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Hemodialysis has saved many lives, albeit with significant residual mortality. Although poor outcomes

may reflect advanced age and comorbid conditions, hemodialysis per se may harm patients, contributing

to morbidity and perhaps mortality. Systemic circulatory “stress” resulting from hemodialysis treatment

schedule may act as a disease modifier, resulting in a multiorgan injury superimposed on preexistent

comorbidities. New functional intradialytic imaging (i.e., echocardiography, cardiac magnetic resonance

imaging [MRI]) and kinetic of specific cardiac biomarkers (i.e., Troponin I) have clearly documented this

additional source of end-organ damage. In this context, several factors resulting from patient-

hemodialysis interaction and/or patient management have been identified. Intradialytic hypovolemia,

hypotensive episodes, hypoxemia, solutes, and electrolyte fluxes as well as cardiac arrhythmias are

among the contributing factors to systemic circulatory stress that are induced by hemodialysis. Addi-

tionally, these factors contribute to patients’ symptom burden, impair cognitive function, and finally have a

negative impact on patients’ perception and quality of life. In this review, we summarize the adverse

systemic effects of current intermittent hemodialysis therapy, their pathophysiologic consequences, re-

view the evidence for interventions that are cardioprotective, and explore new approaches that may

further reduce the systemic burden of hemodialysis. These include improved biocompatible materials,

smart dialysis machines that automatically may control the fluxes of solutes and electrolytes, volume and

hemodynamic control, health trackers, and potentially disruptive technologies facilitating a more

personalized medicine approach.
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T
he development of hemodialysis was a medical
breakthrough that has since saved many lives.

Technological progress in the design and manufacture
of equipment over the past 70 years has resulted in
dialysis becoming the most prevalent form of renal
replacement therapy, currently sustaining life in almost
3 million patients with chronic kidney disease stage 5
worldwide.1,2 However, dialysis is imperfect and pa-
tients who are dependent on it face a number of chal-
lenges such as poor quality of life, high disease burden,
and increased mortality rates.3-9 In addition, the high
treatment costs of dialysis confer a significant health
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economic burden,10-12 making dialysis unaffordable to
a proportion of patients in need.13

A growing body of evidence indicates that the
intermittent nature of traditional thrice-weekly hemo-
dialysis with intensive 4-hour treatments may be
harmful to patients by contributing to systemic circu-
latory stress and intradialytic ischemic end-organ
damage. This, in turn, leads to poor quality of life
and augments the chronic health risks associated with
uremia.14-16

In recent years, research has corroborated the need
to deliver efficient and adequately dosed dialysis
therapy on a regular basis to avoid adverse patient
outcomes.17 Recently, studies using new imaging
technologies and cardiac biomarkers have documented
the systemic circulatory stress induced by hemodialy-
sis; they have also shown how dialysis-based in-
terventions can reduce this risk.8,18,19 However, in this
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context, recent reports have not focused on the role of
dialysis therapy as a potential disease modifier in an
integrated way.20-23

The objective of our in-depth review is, first, to
summarize the undesirable systemic effects of inter-
mittent hemodialysis therapy and, second, to discuss
approaches to develop more-cardioprotective and
better-tolerated hemodialysis.

Undesirable Effects of Intermittent

Hemodialysis

The “unphysiological” nature of intermittent hemodi-
alysis has long been recognized as a leading cause of
dialysis intolerance.24 This phenomenon was worsened
by operational changes that resulted in shorter-
duration dialysis treatments.25 Intermittent hemodial-
ysis (e.g., a standard thrice-weekly 4-hour schedule)
generates cyclical fluctuations in volume status and
blood pressure, osmotic shifts, and swings in solutes
and electrolyte levels. For example, cyclical volemic
changes (hypervolemia alternating with hypovolemia)
that result in chronic cardiac loading and acute
unloading are responsible for repetitive myocardial
stretching and shortening that lead to release of in-
flammatory mediators, a recognized promoter of cardiac
fibrosis.26,27 These treatment-induced disturbances are
in stark contrast to the highly regulated stability of the
internal milieu in healthy subjects.22,28,29 Furthermore,
the limited efficiency of intermittent hemodialysis only
partially restores the internal milieu composition and
does not achieve efficient removal of medium- and
high-molecular-weight uremic compounds, giving rise
to interest in convective therapies and higher-cutoff
dialyzer membranes.28 This incomplete removal of
uremic toxins by intermittent hemodialysis, as sum-
marized by the “residual syndrome,” is another po-
tential contributor to patient morbidity and
mortality.30,31

