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Abstract

Hemodiafiltration (HDF) combines diffusion and convection to enhance solute removal
compared with hemodialysis (HD). While widely adopted in Europe and parts of Asia,
uptake elsewhere remains limited due to regulatory, reimbursement, and infrastructural
constraints. Recent randomized trials, large observational studies, and meta-analyses have
renewed interest in HDF, particularly post-dilution HDF achieving convection volumes
of >23 L/session, in which the most consistent clinical benefits have been observed. This
review summarizes the mechanistic rationale, clinical effects, and safety profile of high-
volume HDF. Compared with HD, HDF provides consistently superior removal of middle
molecules, whereas clearance of protein-bound uremic toxins (PBUTs) remains constrained
by albumin binding and compartmental redistribution, resulting in only modest or variable
advantages. Emerging strategies aimed at releasing or capturing PBUTs may address this
gap. Beyond solute removal, evidence suggests that HDF may lower micro-inflammation
by enhanced clearance of inflammatory mediators and reduced immune activation. When
delivered with adequate infrastructure, monitoring, modern equipment, ultrapure fluids,
trained staff, appropriate vascular access, and anticoagulation, high-volume HDF has a
favorable safety profile and is associated with fewer intradialytic hypotension (IDH) events
and improved treatment tolerability. Available evidence has not identified a consistent
excess risk of device- or infection-related complications, although comparative data remain
limited. Overall, current evidence supports clinically relevant advantages of high-volume
HDF under optimal treatment conditions. However, important challenges remain, particu-
larly the limited removal of PBUTs, underscoring the need for further innovation in uremic
toxin management.

Keywords: small-molecule solutes; middle-molecule solutes; protein-bound uremic toxins;
inflammation; safety

Key Contribution: This review clarifies where the addition of convection in HDF provides
meaningful advantages over HD, particularly with respect to middle-molecule clearance,
hemodynamic stability, and attenuation of chronic micro-inflammation. At the same
time, it critically examines the persistent limitations in PBUT removal, demonstrating
that enhanced convection alone is insufficient to overcome the constraints imposed by
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albumin binding and compartmental kinetics. By synthesizing evidence from randomized
trials, real-world cohorts, and physiological studies, the review defines the safety profile,
trade-offs, and practical considerations of modern HDF and highlights emerging strategies
aimed at addressing current therapeutic gaps, thereby informing clinical practice and future
innovation in dialysis therapy.

1. Introduction

HDF is emerging as an important modality in chronic dialysis treatment worldwide;
though its adoption varies widely across the globe [1]. In Europe and Asia, its use rapidly ex-
panded supported by national guidelines and increasing familiarity with the modality. Fur-
thermore, HDF is gaining momentum in developing countries, reflecting growing clinical
interest and efforts to integrate the modality despite economic and technical constraints [2].

In contrast, adoption of HDF in the United States remains minimal as of 2026. The
publication of the CONVINCE trial [3], followed by large cohort studies of adults treated
across Europe, the Middle East, and Africa [4,5], renewed the global interest and prompted
pilot programs and quality improvement initiatives aimed at evaluating feasibility, safety,
and clinical outcomes in USA dialysis clinics [6].

This review summarizes current evidence regarding the adoption, mechanistic ratio-
nale, efficacy, safety, and implementation of HDF, with the aim of highlighting its potential
benefits and informing its broader integration into clinical practice.

2. What Accounts for Globally Diverse Adoption Rates of HDF?

The globally diverse adoption of HDF is shaped by a combination of clinical, technical,
economic, and health-system factors.

Clinically, randomized and pooled analyses, e.g., ESHOL [7] and CONVINCE [3],
along with recent meta-analyses [8,9], show that HDF reduces all-cause mortality versus
conventional HD, particularly when higher convection volumes (>23 L/session in post-
dilution) are achieved [10]. This evidence has encouraged broader uptake in regions
capable of operationalizing high-volume HDF in routine practice. Large real-world datasets,
including national registries such as the Renal Epidemiology and Information Network
(REIN) in France [11], the Australia and New Zealand Dialysis and Transplant Registry [12],
and the Japanese Society for Dialysis Therapy Renal Data registry [13], further reinforce
these survival signals and highlight consistent benefits across diverse patient populations.

Technically, HDF requires operating an HDF-capable machine, maintaining a validated
ultrapure water system, and establishing workflows that sustain high blood-flow rates
and safe filtration fractions. Recent optimization studies show that modern automation,
such as tailoring the dialysate-to-blood flow (Qd/Qb) ratio to approximately 1.2 and using
automated substitution control, can maintain high convective efficiency without increasing
dialysate consumption [14]. These advances help lower the technical hurdles and resource
concerns that limit HDF adoption.

Economically, upfront investments in HDF-enabled platforms, as well as potentially
higher operating costs, remain important constraints for many dialysis providers. Where
reimbursement structures recognize clinical value, adoption tends to accelerate. In resource-
limited settings, clinicians have pursued lower-cost, resource-adapted approaches (e.g., sim-
plified dilution schemes) to introduce convective therapy within budgetary constraints [2],
underscoring financing and affordability as a primary determinant of diffusion.

Health-system and regulatory factors also play a critical role. Clear guidance and
regulatory pathways catalyze implementation (e.g., European consensus and national
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recommendations), whereas delayed regulatory clearance has slowed adoption in some
markets such as the United States. However, uptake is influenced by a broader set of factors
beyond regulation alone. Reimbursement policies, the costs of upgrading and maintaining
ultrapure water systems, investment in HDF-capable equipment, staffing requirements,
workflow complexity, and the need for training and ongoing quality assurance may all limit
implementation. Historically, the absence of strong incentives to convert from conventional
HD to high-volume HDF has further contributed to heterogeneous adoption across health-
care systems. Importantly, where large provider networks and registries, such as REIN,
Europe, Middle East, and Africa (EMEA) NephroCare, and European Clinical Database
(EuCliD), support standardized protocols and outcome benchmarking, HDF transitions
more readily from pilots to routine practice [11,15-17].

The recent publication of the CONVINCE trial [3,18], together with the 2025 ERA
EuDial Consensus Statement [19], is likely to further influence global adoption of HDF
by providing additional support for the use of high-volume HDF in appropriately de-
livered treatment settings. However, successful implementation remains dependent on
adequate infrastructure, treatment quality, reliable vascular access, ultrapure water, and
local expertise, which are likely to remain key determinants of its worldwide uptake.

