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Hemodialysis (HD) is the commonest form of kidney replacement therapy worldwide 
with a prevalence rate close to 90%. Despite significant improvements in HD 

techniques and related devices and solutions, the cardiovascular and all-cause 
mortality of HD patients remains unacceptably elevated. More recently, there have 

been significant improvements in the creation and maintenance of vascular access as 
well as the knowledge of types, classification, and monitoring of uremic toxins and 

their relationship with inflammation, atherosclerosis and vascular classification, and 
cardiovascular and all-cause mortality. More interesting is the innovation in dialysis 

membranes/dialyzers, which resulted in the creation of the medium cut-off membrane, 
which enables the safe, simple, and effective removal of middle- and large-sized uremic 

toxins. This type of HD treatment is called expanded hemodialysis (HDx) therapy, 
which so far has resulted in significant improvement in the quality of life of HD patients 

as well as reductions in hospitalization, medications, and non-fatal cardiovascular 
events. Updates on Hemodialysis discusses these innovations and how they can be used to 

improve daily practice and achieve the best possible medical outcomes in HD patients.
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Preface

Hemodialysis (HD) treatment has undergone significant improvements in technology 
and quality performance in managing patients with kidney failure. These advance-
ments include state-of-the-art HD machines, water treatment plants with ultrapure 
water, medical devices, disposables, and solutions. More recently, there have been 
significant improvements in the creation and maintenance of vascular access as well 
as the types, classifications, and monitoring of uremic toxins and their relationship 
with inflammation, atherosclerosis and vascular classification, and cardiovascular 
and all-cause mortality. Innovation in dialysis membranes/dialyzers resulted in the 
development of the medium cut-off membrane, which enables the removal of larger-
sized uremic toxins in a safe, simple, and effective way. The HD technique that uses 
the medium cut-off membrane/dialyzer is known as expanded hemodialysis (HDx). 
HDx therapy has been shown to result in significant improvement in the quality of 
life of HD patients as well as reductions in hospitalization, medications, and non-fatal 
cardiovascular events.

Updates on Hemodialysis discusses different aspects of these innovations and can be 
used as a guide to improve daily practice and achieve best possible medical outcomes 
in HD patients. Chapters are clear and easy to read and include illustrations, figures, 
and tables to support the text. 

I wish to thank the contributing authors for their excellent chapters. My thanks 
also go to IntechOpen and Publishing Process Managers Mrs. Blanka Gugic and Ms. 
Marina Dusevic for their assistance in collecting and editing the chapter manuscripts.

Ayman Karkar
Consultant Physician and Nephrologist,

Head Medical Affairs at Baxter International Inc.,
Renal Care – Middle East and Africa,

Dubai, United Arab Emirates
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Chapter 1

Introductory Chapter: Updates on 
Hemodialysis
Ayman Karkar

1. Introduction

Despite the significant improvements in hemodialysis (HD) techniques over the 
past 40 years, patients on this therapy still suffer from the burden of HD-associated 
symptoms, vascular access-related issues, acute and chronic complications, poor qual-
ity of life, and the mortality rate remains unacceptably elevated [1, 2]. The European 
Renal Association (ERA) and the United States Renal Data System (USRDS) showed 
that the 5-year survival rate for patients on HD is close to only 50%, which is worse 
than patients with breast cancer, prostate cancer and almost like or worse than colon 
cancer [3–6].

The retention of large-size uremic toxins (e.g., proinflammatory cytokines, alpha 
1-microglobulin, YKL-40, and kappa and lambda free light chains) has been associ-
ated with inflammation, atherosclerosis and vascular calcification, cardiovascular 
disease, and increased risk of mortality [7]. These uremic toxins have also been 
associated with poor quality of life, such as late recovery time post-HD session, 
impaired physical function, moderate-to-severe pruritus, and restless legs syndrome 
[8]. These drawbacks of HD treatment demonstrate the unmet needs in the current or 
conventional HD modalities.

2. Uremic toxins and hemodialysis techniques

The new medium cut-off membrane/dialyzer, with its larger pore size, lower wall 
thickness, and smaller inner diameter of hollow fibers, has significantly improved 
the clearance of the large-size uremic toxins in safe, simple, and effective technique, 
especially when compared to conventional hemodialysis techniques [9]. For example, 
the low-flux HD can remove small soluble solutes less than 500 Dalton (Da), such as 
urea and creatinine, whereas high-flux HD is capable of efficiently removing mole-
cules less than 15,000 Da. Diffusion is the major contributor to the clearance of small-
size molecules, but convection, as in online hemodiafiltration (HDF), is required for 
the efficient removal of large-size molecules, especially those above 25,000 Da [7]. 
Randomized controlled trials have shown the effectiveness of online HDF not only 
in its ability to remove large-size uremic toxins but to improve the quality of life [10] 
and to significantly reduce the cardiovascular and all-cause mortality, especially if the 
used prescribed convection volume equals to or exceeds 23 liters/1.73 m2/session [11]. 
However, successful implementation of online HDF is demanding. For example, it 
requires a special HD machine that has the ability to mix solutions online, a powerful 
high-flux dialyzer, functional vascular access with a blood flow rate of 350–400 ml/
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minute (difficult with central venous catheters or not properly functioning arterio-
venous fistula or graft), consumption of large volume of water (almost double what 
is needed for conventional HD), ultrapure water (free from bacteria and endotoxin), 
frequent monitoring of water quality, training of medical and nursing staff (espe-
cially when the turnover is frequent) and achievement of the prescribed convective 
volume [12].

The actual value of the medium cut-off membrane/dialyzer is its ability to per-
form diffusion and convection with fluid replacement (internal filtration) internally 
simulating, and probably more effective than, online HDF, without the need for 
external replacement fluids [13], using a basic HD machine with a blood flow rate 
of 250–300 ml/minute [14], and standard water quality (ISO11663 or ANSI/AAMI 
RD62) [15–21] for conventional HD over the 4-hours dialysis session. This modality 
of HD is referred to as HDx or expanded hemodialysis [9]. HDx therapy has been 
shown to remove effectively larger-size uremic toxins [22], improvement of quality of 
life [23–26], reduction in HD-related medications (e.g., erythropoietin and iron) [27, 
28], and a significant decrease in hospitalization rate [29, 30] and nonfatal cardiovas-
cular disease [18].

3. Complications of hemodialysis

The technique of hemodialysis, especially with the recent developments in the 
technology of HD machines, is still associated with several acute and chronic com-
plications, such as intradialytic hypotension, hypertension, fluid retention, risk of 
bleeding (among other hematological complications), muscle cramps, arrhythmias, 
and sudden cardiac death. “Updates on Hemodialysis” reviews and updates the reader 
on these complications, and some iatrogenic errors such as hypernatremia, iron 
overload, pseudoaneurysm, and air embolism. Hemodialysis patients also suffer 
from and are affected by different psychological stresses upon starting dialysis and 
during the course of treatment, which affect different lifestyle changes. The “Updates 
on Hemodialysis” describes the most common psychosocial issues among patients on 
hemodialysis treatment.

4. Vascular access

There are three types of vascular access. These are arteriovenous fistula, arterio-
venous graft, and central venous catheters. Each of these has its uses and advantages 
and disadvantages. Vascular access is the lifeline for patients in need of hemodialysis. 
“Updates on Hemodialysis” reviews the basics of perioperative anesthetic manage-
ment, including the choice of anesthesia method, pre-anesthesia preparation, 
intraoperative and postoperative management, and the effect of choice of anesthesia 
on the outcomes. In addition, “Updates on Hemodialysis” updates the reader on recent 
innovations in central venous catheter’s tip and coating designs, newer arteriovenous 
fistula access techniques, including a percutaneous endovascular method, innovations 
in arteriovenous graft, including drug-eluting devices that may reduce neointimal 
hyperplasia and bioengineered blood vessels, and arteriovenous graft/central venous 
catheter device, which enables bypassing vessel stenoses.

The “Updates on Hemodialysis” book aims at reviewing and updating the reader 
on understanding type, source, classification of uremic toxins, and ways of their 
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monitoring, HD-related complications, hypertension in HD, errors in HD practices, 
and psychological status of HD patients, management and innovation of vascular 
access techniques, resistance to erythropoietin and its prescription, and extracorpo-
real management of liver failure. “Updates on Hemodialysis” book has also focused on 
the recent innovation in dialysis membranes/dialyzers, particularly the medium cut-
off membrane and its ability to remove the larger-size uremic toxins more efficiently 
in a HD modality known as expanded hemodialysis (HDx).

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 2

Uremic Toxins: The Role of the Gut 
and the Kidneys
Karen Courville

Abstract

Uremic toxins are a diverse group of substances that contribute significantly 
to the high cardiovascular disease burden in chronic kidney disease (CKD). When 
glomerular filtration begins to decrease, a disorder in the intestinal microflora known 
as dysbiosis occurs; this produces alterations in metabolic activities and decreased 
excretion of waste products. These substances have been identified and classified, 
accordingly to molecular weight and clearance. Biological and clinical effects have 
also been identified. These substances have different effects depending on the tissue 
or cell where they accumulate. The recommendations for a low-protein diet in pre-
dialysis patients and the use of probiotics, prebiotics, and synbiotics added to the 
removal techniques in hemodialysis can help reduce the inflammatory effects and 
those associated with mortality.

Keywords: uremic toxins, chronic kidney disease, dysbiosis, hemodialysis, 
cardiovascular mortality

1. Introduction

Uremic toxins are substances produced by protein metabolism. In persons with 
chronic kidney disease (CKD), these substances can accumulate and contribute to the 
diversity of symptoms produced by end-stage kidney disease.

In the gut, protein metabolism by bacteria produces ammonia, in the presence of 
urease enzymes. Diet has an important role, as animal protein generates more uremic 
toxins than vegetable proteins. Also, microbial fermentation of some amino acids and 
gut microbes can generate uremic toxins.

Patients with advanced chronic kidney disease in pre-dialysis and patients in renal 
replacement therapy need an adequate balance of protein in the diet, since dialysis 
can remove some uremic toxins, but not all and studies suggest that these toxins can 
contribute to cardiovascular risk and mortality.

2. Dysbiosis in chronic kidney disease

Uremic toxins are substances produced by protein metabolism. This substance 
accumulates in patients with chronic kidney disease (CKD) and produce deterioration 
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of physiologic and biochemical functions that contribute to gastrointestinal symp-
toms, malnutrition, and progression of end-stage kidney disease [1].

Under normal circumstances, native bacteria are acquired at birth and during 
the first year of life, and some other transit bacteria are acquired during our daily 
food and fluid intake. Acids and bile from gastric and pancreatic enzymes secretion 
prevent most bacteria to grow in the first part of the gastrointestinal tract; but from 
past the duodenum until the distal colon, there is a population of some 100 billions 
bacteria that live in symbiosis with the human host [2], and that studies have shown 
that have roles in metabolic and nutritional function; protection from invasive infec-
tious agents; proliferation and differentiation of intestinal epithelia; and modulation 
of immune system [3].

Approximately, 10 g of protein reaches the colon daily, where it is broken down by 
gut bacteria to metabolites such as ammonium, amines, thiols, phenols, and indoles. 
These products are normally eliminated by the feces, and a part are absorbed and 
eliminated by the kidney [4].

With progression of CKD, disorders of the intestinal microflora occur (dys-
biosis), and there is an alteration in the quantity and quality of its composition 
and metabolic activities [5]. Rising urea levels and the spread of urease bacteria 
increase ammonium production in the intestinal lumen and induce changes in 
intestinal pH, altering the permeability of the intestinal mucosa, by affecting the 
enterocytes in the tight junction, producing an infiltration of mononuclear leuko-
cytes in the lamina propria that is associated with an increased thickening of the 
colonic wall [6].

In addition to the decrease in the clearance of waste products, CKD patients use 
multiple medications, have a decrease in dietary fiber consumption, and need oral 
iron and frequent use of antibiotics that also produce alterations in intestinal transit 
[7]. Patients in hemodialysis have episodes of hypervolemia alternated with ultrafil-
tration and, sometimes, hypotension that can cause episodes of transient intestinal 
ischemia and also increase the permeability of the intestinal barrier and, with this, 
favor the passage of endotoxins [6].

There are more than 100 substances that have been identified as uremic toxins, 
and studies continue to suggest more each day. There are some characteristics that 
these substances must meet to be considered as uremic toxins: identification and 
measurement should be possible and levels should be elevated in CKD patients and 
when decreased, symptoms should improve [8–10].

There are differences in their physicochemical characteristics, as size, weight 
and clearance, and site of origin, that have allowed them to be classified into small 
water-soluble, small middle, medium-middle size, large-middle molecules, and 
protein-bound compounds. Some of these compounds are derived from endogenous 
metabolism and are water-soluble, but some are gut derived from dysbiosis and can 
be water-soluble or protein-bound (Table 1) [11, 12].

2.1 Small molecules (water-soluble and protein-bound)

The water-soluble small molecules have the characteristic that they can be easily 
removed with any type of dialysis (low-flux hemodialysis). Among these, we have 
creatine, creatinine, urea, and uric acid. The protein-bound small molecules, such as 
indoxyl sulfate, P-cresyl sulfate, and homocysteine, are difficult to remove by avail-
able dialysis techniques and are known to have toxic activity. Studies have confirmed 
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that these molecules get better removal with a medium cutoff (MCO) membrane and 
expanded hemodialysis (HDx) [13, 14].

There are different indoles substances, produced by degradation of tryptophan 
by intestinal bacteria and subsequently sulfated in the liver. Indoxyl sulfate has been 
found to be the most abundant in uremic patients [15]. Studies have demonstrated a 
relation with renal fibrosis and progression of end-stage renal disease and an associa-
tion with endothelial damage, as this substance can inhibit endothelial repair func-
tions and free radical production [16].

P-cresol is a phenol produced by the metabolism of phenylalanine and tyrosine and 
then conjugated in the intestinal wall to p-cresyl sulfate and to p-cresyl glucuronide in 
the liver, being p-cresyl sulfate the main metabolite circulating in the cresol group [17].

2.2 Small middle molecules

These substances have a higher molecular weight. β2-microglobuline, PTH, and 
IL-8 can be removed by using high-flux hemodialysis (HD-high flux). The accumula-
tion of β2-microglobuline in osteoarticular or viscera is known as dialysis-associated 
amyloidosis, and deposits contributes to destructive lesions of bones and joints and 
vascular damage [18].

Small molecules
Water soluble
Protein bound**

(< 0.5 kDa)
(Gut derived)
Low flux HD*

MCO HDx

Small-middle
Molecules
(0.5–15 kDa)
High flux HD*

Medium-
middle 
Molecule
Compounds
(>15–25 kDa)
High flux HDF*

Large-
middle 
molecules
(25–
58 kDa)
MCO 
HDx*

Large 
molecules
>58
HCO HD*

Carbamylated 
compounds

Β2-microglobuline IL-1β, IL-6, 
IL-10 IL-18

AOPP Modified 
albumin

ADMA IL-8 myoglobin FGF-23

urea Kappa-FLC Lambda-
FLC

Uric acid prolactin TNFR1

TMAO TNF-α AGEs

SDMA Complement 
factor D

CX3CL1

Indoxyl sulfate** FGF-2 CXCL12

P-cresyl sulfate** IL-2

Homocysteine** YKL-40

ADMA: asymmetric dimethylarginine; TMAO: trimethylamine-N-oxide, SDMA: symmetric dimethylarginine; 
FLC: free light chain; TNF: tumor necrosis factor; FGF: Fibroblast growth factor; AOPP: Advanced oxidative protein 
products; IL: Interleukin; AGEs: Advanced glycation end products; CX: chemokine; and YKL: chitinase like protein.
* All dialyzer types can remove small water soluble compounds, but for each molecular weight group, there is a dialysis 
modality with a higher capacity to remove each group of compounds: HD: hemodialysis; HDF: hemodiafiltration; 
MCO medium cutoff; HDx: expanded hemodialysis; HCO: high cutoff.
** Molecules removed by MCO HDx.
Adapted from: Rosner et al. [12].

Table 1. 
Classification of uremic toxins.
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2.3 Medium middle molecules

These molecules can be removed from plasma by using convective (hemofiltration 
or hemodiafiltration) or large-pore membrane dialysis techniques, such as peritoneal 
dialysis and high-flux hemodialysis. Some of these are myoglobin, prolactin, interleu-
kins (IL-1B, IL-6, IL-10, and IL-18), and Kappa-free light chain, and they contribute 
to maintaining a state of chronic inflammation [19].

2.4 Large middle molecules

These group of molecules are composed by cytokines, growth factors, and signal-
ing proteins; but since they are retained in uremia and clearance for these molecules is 
difficult with low-flux hemodialysis techniques, the accumulation of these substances 
is associated with endothelial dysfunction and cardiovascular disease [20].

2.5 Large molecules

In this group, we find that albumin, but in the presence of uremia, suffers an 
irreversible nonenzymatic post-translational modification, called carbamylation, that 
is associated with pro-atherogenic, endothelial dysfunction, monocyte adhesion, and 
cardiovascular mortality [21].

3. Biological and clinical effects of uremic toxins

The fermentation of non-digestible carbohydrates takes places mainly in the 
cecum and right colon. For bacteria, this is an important source of energy for pro-
liferation and energy recovery from the diet that favors the absorption of ions (Ca, 
Ng, and Fe) in the cecum. The enteric flora also helps in the production of vitamins 
(K, B12, biotin, folic, and pantothenic acid) and the synthesis of amino acids from 
ammonia or urea [22]. Anaerobic metabolism of peptides and proteins that occur 
in distal segments of the colon generates ammonia, amines, phenols, thiols, and 
indoles [23].

There are some factors that favor bacterial translocation: bacterial proliferation 
in small intestine, increased permeability of the mucosal barrier, and deficiencies in 
immune response. CKD patients share those factors that can contribute to accumula-
tion of uremic toxins [24].

Uremic toxins have different effects at tissue and cellular levels. At the endothelial 
level, there is an alteration in the balance of nitric oxide production, and there is an 
increase in the production of free oxygen radicals, inflammation, proliferation, and 
expression of tissue factor and ICAM-1 and MCP-1 [25]. In the smooth vascular fiber, 
there is production of free radicals and proliferation and an increase in the expression 
of osteoblastic proteins. Increased calcification, aortic stiffness, atherosclerosis, and 
increased leukocyte adhesion to the wall have been seen in the blood vessels [26].

In cardiac myocytes, the presence of these toxins causes alterations in cellular 
structure and function and has been associated with cardiac hypertrophy and fibrosis 
[27]. In bone, there are alterations in the differentiation and function of osteoclasts, 
and in osteoblasts, there is a decrease in the expression of the PTH receptor, with 
a decrease in cell viability and proliferation [28]; in adipocytes, deposits of uremic 
toxins have been associated with insulin resistance [29].
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Uremic toxins have been associated with progression of end-stage kidney disease, 
cardiovascular complications, and alterations of mineral-bone metabolism, anemia, 
and insulin resistance. The deposits in the glomeruli, tubules, and interstitium produce 
monocyte infiltration, glomerulosclerosis, and tubulointerstitial fibrosis [30, 31]. 
There is interference in the production of erythropoietin, added to a decrease in the life 
of erythrocytes, which has been related to renal patient anemia [32, 33].

4. Treatment recommendations

It has been seen in general terms that the inhibition of the production of uremic 
toxins derived from the production of intestinal bacteria may have a potential use. 
There are certain bacteria that assist the small intestine; however, if its population 
is depleted or otherwise overstimulated and grows, then an increase in popula-
tion may also cause a problem. There are some potential therapeutic effects on 
using decreasing the amount of protein in the diet and the use of some substances 
(Table 2) [34].

4.1 Low-protein diets

Low-protein diets could be helpful, since by decreasing the intake of amino acids, 
the production of uremic substances can be reduced. Diets with animal protein 
(meat) increase the production of nitrogenous waste products, increase the risk of 
constipation, and worsen uremia. Strategies to reduce the amount of animal protein 
and increase the intake of vegetable protein may have an impact on decreasing 
glomerular hyperfiltration [35].

It has been evaluated that low-protein diets can slow the progression of chronic 
kidney disease. However, patients do not reach the goal stipulated in the recommenda-
tions of low-protein diets of 0.6–0.8 g/kg/day. One strategy would be to supplement diets 
with essential amino acids or ketoanalogs [36]. It is important that diets for patients must 
be modulated, since a very strict diet could lead the patient to a state of malnutrition [37].

4.2 Probiotics

Probiotics are a group of living species of known bacteria (Lactobacillus acidophi-
lus, bifidobacterium longum, and streptococci) that administered orally and have shown 
to decrease some levels of potentially toxic substances such as homocysteine, indoxyl 
sulfate, cytokines (TNF-α, IL-5, IL-6), and pro-inflammatory endotoxins in patients 
with chronic kidney disease [38–40].

Low protein diet Probiotics Prebiotics Synbiotics

Reduce production of nitrogenous 
waste products

Decrease production of toxic 
products and endotoxins

Modification 
of gut 
environment

Improving 
survival of 
intestinal 
bacteria

Decrease in production of toxic waste products and inflammatory substances

Table 2. 
Suggested treatment strategies.
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4.3 Prebiotics

Prebiotics are a non-digestible food ingredient that promotes the growth of ben-
eficial microorganisms in the intestines. The majority of them are a subset of carbohy-
drate groups and oligosaccharide carbohydrates (OSCs), like fructo-oligosaccharides 
and galacto-oligosaccharides. By providing energy sources for the gut microbiota, 
prebiotics can modulate the composition and function of these microorganisms and 
can modify the gut environment [41]. The fermentation products of prebiotics are 
mostly acidic, thus lowering the intestinal pH. This can contribute to a change in 
the composition and population of the intestinal microbiota, and in some cases, the 
fermentation of a prebiotic complex is a substrate for another microorganism [42]. 
Prebiotics are found in fruits, vegetables, and whole grains like apples, artichokes, 
asparagus, bananas, barley, wheat, oat, onions, and green vegetables but are also 
added to some foods. The use of prebiotics decreases the production of indoles and 
p-cresyl sulfate due to the production of short-chain fatty acids (SCFAs), which 
provides energy to the intestine, and allows the amino acids that reach the colon to be 
incorporated into the bacteria and therefore excreted, instead of being used to gener-
ate uremic solutes [43].

4.4 Synbiotics

Synbiotics are substances that contain a mixture of probiotics and prebiotics, 
with the intention of improving the activity and survival of bacteria in the intestine. 
Several studies in patients with stage 3 to 5 chronic kidney disease have evaluated 
some synbiotic-type products, managing to find a decrease in the values of uremic 
toxins in the blood. Reports of some laxatives agents [44] and oral activated charcoal 
adsorbent AST-120 [45] have suggested to reduce concentrations of some uremic tox-
ins, but the effect wanes after stopping its use. Some studies in animals with chronic 
kidney disease have evaluated the use of sodium-glucose cotransporter (SGLT) 2 
inhibitor Canagliflozin. This drug also has an inhibitory effect on SGLT 1, which has 
a gastrointestinal effect by promoting intestinal fermentation of carbohydrates and 
reducing plasma levels of p-cresyl and indoles [46, 47].

5. Conclusions

There is abundant evidence in the literature that the retention of uremic toxins 
contributes to generalized inflammatory damage in patients with chronic kidney 
disease [48]. The general recommendation of a balanced diet, with a low amount of 
protein and an adequate amount of fiber, depending on the renal stage, is important. 
Bacterial overgrowth produces retention of uremic toxins that cause intestinal dys-
biosis. All the strategies that can be used to preserve residual renal function or reduce 
cellular inflammation are important to complete a multidisciplinary approach for the 
management of CKD that increasingly affects more and more patients worldwide.
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Chapter 3

Optical Online Monitoring of
Uremic Toxins beyond Urea
Fredrik Uhlin and Ivo Fridolin

Abstract

This chapter presents origin and physical basis of the optical method for traditional
haemodialysis (HD) dose assessment, accepted as a valid bloodless, robust, automatic,
in situ and online monitoring technology in clinical praxis. Dialysis dose Kt/V, total
removed urea (TRU) and the nutrition parameters PCR, nPCR estimation from ultra-
violet (UV) absorbance in the spent dialysate is explained. Since urea, a small water-
soluble uremic solute and a surrogate marker for the efficiency of dialysis treatment to
clear the blood of toxins and metabolic end products, is not representative for all
retained uremic toxins removed with the modern dialysis care, new developments of
optical online monitoring of uremic toxins, beyond urea, are discussed. Optical
intradialytic monitoring of small-, middle- and protein-bound molecules’ removal,
exemplified by marker molecules uric acid, beta-2 microglobulin and indoxyl sul-
phate, is described. A new concept and sensor technology for multi-component ure-
mic toxins’ intradialytic optical monitoring of spent dialysate with some clinical
examples are introduced. Drug interference studies during the optical dialysis moni-
toring and future directions in optical monitoring are included. Offered benefits will
be more patient-centred, integrated and cost-efficient care, as feedback for clinicians
helps to improve and personalize the treatment quality, minimizing costly adverse
effects.

Keywords: dialysis dose, dialysis adequacy, fluorescence spectroscopy,
haemodialysis, online monitoring, optics, small uremic toxins, middle molecule
uremic toxins, protein-bound uremic toxins, ultraviolet absorbance, solute removal,
spent dialysate

1. Introduction

The traditional surrogate marker for dialysis dose, urea, which should reflect the
clearance of various toxins and metabolic end products is disputed [1]. Removing a
sufficient quantity of urea makes it possible to reduce symptoms, morbidity and
mortality, and improve quality of life [2]. Urea has over the years been attempted to
be measured online in the spent dialysate with different techniques such as enzy-
matic-, conductivity- and optical sensors. The enzymatic technique measure urea
concentrations in the effluent spent dialysate stream, online, using either an ammo-
nium ion (NH4 +) sensor that measures the amount of NH4 + determined directly by
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an ion-specific electrode or by an electrical potential difference between two elec-
trodes, generated from hydrolysis of urea produces NH4+. A urease membrane cata-
lyzes the chemical reaction when it comes in contact with urea in dialysate [3, 4]. This
online technique has disappeared from the market possibly due to cumbersome han-
dling for the staff and high extra costs. There are two still present techniques, first the
ionic dialysance method uses a conductivity sensor [5] and is based on the fact that the
diffusion coefficients of sodium and urea are similar at 37°C, through a dialysis
membrane, therefore sodium dialysance can be used as a marker for urea clearance.
The second commercially available technique is the optical method, which will be
presented in more detail in this chapter. This technique utilizes the high correlation, in
spent dialysate, between urea and UV absorbance at a certain wavelength range, even
when urea itself does not absorb UV light [6, 7].

Urea shows a kinetic behavior that is not representative of all retained uremic
toxins, including other water-soluble molecules belonging to the group of small mol-
ecules. A more comprehensive picture is needed for assessment of uremic solute
removal during dialysis involving kinetic profiling and monitoring of the key mole-
cules of all three groups (small-, middle- and protein-bound molecules) of solutes in
uremic toxicity [1, 8, 9]. European Renal Best Practice has pointed out that beta-2
microglobulin (β2M) is a potential marker for the middle-size group having a kinetic
behavior sufficiently representative of other middle molecules, including peptides of
similar size [10, 11]. The protein-bound group, indoxyl sulphate (IS), has received
attention because of its link to cardiovascular disease and mortality [12]. Furthermore,
analyzing concentrations of these molecules requires today the cumbersome high-
performance liquid chromatography (HPLC) method, which, therefore, has limited
possibilities to be used in daily clinical practice.

A combined optical online technology utilizing simultaneously both UV absor-
bance and fluorescence might be a solution for this. This chapter will mainly focus on
the latest research and development in that direction and will conclude with the
results achieved so far.

2. Optical online monitoring of dialysis dose

2.1 Background of optical dialysis dose monitoring

Optical methods in dialysis dose monitoring started approximately 40 years ago
with the development of the HPLC technique, which utilizes UV/Visible (Vis) spec-
troscopic data for analysis [13–16]. HPLC was utilized for molecule separation and
identification of contents in plasma, urine and spent dialysate [17–20]. The “era of
uremic toxins search” was born.

Applying standard laboratory photometers to measure solute removal during
haemodialysis (HD) was first introduced by Boda and coworkers [21] who demon-
strated an exponential decline of UV absorption in spent dialysate at wavelength
210 nm. The introduction of light-fiber optics and the developments of
monochromator-detector in the mid-1980s and early-1990s, respectively, entailed
near infrared spectroscopy (NIRS) becoming more powerful for scientific research.
First, at the end of the 20th century, both UV- and NIRS-techniques were developed
forward as practical tools applied for HD dose monitoring.

A Hungarian group published the first report about how UV transmittance of the
spent dialysate can be measured at 254 nm, believed to be the best wavelength to
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monitor the efficacy of HD, [22]. Besides, there was concluded that the hardly diffus-
ible components had a higher elimination rate compared to the removal rate of small,
more freely diffusible constituents. Nearly two decades later, a work aiming to mon-
itor the dialysis liquid during HD by UV absorbance was presented by Vasilevski et al.
[23]. They also discussed UV extinction as an indicator of nucleic acid metabolism
[24]. Almost simultaneously, in 2001, independent studies about online monitoring of
solutes in dialysate using UV absorbance were published [6, 25], studying the possi-
bility to monitor removal of different uremic solutes in the spent dialysate, and
further firstly describing, as an illustrative example, how to estimate urea Kt/V from
UV absorbance. The first clinical study, incorporating the UV-technology with a real
clinical application, Kt/V calculation, was reported by Uhlin et al. [7]. A fruitful and
exciting collaboration between Uhlin, Fridolin and co-workers within the field of
optical dialysis dose monitoring has been followed. During the last decade, in connec-
tion with commercialization of the UV-technology for dialysis dose monitoring, new
interest has appeared in the optical field. Some works, by the groups from Japan,
related to spectroscopic analysis of uremic substances in dialysate have been
presented [26, 27] and additionally some papers from St. Petersburg [28]. Validation
of a clinical prototype device [29] and the commercially available UV absorbance
dialysis dose monitor have been also presented [30]. The UV absorbance method as an
alternative method to measure small-solute clearance is mentioned in DOQI clinical
practice guideline for haemodialysis adequacy [31]. Moreover, the clinical care guide-
lines are available to interpret the real-time haemodialysate UV absorbance patterns to
optimize solute clearance, troubleshoot problematic absorbance patterns and inter-
vene during an individual treatment as needed [32].

2.2 Overview of optical principles in spectroscopy

Optical dialysis monitoring techniques utilize mostly phenomena described by the
optics of biological fluids. Biological fluids include all kinds of fluids made by living
organisms like urine, lymph, saliva blood, semen, mucus, gastric juice, aqueous
humor, etc. Spent dialysate can also be categorized as a biological fluid derived by
filtering the compounds usually less in size than 50,000 Dalton from blood through a
dialyzer membrane into the pure dialysate containing water and electrolytes.

From the perspective of optics, biological tissues and fluids can be divided into two
large classes: strongly scattering (opaque) tissues and fluids, such as skin, brain, vessel
walls, blood, milk lymph and eye sclera, and weakly scattering (transparent) tissues
and fluids such as crystalline lens, cornea, vitreous humor, aqueous humor of the front
chamber of the eye [33] and spent dialysate. For the second class, the Beer–Lambert
law is often applicable [34]. In this section, we will present a short description of the
electromagnetic spectrum, some basic principles about photon propagation in biolog-
ical fluids, Beer–Lambert law and examples of how this could be utilized as a mea-
surement.

2.2.1 Electromagnetic radiation

Electromagnetic (EM) radiation used to be classified by wavelength into radio-,
microwave, infrared, visible region, ultraviolet and x- and gamma-rays. The charac-
teristics of EM radiation depend on its wavelength. An illustration of the EM spectrum
range is shown in Figure 1. Infra-red (IR) is per definition EM radiation with a
wavelength range between 760–0.5 mm, Vis 390–770 nm and UV 100–400 nm. The
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EM spectrum of UV can be subdivided in a number of ways. The draft ISO standard
on determining solar irradiances [35, 36] describes the following ranges relevant to
dialysis optical monitoring:

• Ultraviolet A (UVA), long wave 400–315 nm

• Ultraviolet B (UVB), or medium wave 315–280 nm

• Ultraviolet C (UVC), short wave 280–100 nm

“Light” is usually defined as visible EM radiation of the entire EM spectrum where
the human eye is sensitive [37–40], but the term light is often extended to adjacent
wavelength ranges that the eye cannot detect [40]. Spectroscopy can detect a much
wider region of the EM spectrum than the Vis range and a common laboratory
spectrophotometer can detect wavelengths from 200 to 2500 nm.

2.2.2 Photon absorption and fluorescence phenomena

Photons that propagate inside a medium can be absorbed by the molecules in the
sample.

Absorption: During absorption spectroscopy, an incident photon can be absorbed
by a molecule, which leads to the photon energy being converted into an excitation of
that molecule’s electron cloud. This interaction is sensitive to the internal structure of
the molecule since the laws of quantum mechanics only allow for the existence of a
limited number of excited states of the electron cloud of any given chemical species.
Each of these excited states has a defined energy, the absorption of the photon has to
bridge the energy gap between the ground state (lowest energy state) and an allowed
excited state of the electron cloud. As a consequence, molecules can be identified by
their absorption spectrum, their wavelength-dependent capacity for absorbing pho-
tons depends on the energy spacing of the states of their electron cloud. If the fre-
quency of the radiation matches the vibration frequency of the molecule, then
radiation will be absorbed, causing a change in the amplitude of molecular vibration
[41]. Molecules, which strongly absorb Vis light, appear colored to the human eye and
are, therefore, called chromophores, that is “carriers of color”.

