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ABSTRACT

The extent of removal of the uremic toxins in hemodialysis (HD) therapies depends primarily on the dialysis membrane
characteristics and the solute transport mechanisms involved. While designation of ‘flux’ of membranes as well toxicity
of compounds that need to be targeted for removal remain unresolved issues, the relative role, efficiency and utilization
of solute removal principles to optimize HD treatment are better delineated. Through the combination and intensity of
diffusive and convective removal forces, levels of concentrations of a broad spectrum of uremic toxins can be lowered
significantly and successfully. Extended clinical experience as well as data from several clinical trials attest to the
benefits of convection-based HD treatment modalities. However, the mode of delivery of HD can further enhance the
effectiveness of therapies. Other than treatment time, frequency and location that offer clinical benefits and increase
patient well-being, treatment- and patient-specific criteria may be tailored for the therapy delivered: electrolytic
composition, dialysate buffer and concentration and choice of anticoagulating agent are crucial for dialysis tolerance
and efficacy. Evidence-based medicine (EBM) relies on three tenets, i.e. clinical expertise (i.e. doctor), patient-centered
values (i.e. patient) and relevant scientific evidence (i.e. science), that have deviated from their initial aim and
summarized to scientific evidence, leading to tyranny of randomized controlled trials. One must recognize that practice
patterns as shown by Dialysis Outcomes and Practice Patterns Study and personalization of HD care are the main driving
force for improving outcomes. Based on a combination of the three pillars of EBM, and particularly on bedside
patient–clinician interaction, we summarize what we have learned over the last 6 decades in terms of best practices to
improve outcomes in HD patients. Management of initiation of dialysis, vascular access, preservation of kidney function,
selection of biocompatible dialysers and use of dialysis fluids of high microbiological purity to restrict inflammation are
just some of the approaches where clinical experience is vital in the absence of definitive scientific evidence. Further, HD
adequacy needs to be considered as a broad and multitarget approach covering not just the dose of dialysis provided, but
meeting individual patient needs (e.g. fluid volume, acid–base, blood pressure, bone disease metabolism control) through
regular assessment—and adjustment—of a series of indicators of treatment efficiency. Finally, in whichever way new
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technologies (i.e. artificial intelligence, connected health) are embraced in the future to improve the delivery of dialysis,
the human dimension of the patient–doctor interaction is irreplaceable. Kidney medicine should remain ‘an art’ and will
never be just ‘a science’.

Keywords: dialysis modalities, evidence-based medicine, patient outcome, personalized medicine

INTRODUCTION

Hemodialysis (HD) is a generic name that encompasses various
kidney replacement treatment (KRT) modalities that share an
extracorporeal circuit (blood circuit outside the body), a device
for fluid and solute exchange (hemodialyzer or filter) and a so-
lution (dialysis fluid) to enable exchange between the blood and
fluid compartments. HD therapy is highly dependent on tech-
nology that evolved gradually from early experimental and per-
ilous procedures to a sophisticated and safe technique today.
Several authors have documented this remarkable journey of
pioneers who overcame considerable adversity to develop and
refine the various components of the extracorporeal circuit [1].
Today, improving long-term outcomes and adding quality to the
lives of patients with end-stage kidney disease (ESKD) and on
HD therapy depends essentially on the delivery of dialysis [2, 3].
Many variants of delivering HD are available, with the choice de-
pending largely on the patient’s clinical conditions and prefer-
ences as well as on practices implemented in different coun-
tries and individual centers. These variations in the choice of
therapy modalities and mode of delivery have been shown to
impact patient outcomes, with significant differences observed
between countries and regions [4].We address three interrelated
aspects that need to be considered when treating patients with
HD therapy: the variants and their options; prescription, person-
alization, and optimization; and application of principles of cur-
rent evidence-based medicine (EBM) to HD therapies to improve
outcomes and increase patient well-being.

HD therapy: modality variants

HD therapy options for ESKD patients can be categorized into
fivemajor features: mechanism and intensity of solute and fluid
exchange,membrane specificity for the removal of solutes of dif-
ferent size ranges, treatment time and frequency, dialysis loca-
tion and facility and selection of additional treatment options
specific to patient needs. Some involve complex scientific con-
cepts and considerations, but most pertain to the delivery of
therapy based on clinical–patient interaction and experience ac-
quired over several decades without a conclusive evidence base.

Mechanism of fluid and solute exchange

Based on the processes that control the removal of solutes from
the bloodstream andmembrane separation principles for solute
and solvent exchange, there are threemain therapy variants: HD,
hemofiltration (HF) and hemodiafiltration (HDF) [5, 6]. Only the
salient traits of eachmodality are outlined here, with references
provided for a more detailed descriptions and comparisons of
the three techniques [7].