3. Uremic Retention Solute Removal with HDF

The accumulation of uremic retention solutes contributes significantly to the high
morbidity and mortality associated with end-stage kidney disease (ESKD). The effective
removal varies considerably according to physicochemical properties and the dialysis
modality employed. Low-flux HD relies almost exclusively on diffusive transport, whereas
high-flux HD uses more permeable membranes that allow limited convective clearance
of larger solutes [20]. High-volume HDF combines diffusion with substantial convec-
tion (>23 L/session in post-dilution) by incorporating large-volume ultrafiltration and
simultaneous reinfusion of substitution [21,22].

3.1. Role of Convection for Clearance of Small Water-Soluble Uremic Retention Solutes

Uremic retention solutes are traditionally categorized into three groups: small water-
soluble compounds, middle molecules, and PBUTs [23]. Small water-soluble compounds,
such as urea and creatinine, are efficiently cleared by diffusion. The additional convective
component in HDF may provide marginal improvements to the clearance, but these gains
are generally clinically less relevant, as adequacy targets (e.g., Kt/ V) can be achieved with
high-flux HD [24]. Phosphate, although a small solute, may behave differently due to
its predominantly intracellular distribution and post-dialysis rebound kinetics. Studies
suggest HDF to achieve increased phosphate removal compared to high-flux HD (estimates
state up to 15% higher removal); however, if this translates into better long-term serum
phosphate control warrants focused studies [19,25].

3.2. Removal of Middle-Molecule Uremic Toxins

Middle-molecule uremic toxins are generally defined as solutes with molecular
weights between 500 Da and 60 kDa [23]. In contrast to small water-soluble compounds,
the removal of middle molecules is most strongly affected by convection, and more specif-
ically depends on membrane pore size. Naturally, HDF consistently achieves superior
clearance compared to HD, particularly in post-dilution with achieved convective volumes
of >23 L/session. As the most often referenced example, 32-microglobulin (32M, 11.8 kDa)
shows markedly higher reduction ratios (~10-20%) with HDF compared with high-flux
HD [26-28]. HDF also enhances the removal of other clinically relevant middle molecules,
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including free light chains (k-FLC, A-FLC), and cytokines such as interleukin 6 (IL-6) and
tumor necrosis factor o« (TNF-) [29,30].

Expanded hemodialysis (HDx), using medium cut-off (MCO) membranes, has
emerged as an alternative approach to enhance middle-molecule removal through mem-
brane design rather than high-volume convection and substitution fluid. Comparative
studies have consistently shown that HDx achieves substantially greater single-session
removal of middle molecules than conventional high-flux HD, including 32M, FLCs, myo-
globin, and other larger uremic solutes [31,32]. However, direct comparisons between HDx
and high-volume HDF have generally demonstrated broadly comparable middle-molecule
removal [33-35], although some studies have reported greater clearance with high-volume
HDF for selected middle molecules, including 32M and FLCs [32,36]. Overall, current
evidence indicates that both HDx and high-volume HDF substantially improve middle-
molecule clearance compared with conventional high-flux HD, but does not establish
the superiority of either modality across the spectrum of middle molecules. Accordingly,
HDx and high-volume HDF may be viewed as complementary approaches that achieve
enhanced removal of middle molecules through different mechanisms [37]. Nevertheless,
differences in single-session removal metrics should be interpreted cautiously, as enhanced
intradialytic removal does not necessarily translate into lower long-term pre-dialysis con-
centrations or improved clinical outcomes.

3.3. Elimination of PBUTs

PBUTs represent the most challenging category of uremic retention solutes due to their
extensive and reversible binding to plasma proteins, predominantly albumin. Only the
unbound fraction is available for dialytic removal, which fundamentally limits clearance
irrespective of dialysis modality.

PBUTs are not irreversibly attached to albumin but are reversibly bound through
non-covalent interactions, including hydrophobic forces, electrostatic interactions, and
hydrogen bonding [23,38]. Their distribution between bound and free fractions is governed
by a dynamic dissociation equilibrium:

Albumin + Toxin = Albumin-Toxin

This equilibrium is characterized by a dissociation constant (K_D) and reflects contin-
uous exchange between both fractions [39]. During dialysis, removal of the free fraction
lowers its plasma concentration, thereby shifting the equilibrium toward dissociation
according to the law of mass action [39]. Additional toxins are released from albumin
and become available for clearance. However, because albumin concentration is high
and binding affinity is substantial, protein binding remains the principal limiting factor
for PBUT elimination [39]. This thermodynamic constraint applies equally to HD and
HDF (Figure 1A) [39,40].

Comparative clinical and crossover studies consistently demonstrate that PBUTs
such as indoxyl sulfate (IS) and p-cresyl sulfate (pCS) exhibit only transient or modest
improvements in removal with HDF compared with high-flux HD [41]. Different convec-
tive volumes appear to contribute to these gains. For example, Duval-Sabatier et al. [42]
reported enhanced pCS removal at post-dilution HDF with substitution volumes of approx-
imately 17 L, and Lima et al. observed greater reductions in circulating IS and pCS with
post-dilution HDF delivering convection volumes of >27.5 L [43]. However, the clinical
significance of these quantitative differences remains uncertain and requires further studies.
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Figure 1. Key mechanisms limiting PBUT removal during dialysis and potential strategies to over-
come them. (A) Equilibrium shifts between albumin-bound and free PBUT fractions during dialysis.
Only the free fraction can cross the dialyzer membrane and be removed, resulting in continuous
dissociation of PBUTs from albumin to re-establish equilibrium. (B) Intercompartmental redistribu-
tion of PBUTs between tissue and vascular compartments during and after dialysis, contributing to
post-dialysis rebound in plasma concentrations. (C) Emerging strategies to enhance PBUT removal by
increasing PBUT availability (e.g., binding-displacement approaches) and improving PBUT capture
(e.g., adsorptive and novel membrane-based technologies).