Fluorescence: In absorption, the signal of molecules in a sample is direct but it can be
done with higher sensitivity by using an indirect approach, fluorescence detection.
Then the ingoing light will give the absorbing molecules excited states (higher energy)
of their electron cloud as described above. From this state, the molecule can shift,
“relax”, to the electronic ground state by transforming the excess energy into an
outgoing emitted light having longer wavelengths than the ingoing light. Different

Figure 1.
Illustration of the EM spectrum range.
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molecules have different emitted spectrums, which being applied during the fluores-
cence measurements [42].

2.2.3 Beer-Lambert law

The Beer–Lambert law states that the absorbance of light intensity is proportional
to the concentration of the substance. This means that the amount of, for example,
UV-light absorbed when passing through a cuvette (manufactured by UV-transparent
material such as quartz) with spent dialysate, Figure 2, is linearly dependent on the
concentration c [mol/L] of the absorbing solute, the optical pathlength in (l) [m]
(depth of the cuvette) and the extinction coefficient ε [m�1 (mol/L)�1], even called
the molar absorptivity at a certain wavelength [43].

If I0 is the intensity of the incident light and I is the intensity transmitted light
through the medium, the absorbance (A), dimensionless, is Eq. (1):

A ¼ log 10
I0
I

� �
¼ ε � c � l (1)

If ε is known for a substance, the absorbance (A) can be calculated by multiplying
the path length and the concentration of the substance. If ε is known for a substance
and A is obtained from a measurement, it is possible to derive the concentration as
Eq. (2):

c ¼ A
ε � l (2)

In our case, when the spent dialysate contains several different absorbing com-
pounds, the overall extinction coefficient is the linear sum of the contributions of each
compound. However, all the components are not identified and probably there is
interference between different substances, which makes it difficult to separate and
determine the concentrations of each solute. Absorbance of a solution, obtained by a
double beam spectrophotometer, is given by the Lambert–Beer law as [44, 45] Eq. (3):

A ¼ log
I0
Irþs

� log
I0
Ir

¼ log
Ir
Irþs

(3)

where I0 is the intensity of incident light from the light source, Ir is the intensity of
transmitted light through the reference solution (e.g. pure dialysate) and Ir + s is the

Figure 2.
Cuvette with a sample containing an absorber with concentration, c, ingoing light, I0, and outgoing light, I, after
absorption in the sample when passing through the cuvette with the optical path length, l.
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summated intensity of transmitted light through the reference solution mixed with
the solution (e.g. pure dialysate + waste products from the blood). The common
assumptions to utilize absorbance calculated according to the Beer–Lambert law to
determine concentration are: (1) the radiation is monochromatic [34, 43, 46, 47], (2)
the irradiating beam is parallel (collimated) across the sample [34, 43], (3) the
absorption of radiation for a given species is independent of that of other species
[34, 43], (4) only the non-scattered and not-absorbed photons are detected from the
medium [40], and (5) the incident radiation and the concentration of the chromo-
phores are not extremely high [46, 48]. The Beer–Lambert law for monochromatic
light can be derived by solving a differential equation for a solution with a finite depth
containing chromophores and is given in detail in many sources [34, 37, 46]. Analysis
of a mixture is based fundamentally on the fact that the absorptions, at each wave-
length, of separate components in the mixture are additive, provided that chemical or
interfering physical reactions between the components do not occur [43] and the
solute concentrations are not very high (not usually found in biological media). In this
case, in a medium containing n different absorbing compounds with the concentra-
tions of c1… cn [mol/L] and the extinction coefficients of ε1… εn [m�1 (mol/L)�1], the
overall extinction coefficient is simply the linear sum of the contributions of each
compound (Eq. (4)):

A ¼ log 10
I0
I

� �
¼ ε1c1 þ ε2c2 þ … þ εncnð Þl (4)

2.2.4 Transmittance and absorbance

The amount of transmitted and absorbed portion of EM radiation in the medium
(e.g. in a dialysate sample) can be characterized by the parameter’s transmittance T
and absorbance A in the spectrophotometer. In order to utilize EM radiation for
measurement of constituents in a fluid, the sample is applied in an optical cuvette,
Figure 2. Through the calibration and measurement procedures, one determines the
amount of the ingoing light illuminating the sample symbolized by I0 and the outgoing
light I symbolizing the intensity of the light after passing the sample as the remaining
ingoing light is partly absorbed by the sample, Figure 2. Having knowledge about
those parameters, one can determine transmittance T (Eq. (5)), and absorbance A
(Eq. (6)) as:

T ¼ I
I0

) %T ¼ I
I0

� 100% (5)

A ¼ � log T ¼ � log
I
I0

¼ log
I0
I

(6)

3. Dialysis monitoring utilizing UV absorbance technique

Several solutes in spent dialysate identified as uremic toxins by Prof. Vanholder
and colleagues in the European Uremic Toxin Work Group (EUTox) have been
measured by applying UV absorbance in HPLC technique [49–52]. Currently, two
optical techniques for dialysis dose monitoring have been investigated—UV absor-
bance and NIRS [53, 54]. Other approaches have also been investigated but are more
limited so far, for example utilizing the Vis region for measurement. In this chapter,
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the UV absorbance technique will be discussed that is applied in the commercialized
dialysis adequacy monitors ADIMEA [55] and DDM [56]. We will present how clinical
parameters based on urea, such as Kt/V, urea reduction ratio (URR), total removed
urea (TRU) and protein catabolic rate/protein nitrogen appearance (PCR/PNA), can
be estimated optically utilizing UV absorbance.

3.1 Present clinical parameters from optical dialysis dose monitoring

Urea kinetic modeling (UKM), that is where urea is used in differential equations,
with the attempt to provide quantitative assessments of dialysis and nutrition
adequacy in dialysis patients. The high correlation between urea concentration and
UV absorbance values gives consequently the possibility to utilize the UKM equations
for UV absorbance similarly. During the UV absorbance and on-line measurements,
the pure dialysate was used as the reference, (Eq. (3)) Ir = pure dialysate, and the
wavelength was fixed for the entire dialysis. The absorbance baseline level was after
the pure flowing dialysate had been stabilized in temperature and conductivity, set to
zero when the pure dialysate was flowing through the cuvette prior treatment, see
Figure 3 for the schematic set-up.

3.1.1 Kt/V estimation from UV absorbance

Assuming that urea is distributed in a single pool volume in the body, that urea
generation rate and ultrafiltration are negligible during the session and that the ratio
K/V remains constant over the dialysis, the following equation holds [57, 58] (Eq. (7)):

Kt=V ¼ � ln
Ct

C0
(7)

where Ct is the post and C0 is the pre-dialysis urea blood concentration, respectively.

Figure 3.
The schematic set up during the studies. All spent dialysate was also collected in a collection tank to be able to
calculate total removal of solutes. [Reprinted from [6]].
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From the differential equation, describing urea mass balance during a dialysis
session, it can be determined that the average value of the urea clearance (K) in
mL/min divided with urea distribution volume in the body (V) in mL (K/V) during a
session may be approximated as the slope from the natural logarithm (ln) plot of the
urea blood concentration in the blood versus time, SB. Similarly, but instead of blood
urea concentrations, the concentrations of urea in dialysate (SD) can be used
(Eq. (8)). Hence:

Kt=V≈ � SBT≈ � SDT (8)

where T is the dialysis session length in minutes. According to Eq. (8), we obtain
Eq. (9):

Ct

C0
≈ exp �Kt=Vð Þ≈ exp SBTð Þ≈ exp SDTð Þ≈ exp SaTð Þ (9)

If the slopes are used instead of the blood urea concentrations. This approximation
is equivalent to the equation when two measuring points are used, and the previously
mentioned assumptions are fulfilled. This equation would hold strictly if urea obeys
fixed volume and single pool kinetics and no urea is generated during the session [59].
In order to calculate Kt/V from the online UV absorbance, the slope of blood or
dialysate urea concentration was replaced by the ln slope of the UV absorbance, Sa,
see Eq. (9) versus time (Kt/V ≈ � Sa*t, Figure 4), [7].

Using the UV absorbance slope values (Sa), Figure 4, according to Eq. (9), the
Daugirdas-based mono compartmental (single pool, sp) Equation (Eq. (10)) [60]:

sp Kt∕Vð Þ ¼ � ln
Ct

C0
� 0:008

T
60

� �
þ 4� 3:5

Ct

C0

� �
UF
BW

(10)

Figure 4.
Online absorbance curve during a single 4 hours HD treatment, where UV absorbance is plotted against time.
The corresponding natural logarithmic (ln) fitting line is also shown and used for Kt/V calculation [Reprinted
from [7]].
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can be written as [7] Eq. (11):

sp Kt=Vað Þ ¼ � ln exp SaTð Þ � 0:008
T
60

� �
þ 4� 3:5 exp SaTð Þð Þ UF

BW
(11)

where UF and BW are the ultrafiltration volume in liters (L) and the patient’s dry
body weight in kg. The equilibrated Kt/V from UV absorbance, eKt/Va, according to
the rate adjustment method [60], is predicted from the rate of dialysis (K/V) and the
sp(Kt/Va) as Eq. (12):

eKt=Va ¼ sp Kt=Vað Þ � 0:6
T
60

� � sp Kt=Vað Þ þ 0:03 (12)

The rate adjustment method predicts that the urea rebound is related to the rate of
dialysis or dialysis efficiency [61].

3.1.2 Estimation of urea removal using UV absorbance

One way to estimate total removed urea (TRU), assuming that the dialysate flow,
Qd(t), is constant and the total UF is known, is to use the following equation
(Eq. (13)):

TRU mmolð Þ ¼ Urⅇa Qd ∙TþUFð Þ (13)

where Urea in mmol/L is the mean urea concentration in spent dialysate of a
particular HD session [62]. For the TRU calculations, Urea = Dtotal can be utilized as
reference, where Dtotal is the urea concentration in the collection tank (all spent
dialysate from one session), after the end of dialysis. Qd is the rate of the dialysate
flow in L/min, T is the dialysis session length in minutes and UF is the total ultra-
filtrated volume in L during the session. Under the condition that a good correlation
exists between UV absorbance and concentration of urea, it is possible to utilize this
relationship. Therefore, in a similar way, TRU may be calculated from the online UV
absorbance curve (Figure 4) as Eq. (14) [63]:

TRUa mmolð Þ ¼ α � Aþ β
� � � Qd ∙Tþ UFð Þ (14)

where A is the mean of all UV absorbance (A) values from the start to the end
of the dialysis. The regression line between the UV absorbance and concentration
of urea in spent dialysate from online measurement gives the slope (α) and the
intercept (β) inserted in Eq. (14) when determining TRUa from a general model.
TRU from the total dialysate collection (TDC), reference, was calculated as Dtotal
(mmol/L) multiplied with collected weight (kg), assuming that 1 kg = 1 L of the
dialysate [63].

3.1.3 Estimation of nutrition parameters from UV absorbance

High concentration of urea in blood is not necessarily related to a poor dialysis
outcome if urea removal is sufficient [64], but also protein-energy malnutrition is
frequently present in HD patients. Several studies have suggested that malnutrition is
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an important risk factor for morbidity and mortality in HD patients [65]. In order to
optimize the diet of patients with renal diseases, dietary protein intake has to be
controlled. Protein nitrogen appearance (PNA), formerly protein catabolic rate (PCR)
[66], is easily obtainable from UKM and in patients who are not markedly catabolic or
anabolic, the normalized PNA (nPNA) correlates closely with dietary protein intake
[67, 68]. These parameters can be calculated from TRU. The PCR calculation, from
TDC and UV absorbance, was based on a theory by Garred et al. (1995), where a
calculation of urea removal is expressed as a fraction of the week’s urea generation.
The fraction varies with the day of the week and was found to be essentially constant
among patients on a given day [69]. The amount of urea could, therefore, be approx-
imated by measuring urea concentration from only one of the three treatments and
PCR could be calculated as Eq. (15) [63]:

nPCRw ¼ Factor1,2 or 3
TRU1,2 or 3

BW

� �
þ 0:17 (15)

where TRU 1, 2 or 3 (expressed in grams of urea nitrogen) is the TRU from the first
(1), midweek (2) or last dialysis in week (3) and Factor one, two or three is the
fractional factor for the corresponding days; factor one = 2.45; two = 2.89 and
three = 3.10 [69]. Obligatory loss of dietary protein in stools and via skin shedding
represents the constant term 0.17 (g protein/kg body weight/day). BW was used for
normalization of PCR (nPCRw). Observe that these fractional factors relay to a treat-
ment schedule of three times a week. More frequent dialysis treatments are common
today whereas the factors are not appropriate.

4. Monitoring uremic toxins beyond urea

The fact that urea is considered generally a nontoxic substance and only a
marker for uremic retention solutes, and the EUTox has identified several more
relevant uremic toxins utilizing optical analysis methods, arise a question connected to
further development of optical techniques “Could some of these identified uremic
toxins be measured optically on-line?” Of the 90 compounds that have been
identified as uremic toxins by the EUTox group [51, 52, 70], we have, from spectro-
scopic databases, identified 36 to be UV absorbing and among them approximately 25
to be absorbing near 297 nm. In addition to these 90 compounds mentioned as uremic
toxins, there are even more solutes in the dialysate that are optically active at 297 nm,
which add to the measured UV absorbance signal. Spent dialysate contains numerous
different absorbing compounds and concentrations of solutes decline differently dur-
ing a dialysis session for individuals. The UV absorbance curve may therefore be an
individual “clinical print” of the patient’s sum of several UV absorbing solutes and
therefore a possible parameter for monitoring total solute removal during dialysis.
Analyses still remain to find the single solute’s individual contribution to the absor-
bance signal, which is also dependent on which wavelengths are used [71]. Earlier
knowledge from the correlation analysis between UV absorbance and a few uremic
toxins has shown that it is possible to estimate removal of such solutes, which have a
high correlation to UV absorbance. This removal of other uremic retention solutes
beyond urea may have stronger impact on dialysis outcomes compared to urea or
urea alone.
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4.1 Uremic toxins

Uremic toxins used to be divided into three different molecule groups, that is
small, water soluble, middle and protein-bound [72], but it needs still to work
out their relation to dialysis efficacy and what roles different molecules will have in
the development of uremia and which dialysis techniques are best at reducing the
elevated levels of these [73]. Proposal for a new classification system of uremic
solutes rationale has been made [74]. Declined uremic toxin clearance due to low
GFR is not the only cause of toxin accumulation in kidney failure. Excessive produc-
tion of cytokines and soluble receptors due to local tissue inflammation is a major
contributor to the middle molecule accumulation [75], and gut dysbiosis generates a
broad spectrum of uremic toxins [76]. Thus, a broader view of uremic solutes that
goes beyond simply retention with poor GFR is needed. Recent data regarding the
origin of uremic toxins, and the new development of HD methods and new mem-
branes with the ability to clear uremic toxins with specific characteristics, or by
using drugs/molecules to facilitate the shift from bound fraction to free fraction
[77], have led to propose a new classification beyond the classic physicochemical
classification. A study by Vanholder et al. (2018) presents a ranking score list of
uremic toxins with known toxicity according to experimental and clinical
studies [78], Table 1 shows the highest- and second-highest evidence-scored
uremic toxins.

The uremic toxins with the optical monitoring capacity referred to further in this
chapter are marked in underline. AGEs and IAA are in italics as the potential targets
for the optical monitoring in the future, Table 1.

Highest evidence score Second highest evidence score

p-cresyl sulfate Advanced glycation end products (AGEs)

β2-microglobulin Indoxyl sulfate

Asymmetric dimethyl arginine Uric acid

Carbamylated compounds Ghrelin

Fibroblast growth factor-23 Indole acetic acid (IAA)

IL-6 Parathyroid hormone

TNFα Phenyl acetic acid

Symmetric dimethyl arginine Trimethyl methylamine-N-oxide

Retinol binding protein

Endothelin

Immunoglobulin light chains

IL-1β

IL-8

Neuropeptide Y

Lipids and lipoprotein

Table 1.
Uremic toxins with the highest toxicity evidence score (modified from Vanholder et al. 2018) [78].
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4.1.1 Optical intradialytic monitoring of small water-soluble molecules’ removal

Uric acid, like urea, a representative molecule from the small group of uremic
toxins, has been shown to have a high absorption of UV in the wavelength region 280–
310 nm (also a peak around 230–240 nm), Figure 5a. As a consequence, we have been
able to show that it is possible to estimate the total removal of uric acid during dialysis

Figure 5.
(a) The molar absorptivity for four solutes, β2M, uric acid, creatinine and urea in 24 HDF sessions. (b) An
example of the regression line between concentration of uric acid and UV-absorbance [Figure 5a, reprinted from
[86]].
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[79, 80] and a multi-wavelength and processed signal approach can provide even
more accurate results [81]. Figure 5b shows an example of the best-fit regression
equation of uric acid vs. UV absorbance in spent dialysate at wavelength 285 nm
during four dialysis sessions in the same patient, showing a high correlation of
r = 0.99.

Earlier research has demonstrated potential of intradialytic optical monitoring to
estimate the removal of low molecular weight uremic solutes other than uric acid as
urea [53] and creatinine [82] with their clinical implications. Furthermore, optical
monitoring of low molecule weight uremic solutes removal by HD, assessed via the
marker molecule urea-related dialysis adequacy parameters, has become a worldwide
practice [55, 56, 83]. A possibility for optical monitoring of phosphate and calcium
elimination during dialysis has also been presented [84, 85].

4.1.2 Optical intradialytic monitoring of middle molecules’ removal

Using UV absorbance alone to estimate β2M does not appear to be optimal even a
high correlation between UV absorbance and β2M in spent dialysate can be achieved
for HDF but not for HD [86]. Instead, fluorescence spectra could be a better alterna-
tive [87] as it is possible to detect the fluorescence of advanced glycation end products
(AGE) modified β2M in spent dialysate [88, 89]. However, the measuring system
needs high selectivity and sensitivity for detection due to low contribution of AGE
modified β2M to overall fluorescence [89]. The best correlation between the fluores-
cence of spent dialysate and the concentration of β2M in spent dialysate was found in
the wavelength region Ex350–370/Em500–555 nm, with the coefficient of determina-
tion R2 up to 0.859, Figure 6a.

A multiwavelength fluorescence approach can yield a high correlation of up to
0.958 between laboratory and optically estimated β2M concentrations in spent dialy-
sate. The main contributors to the optical signal of the middle molecule (MM) fraction
were provisionally identified as tryptophan (Trp) in small peptides and proteins and
AGEs [90]. Figure 6b visualize the good agreement between β2M concentrations
analyzed in laboratory vs. those predicted by an optical model during 29 four-hour
HDF sessions.

4.1.3 Optical intradialytic monitoring of protein-bound molecules’ removal

Recent studies have presented that quantification of indoxyl sulphate (IS) in the
spent dialysate using fluorescence spectra is possible [91, 92]. Figure 7 shows an
example of a HPLC chromatogram of a spent dialysate sample taken 10 min after the
start of HD, where the fluorescence was recorded at Ex: 280 nm and Em: 360 nm. In
total, 12 clearly resolved chromatographic peaks of fluorophoric compounds were
detected in most (82%) of the spent dialysate samples during the HPLC analysis
collected at different time moments in the dialysis [92]. Of these, five peaks had a
major importance in all samples (peaks no 6, 8, 9, 11 and 12), and six of these
12 peaks were identified as Trp and their metabolites of indole derivates: indoxyl
glucuronide (IGluc), IS, 5-hydroxy-indole-3-acetic acid, indole acetyl glutamine
(IaG) and indole acetic acid (IAA) [92]. IS is one of the main fluorophores in these
measuring conditions (Figure 7, peak 9) [92]. This is in agreement with the
earlier studies, where IS has been found as a main contributor to the fluorescence in
uremic fluids [93, 94].
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4.2 Multi-component uremic toxins’ intradialytic optical monitoring of spent
dialysate

Several in vitro and online studies towards optical multi-component uremic
toxins’monitoring have been published by our group during the last 10 years [9, 95–98]

Figure 6.
a.Wavelength dependence of the correlation between fluorescence intensity and concentration of β2M in spent dialysate
for HDF modalities (N = 375). b. Time-series of changing β2M concentration (mean � SD) in the spent dialysate
during HDF dialysis sessions (N = 29) for patients of the validation set [Reprinted from [90]].
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and by a group from Taiwan [99]. The studies demonstrate that optical dialysis moni-
toring, based on UV absorbance and fluorescence of spent dialysate, can simultaneously
reveal removal patterns of, for example, urea, β2M and IS during various dialysis
treatment modalities without any blood or dialysate sampling, Figure 8.

A good agreement between chemically and optically estimated solute removal
parameters, RR and total removed solute, was achieved. Dialysis modality did not
affect the accuracy of optical method, taking into account that β2M was excluded
from the analysis in the case of dialysis with low-flux dialyzer [9]. Figure 9 shows the
agreement in RR (%) for urea, β2M and IS between measurements from laboratory
and the developed online optical dialysis adequacy sensor (OLDIAS).

4.2.1 Drug interference during the optical dialysis monitoring in spent dialysate

There have been indications that the administration of some drug chromophores,
for example paracetamol (Par), to dialysis patients could disturb the accuracy of the

Figure 7.
Example of a chromatogram of a spent dialysate sample, where peak 9 is indoxyl sulphate. [Reprinted from [92]].

Figure 8.
An example representing real-time concentration profiles for urea, β2M (B2M) and IS during a single dialysis
from optical measurements in the spent dialysate in parallel with the discrete concentration values estimated from
the laboratory analyses of spent dialysate samples at different time moments.
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optical methods since a noteworthy contribution of Par and its metabolites to the total
UV absorbance was determined at three wavelengths 210, 254 and 280 nm [100],
where the latter is used in the commercial monitor [56]. Adoberg et al. confirmed that
the administration of Par in large amounts increased the UV absorbance of spent
dialysate, which can result in overestimation of concentration and the RR of uric acid
(UA) when evaluated by UV absorbance of spent dialysate, using the UV region that
overlaps with the Par-absorption spectrum [101]. At the same time, the correlation
between the IS concentration and fluorescence in the spent dialysate is not affected by
Par administration to dialysis patients, neither is the optical assessment of the RR of IS
on the basis of the fluorescence of spent dialysate. Figure 10 illustrates a representa-
tive chromatogram of the spent dialysate of a patient with high Par intake (twice 1 g of
Par before dialysis, 1 g during the dialysis session and four times 1 g on the previous
day) and the UV absorbance spectra of Par, Par metabolites and UA peaks on the
insert.

These limitations could be overcome by using multiparametric optical models that
incorporate several UV wavelengths in order to evaluate the removal of UA, and also
urea, or using the UV region, such as 295 nm, to minimize the influence of Par.

Figure 9.
A comparison presenting the agreement in RR for urea (Urea), β2M (B2M) and indoxyl sulphate (IS) between
measurements from laboratory and the online optical dialysis adequacy sensor (OLDIAS).

Figure 10.
Characteristic HPLC UV 295 nm chromatogram of spent dialysate of one patient with high Par intake. Insert: UV-
absorbance spectra of peaks of uric acid (UA), paracetamol glucuronide (ParG), paracetamol (Par), paracetamol
sulphate (ParS), and indoxyl sulphate (IS) [Reprinted from [101]].
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Conventionally prescribed drugs in connection with dialysis treatment did not inter-
fere with the optical monitoring of the treatment [101].

4.2.2 Future directions in optical monitoring

The future vision of the dialysis optical monitoring technology is moving towards
the ability to estimate efficacy measures of several important uremic toxins, for
example, Figure 8 that are linked to morbidity and survival for dialysis patients.

Attempts of optical intradialytic monitoring of AGE’s have also been carried out
within our group, showing no difference between average of free pentosidine con-
centrations in the spent dialysate measured by HPLC and models, developed from the
full fluorescence spectra [102]. Tryptophan, which originates uremic toxins that con-
tribute to end-stage kidney disease (ESKD) patient outcomes, may also be a target for
future monitoring. Paats et al. evaluated serum levels and removal during HD and
haemodiafiltration (HDF) of tryptophan and tryptophan-derived uremic toxins,
indoxyl sulphate (IS) and indole acetic acid (IAA), in ESKD patients in different
dialysis treatment settings [103]. High-efficiency HDF resulted in 80% higher Trp
losses than conventional low-flux dialysis, despite similar neutral Trp RR values. In
conclusion, serum Trp concentrations and RR behave differently from uremic solutes
IS, IAA and urea and Trp RR did not reflect dialysis Trp losses. Conventional low-flux
dialysis may not adequately clear Trp-related uremic toxins while high-efficiency
HDF increased Trp losses [103]. Furthermore, by adding chemical displacers, com-
bining ibuprofen and furosemide, during HDF, the removal of protein-bound uremic
toxins can be enhanced [104, 105].

Finally, the technology will be integrated into the dialysis machines of the future
for simple handling and easy monitoring over time, Figure 11.

Figure 11.
An example of a future display on the dialysis machine where multiple performance measures (removal ratio, total
removed amount, Kt/V) for β2M (B2M) (Courtesy of Optofluid Technologies OÜ, Estonia, with permission).
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5. Conclusion

Uremia occurs due to retention of a variety of substances with different properties.
Historically, we have had one marker, urea, to describe the total uremic environment
in dialysis patients. There is a need to follow a wider spectrum of uremic toxins that
are more strongly linked to morbidity and survival than urea alone. Our ambition with
this research, using combined optical methods, is to be able to monitor several impor-
tant uremic toxins online in the future. Patients will benefit from more patient-
centred, integrated and cost-efficient care, as feedback for clinicians helps to improve
and personalize the treatment quality, minimizing costly adverse effects. Feedback to
patients helps to integrate patients into their own treatment, increasing patients’
compliance and well-being.
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Chapter 4

Innovations in Hemodialysis Access
Nidharshan S. Anandasivam and Tessa K. Novick

Abstract

The established types of vascular access for hemodialysis are central venous 
catheters (CVCs), arteriovenous fistulas (AVFs), and arteriovenous grafts (AVGs). 
Innovations in CVC tip and coating design may improve patency and blood flow rates. 
AVFs are preferred over CVCs as they are less prone to clotting and infection, while 
providing reliable and adequate blood flow rates. However, AVF creation requires a 
surgical procedure with associated risks. Because of a paucity of surgeons available 
to create high-quality dialysis access, newer access creation techniques have been 
developed, including a percutaneous endovascular method that has the potential to 
revolutionize dialysis access. Innovations in AVGs include drug-eluting devices that 
may reduce neointimal hyperplasia and bioengineered blood vessels. To bypass vessel 
stenoses, a hybrid AVG/CVC device has been developed. Although many of these 
innovations have yet to become mainstream, they promise to improve dialysis access 
in the future.

Keywords: hemodialysis access, arteriovenous fistula, percutaneous arteriovenous 
fistula, central venous catheter, arteriovenous grafts (AVGs)

1. Introduction

Hemodialysis is the most common modality of dialysis worldwide for patients 
with end-stage kidney disease (ESKD). In the US, approximately 786,000 patients 
have ESKD, and 71% of these patients are on dialysis, while 29% have received a 
kidney transplant [1]. Optimal vascular access is essential for hemodialysis to achieve 
adequate blood flow rates and maintain patency, while minimizing the risk of compli-
cations such as infection and thrombosis.

The most common options for vascular access for hemodialysis are central venous 
catheters (CVCs), arteriovenous fistulas (AVFs), and arteriovenous grafts (AVGs). 
AVFs are generally preferred over CVCs due to lower complications overall, reliable 
blood flow rates, and reduced need for corrective procedures. In those with tun-
neled CVCs, the likelihood of catheter-related bacteremia is 35% at 3 months and 
48% at 6 months [2]. Patients with CVCs experience 4.6 catheter-related bactere-
mia episodes/1000 catheter-days [2]. Furthermore, up to 40% of catheter-related 
bloodstream infections lead to further complications such as osteomyelitis and 
endocarditis [3]. In a study of 865 dialysis patients, catheter dysfunction occurred at a 
rate of 10.58 episodes/1000 catheter-days and affected 56.65% of patients [4]. Other 
known risks of CVCs include catheter lumen thrombosis and central venous stenosis 
[2]. Compared to AVFs, CVCs have shown to have higher infection-related deaths 
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(RR = 2.30, p < 0.05), higher cardiac-related deaths (RR = 1.47, p < 0.05), and higher 
overall mortality risk (RR = 1.54, p < 0.05) [5]. Despite the plethora of evidence of 
AVFs demonstrating better outcomes compared to CVCs, certain vulnerable popula-
tions, like those receiving emergency-only hemodialysis (EOHD), are less likely to 
start their first dialysis with an AVF compared to standard hemodialysis patients [6]. 
This suggests that there are barriers to receiving timely optimal vascular access, and 
many would benefit from innovations in hemodialysis access.

The possibility of converting AVF creation from a mainstream surgical procedure 
to a mainstream interventional procedure holds promise for improving access for 
patients with CVCs in need of AVFs. This chapter will examine innovations in hemo-
dialysis access as it pertains to CVCs, AVFs, and AVGs.

2. Central venous catheters

Central venous catheters are used widely for hemodialysis access. Non-tunneled 
catheters are used for emergent dialysis access and are common in the intensive care 
setting. Tunneled catheters are placed for hemodialysis access in urgent, but non-
emergent, cases in hospitalized patients. Tunneled CVCs can be functional for over 
a year, but dysfunction and complications are not uncommon. Although CVCs have 
been associated with worse outcomes compared to AVFs and AVGs, they are still 
pervasive because they can be placed easily and utilized immediately. Furthermore, 
accessing CVCs avoids the needlesticks required for AVFs and AVGs. Despite this, it is 
generally recommended to use CVCs only as a bridge to AVFs because of the common 
complications of CVCs, or when individuals have limited life expectancy and the risks 
of AVF or AVG creation do not outweigh benefits. CVCs can be either non-tunneled 
(for emergent short-term use) or tunneled through subcutaneous tissue (for longer-
term use on the order of months), and both are associated with higher morbidity 
and mortality compared to AVFs. Over the last several years, the design of CVCs has 
improved to maximize blood flow rate, minimize endothelial injury, improve catheter 
function and biocompatibility, and minimize infections [7].

Catheter tip design has evolved from step tip to split tip to symmetric tip, with 
the goal of preventing thrombosis and recirculation of blood (Figure 1) [8]. The 
difference lies in the end of the catheter. The step tip catheter has its two ends 
offset by a distance, while the split tip catheter has a Y-shaped end with the two tips 
diverging. The symmetric tip catheter as the two ends of the catheter adjacent and 
mirroring each other. One study of 302 patients examined split tip and symmetric 
tip designs and found no difference in mean primary assisted patency [9]. One study 
found lower recirculation rates with the symmetric tip (0% for symmetric tip vs. 
22.3–39.2% for split tip vs. 8.7–16.3% for step tip) [10]. A study comparing split tip 
and step tip catheters found that the step tip catheter delivered higher blood flow 
rates (433 mL/min vs. 414 mL/min), but both types were able to deliver blood flow 
rates that were well above that recommended by the Dialysis Outcomes Quality 
Initiative [11]. Overall, there have been mixed results, and it is inconclusive which 
design is optimal.

In theory, catheter coatings can be utilized externally and internally to prevent 
biofilm formation and activation of the coagulation cascade, which would prevent 
infection and thrombosis. Catheters can be coated with heparin to prevent thrombosis 
and antibiotics to prevent infection. However, a systematic review examining coatings 
have failed to show significant benefit [12].
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Although early catheters were made of silicone, newer polyurethane/polycarbon-
ate polymers are used to increase luminal diameter (thin walls) while maintaining 
strength, flexibility, and rigidity to prevent luminal collapse at high negative pressures 
[13]. Large randomized controlled studies comparing catheter materials are lacking.

Catheter lock solutions have been used for the purposes of antisepsis (antimicrobi-
als) and anticoagulation (heparin or citrate). There is weak positive evidence that 
antibacterial lock solutions decrease the incidence of catheter-related bloodstream 
infection [14]. To date, there has not been an ideal catheter lock solution that has reli-
ably prevented infection or catheter dysfunction. It is controversial whether we should 
use antibiotic locks to treat catheter-related blood stream infections, as the evidence 
supporting this is minimal, and only includes small observational studies [15].

3. Arteriovenous fistulas

In 1966, Brescia et. al. created a connection between an artery and a vein and 
allowed it to mature giving rise to the AVF [16]. This was groundbreaking in deliver-
ing optimal blood flow for hemodialysis. Initial side-to-side anastomoses had issues 
with hand edema, so it was further refined to end-to-end anastomoses to prevent this. 
Even today, AVFs have lower infection rates and better patency than CVCs, as they 
remain the ideal option for dialysis access.

In the last decade, endovascular techniques have been devised to create AVFs, 
revolutionizing dialysis access creation with the power to improve patient access 
to high-quality AVFs. Two novel devices for endovascular interventions have been 
approved by the US Food and Drug Administration.

The first device, the everlinQ endoAVF system (TVA Medical, Austin, TX), 
was studied in the Novel Endovascular Access Trial (Figure 2) [17, 18]. This uses 
radiofrequency energy and catheter technology to create an AVF. Specifically in this 
procedure, the brachial vein is penetrated with a needle and guidewire, which is then 
passed into the ulnar vein. Separately, the brachial artery is punctured in an antegrade 
direction, and a guidewire is advanced to the ulnar artery. A venous magnetic catheter 
is introduced into the ulnar vein, while an arterial magnetic catheter is introduced 

Figure 1. 
Catheter designs. This illustrates three common types of catheter designs for hemodialysis access. The goal of the 
evolution from step tip to split tip to symmetric tip was to prevent thrombosis and blood recirculation. Although 
a few studies have demonstrated certain advantages for each, it is inconclusive which design is optimal overall. 
Reprinted from: [8] Copyright 2019, with permission from Elsevier. This is an Open Access article distributed 
under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/).
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into the ulnar artery. An anastomosis is created between the ulnar artery and vein 
as the magnetic catheters are aligned, allowing for activation of a radiofrequency elec-
trode. In the trial examining 59 AVFs created using this technique, the primary and 
cumulative patency at 12 months were 69 and 84%, respectively. Mean time for fistula 
maturation was 111 days [18].

