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Abstract

Despite significant medical and technical improvements in the field of dialysis, the morbidity and mortality among patients
with chronic kidney disease (CKD) stage 5 on dialysis remains extremely high. Hemodiafiltration (HDF), a dialysis method
that combines the two main principles of hemodialysis (HD) and hemofiltration—diffusion and convection—has had a posi-
tive impact on survival when delivered with a high convective dose. Improved outcomes with HDF have been attributed to
the following factors: HDF removes middle molecular weight uremic toxins including inflammatory cytokines, increases
hemodynamic stability, and reduces inflammation and oxidative stress compared to conventional HD. Two randomized trials
in adults have shown improved survival with HDF compared to high-flux HD. A large prospective cohort study in children has
shown that HDF attenuated the progression of cardiovascular disease, improved bone turnover and growth, reduced inflam-
mation, and improved blood pressure control compared to conventional HD. Importantly, children on HDF reported fewer
headaches, dizziness, and cramps; had increased physical activity; and improved school attendance compared to those on HD.
In this educational review, we discuss the technical aspects of HDF and results from pediatric studies, comparing outcomes
on HDF vs. conventional HD. Convective volume, the cornerstone of treatment with HDF and a key determinant of outcomes
in adult randomized trials, is discussed in detail, including the practical aspects of achieving an optimal convective volume.

Keywords Hemodialysis (HD) - Hemodiafiltration (HDF) - Children - Blood pressure - Cardiovascular disease - Growth

Abbreviations p2M Beta-2 microglobulin
HDF Hemodiafiltration ADMA  Asymmetric dimethyl arginine
HD Hemodialysis SDMA  Symmetric dimethyl arginine
SDS Standard deviation score AGEs Advanced glycation end-products
BMI Body mass index ox-LDL  Oxidized low density lipoprotein
MAP Mean arterial pressure cIMT Carotid intima-media thickness
ESKD End stage kidney disease PWV Pulse wave velocity
hs-CRP  High-sensitivity C-reactive protein LVMI Left ventricular mass index
IL-6 Interleukin 6 PTH Parathyroid hormone
TNF-a Tumor necrosis factor alpha IDWG% Interdialytic weight gain percentage
BAP Bone alkaline phosphatase
54 Rukshana Shroff TRAPSb Tartrate-resistant acid phosphatase
Rukshana.Shroff@gosh.nhs.uk FGF23  Firoblast growth factor 23
L' University College London Great Ormond Street Hospital
and Institute of Child Health, London WCIN 3JH, UK .
Introduction

University Medical Center Hamburg-Eppendorf, Hamburg,

Germany Children on dialysis have a high mortality [1], a significant

burden of comorbidities, and report a poor health-related
quality of life compared to their peers [2]. Patients on long-
term hemodialysis (HD) often have volume overload and
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hypertension, anemia, mineral dysregulation, endothe-
lial dysfunction, inflammation, and oxidative stress, that
together worsen the cardiovascular risk profile [3, 4], and
lead to hypertension, bone disease, and growth failure. Ran-
domized trials in adults suggest that increasing the dose of
conventional HD treatment or using high-flux dialysis does
not improve outcomes. In contrast, hemodiafiltration (HDF),
a dialysis modality that combines the principles of diffusion
and convection, enhances the clearance of middle molecular
weight uremic toxins, potentially contributing to improved
outcomes [5]. Greater hemodynamic stability contributes to
fewer dialysis-related symptoms and better tolerance of dial-
ysis [6]. Two trials in adults have reported improved survival
in patients treated by HDF compared to high-flux HD [7, 8].

HDF was introduced in pediatric practice in the 1970s
by Fischbach et al. who showed that growth retardation in
children with stage 5 CKD could be reversed by daily HDF
[9]; however, it was unclear if daily dialysis or HDF therapy
per se resulted in the improved growth. More recently, a
large prospective study across Europe and North America,
the HDF, Hearts, and Height (3H) study, that compared
conventional HD with HDF, both delivered three times a
week, showed that children on HDF have an attenuated car-
diovascular risk profile and improved growth [10]. Also, an
improvement in quality of life is shown in several independ-
ent studies reporting a shorter post-dialysis recovery time,

less fatigue, and improved life participation with HDF com-
pared to HD treatment [9-11].

This educational review examines the current state of
knowledge regarding HDF in pediatric patients. Technical
aspects of performing HDF in children and the impact of
HDF on important clinical outcomes, such as cardiovascular
disease, growth, bone health, inflammation, and quality of
life are discussed.

Types of extracorporeal dialysis

Extracorporeal dialysis includes three main techniques: HD,
hemofiltration (HF), and HDF (Fig. 1):

I. Conventional HD works by the physical principle
of diffusion, meaning solutes are removed along
a concentration gradient across a semipermeable
membrane [5, 12, 13]. Low molecular weight sol-
utes, such as urea, creatinine, and potassium, that
have a molecular weight of less than 500 Daltons
[14], are eliminated most efficiently by diffusion [12,
13]. The surface area and sieving coefficient of the
dialyzer and blood and dialysis fluid flow determine
the quality of HD provided. Sieving coefficient is a
key determinant of the mass transfer area coefficient
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(KyA) and consequently the solute permeability of a
dialysis membrane.

II. HF is mainly used for rapid fluid removal in inten-
sive care units. It allows for a small and variable
amount of convective transport of uremic toxins
depending on the prescription, but at the infusion
rates and session lengths used in chronic mainte-
nance therapy, HF delivers poor clearance of small
molecules like urea [15], and should not be used
for long-term dialysis. It is not discussed further
in this review.