HD relies on diffusive processes that transport solutes ac-
cording to their gradient concentration between the blood
and the dialysis fluid compartments. The size of the solutes
(molecular weight) to be removed, membrane permeability fea-
tures, blood and dialysate flow rates and treatment time deter-
mine the efficiency of diffusion [8]. Today, HD is still the most

widely used option (i.e. the conventional treatment); worldwide,
around 89% of patients on dialysis receive HD [9]. Diffusion-
dependent HD removes mainly small molecular weight uremic
retention solutes (URS, or uremic toxins) and it is less efficient
for large molecular weight compounds [10]. It must be noted
that solute mass transfer is a bidirectional process and some
substances are added to dialysis fluids on purpose (i.e. elec-
trolytes, glucose) or present inadvertently (i.e.microbial by prod-
ucts, contaminants) and may diffuse into the patient, partic-
ularly with the so-called high-flux membranes [11]. Hemodia-
lyzer performance is defined according to the diffusive clearance
(either instantaneously or time-integrated) of the solute of in-
terest. The clinical performance (diffusive dialysis dose) of an
HD session may be assessed by various indicators that include
solute percent reduction per session [i.e. urea reduction rate
(URR)], fractional solute removal (FSR, i.e. Kt/Vurea), mass solute
removal index (SRI) or estimated glomerular filtration rate (eGFR)
[12–14]. All these indicators reflect the patient–dialysis inter-
action and serve to characterize the relative efficiency of each
dialysis session. Whatever the value of each of these indica-
tors, it must be recognized that the Kt/Vurea indicator, despite its
shortcomings, still represents the basis for quantifying HD effi-
ciency in a quality assurance perspective [15–18]. Furthermore,
standard weekly Kt/V is often used as a reference or compara-
tor of treatment schedule effectiveness with different durations
and/or treatment frequencies.

HF, like HDF, relies on the process of convection (‘solvent
drag’), whereby removal of solutes occurs as they are pulled
along with the volume of the fluid transported across the mem-
brane, with ultrafiltration achieved by exerting a transmem-
brane pressure (TMP) on blood [6, 19, 20]. The magnitude of
the transport depends on the hydraulic permeability [ultra-
filtration coefficient (KUF)], as well as on the sieving proper-
ties of the membrane [sieving coefficient (SC)], the plasma so-
lute concentration and treatment time or total ultrafiltered
volume [21, 22]. Relying solely on the mechanism of convec-
tion, HF, like HDF, is highly effective for the removal of mainly
large molecular weight compounds since they constraints im-
posed by the membrane hindrance are overcome by the ap-
plied TMP [23, 24]. To compensate for the ultrafiltrate pro-
duced, HF and HDF require replacement into the bloodstream
of large volumes of substitution fluid produced ‘online’ by cold
sterilizing processes [25]. HF is rarely used today for main-
tenance dialysis due to time or volume constraints and cost
considerations. However, HF was developed in the 1960s to suc-
cessfully enhance removal of ‘middle molecules’, which were
not being removed by dialysis membranes available at the time,
as well as to improve hemodynamic tolerance of dialysis [5].

HDF, a ‘hybrid’ therapy, relies on dual processes that com-
bine diffusive removal by conventional HD and convective clear-
ance (HF) in the same hemodialyzer. In other words, HDF brings
the best of these two modalities by enhancing overall solute
clearances and broadening the molecular weight spectrum of
solutes removed, both small and large molecular weight [26].
Highly pure replacement fluid (to compensate for fluid removed
from the patient to achieve convection) is prepared online from

D
ow

nloaded from
 https://academ

ic.oup.com
/ckj/article/14/Supplem

ent_4/i45/6484937 by H
ygieneplan G

m
bH

 user on 07 O
ctober 2022



Personalized dialysis therapy i47

dialysis fluid [27]. Over the last 2 decades online external HDF
has become the most popular convective treatment modality
for economical and practical reasons, particularly outside the
USA [28, 29]. Several clinical studies have confirmed the micro-
bial safety of online production of substitution fluid and attest to
the clinical performance superiority of HDF compared with con-
ventional HD, provided an adequate convective dose is achieved
[29]. Some other HD variants have been assessed clinically, but
due to their low acceptance rate they will not be detailed here.
This field includes hybrid modalities such as acetate-free biofil-
tration, paired filter HDF and push–pull HDF [30, 31, 32].

Membrane selectivity (‘sieving’ specificity
of solute removal)

The selective elimination of uremic toxins achieved by man-
made membranes is fundamental to the success of HD thera-
pies and is theoretically analogous to the selective separation
processes accomplished by the glomerular filtration apparatus,
albeit considerably more complex than the sieving function of
dialysis membranes [33, 34]. The semi permeability function
of dialysis membranes depends on their manufacturing pro-
cess which determinesmembranemorphology features that de-
fine which molecules traverse the membrane and which are re-
tained in the blood [35]. This function depends on the size of the
molecules relative to the average size of the pores at the inner-
most separating region of the membrane [36]. Those URS (often
referred to as ‘uremic toxins’, although not all substances re-
tained in uremia express toxicity) that are considered necessary
for removal vary in size from small substances (e.g. water, Na+,
phosphate, small peptides) to molecular weights of thousands
of Daltons (Da) [37, 38].

Membranes having different pore size ranges are manufac-
tured according to the desired solutes that are a clinician’s target
for removal during HD, usually rather loosely categorized as low,
middle and highmolecular weight [39]. Membrane classification
schemes are highly arbitrary, as there is no consensus as to the
precise definition of each of the three categories, and it is com-
monplace for authors in the literature and for manufacturers of
membranes to establish their own classification boundaries [39–
41]. Most commonly, and erroneously, the term ‘flux’ is used in
conjunction with the three adjectival categories (low-, middle-
, and high-flux) relating to the sieving potential of membranes
according to the molecular weight size range of uremic toxins
[22, 37].More aptly, flux is a transport phenomenal term defining
membrane separation processes and is a finite entity [expressed
inHDas volume of fluid transported, i.e. ultrafiltration across the
membrane per unit time per unit pressure (mL/h/mmHg = KUF)]
[19, 36].

