more absorptive potential than do low-flux
membranes, and synthetic hydrophobic membranes are generally much more
absorptive than hydrophilic cellulosic membranes [28]. Albumin coats the mem-
brane immediately after exposure to blood, with the effect to reduce its in vivo per-
meability. Absorption characteristics of high-flux membranes are more extensively
defined in another chapter.

Teaching Points I

» Convection is the main transport mechanism of middle molecular size sol-
utes in mixed convective-diffusive therapies

» Convective solute removal is the result of the movement of plasma water
across the membrane, driven by the hydrostatic pressure gradient between
blood and dialysate compartments.

* The driving force for water filtration is the resultant of this pressure gradi-
ent and the oncotic pressure exerted by plasma proteins, which opposes
filtration.

 Diffusion is the main transport mechanism of small molecular size solutes
also in mixed convective-diffusive therapies. Solutes follow a trans-
membrane concentration gradient between blood and dialysis fluid accord-
ing to a first-order kinetics

* Convection and diffusion act simultaneously as solute transport mecha-
nisms in HDF
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Modalities of Convective Therapies

Internal Hemodiafiltration (iHDF)

A certain amount of solute removal by convection may also be obtained during
prevalent diffusive treatments when high-flux dialyzers are used. In this case, the
TMP gradient established in the proximal part of the dialyzer promotes large water
transfer from blood to the dialysate. Water acts as solvent drag and favors removal
of middle molecular compounds by convection. Hydraulic pressure on the blood
side drops progressively along the fibers, while oncotic pressure increases with
plasma protein concentration until, at a certain point of the dialyzer length, the pres-
sure gradient across the membrane reverses its direction and, accordingly, UF ceases
and water moves from the dialysate compartment to blood (Fig. 2.1). This mecha-
nism, called ‘back-filtration’ or ‘internal filtration’ is the underlying principle of
high-flux HD and its effect is an enhancement of small- and middle-molecular sol-
ute removal by convection [29]. iHDF works just as a high-flux HD, but it requires
the convective dose to be clinically relevant, quantifiable and possibly adjustable by
the operator. This technique entails the use of a dedicated dialyzer with geometric
characteristic suitable for increasing internal filtration. iHDF improves convective
transport by direct filtration and backfiltration without the need of substitution fluid
infusion [30]. A user-friendly mathematical model has been designed to quantify
the internal filtration/backfiltration flux taking place during the treatment. Flux is
predicted on the basis of the machine settings and hematocrit/plasma protein con-
centration [31, 32].

Blood flow Dialysate flow
PDin

o

e

D out

PB - Ponc =P D ‘
Ultrafiltration Backfiltration

(water transfer from blood to the dialysate compartment) (water transfer from the dialysate compartment to blood)

Fig. 2.1 Schematic representation of internal filtration as a convective transport mechanism acting
during high-flux HD
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Hemofiltration (HF)

This technique realizes pure convective solute transport without solute exchange by
diffusion in the absence of dialysate flow and, thus, more closely mimics the glomeru-
lar filtration of the human kidney than any other dialysis technique. As a consequence,
HF promotes a higher rate of medium- and large molecules removal than low- and
high-flux HD but lesser removal of small solutes which are mainly removed by diffu-
sion. Achievement of high convective volume is often difficult in the post-dilution
mode of HF, during which rapidly progressive hemoconcentration in the dialyzer and
significant loss of hydraulic membrane permeability may occur at very high Qug Only
the pre-dilution mode may partially obviate these drawbacks of HF by improving flux
rheology, membrane permeability and convective removal of all solutes thanks to the
increased flow along the dialyzer capillaries. Some clinical benefit of this technique in
terms of hemodynamic stability was reported in the past as a consequence of a better
vascular reactivity in the absence of vasodilator acetate in dialysis fluid [33, 34], and
was variably attributed to the removal of vasoactive destabilizing factors with convec-
tion [35, 36], blood cooling after mixing with the substitution fluid [37], or sodium
retention and positive sodium balance due to the Donnan effect [38]. These advantages
of HF faded when bicarbonate buffer was introduced and temperature and sodium bal-
ance were matched with HD and HDF with the modern dialysis systems. Thus, the
positive effect of HF on hemodynamic instability remains unexplained. Moreover,
more recent observations have reported lower incidence of intradialytic hypotension
during on-line HDF than on HF and high-flux HD, see also Chap. 17 [39].