III. HDF combines the diffusive solute removal of HD
with the convective clearance provided by HF [5,
12, 13, 16]. The convective transport occurs when
a fluid stream is driven across a semipermeable
membrane by a transmembrane pressure (TMP)
gradient, carrying the solutes along with it, also
called solute drag [5, 16]. The UF coefficient (Kyp)
is used to describe the effectiveness of a membrane
to ultrafiltrate fluid. Kyp is Qup/AP (volume of UF
per unit time, divided by the transmembrane pres-
sure [TMP]).

Convection removes a wide range of middle molecular weight
uremic toxins up to 50,000 Daltons (for comparison, albumin
has a molecular weight of 66,500 Daltons). 32-microglobulin
(52M), the prototype middle molecule (molecular weight 11,800
Daltons), is used as a surrogate for middle molecular weight
uremic toxin clearance in HDF (Fig. 2).

Definition of HDF therapy

The European Dialysis Working Group (EUDIAL) of the
European Renal Association defines HDF as a blood puri-
fication treatment that provides both diffusive and convec-
tive solute removal by ultrafiltration of 20% or more of the
blood volume processed through a high-flux dialyzer, with
sterile replacement fluid infused directly into the patient’s
blood to maintain fluid balance [17]. By the online filtra-
tion of standard dialysis fluid though a series of bacteria-
and endotoxin-retaining filters, sterile replacement fluid is
obtained in large volumes; this is called online HDF [5].
By definition, a dialysis membrane is classified as high flux
if it has an ultrafiltration coefficient greater than 20 mL/h/
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mmHg TMP and a sieving coefficient for p,M of greater
than 0.6. The convective component of HDF therapy allows
for a greater removal of middle and large molecular weight
uremic toxins than that achieved with low or high flux HD
[5, 17]. Of note, there is no clinically significant removal of
protein-bound uremic solutes (such as p-cresyl sulphate and
indoxyl sulfate) by HDF or HD [18].

Modalities of HDF

During HDF, a large volume of ultrapure water is infused
into the patient to achieve convective clearance [13, 16,
19]. There are two main modalities of HDF depending on
the point of infusion of the replacement fluid relative to
the dialyzer (Fig. 1):

I. Pre-dilution HDF: When the replacement fluid is
infused upstream of the dialyzer, the modality is
called pre-dilution HDF. Pre-dilution HDF requires
the infusion of substitution fluid at 100% of the blood
flow rate. Of note, the dilution of the blood with
the replacement fluid will reduce the clearance by
diffusion and convection because it reduces solute
concentrations in the blood compartment [13]. To
achieve equivalent clearances as post-dilution HDF,
the convective volume with pre-dilution HDF needs
to be 2 to 3 times greater in pre-dilution as compared
to post-dilution HDF [5]. Pre-dilution HDF reduces
hemoconcentration and reduces the risk of clotting in
the filter [13].

II. Post-dilution HDF: When the replacement fluid is
infused downstream of the dialyzer, it is called
post-dilution HDF. Post-dilution HDF is the most
commonly used HDF technique in adults and chil-
dren [5]. However, at high ultrafiltration rates,
post-dilution HDF can lead to hemoconcentration
and the deposition of plasma proteins on the dia-
lyzer membrane, that in turn can occlude blood
channels within the dialyzer and raise the TMP.
This can reduce clearance and also increase the
risk of clotting of the extracorporeal circuit [5].
The degree of hemoconcentration that occurs
depends on the filtration fraction (see section
below). A filtration fraction (FF) up to 30-35%
of the blood flow rate is recommended to prevent
hemoconcentration, that in turn can lead to circuit
loss, as well as too much protein deposition on the
dialyzer membrane. An optimal FF can be achieved
with systems that detect and automatically adjust
the FF based on TMP and adapt to ultrafiltration
flow rate measurements [17].
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Filtration fraction (FF) is a term unique to convective
therapies and determines the convective volume [17]. FF
is defined as the ratio of the ultrafiltration (UF) rate to the
plasma water flow rate [17]. Blood flow rate (Q,) which is
indicated on all dialysis machines is often used as a surro-
gate for plasma water flow rate. Thus, FF may be expressed
as the ratio of the total UF to the total blood flow (Q,) [or the
plasma flow (Q,)] that is delivered to the filter.

_ QUF(Total)
o

FF

where

UF total amount of plasma water removed from the patient

0, 0, (1-hematocrit)

In clinical practice, net UF is the sum of the desired
intradialytic weight loss in kilograms and the amount of
fluids administered during treatment. The higher the FF, the
greater the convective volume extracted from the blood. A
safe and effective filtration fraction is up to 30-35% of the
blood flow rate, as the risk of hemoconcentration within the
filter increases proportionately to an increase in FF.

Technical aspects of hemodiafiltration

Essential requirements for performing HDF include (1)
dialysis machines with accurate ultrafiltration control; (2)
high-flux dialyzers; and (3) “ultrapure” water for replace-
ment of convective volume.