Membrane selectivity by sieving is determined predomi-
nantly by the mean pore size and is quantified and expressed
by the sieving or rejection properties of membranes for solutes,
i.e. by their SC or rejection coefficient (RC), respectively [19]. The
two are essentially indicative of the same measure but are ex-
pressed in two different ways, as there is a reciprocal relation-
ship between the two [42]:

SC = 1 − RC.

The most common indication of the sieving potential of
membranes is obtained from the SC of β2-microglobulin (β2-m),
an 11.8-kDa molecule widely recognized as a uremic toxin and
a surrogate marker for what is termed as the group of ‘larger’
uremic toxins. However, the boundaries for what is considered
‘large’ have shifted recently, as membranes with much larger

mean pore size allow almost total removal (i.e. SCβ2-m = 1) in
attempts to target removal of molecules around in the size of al-
bumin (molecular weight 66.5 kDa) [41, 42]. The strategy is highly
contentious, as themore open themembrane pore structure, the
greater the probability of uncontrolled loss of useful substances
from patient’s blood, with potential detrimental consequences
for the patient [43, 44]. Consequently, such high permeability to
middle and higher molecular weight solutes precludes their use
in HDF or in any modality with high membrane pressure stress
(TMP) [41].

Based on the fluid/solute exchange mechanisms involved
and membrane selectivity criteria, Figure 1 indicates the solute
removal capabilities of the various HD therapy modalities in
clinical use today.

Treatment time and frequency

Based on treatment times per session (3–12 h) and frequency
per week (2–6 sessions/week or daily dialysis), several permuta-
tions for treatment schedules are possible for the delivery of HD
therapy. The duration–frequency debate is a highly subjective
one, as cost implications often override the obvious clinical ben-
efits (less morbidity and mortality) associated with longer and
more frequent therapy [45–47]. The thrice-weekly schedule has,
for decades, been considered ‘unphysiological’ and a contribu-
tor to the side effects of dialysis [48, 49]. The kinetics of removal
of many molecules such as phosphate and larger compounds
is time-dependent, and better volume control and smaller so-
lute fluctuations are achieved with more intensive dialysis [50–
52]. Other than the financial burden, increasing duration and
frequency does have some downsides, such as increased risk
of access malfunction [45]. As far as home care dialysis is con-
cerned,widely different approaches and differentmodalities are
favored by individual countries,making generalized recommen-
dations difficult [53–55]. Schematically, treatment schedules can
be placed in three main categories: conventional HD relying on
thrice-weekly 4 h (12 h/week) sessions; shorter and/or less fre-
quent HD relying on 1–3 sessions/week, each one lasting 2–4 h
(6–9 h/week); longer and/or more frequent HD relying on 4–6
sessions/week, each one lasting 4–8 h (16–24 h/week) [56]. Con-
ventional thrice-weekly HD is utilized in almost 80% of dialy-
sis patients worldwide for practical and costs reasons. Shorter
HD schedules are usually indicated in patients (e.g. elderly) with
some residual kidney function (RKF) or in incremental programs
[17, 57]. Longer dialysis schedules are usually indicated as res-
cue procedures, or for home or self-care programs [58, 59]. It is
not our intent to describe the pros and cons of these treatment
schedules and we refer interested readers to articles and expert
forums that have addressed this topic.

Various investigations show that longer weekly treatment
time offers several clinical benefits that are shown in Figure 2.
Our intention is to underline that the HD treatment schedule is
always a compromise that should meet the patient’s tolerance
and metabolic needs, be the patient’s choice (burden on the pa-
tient’s lifestyle) and finally be available in the healthcare sys-
tem as a local care offering [60]. It is up to the referent nephrolo-
gist and/or caregiver team to adjust the prescription and dialysis
treatment schedule to patient conditions and results [50].

The combined effects of total weekly treatment time (sum
of the number of sessions/week and their duration) are key in-
dicators of therapy efficiency and benefits. Small solutes such
as urea are removed quickly during HD; within 6–8 h almost
90% of circulating urea is removed, bringing circulating levels
down to 3 mmol/L. Thus extending dialysis time over 8 h has no
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FIGURE 1: Schematic representation of HD therapy modalities and the approximate size range of uremic retention solutes they can remove according to the solute
removal mechanism (diffusion and/or convection). The extent of removal of the solutes depends on the membrane characteristics as well as the treatment conditions
used (e.g. treatment time, the volume of substitution fluid in HF and HDF). It should be noted that both designation of the ‘flux’ of membranes as well as the solutes
that need to be targeted for removal (based on the toxicity they express) are highly controversial issues that divide opinion.