3.4. Impact of Compartmental Distribution and Rebound Kinetics on Uremic Toxin/PBUT Remouval

Beyond membrane properties and transport mechanisms, dialysis efficacy is strongly
influenced by the distribution of solutes across body compartments. Many uremic toxins
are not limited to the intravascular space but are also present in interstitial and intracel-
lular compartments. Since dialysis mainly clears the plasma pool, this heterogeneous
distribution inherently limits total solute removal [44]. During dialysis, rapid reduction
in plasma concentrations creates gradients that drive solute movement from extra- to
intravascular compartments (Figure 1A). However, intercompartmental transfer is often
slower than extracorporeal clearance. After dialysis ends, continued redistribution leads
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to a rise in plasma levels (“rebound”) [45-47]. The magnitude of this rebound depends
on the volume of distribution, transfer rates, and intracellular storage. Solutes with large
distribution volumes and slow equilibration are particularly affected [48]. Phosphate is a
classic example: despite efficient removal during dialysis, serum levels increase again due
to redistribution from intracellular stores (“phosphate rebound”). Because dialysis mainly
clears the extracellular compartment, this limits net phosphate removal and complicates
long-term control [49-51]. Similar mechanisms apply to middle molecules and, to a lesser
extent, PBUTs [39]. While PBUT removal is primarily constrained by protein binding, their
extravascular distribution adds another kinetic limitation (Figure 1B). Even when the free
fraction is cleared, delayed redistribution can reduce net removal. In high-volume HDF,
enhanced convective transport increases intravascular clearance but does not accelerate in-
tercompartmental transfer. Therefore, higher extracorporeal clearance does not necessarily
result in proportional increases in total removal from the body. Overall, dialysis efficacy
reflects the interplay between clearance, intercompartmental mass transfer, and treatment
time and frequency. Approaches that better account for slow redistribution, such as longer
or more frequent dialysis, may improve net solute removal more effectively than simply
increasing instantaneous clearance.

In addition to convection-based strategies, several emerging approaches aim to en-
hance PBUTs clearance by increasing the availability of the free PBUT fraction, including
the use of chemical displacers, high ionic strength, or pH modulation to interfere with
albumin binding (Figure 1C) [52]. Moreover, adsorptive techniques and sorbent systems, or
novel mixed-matrix membranes, along with experimental bioartificial kidney systems, are
being explored to further augment PBUT removal, although substantial challenges remain
before these methods can be applied clinically [52].

In summary, the efficiency of uremic toxin removal is determined not only by dialysis
modality but also by the physicochemical properties and kinetic behavior of individual
solutes. While diffusion-based therapies adequately clear small water-soluble compounds,
convection, particularly as implemented in high-volume HDF, provides clear advantages
for the removal of middle molecules. In contrast, PBUTs remain largely refractory to
dialytic elimination because of strong protein binding and unfavorable distribution kinet-
ics, which limits the incremental benefits of increased convective clearance. Furthermore,
multicompartmental distribution and post-dialysis rebound substantially constrain net
solute removal across all toxin classes, underscoring that higher instantaneous clearance
does not necessarily result in greater total elimination. Future strategies to improve uremic
toxin control will therefore require approaches that address protein binding, compartmen-
tal kinetics, and treatment time and frequency, rather than relying solely on enhanced
extracorporeal clearance.

4. Inflammation and HDF

Chronic inflammation is a major burden for dialysis patients and a central contributor
to the high morbidity and mortality rates [53-56]. While strong evidence linking improved
patient survival to an improved inflammatory status in patients treated with high-volume
HDF is lacking, biomarker studies indicate that HDF may be associated with a lower in-
flammatory burden. Proposed mechanisms include enhanced elimination of inflammatory
cytokines and complement factors, as well as reduced immune cell activation as compared
to standard HD treatments (Figure 2 and Table 1).
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Figure 2. Proposed effects of high-volume HDF on inflammation. Conceptual illustration of in-
flammatory biomarkers and pathways that have been reported to be influenced by HDF, including
circulating cytokines (e.g., IL-6, TNF-c), complement factors (e.g., complement factor D) and immune
cell activation (e.g., proinflammatory CD16+ monocytes).

4.1. Reduction in Inflammatory Toxins by HDF

Uremia is characterized by an accumulation of inflammatory mediators due to the loss
of renal clearance and by increased generation of these mediators through repeated immune
activation during dialysis procedures. As highlighted in this section, high-volume HDF
may reduce this inflammatory stress during each session, resulting in sustained benefits for
the patients.

Elevated levels of cytokines such as IL-6, TNF-« and interleukin 13 (IL-13) are
associated with lower patient survival, and increased clearance of these compounds
has been suggested as a potential contributor to the survival benefits observed with
HDF [57]. When comparing the impact of treatment modality on the inflammatory status,
results from the randomized controlled CONTRAST (CONvective TRAnsport STudy) trial
among 405 patients demonstrated that—over three years of follow-up—concentrations of
C-reactive protein (CRP) and IL-6 increased in patients treated with low-flux HD whereas
the levels remained stable in patients treated with HDF, with a delivered convection vol-
ume of <23 L/session [58]. Similarly, the prospective observational RISCAVID (RISchio
CArdiovascolare nei pazienti afferenti all” Area Vasta In Dialisi) study among 757 patients
and 30 months of follow-up found significantly lower IL-6 levels in patients treated with
high-volume HDF as compared to HD [59]. Other markers of inflammation and oxidative
stress, including TNF-«, IL-18, oxidized LDL, advanced glycation end-products and reac-
tive oxygen metabolites, have also been investigated in the context of HDF and generally
show lower levels with this modality [60-63].
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4.2. Reduction in Complement Activation by HDF

Activation of the complement system is a common undesired effect during HD and
contributes substantially to the inflammatory burden of patients [64-69]. Contact of blood
with the artificial surfaces of the extracorporeal circuit primarily triggers the alternative
pathway of the complement cascade, leading to the generation of complement components
such as complement factor D, C3a, C5a and the terminal cytolytic membrane attack com-
plex C5b-9 [64—69]. These factors promote inflammation by further activating leukocytes,
platelets and the coagulation process.

HDF may be beneficial by improving the removal of complement factors. In a prospec-
tive, randomized clinical trial, Ward et al. compared the removal rate of complement
factor D between online post-dilution HDF and high-flux HD among 45 patients over a
follow-up time of 12 months [70]. HDF achieved significantly higher removal rates than
HD and was associated with a significantly stronger decrease in pre-treatment comple-
ment factor D plasma concentrations over time [70]. These findings were confirmed in
a recent crossover clinical trial among 20 patients who were treated with two different
dialyzer types during HDF and HD, respectively [71]. For both dialyzer types, the HDF
treatments were associated with higher removal rates of complement factor D as compared
to HD treatments.