1. Dialysis machines with accurate UF control: HDF
requires a suitable machine and software for pediat-
ric use, essentially having the capability of producing
ultrapure water and offering very accurate ultrafiltration
control. Safety in terms of monitoring and accurately
controlling the fluid balance during dialysis is of par-
ticular importance in children, as fluctuations in this
can lead to potentially life-threatening hypo- or hyper-
volemia [20]. Dialysis machines are often not suitable
or not approved for use in small children, with currently
not a single HD or HDF machine available for children
weighing less than 10 kg, even though they make up
2-9% of children requiring dialysis [21]. Currently avail-
able machines in Europe which are suitable for HDF
in children are manufactured by Gambro and Fresenius
Medical Care. Unfortunately, the manufacture of both
Fresenius 5008 machines as well as the Gambro AK200
Ultra-S has been discontinued recently, so that only the
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Fresenius 6008 machine is available for HDF in children
with 10 kg body weight or higher using a pediatric cir-
cuit [20, 21]. Other dialysis machines that can be used
for HDF in children around the world include the Fre-
senius 4008 machine (> 15 kg), the Nikkiso-DBB-EXA
and 200Si (> 20 kg), the Baxter Artis Physio (> 25 kg),
and the Braun dialog iQ and Nipro surdialX (30 kg)
[21].

Important aspects of the HDF machine include:

1. Volume control: Precise management of ultrafiltration
and replacement fluid rates is crucial to prevent hypov-
olemia or fluid overload. Modern HDF machines have
advanced ultrafiltration control systems to ensure pre-
cise fluid removal and infusion rates. This precision is
vital, given the larger volumes processed in HDF com-
pared to HD. Also, optimized flow rates are necessary
for efficient solute removal. Advanced machines offer
automated adjustments of removal flow rate based on
real-time data of hematocrit and or hemoconcentration.

2. Temperature control: systems that monitor and regulate
blood temperature can prevent hypothermia. This is
especially important given the large volume of replace-
ment fluid infused into the patient.

3. Pressure monitors: continuous monitoring of the TMP
and venous pressures can prevent filter clotting and
enhance solute removal efficiency. A continuous opti-
mization of replacement fluid flow rate can be regulated
in response to variations in the actual blood flow rate,
hemoconcentration, and performance of the membrane
[22]; this is achieved by the AutoSub mode on Fresenius
devices, the UltraControl on Baxter machines, or the
TMP-SUB control on Nikkiso devices.

II. High-flux dialyzers: Important characteristics that
are used to describe a dialysis membrane include
its ultrafiltration coefficient (Kyg) and mass transfer
coefficient (K,A; both described above) as well as
the sieving coefficient, retention onset, cutoff, and
adsorptive capacity. Details of dialysis membranes
are beyond the scope of this review, but readers are
referred to an excellent recent publication on the sub-
ject []. Of note, the newer medium cutoff dialyzers
(that enhance large middle molecule clearance up to
a molecular weight of 45,000 Daltons) should not be
used for HDF as they can lead to a very high albumin
loss. It is important for practitioners to check dialyzer
specifications to ensure they are appropriate to use for
HDF treatment.

Highly permeable membranes, characterized by a coef-
ficient of ultrafiltration (Kyg) > 20 mL/h/mmHg TMP and

a sieving coefficient (S) of > 0.6 for 2M, are required for
the clearance of middle molecular weight uremic toxins by
HDF. The optimal dialysis membrane for HDF must have a
Kyg> 50 mL/h/mmHg TMP, a sieving coefficient for $,M of
greater than 0.6, biocompatibility and endotoxin-retaining
capacities [17]. Biocompatible membranes, such as synthetic
polysulfone or polyacrylonitrile, are preferred due to their
lower activation of the complement system. As with HD
therapy, the surface area of the dialyzer should be at least
equal to the patient’s body surface area, but not more than
120% of the patient’s body surface area as the dialyzer sur-
face area correlates with its volume, and a large extracor-
poreal volume will exsanguinate the patient and increase the
risk of intradialytic hypotension.

III. Ultrapure water: An essential prerequisite for the
performance of HDF is the availability of ster-
ile and pyrogen-free replacement fluid, also called
“ultrapure” water, that is infused directly into the
patient’s bloodstream [17, 20]. “Ultrapure” water is
essentially of the same standard of sterility as intra-
venous fluids, and by definition must contain less
than < 0.1 colony-forming unit (CFU)/mL of bac-
teria, and have endotoxin levels lower than < 0.03
endotoxin units (EU)/mL [13, 16, 23]. The infusate
used to be provided in pre-packaged bags, but is now
produced directly by the dialysis machine by filtering
the dialysis fluid through bacteria- and endotoxin-
retentive filters, thereby allowing far larger volumes
of replacement fluid; this is known as online hemo-
diafiltration (OL-HDF) [13, 16]. The International
Organization for Standardization (ISO) has published
a series of standards addressing fluids for extracor-
poreal therapies. Specifically, ISO 11663:2009,
Quality of dialysis fluid for hemodialysis and related
therapies, requires that replacement fluid used for
HDF be sterile and pyrogen-free as defined above
[24]. Online hemodiafiltration is not available for
adults or children in some countries including the
USA partly because regulatory authorities remain
concerned about the safety and sterility of the large
volumes of substitution fluid infused directly into the
bloodstream to maintain fluid balance.

Importantly, although these quality standards are set for
HDF only, a process called back filtration (whereby dialysis
fluid enters the blood compartment due to a pressure gradient
within the dialyzer) can occur in high-flux dialyzers, leading
to chronic low-grade endotoxemia, a known cardiovascular
risk. Hence, it would be ideal to use ultrapure water for HD
treatment that is performed with high-flux dialyzers, too.