Hemodiafiltration

High Qur may be obtained in HDF, in the absence of significant back-filtration due
to a constantly positive pressure gradient between blood and dialysate along the
dialyzer capillary. Solutes with diameter up to that of the membrane pores are
dragged across the membrane with the UF flow independently of their molecular
size, while transfer of small-molecular toxic compounds from blood to dialysate
occurs by diffusion according to a concentration gradient. Combining both removal
mechanisms into a single treatment (HDF) is undoubtedly the strategy enabling the
high potential of hydraulic and solute permeability of synthetic membranes to be
most properly exploited.

Post-dilution HDF

This technique is the most widespread infusion mode in HDF and commonly held
as the most efficient in removing middle molecules [12, 19, 40, 41]. Sterile substitu-
tion fluid is produced on-line from the dialysate by the more recent HDF systems
and is infused after the filter to replace the excess fluid lost by the patient with the
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Fig. 2.2 Infusion modalities in HDF. (a) post-dilution HDF; (b) pre-dilution HDF; (¢) mixed HDF

high UF (Fig. 2.2a). Up to 5-6 1 of UF per hour may be obtained by applying appro-
priate flux-pressure regimen. Proportional increase in f2-m removal is achievable in
post-dilution HDF with increasing Qug [12, 19] and lower p2-m basal level have
been associated with a reduced death risk in dialysis patients [42]. Indeed, observa-
tional [43] and prospective randomized trials [44-46] have shown that post-dilution
on-line HDF may obtain a substantial reduction of the death risk in dialysis patients,
with improved survival of around 30 % compared to low- and high-flux HD, pro-
vided that high convective volume is achieved per session (21-23 1).

Thus, clinical application of on-line HDF requires operating conditions to be set
in order to achieve this goal and maximally exploit the convective potential of high-
flux membranes. At any given blood flow the maximal efficiency in convective
removal is obtained at the highest FF [40], but the highest achievable FF value is
often unpredictable. When very high Qur are applied in post-dilution HDF, hemo-
concentration increases blood viscosity and resistance to flow inside the fibers,
especially when high rates of weight loss are necessary to achieve the dry body
weight and when the individual capacity to recruit fluid from the extra-vascular
space during dehydration (refilling) is scarce. In these conditions, a critical reduc-
tion of the membrane permeability is likely to occur as a consequence of the events
described above [9-11] and the relationship between Qur and TMP, linear up to a
certain TMP value (200-300 mmHg for high-flux membranes), becomes curvilin-
ear and progressively increasing TMP is necessary to maintain the programmed
filtration, until a plateau is reached [6], beyond which the system becomes unstable
[47], increasingly higher TMP gradients fail in the attempt to maintain the planned
Qur and sudden dangerous pressure peaks are likely to result from small changes in
blood flow or viscosity, venous pressure, or for clinical reasons, particularly in
patients with cardiac failure, diabetes or hemodynamic instability. In such circum-
stances circuit clotting and residual irreversible reduction in the performance of the
dialyzer may be observed. Historically, the limit beyond which the adverse events
of high TMP levels and hemoconcentration may occur was set empirically at a
plasma water FF of 0.5 [6]. Setting Qur purely on the basis of the in vitro KygD may
be misleading for several reasons.

The present technology of HDF machines helps to automatically plan a session
of post-dilution HDF in order to safely accomplish this task with the use of feedback
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Fig. 2.3 (a) Schematic representation of the hardware for mixed HDF implemented on the 5008
Fresenius Therapy system. Instantaneous mean TMP values are calculated from the measures of
four pressure probes (P) placed at the inlet and outlet blood and dialysate compartments. Infusion
lines are connected at the inlet and outlet lines of the extracorporeal circuit. (b) In Mixed dilution
HDF, the TMP/UF feedback system maintains TMP values within the maximum safe range by
modulating the total infusion and the ratio between post- and pre-dilution infusion. (¢) In post-
dilution HDF, TMP is controlled by modulating the total infusion. The diagrams represent the
mechanism by which the TMP/UF feedback works in the two modalities. More details are in the text

devices which sets and maintains the infusion rate under TMP control and reduces
it whenever TMP increases beyond its maximum limit as a consequence of the pro-
gressive decline of the membrane permeability through the session (Fig. 2.3c).
However, high convective volume may only be achieved by applying high Qg in
order to maximally increase the capillary flow of plasma water available for UF and bet-
ter preserve the membrane permeability by enhancing the stirring and thinning actions
exerted by the blood flow on the protein layer on the blood side of the membrane.