Besides better removal of complement factors, high-volume HDF may also attenuate
complement activation by using ultrapure fluids and higher ultrafiltration rates, thereby
minimizing back-filtration and potential endotoxin transfer which may occur with standard
high-flux HD [30].

4.3. Reduction in Immune Cell Activation by HDF

Patients with ESKD exhibit profound immune dysregulation, including both func-
tional impairments and shifts in immune cell populations [72-74]. The repeated contact
of blood cells with artificial surfaces during dialysis contributes to this immune dysregu-
lation. Within minutes of treatment initiation, leukocyte counts in the peripheral blood
drop due to transient adherence to the patient’s vasculature [73,74]. Among these cells,
a subpopulation of CD16-expressing monocytes (intermediate CD14++CD16+ and non-
classical CD14+CD16++ monocytes) show the most pronounced decline during dialysis
treatments. Importantly, cell counts of CD14++CD16+ monocytes are highly elevated in
dialysis patients and independently predict cardiovascular events and mortality [75]. These
cells have a high proinflammatory potential, producing ROS, IL-13 and TNF-«, and their
differentiation is promoted by uremic conditions [76-78].

Therefore, strategies to reduce these cells, especially in dialysis patients, may help to
mitigate the excessive cardiovascular risk in ESKD patients. In a prospective crossover
study in 31 patients alternating between high-flux HD and high-volume HDF over four
successive 4-month periods, the number of CD16-expressing monocytes was significantly
lower during the HDF periods compared to the HD periods [79]. The lower cell counts of
CD16-expressing monocytes were also accompanied by lower IL-6 and TNF-« levels. These
results were confirmed in a clinical study with 15 dialysis patients who were switched
from high-flux HD (baseline) to HDF and back to high-flux HD, both periods lasting
4 months each [80]. During the HDF period, the numbers of CD16-expressing monocytes
were significantly lower than during baseline and the following HD period. Moreover,
monocyte-derived dendritic cells showed lower activation during HDF as compared to HD
in a longitudinal clinical study involving 31 dialysis patients, with each treatment modality
applied over a four-week period [81].
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Table 1. Overview of studies comparing inflammatory markers in HD vs. HDE.

Category Study Study Design 1\1;3::;‘; Follow-Up Comparison Biomarker Study Results
den Hoedt
etal., 2014 Randomized 405 3 vears orﬁ?rr(:ﬂ(l)lsxt—lgi[l)u‘t,iso'n CRP IL-6 CRP and IL-6 increased in HD and
[CONTRAST] clinical trial Y pHDF ! remained stable in HDF
[58]
Panichi et al., Prospective bicarls;tc?r?:t:rl?lD Vs
2008 : . o IL-6 reduced in online HDF versus
[RISCAVID] observational 757 30 months HDF with sterile CRP, IL-6 HD and HDF with bags
[59] study bags vs.
high-volume HDF
Inflammatory . IL-6, IL-10, CRP,
tox.ins ffmd Agbas et al., oizziggg(l)‘riﬂ » 3 months per High-flux HD vs. nitrotyrosine, AGEs, o(;ill),)ﬁ?elz[i’e i?yﬁb?ﬁisé
oxidative 2018 [60] d treatment modality online HDF ox-LDL, ADMA, . d in HDF g
stress study SDMA, TAC increased in
Filiopoulos — Prospective Post-dilution HDF  TAC, d-ROMs, SOD, ~ d-ROMs, CRP decreased and TAC
et al., 2008 observational 9 9 months . . .
[61] study vs. baseline (HD) CRP, IL-6 increased over time
. Prospective — .
Fischer et al., . HD vs. post-dilution IL-6, TNF-o, CRP lower at baseline
2021 [62] Obsesrt‘l’fg;‘ml 144 12 months HDF IL-6, TNF-o, CRP and after 12 months with HDF
Kuo et al., Prospective Online post-dilution ¢ 17 18 TNF., IL-18 and TNF-« decreased
observational 17 6 months HDF vs. baseline .
2008 [63] study (HD) CRP over time
. q Higher removal rates and stronger
. Online post-dilution .
Ward et al., Randomized 45 12 months HDF vs. high-flux Complement decrease in pre-treatment
2000 [70] controlled trial I'_IDg factor D complement factor D levels over
Complement time with HDF
activation 4 weeks (2x HD and 2x Online post-dilution
Elsayed et al., Prospective 20 HDF) with two-week HDF Vi high-flux Complement Higher removal rates of
2024 [71] crossover study washout period i) factor D complement factor D with HDF

between sessions

HD
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Table 1. Cont.

Category Study Study Design 1\1;3::;‘; Follow-Up Comparison Biomarker Study Results
Carracedo Prospective 16 months Online HDF vs. CD16-expressing Lower number of CD16-expressing
et al., 2006 crossover stud 31 (4 x 4 months, high-flux HD monocytes monocytes with HDF

[79] y following baseline) & y y
Immung cell ' Ramirez et al., Prospective 15 8 mogclrlrsl(féarﬁ?nths Online HDF vs. CD16-expressing Lower number of CD16-expressing
activation 2007 [80] crossover study follIc))wing basel};,n o) high-flux HD monocytes monocytes with HDF
Rama et al., ProsP ect.1ve 8 months (4 months Online HDF vs. Monocyte-derived Lower ?Ctlvatlon 9f i
2016 [81] longitudinal 31 per modality) high-flux HD dendritic cells monocyte-derived dendritic cells
study with HDF

HD: hemodialysis, HDF: hemodiafiltration, CRP: C-reactive protein, IL: Interleukin, AGEs: advanced glycation end-products, oxLDL: oxidized low-density lipoprotein, ADMA:
asymmetric dimethyl arginine, SDMA: symmetric dimethyl arginine, TAC: total antioxidant capacity, d-ROMs: reactive oxygen metabolites, SOD: superoxide dismutase, TNF-«: tumor

necrosis factor «.
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In summary, increasing evidence suggests that HDF may reduce the inflammatory
burden of dialysis patients by improving the removal of inflammatory toxins, comple-
ment factors as well as attenuating immune cell activation compared to conventional HD.
However, the available evidence is derived largely from observational studies focusing on
biomarkers, and a causal link between these findings and improvements in hard clinical
outcomes is still lacking.