FIGURE 2: Impact of the duration of the therapy session (treatment time) on essential biological systems dialysis attempts to correct or which are affected or influenced
by the procedure. Worldwide, a weekly treatment time of 12 h (3 sessions/week, each for 4 h) is most prescribed.

additional benefits. In contrast, middle or large solutes are
slowly removed initially and are removed continuously after 8–
12 h. This is the case of phosphate for example, for which time
is more important than instantaneous flux for total solute re-
moval. It is the same for β2-m for which the intracorporeal ki-
netics of the solute are the limiting factor and usually expressed
by the intracorporeal mass transfer coefficient (ICMTC, i.e. intra-
corporeal clearance). The higher the ICMTC (e.g. urea), the lower
the importance of time for solute removal. I contrast, the lower

IMTC (β2-m or phosphate), the greater the importance of time to
remove the solute [52].

Treatment location

Dialysis treatment is performed in the ambulatory mode most
frequently in a center (dialysis facility being part of an outpatient
clinic or hospital, dialysis material shared with other patients,
medical and nursing staff), at home (personal HD equipment
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installed at home, self-care or assistance, telemonitoring) or in a
self-care unit (small private-unit HD shared with other patients)
dedicated to this activity. In recent years there has been a surge
in interest for the provision of home care services for dialysis,
with cost-effectiveness being a strong incentive for this therapy
offering [54, 55, 61, 62]. It is not our intent to describe here the
advantages and pitfalls of all these treatment modalities, but to
highlight the fact that they should by law be part of the portfo-
lio offering to dialysis patients, incorporating their clinical and
personal situation and involvement in decision making through
better education regarding treatment options [63].

Additional treatment options

After selecting from the various options discussed above, some
treatment- and patient-specific criteria may be added or ad-
justed to the HD therapy being delivered. We briefly focus on
three of them that are crucial for dialysis tolerance and efficacy
[64].

First, the electrolytic composition refers to the concentra-
tion of each electrolyte constituent of the dialysis fluid. Un-
fortunately, electrolyte prescription is frequently neglected, but
the patient’s mass balance of each electrolyte and overall
dialysis adequacy depends on this consideration. Dialysance
and electrolyte mass balance relies on the dialysate–patient
gradient and dialysis clinical performance. Dialysate sodium
concentration may affect dialysis tolerance, fluid volume and
hemodynamic management, blood pressure (BP) control and fi-
nally cardiovascular patient outcomes [65–67]. Dialysate potas-
sium concentration is used to restore potassium homeostasis,
but too fast changes may affect cardiac rhythm (arrhythmias)
[68]. Dialysate calcium and magnesium are major divalent
cations that are implicated in bonemetabolismand vascular cal-
cification in the long term, and hemodynamic response to dial-
ysis on short term [68–70]. All these elements should be fine-
tuned and adjusted to patient needs and tolerance on a reg-
ular basis with more frequent monitoring [68]. Individualized
electrolyte management or prescription is a decisive strategy
to ameliorate sudden cardiac death and improve overall patient
well-being [71].

Second, dialysate buffer choice and concentration are of
crucial importance to control acid–base derangements [64].
Dialysate bicarbonate has become a standard in contemporary
dialysis. Dialysate bicarbonate concentration is usually around
35 mmol/L (range 30–35 mmol/L), but the concentration must
be adjusted to the patient’s acid–base status and tolerance [72].
The adjunction of an acidifier is required in dialysate bicarbon-
ate to prevent precipitation of calcium and magnesium carbon-
ate salts. A low concentration of acetic or citric acids is used for
this purpose, eachwith its own differentmetabolic behavior that
must be known by the user to prevent pitfalls. The composition
and selection of dialysate buffers has been associated with car-
diopulmonary events observed frequently during HD [73].

Third, the use of an anticoagulant agent is usually necessary
to prevent clotting of the extracorporeal circuit. Standard or un-
fractionated heparin is most frequently used based on an in-
travenous bolus at dialysis initiation followed by a continuous
infusion to keep activated clotting time 1.5–2 times the base-
line value. Heparin-induced thrombocytopenia type II is a dev-
astating complication associated with unfractionated heparins,
but with lowmolecular weight heparins a lower incidence is ob-
served [74].Use of lowmolecularweight or fractionated heparins
has steadily increased for this reason, as well as their use re-

duces antithrombotic handling burden and bleeding risks [75].
For patients with heparin allergies, nonheparin forms of antico-
agulation need to be prescribed [69].

Prescription, personalization and optimization
of HD therapy

HD initiation is indicated when kidney function has failed; this
condition is usually taken as when eGFR is <15 mL/min, but be-
cause of variability in its measurement, the optimal timing for
starting dialysis is unclear, with mean pre-dialysis eGFR vary-
ing among countries [50, 76]. Additional indicators for start of
dialysis is when uremic symptomatology is present and/or in-
tractable metabolic disorder has occurred (i.e. fluid overload,
hypertension, congestive heart failure, metabolic acidosis) [77].
Some of the other indications are reduced energy levels, weight
loss with no potential explanation,malnutrition, anorexia, acid–
base or electrolyte abnormalities and an inability to control vol-
ume status or BP.