Despite substantial progress, the intermittency of
treatment and regular exposure to extracorporeal cir-
cuit still elicits bioincompatibility reactions that results
in the periodic activation of serum proteins (e.g.,
clotting cascades, complement activation, surface con-
tact, and kallikrein-kinin system)32-38 and blood cells
(e.g., platelets, leukocytes, and monocytes). The in-
duction of proinflammatory mediators39,40 is further
amplified by microbial-derived products from the
dialysate.41-44 Activation of monocytes and macro-
phages in turn triggers the release of various proin-
flammatory cytokines (such as interleukin-1,
interleukin-6, and tumor necrosis factor-a).45,46

Furthermore, acute-phase inflammatory reactions are
amplified by oxidative stress in a self-amplifying
loop.45 Close interplay between biological reactions
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has been the rationale for improving the hemo-
compatibility of the extracorporeal circuit (e.g., syn-
thetic polymer membrane, plasticizer, bioengineering
design) and the use of ultrapure dialysis fluid in most
countries.47,48 These improvements aim to reduce low-
grade inflammation in maintenance hemodialysis pa-
tients and prevent its effects on the cardiovascular
system.20,46,49

Dialysis-Induced Systemic Circulatory Stress

and Multiorgan Damage: Understanding the

Determinants of a Complex Interplay

Intradialytic hypovolemia, hypotension, and hypoxia
may result in a systemic multifactorial circulatory
“stress” that acts as a disease modifier resulting in a
multiorgan injury superimposed on preexistent
comorbidities as graphically summarized in Figure 1.

Cardiac and Circulatory Stress

Innovative functional imaging techniques (e.g., echo-
cardiography, cardiac MRI) and sensitive cardiac bio-
markers (e.g., troponin I) have revealed that cardiac
stress is exacerbated by the dialysis procedure.
Adverse cardiac impact starts very early into a hemo-
dialysis session and augments over the course of the
treatment.8,50-52 Several factors contribute to cardiac
stress, including treatment time, ultrafiltration volume
and rate, and electrolyte flux. Although cardiac stun-
ning, a temporary reduction in myocardial perfusion
and contractility, can occur in the absence of ultrafil-
tration,53 it is recognized that rapid fluid removal by
ultrafiltration—expressed in volume per time scaled to
body weight—is a key factor.54,55 Briefly, ultrafiltra-
tion tends to reduce the circulating blood volume. This
decline in blood volume is in part compensated by
blood redistribution from venous capacitance vessels
(e.g., by means of the De Jager-Krogh phenomenon)56

and vascular refilling with fluid from the interstitial
space.57,58 Vascular refilling is driven by several fac-
tors, such as a rise in plasma protein concentration and
oncotic pressure. Nevertheless, the vascular refill rate
during most dialysis sessions does not fully compensate
for the ultrafiltration rate, resulting in a decline of the
effective blood volume. Furthermore, detailed intra-
dialytic imaging studies have shown that cardiac
stunning is directly related to the ultrafiltration rate
and occurs even in the absence of coronary artery
disease.17,55,59 In the face of ongoing ultrafiltration,
arterial blood pressure and tissue perfusion are main-
tained physiologically by an increase in vascular tone,
mainly in alpha-adrenoceptor territories, and venous
return.60,61 However, vasoconstriction may be inhibi-
ted by a dialysis-induced rise in core temperature.62