5. Patient Safety with HDF

Dialysis patients are vulnerable to acute and chronic treatment-related complications,
so any dialysis modality must demonstrate not only efficacy but also a sustainable safety
profile. It is therefore crucial to understand where HDF provides clear safety benefits,
where specific risks may arise, and how these can be mitigated. The following section
examines safety aspects across acute and chronic complications, systemic and technical
safeguards, device-related events, and patient experience (see also Table 2). Emphasis
is placed on mechanistic explanations for the differences between the modalities and on
practical implications for safe implementation.

5.1. Acute Risks
5.1.1. IDH and Hemodynamic Stability

Episodes of IDH are common complications of HD [82] associated with reduced
quality of life (QoL), increased risk of myocardial ischemia, cerebral hypoperfusion, higher
mortality, and rehospitalization [30,83-86]. IDH is an objectively defined complication with
distinct pathophysiology, clear prognostic importance, unlike other mostly patient-reported
dialysis symptoms (e.g., cramps, nausea, headache, fatigue, itching). Conventional high-
flux HD exhibits higher IDH rates than high-volume HDEF, as seen in multiple studies
such as ESHOL HOLLANT and Italian Convective [7,87-92]. This hemodynamic stability
may be explained by the convective component of HDF, which supports plasma refill and
reduces thermal stress [30,85,86,90,93].

5.1.2. General Dialysis-Related Symptoms

Cramps, nausea, headaches, dizziness, pruritus, and post-dialysis fatigue reduce the
QoL of patients and can impair adherence, such as early termination of treatment ses-
sions [94-98]. Patient-reported outcome (PRO) data from CONVINCE and subsequent
analyses demonstrate that patients treated with high-volume HDF report fewer intradi-
alytic symptoms and shorter recovery times [99]. These differences may be explained
by the underlying physiology: improved hemodynamic stability limits symptomatic hy-
potension and cramp-provoking ischemia; enhanced convective clearance reduces the
burden associated with middle molecules (e.g., cytokines, $2M), such as malaise and
fatigue [14,30,99]. Collectively, controlled trials and mechanistic reviews indicate that toler-
ability during and after treatments is superior with high-volume HDF than with standard
HD treatments [89,99-103].
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Table 2. Safety differences in HD vs. high-volume HDF.

Category Safety Aspect ngl}_-l\]/)oliume Quantitative Evidence Level of Evidence Rati(ly\ﬁ:fgg:ﬁents Re ffr?r’nces
Symptomatic hypotension significantly lower (OR 0.46; 95%
CI: 0.33-0.63, p < 0.001) [87] and Rate Ratio (0.72; 95% CI:
0.68-0.77; p < 0.001) [7]. HDF improves plasma refill and
IDH 1 Less frequent Number of early-onset IDH episodes less frequent RCTs reduces thermal load, leading to [7,30,87-89]
(0.32/session vs. 0.10/session; p = 0.001) [88]. more stable hemodynamics.
Asymptomatic hypotension reduced (OR 0.87, 95% CI:
0.79-0.95, p = 0.002) [89]
Enhanced middle-molecule
Acute Risks General 1 Fewer Higher satisfaction level with less cramps, itching, joint pain clearance and better
dialysis-related symptoms, and stiffness, and post-dialysis fatigue (p < 0.001) [100]. RCTs hemodynamic control may [30,89,99,100]
symptoms faster recovery Fewer episodes of muscle cramps (p = 0.03) [89] contribute to improved
tolerability in HDF.
Serum phosphate reduced (3 = —0.36 mg/dL, 95% CI: Convective transport increases
. —0.65 to —0.06, p = 0.02 [104], 1.53 & 0.53 mmol/L in HD vs. . phosphate clearance and may
Elesig’tlsyte Ie};:(g)i‘g 1.42 £ 0.61 mmol/L in HD, p < 0.001 [105]; RCT/ Stzsgg’sa“mal improve phosphate control; risk  [25,104-107]
51+ 1.0 mg/dL in HD vs. 4.0 & 0.7 mg/dL in HDF; of hypophosphatemia
p <0.0001 [106] requires monitoring.
All-cause mortality significantly reduced: CONVINCE
study (HR = 0.77; 95% CI: 0.65-0.93; p = 0.005) [3]; ESHOL
study (HR = 0.70; 95% CI: 0.53-0.92; p = 0.01) [7];
CONTRAST study (exploratory high-volume/on-treatment
analysis, HR = 0.62; 95% CI: 0.41-0.83; p = 0.01) [108];
. Turkish OL-HDF study (subgroup >17.4 L/session, .
T Lower risk RR = 0.54, 95% Cl:y0.31—§.93,5 =0.02) [109]. RCTs/Post-hoc ~ 1ugh-volume HDF reduces IDH,
Mortalit (with hl.gh Infection-based mortality significantly reduced: RCT analysis/IPD system.1c 1nﬂammat10n, and .clears [3,7,9,10,30,
Y convection . . Y s1g y Y . cardiotoxic solutes, lowering 108,109]
volumes) CONVINCE study (including COVID-19, HR = 0.69; 95% CI: Meta-analysis mortality.
Chronic Risks 0.49-0.96), [3]; ESHOL study (HR, 0.45; 95% CI: 0.21-0.96; ’
p=0.03) [7].
Cardiovascular mortality significantly reduced:
ESHOL study (HR, 0.67; 95% CI: 0.44-1.02; p = 0.06) [7];
Turkish OL-HDF study (subgroup >17.4 L/session,
RR =0.29, 95% CI: 0.12-0.65; p = 0.003 [109]
. .. Superior clearance of 32M in HDF
p2M/amyloidosis aCctlIrﬁ:r:trion Slgm?ﬁ;ni i)egzzcgt;;: gll:ng%a:(:l(l)l,g;lpszIz)é(;g)n[lfls(;}rgery RCTs may reduce amyloidosis [110-114]