Peritoneal dialysis and kidney transplantation are the two
other initialmodality options in patientswith kidney failure. Pal-
liative and conservative care should also be considered as the
two other important options for patients who do not prefer or
are not suitable to start or continue dialysis or for transplan-
tation. The circumstances of dialysis initiation and the choices
of the initial modality and access can significantly affect pa-
tient experiences and outcomes [50, 78]. Ideally, HD start should
be planned and prepared for in advance, meaning that chronic
kidney patients might be regularly followed and managed by a
nephrologist [79]. In this case, the treatment modality and op-
tion should have been discussed, shared, and planned with the
patient (i.e. home HD, self-care HD, in-center HD), meaning that
vascular access should have been prepared and constructed in
due time; this complex pathway is summarized in the decisional
algorithm presented in Figure 3. Initiation of HD treatment in an
incident patient requires specific prescription over the first week
aiming to deliver a low efficient frequent dialysis (daily) program
to correct slowly uremic disorders and to prevent side effects of
too fast correction [80].

Maintenance of the HD treatment schedule is established
over the first few months by adjusting operating procedures (i.e.
increase blood flow, high-flux hemodialyzer, modality switch to
HDF) and increasing treatment time and/or frequency in order
to achieve set clinical performance targets [81]. During this prob-
ing period the HD treatment schedule is fine-tuned to the pa-
tient’s tolerance and intermediary clinical and biological results
achieved.

Personalization and optimization of treatment in long-term
HD consists of checking and adjusting if needed on a regular ba-
sis (i.e. monthly for in-center or quarterly for home treatment)
so that clinical performance indicators (i.e. checklist) are in tar-
get ranges, that the patient’s clinical condition (i.e. subjective
global assessment) is maintained and that the patient’s percep-
tion fits with the treatment program and schedule [50, 82]. This
patient-oriented goal approach results from a long-standing
well-established patient–physician interaction and trusted re-
lationship with the caregiver team. Support of other patient’s
functions (i.e. psychologist, nutritionist, social worker) is needed
in this context, since HD is only one component of a chronic
and complex disease impacting all vital domains of such a pa-
tient. Additional support (i.e. nurses, technicians, pharmacist)
and network expertise is needed in case of a home HD choice.

Garbelli et al. [83] recently described how implementa-
tion of continuous quality improvement (CQI) and medical
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FIGURE 3: Summary of the different treatment options (modalities and delivery modes) available for end-stage CKD patients. Such a decisional algorithm to manage
CKD stage 5 patients is centered around the patient’s clinical condition(s), preferences and personal situation (family, work, living conditions, etc.) as well as on the
recommendations of clinicians and practice patterns within countries or dialysis units.

patient review (MPR) processes through leverage of digital
transformation can enhance clinical endpoints of dialysis pa-
tients. It is not our intent to review this major topic here and re-
fer interested readers to the literature [84]. This approach should
be integrated into dialysis adequacy assessment performed on a
regular basis for patients and the dialysis unit [85]. Schemati-
cally, the quality assurance process consists of defining a list of
key indicators (i.e. checklist and dashboard shown in Figure 4)
reflecting domains of interest, choosing relevant clinical perfor-
mance indicators, setting target ranges for each one, defining
themethods and frequency ofmeasurements and analyzing, ag-
gregating and reporting results (i.e. dashboard, balanced score
card) to stakeholders (i.e. patient, caregiver, provider, regulatory).
Based on the results of this monthly (or quarterly for home HD)
assessment, the efficacy of HD treatment can be ascertained and
clinical decisionsmay be taken either to keep the treatment pro-
gram as it is or to work out and correct the causes of deviations
and/or to reset the treatment schedule.

Preservation of RKF and clinical status should be consid-
ered as major aims in the management of advanced CKD
patients [69]. This is the main task of clinicians when car-
ing for CKD patients. A reduction in the GFR decline may be
achieved by combining various actions that include BP control
(medications such as renin—angiotensin—aldosterone system
blocking agents, calcium channel blockers, diuretics, salt diet
restrictions), diet and lifestyle adaptation (protein and salt diet
restrictions, physical activity, stop smoking), reduction of pro-
teinuria, phosphate and mineral and bone disease control and
acidosis correction. Preservation of clinical status may be ob-
tained by correcting uremia and metabolic disorders, including

protein energy malnutrition, fluid volume control, anemia and
iron deficiency, by means of adapted nutritional guidance and
the use of erythropoietin and iron supplements [86–89].

EBM applied to HD

EBM was introduced in the early 1990s by UK physicians to
rationalize medical practices facing rapid development of
medicine knowledge to provide tangible evidence and promote
better use of protocols to treat diseases, to support life with
medical devices or to indicate surgical interventions. In 1995,
Sackett and Rosenberg [90] defined clearly the scope of EBM
whereby decisions are to be made on the best possible evidence.
Subsequently EBMwas delineated as being at the intersection of
three domains: clinical expertise (i.e. doctor), patient-centered
values (i.e. patient) and relevant scientific evidence (i.e. science)
[91]. Unfortunately only one component of this triad appears
to have been sustained, namely the scientific facet, and incor-
porated into the practice of supporting development of clinical
guidelines, the volume of which has become unmanageable
[69, 92, 93]. Clinical expertise and patient experience have been
sidelined along the way, often leading to misconceptions and
even misappropriation of the principles of EBM, causing further
disillusionment and frustration within the clinical community
[94, 95].