Pre-dilution HDF

This technique may ensure more favorable rheological and hydraulic conditions
than the post-dilution mode by better preserving the permeability of the membrane,
as the replacement fluid added to blood at the dialyzer inlet prevents excessive
hemoconcentration and increases the rate of flow within the capillaries with
enhanced shear-rate effect on the secondary protein layer (Fig. 2.2b). This advan-
tage may be offset by the dilution effect of the plasma solute concentrations
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available for diffusion and convection, with consequent reduction of the cumulative
solute transfer [19, 40, 41, 48]. Accelerated extraction of diffusible small solutes
from the intracellular space has been described as an effect of a more favorable
transcellular gradient [2, 49], but this mechanism is unable to fully compensate for
loss in efficiency. Only a substantial increase of the infusion rate up to a value
approximately double with respect to post-dilution HDF may result in similar
removal of middle molecular solutes between the two infusion modalities [19].
Clinical application of pre-dilution HDF is limited by the above drawbacks and by
the cost related to the increased amount of replacement solution to be prepared from
the dialysate. It may be indicated in patients with high hematocrit or hemorrhagic to
help in the anticoagulation of the extracorporeal circuit.

Mixed HDF

This technique, in which the replacement fluid is simultaneously infused to a variable
ratio at the inlet and outlet port of the dialyzer, was developed in the last decade
(Figs. 2.2c and 2.3a). The aim is to overcome limits and risks implicit in the traditional
infusion modes in HDF while coupling their advantages [40, 50, 51]. The basic con-
cept is that more favourable rheological and hydraulic conditions than in post-dilution
HDF are ensured within the dialyzer by splitting the infusion between pre- and post-
filter. An increase in blood flow rate obtained with partial and controlled pre-dilution
may better preserve the characteristics of water and solute permeability of the mem-
brane, while avoiding the excessive dilution of the inlet solute concentrations charac-
teristics of the pre-dilution mode. In mixed HDF, a convective volume of up to 40451/
session may be attained under the control of an original feedback system device which
ensures maximal filtration fraction by favoring the infusion at the post-dilution port
(60-70 % of the total infusion). The feedback system maintains TMP within the high-
est range of safety during the session by splitting small amounts of substitution fluid
from the post- to the pre-dilution site whenever TMP rises to its highest safety limit
(300-350 mmHg) without reducing the total infusion rate (Fig. 2.3b) [50, 52].

Validation studies have shown that greater f2-m and phosphate removal may be
safely obtained in on-line mixed HDF than in post-dilution HDF by ensuring
optimal operating conditions of the technique and forcing Qur to achieve the most
efficient convective transport [48, 52-55].

Mixed HDF may be of special advantage in patients with high pre-dialysis hematocrit
and an increased risk of filter clotting with post-dilution HDF due to hemoconcentration
[56], and more in general in all those patients who cannot achieve the desired convective
volume in post-dilution HDF, due to different clinical and technical situations.

Mid-dilution HDF (MD-HDF)

This technique was proposed by Krieter as a step ahead in terms of improved con-
vective solute transport (Fig. 2.4) [57]. It is based on the use of dedicated hemodi-
afilters which include a unique U-shaped blood capillary bundle and a special
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two-port header cap (Olpur™ MD 190 and MD 220, Nephros, New York, USA).
Blood flows through the annular region of the fiber bundle, mixes with substitution
fluid infused through a middle infusion port placed at the point where blood flow
reverses its direction and flows in the reverse direction through the core region of
the fiber bundle. Blood and dialysate flow counter-current in the annular region of
the capillaries where post-dilution is performed and co-currently in the core, pre-
dilution region.

This infusion technique has been claimed to achieve greater efficiency when
compared to traditional post-dilution HDF [57]. However, a prospective compara-
tive analysis between on-line mixed HDF and MD-HDF showed that MD-HDF was
carrying with it serious membrane permeability impairment when applied as pro-
posed in the original study because considerably high TMP in the post-dilution
section of the hemofilter were necessary to achieve the planned UF of about 10 1/h
[58]. This problem was overcome by devising a new configuration, called reverse
MD-HDF, in which blood inlet and outlet were inverted. In the new setting blood
flows through the core region of the fiber bundle, mixes with substitution fluid at the
other end, and flows in the reverse direction through the annular region of the fiber
bundle [59]. Anyway, safe rheologic and hydraulic conditions in MD-HDF may
only be maintained by carrying out treatments with the larger MD 220 hemofilter
(2.2 m?) in reverse MD-HDF configuration [60]. The total solute removal of reverse
MD-HDF with the larger MD 220 hemofilter and post-dilution HDF appears to be
not different from post-dilution HDF for both small water-soluble and protein-
bound compounds [61]. An efficient pressure control system with modulation of the
infusion rate according to the operational conditions of the treatments, would be
useful to improve safety and performance in the clinical application of this
technique.
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HDF with Endogenous Reinfusion (HFR) (Fig. 2.5)