The second device used to create an AVF is the thermal resistance anastomosis 
device (TRAD) [19]. This uses thermal resistance energy to create an anastomosis 
between a vein and artery. In this procedure, a needle cannulates the vein (usually 
brachial or cubital) in a retrograde fashion using ultrasound, and then punctures into 
the proximal radial artery, allowing a guidewire to follow. Next, the TRAD advances 
into the vein-artery junction and creates a durable anastomosis. Angioplasty is done 
afterwards to augment flow into this anastomosis. In a study examining 107 percuta-
neous AVFs created using this Ellipsys Vascular Access System (Avenu Medical, San 
Juan Capistrano, CA), cumulative patency at 90, 180, and 360 days was 91.6, 89.3, and 
86.7%, respectively [19].

These early results demonstrate that AVFs can be created through endovascular 
intervention, with reliable function afterwards. This can be accomplished by inter-
ventionalists without general anesthesia. If this were to become mainstream, patients 
needing dialysis access creation would have many more options rather than the neces-
sity of waiting to see a vascular surgeon for AVF creation. Access to dialysis creation 
would be revolutionized.

Far infrared therapy has been studied for its effects in improving maturation 
and patency of newly created AVFs [20]. These are electromagnetic waves that may 
improve cutaneous blood flow. Many theorized mechanisms have been postulated 

Figure 2. 
EverlinQ EndoAVF system. This system allows for an endovascular approach to creation of an arteriovenous 
fistula (AVF). A venous magnetic catheter is introduced into the vein, while an arterial magnetic catheter is 
introduced into the artery. An anastomosis between the vein and artery is created as the magnetic catheters are 
aligned, allowing for activation of a radiofrequency electrode and creation of an AVF. Reprinted from: [17]. 
Copyright 2022, with permission from Elsevier. This is an Open Access article distributed under the terms of the 
Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/).
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for how it may improve AVF function, including thermal effects, inflammation 
suppression, and decreased oxidative injury. In a randomized controlled study of 122 
patients, 62 patients received 40 minutes of far infrared therapy 3 times weekly for a 
year. The intervention group had a higher blood flow rate, a lower occurrence of AVF 
malfunction (12% vs. 29%, p = 0.02), and more cumulative unassisted patency (87% 
vs. 70%, p = 0.01) within 12 months [20].

Neointimal hyperplasia presents a challenge to the patency of vascular access. 
Because of this, it is a therapeutic target. Vonapanitase (recombinant human elastase) 
has been studied in a randomized controlled trial to determine if it improved primary 
and secondary patency [21]. It is known to disrupt elastin and other peptides that 
may attract cell proliferation, and has potential benefit in improving AVF patency. 
When applied during radiocephalic AVF creation, vonapanitase reduced primary 
(HR = 0.37, p = 0.02) and secondary (HR = 0.24, p = 0.046) patency loss. It also was 
associated with fewer procedures to restore or maintain fistula patency. However, 
there was no significant difference in risk of primary patency loss with vonapanitase 
overall in this study. Further research is essential to evaluate the efficacy of vonapani-
tase in improving dialysis access patency.

4. Arteriovenous grafts

AVGs constitute about 12–13% of vascular accesses in Europe, Japan, Australia, 
and New Zealand, compared to 25% in the United States [22]. Although AVFs are 
much more common than AVGs, both are preferred over CVCs. AVGs may be prefer-
able over AVFs when a patient has unsuitable veins for AVF or AVF maturation issues. 
A study examining mortality in maintenance hemodialysis patients showed that 
transitioning from a CVC to an AVG of AVF was associated with reduced mortality 
(hazard ratio [HR] = 0.69), and transitioning from AVG or AVF to a CVC was associ-
ated with higher mortality (HR = 2.12) [23].

In the past, AVG advances have focused on reducing vein stenosis and graft clot-
ting, as well as altering flow dynamics. Recent advances in AVGs include early can-
nulation AVGs (eAVGs), anti-neointimal hyperplasia AVG therapy, hybrid AVGs, and 
bioengineered vessels as AVGs.

The eAVG is a graft that can be cannulated within 72 hours of placement for 
dialysis. It is designed to with materials to prevent back wall puncture, and with 
self-sealing properties to allow for immediate access [24]. One 2015 systematic review 
showed that eAVGs had similar complication and patency rates to standard AVGs 
made of expanded polytetrafluoroethylene (ePTFE) [25].

Another advance in AVG technology relies on surface modification. Heparin 
coatings have been created to lower the risk of thrombosis, although the evidence on 
whether it reduces thrombosis is controversial [26]. Other efforts have been made to 
make grafts more biocompatible through strategies such as outer wall modification 
using electrospinning, nanotopography, or lithography. To combat neointimal hyper-
plasia, which causes graft failure, sirolimus-eluting devices and paclitaxel coatings 
have been designed. Although a few studies have demonstrated successful use of these 
anti-proliferative agents, large comparative trials are lacking [27, 28].

Hybrid AVG systems have allowed navigation through central vein stenosis. The 
Hemodialysis Reliable Outflow device (HeRO, Merit Medical Systems, South Jordan, 
UT), uses a combination of a tunneled CVC and AVG to provide hemodialysis access 
while bypassing a venous stenosis or occlusion (Figure 3) [29]. Although expensive, 
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this device may save cost due to lower complications compared to a tunneled CVC 
alone [30].

Over the last few decades, tissue bioengineered vessels have been created to replace 
prosthetic grafts. Blood vessels may be chemically treated to decrease immunogenic-
ity. Human vascular cells may be grown on biodegradable scaffolds. One study in the 
US and Poland investigating human acellular vessels found that after a year, primary 
patency was 28% and secondary patency was 89% [31]. Overall, these bioengineered 
vessels have demonstrated better patency than standard AVGs in a few studies, but 
evidence of clinical benefit over standard AVGs is lacking.

5. Conclusion

Innovations in CVCs, AVFs, and AVGs over the last several decades have revo-
lutionized care for patients needing long-term dialysis. The main challenges in 
assuring adequate hemodialysis access include timing and logistics of obtaining 
an AVF, preventing access stenosis and thrombosis, and preventing infection. The 
abovementioned innovations are cornerstones in improving quality of care in patients 
undergoing long-term hemodialysis. Overall, more research into the efficacy of these 
innovations, as well as larger comparative trials, are needed to gain the public’s trust 
and bring these innovations into the mainstream. However, the wealth of literature 

Figure 3. 
Hemodialysis reliable outflow (HeRO) Graft. This illustrates the HeRO Graft, which utilizes an expanded 
polytetrafluoroethylene (ePTFE) component to bypass venous stenoses and occlusions. The graft is anastomosed 
to an artery on one end and is inserted into a central vein on the other end, bypassing the stenosis/occlusion in 
between. Reprinted from: HeRO Graft [Internet]. Merit Medical; 2022. Available from: https://www.merit.
com/peripheral-intervention/access/renal-therapies-accessories/merit-hero-graft/. Copyright 2022, from Merit 
Medical. © Merit Medical, Reprinted by Permission.
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on these hemodialysis access improvements suggests that the future will not only 
see incremental improvements in CVCs and AVGs, but also stark changes to the 
way hemodialysis access is achieved with inventions like the endoAVF and HeRO. 
Obtaining and sustaining optimal durable vascular access for hemodialysis is a 
complex and challenging task, but these innovations promise to build on our current 
quality of hemodialysis access.
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Chapter 5

Acute Complication during 
Hemodialysis
Saurav Singh Hamal and Pratima Khadka

Abstract

Haemodialysis was first done successfully in humans, in 1945, and since then a 
lot of technological advancements have been made, there are still common acute 
complications that are encountered by physicians during their routine practice. The 
common complications include intradialytic hypotension, hypertension, arrhyth-
mias, muscle cramps, sudden cardiac death, headache, etc., occurring in about 
10–70% of patients undergoing haemodialysis. The mechanism of these complica-
tions is multifactorial and treatment of these complications is important to prevent 
mortality of the patients. Prevention is important including multiple disciplinary 
approaches. Here we discuss some of the common complications that occur in 
routine haemodialysis sessions.

Keywords: haemodialysis, blood flow rate, ultrafiltration, dialysate, heparin

1. Introduction

Haemodialysis was first done successfully in humans, in 1945, and since then a lot 
of technological advancements have been made [1].

There are still common acute complications that are encountered by physicians 
during their routine practice. The common complications include intradialytic hypo-
tension and hypertension, muscle cramps, clotting of the circuit and dialyzer reac-
tions. Some are severe and lead to increase mortality of the patients hence they need 
to be identified and treated early, some are mild, which again need early identification 
and management to avoid cumbersome tests and intervention. These are discussed 
briefly below, under systematic headings.

2. Acute complications during haemodialysis

We will discuss some of the common acute complications that occur during 
routine haemodialysis sessions and are categorized as below:

2.1 Cardiovascular complications

The common cardiovascular complication that may occur during haemodialysis 
include:
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2.1.1 Intradialytic hypotension(IDH)

IDH is defined as, decrease in systolic blood pressure by ≥20 mmHg or a decrease 
in MAP of ≥10 mmHg associated with symptoms of dizziness, restlessness or need for 
intervention by a supporting staff. It occurs in about 10–40% of dialysis treatment, 
the discrepancy in prevalence is not known exactly but may be due to use of various 
definition of IDH (Table 1) [1, 2].

Pathogenesis of IDH is complex and includes:

1. Excessive ultrafiltration.

2. Reduce plasma filling.

3. Cardiac disease.

4. Dialyzer reaction.

5. Haemolysis.

Leading to reduced effective circulating volume and subsequently intradialytic 
hypotension.
Clinical features include; abdominal discomfort, nausea and vomiting, muscle 

cramp, dizziness and anxiety.
IDH is associated with several notable clinical consequences, the most common 

are cardiovascular events and mortality.
It is associated with myocardial stunning, a reversible phenomenon that occurs 

due to repetitive ischemia with each episode of IDH and may initiate myocardial 
fibrosis and irreversible systolic dysfunction. Similarly reduced cerebral perfusion 
with each episode of IDH is associated with an increased risk of new-onset dementia. 
IDH also accelerates the loss of residual renal function with repeated episodes of 
hypotension, and less commonly IDH is also associated with vascular access thrombo-
sis and mesenteric and liver ischemia.

Management strategy includes:
Several approaches have been suggested to treat IDH which include:

1. Immediate treatment:

• Placing the patient in Trendelenburg position.

• I.V bolus of 0.9% normal saline >100 ml, and slowing the UF to allow time for 
plasma refill and restoration of B.P.

• Observing for hemodynamic status and subsequently managing patient further.

2. Prevention

• Adjusting dialysis prescription:

a. A cool dialysate below core body temperature induces vasoconstriction and 
activates sympathetic nervous system decreasing the risk of IDH.
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b. Adjusting UF rate to ≤10 ml/kg/hr, as UF rate above >10 ml/kg/hr has been 
associated with an increased risk of a cardiovascular event and all-cause 
mortality.

c. Adjusting dialysate sodium concentration has shown conflicting results, and 
hence no current recommendation can be given.

d. Technique like hemofiltration outcome on mortality is still controversial and 
cannot be recommended for now.

e. Use of drugs, midodrine an alpha 1 adrenergic receptor agonist, was associ-
ated with increased mortality and should not be used routinely.

f. Lowering antihypertensive drugs on dialysis days can be an option that needs 
to be compared in randomized trials.

g. Switching to PD is one of the alternatives to avoid intradialytic hypotension, 
as IDH is rarely seen in a patient undergoing PD.

2.1.2 Intradialytic hypertension

Intradialytic hypertension is a paradoxical rise in blood pressure that occurs 
during a haemodialysis procedure. it is another common complication that occurs in 
about 8–30% of dialysis sessions and is associated with high mortality [1, 3].

There are no accepted criteria, however, is commonly defined as a rise of systolic 
blood pressure >10 mmHg during HD, a rise of MAP > 15 mmHg during or immedi-
ately post-HD and/or any rise of blood pressure during HD.

Etiopathogenesis of interdialytic hypertension includes:
Pathogenesis of intradialytic hypertension is unknown. However, it represents a 

state of volume overload, sympathetic overactivity, RAAS activation, endothelial dys-
function, increased level of endothelin 1, ESAs and sodium loading during dialysis.

Treatment includes:
During dialysis treatment should be done once SBP >180 mmHg during dialysis.
Interdialytic hypertension is best treated with drugs like clonidine or RAAS block-

ers like enalapril, other antihypertensive agents can be used as well.
Preventive measures include:

Decrease in SBP 
(mmHg)

Decrease in 
MAP (mmHg)

Symptoms or need for 
intervention

KDOQI clinical practice 
guidelines (2005)

≥20 ≥10 Symptoms.

European Best practice (2007) ≥20 ≥20 Symptoms and 
intervention.

UK renal association guidelines 
(2011)

Any Any Immediate intervention

Table 1. 
Different definitions of intradialytic hypotension.
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1. Optimization of dry weight.

2. Adjustment of antihypertensive agents:

There are several antihypertensive agents used in a patient under maintenance dialysis 
and the knowledge of dializability will help in adjusting the dose of drugs. The dialyz-
able drugs need to be repeated after a haemodialysis session (Table 2).

1. Adjustment of ESAs.

2. Consider low dialysate sodium about 136 mmol/l have shown to reduce incidence 
of intradialytic hypertension.

In a study performed in haemodialysis patients, dry weight reduction in hyperten-
sive haemodialysis patients (DRIP) suggested that optimal control of BP in HD is via 
control of extracellular fluid volume and not the use of antihypertensive agents [4].

2.1.3 Arrhythmias

Intradialytic arrhythmias are common and are often multifactorial in origin, 
it represents a bad prognostic sign hence early identification and treatment are of 
paramount importance [5].

Bradycardia and asystole are more common followed by ventricular arrhythmias.

Antihypertensive agents Dialysable Not dialyzable

Calcium channel blocker

Amlodipine √

Verapamil √

ARBs

Losartan √

Telmisartan √

ACEi

Enalapril √

Fosinopril √

Beta-blocker

Carvedilol √

Metoprolol succinate √

Atenolol √

Bisoprolol √

Others

Clonidine √

Prazosin √

Table 2. 
List of common antihypertensive drugs in haemodialysis patients.
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Pathophysiology of intradialytic arrhythmias:
The pre-existing cardiac structural abnormality along with the acid-base disorder, 

electrolyte imbalance and dialysate component creates an arrhythmogenic milieu. 
And patients under maintenance dialysis are at increased risk of arrhythmias.

Clinical presentation can range from asymptomatic patients to patients presenting 
with palpitations, chest pain, dizziness, syncope and sudden cardiac death.

Management includes:

1. Immediate treatment: maintaining hemodynamic stability.

2. Preventive strategy includes:

• Complete cardiac evaluation and treating the type of arrhythmias with anti-
arrhythmic drugs or devices.

• Adjusting dialysate content:

• A low calcium dialysate of <2.5 mEq/L have been associated with an increased 
risk of sudden cardiac death.

• A low potassium dialysate <2 mEq/L has been associated with an increased risk 
of sudden cardiac death.

• A high bicarbonate dialysate should be avoided, the optimum level is chosen 
empirically to correct metabolic acidosis.

2.1.4 Sudden death

Cardiac arrest is more common in elderly, diabetes, and patient using central 
venous catheters [5].

Aetiology is complex and related to pre-existing cardiac disease coupled with 
uremic milieu, that is inappropriate management of fluid volume and inadequate 
uremic toxins clearance [3, 4].

When sudden cardiac arrest occurs during dialysis, an immediate decision is to be 
made whether it is due to intrinsic cardiac disease or technical errors like air embo-
lism, line disconnection, or sterilant in the dialyzer [5].

If no obvious cause is identified, blood should not be returned to patient.
Standard CPR should be performed.

2.2 Neuromuscular complication

2.2.1 Muscle cramps

Muscle cramps are a common cause of intradialytic discomfort and a frequent 
complication with an incidence of 5–20% in haemodialysis sessions [6].

It frequently involves the leg and leads to premature termination of haemodialysis.
Pathogenesis is unknown and largely attributed to dialysis-induced volume 

contraction and hypo-osmolality.
Management strategy includes increasing plasma osmolality by infusion of 

hypertonic saline (15 ml of 23.5%), or 50% dextrose in water (25–50 ml), or mannitol 
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25% (50 ml) [6, 7]. Evaluating for other causes of muscle cramps like thyroid disorder 
and electrolyte disturbances.

Prevention includes dietary counselling about excessive weight gain.
Beneficial effects of quinine sulphate (250–300 mg) or oxazepam (5 mg) given 

two hours prior to dialysis have been seen in some studies.
In some of the studies, vitamins E, L-carnitine, and enalapril have been used with 

some success [7].

2.2.2 Restless leg syndrome (RLS)

It was described in 1944 by K. A. Ekbom and is frequently seen in CKD patients 
particularly women with crawling leg sensation in leg and a compulsive need to move 
the limbs, usually leg. It affects 6.6–62% of patients on long-term dialysis [8].

Etiopathogenesis:
It can be familial in about 50% of patients, other risk factors include iron defi-

ciency or iron transport into the CNS, which led to defects in iron homeostasis and 
downregulation of striatal dopamine receptors.

Management includes:

• Assess iron store and consider appropriate repletion.

• Asses other co-existing sleep disorders and assess drugs causing RLS.

• Non-pharmacologic treatment includes: avoid alcohol and caffeine.

Drugs: use of alpha2-delta calcium channel ligands such as gabapentin, prega-
balin and dopamine agonist like pramipexole 0.125–0.5 mg at night are used, the 
mechanism of how they act is not known, and opioids have been used with some 
success.

Optimising dialysis with increased duration and frequency has been associated 
with a decreased incidence of RLS in FREEDOM study [9]. Middle molecules like 
alpha1 microglobulin have been linked to recurrence of restless leg syndrome in 
patient undergoing hemodialysis in small studies, however, more data are needed to 
reach into conclusion.

RLS improves in most of patients after kidney transplantation.

2.2.3 Seizures

It occurs in <10% of patients during dialysis and tends to be generalized. Focal 
seizure warrants evaluation for focal neurological cause [10].

Causes of seizure during haemodialysis include:

1. Drugs: erythropoietin, dialytic removal of anti-epileptics.

2. Metabolic: hypoglycaemia, hypocalcaemia, hypomagnesemia and hypernatremia.

3. Uremic encephalopathy.
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4. Focal neurologic disease: haemorrhage.

5. Other: cardiac arrhythmia and hypertensive encephalopathy.

Treatment may require cessation of dialysis, maintenance of airway, i.v lorazepam 
and subsequent investigations.

2.2.4 Headache

It is one of the common complications during haemodialysis with a prevalence of 
27–73% and consists of bilateral frontal discomfort that is accompanied by nausea 
and vomiting, but no visual disturbance [11].

Etiopathogenesis is not completely understood.
Management strategy includes:
Optimization of haemodialysis, avoidance of caffeine and blood pressure control.
However, no drugs have been compared in randomized trials to prevent dialysis-

related headaches.

2.3 Haematological complication

2.3.1 Intradialytic haemolysis

Acute haemolysis during haemodialysis can be due to variety of causes, which 
include [12]:

a. Equipment related: faulty tubing, kinking, small size cannula, abnormalities of 
blood flow and pumps.

b. Toxins: chloramines, copper, zinc, formaldehyde, sodium hypochlorite, etc.

c. Patient related: uremia, infection, lack of erythropoietin, etc.

d. Drugs: aspirin, sulfonamides, penicillins, etc.

Diagnosis is evident with grossly translucent haemolysed blood observed in the 
tubing.

Evaluation should include, complete blood count, peripheral blood smear, reticu-
locyte count, haptoglobin, lactate dehydrogenase, coombs test and analysis of water 
and dialysis equipment.

2.3.2 Haemorrhage

It is associated with intradialytic use of heparin, a common anticoagulant used 
during haemodialysis. Bleeding can occur from any site like gastrointestinal, pleural, 
pericardial, retroperitoneal, etc. [13]. diagnosis includes measuring bleeding time 
despite limitations.
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Management includes reversal of precipitating factor, use of erythropoietin 
stimulating agents, maintaining haematocrit value above 30%, use of i.v DDAVP at 
0.3 mcg/kg and infusion of cryoprecipitate as required.

2.4 Pulmonary complications

2.4.1 Dialysis-associated hypoxemia

During dialysis arterial PaO2 decreases by 5–20 mmHg reaching nadir at 30–60 minutes 
then resolves within 60–120 minutes after discontinuation of dialysis. This is usually of no 
significance unless patient has pre-existing cardiopulmonary disease [14].

In high-risk patients, preventive measures include intradialytic use of oxygen, 
conventional bicarbonate dialysate, and biocompatible membranes. Further optimiz-
ing haematocrit and performing sequential isolated UF followed by HD may reduce 
the likelihood of hypoxemia.

2.5 Technical malfunction

2.5.1 Air embolism

It is a fatal complication, though rare should be identified early and treated 
accordingly [15].

Most vulnerable source of air entry into extracorporeal circuit includes pre-pump 
tubing segment. Other sites include glass bottles, air bubbles in dialysate, and uncuff 
dialysis catheters.

Clinical manifestation depends on position of patient and includes:

• Sitting position, seizure, and coma in absence of chest symptoms.

• Supine position; obstructive shock, dyspnea, dry cough, and chest tightness.

Immediate management includes: clamping the venous blood line, stopping the 
blood pump, placing the patient in Trendelenburg position, providing CPR if required, 
aspirating air from right ventricle and/or hyperbaric oxygen therapy as required.

Preventive measures include checking air detecting alarm system prior to initiat-
ing haemodialysis, flushing dialysis catheter prior to dialysis, and dialyzer rinsing 
before use.

2.5.2 Incorrect dialysate composition

Life-threatening electrolyte disturbance can occur due to incorrect mixing and can be 
corrected by checking composition prior to initiating dialysis it is usually due to human 
error, however, nowadays there is a machine that automatically changes the mixing ratio 
of the concentrate until dialysate solution conductivity falls within the set limits [1, 16].

2.5.3 Clotting of dialysis circuit

Clotting of extracorporeal circuit is a common problem encountered during 
dialysis and warrants thorough evaluation [1].
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Various causes are listed below:

1. Technical: inadequate or poor priming technique.

2. Incorrect heparin loading and maintenance.

3. Vascular access related: inadequate flow, excessive access recirculation and fre-
quent interruption of blood flow.

Management includes prompt identification of cause and correcting it.

2.6 Dialysis reaction

Interaction between patients’ blood and dialyzer can lead to various adverse 
reactions [16].

The common dialyzer reactions include:

2.6.1 Type A dialyzer reaction

It was attributed to dialyzer sterilant ethylene oxide, which is rarely used now, and 
now it is recommended that dialyzers that are validated for re-use should be approved 
for re-use. The sterilization should be as per the manufacturer’s guidance by heat 
sterilization, gamma radiation or chemicals like formaldehyde, sodium hypochlorite 
or peracetic acid.

Symptoms usually develop early between 5 and 20 minutes after start of dialysis 
and include burning throughout the body and access site, dyspnea, chest tightness 
and angioedema.

Other symptoms like rhinorrhea, lacrimation, cough, pruritis, nausea and vomit-
ing could also be seen.

Management includes cessation of dialysis, drugs like hydrocortisone, antihista-
mine and epinephrine with or without respiratory support.

Preventive measures include substituting ethylene oxide, biocompatible mem-
branes and discontinuing reprocessing procedures.

2.6.2 Type B dialyzer reaction

It occurs between 20 and 40 minutes after initiation of dialysis.
The cause is attributed to complement activation.
Symptoms include: chest pain and back pain, which subsided with continuation of 

dialysis.
Preventive measures include automated cleansing of dialyzer and use of non-

cellulose dialyzer.

2.6.3 Febrile reactions

It can be due to infection of microbial contamination of the dialysis apparatus.
Treatment: first asses the hemodynamic stability of patient, if the patient is 

hypotensive administer i.v fluid, cease the UF, discontinue dialysis, give antipyretic 
and evaluate the potential cause of infection.
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Evaluation of dialysate, water source, vascular access. Identify the potential source 
of infection and treat.

2.7 Miscellaneous complications

2.7.1 Post-dialysis fatigue

It is an ill-defined term, suggesting washed-out feeling or malaise during or after 
hemodialysis by the patient. It is seen in about one-third of the hemodialysis patients 
and is multifactorial in origin [17].

Reduced cardiac output, peripheral vascular disease, depression, poor condition-
ing, post-dialysis hypotension, hypokalemia and hypoglycemia are suggested risk 
factors.

Management include:
Increasing frequency and duration of dialysis have been suggested to reduce post-

dialysis fatigue.
L-carnitine supplementation 20 mg/kg/day has been shown benefit in reducing 

the recovery time in hemodialysis patients.
Post-dialysis fatigue is associated with an increase risk of mortality, the higher the 

post-dialysis recovery time the higher the mortality risk.

2.7.2 Pruritis

It is a common and troubling symptom of itching, which patients experience 
during and after haemodialysis, the symptom of which cannot be attributed to other 
causes [18].

It has a prevalence of 22–48% in haemodialysis patients.
Cause is often multifactorial and includes: xerosis, hyperparathyroidism, neuropa-

thy, immune dysregulation and inadequate dialysis.
The two major hypotheses of pathogenesis of uremic pruritis include:

1. Opiod hypothesis: it proposes that over-expression of opioid μ receptors in der-
mal cells and lymphocyte predisposes to uremic pruritis.

2. Immune hypothesis: it proposes that uremic pruritis is an inflammatory state 
rather than local skin disorder.

Other proposed theories include toxin deposition, based on observation that 
pruritis was associated with underdialysis and CKD-MBD.

Treatment involves:

a. Optimising dialysis: Achieving dialysis adequacy of Kt/V of >1.2 has been associ-
ated with reduced incidence of itching.

Expanded haemodialysis is a new concept in haemodialysis with medium cut-off 
membrane, which increases the clearance of middle and large molecules without 
significant albumin loss, compared to conventional haemodialysis, which clears 
only small molecules. This might help patients with severe pruritic symptoms 
and other complications of CKD (Table 3) [19].
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b. Optimising CKD-MBD disorder.

a. Skin emollients.

b. Antihistamines like montelukast or cetirizine.

c. Phototherapy: UV B (wavelength 280–315 nm) is effective in treatment of 
pruritis.

d. Opioid receptor agonist: nalfurafine given iv after HD improved patient 
experience.

e. Nalfurafine is an orally active kappa opioid receptor agonist which has shown 
benefit in treatment of uremic pruritis.

f. Gabapentin: given 300 mg after HD was effective in reducing pruritis.

g. Other therapies include capsaicin, long-chain fatty acids and 
immunosuppressants.

3. Conclusions

The prevalence of common acute complication of haemodialysis is high ranging 
from 10 to 70%, despite improvements in technology and knowledge of haemodialy-
sis. Hence, we need to identify the complications as early as possible to treat them and 
apply preventive measures to improve the outcome of the patients.
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Molecules Chemicals Clinical effect

Small molecule (<500 Da) Urea, creatinine, uric acid, 
β-lipoprotein

Uremic toxicity

Middle molecule 
(500–25 kDa)

β-2-microglobulin, leptin, κ-FLC Amyloidosis, CV disease, 
malnutrition.

Large molecule (25–45 kDa) IL-6, TNF-α, prolactin Atherosclerosis, CV disease, sepsis, 
endothelial dysfunction.

Table 3. 
Various sizes of uremic toxins and their clinical effect.
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Chapter 6

Iatrogenic Errors in Hemodialysis 
Practices
Guled Abdijalil

Abstract

Chronic kidney disease (CKD) and its evolution to end-stage kidney disease 
(ESKD) are a rapidly increasing global health and healthcare burden . With more 
than 850 million people suffering from CKD, acute kidney injury, and renal replace-
ment therapy (RRT), the need for hemodialysis (HD) continues to rise worldwide. 
However, although the safety profile of hemodialysis has been satisfactory over 
the years, various errors such as dialysis machine errors, dialysate composition 
errors, and errors in dialysis techniques have been reported, and the treatment has 
been associated with the highest mortality rates, followed by kidney transplanta-
tion and peritoneal dialysis. Consideration of some of these errors could improve 
safety by facilitating the implementation of preventive measures. The aim of this 
study was to highpoint some of the important iatrogenic errors encountered dur-
ing hemodialysis. This review found that common iatrogenic complications during 
hemodialysis include iatrogenic hypernatremia, iatrogenic iron overload, iatrogenic 
pseudoaneurysm, iatrogenic cerebral air embolism, iatrogenic infective endocarditis 
(IE) in Chronic Hemodialysis (CHD) patients, and major bleeding. Adverse effects 
associated with these complications include interdialytic weight gains, hypertension, 
cardiovascular events, local pain, neuropathy, distal embolization, and death.

Keywords: hemodialysis, iatrogenic, complications, patient safety, chronic kidney 
disease

1. Introduction

Chronic kidney disease (CKD) and its evolution to end-stage kidney disease 
(ESKD) are a rapidly increasing global health and healthcare burden [1]. In 2016, 
CKD ranked 13th leading cause of death and is projected to be the 5th leading cause 
of death globally in 2040 [2]. Worldwide, more than 850 million people suffer from 
CKD, acute kidney injury, and renal replacement therapy (RRT), a figure that is twice 
the estimated number of individuals with diabetes across the world [3]. Hemodialysis 
(HD) is the major mode of treatment for RRT worldwide. Advances in hemodialysis 
machine technology, dialyzers, and consumables have enabled hemodialysis to evolve 
from a treatment limited to a minority of patients with acute kidney failure in the 
1950s to a life-sustaining routine outpatient treatment for multitudes of patients with 
CKD globally [4, 5].
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Although the safety profile of hemodialysis has been satisfactory over the years, 
various errors such as dialysis machine errors, dialysate composition errors, and 
errors in dialysis techniques have been reported [6]. Hemodialysis has been associated 
with the highest mortality rates, followed by kidney transplantation and peritoneal 
dialysis [7, 8]. Given that hemodialysis patients are a high-risk population group, 
an error could have catastrophic consequences for such patients [9]. Patient safety 
during dialysis is thus a critical topic as it is the foundation of high-quality healthcare 
and minimal patient mortality. Dialysis facilities are complex as they involve provid-
ers from numerous disciplines and the use of advanced technology to care for patients 
with many serious illnesses. As organizations get more complex, the potential for 
error rises and possible risks need to be identified and prioritized [10].

Errors during dialysis care can result to harm and death. Numerous studies have 
detailed the increased risk of errors and their unintended consequences among 
patients undergoing life-sustaining dialysis [11–15]. Some risks are readily apparent 
in dialysis facilities, with membrane reuse, water quality, and infection control being 
key areas of safety risk. Other risks may not be as readily apparent, and data-driven 
efforts have helped to identify and establish safety measures [10]. According to Kliger, 
(2015), the most common sources of morbidity during dialysis are human factors at 
the machine interface and suboptimal communication among caregivers. Dialysis 
machines are seldom a major source of error and morbidity among patients undergo-
ing dialysis. Other causes of possibly reversible adverse medical outcomes during 
dialysis include hyperkalemia, medication errors, access-related errors, infections, 
and patient falls [15]. A surveillance report from the United Kingdom over a period 
of 30 months indicated that there were 31 adverse incidents and five risks reported to 
UK authorities, of which 42% were from dialysis centers. About 36% of the incidents 
were due to failure of dialysis techniques or dialysis machine usage, 22% were due 
to failure of dialysis equipment or disposables, 19% were due to failure of dialysis 
machines, and 19% were attributed to medication errors [5].

Evidence suggests that attention to some of the highest-risk domains that patients 
are exposed to could offer insight into processes of care needed to reduce the risk of 
error and the effect of medical mistakes on patients. This chapter aimed at identify-
ing and describing the type and frequency of medical errors and adverse events in 
hemodialysis units.

2. Iatrogenic errors in hemodialysis

2.1 Iatrogenic hypernatremia in hemodialysis

Hypernatremia is infrequent in hemodialysis patients and is often iatrogenic when 
observed. In peritoneal dialysis patients, it is often a result of excessive ultrafiltration. 
It is critical to be aware of the potential problems associated with dialysate errors, as 
well as not ignoring the conductivity alarm to ensure that prompt action can be taken 
to rectify such a situation. Occurrences of hypernatremia errors in dialysate com-
position have been reported [16–18]. According to Davenport [5], the final dialysate 
composition is formulated by proportioning the dialysis water with an acid concen-
trate and a sodium bicarbonate solution. Errors in bicarbonate composition or acid 
dialysate concentrate can cause hypernatremia [5].

A case report by Kumar et al. [4] showed that a type 2 diabetic patient with 
hypertension experienced acute hypernatremia leading to altered sensorium during 
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hemodialysis. The possible causes for this case were iatrogenic, improper dialysis 
concentrate, the underlying disease, or overriding of conductivity alarm. Overriding 
of the conductivity alarm along with improper dialysis concentrate was concluded to 
be the most appropriate causes. Similarly, Obialo et al. [6] reported two cases whereby 
ESKD patients with diabetes mellitus who had been on hemodialysis for 7 and 5 years 
complained of excess thirst and had poorly controlled blood pressure. Upon investi-
gation, it was discovered that the online conductivity meter on their dialysis machine 
showed normal readings instead of the actual high readings of high dialysate sodium. 
Hypernatremia and symptoms resolved completely in both patients on replacement of 
the dialysis machine.

Different dialysis machines apply different techniques to adjust the final con-
centration of electrolytes and bicarbonate. Although dialysis machines monitor the 
final dialysate conductivity, not all machines are equipped with a pH monitor. Also, 
the range of conductivity permitted differs, hence, some dialysis machines are more 
dependent on both the healthcare provider correctly inputting the right dialysate 
composition into the dialysis machine and the dialysate manufacturer providing a 
reliable product. Incorrect input or supply of different composition can lead to patients 
dialyzing against inappropriately low or high dialysate sodium [16, 17]. Hypernatremic 
dialysates lead to increased thirst, interdialytic weight gains, and hypertension [5]. 
Other forms of dialysate composition errors include machine calibration errors, manu-
facturing errors, temperature reading errors, and errors in the proportioning system. 
An incorrect conductivity reading on the other hand can cause patients to dialyze on 
erroneously low or high dialysate sodium [6].