progression risk.
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Table 2. Cont.
High-Volume o . . Mechanistic Key
Category Safety Aspect HDF Quantitative Evidence Level of Evidence Rationale/Comments References
Convective transport in HDF
Amino Slight] Mechanistic and leads to mild amino acid and
acid/peptide . shty — clinical metabolic peptide losses, usually clinically [115,116]
increased losses . T
losses studies insignificant but may be relevant
in malnourished patients.
.. Higher normalized protein
Nutritional . . . . . .
markers T Higher Normalized protein appearance increased (mean difference RCTs appearance may reflect improved [117]
protein intake 0.26 g/kg/day, 95% CI: 0.05-0.47; p = 0.002) [117] protein intake and maintenance of
(nPNA) . .
nutritional status during OL-HDE.
. Rex.ne.w—based Mechanical stress or overheating
. Rare in both clinical and .
Hemolysis . — . can cause hemolysis; modern QA [118,119]
modalities mechanistic . .
. minimizes risk equally.
evidence
Membrane o HDF uses hlgher-qua.hty
. . Mechanistic membranes and online
leaching & Lower risk - . L . . [120]
toxin retention evidence substitution fluid, reducing
backfiltration and leaching risks.
Dialysis Pyrogenic Rare (ultrapure Observationaland ~ Modern ultrapure systems keep
Procefiure—and r)e,acgons water) in both — technical / process risk of microbial contamination [119,121,122]
Equipment- modalities evidence very low in both modalities.
Related
Adverse Events Clotting & Sliehtly higher Mechanistic and Higher filtration fractions increase
(ADEs) thrombogenic- & riysk & - review-based clotting risk in HDF without [123]
ity clinical evidence optimized anticoagulation.
Observational Access complications occur
Vascular access ~ Comparable in . similarly; HDF’s more stable
.. e — evidence/expert . [124,125]
complications  both modalities review hemodynamics may protect
vascular access over time.
Mechanical & .Shghtly Expert HDF requires r.nodes’F add1t.1on.al
. increased . . machine function; failure risk is
technical . - review /technical .. . [20]
. technical . strongly minimized by preventive
failures . evidence
requirements

maintenance and staff training.
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Table 2. Cont.
High-Volume o . . Mechanistic Key
Category Safety Aspect HDF Quantitative Evidence Level of Evidence Rationale/Comments References
Significant improvement in cognitive function (Delta/Mean
. change = 2'9.5 pomnts, 95% CI:. 1.06—4..84,.;7 < 0'05.) and Patients report better tolerability,
improvement in physical function, social interaction and . . ... .
. Treatment . RCTs/Observational improved cognitive function, less
Patient - 1 Often pain interference) [99]. . : . . [30,99,100,
. tolerability & . . . h . . studies/Meta- fatigue, and improved recovery in
Experience QoL improved Higher satisfaction level with improvement in general analvsis of RCTs HDE with high 126,127]
mood, sexual performance and social activity (Mean 4 SD y &

94 4+9vs.28+16,57 +10vs. 5£5,82 +9vs. 15£8,
p < 0.0001, respectively) [100]

convection volumes.

Acronyms used: HD, hemodialysis; HDF, hemodiafiltration; OL, Online; IDH, intradialytic hypotension, nPNA, normalized Protein Nitrogen Appearance; QA, Quality assurance;
OR, odds ratio; 32M, p2-microglobulin; dL, deciliter; p, p-value; HR, hazard ratio; RR, relative risk; CI, confidence interval; SD, standard deviation; QoL, quality of life; RCT, randomized
controlled trial; IPD, individual participant data. Symbols indicate the direction of effect only where comparative clinical evidence is available: 1 indicates a more favorable outcome with
HDF. No directional symbol is assigned where comparative evidence is insufficient or primarily mechanistic, observational, or expert-based.
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5.1.3. Electrolyte Shifts and Osmotic Imbalance

Both modalities are effective in removing small solutes such as phosphate, sodium and
potassium. While the convective component of HDF may enhance phosphate clearance
beyond diffusion alone, sodium and potassium removal remains predominantly diffusion-
driven, with no consistent additional benefit from convection [25,104-108,128-130]. Aug-
mented phosphate clearance with high-volume HDF may be advantageous in patients with
persistent hyperphosphatemia associated with the risk of vascular and valvular calcifica-
tion, a common challenge in dialysis populations frequently requiring phosphate binder
therapy. While higher intradialytic phosphate removal can lead to lower post-dialysis
levels, clinically relevant sustained hypophosphatemia appears uncommon when dialysis
prescription and nutritional status are appropriately monitored [86,131,132].

5.2. Chronic Risks
5.2.1. Mortality

Multiple randomized trials, meta-analyses, and observational studies suggest an asso-
ciation between high-volume HDF and lower all-cause, infection-related, and cardiovas-
cular mortality compared with high-flux HD [3,7,9,10,12,13,19,109,133-137]. Importantly,
these survival benefits appear most apparent when sufficiently high post-dilution convec-
tion volumes are achieved. Although the most consistent survival advantages across ran-
domized trials and meta-analyses have generally been observed at post-dilution convection
volumes of approximately 23 L/session or higher, the Turkish OL-HDF Study suggested
survival benefit already at lower achieved convection volumes (>17.4 L/session) [109].
However, studies with lower mean delivered convection volumes overall have otherwise
shown less consistent or neutral primary mortality outcomes [89,108,109]. Notably, al-
though the primary intention-to-treat analysis of the CONTRAST trial was neutral for
all-cause mortality (HR 0.95; 95% CI 0.75-1.20), an exploratory on-treatment analysis sug-
gested improved survival among patients achieving high convection volumes (HR 0.62; 95%
CI 0.41-0.83) [84]. This distinction highlights the importance of differentiating prespecified
randomized outcomes from post-hoc analyses when interpreting the mortality evidence.

Many underlying mechanistic causes could be attributed for this survival benefit, includ-
ing fewer IDH episodes, lower inflammatory status (e.g., reduced chronic micro-inflammation,
improved clearance of pro-inflammatory cytokines; see Section 4), improved phosphate
handling, and removal of cardiotoxic solutes (e.g., middle molecules, AGEs) [138].

The CONVINCE trial achieved particularly high treatment delivery targets, with
a mean convection volume of 25.3 L/session and the predefined 23 L target reached in
the large majority of HDF sessions [3]. In addition, most participants had arteriovenous
vascular access, reflecting a population well suited for achieving high convection volumes.
These factors may have contributed to the observed mortality benefit and should be
considered when extrapolating the findings to broader dialysis populations or centers
where such treatment targets are less consistently achievable.