If one analyzes outcomes of HD therapies through the prism
of the EBM principle, one will be surprised to discover that
this essential and well-recognized life-sustaining therapy ap-
plied to millions of patients was developed initially without
much scientific proof of efficacy or safety. In other words, in the
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FIGURE 4: HD adequacy indicators as a broad and multitargeted approach covering individual patient needs. The targets that need to be realistically achieved for each
indicator are based on the long-term (40–50 years) clinical experience of the author in the care of dialysis patients. The position of the green bar on the arbitrary scale
(high on the left end, low on right end) suggests the value/importance of each target. Such a checklist of the indicators should be assessed on a regular basis to ensure

treatment efficiency.

case of HD, EBM relied in its early days on the clinical exper-
tise of pioneering nephrologists and scientists taking risks and
on the patients’ willingness to survive without definitive proof
[96–98]. This fact is not peculiar to HD but may be applied to sev-
eral other major advances in the history of medicine (i.e. vacci-
nation, antibiotic therapy, transplantation, hygiene).

In this section, based on a combination of the three pillars
of EBM, but particularly on the bedside patient–clinician inter-
action, we summarize what we have learned over the last 6
decades in terms of best practices to improve the outcome of
HD patients. They are aggregated in 10 main sections:

Initiation of HD. It is currently recognized that HD therapy
should be prepared along pathways of CKD development and
patient management [i.e. arteriovenous fistula (AVF) creation,
sharedmodality decision],while dialysis launch should be based
on a combination of low GFR (<10 mL/min), uremic clinical
manifestations and/or intractable symptoms or life-threatening
complications. Dialysis start could not be decided only on ‘num-
bers’ or low GFR [50, 99]. Other treatment options may be dis-
cussed with CKD patients (share decision process) at this stage
according to their informed choice, risk profile and local care of-
ferings [8]. They include conservative management (delaying as
much as possible the start of dialysis), palliative care (for pa-
tients with a poor or short-term prognosis), peritoneal dialy-
sis or home therapy, incremental dialysis (stepwise increase of
dialysis frequency and time compensating for GFR decline) and
preemptive kidney transplantation. All these options have their
pro and con arguments, with their defenders and opponents,
and will not be discussed here since we are focusing on HD, the
therapy [63].

Vascular access. Autologous AVF is the vascular access of choice
and should be preferred as a first option since it provides the
best results in terms of flow performances, long-term survival
and lowest morbidity [3, 100]. Arteriovenous graft (AVG) is the
second choice when AVF creation is not possible or when it
failed repeatedly. Central venous catheter or port catheter de-
vices should be reserved to specific indications and experienced
teams as a bridging or rescue solution. Vascular access moni-
toring and maintenance are crucial to prevent dysfunction or to
reduce vascular access-related morbidity.

Hemodialyzer, membrane flux and biocompatibility. Synthetic
polymer membranes (i.e. polysulfone and the polyarylsulfone
family of polymers) are the most used worldwide, with a sus-
tained increase representing up to 70% of market share. High-
flux synthetic membranes should be the first choice, as in-
dicated by guidelines, since they offer higher clinical perfor-
mances in terms of solute removal and better long-term patient
survival [101, 102].

Dialysate buffer. Bicarbonate-buffered dialysate has become
over time the new standard in in-center hemodialysis, as
dialysate buffer comes in a powder bicarbonate form in dis-
posable closed containers. Sodium bicarbonate as a physiologic
buffer does not need any intermediary metabolism, meaning
that its use is associated with better cardiovascular and overall
dialysis tolerance.

HD modality. High-flux HD is the standard of care, representing
60–70% of HD patients worldwide. Online HDF represents a nat-
ural evolution of high-flux HD to increase clinical performance
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FIGURE 5: Dashboard of key treatment and biochemical indicators used for assessing the adequacy and efficacy of dialysis in individual patients. For each indicator,
the currently recommended target values are displayed by the zone shaded in blue (simulation).

and to enhance removal of a broad large molecular weight
spectrum of solutes retained during kidney failure. Online HDF
acceptance in Europe and Asia is growing fast, with a patient
average growth rate of 12–24%, with high usage in Japan [103].
HDF is recommended as a first-choice therapy by the National
Institute for Health and Care Excellence guidelines [104].

HD adequacy. HD adequacy should be considered as a broad
and multitargeted approach covering patient’s needs [105, 106].
It is not our intent to review here the scientific background of
this crucial and often controversially discussed pillar, but to
highlight the key indicators—and the biochemical targets that
need to be achieved (Figure 5)—reflecting the array of clinical
performances of RRT [107–109]. The following is a checklist of
the indicators that should be assessed on a regular basis to en-
sure treatment effectiveness:

Patient perception and lack of symptoms and/or complaints. This sub-
jective global assessment is the first step and a highly clini-
cally relevant approach to ensure that the dialysis patient is
adequately treated [110]. In other words, the patient should be
symptom free, feeling well and maintain usual functionalities
and lifestyle-related activities [111].

Fluid volume control. Fluid overload issues remain prevalent in
the majority (40–60%) of dialysis patients [88, 112]. Cumula-
tive scientific evidence indicates that chronic fluid overload is
a strong enhancer of cardiovascular disease. Precise monitoring
and management of fluid status are therefore strongly recom-
mended. This is integrated in the clinical dry weight probing ap-
proach [87]. Figure 6 represents the central pillars and targets of
sodium, fluid and BP management in HD as essential cardiopro-
tective measures and for patient well-being.