Microbiologic analyses to check water quality are recom-
mended at least 3 X monthly.
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Other aspects of HDF therapy to consider are:

1. Dialysate composition is similar for HD and HDF treat-
ments, but careful attention to dialysate sodium concen-
tration is important for hemodynamic tolerance and to
maintain sodium balance. The dialysate sodium concen-
tration required for HDF is lower than in conventional
HD, to avoid the risk of sodium loading from the high
volume of substitution fluid used. This is particularly
important when high convective volumes are infused, as
with pre-dilution HDF. A high dialysate sodium is likely
to cause fluid overload with hypertension and increased
thirst, although it may improve hemodynamic tolerance.
In contrast, a low dialysate sodium enables additional
sodium removal by diffusion, but it may be associated
with a risk of intradialytic hypotension and disequilib-
rium syndrome. Also, sodium profiling is not recom-
mended in HDF as there is a risk of sodium loading. In
the authors’ experience, keeping the dialysate sodium
level within 5 mMol less than the blood sodium level
in post-dilution HDF allows for optimal fluid removal
without compromising hemodynamic stability.

II.  Substitution modes: Some HDF machines such as the
Fresenius 5008 and 6008 machines have automatic
substitution modes called AutoSub™ and AutoSub
Plus™, In AutoSub Plus, the substitution rate is
automatically regulated in response to variations in
patient- and treatment-related parameters throughout
the dialysis session, thereby optimizing the convec-
tive clearance. While it is possible to manually over-
ride this, there is no advantage to it.

II. Temperature control: Dialysis machines have heat-
ing coils and integrated temperature sensors (for the
dialysate and patient’s body temperature) to control
thermal exchanges during the dialysis session and
perform isothermic dialysis. However, the extracor-
poreal circuit can cool rapidly, particularly when
large substitution volumes and dialysate flow rates
are used as with HDF, and this results in an innate
cooling during HDF. Cooling prevents vasodilatation
and intradialytic hypotension, thereby improving the
tolerance to dialysis. The dialysate temperature is set
at or within 0.5 degrees of the patient’s body tem-
perature for HDF therapy, and depends on the child’s
tolerance to cooling.

The importance of optimizing convective
volume
A high convective volume is the cornerstone of effective

HDF treatment. The convective volume is the sum of the
net ultrafiltration volume (i.e., the amount of fluid removed
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during a dialysis session based on the inter-dialytic weight
gain) and the amount of sterile replacement fluid infused
into the patient (also called substitution volume). A 32M
reduction ratio over 80% demonstrates the efficiency of
middle molecular weight uremic toxin clearance [25], and
thus implies that an optimal convective volume is applied.
Improved survival in patients on HDF is demonstrated only
when the convective volume exceeds 20 L/session; this has
been shown through randomized controlled trials (RCTs)
in adults [7, 8, 26-28] and a pooled individual participant
data analysis [29]. Based on these RCT data, any treatment
that processes less than 20% of total blood volume does not
qualify as HDF [17].

In children, a target convective volume of 13—15 L/m?%
session in post-dilution mode is aimed for, derived from
adult studies [30]. If the patient has a high hematocrit, pre-
dilution HDF may be considered [31]. Clinicians should
strive for an optimal blood flow, dialyzer surface area, and
dialysis time to achieve the highest possible convective
volume. An optimal convective volume is the convective
volume that is shown to improve survival in adult RCTs
normalized to body surface area for children. This can
be safely achieved with automated control of substitution
flow rate with maximizing filtration fraction throughout
the session, and it is easier to manage for the dialysis
nurses.

How to optimize the convective volume—a
practical guide

Selecting the “HDF mode” on a dialysis machine will not
automatically result in high convective volumes. To opti-
mize the convective volume, it is important to understand
its determining factors. It has been shown that rather than
patient characteristics such as serum albumin, hematocrit,
or body size, the blood flow rate as well as the treatment
time play a greater role in determining convective volume
[27, 32]. Also, the recently published CONVINCE trial [8]
has shown that patients could consistently achieve very high
convective volumes of >25 L/session, although it was a pre-
selected group that was recruited to the trial [27].
Optimizing the convective volume requires:

1. A high blood flow rate (as the filtration fraction is
strongly influenced by the blood flow).

2. Setting an FF of up to 30-35% of the blood flow rate.

3. Optimization of substitution volume which can be per-
formed manually or by automated programs in new
dialysis machines. Practical tips to optimize convective
volume are shown in Table 1. Of note, both the substitu-
tion volume and the FF can be set on machines designed
to perform HDF.
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Table 1 How to optimize the convective volume in HDF

Practical Tips Description

(i) Optimal vascular access
through a fistula
(i1)) Needle size
and patient preference

Both central venous catheters and fistulas can be used for HDF, but higher blood flow is usually achieved

The choice of a fistula needle is based on type, vintage, expansion of the access, bleeding susceptibility,

Use the largest needle size suitable for the access type, with exceptions for initial cannulation

(iii) Avoid single-needle HDF

Single-needle HDF should not be performed. In these systems, arterial and venous line clamps are

alternately opened and closed, leading to a mean blood flow lower than with double-needle procedures.
This may also cause variable transmembrane pressure and FF fluctuation, leading to inadequate and
unpredictable convective volumes