Importantly, dialysis has negative effects not only on
the perfusion of the heart but also on other organs,
1857
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Figure 1. Dialysis-induced systemic stress (DISS) acting as disease modifier and resulting in a multiorgan injury superimposed on preexistent
comorbidities and affecting outcomes.
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such as kidney, gut, liver, and brain, as shown by
various imaging techniques of positron emission to-
mography, computed tomography, and MRI.63-65 Apart
from direct organ damage by tissue ischemia, hepato-
splanchnic circulatory stress may also induce bacte-
rial translocation, endotoxin release, and the increased
release of gut-derived uremic toxins such as indoxyl
sulphate into the systemic circulation.66-69 The impor-
tance of these observations is shown by studies
reporting an association between mortality and ultra-
filtration rate/volume and change in blood pressure and
end-organ ischemic injury.8

A recently introduced general measure of dialysis-
related circulatory stress, which is easy to assess in
hemodialysis patients with a central venous catheter as
vascular access in place, is central venous oxygen
saturation (ScvO2). ScvO2 is physiologically linked to
upper body blood flow,70 and a decline in ScvO2 is
associated with higher mortality in dialysis patients.71

Similar to the findings of organ-specific imaging tech-
niques, the decline in ScvO2 during dialysis was found
to be related to ultrafiltration volume.72,73

Patient Factors

The systemic response to hemodialysis and fluid
removal is even more complex because it involves
others factors such as thermal balance reflecting the
dialysate–patient temperature gradient, electrolyte
fluxes that depend on dialysate–patient gradients, and
also the individual patient’s baseline cardiac and he-
modynamic reserve as well as the neurohumoral stress
response.74-76 Furthermore, this response may be
modulated by additional factors (e.g., age, gender, co-
morbidity, and medication) that may explain individ-
ual or temporal variations in hemodynamic
adaptation.77,78 Whatever the reason, the hemodynamic
1858
stress of dialysis must be considered as a potent disease
modifier in an already highly vulnerable population.79

This presents an important therapeutic dilemma, as
insufficient fluid removal contributes to chronic fluid
overload, which is an important risk factor for mor-
tality in dialysis patients.80,81

Hypoxemia

In addition to the circulatory stress that reduces tissue
perfusion,82-84 hypoxemia can be observed in hemo-
dialysis patients. This phenomenon has been known
since the early days of hemodialysis but only recently
has hypoxemia has been associated with increased
mortality. Hypoxemia is particularly marked in the
first 30-60 minutes after dialysis initiation, suggestive
of impaired pulmonary gas exchange85,86 and/or
reduced respiratory drive. The pathogenesis of intra-
dialytic hypoxemia is likely multifactorial, but leuko-
cyte trapping in the lung due to bioincompatibility has
been identified as a factor in the early days of dialysis.
With the advent of bicarbonate buffered dialysis, a
reduced ventilatory drive due to a rapid increase in
plasma bicarbonate is likely to play a more prominent
role.87 Prolonged intradialytic hypoxemia is likely to
aggravate end-organ damage by reducing oxygen de-
livery to tissues and organs. However, it is difficult to
differentiate the effects of intra-dialytic hypoxemia
from those of preexisting pulmonary pathologies, sleep
apnea, and fluid overload.84,85

Solute Fluxes

Solute fluxes and biologic fluctuations reflect the
amplitude of body composition changes that patients
face with each hemodialysis treatment. These fluctua-
tions may interact with and aggravate circulatory stress
consequences.22,88-90 Solute flux is related to dialysate-
Kidney International Reports (2020) 5, 1856–1869
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to-blood solute concentration gradients.88 According to
the type of exchanges and gradient direction, solutes
may be classified as following either negative or posi-
tive gradients, whereby the gradient is conventionally
defined as dialysate minus serum solute concentration.
Uremic retention solutes are removed along negative
gradients, whereas selected electrolytes (e.g., bicar-
bonate, calcium, magnesium) or glucose may diffuse in
the opposite direction, from the dialysate into the
blood. Although a detailed description of intradialytic
biochemical changes is beyond the scope of this re-
view, we wish to highlight the fact that patients are
challenged by large osmotic fluctuations due to shifts
of urea, electrolyte, and water and acid-base changes;
at the same time, patients are losing amino acids and
other salutary compounds.91-94 Clinical manifestations
of these shifts range from none, through minor (fatigue,
headache) to severe symptoms (impaired cognition,
arrhythmias) including the dialysis disequilibrium
syndrome.95,96