FIGURE 6: An example of targeted fluid and pressure management indicative of
a simulated patient. Key indicators are shown with currently recommended tar-

get values (blue zone represents the accepted target range). The patient’s value
appears as a green bar.

BP control (pre- and post dialysis BP, home BP). High BP is well es-
tablished as a main factor of cardiovascular disease progres-
sion, particularly for cardiac remodeling (left ventricular hyper-
trophy or dilation), heart failure and accelerated atherosclerosis
(vascular stiffness) [113]. Precisemonitoring andmanagement of
BP, including new tools such as ambulatory or home BP devices,
is appealing [114–116]. In this context, personalized targeted BP
based on age and comorbid conditions is the next step to opti-
mize cardiac risk.

Hemodynamic stability (intradialytic hypotension, tolerance). Ultra-
filtration (rate and volume) due to the intermittency of dialy-
sis treatment creates volume fluctuations with hemodynamic
response that may be impaired by advanced age, comorbid
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conditions ormedications. In this context, intradialytic hypoten-
sion episodes are involved in hemodynamic-induced stress and
multiorgan end-organ damage [117–119].

Dialysis dose control. Assessment of dialysis dose to be delivered
on a regular basis is crucial for monitoring HD patients. Dial-
ysis dose delivered based either on small (i.e. urea Kt or Kt/V;
percent reduction of urea) and middle or large molecule ure-
mic solutes (i.e. percent reduction of β2-m) removal capacity or
on circulating levels of biomarkers of interest are currently rec-
ommended to assess and objectively quantify dialysis effective-
ness [102]. Unfortunately, dialysis dose is synonymously associ-
ated with urea Kt/V. That should not be the case anymore since
urea (i.e. Kt/V, stdKt/V; PRU) solely reflects the exposure risk as-
sociated with the accumulation of low molecular weight ure-
mic toxins and not with larger molecular weight compounds
[106, 120–122]. Therefore additional indicators reflecting the ef-
fectiveness of removal of middle or large molecular weight ure-
mic solutes should be incorporated in the panel of biomarkers
to address this neglected aspect [43]. As an example, total ultra-
filtered volume is currently proposed as a clinical surrogate of
the convective dose delivered in HDF, considering that it reflects
the clearance ofmiddlemolecular weight substances such as β2-
m [26]. Also, by incorporating dialysis frequency, the hemodial-
ysis product (HDP) is considered by Scribner et al. [123] to be
a better index of dialysis adequacy than Kt/V, as it has advan-
tages in that HDP does not depend on any blood test and has
a built-in margin of safety. The squared-frequency Kt/V may be
even more appropriate, as this index reflects peak concentra-
tions of urea and β2-m, taking into account dialysis frequency,
session duration, dialyser clearance and the body weight of the
patient [124].

Acid–base control (serum bicarbonate and potassium). Metabolic aci-
dosis requires tight control of serum bicarbonate to prevent fur-
ther metabolic derangements such as bone disease or protein
energy malnutrition [125, 126]. Serum bicarbonate correction is
ensured by buffering and adjusting the dialysate sodium bicar-
bonate concentration to the patient’s needs.The dialysate potas-
sium concentration is an important adjustable factor for en-
suring potassium homeostasis control [68, 127]. Dialysate bicar-
bonate and potassium concentrations should be adjusted and
probed regularly to serum patient concentrations to prevent too
high gradients.

Phosphate, calcium and bone disease metabolism control (PO4, ALP,
PTH, 25(0H)D3). Phosphate control relies on three factors: HD ef-
fectiveness, dietary protein intake and phosphate binders [128–
130]. It is of utmost importance to highlight that phosphatemass
removal is poorly reflected by its instantaneous clearance, but
rather by treatment time and HD modality. Longer treatment
and more frequent sessions as well as HDF enhance phosphate
mass removal, facilitating serumphosphate control. Positive cal-
cium mass balance is required to control the bone metabolism
of HD patients. This is achieved mainly by adjusting dialysate
calcium concentrations to a targeted calcium mass balance. It
must be noted that the intensity of calcium mass transfer re-
lies on the ionized dialysate–plasma calcium gradient and HD
operating conditions.

Nutritional status control (nPCR, SGA, albumin, diet survey). Pro-
tein energy wasting is a highly prevalent condition in HD pa-
tients that is associated with poor outcomes [131–133]. Regular
nutritional monitoring is crucial in this fragile population that

relies on several tools, including clinical subjective global assess-
ment, dietary survey, somatic protein concentrations (albumin,
transthyretin) and instrumental measures (bioimpedance, dual-
energy X-ray absorptiometry).

Anemia and iron status control. Anemia correction relies mainly
on the use of erythropoietic-stimulating agents (ESAs) in HD pa-
tients [134]. However, it should be noted that HD efficiency, blood
saving during each dialysis session, nutritional support, preven-
tion of inflammation and iron repletion are also very important
factors to consider in achieving this important target [135, 136].

Restricting inflammation (CRP). Detection and prevention of addi-
tional treatment-related inflammation is of critical importance
in the dialysis patient since this is a recognized marker and
enhancer of poor outcome [137–139]. Regular monitoring of a
sensitive biomarker such as CRP is recommended in clinical
practice.