2.2 Iatrogenic iron overload

Iron overload has for a long time been considered rare in hemodialysis patients 
especially currently where erythropoiesis-stimulating agents (ESA) are regularly 
used to manage anemia in hemodialysis patients [19]. Treatment with these agents 
can, however, cause functional iron deficiency, necessitating iron supplementation 
[20]. Most studies in the past two decades focused on the detection and management 
of iron deficiency among dialysis patients. It was not until recently that iron overload 
among dialysis patients received attention [21]. Iron overload was generally consid-
ered to be more prevalent during the pre-ESA era, and anemia was often treated with 
blood transfusion. Fewer than 10% of patients in this era were dependent on transfu-
sion, but over time, these patients developed iron overload, making this a problematic 
clinical issue [22].

Although further investigation is needed, a positive correlation has been reported 
between serum ferritin and LIC determined by MRI T2* and that serum ferritin of 
more than 290 mcg/L is equivalent to severe iron overload on MRI T2* [23]. A study 
conducted among Australian dialysis patients with a median ferritin of 782 lg/L by 
[24] using relaxometry showed that two-thirds of the patients had a hepatic iron 
overload. In another study, liver iron concentration (LIC) among 119 hemodialysis 
patients receiving both parenteral iron and ESA was measured by means of T1 and 
T2* contrast magnetic resonance imaging (MRI) without gadolinium [25]. The 
findings showed that only 19 out of 119 hemodialysis patients exhibited normal 
hepatic iron stores, while the rest of the patients (84%) had mild to severe hepatic 
iron overload. The iron dose infused per month was strongly correlated with both the 
overall and monthly increase in LIC in 11 patients who were monitored closely during 
parenteral iron therapy. Additionally, the MRI showed anomalies in the spleen a sign 
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of secondary hemosiderosis in several patients [25]. Reported a case of a 68-year-old 
woman with CKD receiving dialysis and iron supplementation who presented to the 
hospital with symptoms whose diagnosis revealed a case of porphyria cutanea tards. 
Upon examination, extremely high serum ferritin levels (6000 μg/L), suggesting iron 
overload, were observed. Oral iron supplementation was immediately discontinued, 
and iron chelators were administered to the patient. After four-month follow-up, 
normal ferritin level (97.7 μg/L) and improvement in the cutaneous manifestations of 
porphyria cutanea tarda were observed [26].

Since the body has no natural way to get rid of iron, excessive intravenous iron can 
lead to iron overload. According to Aldwairi & Yassin [19], excessive iron infusions 
can result to cardiovascular events and mortality among hemodialysis patients. Excess 
iron may accumulate in the heart, liver and endocrine organs, leading to cirrhosis of 
the liver, heart failure, arrhythmia, diabetes mellitus, increased risk of infection and 
numerous endocrinopathies [27–30]. The adverse effects of iron supplementation can 
be attributed to the elevated oxidative stress as well as the induction of mononuclear 
cell adhesion to endothelial cells, which is a critical stage in the pathogenesis of ath-
erosclerosis [31]. Given these findings, there might be a need to revise the guidelines 
on iron therapy in hemodialysis, especially in terms of the amount of iron infused.

2.3 Iatrogenic pseudoaneurysm

Generally, native autogenous arteriovenous fistula (AVF) is the first choice in 
vascular access for end-stage renal disease (ESRD), patients who need RRT. This 
is because fistulas have lower complication rates and better longevity compared to 
prosthetic grafts [32, 33]. Since the AVF needs time before it can be used, the central 
venous catheter (CVC) is recommended as the alternative hemodialysis access [34]. 
In some instances, medical staff and patients usually prefer hemodialysis access with 
a direct puncture in peripheral vascular while waiting for AVF maturation. A direct 
puncture and insufficient therapy afterward result in a higher risk of pseudoaneu-
rysm [33]. Iatrogenic pseudoaneurysm (PSA) occurs when the puncture site in an 
artery fails to heal completely causing a leakage of blood to the surrounding tissue, 
which manifests in the form of a pulsatile hematoma. It can present as a new thrill, 
bruit, pulsatile swelling, marked pain or tenderness [35]. The rate of PSA occurrence 
has been reported at approximately 2–10% [33].

A prospective cross-sectional study conducted by Lone et al. [35] on the character-
istics of pseudoaneurysms in North India showed that two of the patients had pseu-
doaneurysms in relation to arterialized cephalic vein post-radio-cephalic AV fistula at 
cannulation site for hemodialysis (one of them with multiple pseudoaneurysms along 
the course of an arterialized cephalic vein), one patient had a pseudoaneurysm linked 
with brachial artery at brachiocephalic arteriovenous (AV) fistula site for hemodialy-
sis, and another one exhibited pseudoaneurysm in relation to carotid artery after their 
carotid artery was punctured while placing a central line. Similarly, reported the case 
of a patient requiring hemodialysis referred for a fistulogram to evaluate his right-arm 
hemodialysis fistula. Imaging revealed an aneurysmal dilatation of the arteriovenous 
anastomosis of the right brachial artery and right median cubital vein.

Pseudoaneurysm complications include local pain, neuropathy, distal emboliza-
tion, rupture, and local skin ischemia. It may also lead to local sepsis and abscess 
formation, which may rupture and cause hemorrhage [36]. Factors that result in 
pseudoaneurysms include poor puncture techniques, use of large caliber needles, 
and premature puncturing of the fistula after surgery [32]. Other factors reported 
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to contribute are catheterization for vascular intervention, arterial gas sampling, 
penetrating and blunt trauma, and drug abuse [32, 37–39]. The different forms 
of venous pseudoaneurysm are mainly diagnosed by ultrasound AVF monitoring 
that is especially important when the pseudoaneurysm is deep and not visible [40]. 
Treatment options for pseudoaneurysms include surgical repair, endovascular treat-
ment, and minimally invasive percutaneous treatments [41]. In the case of femoral 
artery pseudoaneurysm, ultrasound-guided manual compression is a well-accepted 
treatment option, but it is seldom reported in hemodialysis arteriovenous fistula [40].

2.4 Iatrogenic infective endocarditis (IE) in hemodialysis patients

Despite preventive measures implemented by nephrologists, the incidence of 
IE in CHD remains high. The prevalence of IE in CHD patients is estimated at 
2.9% with the incidence being 50–60 times higher than in the general population 
[40, 42]. The first evidence of IE because of CHD has been described in 1966 and 
after that, several cases have been reported [40]. A study conducted among French 
hemodialysis patients showed an overall IE incidence of 2 per 1000 patients, which 
was 50 times higher than in the general population. The United States healthcare 
system similarly reported that the incidence of IE among hemodialysis patients 
was 18 times than that of the general population [43].

It is worth noting that susceptibility to endocarditis in patients undergoing 
hemodialysis is multifactorial, with numerous factors playing a significant role in 
the predisposition and development of IE [44]. These factors include those related to 
the patient’s intrinsic susceptibility due to older age and several comorbidities such 
as hyperuricemia-induced immunosuppression, high exposure to pathogenic micro-
organisms during hemodialysis sessions following repeated manipulations of their 
vascular access and the quality of heart valves [44, 45]. The most common location 
of IE among chronic hemodialysis patients is the left heart and different researchers 
have reported 80–100% prevalence of left valve involvement. More than 50% of IE 
cases in CHD are preceded by an episode of bacteremia that originates in more than 
70% of cases in a central venous catheter for hemodialysis.

Although international recommendations advocate for use of catheters in less than 
10% of patients in a hemodialysis center, this has been difficult to achieve. Catheter-
related bacteremia (CRB) is the most common and most dreaded of complications, 
with an incidence of 2.5–5.5 episodes per 1000 catheter days. CRB is among the 
highest contributors to IE development and reducing the frequency of CRB would 
drastically diminish the occurrence of IE.

2.5 Dialysis-induced hypotension (DIH)

Dialysis-induced hypotension (DIH) is one of the most frequent complications 
in RRT and a very serious clinical problem [46]. Dialysis hypotension occurs in one 
of three clinical patterns including episodic (acute) hypotension, which involves a 
sudden drop of systolic blood pressure below 90 mmHg or at least 20 mmHg along-
side clinical symptoms, recurrent hypotension, which also involves drops in systolic 
blood pressure to similar levels as acute hypotension but prevailing in at least 50% of 
dialysis sessions and chronic hypotension whereby less than 90–100 mmHg interdia-
lytic systolic blood pressure is maintained [47]. Intradialytic hypotension occurs in 
15–30% of conventional dialysis treatments and approximately 35% of other tech-
niques such as therapeutic apheresis [46, 48]. The incidence of acute DIH has risen to 
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50% owing to the increasing number of elder and diabetic patients in the hemodialy-
sis population while that of chronic dialysis hypotension is estimated to occur in 3–5% 
of dialyzed patients [46].

DIH is usually associated with symptoms such as nausea and vomiting, vertigo, 
muscle cramps, dyspnea, anxiety, abdominal and chest pain light-headedness, 
weakness, paleness, and sweating, thus diminishing the quality of life of patients. 
Further, dialysis hypotension may result in the collapse of the arterial and venous 
fistula (AVF) and is an independent risk factor for mortality among hemodialysis 
patients [49]. The pathophysiology of DIH has been reported to be multifactorial 
and is associated with both host-related factors like cardiovascular diseases and 
hemodialysis factors like the volume and velocity of the ultrafiltration fluid [48]. 
The main contributors to hypotension during dialysis include incorrect calculation 
of ideal weight (dry weight) for the patients leading to high filtration rates, dialysis 
with acetate buffer, autonomic neuropathy especially among elderly patients with 
diabetes, non-biocompatible materials used in the production of dialysis equipment, 
low sodium and high calcium or high magnesium dialysate concentration, chronic 
inflammation caused by dialysis, and high dialysate temperature [46, 48].

Efficient treatment of DIH is still a great challenge to nephrologists. Sufficient 
therapy is difficult and needs a multilevel strategy. Nephrology staff and patients 
need to be well informed regarding the possibilities of hypotension, its symptoms, 
and its effects on dialysis therapy [50]. Emergency management of DIH includes 
reduction or cessation of ultrafiltration rate and reduction of blood flow rate. 
Common measures of long-term treatment and prevention of DIH include accurate 
determination and frequent evaluation of patients’ dry weight, educating patients to 
avoid excessive interdialytic weight gain, prevention of excess salt and fluid intake 
(sometimes it is essential to skip or reduce drug dose on the day of dialysis session), 
ensuring proper dialysis fluid temperature, use of bicarbonate dialysate buffer 
(instead of acetate) and biocompatible membranes, preventing food intake during 
dialysis, avoiding the use of low-sodium and low-calcium dialysis fluid, and dose 
adjustments of anti-hypertensive medications [51, 52].

2.6 Iatrogenic cerebral air embolism

Air embolism is a known iatrogenic clinical problem causing serious morbidity 
and mortality. It entails the introduction of air into the venous and arterial circula-
tion, which can occur through a myriad of intravascular surgeries and procedures 
such as hemodialysis [53]. The entrance of air into the systemic veins results in 
venous air embolism, while entrance into the pulmonary system causes arterial 
air embolism [54]. Air embolism during renal dialysis is a rare occurrence but 
potentially catastrophic and often fatal when it occurs [53, 55]. Despite advanced 
safeguards in procedural techniques and medical hardware, errors may still occur, 
causing fatal outcomes. Several cases of cerebral embolism during hemodialysis have 
been reported [55–58].

A case presented by Hysell [57] described a patient with a medical history signifi-
cant for chronic myeloid leukemia, chronic right foot osteomyelitis, hypertension, 
and end-stage renal disease on hemodialysis. The patient presented for evaluation of 
altered mental status alongside acute visual loss after exhibiting symptoms of acute 
“sleepiness” during dialysis, repetitive speech, and blindness in both eyes upon being 
aroused. There was no prior history of visual loss and no signs of acute trauma. After 
examination and considering recent hemodialysis, a head computed tomography 
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(CT) scan gave findings consistent with air in vascular structures. The patient was 
placed on 100% oxygen through a nonrebreather and placed in trendelenburg 
position, and thereafter transferred to a hyperbolic center for definitive manage-
ment. This case demonstrates an iatrogenic error where the air was introduced into a 
patient’s vascular system during dialysis. In this case, it was found that the dialysate 
fluid was changed during the dialysis procedure without pausing the dialysis [56].

Air bubbles can be introduced into the dialysis circuit in numerous ways includ-
ing pre-existing gas bubbles in dialysis tubing and dialyze, pressure or temperature 
gradients between the patient and the dialysis machine, turbulent blood flow sur-
rounding venous access sites, and introduction of air during connection/disconnec-
tion of dialysis tubing [59]. Although there are protocols in place for proper flushing 
of lines and catheters, as well as patient positioning, the occurrence of air embolism in 
hemodialysis remains possible and has proven to be lethal when emboli occlude car-
diac, neurologic, and pulmonary vasculature. Furthermore, despite being equipped 
with air traps and ultrasonic detectors, hemodialysis devices are not infallible in 
filtering microbubbles coming from Luer lock connector tubing or inadequate prim-
ing of dialysis hardware [59–61]. The bubbles might move through the circuit without 
triggering the system alarm, especially when the bubbles have a diameter of less than 
50 μL or the flow rates are below the International Electrotechnical Commission infu-
sion pumps and dialysis machines’ standard (0.1 ml/kg body weight for bolus infusion 
or 0.03 ml/kg/minute for continuous infusion) [59, 62].

According to Bessereau [63], long-term data from a tertiary center specializing 
in managing venous air embolism cases showed a 25% mortality rate for patients 
affected by air embolus with about 50% of the survivors suffering from neurological 
sequelae permanently. It is worth noting that diagnosis can be difficult, as only 75% of 
cerebral air embolism patients will manifest visible air on CT [57]. Given the notori-
ously dreary consequence of venous air embolism despite aggressive treatment, the 
importance of proper preventive measures can not be overstated. Cerebral air embo-
lism is deemed an emergency and therapy follow guidelines for other air embolus 
cases including interruption of the dialysis procedure, efforts to aspirate intravascular 
gas, external cardiac massage, immediate oxygenation, at best under hyperbaric 
conditions (HBO) and treatment with benzodiazepines, or barbiturates for patients 
exhibiting seizures [56, 63, 64]. Additionally, positioning the patient in a head-down 
trendelenburg position has been suggested, preventing intracardiac air from traveling 
out to the lungs although some studies have demonstrated a lack of clinical improve-
ment with such exercises. This practice should be avoided in patients with cerebral air 
embolism as it may potentially exacerbate cerebral edema [54, 57].

Research and development of endovascular therapy as a potential treatment for 
cerebral air embolism is underway with a single case report documenting the capabil-
ity of using reperfusion techniques to access affected cerebral vessels, mechanically 
extracting occluding air bubbles. Moreover, balloon-assisted flow reversal, coupled 
with suction aspiration, has also been demonstrated [65, 66].

2.7 Major bleeding in hemodialysis

Generally, hemodialysis patients are at a high risk of bleeding due to numerous 
factors including anemia, uremic platelet dysfunction, and heparin use during dialy-
sis [67]. A retrospective cohort study showed that 1 out of 7 ESRD patients on dialysis 
experiences a major hemorrhage within 3 years of dialysis initiation [68]. Bleeding 
in uremia entails an acquired defect of primary hemostasis as a result of platelet 
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Iatrogenic 
disease

Causes Prevention and/or treatment

Iatrogenic 
hypernatremia in 
hemodialysis

excessive ultrafiltration
Dialysate composition errors
Faulty conductivity meter on a 
dialysis machine

Healthcare providers should correctly input 
the right dialysate composition into the dialysis 
machine
Supply of reliable products from dialysate 
manufacturer

Iatrogenic Iron 
overload

Excessive intravenous iron Lower use of IV iron products
A new therapeutic option has been suggested 
for compensating iron deficiency linked to 
hemodialysis and for providing the iron needed 
for erythropoiesis: Iron administration through 
the dialysate ferric pyrophosphate citrate 
(Triferic®) and a ferric citrate-based phosphate 
binder (Auryxia®)

Iatrogenic 
pseudoaneurysm

Failure of a peripheral vascular 
puncture site for hemodialysis to heal 
completely causes a leakage of blood 
to the surrounding tissue, which 
manifests in the form of a pulsatile 
hematoma

Treatment is via: surgical repair, ultrasound-
guided compression repair, endovascular 
treatment, and minimally invasive percutaneous 
treatments (coil embolization, thrombin 
injection)

Iatrogenic 
infective 
endocarditis 
(IE) in chronic 
hemodialysis 
patients

Catheter-related bacteremia (CRB) 
whose risk factors include the 
following:
Hyperuricemia-induced 
immunosuppression
High exposure to pathogenic 
microorganisms during hemodialysis 
sessions following repeated 
manipulations of vascular access and 
the quality of heart valves

Reducing hospital-acquired bacteremia
Antibiotic prophylaxis according to the local 
guidelines where applicable
Good oral hygiene
Use of antibacterial coating materials in 
implantable devices
Treatment involves antibiotic therapy and early 
surgery were required

Dialysis-induced 
hypotension 
(DIH)

Incorrect calculation of ideal weight 
(dry weight) for the patients leading 
to high filtration rates,
Dialysis with acetate buffer
Autonomic neuropathy especially 
among elderly patients with diabetes
Non-biocompatible materials used in 
the production of dialysis equipment
Low sodium and high calcium or high 
magnesium dialysate concentration
Chronic inflammation due to dialysis 
and high dialysate temperature

Accurate determination and frequent evaluation 
of patients’ dry weight
Educating patients to avoid excessive 
interdialytic weight gain
Prevention of excess salt and fluid intake
Ensuring proper dialysis fluid temperature
Use of bicarbonate dialysate buffer (instead of 
acetate) and biocompatible membranes
Preventing food intake during dialysis
Avoiding the use of low-sodium and low-
calcium dialysis fluid and dose adjustments of 
anti-hypertensive medications
Treatment includes reduction or cessation of 
ultrafiltration rate and reduction of blood flow 
rate

Iatrogenic 
cerebral air 
embolism

Introduction of air into the venous 
and arterial circulation due to:
pre-existing gas bubbles in dialysis 
tubing and dialyze
Pressure or temperature gradients 
between the patient and the dialysis 
machine
Turbulent blood flow surrounding 
venous access sites
Introduction of air during connection/
disconnection of dialysis tubing

Prevention: proper flushing of lines and 
catheters and proper patient positioning
Treatment involves: interruption of the dialysis 
procedure, efforts to aspirate intravascular 
gas, external cardiac massage, and immediate 
oxygenation, at best under hyperbaric 
conditions (HBO)
Endovascular therapy as a potential treatment 
for cerebral air embolism is underway
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dysfunction, altered interaction between the platelets and vessel wall and systemic 
anticoagulation caused by intermittent administration of heparin [67, 68]. In addi-
tion to hemostatic changes caused by uremia in hemodialysis patients, hemodialysis 
therapy itself contributes to various hemostatic changes. These include a decrease in 
the negative effects on platelet functions of middle molecule uremic toxins, assumed 
to be eliminated during hemodialysis, coagulation cascade activation due to contact 
between blood elements and the dialysis membrane, and the effect of anticoagulants 
used to prevent coagulation resulting from the cascade activation [69].

In conventional hemodialysis, heparin is used to prevent clotting in the extracor-
poreal circuit by inhibiting the intrinsic coagulation pathway. Although the informa-
tion on the efficacy of the utilization of antiplatelet and anticoagulation agents among 
hemodialysis patients is scarce, a few studies have reported that their prescription 
may cause harm [70]. The systemic anticoagulative effect of heparin presents a bleed-
ing risk. To prevent thrombosis or fistula, health providers may prescribe coumarins 
and aspirin to hemodialysis patients but these further increase the risk of bleeding. 
In CKD patients, this risk of bleeding may be worsened by insufficient control of 
hypertension, diabetic retinopathy, gastrointestinal lesions, and renal cystic disease. 
For patients without ESRD, antithrombotic agents like oral anticoagulants (OAC) are 
often administered to prevent stroke in atrial fibrillation, while anti-platelet agents 
(APA) are indicated for preventing myocardial infarction and cardiovascular death. 
A study by Elliott [71] showed that in ESRD patients, warfarin doubled the risk of 
major bleeding. Another study among 255 dialysis patients showed that warfarin 
increased the risk of bleeding up to four times, while aspirin increased the risk by five 
times [72]. In addition to its effect on platelet function, it may trigger gastric erosions 
[72]. These studies emphasize the likelihood that anticoagulation and antiplatelet 
drugs may have a different risk profile in hemodialysis patients and their use singly or 
in combination might be contraindicated for patients who are already using heparin 
at every treatment and have known intrinsic platelet dysfunction when receiving 
dialysis (Table 1) [70].

3. Conclusion

Generally, patients receiving hemodialysis often experience the low health-related 
quality of life (HRQOL), including pain, fatigue and emotional distress. It is critical, 
therefore, to ensure patient safety during hemodialysis to prevent morbidity and 
mortality as a result of iatrogenic complications. In this study, some of the identified 
common errors during hemodialysis include iatrogenic hypernatremia in hemodi-
alysis, iatrogenic iron overload, iatrogenic pseudoaneurysm, iatrogenic infective 
endocarditis in chronic hemodialysis patients, iatrogenic cerebral air embolism, and 

Iatrogenic 
disease

Causes Prevention and/or treatment

Major bleeding in 
hemodialysis

Anemia, uremic platelet dysfunction 
systemic anticoagulation caused 
by intermittent administration of 
heparin

Use of anticoagulation and antiplatelet drugs 
should be contraindicated for patients already 
using heparin at every treatment and have 
known intrinsic platelet dysfunction when 
receiving dialysis

Table 1. 
Summary of iatrogenic complications, their causes, preventive measures and management and treatment.
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Chapter 7

Hyporesponsiveness to 
Erythropoietin-Stimulating Agents: 
Possible Solutions
Ahmed Yasin and Nayer Omran

Abstract

Almost 80% of dialysis patients have anemia of different severity, with its 
pathogenesis of multifactorial nature. Relative insufficiency of erythropoietin 
leading to hyperproliferative erythropoiesis is considered the main underlying cause. 
Management of anemia has several therapeutic implications, including reasonable 
quality of life and avoidance of repeated blood transfusions, among others. Optimal 
maintenance of hemoglobin target levels is not easy, even with the implementation of 
different therapeutic options, including erythropoietin-stimulating agents (ESAs). 
Approximately 5–10% of patients are not responding adequately, despite incremental 
dosing of ESA therapy. That inadequate response has multiple heterogeneous causes, 
making anemia management rather difficult. Hyporesponsiveness to ESAs is a chal-
lenge requiring a proper approach.

Keywords: dialysis, Anemia, erythropoiesis stimulating agents, hyporesponsiveness, 
resistance

1. Introduction

According to World Health Organization (WHO), anemia is defined as a Hb 
level < 13 m/dl in adult males and postmenopausal females, while it is there if Hb 
levels <12 gm/dl for premenopausal females [1]. Renal anemia is a frequent complica-
tion in chronic kidney disease (CKD) patients with worse outcomes of morbidity and 
mortality [2, 3]. Its severity increases with progressive loss of kidney function, as 
around 90% of erythropoietin (EPO) is produced by the kidneys [4]. While almost 
5% of CKD stage III patients have anemia, approximately 95% of hemodialysis 
patients develop a certain degree of anemia [5]. Several causative factors are included 
in the pathogenesis of anemia in CKD patients, mainly the decreased production of 
EPO [6]. Following the US Food and Drug Administration’s approval of recombinant 
human EPO (rhuEPO) in 1989, the introduction of ESAs was a real revolution in renal 
anemia management [7]. More than 85% of hemodialysis patients were treated with 
ESA, according to USRDS 2020 Annual Data report. However, inadequate response to 
ESA therapy was reported in 5–10% of cases [8].
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2. Definitions

2.1 Hyporesponsiveness vs. resistance

The term hyporesponsiveness looks preferable to the term resistance for its more 
accuracy as a reduced response to ESA therapy is relative in most cases. So, the word 
hyporesponsiveness describes the use of higher than usual ESA doses without reach-
ing Hb target levels OR the need for incremental ESA doses to keep target Hb  
levels [9].

According to KDIGO 2012 guidelines, ESA hyporesponsiveness denotes no 
increase in Hb following 1 month of weight-based dosing (initial type) and/or the 
need for two increments in ESA dose up to 50% more than the previous dose for 
achieving stable Hb levels(subsequent type) [10].

According to European Best Practice guidelines (2004), the maximum dose of 
EPO is 300 units/kg/week and 1.2 mcg/kg/week for darbepoetin alfa [11].

The ideal Hb level for hemodialysis patients is not well-defined. An accepted 
practice is to have maintenance of Hb target level between 10 and 11.5 gm/dL. This 
goes in harmony with KDIGO 2012 guidelines.

2.2 ESA resistance index (ERI)

It is a mathematical representation of the complex relationship between the 
targeted Hb level and the required ESA dose. It is calculated as the ratio between the 
average weekly ESA dose/kg body weight and Hb (g/dl) level. Elevated ERI is sug-
gested as a possible clue for modifiable causative factors underlying ESA hyporespon-
siveness [12].

3. Epidemiology

The incidence of ESA hyporesponsiveness in hemodialysis patients differs from 
one country to another, ranging from 7.3 to 17.6%, with more prevalence compared 
with patients on peritoneal dialysis. ESA hyporesponsiveness was reported in 12.5% 
of hemodialysis patients and was strongly associated with higher mortality, iron and 
ESA use, and lower Hb levels. Around 15% of hemodialysis patients requiring high 
ESA doses have 50% consumption of total ESA therapy costs [13].

4. Etiology

Causes of anemia of ESA hyporesponsiveness are broadly related to three main 
categories: namely iron deficiency, inflammatory conditions, and bone marrow sup-
pression. A summary of these causes is shown in Table 1.

4.1 Iron deficiency

It is considered the most common cause of ESA hyporesponsiveness [14]. Iron 
deficiency may be absolute or functional type, which is more common. The absolute 
type is characterized by severely deficient or lacking iron storage, mainly due to blood 
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loss. Usually, transferrin saturation (TSAT)% is less than or equal to 20% with serum 
ferritin less than 200 ng/mL.

The functional type has normal iron storage with diminished iron availability 
for erythropoiesis. It is associated with low TSAT % and normal/high ferritin 
levels. Functional iron deficiency is further divided into two subtypes: the first 
is related to ESA therapy itself, and the second is attributed to anemia of chronic 
disease.

Measurement of red blood cells Hb content could be better for the assessment of 
functional iron deficiency and possible response to iron therapy. This can be achieved 
through the measurement of hypochromic red blood cell (HRCs) percentage, thresh-
old value more than 6%, and reticulocyte Hb content (CHr); threshold value less than 
29 pg., according to NICE guidelines, 2016 [15].

The HRCs % and CHr are more widely used in Europe than in the United States.
In cases with ESA-induced iron deficiency, the response can occur to IV iron 

administration and concurrent increase of ESA dose together with a resulting 
decrease of ferritin levels. Conversely, in patients with anemia of chronic disease, 
IV iron administration will not improve erythropoiesis and will be associated with a 
progressive increase in ferritin levels [16].

4.2 Inflammation

Chronic inflammatory status is common in hemodialysis patients and is consid-
ered a major cause of ESA hyporesponsiveness. Inhibition of production leads to 
hypoproliferative anemia of chronic disease. Bone marrow and impairment of EPO 
erythropoiesis renal patient-related specific underlying causes of chronic inflamma-
tion include dialysis catheter-related infection, infected or nonfunctioning arteriove-
nous graft, failed renal allograft, or uremic toxins. Other causes include malignancies, 
chronic infections, autoimmune disorders, or periodontal disease. Systemic inflam-
mation affecting the immune system function can be a sequence of gut microbiota 
dysbiosis. IL-6 works in the opposite direction of EPO regarding its effect on bone 

Frequent Less frequent Unknown

Iron deficiency Hemorrhage, hemolysis No cause could be found in 
one-third of the cases

Inflammation/infection Hyperparathyroidism

Inadequate dialysis Vit. B 12, folate deficiency

Bone marrow suppression

Pure red cell aplasia

Aluminum toxicity

Carnitine deficiency

Angiotensin-converting enzyme 
inhibitors

ESA subcutaneous administration with 
obesity

Table 1. 
Summary of causes of ESA hyporesponsiveness.
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marrow proliferation. Serum levels of both IL-6 and TNF-alpha are directly related to 
ESA dose in hemodialysis patients [17–19].

4.3 Inadequate dialysis

Uremic toxins can cause ESA hyporesponsiveness through nonselective bone 
marrow suppression or through selective suppression of erythroid colony-forming 
units. Accumulation of quinolinic acid in renal failure leads to inhibition of EPO gene 
expression, possibly mediated by hypoxia-inducible factor (HIF)1 alfa. Other sub-
stances like indoxyl sulfate (IS) and indoxyl glucuronide can suppress transcriptional 
HIF-1 alfa activity leading to inappropriate EPO production. Dialysis dose should be 
monitored in malfunctioning dialysis catheters and in fistula with lower blood flow 
rates. The chronic inflammatory state can occur in hemodialysis patients due to low-
level endotoxin and bacterial contamination of dialysis water. This was confirmed 
through the beneficial effect of using ultrapure water. Based on large randomized 
clinical trials, the use of high-flux and online treatments, though supposed better 
removal of large and middle molecules, was not associated with a significant effect on 
anemia and ESA requirements.

With high predialysis hematocrit values or slow blood flow of vascular access, 
red blood cell damage can occur due to shear stress and high pressure in dialyzer 
capillaries.

It was suggested that the use of mixed pre- and postdilution hemodiafiltration 
(HDF) might be preferred to postdilution HDF through avoidance of progressive 
hemoconcentration. However, this hypothesis needs further confirmation. There is 
no clear evidence supporting the beneficial effect of increasing dialysis frequency per 
se regarding ESA hyporesponsiveness [20–22].

Efforts to improve dialysis quality have led to the development of a novel class 
of dialysis membranes; called medium cut-off (MCO) with molecular weight 
cut-off (MWCO) close to MW of albumin and very high retention onset (HRO) 
[23]. Recently, these membranes are called HRO membranes. They are made of 
polyarylethersulfone/polyvinylpyrrolidone with a mean pore radius of 5 nm, in 
between high-flux and high cut-off (HCO) membranes. They are designed to 
enhance the clearance of molecules larger than B2-microglobulin with the ability of 
albumin retention. In addition, the internal diameters of the fibers are reduced to 
increase blood compartment resistance and enhance dialyzer internal filtration and 
back-filtration. The resulting convection is comparable to that of classical high flux 
membranes, with effective removal of middle and large molecules without fluid 
substitution. Using this novel class of dialyzers, HRO is called expanded hemodi-
alysis (EHDx).

EHDx has improved response to ESA therapy in comparison with the use of a 
high-flux (HF) dialyzer. That effect was attributed to the superior removal of inflam-
matory cytokines with better iron metabolism in a hepcidin-independent mechanism. 
More middle-molecule uremic toxins clearance with more reduction of TNF-alfa 
was achieved with the use of MCO dialyzers than with HF dialyzers. Additionally, 
high-flux dialysis did not show superiority to low-flux dialysis in improving ESA 
hyporesponsiveness [24]. In a comprehensive systematic review and meta-analysis 
study, it was found that EHDx showed safety regarding albumin loss in dialysate and 
back-filtration of endotoxins. Moreover, EHDx proved effective clearance of middle 
and large uremic toxin molecules in comparison with high-flux hemodialysis and 
online HDF with potential anti-inflammatory activity as well [25, 26].
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4.4 Aluminum toxicity

Although rarely seen nowadays, aluminum intoxication could be encountered 
with high content in the dialysis water source or with technical issues related to its 
treatment system [27, 28]. The resulting anemia is of microcytic hypochromic or nor-
mochromic pattern, which reflects ESA hyporesponsiveness associated with affected 
enzymes required for heme synthesis. Treatment requires gradual, incremental 
dosing of desferrioxamine infusion during hemodialysis sessions to avoid irreversible 
neurological damage. Other sources of aluminum exposure are aluminum-containing 
phosphate binders and antacids. The wide availability of-aluminum-containing 
phosphate binders led to very limited use of aluminum-containing phosphate binders 
for short periods and in certain occasions; for example, refractory hyperphospha-
temia and hypercalcemia related to nonaluminum-containing phosphate binders. 
Combined use of sodium citrate with aluminum-containing phosphate binders 
promotes aluminum intoxication. Through increment of intestinal absorption. A 
concern was raised regarding the intake of ferric citrate as a phosphate binder due to 
the possible increase of aluminum absorption from food, water drinking, and concur-
rent medication use. Additional medications considered sources of aluminum are 
iron and calcium-containing medications, calcitriol vitamin B complex acetylsalicylic 
acid, clonidine, vitamins calcium carbonate, and iron sulfate. Injectable medications 
including iron, erythropoietin, and insulin have been found markedly more alumi-
num contaminated than oral formulations. Abnormal serum aluminum levels are 
those exceeding 20 mcg/L. According to Kidney Disease Outcomes Quality Initiative 
(KDOQI) guidelines, serum aluminum levels should be tested at least annually in 
hemodialysis patients and every 3 months in those who are taking aluminum-contain-
ing medications.

The Association for the Advancement of Medical Instrumentation (AAMI) 
recommendation is to perform periodic chemical monitoring for dialysis water at least 
annually, more frequently when indicated. The maximum allowed aluminum concen-
tration is 0.01 mg/L [29–32].