(iv) Access recirculation

An increase in blood flow rate can lead to recirculation, especially in cases of insufficient arterial inflow

or obstruction in the venous outflow tract. Increasing the convective volume through recirculation is

inefficient and undesirable

(v) Effective vs. set blood flow rates The true blood flow rate might be lower than the set value. The discrepancy grows with higher blood
pump speeds due to partial tube collapse at more negative pre-pump pressure. The type of access also
plays a role: for instance, a set blood flow resulted in lower actual flow in a CVC compared to an AVF

(vi) Anticoagulation

Adequate anticoagulation with either unfractionated heparin or low molecular weight heparin is essential

due to the risk of hemoconcentration and clotting within the dialyzer. The optimal dosing is not well-
defined, but higher doses than typically used with both low-flux and high-flux HD might be required
due to the likelihood of altered pharmacokinetics of these agents with large convective volumes as well
as hemoconcentration in the dialyzer in post-dilution mode

HDF, hemodiafiltration; FF, filtration fraction; CVC, central venous catheter; AVF, arteriovenous fistula

4. Monitoring of substitution volume obtained in each ses-
sion.

A blood flow of 5 to 8 mL/min/kg body weight or 150
to 250 mL/m? body surface area per minute is required for
HDF. When HDF treatment is initiated, a starting blood flow
rate of 90 to 100 mL/min in the first HDF sessions is sug-
gested, with increments of 10 mL/min/m? body surface area
(BSA) per week up to 200-250 mL/m?*/min as tolerated.

HDF vs. conventional HD—mechanisms of improved
effects

The following key mechanisms are thought to account for
the benefits of HDF over conventional HD:

1. Clearance of toxins across a wide molecular weight
range leading to improved dialysis efficiency: Sys-
temic inflammation, endothelial dysfunction, and
oxidative stress that are seen in patients on dialy-
sis may be due to circulating toxins such as p2M,
retinol-binding protein, adiponectin, leptin, ghrelin,
cholecystokinin, and cystatin C [27, 33]. HDF clears
middle molecular weight toxins far more effectively
than conventional HD; clearance of the prototype
middle molecule p2M is 70-80% higher compared to
HD [34]. Other middle molecules such as inflamma-
tory cytokines that are involved in inflammation and
oxidative stress are also cleared by HDF [35]. Fur-
thermore, in the 3H study, it was shown that patients

on HDF who lost residual kidney function did not
show an increase in 32M, whereas an increase was
noted in children on HD [10].

II. Improved hemodynamic stability: HDF provides an
innate cooling of the dialysate which may improve
intradialytic hemodynamic stability [36], reduce rates
of intradialytic hypotension [26], and result in fewer
strokes [7] and a faster recovery time post-dialysis
[10].

IIl. Biocompatibility and reduced inflammation: An
increased removal of inflammatory cytokines by HDF
contributes to reduced inflammation and oxidative
stress [16].

Given that HDF treatment achieves superior clearances
of several uremic toxins, some patients, particularly those
who are late presenters to dialysis, may not tolerate HDF
well. These patients may require short daily HD with slow
blood flows and a gradual build-up to HDF treatment over
a few weeks.

The 3H [10] and SWITCH [35] studies have documented
reduced inflammation, oxidative stress and endothelial dys-
function, outcomes that are closely linked to the evolution
and outcomes of cardiovascular disease, as well as growth,
nutrition, and bone health, with HDF treatment compared to
HD. Conventional HD is known to cause a pro-inflammatory
milieu due to increased production and reduced clearance
of inflammatory cytokines by diffusive therapy alone [11,
19]. HDF removes large middle-sized molecules as well
as reduces the production of these molecules in the more
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biocompatible milieu [30]. Inflammatory cytokines such
as high sensitivity CRP, TNF-a, and IL-6 were higher in
HD compared to HDF patients even at baseline [10, 37,
38]. In the HD cohort, IL-6 and hs-CRP increased over
the 12-month study period, while consistently lower levels
were seen in the HDF cohort over the 12-month follow-up
[10, 37, 38], which is consistent with results from trials in
adults [32]. Accordingly, Agbas et al. showed that within
just 3 months of switching HD patients to HDF with all
other dialysis-related parameters left unchanged, a signifi-
cant improvement in the endothelial risk profile was noted,
perhaps due to a decrease in inflammation and increase in
antioxidant capacity [35]. This is in line with other trials
reporting significantly lower values of high sensitivity CRP,
IL-6, TNF-a, and 32M in the long term in pediatric patients
who switched from HD to HDF [6, 11, 19].

Clinical outcomes of HDF compared to HD
in adults on dialysis

Observational studies, registries, and RCTs provide conflict-
ing results on the outcomes of HDF, which to some extent
can be explained by differences in the HD (low vs. high
flux) and HDF techniques, variations in the type of vascular
access, treatment time, actual delivered convective volume,
and patient demographics [7]. A Cochrane review performed
over a decade ago combined outcomes of both HF and HDF
studies as “convective therapies” without differentiating the
convective volumes achieved and did not show a benefit
of HDF over HD [39], highlighting that not all convective
therapies are equal.