Cardiac Arrhythmias

Cardiac arrhythmias (CAs) and sudden cardiac death
are leading causes of mortality in hemodialysis pa-
tients, accounting for a quarter of deaths in prevalent
dialysis patients (US Renal Data System).7 It has been
recognized for many years that dialysis patients are at
an increased risk of CA and sudden cardiac death.
However, the underlying mechanisms are not
completely understood.97,98 It is also important to note
that in contrast to the general population, bradycardia
leading to asystole is more frequent in hemodialysis
patients.99 Electrolyte abnormalities and cardiac struc-
tural changes likely contribute this. Dialysis patients
can present with so-called uremic cardiomyopathy, an
ill-defined entity characterized by various degrees of
left ventricular hypertrophy and dilation, systolic and
diastolic dysfunction, and histopathologically, fibrosis
and capillary rarefaction.100 Whereas structural cardiac
changes may predispose to arrhythmias, both inter-
dialytic events and dialysis per se appear to be risk
factors for arrhythmias. In addition to the well-
documented effects of potassium concentration, cal-
cium levels may also affect cardiac rhythm in dialysis
patients.101 The prevalence of arrhythmias in inter-
mittent hemodialysis patients is likely to be under-
estimated when based on symptomatic episodes.102 As
documented by implantable loop recorders, the prev-
alence of significant asymptomatic arrhythmias is
substantially higher than expected. In a recent pro-
spective study of 66 hemodialysis patients of whom
94% completed the study,99 a total of 1,678 CA events
were recorded in 44 patients. The majority were bra-
dycardias (87%; N ¼ 1,461). Fourteen episodes of
Kidney International Reports (2020) 5, 1856–1869
asystole and only 1 episode of sustained ventricular
tachycardia were documented. Atrial fibrillation,
though not defined as a clinically significant CA, was
detected in 41% of patients. The timing of arrhythmias
relative to dialysis treatment schedule is also of inter-
est. With thrice-weekly dialysis, the CA rate was
highest during the first dialysis session of the week and
increased during the last 12 hours of each interdialytic
interval, particularly the long interval. The incidence
of atrial fibrillation was highest during hemodialysis.
Warm dialysate $37�C (hyperthermic dialysis), low
dialysate calcium (<1.25 mmol/l), low dialysate potas-
sium (<2 mmol/l), and sodium modeling were associ-
ated with a higher CA rate.99,103 Implications of sodium
modeling are not discussed but is likely reflecting a
confounder by indication rather an a pathogenic factor.

Cognitive Function

Cognitive function is frequently impaired in hemodi-
alysis patients,104,105 and this may be directly linked to
the treatment itself. Recent studies using neuropsy-
chological tests and sophisticated tools (transcranial
doppler ultrasonography, cerebral MRI) have identified
a link between the deleterious effects of hemodialysis
on cognitive function and changes in cerebral arterial
flow velocity.106,107 In a prospective observational
cohort study of 97 adults receiving hemodialysis, the
degree of decline in flow velocity in the middle cerebral
arteries correlated with the decline in cognitive func-
tion.107 Further, transient cognitive impairment has a
negative impact on the patients’ experience, but also on
their health literacy and ability to process medical in-
formation, possibly affecting their ability to adhere to
their treatment regimen. Moreover, repetitive
hemodialysis-induced brain insults may result in
ischemic brain and white matter damage (leukoaraiosis)
as shown in a prospective cerebral MRI study.108,109