4.5 Malnutrition

Protein-energy wasting and inflammation are closely associated. Malnutrition-
inflammation complex is considered a predisposing factor for an impaired response 
to ESA therapy [33]. Moreover, vitamin deficiencies can be considered a contribut-
ing factor. Folic acid is involved in erythroid proliferation. Vitamin C, with its 
antioxidative effect, downregulates cytokine synthesis and increases iron utilization. 
Copper increases iron absorption. Alpha-lipoic acid is needed for ATP synthesis, and 
it has a lowering effect on symmetric-dimethyl arginine, reducing oxidative stress. 
l-Carnitine has an antioxidative stress effect by stimulating heme-oxygenase 1. 
There is no available data to support a relation between vitamin six and ESA hypore-
sponsiveness [34–37].

4.6 Pure red cell aplasia (PRCA)

As a consequence of epoetin-induced polyclonal antibodies, neutralization of 
exogenous ESA and cross-reaction with endogenous EPO occur [38]. So, erythro-
poiesis becomes defective with undetectable EPO levels in serum. The resulting rare 
condition is called pure red cell aplasia (PRCA). It is manifested by a rapid drop of Hb 
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and undetectable reticulocytes with normal counts of white blood cells and platelets. 
PRCA is suspected with a monthly decrease of Hb level by 2 gm/dl or more r if reticu-
locyte count is less than 20,000/microL. It is usually thought of when hyporespon-
siveness is preceded by a reasonable response to ESA therapy. For PRCA to occur, at 
least 3–4 weeks of EPO therapy must be there, with the typical presentation following 
6–18 months of intake [39]. According to Kidney Disease Improving Global Outcomes 
(KDIGO) 012 guidelines, screening for PRCA due to anti-EPO antibodies in patients 
on EPO therapy for at least 4 weeks was suggested with absolute reticulocyte count 
less than 10,000/microL, normal platelet and white blood cell count, in addition,  
to drop of Hb level more than 0.5–1.0 g/dl weekly or need for 1–2 transfusions per 
week [40].

All PRCA cases induced by anti-EPO antibodies were reported after subcutaneous 
ESA administration, with a duration of treatment ranging from 1 month to 5 years 
[41]. PRCA mandates blood transfusion and immunosuppression, sometimes with 
rituximab [42]. Following the disappearance of EPO antibodies, IV ESA administra-
tion can be restarted with strict monitoring of anti-EPO antibody titers and Hb levels. 
Renal transplantation is the definitive solution.

4.7 Other causes

• CKD-mineral bone disease I interrelation among vitamin D, hyperparathyroidism, 
and hyporesponsive to ESA therapy is well known [43]. Vitamin D deficiency has 
a negative effect on erythropoiesis. Higher levels of parathyroid hormone inhibit 
erythroid progenitors and reduce red cell survival. Hyperphosphatemia leads 
to the downregulation of erythropoietin receptors. Hyperparathyroidism can 
be complicated by bone marrow fibrosis [44]. Higher levels of fibroblast growth 
factor-23 and alkaline phosphatase are considered biomarkers of ESA hyporespons-
siveness [45].

• Angiotensin-converting enzyme inhibitors and angiotensin-receptor blockers: 
they inhibit angiotensin-II-induced EPO production and promote N-acetyl-
seryl-aspartyl-lysyl-proline preventing recruitment of pluripotent stem cells; 
among other mechanisms [46].

• Bone marrow disorders: either primary or due to myelosuppressive agents.

• Malignancies: especially of hematological origin, for example, multiple myeloma 
and chronic lymphocytic leukemia [47].

• Hypothyroidism: higher TSH levels have been found to be related to decreased 
responsiveness to ESA therapy [48].

• Hypogonadism: the association has been found between lower testosterone levels 
and decreased response to ESA therapy [49].

• Hypomagnesemia: magnesium deficiency can increase oxidative stress and 
lead to the production of pro-inflammatory cytokines (TNF-alfa and IL-1B), 
decreasing ESA responsiveness. Serum magnesium levels were correlated with 
high ERI [50].
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5. Suggested stepwise approach to ESA hyporesponsiveness

1. Step One: Exclude noncompliance to ESA therapy, especially in subcutaneous self-admin-
istration patients and those financial issues.

2. Step Two: Evaluate the proliferative status through estimation of reticulocyte 
count: Hyperproliferative state: we investigate for possible gastrointestinal 
bleeding using endoscopy or the possibility of hemolysis with testing of blood 
film, bilirubin, LDH, and Coombs test.

3. Step Three: Hypoproliferative state: We proceed for iron profile evaluation: Fer-
ritin, TSAT, and HRC % to exclude functional and absolute iron deficiency.

4. Step Four: Hypoproliferative state; Exclusion of infection, inflammation, and 
inadequate dialysis: evaluation of kt/v CRP, together with a physical examina-
tion to exclude thrombosed arteriovenous graft, occult infection, failed kidney 
allograft, and infected dialysis access.

5. Step Five: Hypoproliferative state; Exclusion of vitamin deficiencies; Hb electro-
phoresis if indicated. Discontinuation of medications disturbing bone marrow 
erythropoiesis.

6. Step Six: Hypoproliferative state, Exclusion of hyperparathyroidism.

7. Step Seven: Undetectable reticulocytic count: Consideration of PRCA (Figure 1).

Figure 1. 
Suggested stepwise approach to ESA hyporesponsiveness. TSAT: transferrin saturation, HRC%: hypochromic red 
blood cell %, CRP: C-reactive protein, GI: gastrointestinal, ACEI: angiotensin-converting enzyme inhibitor, and 
LDH: lactate dehydrogenase.
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6. Clinical outcomes

Hyporesposiveness to ESA therapy has been found to be associated with higher 
mortality in several trials [51]. This was shown by one observational study of dialysis 
patients with Hb levels less than 9.5 gm/dl during larger ESA dose changes over 
11 months period. The increased mortality has been in the initial period of therapy 
as shown by Trial to Reduce Cardiovascular Events with Aranesp Therapy (TREAT) 
study [52].

Both the underlying cause of ESA hyporesponsiveness and the ESA dose itself 
contributes to increased mortality, with the former having more importance [53]. 
ESA hyporesponsiveness has been associated with the development of insulin resis-
tance [54]. Impaired response to ESA therapy can contribute through an unknown 
mechanism to more rapid progression to end-stage renal disease. This was suggested 
through a study of 194 consecutive CKD patients on ESA therapy between 2002 and 
2006 [55].

7. Potential and investigational agents

7.1 Hypoxia-inducible factor-prolyl hydroxylase inhibitors (HIF-PHIs)

Also, they are called HIF stabilizers. The major transcription factor for the EPO 
gene, HIF, was discovered in 1992. This was followed by the creation of HIF stabiliz-
ers. Their action process is via the HIF-prolyl hydroxylase domain (PHD) pathway 
through stimulation of transcription of EPO gene resulting in increased endog-
enous EPO levels. Anemia-induced tissue hypoxia leads to HIF system stimulation. 
Intranuclear dislocation of HIF-alpha is followed by its binding to HIF-B to form a 
functional dimer that binds to hypoxia-response elements on DNA. Eventually, HIF 
induces the expression of genes regulating erythropoiesis and iron metabolism in a 
wide range of tissues. HIF activity and degradation are regulated by PHD proteins. 
They are oxygen-sensitive hydroxylase enzymes. Their activity decreases during 
conditions of hypoxia. Development of CKD leads to HIF dysregulation with reduced 
EPO production. HIF-PHIs enhance the physiologic response to hypoxia through sup-
pression of PHD leading to endogenous EPO production with Hb overshoots less than 
ESA therapy. HIF-PHIs have direct and indirect beneficial effects on iron deficiency, 
either absolute or functional type. Directly, HIF-PHIs regulate iron homeostasis 
proteins, for example, duodenal cytochrome B, ferroportin, transferrin, and divalent 
metal-ion transporter 1. Indirectly, HIF-PHIs have suppression action on hepcidin 
(via erythroferrone, the main hepcidin-erythroid regulator), leading to a possible 
increase in iron availability [56, 57].

Agents of this novel class included in clinical trials are: daprodustat, vadadustat, 
and raxadustat; all are used orally.

The safety and efficacy of the HIF PHI daprodustat were evaluated in a trial of 
2964 patients on dialysis over 2.5 years (average hemoglobin 10.4 g/L) who were ran-
domly given daprodustat (dose range from 4 to 24 mg daily, according to ESA dose) 
or injectable ESA (epoetin alfa hemodialysis patients or darbepoetin alfa for perito-
neal dialysis patients). The average change in Hb concentration was 0.28 g/dL with 
daprodustat therapy and 0.10 g/dL with ESA therapy. Rates of adverse cardiovascular 
events, a composite of death, nonfatal myocardial infarction, and stroke, were similar 
between the treatment groups (25.2 versus 26.7% for daprodustat and epoetin alfa, 
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respectively), as were the rates of other adverse events. The efficacy of another dosing 
of daprodustat was studied in a 52-week trial in which 407 patients on hemodialysis 
were randomly assigned to daprodustat (dose range from 2 to 48 mg) thrice weekly 
with dialysis or to epoetin alfa; the average change in Hb concentration and rates of 
adverse events were similar between the treatment groups.

The efficacy and safety of vadadustat have been studied in comparison to 
Darbepoetin alfa in hemodialysis patients in a trial of 3554 patients who were ran-
domly assigned to receive vadadustat 150–600 mg or darbepoetin alfa. to target Hb of 
10 to 11 g/dL in patients of the United States and 10 to 12 g/dL in patients from other 
countries. Iron was given to all participants targeting transferrin saturation (TSAT) 
>20 percent and serum ferritin >100 ng/mL. Between weeks 40 and 52, prevalent 
dialysis patients assigned to vadadustat were less likely to maintain target Hb (44 
versus 51 percent), although rates of red cell transfusion were similar (2.0 vs. 1.9% of 
prevalent dialysis patients). Findings from a similar trial of 369 incident patients on 
dialysis showed comparable results.

Collectively, data of patients from both trials, rates of mortality (13.0 vs. 12.9%, 
nonfatal stroke (1.3 vs. 1.9%), hospitalization for heart failure (3.9 vs. 4.0%), and 
nonfatal myocardial infarction (3.9 vs. 4.5%) were comparable. Other adverse 
events, for example, hypertension, diarrhea, and pneumonia, were lower in the 
vadadustat group; both among prevalent (55 vs. 58%) and incident (50 vs. 57%) 
dialysis patients [58, 59].

Similar findings have been obtained from smaller studies of roxadustat in com-
parison to findings of studies of daprodustat and vadadustat [60].

As roxadustat is a selective activity ligand for thyroid hormone receptor B; with its 
similar structure to T3, it can suppress TSH release.

These agents have gained acceptance for clinical use in Europe, China, Japan, and 
Chile but not yet in the United States.

Long-term follow-up is required for concerns like increased risk of cancer, 
cardiovascular events, thrombosis, and deterioration of diabetic retinopathy, among 
others [61–63].

7.2 Experimental combination of ESA and thrombopoietin

The use of ESA and thrombopoietin in combination to treat EPO-resistant anemia in 
otherwise healthy rats was suggested based on the ability of thrombopoietin to stimulate 
self-renewal of stem cells and correct depletion of erythroid precursor cells [64].

7.3 l-carnitine

Dialysis patients are in a state of chronic carnitine deficiency, associated with fatty 
acid and other organic acid metabolic disturbances. Observational studies showed 
a relation between elevated ERI and low l-carnitine. However, other studies did not 
show evidence of beneficial effects regarding oxidative stress and inflammation in 
hemodialysis patients [65].

7.4 Pentoxifylline

It has anti-inflammatory effects through inhibition of the production of TNF-
alpha and IFN-gamma. This was shown with oral pentoxifylline given to dialysis 
patients hyporesponsive to ESA therapy with a resulting significant improvement 
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of Hb levels in a small open-label study. However, CRP levels were not changed. 
Further studies did not support the clinical utility of pentoxifylline in anemic 
dialysis patients [66].

7.5 AST-120

It is an inert binding compound with an antioxidant effect and the capability to 
reduce uremic toxins, indoxyl sulfate, and p-cresyl sulfate levels. Some improve-
ment of anemia was shown in a crossover study with AST-120 given to predialysis 
patients [67].

7.6 Vitamin E-coated dialyzer

There is controversy regarding its effects on oxidative stress, inflammation, and 
ESA responsiveness. However, direct relation was suggested between the higher posi-
tive effect of vitamin E-coated dialyzer and higher levels of ERI [68].

7.7 Anti-hepcidin agents

Lexaptepid pegol and human anti-BMP6 antibodies are hepcidin-suppressing 
agents. Experimental use of anti-BMP6 antibodies reduced the need for EPO in 
the treatment of anemia of chronic disease. Other agents targeting the ferroportin 
degradation action of hepcidin are for underway research [69].

7.8 Alpha-lipoic acid

In a multicenter prospective randomized study, it was shown that alpha-lipoic 
acid in a dose of 600 mg/day had anti-inflammatory and antioxidant effects 
leading to improvement of anemia and EPO resistance in diabetic patients on 
hemodialysis. Further studies are required for complete evaluation with the use of 
different doses [70].

7.9 Statin therapy

In a meta-analysis study, it was found that CKD patients treated with a statin had 
a trend of increased Hb and decreased ferritin levels. Further studies are required for 
more result validation [71].

7.10 SGLT2 inhibitors

They have been shown to have a beneficial effect on anemia reduction through 
decreasing hepcidin and ferritin and increasing transferrin [72].

8. Conclusion

Hyporesponse to ESA therapy has well-known negative outcomes in hemodialysis 
patients. A wise approach is to target the underlying causes before the up-titration of 
the ESA dose. There is insufficient evidence of adjuvant therapy and adverse effects 
of exogenous ESA as well. The discovery of new areas of hepcidin and HIF pathway 
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paved the way for the possible development of novel therapeutic agents, including 
EPO gene therapy, hepcidin antagonists, and better-planned tackling HIF stabilizers. 
More dedicated efforts are still required for better-planned tackling of a problem that 
has continued for more than two decades.
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Chapter 8

Psychosocial Aspects in 
Hemodialysis
Hayfa Almutary

Abstract

Several psychosocial stressors have an impact on patients with end-stage kidney 
disease (ESKD). The disease and its treatment modalities impose several lifestyle 
changes. These include the impact of disease and treatment, dietary and fluid restric-
tions, functional limitations and sexual dysfunction, and future uncertainty and fear 
of death. Furthermore, family and social issues such as changes in family roles and 
changes in duties and responsibilities may add to psychosocial stressors among people 
on dialysis. Commonly associated psychosocial issues include depression, anxiety, 
delirium, withdrawal, and decreased quality of life. The prevalence and severity of 
each psychological issue vary, and there are several tools available to detect these 
issues. This chapter will focus on the most common psychosocial stressors among 
people with hemodialysis.

Keywords: anxiety, depression, delirium, hemodialysis, psychosocial issue, stressors, 
withdrawal

1. Introduction

Over the past three decades, significant advancements in the knowledge of and 
understanding of the treatment of end-stage kidney disease (ESKD) have been 
made. According to the biopsychosocial model, which is linked to ESKD, dialysis has 
biological, psychological, and social consequences [1]. However, many studies focus 
on the biological effects of dialysis, and little attention has been given to psychosocial 
issues in hemodialysis. The psychosocial stressors that patients undergoing dialysis 
therapy face are numerous. Based on the psychosocial model, each person is unique, 
and his or her stressors interact with each other, which illustrates their complexity [1].

Several psychosocial stressors have an impact on patients with ESKD. The disease 
and its treatment modalities impose several lifestyle changes. These include the 
impact of disease and treatment, dietary and fluid restrictions, functional limitations 
and sexual dysfunction, and future uncertainty and fear of death. Furthermore, fam-
ily and social issues such as changes in family roles and changes in duties and respon-
sibilities may add to psychosocial stressors among people on dialysis. Some of these 
stressors among dialysis patients may cause changes in patients’ marital and occupa-
tional status, which lead to isolation and decrease quality of life. Commonly associ-
ated psychosocial issues include depression, anxiety, delirium, and withdrawal from 
dialysis. These stressors may differ in their occurrence and manifestation according 
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to the time of the dialysis. Understanding these issues and their impact on patients 
undergoing dialysis therapy will have positive implications for clinical practice and 
patients’ outcomes. Priority should be given to prevention and early identification 
of these issues throughout the trajectory of the dialysis treatment. This chapter will 
focus on the most common psychosocial issues among people on hemodialysis.

2. Psychosocial issues in the transition to hemodialysis

The actual transition from chronic renal care to hemodialysis therapy results in a 
new challenge for patients’ lives across all aspects [2]. This transition period is critical 
and associated with many psychological stressors. Future uncertainty, being a burden 
on family, financial strain, transportation issues, physical dysfunction, lifestyle and 
schedule changes, and travel restrictions are all sources of psychological stressors. 
In fact, many patients experience shock when they are told to start dialysis [3]. This 
initial shock event can lead to a serious psychological crisis. The patient may experi-
ence denial, regret, depression, anxiety, worry, anger, sleep disturbances, grief, and 
isolation [4]. Moreover, newly commenced dialysis patients may experience identity 
alterations because of altered body image, dependence, frailty, and loss of identity 
[5]. During the initial hemodialysis, patients often deny the fact that dialysis has 
become part of their lives and is a permanent treatment [6]. Denial is regarded as a 
protective mechanism for dealing with emotional stressors associated with dialysis 
[7]. Denial may lead to a refusal to adhere to dietary and fluid restrictions and a 
testing of what happens when they break boundaries. In some cases, this may lead 
to withdrawal or decreased compliance with dialysis [7]. A previous study reported 
a correlation between withdrawal and early dialysis initiation [8]. The first year on 
hemodialysis is a central period for adaptation and coping [5]. Perhaps it is only a 
matter of time before the patient accepts the fact that dialysis is sustaining their life. 
Indeed, when patients’ health deteriorated significantly, they eventually accepted the 
reality of dialysis and followed the instructions.

In a qualitative study that explored patient experience after the first year of 
dialysis, family and dialysis acceptance and coping were the dominant psychosocial 
stressors [2, 5]. Patients feel that hemodialysis affects social interaction and changes 
their relationships. Furthermore, physical and psychosocial functions affect their 
ability to work and be independent. Studies show that the first years of initiating 
hemodialysis are associated with changes in employment status and reduce the 
income [9, 10]. Given this, depression and social isolation may become apparent until 
the patient accepts and adapts to the new treatment [5].

Transitioning from other treatment modalities, such as peritoneal dialysis, to 
hemodialysis is required in some cases. This transition also imposes some psychologi-
cal issues [11]. Patients are frequently hesitant to accept or change a treatment at first 
[11]. These patients may also experience similar psychological issues (e.g., depression, 
fear, and anxiety) as patients who have been transferred from pre-dialysis care to 
hemodialysis for the first time.

2.1 Psychosocial care in the initial period of hemodialysis

Assessment of psychological status should be an integral part of hemodialysis 
care, especially during the transition period. To facilitate a healthy transition to 
hemodialysis, clinicians should be alert during this critical period for any changes in 
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emotion and mood and provide social and emotional support [2]. A patient-centered 
approach of care should be applied through individual evaluation of each patient 
to meet his or her supporting needs. It is critical to provide effective training and 
educational programs for patients and their families in order to improve acceptance 
and coping with hemodialysis. Moreover, providing opportunity to share experience 
and talking to other patients on dialysis will help in this regard.

New patients may be reluctant to ask questions or express their feelings. 
Establishing a trust relationship between patients and healthcare professionals 
improves the patient experience and facilitates coping mechanisms [5]. This relation-
ship will enable information sharing, promote self-efficacy and management, support 
decision-making, and reduce depression and anxiety.

3. Depression

Depression is a common mental disorder worldwide. According to the American 
Psychiatric Association, depression is a common illness that negatively affects feel-
ings, thinking, and responses [12]. It is an emotional state marked by somatic and 
cognitive symptoms [13]. Depression is often known as major depressive disorder 
or clinical depression, which is widely underreported and underdiagnosed in many 
chronic illnesses.

The National institute of Mental Health indicates that depression has various types 
[14]. These are major depression, persistent depressive disorder, perinatal depression, 
seasonal affective disorder, and depression with symptoms of psychosis. The major 
depression is defined by symptoms that last at least 2 weeks and interfere with daily 
activities. More specifically, the Diagnostic and Statistical Manual for Mental Disorders 
(DSM-5) in its latest version indicates that the diagnosis of a major depressive dis-
order should have two criteria. First, the symptoms should continue for a period of 
at least 2 weeks. Second, depressed mood should be experienced almost daily or be 
accompanied by a loss of interest in routine activities, as well as at least four of the 
additional symptoms listed below: (a) significant change in weight (either loss or gain) 
or change in appetite, (b) alteration in sleep pattern (e.g., insomnia), (c) psychomotor 
changes (i.e., agitation or retardation), (d) fatigue and loss of energy, (e) feelings of 
worthlessness or extreme guilt, (f) decreased concentration, or (g) thoughts of death 
or suicide [15] Cohen et al. noted that many of these symptoms that are associated with 
major depression could overlap with uremic symptoms in ESKD [16]. However, death 
and suicidal thoughts are more likely to be related to major depression. It is therefore 
important that clinicians be careful when they assess depression in this specific 
population.

The other type of depression is persistent depressive disorder, which is also called 
dysthymia, and is characterized by a lower severity of the depressive symptoms but 
a longer duration, typically at least 2 years. Perinatal depression is experienced by 
women and associated with specific times such as pregnancy and the postpartum 
period. Seasonal affective disorder has been linked to particular seasons. The last type 
is depression with symptoms of psychosis, which is the most severe type of depression 
in which psychosis symptoms also occur.

Depression in hemodialysis is contributed by numerous changes in the personal, 
social, and professional aspects, such as job loss, dietary changes, and sexual dys-
function, in addition to the frequent stressful experience of dialysis, the invasive 
procedure of dialysis, issues related to dialysis access, uncertainty about the future, 
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and anxiety regarding mortality. The adverse outcomes of depression among hemo-
dialysis have been widely examined. Previous studies indicate that depression among 
dialysis patients is associated with poor treatment adherence [17, 18], high hospital-
ization rates [19], and lower quality of life [20, 21]. There is growing evidence that 
the depression is correlated with increased risk of mortality rates in hemodialysis 
[19, 21–24]. Cheng et al. found that cognitive symptoms of depression have a better 
predictive value of long-term mortality in people undergoing hemodialysis than 
somatic symptoms [25]. Collectively, the adverse effects of depression make it an 
important subject to address.

Globally, depression affects approximately 5% of adults and is the principal 
cause of disability [26]. Moreover, it is one of the most common mental disorders 
among hemodialysis patients. The prevalence of depression varies among countries. 
However, a large body of literature shows that depression affects about one-quarter 
of dialysis patients [27–29]. In the USA, the prevalence of depression among hemodi-
alysis patients ranges between 14 and 44% [30, 31], and in Australia, it was found to 
be about 13.3% [32]. A multinational European study conducted in Portugal, Turkey, 
Italy, and France that examined depression among 2278 people with hemodialysis 
reported a prevalence as 46% [33]. Depression rates in Saudi Arabia ranged from 
5.62% to 44.7% [34, 35]. Depression in hemodialysis was much higher in Africa, as it 
ranged between 45 and 76.3% [36]. The variation across these studies was due to the 
potential for variation in methodological designs applied and assessment measures 
utilized, in addition to other factors such as sex, race, educational level, and economic 
status.

3.1 Screening and diagnostic measures

There are several measures available to diagnose and screen for depression 
in hemodialysis units. The semistructured interviews are considered the gold-
standard method of diagnosis for depression. These include the Mini International 
Neuropsychiatric Interview and the Structured Clinical Interview for DSM-IV Axis 
I Disorders (SCID-1) [37]. These types of interviews should be conducted by well-
skilled healthcare professionals who are familiar with the criteria for the diagnosis of 
major depression mentioned previously.

Given the dramatic changes in all aspects of life for people undergoing hemo-
dialysis, it is recommended to screen for depression at the time of initiation, after 
6 months, and then yearly [38]. It is also supported by prior evidence demonstrating 
that there is no correlation between any specific time since the commencement of 
dialysis and the occurrence of depression [39]. This requires ongoing examination of 
depression in hemodialysis patients throughout their treatment trajectory. Currently, 
the Beck Depression Inventory, Patient Health Questionnaire (PHQ-9), Center 
for Epidemiologic Studies Depression Scale (CES-D), and Hospital Anxiety and 
Depression Scale (HADS) are valid and reliable measures for screening of depres-
sion the dialysis population. Although the best one to use remains uncertain. These 
measures differ in their lengths and items, which make some of them more efficient 
for initial screening of depression.

The most commonly used measure to assess depression is the Beck Depression 
Inventory (BDI). It has been extensively used in screening patients with ESKD [40]. 
The BDI was developed in 1961 and consisted of 21 items [41]. Over time, the scale 
has been revised to be updated according to the new guidelines and diagnostic criteria 
for psychological disorders issued by the American Psychiatric Association. The 
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first version of BDI (BDI-I) was published in 1987. Then, the second version of BDI 
(BDI-II) was available in 1996 and included 21 items as well as a few items revised 
[41]. This scale evaluates responses on a 4-point Likert scale, where 0 means that no 
problem exists and 3 means that the problem is highly prevalent. The maximum score 
of the BDI-II is 63. The severity of the depression was classified based on the range 
of scores given. When the BDI-II score ranges from 0 to 13, it is considered minimal 
depression. When the score is between 14 and 19, it indicates mild depression. When 
a person’s BDI-II score ranges from 20 to 28, they may be suffering from moderate 
depression. Severe depression is classified when the BDI-II score ranges from 29 to 63 
[42]. In addition, a cutoff score of ≥11 was identified as sensitive point for determin-
ing the major depressive episode among patients with chronic kidney disease [43]. 
The BDI-II is a well-validated scale that has been used widely used to assess depres-
sion in people undergoing dialysis [44–49].

The latest version of BDI is known as BDI-FS, which is fast and short and includes 
only seven items. The scale of scoring is 0–3. The value of this version is to accelerate 
the screening for depression. This quick scale may be useful in identifying potential 
hemodialysis patients who are depressed [36, 50], and once identified, further 
testing should be performed to validate the diagnosis and initiate the appropriate 
intervention.

It was argued that developing a tool that focuses on non-somatic disturbances 
associated with depression while excluding somatic symptoms that could be caused 
by dialysis is critical. Accordingly, the Cognitive Depression Index (CDI) was devel-
oped by selecting a subset of 15 items from the BDI-II and excluding those related to 
somatic symptoms [37, 51]. The significance of this index was emphasized by both 
Kimmel et al. and Peterson et al., who found a correlation between high depression 
using CDI and increased mortality rates and lower survival rates in chronic kidney 
disease [52, 53].

Additional short and fast tool for screening of depression is the Patient Health 
Questionnaire (PHQ-9). It is a self-reported survey that includes nine items specific 
to depression. The responses are scored on a 4-point scale to indicate the severity of 
depression, with 0 for a statement indicating not at all and 3 indicating experience 
with a statement of nearly every day. A maximum score assumed for the PHQ-9 is 
27. Using this measure, depression is classified into four categories. A score range 
between 1 and 4 indicates that there is no depression, a score range between 5 and 
9 indicates a mild depression, a score range between 10 and 14 indicates a moderate 
depression, a score range between 15 and 19 indicates a moderately severe depres-
sion, and a score of 20 or more indicates a severe depression [54]. A previous study 
suggested that a cutoff point of 10 on the PHQ-9 is sensitive to detecting depressed 
patients [55]. As the PHQ-9 is also short, it is recommended to use it as a screening 
tool for depression in dialysis units.

Another well-known measure for assessing depression in hemodialysis is the 
Hospital Anxiety and Depression Scale (HADS). It was developed in 1983 by 
Zigmond and Snaith to evaluate both anxiety and depression levels in the outpatient 
units of the hospital [56]. HADS is a relatively short and quick instrument. It is a self-
reported survey with 14 multiple-choice questions that have two subscales: anxiety 
(HADS-A) and depression (HADS-D). Each subscale includes seven items rated on 
a four-point scale (from 0 to 3), where 0 indicates the absence of the problem and 3 
indicates the presence and severity of the problem. The maximum score given is 21. 
A score of 7 or less means absence of anxiety or depression; a score between 8 and 10 
represents moderate levels of anxiety or depression; and score more than 11 reveals 
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high levels of anxiety or depression. The HADS is a valid tool, and extensive stud-
ies show that HADS is practical in the assessment of anxiety and depression among 
people undergoing hemodialysis [57–61].

Center for Epidemiologic Studies Depression Scale (CES-D) is one of the most 
common instruments used to assess depression. The Center for Epidemiological 
Studies-Depression (CES-D) created this scale to assess depression in 1977 by Radloff 
[62]. It comprises 20 items that evaluate the mood and somatic symptoms, interper-
sonal relationships, and motor functioning in the past week. The total score of the 
scale ranges from 0 to 60, with a higher score revealing worse psychological status. A 
cutoff value of ≥16 was approved to indicate depression. The scale was validated and 
used in many studies for patient undergoing hemodialysis [37, 63]. Other screening 
measures have been used to assess depression among hemodialysis patients using 
non-specific tools and parts of other tools, such as the Kidney Disease Quality of 
Life Questionnaire (KDQOL-SF), the SF-36, the Mental Health Inventory 5, and the 
Edmonton Symptom Assessment System.

It is important to notice that using self-reporting scales could result in overdiagno-
sis, especially among patients on dialysis. The daily symptoms experienced by those 
patients (e.g., fatigue, sleep disturbance, and difficult concentration) can overlap 
with the somatic symptoms of depression. Besides the symptom burden, the occur-
rence of other comorbid conditions may add to the complexity of the depression 
diagnosis in a patient on dialysis.

3.2 Management of depression in hemodialysis

The diagnosis and treatment of depression in hemodialysis are crucial because 
untreated depression is associated with poor adherence to management, increased 
morbidity and mortality rates, and a low quality of life among people undergoing 
hemodialysis. Generally, the management of depression has been classified into phar-
macological and nonpharmacological interventions. Management approaches should 
be adapted to the patient’s unique needs (e.g., treatment history, concurrent illnesses, 
and preferences of the patients and their family) and consider the resources available 
in the dialysis facilities [38].

3.2.1 Pharmacological treatment

Antidepressant drugs have been shown to be effective in treating depression in 
the general population [64]. However, in dialysis, this is still ambiguous. For safety 
concerns and the possibility of serious adverse events, there are few antidepressant 
trials conducted among hemodialysis patients to support their efficiency. The phar-
macokinetics of antidepressant drugs in hemodialysis are likely to be affected due 
to several factors. In fact, the metabolism of antidepressant drugs is such that these 
drugs frequently go through the liver, and the active metabolites are eliminated by 
the kidneys instead [38]. Impaired kidney functions negatively influence the excre-
tion process, which causes buildup toxic concentrations of the drug in the body. In 
addition, since antidepressants are typically heavily protein bound, dialysis does not 
significantly eliminate them from the body [38, 64]. Moreover, there is a high risk 
of drug-drug interactions in dialysis patients due to the polypharmacy taken for the 
treatment of kidney failure and associated comorbidities [38].

The selective serotonin reuptake inhibitors (SSRIs) are the most common antide-
pressant drugs to use [36]. In hemodialysis, the SSRIs are still under debate [36, 65]. 
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Both meta-analyses and a recent systematic review revealed that the evidence related 
to SSRIs is not sufficient, and the findings are contradictory [66, 67]. Some placebo-
controlled trials show low or ungradable benefits [66, 67]. Among the SSRIs, 
fluoxetine is the most researched, with a daily dose of 20–60 mg considered tolerable 
[16, 68]. Another review has focused on the use of sertraline in hemodialysis and 
found that the use of sertraline appears to be safe but needs more investigation [69]. 
A double-blind randomized clinical trial found that sertraline has improved pruritis 
intensity in hemodialysis patients [70]. Other examples of drugs in the same class are 
citalopram, escitalopram, fluvoxamine, and paroxetine. Despite the fact that there 
is insufficient evidence to support the efficacy of SSRIs in hemodialysis patients, 
they have fewer anticholinergic and cardiac side effects than other drugs, such as 
tricyclic antidepressants (TCAs), which adds to their privilege [65]. Further, a recent 
systematic review found that side effects for SSRIs were minor, such as fatigue and 
nausea [66]. Another reported side effect of SSRIs is an increased risk of bleeding, 
which requires cautious use in patients with platelet dysfunction [16]. Importantly, 
patients should be observed for any suicide attempts, as a risk of suicide during the 
SSRI treatment may potentially occur during the initial administration [39]. The 
initial treatment should be started with a low dose, and the clinical effects should be 
monitored closely for at least 4–6 months [16]. If the result is suboptimal, the dose 
may be increased or the drug changed [16, 65].

Selective norepinephrine reuptake inhibitors, such as venlafaxine and bupropion 
hydrochloride, are examples of a different class of antidepressants that are also used 
with caution [16, 39]. Monoamine oxidase inhibitors are used, but not preferred as 
they have many side effects, especially hypotension [16]. Table 1 summarizes the 
antidepressant drug classes and recommended dosing in patients undergoing hemo-
dialysis [68].

We should notice that depression could happen due to multiple factors, including 
triggers of other symptoms such as fatigue, sleep disturbance, and sexual dysfunction 
[71–74]. Given this, clinicians should comprehensively assess the potential correlating 
factors before prescribing any antidepressant medications. The possible management 
of depression may be conducted indirectly through the management of the source of 
the issue.