In adults, the question of improved cardiovascular out-
comes and a possible survival benefit in patients treated with
OL-HDF compared to those treated with HD was addressed
in five RCTs from Europe [7, 8, 26-28]. Only two RCTs,
the Estudio de Supervivencia de Hemodiafiltraciéon On-line
(ESHOL) [7] and comparison of high-dose HDF with high-
flux HD (CONVINCE) [8] trials showed an a priori benefit
of HDF over HD. In the ESHOL trial, convective volumes
of 23 L/session were achieved and a survival benefit of
high-volume HDF compared to high-flux HD was shown
[7]. Some of the early studies in HDF in adults including
the (CONTRAST) Convective Transport study [27], On-
line Hemodiafiltration study from Turkey [28], and the
FRENCHIE study in elderly dialysis patients [26] aimed
for and achieved lower convective volumes, and could not
show an a priori benefit in improving all-cause or cardiovas-
cular mortality. However, both the Turkish [28] and CON-
TRAST [27] studies on post hoc analysis showed that HDF
patients who achieved a convective volume above > 17.4 L/
session in the Turkish study [28] and > 20 L/session in the
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CONTRAST study [27] had lower all-cause and cardiovas-
cular mortality. A pooled individual participant data analysis
from four large RCTs [7, 26-28], confirmed a risk reduction
of 14% for all-cause mortality and 23% for cardiovascular
mortality by OL-HDF compared to conventional HD [29]
with a dose-response relationship between the convective
volume and survival.

The recently published CONVINCE trial has addressed
survival outcomes in patients on OL-HDF who achieve
optimal convective volume of >23 L/session; this was a
key inclusion criterion to the study, and the mean achieved
convective volume was 25.3 L per session [8]. With 1360
patients from 61 dialysis centers in eight European countries
randomized to receive high-dose HDF or high-flux HD [40],
over a median follow-up of 30 months, the risk of death was
23% higher in patients receiving high-flux HD compared to
those receiving high-dose HDF. In pre-determined subgroup
analyses, the mortality was significantly lower in those with-
out pre-existing cardiovascular disease or diabetes, patients
dialyzing through an arteriovenous fistula, over 65 year olds
and those with a dialysis vintage of less than 2 years, sug-
gesting that patients with fewer comorbidities and very good
vascular access are likely to have better outcomes with HDF
compared to high-flux HD [41], implying that data from this
study cannot be generalized to the wider dialysis population.

Outcomes in children

Several pediatric studies have compared HDF to conven-
tional HD, including low- and high-flux HD modalities.
HDF is now widely used across many centers in Europe,
Canada and Asia, with 58% of children in western Europe
on HDF (personal communication from the International
Pediatric Hemodialysis Network [IPHN] Registry). As
reported from the Italian Registry, HDF use may be limited
to approximately 25% of patients on extracorporeal dialysis,
in particular to those with high dialysis vintage and/ or those
in whom a long waiting time to kidney transplantation is
anticipated [42]. Data from the IPHN has shown that the
global prevalence of HDF use is limited with only 15% of
children around the world on HDF.

While many studies in pediatric HDF have been small,
single-center, and cross-sectional, the 3H study is a multi-
center, non-randomized parallel-arm intervention study
that has prospectively studied nearly 40% of all children on
extracorporeal dialysis across 10 countries in Europe and
North America [10]. Both incident and prevalent patients
between 5 and 20 years of age undergoing post-dilution HDF
or HD on a 4-h per session 3 times per week schedule were
included. The decision to perform HD or HDF was left to
the treating physicians and based on usual center practice.
Efforts to achieve the highest possible blood flow rate in
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both groups and a target convection volume of 12—15 L/m?
BSA in the HDF cohort were goals. The co-primary end
points were an annualized change in carotid intima-media
thickness (cIMT) standard deviation score (SDS) and height-
SDS. Multiple exploratory end points relating to cardiovas-
cular measures, nutrition and growth, and quality of life
were assessed. Key findings from all pediatric studies are
described below and summarized in Table 2 and Fig. 3.

Cardiovascular outcomes

Children are uniquely suited to study the effects of dialysis
treatment due to the high prevalence of sub-clinical car-
diovascular disease [42] and the absence of other health
issues such as diabetes or hypertension that are typically
present in adults [43]. A change in cardiovascular outcomes
(carotid intima-media thickness (cIMT), pulse wave velocity
(PWYV), and left ventricular mass index (LVMI)) on HDF
compared to HD was a primary outcome measure of the
3H study [10]. Within 1 year of HD, the cIMT increased
by 0.41 SDS, whereas there was no change in HDF patients
[10]. Propensity score analysis showed that children on
HD had a+ 0.47 greater increase in annualized cIMT-SDS
change (95% CI 0.07 to 0.87; p=0.02) compared to those
on HDF. Clearance of middle molecular weight uremic tox-
ins as well as improved fluid removal by HDF were corre-
lated with improved vascular outcomes in HDF [10]. Aortic
stiffness, a consequence of arteriosclerosis and vascular
calcification, correlated with the improved fluid control on
HDF [10]. The LVMI was higher in HD compared to HDF
patients at 12 months and correlated with the improved fluid
control as well as higher hemoglobin and a lower PTH on
HDF [10]. Similarly, Fadel et al. have shown that within a
6-month period of moving children from HD to HDF, sys-
tolic function improved and diastolic dysfunction decreased,
but left ventricular mass was unchanged [6]. Inflammatory
processes are also important contributors to cardiovascular
morbidities and described by several authors as part of the
“non-traditional risk factors” for cardiovascular disease [35,
44, 45]. An early and sustained attenuation of inflammatory
markers is seen in patients on HDF compared to HD treat-
ment [6, 35].