This technique was designed to separate the two main transport processes, convec-
tion and diffusion, with the use of a two-chamber filter and a sorbent cartridge
[62—66]. Isolated plasma UF and solute convection take place through the polyether-
sulfone high-flux membrane of the first chamber of the dialyzer. The UF produced in
the first chamber is ‘regenerated’ while flowing through a sorbent cartridge and then
infused in the second dialyzer chamber as endogenous replacement solution. The
diffusion stage occurs in the second chamber through a low-flux polyethersulfone
membrane. The sorbent cartridge contains a hydrophobic styrenic resin which has
high affinity and adsorbs several uremic toxins and MM, such as 2-m, homocyste-
ine, parathyroid hormone and several cytokines. Electrolytes and small solutes such
as urea, creatinin and uric acid are not adsorbed and are managed in the second, dif-
fusive section of the dialyzer [63, 67]. Lower impact on oxidative stress [68] and
sparing effect on amino acids loss [69] have been reported in HFR compared to HD
and acetate-free biofiltration (AFB), respectively. The recent development of HFR
equilibrium, based on the combination of HFR with dialysate sodium and UF profile,
has been shown to improve intradialytic hemodynamics [39].

Push/Pull Hemodiafiltration (PP-HDF)

This technique is one of the most widespread modalities used in Japan and South
Korea (Fig. 2.6). It’s based on a double-cylinder piston pump (push/pull pump)
implemented on the effluent dialysate line of the dialysis machine. Based on this
alternate pump device, alternate fast cycles of UF (pull) and backfiltration (push)
are performed through a high-flux dialyzer [70, 71]. During the UF phase, uremic
substances are eliminated both by diffusive and convective transport. During the
backfiltration phase, dialysate is forced to the blood side in order to balance the
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Fig. 2.7 Schematic representation of double high-flux hemodiafiltration (DHF-HDF)

excessive reduction in body fluid developed during the previous UF phase. Body
fluid replacement volume is over 120 1 during a 4-h treatment. Since the UF and
backfiltration times are much shorter in PP-HDF than the time for blood to pass
through the dialyzer, blood is concentrated and diluted many times before it leaves
the dialyzer. High removal rate of middle molecules and reduction of symptoms of
dialysis-related amyloidosis have been reported with this technique [72, 73].

Double High-Flux Hemodiafiltration (DHF-HDF)

This technique was designed in the beginning of 1980s in order to achieve a drastic
reduction of treatment time over conventional HD and increase convective transport
without the need for ultrapure substitution fluid and consequently dedicated
machines. DHF-HDF (Fig. 2.7) consists of two high-flux dialyzers connected in
series by blood and dialysate lines [74]. Fluid and solutes are removed in the first
dialyzer with a mixed diffusion-convection process, while backfiltration of sterile
dialysate takes place in the second dialyzer. An adjustable flow-restrictor is placed
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Fig. 2.8 Schematic
representation of acetate
free biofiltration (AFB)
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on the dialysis fluid pathway between the two dialyzers to induce TMP variations
and modulate UF in the first dialyzer and backfiltration in the second one [75].
Studies have shown that DHF-HDF with very high Qg (450-650 ml/min) may pro-
vide higher removal of small molecules than standard HD and HF over shorter treat-
ment time [76], and f2-m clearance similar to that in on-line HDF [77, 78]. Increased
treatment cost and scarce data about long term effects [76] have limited the diffu-
sion of DHF-HDF, which might provide the benefits of convective therapy to
patients in situations where on-line techniques cannot be implemented [78].