3.2.2 Nonpharmacological interventions

The optimal care to enhance mental health includes nonpharmacological interven-
tions as a key component to reduce stress, improve cognitive function, and enhance 
coping. Nonpharmacological interventions have been considered due to safety 
concerns and a lack of evidence about the efficacy of pharmacological regimens 
for depression in hemodialysis patients. In contrast, many studies have shown that 
using these alternative approaches has significant clinical outcomes in the treatment 
of depression in hemodialysis patients [75–79]. These include cognitive behavioral 
therapy (CBT), psychoeducation, exercise programmers, relaxation training, 
acupuncture therapy, self-management, problem-solving, meditation and laughter 
therapies, and mindfulness-based stress reduction [36, 38, 66, 68, 80].

Cognitive behavioral therapy (CBT) is a common psychotherapy approach to 
depression treatment. The main principle of CBT focuses on resolving the cognitive 
factors that lead to psychological distress, such as coping and acceptance. It is based on 
an organized approach to encourage the restructuring of negative ideas, improve mental 
status, and enhance behavioral adaptations [68]. A growing body of evidence supports 
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Medication 
class

Medication Recommended dose Class adverse effects

Monoamine 
oxidase 
inhibitor

Isocarboxacid 30–60 mg daily, in single 
or divided doses

Significant drug-drug 
interactions, risk of 
hypertensive crisis with 
tyramine-rich food, 
orthostatic hypotension

Phenelzine 45–90 mg daily, in three 
divided doses

Tranylcypromine 30 mg daily, increase with 
caution

Selegiline 5 mg daily

Tricyclic 
antidepressants

Clomipramine 10 mg daily, increase with 
caution

Prolonged QT syndrome, 
arrhythmias, orthostatic 
hypotension, central 
nervous system and 
anticholinergic effects

Desipramine 25 mg daily, increase with 
caution

Lofepramine 140 mg daily, in two 
divided doses, increase 
with caution

Nortriptyline 30–150 mg daily, in single 
of divided doses

Amitriptyline 75–200 mg daily

Amitriptylinoxide 15–150 mg daily

Dibenzepine 240 mg daily, increase 
with caution

Dosulepine 75 mg daily, increase with 
caution

Doxepine 10–300 mg daily, maximal 
single dose 100 mg

Imipramine 10 mg daily, increase with 
caution

Protriptyline 15 mg daily, increase with 
caution

Mianserin 30 mg daily, increase with 
caution

Amoxapine 75–400 mg daily, in single 
or divided doses

Maprotiline 50 mg daily, increase with 
caution

Selective 
serotonin 
reuptake 
inhibitors

Citalopram 10–40 mg daily Increased risk of bleeding, 
nausea, diarrheal, central 
nervous system effects, 
sexual dysfunction

Escitalopram 10 mg, increase with 
caution

Fluvoxamine 50–300 mg daily, maximal 
single dose 150 mg

Fluoxetine 20-60 mg daily

Paroxetine 10 mg daily, increase with 
caution

Sertraline 25 mg daily
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the clinical effectiveness of CBT for depression management in hemodialysis. Eight 
randomized placebo-controlled trials examining the efficacy of CBT were examined in a 
meta-analysis study, and the results showed that CBT was successful in easing depressive 

Medication 
class

Medication Recommended dose Class adverse effects

Serotonin/
norepinephrine 
reuptake 
inhibitors

Venlafaxine 37.5–112.5 mg daily, in 
three divided doses

Hypertension, sexual 
dysfunction, neuroleptic 
malignant syndrome, 
serotonin syndromeDesvenlafaxine 25 mg daily

Duloxetine 40 mg daily, increase with 
caution

Milnacipran 25–50 mg daily

Serotonin 
modulators

Nefazodone 100 mg daily, increase 
with caution

Cardiac dysrhythmias, 
Steven-Johnson syndrome, 
liver failure, serotonin 
syndrome, priapismTrazodone 150 mg daily, increase 

with caution

Noradrenergic 
and 
serotonergic 
agonist

Mirtazapine 15 mg daily, increase with 
caution

Central nervous systems 
effects including 
somnolence, weight gain

Norepinephrine 
dopamine 
reuptake 
inhibitors

Bupropion 150 mg daily Accumulation of toxic 
metabolites, cardiac 
dysrhythmia, wide 
QRS complex, nausea, 
insomnia, dizziness

Dopamine 
receptor agonist

Trimipramine 150 mg daily, increase 
with caution

Sedation (especially 
common with 
trimipramine compared 
to the other tricyclics), 
anticholinergic effects

Reversible 
monoamine 
oxidase 
inhibitor

Moclobemide 300–600 mg daily, in three 
divided doses

Nausea, dry mouth, 
constipation, insomnia, 
dizziness, anxiety, 
restlessness

Selective 
serotonin 
re-uptake 
enhancer

Tianeptine 12.5–25 mg daily Insomnia, dry mouth, 
nausea, headache, 
constipation, drowsiness, 
weight gain

Melatonergic 
antidepressant

Agomelatine 5–50 mg daily Sweating, gastrointestinal 
side effects, insomnia, 
anxiety, elevated liver 
enzymes

Selective 
norepinephrine 
reuptake 
inhibitor

Reboxetine 4–6 mg daily, in 2–3 
divided doses

Insomnia, dry mouth, 
nausea constipation, 
sweating, tachycardia

Adapted from Ma et al. with permission [68].

Table 1. 
Antidepressant medication classes and dosing in dialysis patients.
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symptoms in hemodialysis patients [81]. However, this approach requires face-to-face 
psychotherapeutic intervention, which may be difficult for this population. Therefore, it 
has been suggested that internet-delivered self-help CBT (ICBT) would be a promising 
approach to the management of depression [82]. Other proposed nonpharmacological 
interventions yet need further investigation to draw conclusions about their efficacy.

4. Anxiety

Anxiety is another frequent and overlooked psychiatric disorder in patients under-
going hemodialysis. Less clinical attention has been given to anxiety in hemodialysis 
compared with depression [39]. It is defined as anticipation of a potential danger or 
threat [83]. Anxiety is an emotional condition characterized by excessive nervousness, 
fear, worry, and tension [84]. It may also cause physiological manifestations such as 
sweating and an increase in heart rate and blood pressure. According to American 
Psychiatric Association, there are different types of anxiety disorder, which include 
generalized anxiety, panic disorder, phobia, agoraphobia, social anxiety disorder, and 
separation anxiety disorder (Table 2), [84]. When anxiety exceeds what would be 
predicted given a usual response to a certain incident, its severity and duration are con-
sidered disorders. Most anxiety disorders have a minimum 6-month duration, and the 
severity is considered excessive compared with the real level of threat [83]. Studies have 
found that anxiety is often associated with depression [80, 85]. Thus, other psychiatric 
disorders (e.g., depression and post-traumatic stress disorder) may display anxiety as a 
diagnostic sign [83].

Type Characteristics

Generalized 
anxiety

• Persistent and excessive worry for at least six months

• Beside the psychological symptoms, it involves physical symptoms, such as 
restlessness, difficulty concentrating, muscle tension, or sleep issues.

Panic disorder • Involve recurrent, sudden panic attacks

• Combine extremely distressing physical and mental symptoms

Phobia • Excessive and persistent fear of a specific object, situation, or activity

Agoraphobia • Fear of being in circumstances where getting out would be challenging or 
embarrassing, or where getting aid might be difficult in the event of panic 
attacks. This extreme fear appears in two or more of the following situations:

• Using public transportation

• Being in open spaces

• Being in close places

• Standing in line or being in a crowd

• Bing outside the home alone

Social anxiety 
disorder

• It is associated with intense worry and discomfort about social activities and 
situations. The worry or anxiety lasts for at least six months and interferes with 
daily functioning.

Separation anxiety 
disorder

• Excessively nervous or afraid of being parted from persons to whom they are 
attached.

Table 2. 
Types of anxiety disorder.
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4.1 Screening and diagnostic measures

There are limited studies reporting the prevalence of anxiety and its associated 
factors among patients undergoing hemodialysis. Anxiety prevalence ranges from 
25.9–50% [20, 80, 85–87]. The discrepancy in range is probably due to variations in 
the applied methodology for screening for anxiety and the diversity of patient popu-
lations. Some studies rely on a general measure designed for symptom assessment 
that includes anxiety as one component, such as the Dialysis Symptom Index and the 
Chronic Kidney Disease Symptom Burden Index [88, 89]. Others use specific measures 
for anxiety assessment, such as HADS, the Beck Anxiety Inventory, and the Primary 
Care Evaluation of Mental Disorders (PRIME-MD). The BAI contains 21 items based 
on a 4-point Likert scale that examine the severity of anxiety [90]. Each question 
is scored between 0 (not at all) and 3 (severely it bothered me a lot). A high score 
suggests an increased level of anxiety symptoms. Low anxiety is indicated by a score 
between 0 and 21. A score range of 22–35 indicates moderate anxiety, while a score of 
36 or above indicates a severe anxiety level [90]. The BAI is a valid and reliable mea-
sure. The psychometric analysis showed a high level of internal consistency, and the 
discrimination validity of the scale was demonstrated when it differentiated between 
those who were anxious and those who were not anxious but had other psychiatric 
issues, such as depression [90]. Numerous studies used the BAI to assess anxiety levels 
among patients undergoing hemodialysis [91–94]. Nadort et al. compared the diagnos-
tic accuracy of BAI and HADS and concluded that both scales were valid for anxiety 
screening in hemodialysis but that HADS is more useful in routine dialysis care [95]. 
Regarding the PRIME-MD, it is one of the primary screening tools for mental health. 
It consists of two parts. The first part is a one-page questionnaire (PQ ) that should be 
filled out by the patient, and the second part is a 12-page clinician evaluation guide 
that should be completed by clinicians using a structured interview form [96]. The 
PRIME-MD-PQ is a self-administered tool that contains 26 questions based on yes/no 
choices regarding the existence of symptoms related to mood, anxiety, somatoform, 
eating disorders, and alcohol abuse [96]. Some studies use the PRIME-MD to assess 
anxiety in hemodialysis [97, 98].

A semistructured clinical interview was also used for anxiety diagnosis. The 
prevalence of moderate-to-high levels of anxiety is reported at 35.9%, with 17.1% 
reporting a high level of anxiety [80]. A prior study that surveyed 395 hemodialysis 
patients in Greece using HADS found that 47.8% of patients suffer from anxiety [20]. 
Similarly, a study conducted in Saudi Arabia using the same instrument found that 
the prevalence of anxiety was 50% [85].

On a dialysis unit, there are numerous factors that could stimulus anxiety; for 
instance, cannulation in hemodialysis, dialysis machine alarms, lack of control 
over treatment, and feeling dependent [99, 100]. Anxiety has a significant negative 
effect on the quality of life of hemodialysis patients [85, 93, 101]. It is correlated with 
negative clinical results, for example, increased hospitalization frequency and length 
of stay and high mortality rates [93]. Sometimes, it can influence the ability to focus 
and the way to process information. This may cause some disruptive behaviors that 
contradict healthcare professionals [83].

4.2 Management of anxiety in hemodialysis

Treatment options for anxiety are similar to those for depression and include 
both nonpharmacological and pharmacological treatments. The nonpharmacological 
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interventions include psychotherapy and cognitive behavioral therapy. Furthermore, 
using relaxation techniques is a useful method to reduce anxiety in hemodialysis 
patients [80]. Prior research found the effectiveness of Benson relaxation training in 
reducing the level of anxiety among eighty patients on hemodialysis [102]. A recent 
systematic review that examined the benefit of Benson relaxation training in manag-
ing anxiety on hemodialysis found that Benson relaxation was an effective method of 
management [103]. A randomized controlled trial that was implemented to examine 
the effectiveness of acupressure therapy in patients receiving hemodialysis also found 
a significant reduction in anxiety levels [104]. Apart from these methods, the social 
support derived from family, clinicians, and the community can improve psychologi-
cal status and alleviate anxiety [80].

If those methods were unsuccessful, different types of medications could be used. 
Short-acting benzodiazepines (e.g., lorazepam or alprazolam) are recommended for 
limited periods at low doses. From this class, lbrium (chlordiazepoxide) and valium 
(diazepam) should be avoided in patients undergoing hemodialysis [16]. In a severely 
anxious patient, antipsychotic medications (e.g., haloperidol) may be clinically 
feasible [16]. However, there is still window for future studies to explore the best 
management options for anxiety in hemodialysis.

5. Delirium

Delirium is a neurocognitive disorder characterized by an acute episode of confu-
sion of memory, awareness, and thinking [65]. It is often a reversible state among 
patients undergoing maintenance hemodialysis. It could occur owing to a medical 
condition, uremia, intoxication, or drug adverse effect. Moreover, studies suggest 
that this disorder is more prevalent among elderly patients [65, 105]. A recent study 
found that delirium is independently associated with early mortality in the elderly 
after starting hemodialysis [106]. The acute delirium could lead to self-harm and 
death [107].

A rare kind of delirium in hemodialysis is dialysis disequilibrium syndrome, which 
is a serious form of complication. Headache, visual disturbance, nausea, and agitation 
are common symptoms of the syndrome, and in more serious cases, delirium, leth-
argy, seizures, or even coma may also occur [65]. It was noted during or following the 
initial round of dialysis. Additionally, long-term hemodialysis has increased reports 
of dialysis disequilibrium syndrome [65].

5.1 Screening and diagnostic measures

Nurses and physicians should be on the lookout for any signs of delirium and 
screen their patients for any changes in cognition or behavior. Any concerns or suspi-
cions of delirium should be investigated further using a validated tool. The Confusion 
Assessment Method (CAM) is one of the most valuable tools for detecting delirium. It 
is designed to help medical professionals without backgrounds in psychiatry or men-
tal health and recognize patients with delirium quickly in high-risk situations [108]. 
The assessment includes questions that aim to assess delirium through four criteria: 
(1) acute onset and fluctuating course; (2) intention; (3) disorganized thinking; and 
(4) altered level of consciousness. The CAM algorithm for the diagnosis of delirium 
requires having criteria 1 and 2 and either 3 or 4 [108]. Other available tools to assess 
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delirium include the Mini-Mental State Examination. As nurses provide frequent 
direct care for patients on hemodialysis, assessment of delirium using a validated tool 
should be integrated into renal nursing care for early detection of delirium.

5.2 Management of delirium in hemodialysis

Starting hemodialysis slowly and gently, using a high dialysate sodium concentra-
tion and adding osmotic agents (sodium, mannitol, and glucose) to the blood stream 
are all ways to avoid delirium in hemodialysis [109]. Other preventive measures 
include active communication with the patient, avoiding medication interactions, 
maintaining hydration, and managing the pain [65].

Management of underlying factors is a key for management of delirium [65]. 
Supportive management provided as appropriate to prevent aspiration and pressure 
sores. When delirium endangers patient safety or interferes with crucial treatments, 
pharmacologic treatment is necessary [65]. Antipsychotic medications, such as 
haloperidol, are drug of choice in the beginning. Benzodiazepines and some antide-
pressants have also been used for treatment of delirium. The management of underly-
ing factors is critical in the treatment of delirium [65]. Supportive management is 
provided as appropriate to prevent aspiration and pressure sores. When delirium 
endangers patients’ safety or interferes with crucial treatments, pharmacologic treat-
ment is necessary [65]. In the beginning, haloperidol from antipsychotic medication 
is considered a drug of choice. Treatment for delirium has also included the use of 
benzodiazepines and various antidepressants drugs. Dialysis should be stopped in 
cases of seizure until vital signs stabilize [109].

6. Withdrawal from dialysis

It is known that the leading cause of death in dialysis is associated with cardio-
vascular disease and infection. Psychosocial factors are also concerning factors that 
contribute to death in dialysis patients. Withdrawal from dialysis results in death 
due to the clinical manifestations of uremia caused by treatment discontinuation. 
In dialysis patients, withdrawal is categorized as the third-most frequent reason for 
mortality [110]. In Western countries, the incidence of withdrawal from dialysis 
prior to death ranges from 20–30% [8, 111–113]. In North America, the incidence of 
withdrawal from dialysis accounts for 30% of deaths before death [114]. The decision 
to discontinue dialysis is associated with several factors, such as older age, female 
gender, white race, and clinical complications [115–118]. A retrospective cohort 
study of 133,162 hemodialysis incidents found that 10% of patients who withdrew 
from dialysis were 80 years of age or older [117]. The psychosocial risk factors that 
could be associated with increased odds of withdrawal from dialysis are depres-
sion, low socioeconomic status, and dementia [39, 110, 117, 119]. Furthermore, the 
most common reasons for considering dialysis withdrawal in many cases are a lack 
of enjoyment in life, a sense of being a burden on others, a shift in roles, a loss of 
control, and lack of social support [114]. Also, studies suggest that high symptom 
burden, such as pain, is associated with withdrawal from dialysis [114, 120]. There 
are several obstacles in the process of withdrawal from dialysis that relate to patient 
and family preferences, cultural and religious views, ethical and legal issues, and 
priorities in policymaking [114].
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6.1 Prevention of withdrawal from dialysis

Indeed, it is important to early recognize those who are at high risk for withdrawal 
from dialysis to provide them with other solutions, eliminate the potential barriers, 
and facilitate taking an informed decision. Nurses and physicians are well positioned 
to provide early intervention for underlying factors, to educate patients about their 
care, and to provide a comprehensive approach to care. Regardless of the patient’s 
decision, it is unethical to leave patients after their withdrawal from dialysis to suffer 
from pain and other complications. Since the beginning of their treatment, patients 
on dialysis and their families should be informed about the possibility of withdrawal 
from dialysis and the consequences of this option [121]. Therefore, clinicians can 
offer a good palliative and end-of-life care by alleviating the symptoms and pain 
management.

7. Conclusion

There are various psychosocial issues that are associated with hemodialysis 
therapy. There are various psychosocial issues that are associated with hemodialysis 
therapy. These issues may arise at any stage of the trajectory of hemodialysis. Some 
issues occur during the initial transition period of hemodialysis; others occur after 
a long time of receiving hemodialysis or after changing the modality of treatment. 
Examples of these issues are depression, anxiety, delirium, and withdrawal from 
dialysis. Due to the complexity of hemodialysis and its accompanying symptoms, 
identifying these issues remains difficult. This chapter has summarized the most 
common psychosocial issues among patients undergoing hemodialysis. The early 
recognition of the high-risk group developing some of these issues in hemodialysis 
is important for early management, which is cost-effective. Using short screening 
methods is applicable in clinical practice. Furthermore, for safety concerns, it is 
recommended to initiate management with nonpharmacological interventions. If the 
issues are still persistent or there is no improvement, pharmacology-based interven-
tion might be the solution, but with caution.
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Chapter 9

The Dialyzer as the Last Line of 
Protection against Endotoxins
Michael Hulko, Werner Beck, Ilona Koch, Rose Speidel  
and Bernd Krause

Abstract

When dialysis fluid is contaminated with endotoxins, the dialyzer membrane is 
often referred to as the last line of protection to prevent endotoxins from entering 
the patient’s blood. However, a quantifiable requirement for this endotoxin retention 
property of the membrane has not yet been defined. The ANSI/AAMI/ISO 23500 
standard series provides the framework for the microbiological quality of dialysis water, 
concentrates, and dialysis fluid, and defines the limit value for the non-pyrogenic 
endotoxin dose. After defining the boundary conditions of the endotoxin loading of the 
membrane by dialysis fluid and the patient’s non-pyrogenic endotoxin dose, quantifi-
able requirements for the endotoxin retention properties of a membrane, expressed as 
a dimensionless logarithmic retention value (LRV), were developed in this work. Based 
on standard dialysis fluid quality, the LRV should minimally be two for a protein-coated 
membrane after contact with patient blood and minimally be one for a protein-free 
pristine membrane during online priming before contact with patient blood. This work 
also presents the critical factors for endotoxin retention tests and shows that the defined 
LRV values are reached by membranes in modern dialyzers.

Keywords: dialysis, endotoxins, water quality requirements, membranes,  
endotoxin retention, pyrogenicity

1. Introduction

In hemodialysis treatment of end-stage renal disease, the patient’s blood is separated 
from dialysis fluid by a semipermeable membrane in the dialyzer. In cases of micro-
biological contamination of dialysis fluid, it contains pyrogenic substances, such as 
endotoxins, which would cause fever in the patient if they entered the patient’s blood. 
However, the permeability of the membrane for endotoxins is limited. Therefore, the 
dialyzer membrane is often called the last line of protection against endotoxins when 
the microbiological quality of dialysis fluids is discussed. The simplicity of this visu-
alization makes it easy to believe that the underlying concept would have been under-
stood. However, comprehensive and quantitative evaluations and specific definitions of 
this concept are missing or remain vague. Different situations during a dialysis treat-
ment need to be evaluated in a differentiated manner to account for specific contamina-
tion levels, membrane conditions, and fluid flow circumstances. Especially, trends of 



Updates on Hemodialysis

130

using online prepared fluid during online priming, online bolus, and online rinse-back 
need to be examined, since that fluid is filtered across the dialyzer membrane before it 
is infused into the patient. A verifiable quantitative requirement for the dialyzer mem-
brane to serve as the last line of protection against endotoxins has not yet been defined. 
This work develops a proposal of how such a requirement could look like.

2.  What are endotoxins and can endotoxin retention requirements be 
inferred from other dialyzer properties?

Endotoxins are mainly lipopolysaccharides (LPS) originating as fragments of bac-
terial cell membranes. The dominant bacterial source is gram-negative bacteria, which 
possess an LPS-rich outer membrane. A chemical feature of LPS is their amphiphilic 
character, which means the molecules combine hydrophilic and hydrophobic parts. 
This amphiphilic character enables the LPS to form supramolecular structures and 
biological entities, such as micelles, vesicles, or cell membranes. In those structures, 
the hydrophobic lipid parts bind together to avoid interaction with water while the 
hydrophilic polysaccharide parts are exposed to the hydrophilic aqueous environment. 
This chemical behavior takes place in dialysis fluid and aqueous solutions, in general. 
More on endotoxins can be found in work done by Williams [1] and Bishop [2].

Dialyzers are primarily designed to remove water and uremic toxins from a 
patient’s blood, and design specifications typically address those requirements. 
Chemically, uremic toxins are distinctly different from LPS molecules. Uremic toxins 
are small molecules or proteins that accumulate in the patient’s blood when kidney 
function is impaired. Uremic toxins, even though diverse in chemical nature, are 
commonly water-soluble in most cases; therefore, do not form larger, aggregated 
structures in blood plasma water. Water-insoluble uremic toxins bind to albumin, 
which makes them water-soluble in the albumin-bound form, and they are then 
called protein-bound uremic toxins.

Dialyzer specifications, such as clearance, sieving coefficient, or ultrafiltration 
coefficient, as defined and required by technical standards, such as ISO 8637-1 [3], 
specify the ability to remove water or uremic toxins. Due to the distinct differences 
in chemical nature and chemical environment of LPS vs. uremic toxins, endotoxin 
retention properties cannot be simply inferred from specifications describing uremic 
toxin removal but rather need to be described and investigated in their specific way.

3.  How can endotoxin retention properties be characterized  
and measured?

To measure endotoxin retention properties of a membrane, the concentrations on 
both sides of the membrane need to be put into relation. The dimensionless ratio of 
concentrations on the feed side and the filtrate side of the membrane is a practicable 
relation. Since feed and filtrate concentration typically differ by a few orders of 
magnitude, it is convenient to transform the ratio as a decadic logarithm into a more 
practical dimension called logarithmic retention value (LRV).

 ( )
( )

=10log
C Feed

LRV
C Filtrate

 (1)
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It is important to understand that the LRV is not a universally constant intrinsic 
property of the membrane but rather depends on the conditions under which it has 
been measured. For a meaningful interpretation of the LRV, it is critical that experi-
mental conditions under which the LRV was measured match the context in which 
the LRV is to be applied. The fundamental experimental parameters that need to be 
taken into account are:

• The concentration of endotoxin on the feed side. The LRV is a dimensionless num-
ber and could be measured in theory at any level of endotoxin concentration. 
However, the formation of supramolecular structures by LPS depends on the LPS 
concentration. Since the specific nature of the supramolecular structure may 
impact the retention properties, and the absolute endotoxin concentration needs 
to be considered.

• The concentration of endotoxin on the filtrate side: In cases of strong LPS retention 
by a membrane, the concentration on the filtrate side might drop below a detect-
able concentration level. In such cases, the concentration cannot be assumed as 
zero. A practical approach for such results is to calculate the LRV using the lower 
detection limit of the applied assay and report LRV as > the obtained number.

• Fluid flow conditions: The transport of solutes across a membrane follows two 
different mass transport mechanisms: diffusion and convection. Especially, in 
cross-flow filtration settings, the filtration fraction must be defined carefully 
because the filtered fluid determines the amount of LPS convectively trans-
ported toward the membrane. The fluid flow direction must also be considered. 
When testing endotoxin retention in the dialysis fluid, the relevant flow direc-
tion is from dialysate to the blood compartment, which is the opposite of the 
ultrafiltration flow direction in hemodialysis.

• Total endotoxin amount: The total amount of endotoxins in the feed solution is 
calculated by multiplying endotoxin concentration with a fluid volume of the 
feed solution. It plays a role because the mechanism of endotoxin retention by 
a dialyzer membrane cannot be unambiguously and uniformly described for 
every membrane. The retention mechanism is likely based on two effects: one is 
size exclusion of larger LPS aggregates, and the other one is adsorption of LPS 
molecules by either hydrophobic interaction between the hydrophobic part of 
the LPS molecule and hydrophobic patches of the membrane or by electrostatic 
interaction between the negatively charged part of LPS and positive charges of 
the membrane. Total endotoxin amounts in a test should not be chosen too low 
and potential saturation of adsorption sites needs to be taken into account.

• The electrolyte composition of the test fluid: LPS molecules carry negative charges 
from phosphate groups in the molecule. These negative charges lead to attrac-
tive or repulsive electrostatic forces and impact the formation of supramolecular 
structures. Especially, double-charged ions, such as Ca2+ or Mg2+, in the test fluid 
can shield the charges in the LPS molecules and influence the formation of the 
supramolecular structures and LPS retention by the membrane.

• The temperature of the test fluid: The temperature of the test fluid affects the forma-
tion of supramolecular LPS structures and has a strong impact on diffusion rates.



Updates on Hemodialysis

132

• The bacterial source from which the LPS in the test was prepared: LPS molecules 
are not uniform, they contain a variable polysaccharide chain, which can differ 
between bacterial species. This may impact the formation of supramolecular 
structures and affect how LPS are retained by membranes. What guiding 
principle can be used to select the bacterial source of LPS? One approach is to 
select the bacteria species, that is, the most abundant type in microbial contami-
nation. In microbiological studies of dialysis fluid quality [4, 5], the water-borne 
Pseudomonas aeruginosa was the most abundant type of bacteria species found 
in the dialysis fluid. In cases where the Limulus amebocyte lysate (LAL) assay 
is used, the selection of LPS can be guided by considering pyrogenic potency. 
Pyrogenic potency can be measured by testing in rabbits. To avoid animal test-
ing, the LAL assay can be used instead, and manufacturers of the assays match 
the assay response to a specific LPS preparation using the pyrogenic potency of 
the rabbit test. An LPS preparation with particular potency in LAL assays can be 
obtained for LPS, for example, by Escherichia coli strains.

• Absence or presence of a protein layer on the membrane: In experimental studies, it was 
observed that a protein layer on the membrane, which forms after the initial contact 
of the membrane with protein-rich fluids, such as blood plasma, changes endotoxin 
retention properties compared to a protein-free pristine membrane [6, 7]. Proteins 
on the membrane are likely to impact pores size, and may also affect surface chem-
istry, which would account for a modified LPS adsorption to the membrane.

4. Which factors determine endotoxin concentration in dialysis fluid?

The current requirements of dialysis fluid are set out in the ANSI/AAMI/ISO 23500 
standards series on the preparation and quality management of fluids for hemodi-
alysis and related therapies. There are two potential sources of endotoxins, water and 
concentrates, and there is the option to use ultrafilters for endotoxin removal. The 
water system provides water to the monitor in accordance with the provisions of ANSI/
AAMI/ISO 23500-3 (formerly ISO 13959) [8], which defines maximum endotoxin 
concentration as 0.25 EU/ml for water for dialysis. Concentrates to prepare dialysis 
fluid to follow the provisions of ANSI/AAMI/ISO 23500-4 (formerly ISO 13958) [9]. 
Endotoxin concentrations in concentrates must be at a level that allows the prepara-
tion of standard dialysis fluid with a maximum of 0.5 EU/ml from concentrate and 
water for dialysis. The maximum endotoxin concentration for standard dialysis fluid 
is governed by ANSI/AAMI/ISO 23500-5 (formerly ISO 11663) [10]. If an ultrafilter is 
used to filtrate the prepared dialysis fluid, ultrapure dialysis fluid can be prepared with 
a maximum allowed endotoxin concentration of 0.03 EU/ml.

In this work, the assumption is made that dialysis fluid of at least standard dialysis 
fluid quality per ANSI/AAMI/ISO 23500-5 [10] is provided by the dialysis monitor, 
and maximum endotoxin concentration is at 0.5 EU/ml even if no ultrafilter is used or 
in case of failure of the ultrafilter.

5.  What is the total endotoxin amount the dialyzer membrane can be 
exposed to on its dialysate side?

The total endotoxin amount the dialyzer membrane can be exposed to depends 
on two variables: endotoxin concentration and fluid volume passing or crossing the 
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membrane. In the section above, the assumption of a maximum endotoxin concentra-
tion of 0.5 EU/ml was made, because standard dialysis fluid quality per ANSI/AAMI/
ISO 23500-5 [10] was assumed in any case. In order to consider the fluid volume passing 
through or crossing a dialyzer membrane as well as the resulting total amount of endo-
toxins, various phases and situations during a dialysis treatment need to be differenti-
ated: priming, treatment, bolus, and rinse-back. In the following considerations, only 
configurations in which online prepared fluid is infused into the patient by crossing the 
dialyzer membrane are included. Configurations using saline bags or online prepared 
fluid bypassing the dialyzer membrane are excluded in this work because the dialyzer 
membrane does not act as a last endotoxin barrier in such situations. Relevant configu-
rations, where the dialyzer acts as the last line of protection against endotoxins are:

• Online priming with dialysate infusion: Online priming is used to rinse and fill the 
dialyzer with online-prepared dialysis fluid. The volume for filling and rinsing is 
assumed to be up to 3 L. During online priming, the protein-free pristine dialyzer 
membrane can be exposed to a maximum endotoxin amount of 3000 ml × 0.5 EU/ml 
= 1500 EU. However, the largest portion of the priming fluid will be discarded, and 
the patient will not be exposed to the complete priming volume. In cases of “wet” 
patient connection, (i.e., arterial and venous access are connected simultaneously) 
the fluid contained within the blood side of the extracorporeal circuit is infused into 
the patient, which is typically not more than 500 ml. For example, the blood com-
partment volume of a Polyflux 210 H dialyzer is 125 ml [11], and the fill volume of a 
single-needle blood line BL 40 SN is 279 ml [12], which sums up to 404 ml.

• Online bolus with fluid infusion: Online bolus is used to infuse a specific amount 
of fluid into the patient, for example, for blood pressure stabilization. Bolus 
volume can be assumed to be not more than 500 ml per hour. The total maximum 
endotoxin amount that a protein-coated membrane can be exposed to is 500 ml × 
0.5 EU/ml = 250 EU for standard dialysis fluid.

• Backfiltration and backdiffusion are physical effects produced by the pressure 
conditions of the fluidic circuit and the hydraulic permeability of the membrane. 
The amount of backfiltration is hard to measure or calculate and difficult to 
predict. It has been calculated and experimentally measured to be in the range of 
30–50 ml/min [13] and can be assumed to not exceed 100 ml/min at which dialy-
sis fluid is filtered from dialysate to the blood side of the dialyzer. As a worst-
case estimate the maximum endotoxin amount passing the membrane during 
dialysis treatment can be estimated irrespective of the amount of backfiltration 
by the total amount of dialysis fluid passing through the dialyzer. Assuming a 
maximum dialysate flow rate of 800 ml/min of standard quality dialysis fluid 
with 0.5 EU/ml, the dialyzer would be exposed to a total amount of 800 ml/
min × 60 min × 0.5 EU/ml = 24000 EU per hour. If the blood flow rate is lower 
than the dialysate flow rate, the LPS transfer is physically limited by the blood 
flow rate, irrespective of whether diffusion or convection is the dominant mass 
transfer mechanism. Assuming a maximum blood flow rate of 600 ml/min, the 
maximum amount of endotoxins that could pass through the dialyzer membrane 
is 600/800 x 24000 EU = 18000 EU per hour.

• Online rinse-back with fluid infusion: Rinse-back is the reinfusion of the blood 
in the blood compartment of the extracorporeal circuit to the patient after 
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treatment. The volume of rinse-back is limited by the volume of the blood path-
way of the extracorporeal circuit and can be assumed to be not more than 500 
ml. The total maximum endotoxin amount that the protein-coated membrane 
may be exposed to by rinse-back fluid with standard dialysis fluid quality is 500 
ml × 0.5 EU/ml = 250 EU.

6.  How much endotoxin could a patient tolerate without developing a 
pyrogenic reaction?

Various endotoxin dose limits have been developed to prevent pyrogenic reactions 
during and after medical treatments. The European Pharmacopeia [14] defines a 
limit of 5 EU/kg body weight per hour for intravenously administered drugs, which 
is also referenced in ISO 23500-1 [15] as the minimum dose that produces fever and 
is therefore applied in this work to develop a requirement for the endotoxin retention 
properties of the dialyzer membrane as the last line of protection against endotoxins. 
During a 1-hour dialysis session, the upper limit of the endotoxin dose for a patient of 
50 kg body weight would be 5 EU/kg/h × 50 kg × 1 h = 250 EU. The body weight was 
taken from ICH Q3(R8) Guideline [16], which defines 50 kg as “relatively low body 
weight,” to allow some extra safety margin.