Quality of Life

Alongside this, dialysis-related morbidity (intra- and
interdialytic) aggravates the symptom burden and has
a negative impact on patients’ perception of their
quality of life.15,79,86,110,111 This can be expressed by
symptoms scored according to type, frequency, and
intensity, or more specifically by integrative scaling
systems such as patient-reported outcome measures or
patient-reported experience measures.112-114 Among
the most frequently reported symptoms are hypoten-
sive episodes, cramps, headache, fatigue, pruritus, and
sleep disorders.115 Patient-reported outcome measures,
patient-reported experience measures, and various do-
mains of health-related quality of life are significantly
lower in patients treated by conventional hemodialysis
and are improved by daily or longer treatment sched-
ules, for example, nocturnal dialysis.116-118
1859
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Furthermore, dialysis symptom burden is associated
with poor outcomes. Indeed, these clinical performance
indicators are now recommended as part of the
assessment of dialysis adequacy.112,119-122
Summary

In summary, hemodialysis, although live-saving, also
exposes the patient to hemodynamic and ventilatory
stress as well as osmotic and electrolyte shifts. More-
over, blood contact with the extracorporeal circuit may
induce proinflammatory cytokines and complement
activation. Multifactorial, repetitive hemodialysis-
induced stress globally reduces tissue perfusion and
oxygenation, all of which may have deleterious long-
term consequences on the function of vital organs
such as the heart, brain, liver, and kidneys. Some of
these effects also result in chronic low-grade inflam-
mation, and this may further contribute to poor
outcomes.8,18,64,106,108 In addition, the combined effects
of cardiocirculatory stress, hypovolemia, and electro-
lyte changes may create proarrhythmogenic condi-
tions.99,123-125 Cardiac changes as a result of myocardial
stunning, cardiac remodeling in response to cyclical
pressure and volume overload, fibrotic scarring, and
loss of contractile function with aberrant electrical
conductivity are all pathways that conceivably increase
the sudden cardiac death risk.59,98,99,126-128 These
findings have similarities with the extreme physiologic
demands that are experienced by healthy subjects
under adverse environmental conditions, with the
difference that they must be endured repeatedly by a
1860
vulnerable patient population over months and
years.129

Therefore, in order to prevent dialysis-induced or-
gan damage, it is imperative to challenge traditional
hemodialysis treatment paradigms.

Developing More-Cardioprotective and Better-

Tolerated Hemodialysis

Reducing and preventing dialysis-induced hemody-
namic stress is crucial in the quest for cardio- and
multiorgan-protective therapy and improving patient
experience. We will briefly address these issues and
explore various approaches. These include improved
biocompatible materials, smart dialysis machines that
automatically control the fluxes of solutes and elec-
trolytes, volume and hemodynamic control, health
trackers, and potentially disruptive technologies that
are envisioned to lower or prevent dialysis-associated
injury graphically summarized in Figure 2.

Extracorporeal Circuit

Reducing the effects of blood-extracorporeal circuit
interaction is of tremendous importance for improving
hemoincompatibility reactions while minimizing
thrombosis risk and preventing microinflammation.
Although major progress has already been made with
less reactive biomaterials including synthetic polymer
hemodialyzers, less bioreactive tubing material,
improved circuitry geometry, and ultrapure dialysis
fluid, further advances are possible. Several areas are
currently being explored. For example, minimization of
the blood-air interface in the extracorporeal circuit is
Kidney International Reports (2020) 5, 1856–1869
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possible by combining a very short circuit with a blood
cassette and avoidance of the venous bubble trap.130,131

Incorporation of antithrombotic agents within the core
polymer bulk or on the surface of dialyzer fibers and
blood lines is also being explored,132,133 as is the use of
citric-acidified bicarbonate dialysate as an adjunct to
antithrombotic-treated polymer.134-136 Finally, methods
are being developed to prevent or reduce microbubble
formation within the extracorporeal circuit.137-139 By
combining these different approaches, the bioreactivity
of extracorporeal circuit can be minimized and its
contribution to inflammation and/or end-organ damage
may be prevented.