Acetate Free Biofiltration (AFB)

This modality was proposed in 1984 as the first HDF technique employing buffer-
free dialysis solutions [79, 80]. Correction of acidosis was obtained with infusion in
postdilution mode of a solution of sodium bicarbonate supplied in bags at fixed
concentration of 120, 145 or 167 mmol/l at a rate of 8—10 1/session (Fig. 2.8). An
automatic control system was implemented on dedicated dialysis machines to bal-
ance infusion to UF rate. The use of polyacrylonitrile hollow-fiber dialyzers with
consistent absorptive power [81] and the absence of acetate resulted in reduced
stimulation of inflammatory mediators [82]. Other encouraging traits have been
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added over the years, such as the possibility to modulate the concentration of
potassium in the dialysate, thus reducing the risk of arrhythmias [83—85], and the
possibility to monitor blood volume changes during treatment, thereby reducing
intradialytic hypotension episodes and predialysis systolic blood pressure values
[86]. Nowadays AFB retains an historical value as one of the first alternative con-
vective therapies but it can hardly be included in modern convective therapies
because of the low convective volume it can provide [86], which is comparable to
the amount of internal filtration in high-flux HD [30].

Conclusion

On-line post-dilution HDF is at present the most widespread infusion mode in HDF
and commonly held as the most efficient in removing middle molecules. The excit-
ing results of this technique in terms of prolonged patient survival may depend on
several factors, such as the high biocompatibility of the systems and the dialysate/
infusate produced on-line which reduce the chronic inflammatory status of dialysis
patients, and the better hemodynamic stability which prevents episodes of severe
ischemic cardiac damage. Among those factors, high convective volume and, thus,
enhanced middle and small molecular weight solute removal, appears to play an
important role and it may only be achieved with the use of high-flux, highly perme-
able membranes and high blood flow rates. For further reading see Chaps. 16 and 23.
Alternative convective and mixed convective-diffusive therapies exploiting the
more common mechanisms of solute transport in different ways have been reviewed
here. Alternative convective therapies may play a role in enhancing convective
removal in definite settings when post dilution HDF fails. Clinical validation with
larger numbers and longer follow-up is necessary for an extended application.

Teaching Points IT
 Different treatments are described in which convection plays a role:

— Internal hemodiafiltration: solute removal by convection occurring
during treatment with high-flux dialyzers, which is compensated by
backfiltration of (ultrapure) dialysis fluid.

— Hemofiltration: pure convective solute transport (ultrafiltration) without
solute exchange by diffusion in the absence of dialysate flow. The ultra-
filtrate is replaced online or offline by sterile substitution fluid

— Hemodiafiltration: solute removal through both convection (hemofiltra-
tion) and diffusion (hemodialysis). The ultrafiltrate is replaced online or
offline by sterile substitution fluid

e Different modes of hemodiafiltration:

— Post-dilution (online) HDF': Sterile substitution fluid is produced on-
line from the ultrapure dialysate and infused after the filter to replace
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the amount of ultrafiltrate, minus weight gain during the interdialytic
interval. Most widespread infusion mode in HDF and currently consid-
ered as the most efficient modality for removing middle molecules.

— Pre-dilution (online) HDF: Sterile substitution fluid is produced on-line
and infused before the filter to replace the excess fluid that is extracted
from the blood of the patients. Pre-dilution substitution prevents hemo-
concentration, but results in the dilution of plasma solute concentra-
tions, thereby reducing the cumulative solute transfer.

— Mixed HDF: sterile replacement fluid is simultaneously infused to a
variable ratio at the inlet and outlet port of the dialyzer.

— Mid-dilution HDF': dedicated hemodiafilters are used, with infusion of
sterile substitution fluid through a middle- and a post-dilution infusion port.

— HDF with endogenous reinfusion: using a two-chamber filter and a sor-
bent cartridge, isolated UF takes place through the high-flux membrane
of the first chamber. The ultrafiltrate is ‘regenerated’ while flowing
through a sorbent cartridge and infused in the second chamber as endog-
enous replacement solution. Here, diffusion occurs through a low-flux
membrane.

— Push/pull hemodiafiltration: alternate fast cycles of UF (pull) and back-
filtration (push) of dialysate are performed through a high-flux dialyzer,
using a double-cylinder piston pump (push/pull pump) implemented on
the effluent dialysate line.

— Double high-flux hemodiafiltration: two high-flux dialyzers are placed
in series; fluid and solutes are removed in the first dialyzer, while back-
filtration of dialysate takes place in the second dialyzer.

— Acetate Free Biofiltration (AFB): a mode of offline post-dilution HDF,
in which the bicarbonate substitution fluid is supplied in bags.
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