7. How much endotoxin must a dialyzer be able to retain?

Two boundary conditions were defined in the previous sections: the endotoxin 
load on the dialysate side and the non-pyrogenic dose on the blood side. The dialyzer 
membrane must reduce the endotoxin load on the dialysate side to a non-pyrogenic 
level on the blood side. With the help of these two boundary conditions, a minimum 
LRV can be calculated for a dialysis membrane. Since protein-free pristine mem-
branes are different from protein-coated membranes, two requirements can be devel-
oped for either case. In the first step, the requirement for a protein-coated membrane 
will be developed. In the second step, the requirement for the pristine membrane 
is derived. In the following calculations, the use of standard dialysis fluid will be 
assumed as worst-case, and the accumulated effects of online bolus, backfiltration/
backdiffusion, and online rinse-back are concentrated into 1-hour treatment.

Figure 1 shows the dose calculation for the 1-hour treatment case using standard 
dialysis fluid of 0.5 EU/ml. Fluid volumes for online bolus and rinse-back are assumed 
to be 500 ml each. The volume assumed for backfiltration or backdiffusion was derived 
from a blood flow rate of 600 ml/min being the limiting factor for endotoxin transfer 
irrespective of the mass transport mechanism; therefore, the volume is 600 ml/min 
× 60 min = 36 L. The endotoxin amount at each step is calculated as 0.5 EU/ml × fluid 
volume. This results in 250 EU, 18000 EU, and 250 EU for online bolus, backfiltration/
backdiffusion, and online rinse-back, respectively, producing a total of 18500 EU in 
1 hour. The minimum LRV (rounded up to 1 significant digit) for the protein-coated 
membrane to reduce 18500 EU below 250 EU is LRV 2. The dose threshold of 250 EU 
was calculated using the limits of 5 EU/kg/hour for a 50 kg person as 5 EU/kg/hour x 
50 kg × 1 hour = 250 EU. A protein-coated membrane with an LRV of 2 reduces the 
endotoxin load of 18500 EU on the dialysate side to 185 EU on the blood side.

Figure 2 shows in summarized form the dose calculation when combining the 1-hour 
treatment case as described above with the online-priming situation with a pristine 
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membrane. The volume of online-priming fluid infused into the patient was assumed 
to be 500 ml. The endotoxin amount of online priming calculates as 0.5 EU/ml x 500 ml 
= 250 EU. The dose threshold of 65 EU for online priming can be calculated as the total 
dose threshold of 250 EU (calculated with the limit of 5 EU/kg/hour for a 50 kg person) 
minus 185 EU covering online bolus, backfiltration/backdiffusion, and online rinse-
back. The minimum LRV (rounded to one significant digit) for the pristine membrane to 
reduce 250 EU below 65 EU is LRV 1. A pristine membrane with an LRV of 1 reduces the 
endotoxin load of 250 EU on the dialysate side to 25 EU on the blood side.

Figure 1. 
Calculation of endotoxin load on the feed side, LRV, and endotoxin dose on the filtrate (patient) side for 
treatment cases, where a protein-coated membrane, reduces the transfer of endotoxins from the standard dialysis 
fluid.

Figure 2. 
Calculation of endotoxin load on the feed side, LRV, and endotoxin dose on the filtrate (patient) side for 
treatment cases, where a protein-coated membrane (right side) and a pristine membrane (left side), reduces the 
transfer of endotoxins from the standard dialysis fluid.
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Figure 3 shows a dose calculation for a 1-hour treatment case analogous to the cal-
culations shown in Figure 2. The only difference is that the use of ultrapure dialysis 
fluid of 0.03 EU/ml was assumed instead of standard dialysis fluid. The minimum 
LRV of the protein-coated membrane would need to be LRV 1 in order to reduce 1110 
EU to 111 EU. The pristine membrane would not need to have endotoxin retention 
properties at all during online priming. The total endotoxin dose of 126 EU (111 EU 
+ 15 EU= 126 EU) would be below the endotoxin dose limit of 250 EU (5 EU/kg/hour 
for a 50 kg patient).

8.  What should a requirement for the endotoxin barrier property of  
a dialyzer membrane look like?

The calculations above show different endotoxin retention requirements for 
standard dialysis fluid and ultrapure dialysis fluid. Although the use of ultrapure 
dialysis fluid is recommended and it is not mandatory, and in the case of the absence 
or failure of an ultrafilter, only standard fluid quality can be assumed. Consequently, 
a requirement must orient itself to the use of standard dialysis fluid quality.

For standard dialysis fluid, a dialyzer membrane must have a minimum endotoxin 
retention capacity measured as an LRV of 2 after exposure to blood plasma and the 
formation of a protein layer, and it must have a minimum LRV of 1 in its protein-free 
pristine form.

Is this a realistic requirement for current, state-of-the-art dialyzer membranes? 
The LRVs of dialyzer membranes with a protein layer are well documented under 
treatment conditions. Polyflux L (low flux), Revaclear (high flux), and Theranova 
(medium cut-off) dialyzers were tested in various experimental configurations 
using mixed filtrates of Pseudomonas aeruginosa and Pelomononas saccharophila 
[17], lysates of Pseudomonas aeruginosa and isolated LPS from Escherichia coli [18]. 
In all cases, the LRV was above 2 [18]. Experimental data in the perspective of this 

Figure 3. 
Calculation of endotoxin load on the feed side, LRV, and endotoxin dose on the filtrate (patient) side for 
treatment cases, where a protein-coated membrane (right side) and a pristine membrane (left side), reduces the 
transfer of endotoxins from ultrapure dialysis fluid.
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work is not available for pristine membranes. An experimental study is described 
in the sections below to provide data to answer the question if the minimum LRV 
requirement of LRV 1 is realistic for state-of-the-art dialyzer membranes before 
protein contact.

9.  Experimental study to determine endotoxin LRV of a protein-free 
membrane under online-priming test conditions

Test articles were high flux dialyzers Polyflux 210H and Revaclear 500, as well 
as medium cut-off dialyzer Theranova 500. The products were taken from regular 
manufacturing with standard sterilization and within their specified shelf-life. For 
each type of dialyzer, the test items were taken from three separate production lots. 
Revaclear 500, Theranova 500, and Polyflux 210H are the products with the largest 
membrane area of their respective product family. In this study, the product with 
the largest membrane area in each product family was chosen because it provides the 
largest interface between the dialysate and the blood side compartment. An experi-
mental pre-study under online-priming test conditions did not indicate an impact 
by the membrane area between 1.4 m2 and 2.1 m2 on endotoxin retention properties 
and, if adsorptive retention was assumed, a saturation of adsorptive capacity was not 
observed for smaller and larger membrane areas. Under this presumption, the items 
selected for testing in this study can be considered to be representative under online-
priming conditions for versions with smaller membrane area down to 1.4 m2 in their 
respective product family.

The sample number was defined to be six (6). The sample number definition was 
not based on a formal statistical approach. Previous studies had shown 95% confi-
dence intervals within a range of ± 10% of the mean LRV for a similar experimental 
design using six samples.

The test system had two parts. The first part comprised sample generation, and 
the second part the sample analysis.

Sample generation was done in a benchtop experiment of filtration (Figure 4). 
Fluid from a challenge solution made of endotoxin-contaminated bicarbonate-based 
dialysis fluid was pumped by a peristaltic pump across a dialyzer membrane. The 
fluid flow direction in the dialyzer was from dialysate to blood side. The filtrate was 
collected on the blood side for subsequent analysis.

Figure 4. 
Schematic drawing of the filtration setup. A feed solution containing a defined amount of endotoxin is pumped 
through the dialyzer using a peristaltic pump. Flow direction is from dialysate to blood compartment. Unused 
ports of the dialyzer were blocked. The filtrate was collected on the blood side.
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Test setting Set value Justification

Composition of 
feed fluid.

Bicarbonate-based dialysis fluid prepared 
from
dialysis concentrate D200 (MTN 
Neubrandenburg, Code 20000060401)
Acid concentrate D204 (MTN 
Neubrandenburg, 20400100001, 1.75 
mM Ca2+. 0.5 mM Mg2+ in final fluid).
Reverse osmosis water.
Before adding endotoxins, the dialysis 
fluid was sterile filtered using a U9000 
plus Ultrafilter (Baxter) and checked for 
pH 7.1–7.5

Bicarbonate dialysis fluid is a state-of-the-
art dialysis fluid.

Bacterial 
endotoxin from 
two different 
sources.

1. Eschericha coli strain O55:B5  
(Lonza, Code 00193783)

2. Pseudomonas aeruginosa  
(Sigma-Aldrich, Code L9143)

Escherichia coli O55:B5 is an endotoxin, 
which is traceable to a defined 
reference standard material; therefore, 
suitable to provide accurate endotoxin 
concentrations [1].
Pseudomonas aeruginosa is a common 
water-borne organism and can be found 
in dialysis fluid; therefore, represents 
clinical conditions [4, 5].

Bacterial 
endotoxin 
concentration in 
feed fluid.

The bacterial endotoxin concentration 
must be > 0.5 EU/ml; the targeted set 
value was 2 EU/ml.

0.5 EU/ml is the maximum allowed 
endotoxin concentration in standard 
dialysis fluid according to ANSI/AAMI/
ISO 23500-5 [10] and therefore the 
minimum concentration in this study to 
represent worst-case clinical conditions.

Volume of feed 
solution

3000 ml1 3000 ml was assumed as maximum rinse 
volume and is considered as worst-case in 
this study because it results in the largest 
possible endotoxin amount.

Fluid temperature 37°C +/− 2°C 37°C +/- 2°C was assumed as clinically 
relevant temperature range of the priming 
fluid.

Fluid flow rate 200 ml/min +/− 10% 200 ml/min was assumed as maximum 
priming flow rate. No impact by flow rate 
between 100–500 ml/min was observed 
in a feasibility study. Nevertheless, 200 
ml/min is considered to be worst-case, 
as it results in a minimum time that the 
endotoxin interacts with the membrane, 
which minimizes potential interactions; 
+/− 10% was assumed typical flow 
accuracy.

Sampling at two 
sampling points 
at end of sample 
generation.

1. Sample of about 2 ml was taken 
from the filtrate at the end of 
filtration.

2. Sample of about 1 ml was taken 
from the feed solution at the end 
of the filtration.

Sample at the end of filtration represents 
the dialysis fluid that remains in the 
extracorporeal circuit and could be 
infused into the patient in clinical 
practice. A sample from the challenge 
solution was taken for LRV calculation.

1Volumetric measurement accuracy range within the accuracy range of the scale of suitable measurement cylinders.

Table 1. 
Sample generation test settings and justification.
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Table 1 identifies and specifies the critical settings and provides justification for 
the selected value.

The challenge solution was filtered directly through the dry dialyzer to simulate 
the clinical priming process.

A portion of each feed sample was diluted 10x with bicarbonate-based dialysis 
fluid. A diluted sample was needed in certain cases to bring the endotoxin concentra-
tion within the working range of the endotoxin assay. The endotoxin concentration 
was determined using Limulus amebocyte lysate (LAL) assay in accordance with the 
manufacturer’s instruction and validated using local work instruction

The results obtained are shown in Table 2.
In conclusion, all dialyzers tested met the proposed LRV requirement of a mini-

mal LRV of 1, for both types of endotoxin, LPS from Pseudomonas aeruginosa and 
Escherichia coli under conditions of online priming with dialysate infusion.

10. Discussion and conclusion

This work aimed to develop and propose a measurable requirement to define the 
retention properties of the dialyzer being the last line of protection against endotox-
ins potentially present in the dialysis fluid. By setting out the boundary conditions of 
the endotoxin load on the feed side and the tolerable endotoxin dose on the patient 

Filter type Sample # LRV (P. aer) LRV (E. coli)

Revaclear 500 1 2.6 >2.8

2 >2.5 2.6

3 >2.6 >2.6

4 >2.4 >2.5

5 >2.7 >2.7

6 >2.5 >2.6

Polyflux 210H 1 >2.5 >2.6

2 >2.6 >2.6

3 >2.3 >2.6

4 >2.0 >2.5

5 >2.2 >2.7

6 >2.4 >2.6

Theranova 500 1 2.5 >2.8

2 2.3 2.5

3 >2.7 >2.6

4 >2.7 >2.5

5 2.3 >2.7

6 >2.4 >2.6

Table 2. 
Results of the experimental study. LRV was measured using the protein-free pristine membrane under online-
priming conditions. LRV is shown for Pseudomonas aeruginosa (P. aer) and Escherichia coli (E. coli). When LRV 
was calculated using the lower limit of detection of the LAL assay (0.005 EU/ml) values are shown as “ > .”
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side, a requirement could be defined. The requirement employed the concept of 
the dimensionless logarithmic retention value (LRV). Since protein-free pristine 
membranes and protein-coated membranes show different endotoxin retention 
properties, two requirements were developed, one for each case. The requirement for 
protein-coated membranes is a minimum LRV of 2, and the requirement for protein-
free pristine membranes is a minimum LRV of 1. These requirements are based on the 
assumption that standard dialysis fluid per ISO 23500-5 [10] can be provided at any 
time by controlling the water system, the concentrates, and potential ultrafilters in 
the mixing unit (dialysis monitor). The development of the requirements considered 
various treatment conditions, where fluid can cross the dialyzer membrane from 
dialysate to blood side or endotoxins could pass by diffusion from dialysis fluid into 
the patient’s blood. During the development of the requirements, worst-case consid-
erations were employed when specific values were selected from a potential range. 
Maximum endotoxin concentrations and fluid volumes were assumed—to represent 
the highest possible endotoxin load—while on the patient side a relatively low body 
weight was selected. When backfiltration and backdiffusion during a dialysis treat-
ment were taken into account, the hypothetical transfer of all endotoxins across the 
membrane was considered, which is probably an overestimation to some degree, 
because a large amount of endotoxins will probably just bypass the membrane in 
the dialysis fluid stream due to diffusion rate limitations. The proposed endotoxin 
requirements are realistic for state-of-the-art dialyzers; reference literature supported 
this for protein-coated membranes [17, 18], and experimental data were presented for 
protein-free pristine membranes. Even though standard dialysis fluid can be used to 
perform dialysis therapy according to ISO 23500-1 [15], it also stated that “standard 
dialysis fluid shall be regarded as the minimum acceptable quality. Ultrapure dialysis 
fluid is a step forward in improving biocompatibility, reducing inflammation, and 
preventing dialysis-related complications.”
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Chapter 10

Expanded Hemodialysis Therapy: 
From the Rational to the Delivery
Nadia Kabbali and Basmat Amal Chouhani

Abstract

Expanded hemodialysis therapy is a new concept in blood purification technology 
using a specific membrane with a steep sieving curve characterized by medium 
membrane cutoff and high retention onset values that are close to but lower than 
those of albumin. Expanded hemodialysis therapy thereby targets an important 
pathophysiologic link to many of the sequelae of end-stage renal disease, by improv-
ing the clearance of medium to larger-size solutes. The significant internal filtration 
achieved in these hemodialyzers provides a remarkable convective clearance of 
medium to high solutes. This therapy does not need specific software or additional 
complex technology, making its application possible in every setting once the quality 
of the dialysis fluid is guaranteed to ensure the safe conduct of the dialysis session. 
The present chapter reviews the rationale for expanded hemodialysis therapy, the 
potential benefits, and the considerations for prescription and delivery.

Keywords: expanded hemodialysis, membrane cutoff, retention onset, internal 
filtration, medium molecular weight solutes

1. Introduction

In 2010, more than 2 million individuals worldwide were receiving maintenance 
dialysis, and this number was expected to increase to 5.4 million by 2030 [1]. Despite 
improvements in technology and medical care, the mortality rate of patients on main-
tenance dialysis remains high, with 55% dying within 5 years of initiating dialysis 
therapy [2]. It has even been shown that the survival in maintenance dialysis patients 
was lower than that for patients with several types of cancer [3].

This mortality is largely related to the accumulation of uremic toxins. The exis-
tence of an interaction between uremic toxins, inflammation and/or oxidative stress, 
and cardiovascular mortality is well reported in the various epidemiological studies. 
In accordance with the European Uremic Toxins Work Group (EUTox) database, 
there are currently more than 153 uremic solutes listed, and that number should 
increase over time [4].

According to the molecular weight of these uremic toxins, they are divided into six 
classes, including small water-soluble molecules (<500 Da), protein-bound uremic 
toxins (PBUTs; mostly <500 Da), small-middle molecules (0.5–15 kDa), medium-
middle molecules (15–25 kDa), large-middle molecules (25–58 kDa), and large mol-
ecules (>58 kDa) [5]. Complications, such as anemia, neuropathies, osteodystrophy, 
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dialysis-related amyloidosis, accelerated atherosclerosis, and cardiovascular complica-
tions, have been correlated with uremic toxins in the molecular range of 5–50 kDa [6].

Originally, membranes for hemodialysis were designed to remove small solutes, 
such as urea and creatinine. Since then, technological progress has continued to 
develop to improve the clearance of uremic toxins. The advent of ultrafiltration 
control systems led to the development and use of high-flux (HF) membranes that 
allowed improved middle molecule removal. Further evolution in technology led to 
the development of a new class of membranes referred to as super-flux or high cutoff 
(HCO), with albumin loss representing a limitation to their practical application. 
Hemodiafiltration (HDF) at high volumes (>23 L/1.73 m2/session) has produced some 
results on middle molecules and clinical outcomes, although complex hardware and 
high blood flows are required. A new class of membranes has recently been developed 
with characteristics allowing high clearances of solutes in a wide spectrum of molecu-
lar weights without significant loss of albumin. These membranes originally defined 
as “medium cutoff” are probably better classified as “high retention onset” and have 
introduced a new concept of hemodialysis called “expanded hemodialysis” (HDx). It 
is a simple dialysis technique, requiring no sophisticated equipment or special train-
ing for nurses, making its application possible in every setting once the quality of the 
dialysis fluid is guaranteed to ensure the safe conduct of the dialysis session.

In this chapter, we describe the characteristics of the medium cutoff membranes, 
their potential benefits, and considerations for the prescription and delivery of HDx.

2. Medium cutoff (MCO) membranes characteristics

2.1 Radius and distribution of membrane pores

Dialyzers’ surface properties are crucial factors in evaluating the membrane perfor-
mance. The morphological characteristics, such as mean pore size, pore size distribu-
tion, surface porosity, and pore tortuosity, influence the molecular weight removal 
spectrum and membrane clearance. For the MCO membrane, the size of the pores is 
intermediate between those of the HF and HCO membranes [7]. The MCO membrane 
has an effective pore radius of 3.0–3.5 nm after contact with blood, allowing for the 
removal of an expanded range of uremic toxins [8]. The distribution of the pores in dial-
ysis membranes is not uniform. The more the membrane pore size distribution curves 
are deviated to the right, the better the removal of large middle molecules, but the risk of 
albumin loss is higher, it is the case with HCO membranes [9]. To improve the clearance 
of large middle molecules, while avoiding the loss of albumin, the distribution of the 
pore sizes has had to be “tightened.” This is the principle used in MCO membranes.

In addition to the tight distribution of pores, there are two major differences 
between the MCO membrane and with HF dialyzer: first, the wall thickness is 
decreased from 50 μm to 35 μm, which allows a shorter diffusion path, second, the 
diameter of hollow fibers inside MCO membranes is reduced from the standard 
200 μm to 180 μm, to improve convection and internal filtration (see internal filtra-
tion chapter below).

2.2 Sieving curves

One of the main characteristics of a dialysis membrane is its permeability in terms 
of sieving capacity. The sieving curve shows a progressive reduction of the observed 
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values for solute sieving as the solute molecular weight increases. Molecular weight 
cutoff (MWCO) is defined as the lowest molecular weight (in daltons) at which 
greater than 90% of a solute with a known molecular weight is retained by the mem-
brane (sieving = 0.1). On the other side of the sieving curve, the molecular weight at 
which 10% of the solute is retained (sieving = 0.9) defines the retention onset of the 
membrane (MWRO). A classification scheme was proposed in which the MWCO 
and the MWRO are utilized in combination to define different dialyzer classes. As the 
separation between MWRO and MWCO decreases, the profile of the curve becomes 
steeper, resulting in increased removal of large uremic toxins and decreased loss of 
albumin [10]. Based on this concept of selectivity of the sieving coefficient, we can 
now differentiate the different membranes. MCO membrane, although presenting 
a similar MWRO to the HCO membrane, displays a completely different behavior. 
While MWRO for the HF membrane is in the range of 1200 Da (vitamin B12), 
MWRO for the MCO membrane is in the range of 12,000 Da (β-2 microglobulin). On 
the other side, when comparing MCO and HCO membranes, we see that these two 
membranes will have the same performance when extracting middle molecules, such 
as β-2 microglobulin, with a high MWRO for the two membranes, however, the MCO 
membrane has a much lower MWCO for albumin, thus making it possible to limit the 
leaks of albumin. For this reason, the MCO membranes have also been defined as high 
retention onset membranes (HRO), with the aim of optimizing clearances of medium 
to large MW solutes while avoiding significant albumin loss [11].

2.3 Internal filtration

Clearance of middle molecules cannot be improved by diffusive phenomena 
alone; convective clearance must also be optimized. Let us remember that convective 
clearance (K) results from the product of the UF rate (Qf) and sieving (S) of the 
selected molecule (K = Qf x S). Because the sieving of the selected molecule is low, the 
only way to increase K is to increase Qf. The on-line hemodiafiltration (OL-HDF) has 
made high convection rates possible thanks to the combined pre- and post-dilution 
configuration, but complex hardware and high blood flows are required. Due to the 
specific internal properties of the MCO membrane, HDx with MCO membranes 
represents a simpler way to improve convective clearance, with no need for fluid 
substitution. The ultrafiltration control system of regular hemodialysis machines 
provides the exact amount of net filtration required for the scheduled weight loss of 
dialysis patients. In OL-HDF, large amounts of ultrafiltration (UF) are achieved with 
high transmembrane pressure (TMP) and then replaced in the venous line after mul-
tiple steps of filtration of fresh dialysate. In HDx, the convection flow is maintained 
in the first part of the MCO membrane, based on excessive ultrafiltration due to the 
mentioned characteristics of this membrane, but it is compensated by the mechanism 
of internal filtration inside the filter, which takes place at about the terminal part of 
this membrane, and is considered as replacement fluids to the ultrafiltration [6].

The remarkable amount of convection in the proximal part is resulting from an 
increased end-to-end pressure drop. Internal filtration compensates for the exces-
sive filtration rate in the distal part [12]. Thus, the convective transport of MCO 
membranes increases by a large margin along the length of the fibers, which makes it 
possible to remove large molecules with low diffusion coefficients. Indeed, to improve 
solute transport and avoid protein stagnation at the blood membrane interface, the 
diameter of hollow fibers inside MCO membranes is reduced from the standard 
200 μm to 180 μm [13], which increases the rate of wall shear and blood flow velocity 
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[14]. Reducing the diameter and thickness of the membrane can increase internal 
convection by up to 30%. The combination of hydraulic permeability and geometric 
structure of the fibers enhances the process of internal filtration in MCO membranes 
[15]. MCO membranes are thus characterized by higher permeability than classic 
high-flux membranes. Blood flow ≥300 mL/min and dialysate flow ≥500 mL/min is 
sufficient to achieve optimal clearance in the system [6, 11].

3. Potential benefits of MCO membranes in HDx

3.1 Removal of ß2-microglobulin (B2M)

ß2-microglobulin is a 99 amino acid protein produced by all nucleated cells with 
the exception of red blood cells, it has a molecular weight of 11.8 k Daltons. It plays 
an important role in the immune system; it is involved in the defense against bacterial 
and viral infections as well as in the prevention of cancerous cells [16]. B2M accumu-
lation in dialysis can lead to its aggregation into amyloid fibers that deposit in joint 
spaces causing a dialysis-related amyloidosis, resulting in carpal tunnel syndrome, 
arthropathy, and organ deposition of amyloid proteins [17]. It can also cause inflam-
mation and immune dysfunction. B2M accretion has been associated with a decrease 
in residual kidney function [18] and an increased risk of all-cause, cardiovascular and 
infectious deaths [19–20]. Serum B2M remains positively associated with mortality, in 
a study of 23,976 patients, conducted by the Dialysis Outcomes and Practice Patterns 
Study (DOPPS) over a period of 10 years [17].

Convective techniques, including HDF and HF dialysis, provide better removal of 
middle molecules. In addition, several randomized controlled studies suggest that HF 
dialyzers are more effective in removing B2M than low flux membranes. Regarding 
HDx, studies have shown that HDx with MCO membranes results in a greater reduc-
tion ratio of a broad range of molecules, including B2M compared to HF membranes 
[8, 20–23]. There are several factors that can affect the clearance of B2M [8], in the 
study conducted by Lim [24], the reduction ratio achieved was slightly lower, and the 
B2M clearance was not significantly different, which was probably due to a low blood 
flow rate. B2M levels were found to be more important than initial levels even after 
one year of HDX.

Another factor that may influence the inability to remove the B2M is the rebound 
phenomenon, probably secondary to resistance due to a massive transfer between dif-
ferent body compartments that limits the clearance of B2M [25], leading sometimes to 
an increase in B2M levels even with MCO membranes [26].

3.2 Removal of free light chain (FLC)

Monoclonal free light chains of immunoglobulin kappa or lambda isotype have a 
molecular weight of 22.5 kDa and 45 kDa, respectively. They are metabolized by the 
kidney and can be detected in blood or urine. These FLC can polymerize in the form 
of dimer or multimer and thus reach high molecular weights of up to 900 kilodal-
tons [8]. Recently, they have been identified as toxic molecules in uremic patients 
[27]. Serum FLC levels have been shown to be associated with increased mortality 
in end-stage renal disease [27]. Therefore, FLC could be biomarkers of medium 
and large molecules that can be eliminated by hemodialysis, especially since their 
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determination is not expensive and are available in most laboratories. In patients with 
dialysis-dependent myeloma cast nephropathy, early FLC removal by intensive hemo-
dialysis (IHD) with an adsorbent polymethylmethacrylate membrane (IHD-PMMA) 
combined with chemotherapy was associated with high rates of renal recovery and 
survival [28]. In a multicenter randomized trial, including 172 hemodialysis patients 
showed that the reduction ratio of FLC kappa and lambda was significantly higher in 
the HDx group using Theranova membranes compared to the use of high flux dialysis 
with Elisio-17H dialyzers after 6 months. This reduction was maintained in HDx until 
subsequent dialysis sessions [29].

3.3 Chronic inflammation

Chronic inflammation is a major and known complication during the end-stage 
renal disease. Among others, serum concentration of beta2-microglobulin and 
inflammatory mediators have been correlated with malnutrition-inflammation-
atherosclerosis and formation of amyloid deposits in bone, tendons, and joints [30]. 
Indeed, oxidative stress results from a disequilibrium between pre-oxidative and 
anti-oxidative products, several molecules of high and medium molecular weight have 
increased levels, particularly the pro-inflammatory cytokines interleukins 1β, 6, 18, 
and TNF-α with prolongation of their half-life due to the uremic state. The clinical 
consequences are malnutrition, increased cardiovascular risk, erythropoietin resis-
tance, and increased all-cause mortality [31].

Studies have suggested a better removal of pro-inflammatory proteins with MCO 
membranes and HDx. In a study conducted on patients with acute kidney injury and 
sepsis suspected of having high cytokine levels, the use of MCO membrane in contin-
uous veno-venous hemodialysis (CVVHD) had a modest clearance of most cytokines 
and demonstrated small to no adsorptive capacity despite a decline in plasma cytokine 
concentrations [32] while in the randomized crossover trial of 48 hemodialysis 
patients, comparing MCO dialysis to HF dialysis for 12 weeks, the authors showed a 
considerable reduction in the expression of cytokines -RNAm of IL2 and TNFα, in cir-
culating leucocytes when using MCO, compared to HF dialyzers. This study showed 
that MCO could significantly reduce inflammatory mediators in the first weeks. This 
difference was absent when the study was extended to 12 weeks. There was a decrease 
in the initial albumin concentration with stabilization thereafter [33].

In a prospective study [34], the MCO dialysis membranes had a favorable outcome 
on inflammation with a decrease in C-reactive protein levels when compared to 
low-flow dialysis and high-flux membranes, without any effect on oxidative stress 
markers (paraoxonase-1, ischemia-modified albumin, total Thiol, disulfide bond, 
and native Thiol). In addition, in Cozzolino et al. study, there was a 50% reduction in 
infection rate that requires admission and systemic antibiotics in patients treated with 
expanded hemodialysis enabled by the medium cutoff membrane [35].

3.4 Cardiovascular parameters

It is well established that cardiovascular damage is the primary cause of morbidity 
and mortality in end-stage renal disease. Several factors are involved or may contrib-
ute to their aggravation (increased phospho-calcium product with vascular calcifica-
tion, anemia, inflammation, and oxidative stress). Uremic toxins can induce platelet 
activation and aggregation, leading to the development of thrombi [36].
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In a clinical trial comparing the reduction of vascular smooth muscle cell calcifica-
tions in vitro by MCO and HF membranes, vascular calcifications were significantly 
reduced in vitro by 24% after 4 weeks and by 33% after 12 weeks in the MCO group 
compared to the HF group. The concentration of calcification-associated proteins 
(Matrix GIa, osteopontin (OPN) and growth differentiation factor 15 (GDF-15)) 
was higher after incubation with HF compared to MCO. This suggests that expanded 
hemodialysis reduces the potential for calcifications in dialysis serum in vitro; these 
results remain to be proven in vivo [37]. Ciceri et al. performed a prospective, con-
trolled, cross-over study, comparing HDx and conventional hemodialysis to analyze 
the pro-calcifying serum of uremic patients. Uremic serum of HDx-treated patients 
induced less vascular smooth muscle cells (VSMC) necrosis compared with uremic 
serum of HD patients. However, no differences were found between dialytic treat-
ments in the serum potential to induce apoptosis and to modulate the expression of a 
panel of genes involved in VSMC simil-osteoblastic differentiation [38].

Regarding the clinical impact of HDx on cardiovascular parameters, a prospective 
randomized controlled trial enrolled 80 patients with HDX and HDF online. The first 
criterion evaluated was the changes in brachial-ankle pulse wave velocity, which did 
not differ between the HDX group with MCO and the HDF group. Echocardiographic 
parameters and cardiovascular mortality were comparable in the two groups with a 
tendency to increase the coronary artery calcium score in HDx [36]. HDx with MCO 
membranes could be a good alternative when online-HDF is not available.

3.5 Removal of proteins binding to uremic toxins (PBUT)

Despite their small molecular weight, proteins bound to albumin are difficult to 
remove by conventional methods. Among these molecules homocysteine, which is 
three to four times higher in dialysis patients, can cause inflammation, endothelial 
lesions, and cardiovascular damage [39]. Other small molecules, such as 3-Carboxy4-
methyl-5-propyl-2-furanpropionate (MPF), tryptophan and some of its metabolites, 
such as indoxyl sulfate (IS), 3 indol acetic acid, kynurenine, and p-cresulfate (p-CS), 
bind to albumin making their removal difficult. Theoretically, a decrease in albumin 
would allow the elimination of these PBUTs, but studies conducted to compare this 
clearance between HDx and conventional HD showed contradictory results regard-
ing the elimination of these molecules [40]. A sub-study of the REMOVAL-HD trial, 
enlisting 89 participants, found no significant changes in total or free levels of IS or 
p-CS after 12 or 24 weeks of MCO membrane use compared to baseline, as no sig-
nificant albumin loss was observed in this study. Whereas an open-label, controlled, 
cross-over study comparing HDx and conventional HD found a significant decrease 
in IS and other metabolites in the HDx group [38]. Further long-term, randomized 
studies are needed to prove whether PBUTs clearance by HDx is superior to other 
techniques and to evaluate its clinical impact.

3.6 Quality of life

The evaluation of health-related quality of life (QOL) in end-stage renal disease 
became more and more important. Patients on dialysis suffer from symptoms, such 
as fatigue, cramps, loss of appetite, and pruritus [41]. Those signs are mostly related 
to the accumulation of uremic toxins, anemia, and cardiovascular complications, 
which altered mental and physical health. A decrease in QOL is also associated with 
an increase in mortality [42].
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Several studies aimed to compare the use of HDx with conventional hemodialysis 
or HDF in improving QOL parameters, using several scores (LEVIL, KDQOL -SF 36, 
PROM POS-S Renal Symptom questionnaire and the “Recovery time from last dialysis 
session) [43, 44]. The major items assessed were dialysis symptom index, restless legs 
syndrome, sleep, energy, and well-being. In a prospective multicenter observational 
study of the COREXH registry, 992 patients were switched from HF to HDx for one 
year. The results showed that the items’ symptoms, effects of kidney disease, and 
burden of kidney disease, improved as well as restless leg syndrome, which decreased 
significantly over a 12-month monitoring period [45]. Multiple studies [24, 46] showed 
an upgrade in QOL in patients on HDx compared to HDF or conventional HD. Bolton 
et al., when switching from regular high-flux dialysis membrane to medium cutoff 
(MCO) membrane, and evaluating different symptoms burden by the POS-S Renal 
total symptom score, showed a decrease at 6 months. The fatigue and lack of energy 
improved constantly; the percentage of participants scoring its impact as “severe” 
decreased from 28% at baseline to 16% at 12 months [44]. Other studies using the 
KDQol-36 and the Edmonton symptom assessment system revised (ESAS-r), did not 
demonstrate any effect of HDx on QOL [29, 47]. Studies were conducted to evaluate 
biomarkers for the best use of the distinctive features and benefits of HDF, α 1-MG is 
one biomarker that could evaluate this removal performance. The authors concluded 
that hemodiafilter should provide an α 1-MG removal rate of 35%. An improvement in 
clinical manifestations can be expected by doing so, and it increases patients’ QOL [48].

The HDx with MCO membranes can improve the QOL of patients. The use of this 
technique may be of use in the targeted selection of patients and assist in monitoring 
response. The study’s results are encouraging and suggest the use of HDx even in 
patients who cannot benefit from convective techniques because of vascular access or 
intolerance to high volumes of exchange [49].