Solute Flux

Another important contributor to systemic stress is the
magnitude of solute fluxes.140-143 Reducing instanta-
neous solute fluxes while keeping total solute mass
transfer equivalent to attain dialysis adequacy goals is
an important target to improve dialysis tolerance and to
reduce patient burden. One approach is to reduce
blood flow and increase treatment time and/or fre-
quency (e.g., nocturnal dialysis, alternate day, or daily
dialysis) in order to compensate for the reduction of
instantaneous solute fluxes. Although a standard clin-
ical practice in Japan, it is generally not well accepted
by patients in Western countries.144

Longer and/or more frequent dialysis schedules are
generally better tolerated and result in less circulatory
stress compared to short dialysis schedules.145,146 This
reflects reduced solute gradients and fluxes, including
electrolytes and ultrafiltration rate.54 Importantly, fluid
removal and solute and electrolytes fluxes are poten-
tially modifiable factors of the dialysis prescription.

Certain dialysate electrolyte levels, in particular low
dialysate potassium, alone or in combination with low
dialysate calcium and magnesium, are associated with a
higher incidence of atrial fibrillation.99 This finding
corroborates several retrospective studies indicating
that hemodialysis against low potassium dialysate
(i.e., #2 mmol/l) might increase the risk of sudden
cardiac death, mainly in patients without pre-dialysis
hyperkalemia.123 The prescription of low dialysate
potassium (<2 mmol/l) should therefore be avoided
from a safety standpoint. Aside from electrolytes
fluxes, cardiac medication (beta-blockers)147,148 clear-
ance induced by high-efficiency renal replacement
therapy modalities may further aggravate arrhythmia
risk and require dose adaptation.149 Interestingly, the
incidence of clinically significant arrhythmias was
associated with increased risk of hospitalization with
cardiovascular disease. A clinically significant
arrhythmia during the past 14 days was associated with
8.8-fold risk of cardiovascular hospitalization, though
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no sudden cardiac death occurred during the 6 months’
follow-up.99

Intradialytic Hemodynamic Stability

From a mechanistic view, preservation of hemodynamic
status in response to fluid removal during dialysis re-
quires a synergistic increase of cardiac output (stroke
volume, ejection fraction, contractility, heart rate), total
peripheral vascular resistance, and venous tone.150 As
discussed in a previous paragraph, the hemodynamic
response to fluid removal in dialysis is complex and
involves a combination of the patient characteristics,
dialysis conditions, and the neurohumoral stress
response.151 Considering the complexity of the hemo-
dynamic response to ultrafiltration, an intervention
focusing only on 1 specific component may fall short in
most patients. This has been shown in a randomized
interventional study that has focused exclusively on a
single component (intravascular volume control guided
by relative blood volume changes), the results of which
have been largely disappointing.152 An alternative
approach consisting of measuring the absolute blood
volume based on an online dilution method,153,154 and
then ensuring automated feedback control of the ul-
trafiltration rate to prevent critical reductions in
circulating blood volume,154 may hold the prospect of
reducing intradialytic morbid events.155 Sensors
measuring relative blood volume during dialysis ses-
sions may also be useful tools to detect critical changes
in intravascular volume status, estimate remaining fluid
in the interstitium (e.g., rebound after stopping ultra-
filtration) or quantify vascular refilling rate capacity,156

but they are not considered as the ultimate tool to
manage patient hemodynamics.157 Alternatively,
routine monitoring of ScvO2 could indicate critical
changes in organ perfusion before they result in clin-
ical symptoms, but ScvO2 can only be measured in
patients with a central venous catheter as vascular ac-
cess, a patient population at a particularly high risk of
premature death. For patients with arteriovenous
vascular access, noninvasive methods such as near-
infrared spectroscopy could be of relevance to esti-
mate tissue oxygenation.158