Interpretation of the mortality evidence should consider important differences among
the available studies. Randomized controlled trials differed with respect to the comparator
modality (low-flux versus high-flux HD), achieved convection volume, HDF dilution mode
(predominantly post-dilution versus pre-dilution), patient characteristics including vascular
access and residual kidney function, as well as primary endpoint definitions and follow-
up duration [3,7,9,10,13,108,109]. Importantly, the strongest evidence originates from
prespecified primary analyses of randomized controlled trials, whereas survival signals
from post-hoc subgroup analyses and observational registry studies should be interpreted
as supportive rather than confirmatory evidence [9-12,108]. Furthermore, achieving high
convection volumes depends not only on the treatment modality itself but also on treatment

https://doi.org/10.3390/toxins18080329


https://doi.org/10.3390/toxins18080329

Toxins 2026, 18, 329

16 of 27

feasibility, including adequate vascular access, sufficiently high blood-flow rates, patient
tolerance, and center experience. Consequently, achieved convection volume may partly
reflect patient selection and implementation factors in addition to treatment efficacy, which
should be considered when interpreting the reported survival associations [3,9,10,108].

5.2.2. 32M and Dialysis-Related Amyloidosis (DRA)

f2M accumulation underpins DRA with musculoskeletal morbidity and risk for
carpal tunnel syndrome [111,113,139-142]. HD and HDF incompletely clear 32M, whereas
convective transport with HDF improves removal substantially [110,114]. Longitudinal
studies document lower 32M levels and reduced DRA progression with long-term HDF
treatments, representing a safety advantage of this modality vs. conventional HD [112].

5.2.3. Nutritional Status

One potential limitation of convection is the potential greater loss of amino acids and
small peptides vs. HD [115,116]. In most patients with adequate intake, these losses are clin-
ically mild; however, in fragility or protein-energy wasting, they can be meaningful [143].
Mitigation includes individualized convection volumes, dialysate potassium/phosphate
tailoring, nutritional counseling, and supplementation or intradialytic nutrition. All of
these mitigation approaches need to be evaluated and implemented when indicated. Close
surveillance of serum albumin and protein catabolic rate is essential [86,144]. Although
HDF may induce mild amino acid and peptide losses, these should not be equated with
clinical nutritional outcomes. Amino acid losses, normalized protein appearance (nPNA),
serum albumin, muscle mass, and protein-energy wasting represent distinct physiological
and clinical parameters and should therefore be interpreted separately [115-117]. Com-
pared with HD, HDF has been associated with higher normalized protein appearance and
better preservation of muscle mass, suggesting maintained or improved dietary protein
intake despite modest convective amino acid losses [117].

5.3. Dialysis Procedure- and Equipment-Related Adverse Events (ADEs)

For several procedure- and equipment-related adverse events discussed below, robust
comparative RCT data between HDF and HD are unavailable. Accordingly, the absence of a
reported excess risk should not be interpreted as evidence of equivalent safety; conclusions
for these outcomes rely largely on mechanistic, observational, technical, or expert-review
evidence and should be interpreted cautiously.

5.3.1. Hemolysis

Clinically significant hemolysis during dialysis is rare with modern membranes and
thermal control [118,145]. When it occurs, it is typically related to the extracorporeal dialysis
circuit or procedure, including overheating of dialysate, excessive negative pressures in
the arterial line, mechanical shear forces, or rarely defective dialyzers (e.g., manufacturing
defects in fibers) [119]. Available evidence has not identified a specific increase in hemolysis
risk with HDF; however, robust comparative RCT data are lacking [146].

5.3.2. Membrane Leaching and Toxin Transfer

Early-generation cellulose membranes could leach low-molecular compounds and
allowed backfiltration of trace contaminants. Modern synthetic membranes used in both
HD and HDF substantially reduce membrane leaching and improve biocompatibility [147].
In high-volume HDE, the mandatory use of ultrapure dialysate for substitution fluid
preparation further minimizes the risk of endotoxin transfer, comparative clinical outcome
data remain limited [148].
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5.3.3. Pyrogenic Reactions

High-volume HDF reinfuses large volumes of substitution fluid; therefore, mi-
crobiological safety is of utmost importance [119]. Contemporary systems employing
multi-stage reverse osmosis, endotoxin-retentive ultrafilters, and rigorous disinfection
achieve ‘ultrapure’ fluids, rendering clinical pyrogenic reactions are rare under these con-
ditions, although robust comparative RCT data versus HD are lacking [119,122]. Surveil-
lance cultures, endotoxin assays, and process validation are integral to maintaining this
safety margin [119,121,149,150].

5.3.4. Clotting and Thrombogenicity

Clotting within the dialyzer and extracorporeal circuit remains an important concern,
as it compromises treatment adequacy and increases blood loss [151,152]. In HD, clotting
risk is generally low with adequate anticoagulation [153]. However, in HDEF, especially
in high-volume HDFE, the use of high convection volumes and higher filtration fractions
may increase hemoconcentration within the filter, creating a more thrombogenic envi-
ronment [152]. Careful adjustment of filtration fraction, modality, and individualized
anticoagulation may mitigate this risk; however, robust comparative data on thrombogenic
events between high-volume HDF and high-flux HD are limited [151].

5.3.5. Vascular Access Complications

Stenosis, thrombosis, and catheter-related bloodstream infection rates are broadly
similar between modalities because access type (e.g., arteriovenous fistulas, grafts, or central
venous catheters) and cannulation technique dominate risk [124,154]. By reducing IDH
and access hypoperfusion, HDF may preserve access patency, but definitive randomized
evidence is lacking [125].

5.3.6. Mechanical and Technical Failures

Complexity in HDF (substitution pumps, ultrafilter integrity tests, quality monitors)
introduces more alarm opportunities; however, with preventive maintenance, competency
training, and incident learning, clinically meaningful failures are rare [20]. Although
HDF requires additional components such as substitution pumps, modern systems with
automated substitution-fluid volume control systems have streamlined the process to make
it as straightforward as HD in daily practice. Comparative clinical study data on technical
failure rates between HDF and HD are not available.

Overall, available evidence has not identified a consistent signal of increased
procedure-, device-, or infection-related risk with modern HDF compared with HD. How-
ever, for several specific outcomes, including hemolysis, pyrogenic reactions, thrombogenic-
ity, vascular access complications, and technical failures, robust comparative RCT data are
lacking. Therefore, current findings should be interpreted as an absence of a demonstrated
excess risk rather than definitive evidence of equivalent safety.