Blood pressure control

In the 3H study, 24-h ambulatory blood pressure recordings
were performed at baseline and 12-month follow-up. The
mean arterial pressure (MAP)-SDS was higher and increased
more rapidly in children on conventional HD compared to
those on HDF [10]. Over a 1-year follow-up, there was a
non-significant increase in the MAP of 0.15 SDS in chil-
dren on HDF, whereas the MAP increased by 0.98 SDS
in HD patients [46]. The improved BP control and lower

inter-dialytic weight gain in patients on HDF are likely due
to improved sodium mass transfer and tolerance of UF due
to fewer episodes of intradialytic hypotension.

Furthermore, uncontrolled hypertension was far more
common in children on HD compared to those on HDF, and
no benefit was seen with anti-hypertension medications [46].
Small single-center pediatric studies have not reported sig-
nificant differences between conventional HD and HDF [6,
11, 19]. An observational study suggests that BP, phosphate,
and PTH control improved when children were moved from
nocturnal in-center HD to nocturnal in-center HDF [47].

Importantly, HDF causes fewer intradialytic hemody-
namic changes such as intradialytic hypotension than con-
ventional HD and is therefore a safe and well-tolerated regi-
men [6]. A lower inter-dialytic weight gain in patients on
HDF was directly associated with fewer intradialytic hypo-
tensive episodes, shorter post-dialysis recovery time, and
fewer post-dialysis symptoms such as headaches, dizziness,
and cramps [46]. Improved intradialytic hemodynamic sta-
bility in HDF has also been noted in adult studies [7, 26],
with a reduced risk of strokes.

Bone health

Skeletal problems such as fractures and deformities are com-
mon in patients on dialysis [38, 48]. The 3H study inves-
tigated circulating biomarkers of bone turnover including
bone formation marker bone-specific alkaline phosphatase
(BAP) and bone resorption marker tartrate-resistant acid
phosphatase 5b (TRAPSb). The ratio of the enzymatic activ-
ity of BAP/TRAPSD, implying net bone formation, increased
in HDF patients to a level comparable to healthy children,
but remained unchanged in HD over 12 months [38]. The
fibroblast growth factor 23 (FGF23), a middle molecular
weight toxin, showed a 25% reduction in patients on HDF,
whereas levels increased by over 100% in children on HD
[38]. Although the impact of FGF23 on bone health in chil-
dren is yet to be determined, FGF23 is known to have sev-
eral “off-target” effects on cardiac myocytes [49] with an
increased prevalence of left ventricular hypertrophy. HDF
achieves excellent convective clearance of FGF23, which in
turn may partially explain the lower left ventricular mass in
the 3H study [10] and improved cardiovascular outcomes in
adults on HDF [7]. Some studies have also shown a reduc-
tion in serum phosphate and PTH levels with HDF vs. HD
[11].

Growth and nutritional parameters
The first reports on improved growth on HDF were from Fisch-
bach et al. who showed a dramatic increase in the mean growth

velocity during the first year of HDF [9]. However, these stud-
ies delivered a very high dialysis dose using six times per week

@ Springer
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Table 2 (continued)

18

HDF in pre-dilution mode, and most children also received

% § © growth hormone treatment, making it difficult to discern the
e Z E " o benefits of HDF therapy alone. In the 3H study, patients on
'o'g E %" - g g HDF experienced a small but statistically significant increase
g E g é & in the annualized change in height SDS while it remained static
8 % wo & FE S in patients on HD, independent of growth hormone treatment
é 22 % Té EE ; [10]. The increase in height SDS correlated with serum f2M
s |5 g % % § % % g concentrations, suggesting that clearance of middle MW com-
Elgy,2222 =228 § ] pounds such as endogenous gonadotropin and somatomedin
= %’ § %D ‘éﬁ HED éﬁ 2 'én %D S'E inhibitors as well as inflammatory cytokines may partly allevi-
Ol eoee oo ate resistance to GH in patients on HDF [10], with HDF sug-
v gested to be the perfect “stimulus package” for growth [50].
5 § % These potential anabolic effects of HDF were further confirmed
% g S ) by Ibrahim et al. who showed that children on HDF had signifi-
£ T‘j % ;ma cantly higher height SDS and higher percent changes of height

é %D % % SDS and weight SDS compared to the HD group [11].
= SIg A further post hoc analysis of the 3H study has shown
NEE 2 g that a higher annualized increase in weight SDS was noted in
s § g é i: HDF patients only. Des-acyl ghrelin was independently and
g g % g § negatively associated with height SDS and weight SDS but the
Sla*c "~ study failed to demonstrate a better clearance of anorexigenic

hormones by HDF compared to HD implying there might be
other mechanisms responsible for this [37].

Safety and tolerability

There were no differences in the rate of change of residual
kidney function nor any reduction in serum albumin levels on
HD or HDF treatments in the 3H trial [10].