Closed-loop feedback control of ultrafiltration rate
based on changes of absolute or relative blood volume
has resulted in improved hemodynamic stability and
reduced incidence of hypotension in some,155,159 but
not all,157,160 studies. However, no studies have
explored the effect of ultrafiltration feedback control
on patient outcomes.155,161,162 In addition, these
“intelligent” systems should be used with caution, and
some researchers advocate cross-checking with other
technologies (e.g., bioimpedance) to prevent exposing
the patient to chronic fluid overload.163 Other studies
1861
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have suggested that sodium and ultrafiltration profiling
may partly preserve intradialytic hemodynamic status,
but sodium profiling may aggravate intradialytic salt
loading, resulting in thirst and high interdialytic
weight gain with chronic fluid overload.142

Intradialytic Thermal Balance / Temperature

As shown in several studies and confirmed by a meta-
analysis, adjusting dialysis thermal balance is a simple
strategy to improve hemodynamic tolerance with a low
risk of patient discomfort.164 The main objective is to
deliver iso- or hypothermic dialysis to prevent the
patient from warming up during a dialysis session,
because a rise in core temperature may induce an un-
desired hemodynamic response, such as vasodilation,
tachycardia or a fall in ejection fraction.103 Hypother-
mic dialysis can be easily achieved by setting dialysate
temperature 0.5� to 1�C below the patient’s core tem-
perature. Isothermic dialysis requires the use of a blood
temperature monitor device embedded on the dialysis
machine that can control precisely the patient’s thermal
balance by adjusting the dialysate temperature in
response to the blood temperature in the extracorporeal
circuit.165 Both hypothermic and isothermic dialysis
reduce hypotension rates.166

A Personalized Medicine Approach

Recently, a noninvasive whole body bioimpedance
cardiography (BIC) device has been tested in hemodi-
alysis patients to measure the intradialytic hemody-
namic response to fluid removal including cardiac
output, total peripheral vascular resistance, and cardiac
power index. Initial results have been promising and
suggest that dialysis patients might be divided into
different categories based on their predominant he-
modynamic response to fluid removal (e.g., low or high
cardiac output, low or high total peripheral vascular
resistance or normal hemodynamics).150,167 This
approach has the potential to help physicians define
individualized actions based on the patient’s hemody-
namic category, although interventional studies now
needed to define its clinical value.167 The same applies
to other methods aiming to categorize individual he-
modynamic characteristics. These studies need to focus
on accuracy and reproducibility of measurements and
explore the impact of interventions on patient
outcomes.76

Although several tools are currently available to
facilitate hemodynamic management, none have been
shown individually to improve patient outcomes. One
may speculate that combining tools supported by
advanced analytics and artificial intelligence will have
the potential to address this challenge more effectively
in the future.168 Of note, preliminary trials provide
some early encouragement.169 Such tools could also be
1862
combined with approaches to reduce instantaneous
solute fluxes while keeping total solute mass transfer
and dialysis adequacy equivalent in an attempt to
reduce intradialytic morbidity.140-143

It is clear from past experience that a one-size-fits-all
approach to reducing the physiological stresses of
dialysis does not work. It is important to keep this in
mind when novel developments in dialysis treatment
are considered. In other words, dialysis modality,
dialysis dose and efficiency, treatment time, fre-
quency,117,170 and electrolyte prescription should be
tailored to the patient’s specific clinical profile.171,172

Furthermore, treatment prescription should be adapt-
ed over time in response to the patient’s metabolic
changes, treatment tolerance, and symptoms.173 The
approach to prescribing hemodialysis should return to
basics; it should not be the patient who must adapt (or
not) to a fixed treatment but instead, the treatment
should be tailored for the patient. Several studies have
established the predictive value of stratifying patients
according to their risk of adverse short- or medium-
term outcomes.174,175 As an example of how better
understanding of a patient’s risks could help to define
more appropriate and individualized therapy, scoring
systems could be tested and implemented as triggers to
alter specific treatment features (e.g., incremental
dialysis, nocturnal dialysis, and adapted dialysis
schedule) in order to reduce early mortality of chronic
kidney disease stage 5 patients transitioning to dialysis.