5.4. Patient Experience
Treatment Tolerability and QoL

From the patient’s perspective, QoL, functional capacity, and symptom burden are
essential indicators of dialysis adequacy. Fatigue, post-dialysis recovery time, sleep dis-
turbances, and cognitive dysfunction are frequently reported by HD patients [99,155-158].
Randomized controlled trials and patient-reported outcome studies have shown that pa-
tients treated with HDF experience shorter recovery times, less fatigue and improved
cognitive and physical functioning [3,30,99,100,126,159,160]. No effects were documented
regarding sleep duration [161]. Mechanistically, these improvements may be attributed
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to enhanced clearance of middle molecules (e.g., cytokines, 32M, neurotoxins), which are
linked to fatigue, malaise and cognitive defects, as well as more stable hemodynamics
during HDF sessions [30,127].

In summary, investigating safety by the respective domains such as acute vs. chronic,
systemic vs. technical, device-related, and experiential, a coherent pattern emerges. High-
volume HDF provides superior hemodynamic stability (fewer IDH events), lower inflam-
matory burden, better clearance of middle molecules and phosphate, and lower 32M
accumulation. All changes may plausibly contribute to the cardiovascular and survival
advantages observed in randomized trials and meta-analyses [7-13,19,30]. Against these
benefits stand manageable trade-offs: modest additional operational requirements, the
need for ultrapure water and online substitution, and vigilant anticoagulation to prevent
extracorporeal circuit clotting [30]. Importantly, these trade-offs have not been associated
with a consistent increase in infection-related or serious device-related complications in
modern programs adhering to quality standards. For centers equipped with HDF-capable
platforms and robust water treatment, prioritizing high convection volumes while individ-
ualizing electrolytes and nutrition appears to optimize the safety/efficacy balance. Future
work should refine patient selection (e.g., extreme cardiovascular risk, refractory hyper-
phosphatemia, high inflammatory burden), define pragmatic anticoagulation algorithms
tailored to filtration fraction, and evaluate implementation strategies that lower the logisti-
cal barriers to HDF adoption—particularly in regions where HD remains dominant [30].

6. Limitations

We aimed to characterize the currently published literature on topics that, in our view,
have not yet been sufficiently addressed in the context of HDF. As a narrative review, this
work has several limitations that should be acknowledged. We did not follow a predefined
protocol, conduct a systematic review with a formal study selection process, perform
risk-of-bias assessments, or undertake a quantitative synthesis of the evidence.

Relevant publications were drawn from the authors’ personal libraries and identified
through searches of PubMed, supplemented by manual review of the reference lists of
key articles, clinical practice guidelines, and previous reviews. Priority was given to
randomized controlled trials, large observational studies, registry analyses, meta-analyses,
and mechanistic studies relevant to contemporary HDF practice.

Despite substantial efforts to provide a comprehensive cross-section of the available
literature, some relevant publications may not have been included. In addition, each study
has its own inherent strengths and limitations. Accordingly, the conclusions of this review
should be interpreted in the light of the quality, consistency, and evolving nature of the
available evidence.

7. Conclusions

Overall, available evidence indicates that HDF provides meaningful mechanistic and
clinical advantages over HD in the removal of middle-molecular-weight uremic solutes
and inflammatory mediators, largely attributable to the addition of convective transport.
Consistent with recent meta-analytic evidence including more than 6000 patients, HDF
achieves greater reductions in 32M, phosphorus, and CRP, particularly when high convec-
tive volumes are delivered, supporting its role in mitigating middle-molecule accumulation
and systemic inflammation [162].

However, these benefits should not be interpreted as comprehensive uremic toxin
control, as the limited removal of PBUTs remains a fundamental challenge of current extra-
corporeal therapies. Despite theoretical kinetic advantages of convection, clinical studies
have consistently demonstrated only modest or inconsistent improvements in the clearance
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of key PBUTs such as IS and pCS with HDF compared with HD [52,162]. This limitation
reflects the underlying binding thermodynamics governing PBUT-albumin interactions:
only the unbound toxin fraction is dialyzable, and convection cannot overcome the strong
albumin binding that restricts effective removal [52,162]. In addition, the effectiveness of
all dialytic therapies is constrained by compartmental distribution and post-dialytic re-
bound kinetics; solutes sequestered in intracellular or interstitial compartments redistribute
slowly, limiting the net toxin removal achievable during a single session. As discussed
in Section 3.4, redistribution and ongoing generation may limit the translation of higher
intradialytic clearance into lower interdialytic exposure. We did not implement a com-
partmental kinetic model; therefore, Figure 1 should be interpreted as conceptual rather
than quantitative.

Beyond solute removal, accumulating evidence suggests that HDF may contribute to
improved control of chronic micro-inflammation in dialysis patients. Enhanced clearance
of pro-inflammatory cytokines and complement factors, together with reduced immune
cell activation observed in several clinical studies, indicates that high-volume HDF may
attenuate the inflammatory milieu characteristic of ESKD.

From a safety perspective, modern high-volume HDF demonstrates a favorable profile
when appropriate technical standards are maintained. Improved hemodynamic stability,
fewer intradialytic symptoms, and lower long-term 32M accumulation have been reported,
while available evidence has not identified a consistent increase in major device-related or
infectious complications compared with HD.

The survival, inflammatory, and hemodynamic benefits discussed in this review are
most consistently demonstrated at post-dilution convection volumes of approximately
23 L/session or higher; benefits at lower volumes are less consistent and, in some trials,
absent at the primary-endpoint level. Whether centers unable to reliably deliver these
convection volumes can expect proportional benefits from high-volume HDF remains an
open question, and direct extrapolation of the findings summarized here to such settings is
not warranted.

Future progress in dialysis therapy may lie in strategies specifically designed to
overcome protein-binding constraints. Emerging approaches such as albumin-binding
displacement, adsorption-based technologies, and novel membrane designs aim to increase
the free fraction in or directly capture PBUTs from the extracorporeal circuit. Integrating
targeted PBUT removal with individualized patient selection for optimized high-volume
HDF may represent a promising path toward more comprehensive uremic toxin control
and improved long-term outcomes for patients with ESKD.
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The following abbreviations are used in this manuscript:

p2M [32-microglobulin

CRP C-reactive protein

ESKD  End-stage kidney disease
FLC Free light chains

HD Hemodialysis

HDF Hemodiafiltration

HDx Expanded hemodialysis
IDH Intradialytic Hypotension
IL Interleukin

IS Indoxyl sulfate

MCO Medium cut-off

PBUT Protein-Bound Uremic Toxin
pCS p-Cresyl sulfate

QoL Quality of Life

TNF-o  Tumor necrosis factor «
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