Preservation of residual kidney function. This clinical fact or is as-
sociated with better outcomes in HD patients [140, 141] and
linked to better control of circulating uremic toxins (i.e. β2-m;
protein-bound uremic toxins) and fluid volume management.
Approaches to preserve kidney function are discussed else-
where, but preventing hemodynamic insult associated with in-
termittent dialysis is likely one of the best methods [142].

Health-related quality of life. Cumulative clinical evidence tends
to show that patient perceptions and patient-reported outcomes
are important factors to judge dialysis treatment quality and the
anticipated outcome [143, 144].

Treatment time and frequency. Conventional HD therapy rely-
ing on a thrice-weekly 3–4 h treatment schedule is accepted as
the standard of care inmost patients. However, it must acknowl-
edged that this short treatment schedule was developed for lo-
gistical, practical and economic reasons as a viable compromise
to prevent treatment shortage and ensure acceptable long-term
outcomes. However, it is also largely recognized that a more per-
sonalized approach with more flexible treatment times and fre-
quencies is needed. Also, it has been shown that longer treat-
ment time (5–8 h) and more frequent HD (4–6 per week) is as-
sociated with better outcomes and improved results in terms of
patient experiences [145–147]. In this context, longer and more
frequent HDF treatment schedules have been shown to signif-
icantly enhance intermediary and patient outcomes in a rela-
tively long-term study [148].

Ultrapurity of dialysis fluid. Ultrapurity of HD fluids has be-
come a new standard of care in HD to improve biocompatibility
and to prevent the development of low-grade chronic inflamma-
tion. Dialysis fluid ultrapurity relies on an integrated approach
consisting of production and distribution of ultrapure water to
dialysis machines, ensuring final cold sterilization of dialysate
through sterilizing filters and ensuring strict hygienic rules with
regular disinfection of the entire treatment chain [149, 150]. Reg-
ular use of ultrapure dialysis fluid in HD and HDF is associated
with a significant reduction in inflammation markers and pro-
vides clinical benefits [151]. Dialysis fluid ultrapurity is strongly
recommended in most guidelines [152].

Practice patterns and quality assurance. The international Dial-
ysis Outcomes and Practice Patterns Study has clearly shown
that practice patterns at all levels (local, national, international)
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have a tremendous impact on dialysis patient outcomes [153].
Exploring various domains of clinical practice patterns has
clearly identified areas of potential improvement, including
management of vascular access, anemia, BP and fluid volume
control,mineral and bone disorders, nutritional aspects and var-
ious others [4]. An integrated approach consisting of monitor-
ing, analyzing and reporting key clinical performance indicators
(i.e. dashboard or balance scorecard) represents the basis of a
quality assurance process for improving patient care and global
outcomes [85, 154, 155].

Preservation of residual kidney function. RKF has emerged in
the last few years as a major factor contributing to improving
dialysis patient outcomes [86, 156]. Residual diuresis has the ca-
pacity to facilitate fluid volume control, reduce circulating levels
of middle molecules and protein-bound uremic toxins and sig-
nificantly improve patient outcomes. As suggested by some re-
cent imaging studies, prevention of repetitive kidney ischemic
insults due to intradialytic hypotension episodes would be the
most appealing approach [157]. All clinical efforts should be de-
ployed to preserve kidney function, including the use of HDF,
volemia-controlled algorithms, thermal balance control and
further innovative tools when available.

CONCLUSIONS

As highlighted in this article, HD and RRT practices have
changed considerably over the last 5 decades. HD therapy has
incrementally adapted to the growing body of scientific findings
(e.g. uremic toxins, ESA, mineral and bone disorders, cardiovas-
cular complications), to changes in the patients’ medical profiles
(i.e. aging, comorbidities) and to their lifestyle-related needs by
implementing highly effective and safe technologies (i.e. high-
flux dialyzers, online-HDF) and by improving medical practices
(i.e. education, quality control tools) [4, 158–160]. Currently,
practitioners are at the stage of delivering more personalized
dialysis treatment in a more patient-centered care approach by
including various patient dimensions (i.e.metabolic, perception,
social, family). It has become apparent that ‘one size fits all’, as
was essentially the case in the earlier years of the evolution of
dialysis, does not deliver individualized state-of-the-art dialysis
treatment to patients [69]. Significantly, new value-based dialy-
sis approaches need to be considered from the holistic health-
care perspective, i.e. incorporating care offerings, outcomes,
budget constraints and cost-effectiveness as well societal and
environmental responsibility considerations for the provision
of sustainable kidney care [161, 162]. Finally, it must be re-
membered that in whatever way new technologies (i.e. artificial
intelligence, connected health) are embraced for the improved
delivery of dialysis, the human dimension of the patient–doctor
interaction is irreplaceable [159, 163]. As we have outlined in
this article, the highly complex and multifactorial nature of
CKD and its treatment require the judgment of knowledgeable
physicians to adjust and personalize prescriptions based on in-
dividual patient needs. Despite technological advancements in
the future, we strongly believe kidneymedicine should continue
to remain more of ‘an art’ rather than just ‘a science’ [164].
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