Automated and self-adapting systems embedded in
smart dialysis machines, governed by adaptive algo-
rithms coupled to feedback control loops, may offer
interesting innovative solutions. One example of such
an innovative technology is a sodium control module
that has been validated recently in clinical trials.176-178

Based on continuous dialysis inlet and outlet con-
ductivity measurements, an algorithm controls plasma
sodium concentration (e.g., tonicity) changes and al-
lows a precise prescription of dialytic sodium mass
transfer. These monitoring and controlling actions on
sodium mass transfer and tonicity rely on a fully
automated function that follow targeted prescription
settings. Outcome studies are warranted to explore
benefits to patients and the device’s clinical value.179

Other technical feedback control loops are available
to reduce cardiocirculatory stress in dialysis patients
(e.g., thermocontrolled or volume-controlled dialysis),
but clinical studies are warranted to better understand
technical solutions and their combinations with
respect to cardiac outcomes. The development of
noninvasive methods for continuous intradialytic
blood pressure monitoring will enhance early detec-
tion of intradialytic hypotension and may even facil-
itate prediction.180
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The use of advanced analytics and remote biosensor
devices to support medical decision making may offer
innovative steps regarding prescription and monitoring
of personalized hemodialysis therapy. Personalized
medicine based on mathematical models and artificial
intelligence tools (neuronal networks, machine
learning) combined with remote wearable biosensors
may support physicians’ decision making for individ-
ual patients regarding the selection of appropriate
treatment modalities and technical options such as
control of ultrafiltration rate and dialysate sodium and
electrolytic concentrations.168,169 Furthermore, contin-
uous 24/7 monitoring of vital parameters via wearable
sensors (e.g., heart rate, blood pressure, oxygen satu-
ration) in the most fragile patients may facilitate an
early detection or even prediction of serious intra- and/
or interdialytic morbid events. As suggested by recent
reports, new remote sensing technology, so-called
ihealth tracker connected devices, offers novel and
convenient tools for monitoring in a fully automated,
ambulatory and unobtrusive way in high-risk dialysis
patients through the entire nychthemeral cycle.181

New disruptive artificial kidney devices such as
wearable and implantable artificial kidneys (IAK) are
further downstream in the pipeline.182,183 Wearable
artificial kidneys take advantage of sorbent technology
to regenerate dialysate and use microtechnology to
miniaturize hardware and incorporate all components
in a wearable belt device.184-186 Wearable artificial
kidneys have undergone small trials in humans.187,188

Implantable artificial kidney is a biohybrid
combining artificial filters and living cells to mimic
native kidney functions. Implantable artificial kidney
devices are currently in preclinical testing.183 In the-
ory, these portable devices offer several advantages
(e.g., logistical, infrastructure, cost, self-care treat-
ment), including continuous ambulatory treatment, but
additional clinical studies are needed to obtain regu-
latory approval and cost-effectiveness before wide-
spread clinical use can be considered.182
Conclusions and Perspectives on the Future of

Renal Replacement Therapy

The paradigm of personalized or precision medicine is
highly relevant to renal replacement therapy. It is the
basis for designing more-effective, better-tolerated, and
more-acceptable hemodialysis treatments.23

To that end, the planning of dialysis therapy should
focus on optimizing cardio- and multiorgan protection
by fine-tuning sodium, volume, and blood pressure
management as well as through customizing electro-
lytic prescription. In addition, there are opportunities
for improved monitoring of vital functions, including
Kidney International Reports (2020) 5, 1856–1869
arrhythmias and oxygen saturation, with remote con-
nected sensor devices.

Finally, to optimize care of hemodialysis patients,
personalized monitoring that incorporates the inter-
dialytic period utilizing ihealth trackers may allow
event prediction and timely intervention.189

Progress in achieving the goals discussed in the
article will help to develop hemodialysis from a vital
but poorly tolerated therapy to one that is personalized
and aims to minimize organ damage, reduce adverse
clinical outcomes, in particular cardiovascular mortal-
ity and morbidity as well as optimize health-related
quality of life and patient-reported outcomes. In
addition, the use of embarked monitoring tools, such as
a sodium balancing module, will support caregivers
and dietitians to guide more precisely patient’s diet.
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