Lower inter-dialytic weight gain on HDF was noted in the
3H trial. This implies lower ultrafiltration rates per session, in
turn allowing for greater hemodynamic stability, and fewer
adverse symptoms on dialysis [10]. Two RCTs in adults have
shown similar benefits: improved intradialytic hemodynamic

Post hoc analysis of the 3H study

Author, year of publication Patients (n) Study design

=
= stability in HDF is likely to have led to fewer symptomatic
intradialytic hypotensive episodes in the FRENCHIE study in
] a vulnerable population of elderly dialysis patients [26], and
S in the ESHOL study [7], although mechanisms for this are
g poorly understood [51]. However, when patients were blinded
s, to dialysis type in a randomized cross-over trial, there was no
g difference in the patient-reported quality of life scores nor the
gﬂ E post-dialysis recovery time [52].
Ay

Health-related quality of life

Pursuing the goal of having researchers focus on valu-
able outcomes that are of importance to the patients, their
families, and practitioners, the Standardized Outcomes in
Nephrology (SONG-Kids) workgroup has created a list
of outcomes, in which life participation is one of the four
core outcomes [53]. HDF promoted “life participation” by
improving school attendance and physical activity [10, 46].
Children in the 3H trial who were treated with HDF rather

tional Hemodialysis—the HDF,
Heart and Height (3H) study

Indices in Children receiving
Haemodiafiltration vs Conven-

Nutritional and Anthropometric

Title
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cIMT L

PWV

Systolic function
Diastolic dysfunction {,

BP |

Post-dialysis recovery time {,
Headaches, dizziness, cramps
Intradialytic hypotension
Fatigue

School attendance T

Lvmli L « e g
IC[I)(\eAa/ga;Jciof uremic toxins T X Physical activity A

Inflammation: Oxidative Stress:

(91 \V/ N2 AGEs

hs-CRP oxbLd

Growth IL-6 N2
TNFa
Antioxidant capacity T
«— Endothelial dysfunction: L—— Nutrition 7

BAR ¢ Height-SDS b Weight-SDS =5
TRAPSH eight-S SDMA L eight-
FGF23 1

Phosphate ¢,

cIMT, carotid intima-media thickness; 82M, 32-microglobulin; PWV, pulse wave velocity; hs-CRP, high
sensitivity C-reactive protein; LVMI, left ventricular mass index; IL-6, interleukin 6; BP, blood pressure; TNF-a,

tumor necrosis factor alpha; IDWG%, inter-dialytic weight gain percentage; AGEs, advanced glycation end
products; BAP, bone alkaline phosphatase; ox-LDL, oxidized low density lipoprotein; TRAPS5b, tartrate-resistant
acid phosphatase; ADMA, asymmetric dimethyl arginine; FGF23, fibroblast growth factor 23; SDMA, symmetric

dimethyl arginine; SDS, standard deviation score

Fig.3 Outcomes of HDF in children

than conventional HD showed a reduction in the post-dialysis
recovery time and had fewer incidences of headaches, diz-
ziness, and cramps [10]. It is likely that lower ultrafiltration
rates and better hemodynamic stability on HDF led to an
improved vascular refilling during the dialysis session, which
in turn reduced the propensity for hypotensive episodes [10].

Chronic fatigue, reported in up to 60-97% of patients on
long-term dialysis [54], is one of the most common and dis-
tressing symptoms that limits the quality of life of patients
and has been defined as a highly prioritized outcome in
the SONG-Kids initiative [53]. A significant reduction in
the percent change of post-dialysis fatigue frequency was
shown both in the short and long term for HDF patients
[11]. Reduced symptom burden with simultaneous increase
in physical performance is evidence of good tolerability of
treatment with HDF in children.

Conclusion

The existing literature suggests significant potential ben-
efits of HDF over HD in pediatric populations, although
confirmation through randomized trials is required. The
favorable biocompatible milieu, greater clearance of mid-
dle molecular weight uremic toxins, reduced inflamma-
tion, and hemodynamic stability contribute to lower levels
of sub-clinical cardiovascular damage, improved blood
pressure control, improved growth and bone health, and
a better health-related quality of life. While clinical out-
comes are of paramount importance, future studies should
also integrate patient-centered outcomes, economic evalu-
ations, and the environmental impact of different dialysis
modalities.

@ Springer
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Key summary points

1. Children with stage 5 CKD on dialysis face high mortal-
ity and morbidity.

2. HDF, a combination of diffusive and convective trans-
port, enhances clearance of middle molecular weight
uremic toxins, including inflammatory cytokines, and
provides intra-dialytic hemodynamic stability.

3. There is a dose-response relationship between convec-
tive volume and survival in adults on HDF.

4. Pediatric studies demonstrate attenuated cardiovascular
and inflammatory risk profiles, improved growth, BP
control, bone health, and an improved quality of life with
HDF compared to HD therapy.

5. Patients receiving a short duration of dialysis and those
with residual kidney function also have improved out-
comes on HDF compared to HD.

Multiple choice questions
Answers appear following the reference list.

1. Which mode of application of the replacement fluid in
HDF is most commonly used in children and adults?

a) Pre-dilution
b) Post-dilution
¢) Mixed-dilution
d) Mid-dilution

2. Which one of these is not a technical requirement spe-
cific for HDF in children?

a) Ultrapure water

b) High-flux dialyzer

c) Dialysis machines with accurate pressure control

d) Dialysis machines with accurate ultrafiltration con-
trol

3. Which one of these effects is not seen with HDF?

a) Reduction in residual kidney function
b) Clears some inflammatory cytokines
¢) Reduces levels of FGF23

d) Reduces left ventricular mass index

4. Which of these substances is not cleared by HDF?

a) Interleukin-6

b) Fibroblast growth factor 23
¢) Oxalate

d) Indoxyl sulphate

@ Springer

5. Which one of the following statements is true?

a) Post-dialysis recovery time is longer in HDF than in
HD.

b) HDF has a catabolic effect.

¢) In children a target convective volume of 13-15 L/
m?%/session is aimed for in post-dilution mode.

d) Uncontrolled hypertension is more common in chil-
dren on HDF compared to HD.
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