3.7 Safety concerns

3.7.1 Albumin loss

HDx allows the removal of large molecules (>45 k daltons), including albumin, 
due to its large pore size distribution [39]. In the studies that evaluated albumin 
removal by HDx, there was a controversy between those showing a significant 
decrease versus those where the level of albumin remained the same. Even when the 
decrease was significant, there were no clinical signs of hypoalbuminemia, some 
patients reported a better appetite after switching to the HDx therapy [29, 45]. This is 
probably due to better removal of leptin, obsestatin, and acyl ghrelin associated with 
a drop in appetite among dialysis patients [50].

In the large observational study from the COREXH registry, the observed variability 
from baseline and maximum average change in mean serum albumin levels were − 1.8% 
and − 3.5%, respectively. No adverse events were related to the MCO membrane [51].

On the other hand, a slight decrease in serum albumin might be beneficial for 
dialysis patients. HDx might induce a moderate removal of PBUTs, oxidized albumin, 
and carbamylated albumin along with the serum albumin loss [51].

3.7.2 Pyrogene retention

The larger pore sizes of MCO membranes have raised concerns about the potential 
for increased membrane permeability to pyrogens including endotoxins and other 
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bacterial contaminants that could be present in the dialysis fluid, which can contrib-
ute to the pathological features of uremia in patients receiving dialysis. Hulko et al. 
tested the capacity of low-fux, high-fux, MCO, and HCO dialyzer membranes with 
different pore sizes to prevent pyrogens crossing from dialysate to the blood side in a 
closed-loop test system, differentiating among lipopolysaccharides, peptidoglycans, 
and bacterial DNA using a toll-like receptor assay. Levels of lipopolysaccharides, 
peptidoglycans, and bacterial DNA in the blood-side samples were too low to identify 
potential differences in pyrogen permeability among the membranes [52].

In another study by Schepers et al., four dialysis membranes of comparable com-
position but with different pore sizes were tested for their permeability for endotoxins 
by exposing them during a 1 h in vitro dialysis session to dialysate contaminated with 
filtrates of two water-borne bacteria, Pseudomonas aeruginosa and Pelomonas saccha-
rophila, at an endotoxin challenge at least four times the upper limit of endotoxin load 
(2 EU/ml) when using standard dialysis fluid. For the tested membranes, there was a 
nonsignificant difference in the number of the polyvinylpyrrolidone solutions, which 
contained a detectable amount of endotoxin after repetitive circulation through the 
dialyzer, be it close to the detection limit in the majority of cases [53].

These results suggest that MCO membranes are suitable for hemodialysis using 
ISO standard dialysis fluid quality [54], and retain endotoxins at a similar level as 
other membranes.

3.7.3 Effects on medication clearance

The question that comes to mind is whether the increased pore size in MCO mem-
branes affects the retention of commonly used medications or coagulation factors in 
dialysis patients. Very few clinical studies have addressed this issue [55].

Using an in vitro model, removing erythropoietin, heparin, insulin, and several 
coagulation factors with HDx was comparable with HF and HDF therapy, suggesting 
that it is not necessary to change the medication dosing or anticoagulation protocols 
for dialysis patients receiving HDx therapy with MCO membranes. In the study 
published by Allawati et al., vancomycin clearance was higher in the MCO group 
compared to high-flux the group, but it was not statistically significant [56].

3.7.4 Routine use evaluation of MCO membranes

In the study by Florens et al., the authors evaluated the first routine use of 
HDx therapy in real-life conditions. Eighteen centers participated, and nurses and 
nephrologists answered by filling in a score regarding the use of MCO membranes. 
The assessment was related to packaging, priming, and rinsing of the dialyz-
ers. Overall HDx therapy was easy to use in routine, and no adverse events were 
reported. However, nurses experienced some issues concerning poor de-aeration and 
the need for more anticoagulation. These problems could be prevented by training 
the medical staff [50].

4. For whom and how to make the prescription?

In view of the potential beneficial clinical effects associated with the use of 
HDx, most patients on chronic hemodialysis would be potential candidates for 
HDx treatment, especially since, to our knowledge, there is currently no specific 
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contraindication to the use of MCO membranes in patients on chronic hemodialysis. 
That said, some criteria can help us to choose the patients to start with and gain 
experience in HDx therapy.

As HDx would optimize the clearance of middle molecules, it would ideally be 
prescribed in patients who have the greatest retention of large middle molecules and 
those who would have the greatest benefit from increased removal of these molecules. 
Among these patients, mention may be made of anuric patients, since serum con-
centrations of middle-molecules are closely correlated with residual renal function, 
patients with a long-expected lifespan, without kidney transplant project, patients 
with persistent hyperphosphatemia, and patients with chronic inflammation, eryth-
ropoietin resistance, secondary immunodeficiency, and cardiovascular disease [30, 
57]. Moreover, there are some promising applications in which HDx could have an 
interest: pruritus, post-HD asthenia, anorexia, restless legs syndrome, myeloma, and 
rhabdomyolysis [50].

Compared to the OL-HDF, the HDx would be useful when an adequate convective 
volume (23 L) cannot be reached (elevated hemoglobin, suboptimal blood flow…), 
or when the OL-HDF needs to be suspended (dialysis without anticoagulation, one 
needle puncture, safety reasons) [7]. HDx is a simple dialysis technique, requiring 
no sophisticated equipment or special training for nurses. It can be delivered with 
any standard hemodialysis monitor. As described above, blood flow around 300 mL/
min and dialysate flow around 500 mL/min is sufficient to achieve optimal clear-
ance, superior to HF hemodialysis and comparable to or even exceeding HDF [13]. 
HDx therapy requires no specific or intensified clinical monitoring. However, as 
with all filters with internal filtration, the quality of dialysis fluid remains a sine qua 
non condition to ensure the safe conduct of the dialysis session. The manufacturer 
recommends that the MCO membrane should not be used in convective strategies 
most likely due to the potential risk of significant albumin loss [30]. Thus, especially 
in patients who were in HDF, or when using monitors that can perform HDF, care 
should be taken to verify the selected treatment mode, and switch the treatment 
mode to hemodialysis if not.

Another factor that should probably be considered is the length of the session. 
In comparison to small water-soluble solutes, the clearance of middle-molecules 
is affected more by the inter-compartment transfer from extra to intravascular 
compartments during dialysis [30]. So, it would make sense that, at least in dialysis 
settings where time is flexible, such as home hemodialysis, MCO membranes could 
be used for long or more frequent dialysis treatments to increase middle-molecule 
removal.

5. Conclusion

Despite advances in hemodialysis-related technologies, there was no clear progress 
in terms of mortality benefit and clinical outcome. The ability to remove medium-
high uremic toxins could provide a potential advantage. A number of dialyzers were 
developed over time, from low flow membranes to high flow dialyzers, the clearance 
of these molecules is still limited. The most recent and promising advance in the field 
of hemodialysis is represented by the development of medium-cutoff, high-retention-
onset membranes. The combination of conventional hemodialysis and MCO mem-
branes define expanded hemodialysis, this innovation in the field of dialysis allows 
diffusion and convection in a hollow fiber dialyzer. This gives it the capacity to purify 
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Chapter 11

Anesthetic Management of Surgical 
Vascular Access for Hemodialysis
Koichiro Nandate

Abstract

Patients with end-stage renal disease (ESRD) have an adjusted all-cause mortality 
rate significantly higher than the general population. Surgical techniques to establish 
hemodialysis access are common and increasing in frequency as more and more 
patients are diagnosed with advanced and end-stage renal disease. The purpose of this 
review is to focus on the fundamentals of perioperative anesthetic management of a 
patient who is scheduled for hemodialysis access procedure. This involves not only the 
choice of anesthesia method but also pre-anesthesia preparation, intraoperative and 
postoperative management, and the effect of choice of anesthesia on the outcomes.

Keywords: anesthesia, vascular access, hemodialysis, end-stage renal disease, 
anesthesia management

1. Introduction

1.1 Pre-anesthesia preparation at anesthesia clinic

A comprehensive preoperative evaluation is mandatory for safe and effective anes-
thesia management since chronic kidney disease (CKD) is an independent risk factor 
for predicting postoperative death and cardiac events [1]. Therefore, the evaluation 
should be most efficiently done in a pre-anesthesia clinic. It is essential to identify the 
comorbidities that are common to patients with chronic or end-stage renal disease, 
including coronary artery disease and hypertension. Once identified, measures and 
treatments should be initiated to medically optimize these patients to minimize or 
eliminate the risk of surgery and anesthesia. Current guidelines recommend checking 
a baseline electrocardiogram (ECG) in those patients who have cardiovascular risk 
factors or documented cardiovascular disease [1]. Additionally, the patient should 
be scheduled to have routine hemodialysis. Ideally, hemodialysis should be done one 
day prior to the surgery. Basic laboratory tests including a complete blood count and 
metabolic and coagulation panel may also be considered in pre-anesthesia clinics.

1.2 Same day evaluation

Most procedures done to establish hemodialysis access are outpatient procedures 
with patients arriving a few hours prior to the planned procedure. The pre-anesthesia 
evaluation in the preoperative holding area is one of the most important phases 
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in preparing the patient for the administration of anesthesia. The anesthesia team 
should confirm that the patient’s general condition has not changed since they are 
evaluated in pre-anesthesia clinic. The site of intravenous access and blood pressure 
measurement must be avoided in the arteriovenous (AV) access arm. Establishing 
peripheral intravenous access may be challenging, and an ultrasound-guided method 
may be helpful to identify an appropriate vein. In cases where a patient has an existing 
indwelling catheter, consideration can be taken to gain access. However, this is gener-
ally avoided due to fear of increased infectious complications. Routine airway exami-
nation should be done at the same time even if general anesthesia is not planned.

1.3 Special anesthetic considerations: chronic vs end-stage renal disease

For those patients with chronic renal disease but have not yet started hemodialysis. 
It is important to ask the patients about the volume and regularity of daily urine 
production with special attention to those who report a recent drop in volume and/
or frequency. This may indicate a recent worsening of their renal function, which 
may necessitate closer attention to potassium changes or fluid management during 
the procedure. For those patients already on hemodialysis, it is important to establish 
when the patient underwent hemodialysis last. Ideally, the patient is expected to 
have hemodialysis 12 to 24 hours prior to the procedure to facilitate their physiologic 
status to completely or near completely return to normal at the time of anesthetic 
administration. Additionally, whether the patient has routine hemodialysis regularity 
or not is also important since a single session of dialysis may not normalize the patient 
who does not undergo regular hemodialysis, particularly the fluid status. Similarly, it 
is important to ask if the patient is well tolerated during the last hemodialysis session. 
If the patient felt uncomfortable during hemodialysis, the session was not completely 
terminated, or the patient skipped a regular session because of feeling ill, it may 
indicate other factors that must be seriously considered. These factors, combined with 
laboratory abnormalities, may necessitate canceling/rescheduling the procedure.

1.4 Which laboratory data are important?

Verification of certain laboratory data is critical to check on the day of the proce-
dure as these patients are subject to day-to-day changes.

1.4.1 Potassium

The serum potassium levels in patients with chronic renal or end-stage renal dis-
ease are typically elevated. Hyperkalemia is potentially life-threatening and must not 
be neglected. There are no “cut off” levels of preoperative potassium levels to consider 
for canceling the case or proceeding the procedure safely. Therefore, the potassium 
level used to determine “go or not go” may vary among hospitals. It should be noted 
that the serum potassium level is closely related to serum pH. Therefore, if the patient 
is acidotic, re-evaluation of serum potassium level must be considered after serum pH 
is corrected. In our institution, a potassium level higher than 6.0 mmol/L prompts a 
discussion between the anesthesia and surgical teams regarding the need for urgent 
hemodialysis prior to the procedure. One additional consideration is that venous 
potassium levels can sometimes falsely be higher than arterial levels. Obtaining 
and checking an arterial blood sample may be useful in confirming the correct true 
potassium level [2]. Occasionally, patients can have a lower preoperative potassium 
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level (<3.5 mmol/L). Hypokalemia is not as dangerous for patients as hyperkalemia. 
Therefore, correction is required if it is associated with frequent cardiac arrhythmias 
or with significant EKG changes such as QT prolongation. It is extremely difficult 
to correct hypokalemia in a patient with ESRD. Therefore, consultation with a 
nephrologist or a cardiologist is safer to avoid overcorrection with possible cardiac 
complications.

1.4.2 Hemoglobin and hematocrit

Patients with chronic or end-stage renal disease are mostly status of “chronic 
anemia” due to lower erythropoietin activity as well as the effect of uremic toxic 
metabolites on bone marrow. Anemia does not need to be corrected routinely since 
it is well tolerated by patients due to the gradual progression of anemia. There are no 
definite guidelines regarding the hematocrit level below which blood products should 
be transfused. However, previous studies have reported increased intraoperative 
complications in patients with end-stage renal disease and preoperative hematocrit 
levels ranging from 20–26% [3]. Hemodialysis access surgery itself is usually not a 
procedure with significant surgical blood loss. Therefore, more flexible criteria may 
be accepted for transfusion. However, transfusion should be considered if the patient 
is symptomatic or has significant comorbidities such as history of coronary artery 
disease and/or cerebrovascular disease beyond specific objective criteria of hemo-
globin and hematocrit. It should be noted that transfusion of blood products may 
increase the patient’s potassium level [4] as well as induce antibody formation which 
may decrease a patient’s chances of successful renal transplantation in the future [5].

1.4.3 Coagulation panel

Patients with chronic or end-stage renal disease may have coagulopathy due to 
platelet dysfunction, decreased coagulation factors, and/or fragile capillary vessels. 
Additionally, if the patients have uncontrolled atrial fibrillation and cerebrovascular 
and/or peripheral vascular disease, they have chronic anticoagulation treatment such 
as warfarin and/or antiplatelet therapy such as aspirin or clopidogrel. Patients are 
usually instructed to temporally hold oral anticoagulants prior to the procedure, but 
occasionally it is not carried out. In this situation, there may be additional limitations 
to the surgery or could necessitate canceling/rescheduling the procedure. In the case 
of a prolonged bleeding time or elevated INR, a regional nerve block may be contra-
indicated due to risk of bleeding complications with hematoma formation and nerve 
compression.

2. Choice of anesthesia

After the evaluation of the patient’s physical condition, anesthesia method should 
be decided. Anesthetic options include local anesthetic (LA) infiltration around the 
operative site provided by the surgical team in combination with monitored anesthe-
sia care and sedation (MAC (Monitored Anesthesia Care)) provided by the anesthesia 
team, regional anesthesia (RA), and general anesthesia (GA). Choice of anesthesia 
also depends on the surgical site and the type of surgery. The surgery for vascular 
access for hemodialysis can essentially be categorized into two basic types such as 
arteriovenous fistulas (AVF) and arteriovenous grafts (AVG).
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For AVF, a fistula is created between an artery and a vein. There are two common 
sites in the upper extremity where a fistula is created: between the radial artery and 
cephalic or basilic vein at the wrist and between the brachial artery and cephalic or 
basilic vein in the upper arm. For AVF created with the basilic vein, transposition of 
the vein is required, affecting the chosen anesthesia method. Alternatively, AVG is 
placed using prosthetic material between an artery and vein in the forearm or upper 
arm. Any of the three options (LA, RA, and GA) are acceptable for both AVF and 
AVG. However, the patient’s medical comorbidities, the anatomic location (wrist/
forearm, antecubital fossa, and upper arm), and the surgeon’s preference are to be 
considered when selecting the anesthesia method.

Choice of anesthetic options can be determined based on the anatomic location 
of surgical incision. LA with MAC can be considered suitable for the procedures 
performed at the wrist and the antecubital fossa. RA is a viable option for procedures 
performed at the antecubital fossa and distal upper arm. GA or RA with an intersca-
lene block can be considered when procedures involve the proximal upper arm for 
AVG and transpositions, which require tunneling.

2.1 Local anesthesia

Infiltration of LA in the surgical field by the surgeon provides stable analgesia 
with minimal to no hemodynamic and respiratory changes and is, therefore, often 
used in patients who have severe cardiopulmonary co-morbidities. The specific LA 
selected depends on the surgeon’s preference, but many surgeons prefer 1% lidocaine 
as the onset is faster compared to others. In some patients experiencing agitation or 
anxiety during the procedure, LA alone is not well tolerated. This situation should 
be overcome with additional sedation and/or analgesia such as propofol infusion or 
fentanyl provided by the anesthesia team. The other problem for LA is the lack of 
a preventive effect on the spasm of the artery, in contrast to RA and GA. Previous 
reports have revealed that the use of a brachial plexus block with a supraclavicular 
approach provided dilatation of both the veins and arteries of the ipsilateral extrem-
ity immediately following the block, reduced the incidence of arterial spasm during 
and after the surgery, and significantly decreased the rate of immediate AVF failure 
postoperatively when compared to those that were performed with LA [6–8].

2.2 Regional anesthesia

RA of the upper extremity is primarily achieved through a brachial plexus block. 
RA offers many advantages over other anesthetic methods, including intraoperative 
hemodynamic stability and good postoperative analgesia. There is also evidence that it 
improves vascular flow via regional sympathectomy, although evidence of improved 
graft survival is lacking yet [6–8]. There are several ways to perform a brachial 
plexus block, including supraclavicular or infraclavicular and axillary approaches. 
Complications of RA include infection, hematoma, local anesthetic toxicity, and nerve 
injury. There are also complications that are specific to each approach, such as total 
spinal anesthesia, Horner syndrome, hemi diaphragmatic paralysis, and pneumo-
thorax during supraclavicular blocks. There is not enough published data, but the use 
of ultrasound-guided nerve blocks certainly appears to have made these blocks easy 
and decreased the incidence of complications [9]. It should be noted that following a 
brachial plexus block supplementation with LA by the surgeon may be required and 
LA dose calculations are to be kept in mind to avoid local anesthetic toxicity.
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2.2.1 Supraclavicular block

The supraclavicular block is performed around the brachial plexus and passes 
with the subclavian artery, which is an exceptionally good anatomical landmark. The 
subclavian artery crosses over the first rib between the insertions of the anterior and 
middle scalene muscles, posterior to the midpoint of the clavicle. A high frequency 
(10–15 MHz) ultrasound beam due to the superficial location of the brachial plexus 
at this level should be used to improve the quality of visualization of all structures in 
this area. The subclavian artery is readily apparent as an anechoic round structure, 
while the parietal pleura and the first rib can be seen as a linear hyperechoic structure 
immediately lateral and deep to the subclavian artery. Supraclavicular brachial plexus 
can be visualized slightly superficial and posterolateral to the subclavian artery. Local 
anesthetic solution is given over the trunks of the brachial plexus above the formation 
of musculocutaneous and axillary nerves [10]. The supraclavicular block is preferred 
in many institutes because the brachial plexus is tightly packed at this level allowing 
for an intensive block. Also, this block provides adequate anesthesia for the entire arm 
and allows for surgical site flexibility. The major disadvantage is relatively higher risk 
for pneumothorax due to its proximity to the pleura, but it can be overcome with use 
of ultrasound technique. Also, phrenic nerve blockade is likely (reported up to 50% 
incidence) with this approach and close observation should be performed especially 
in patients with compromised respiratory function. The supraclavicular block should 
be avoided in patients who are unable to withstand up to 30% reduction in pulmonary 
function resulting from ipsilateral phrenic nerve block.

2.2.2 Infraclavicular block

The infraclavicular block is performed around the brachial plexus, which is below 
the level of the clavicle and in proximity to the coracoid process. Local anesthetic 
solution is deposited over the cords of the brachial plexus, which lie circumferentially 
around the artery at this level. This block is indicated for distal arm surgery at the 
elbow, forearm, and hand. Due to the relatively deep location of the brachial plexus 
at this level, lower frequency of ultrasound beam (5–12 MHz) is helpful for better 
tissue visualization, especially in obese patients whose plexus is extremely deep [11]. 
Maneuvers to decrease the depth of the target may be worth trying for success. Some 
patients may feel uncomfortable with this block since the needle should penetrate 
through the thicker muscles such as pectoralis major and minor. The patients may 
require more sedation, which may be respiratory depression or apnea. It should be 
noted that supplementation of LA provided by the surgeon, additional sedation, or 
conversion to general endotracheal anesthesia may be required if additional high 
surgical approach of forearm is needed. In some institutes, this block is considered 
as an alternate for supraclavicular when there is a relative contraindication to supra-
clavicular block (e.g., subclavian artery pathology or arteriovenous communication 
around the trunks, which makes it difficult to pass the needle without puncturing the 
vessels; severe chronic obstructive pulmonary disease).

2.2.3 Axillary block

The axillary block performed under ultrasound guidance is highly recommended 
and successful. Due to the superficial location of the brachial plexus, high-frequency 
ultrasound beam (10–15 MHz) can provide an excellent visualization of all structures 
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where local anesthetics are injected. The axillary artery is a very good landmark to 
find the spot to find location of the median, ulnar, radial, and median nerves. An 
additional block of the musculocutaneous nerve off the axillary artery is required to 
achieve complete analgesia for distal arm. However, it should be noted that there are 
significant variations between the anatomical positions of the nerves relative to the 
axillary artery [12]. More analgesic effect is achieved by multiple injections rather 
than a single injection for axillary approach. Retzl and colleagues observed that the 
position of the nerves relative to the axillary artery at this level changes significantly 
with application of varying pressures [13].

2.3 General anesthesia

Almost all patients with CKD and ESRD have multiple comorbid risk factors for 
GA due to the nature of the conditions that led to the renal insufficiency. Previous 
clinical research has reported that approximately 25% of the patients who undergo 
renal replacement therapy have ischemic heart disease, 10% have cerebrovascular 
disease, and 12% have peripheral vascular disease [14]. Therefore, anesthesiologists 
consider avoiding GA, if possible, but this may not always be feasible for patients with 
a history of psychological disorders or those who need more complicated procedures, 
such as an upper arm transposition or AVG, which may not be amenable to RA. Modes 
of GA delivery include endotracheal tube (GETA) and laryngeal mask (LMA). There 
are some advantages of GETA over LMA. GETA provides a more secure airway and 
controls PaCO2 easily. It results in minimal aspiration risk and avoids respiratory 
acidosis that can contribute to increase the potassium level rapidly. However, usage of 
LMA does not require muscle relaxants, which can delay emergence from GA at the 
conclusion of the case.

During anesthesia induction, hemodynamics should be maintained with titrating 
doses of inductions agents such as propofol and prompt use of narcotics. However, 
blood pressure tends to decrease significantly after induction due to lower vascular 
compliance and/or lower cardiac reserve function. In these cases, a bolus or a continu-
ous infusion of vasoactive medications such as ephedrine and phenylephrine intrave-
nously should be initiated at the same time as general anesthesia induction to keep the 
perfusion pressure adequate. Also, selection for induction drugs such as etomidate or 
midazolam combined with fentanyl, which do not decrease blood pressure as much as 
propofol, may be a good idea. As to pain control during the surgery, the use of LA by 
the surgeon can contribute to reducing the intraoperative use of inhalational anes-
thetics and narcotics.

3. Intraoperative anesthesia management

3.1 Monitoring

Standard monitoring recommended by the American Society of 
Anesthesiologists, such as two leads ECG, every 3 to 5 minutes measurement of 
noninvasive blood pressure and pulse oximetry is mandatory for intraoperative 
monitoring, especially if either LA or RA is primary anesthesia. If GA is an initial 
plan or required in the middle of the case for several reasons, close monitoring of BP 
(Blood Pressure) by invasive arterial line may be required due to cardiopulmonary 
comorbidities.
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As to fluid administration, potassium-free crystalloids such as normal saline must 
be the first choice to reduce the possibility of intraoperative increases in potassium. 
It should be noted that potassium may increase so suddenly in the middle of the case 
even if preoperative potassium is at an acceptable level and/or the patient has a full 
HD one day before the surgery.

The surgery for HD access is not a major surgery and it barely loses blood. 
However, if the patient is anemic and vital signs become very unstable, especially in 
the case of GA, blood transfusion should be considered.

3.2 Potassium level

Any type of anesthesia may raise potassium to a critical level suddenly. Therefore, 
it is particularly important to pay close attention to ECG changes even for minor 
changes in the QRS complex or the height of the T wave. If recognized, the potassium 
level must be checked immediately. If elevated, immediate treatment to decrease the 
potassium should be initiated. Treatment for hyperkalemia starts with immediate 
administration of calcium (10 ml of 10% calcium chloride). A bolus dose of insulin 
(5–10 units while checking serum glucose simultaneously) should be followed by 
a continuous infusion of D10W with 5–10 units of regular insulin per 25–50 g of 
glucose. After this, sodium bicarbonate (50 to 100 mEq) and furosemide (if the 
patient still can make urine) should be administered. Other methods to decrease the 
potassium level includes increasing the respiration rate (if the patient’s respiration is 
controllable under GA). Frequent checks of the potassium level should be performed 
until it is normalized.

3.3 Heparin

The surgeon will request heparin prior to clamping the artery. It is important to 
verify the dose of heparin by asking the surgeon again immediately before giving and 
flushing the lines to confirm the administration. We should inform the surgeon every 
hour after the initial and/or additional heparin is administered.

3.4 Oxygenation status

In cases undertaken with LA or RA where a patient is requiring high doses of seda-
tives, it can become difficult to maintain the patient of the airway. This can expose the 
patient to risk of hypoxia. In this situation, an adjunctive airway device can be placed 
with use of an oral or nasal airway or a conversion to GA with endotracheal tube or 
LMA should be considered to secure the airway. Since inserting an airway instru-
ment, without muscle reluctance, is sometimes enough to stimulate the patient to 
move suddenly, the procedure should be paused during the intervention. It should be 
noted that the risk of bleeding during laryngoscopy and intubation is potentiated if 
the security of the airway is needed after heparin is administrated. Also, the possibil-
ity of potassium increase caused by respiratory acidosis during the patient’s spontane-
ous respiration should be considered.

3.5 Choice of sedatives

A choice for sedatives during monitored anesthesia care is up to the anesthesiologist. 
However, we should consider the renal function of the patients is significantly impaired 
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and that respiratory depression due to the sedatives may enhance to increase potassium 
due to respiratory acidosis. In addition to traditional sedatives, such as midazolam and 
fentanyl, relatively newer sedatives such as propofol, dexmedetomidine and remifen-
tanil have been used to keep the patients calm and comfortable. The metabolism of 
propofol is not significantly affected by renal dysfunction and it remains a very popular 
one. However, it may cause respiratory depression if given at higher doses such as 100 
micrograms/kg/min. If you need a higher dose, adding midazolam and/or fentanyl may 
be to reduce the dose. In terms of avoiding respiratory depression, dexmedetomidine 
is an excellent choice but may make systemic blood pressure lower than expected by 
decreasing HR. Even if lower BP may not happen during the surgery, it may happen 
in postoperative period due to a longer half-life of dexmedetomidine. A lower dose of 
remifentanil (less than 0.5 microgram/kg/min) can sedate the patients without inhibit-
ing spontaneous respiration, but it may cause apnea if it is accidentally flushed. As 
described, any sedative has advantages and disadvantages of which the selection must 
be based on each individual patient’s demand and background.

4. Postoperative anesthesia care

Anesthesia management does not discontinue at the end of the surgical procedure 
but when the patient is discharged from the postanesthesia care unit. It should be 
noted that potassium levels may increase suddenly even in the perioperative period. 
Therefore, the recovery nurse should pay close attention to ECG changes and possibly 
check the serum potassium if increase in potassium is suspected. Occasionally the 
timing of the next HD session may need to be advanced, especially for the patient 
that missed their regular HD session prior to the procedure. The criteria are varied 
between hospitals but consulting a nephrologist should be considered and common 
for any institute.

5.  Updated topic: comparison of anesthesia type for patency, 
complications, and economy

Recently, the effect of anesthesia type on the patency of fistula, complications, 
and economy has been highlighted.

A previous retrospective study has reported that GA decreased early failure within 
120 days after dialysis creation, while RA may decrease postoperative infection and 
bleeding [15]. On the other hand, a very recent study in 2022 did not show significant 
superiority of GA for fistula maturation [16].

The retrospective multivariable analysis has indicated that GA compared with 
RA/LA was independently associated with increased postoperative admission and 
decreased three months access utilization but similar 1-year access occlusion and 
intervention of which subgroup analysis of the RA/LA cohort showed RA was 
associated with increased three months access utilization but had similar 1-year access 
occlusion compared to LA [17]. A systematic review and meta-analysis comparison 
between RA and LA has indicated the superiority of RA over LA in terms of primary 
patency of fistula, brachial artery diameter, and operation duration [18]. A prospec-
tive study of the research group of Scotland, United Kingdom has indicated that RA 
significantly improved both primary and functional AVF patency at one year and cost 
compared to LA [19].



Anesthetic Management of Surgical Vascular Access for Hemodialysis
DOI: http://dx.doi.org/10.5772/intechopen.109844

167

Author details

Koichiro Nandate
Harborview Medical Center, University of Washington, Seattle, WA, 
United States of America

*Address all correspondence to: knandate@uw.eduate

The topic of “which anesthesia is the best” has not been concluded yet. Most of the 
previous studies were retrospective or some were prospective but not enough of the 
subjects to conclude. Very recently, the new protocol of randomized, prospective, large-
number study has been published [20]. The result of this study, which has not been 
opened yet as of November 2022, maybe promising and conclusive.
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Chapter 12

Artificial Liver Support Systems
Maiko Alejandro Tavera Díaz

Abstract

Acute liver failure and acute-on-chronic liver failure, regardless of the etiology, 
generate an inflammatory response in the liver parenchyma and systemic inflammatory 
response, as well as anti-inflammatory counterregulatory mechanisms that condition 
a state of immunomodulation, a condition that favors sepsis and septic shock. The 
increase in Von Willebrand factor and the increase in cellular traffic of monocytes 
and macrophages in the hepatic sinusoids, altering hepatic hemodynamics, is another 
mechanism of damage. Artificial liver support therapy represents an alternative in 
the support of these patients when medical treatment does not achieve the objectives. 
MARS, Prometheus, and SPAD favor detoxification. Plasma exchange and DPMAS 
are alternatives to limit the inflammatory response, eliminate Von Willebrand factor, 
and improve survival. Current evidence recommends the use of plasma exchange or 
combined extracorporeal support therapies as an alternative to achieve organ recovery 
or as a bridge to liver transplantation.

Keywords: acute liver failure, acute-on-chronic liver failure, artificial liver support 
systems, liver diseases, plasma exchange

1. Introduction

Liver diseases represent the tenth leading cause of death in the world and one of 
the leading causes of disability and years of life lost. Regardless of the etiology of liver 
disease, only 10% of those who require an organ get a transplant.

Acute liver failure and acute-on-chronic liver failure are serious pathologies, which 
despite the treatment of the cause and the associated complications, many of them 
require organ support through an artificial or biological system until the recovery of 
the liver is achieved. Liver support systems act as a bridge to liver transplantation [1].

2. Spectrum of liver diseases

Liver diseases are associated with poor outcomes and are often considered a medi-
cal emergency due to the severity and complications associated with mortality.

In the spectrum of the form of presentation, three entities are evident [2]:

1. Acute liver failure (ALF) in the context of health and normal liver function as-
sociated with a new noxa that determines the damage.
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2. Acute-on-chronic liver failure (ACLF) develops on a background of chronic liver 
disease without cirrhosis or with underlying cirrhosis.

3. Known cirrhosis suffering from decompensation of liver function.

See Figure 1.

3. Acute liver failure

It represents a form of critical illness, potentially fatal, that occurs in 1 case per 
million, and the incidence is variable in each continent: Europe 0.62, Asia 6.2–23.8, 
USA 0.19 cases per 100,000 person-years [3]. The most frequent cause is paracetamol 
poisoning, followed by undetermined causes, drug-induced injury (DILI), and 
hepatitis [4].

Acute liver failure (ALF) represents severe liver damage (transaminase elevation 
x 3) with the development of hepatic encephalopathy preceded by jaundice. This 
time interval from jaundice to the presence of encephalopathy [5] allows its clas-
sification (Table 1):

4. Acute on chronic liver failure

The development of acute liver failure on chronic failure (ACLF) occurs at any 
stage of the spectrum of chronic liver disease without cirrhosis or with compensated 
or decompensated liver cirrhosis [6], in which there are one or several precipitating 

Author O’grady AIEH

Hyperacute 1–7  days < 10 days

Acute 8–28 days 10–30 days

Subacute 5–12 weeks 5–24 weeks

Chronic > 26 weeks > 24 weeks

Table 1. 
Classifications of acute liver failure, which correspond to the time interval from the onset of jaundice to the 
development of encephalopathy.

Figure 1. 
Acute liver diseases are described: acute hepatitis, acute liver injury, and acute liver failure.
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events in the liver (alcohol ingestion, DILI, hepatitis, hepatic ischemia, liver surgery) 
or extrahepatic (acute bacterial infection, paracentesis without albumin, major 
surgery), which cause the development of multiple organ failure with the increased 
mortality between 28 and 90 days (  Figure 2  ) [ 7 ].  

 There is no universal definition, there are at least four consensuses that define it 
and the prevalence differs from continent to continent, in USA 10, EU 20.1, ASIA 5.1 
cases per 1000 person-years [ 8 ]. 

 The most agreed definitions of ACLF are mentioned below: (  Table 2  ) [ 7 ],  
 The severity of ACLF is measured by the degree of organic dysfunction through 

the CLIF-SOFA score in different cohorts of three subjects (CANONIC, PREDICT, 
KACLIF, COSSH, MAHMUD, HERNAEZ) showing us that the analytical alteration 

  Figure 2.
  In the spectrum of chronic liver disease without cirrhosis or with compensated or decompensated liver cirrhosis, 
the clinical condition that favors exposure to a hepatic or extrahepatic precipitant generates an inflammatory 
response that induces the development of multiple organ failure.          

      APASL EASL-CLIF NACSELD WGO  

  Acute liver damage 
manifesting as Jaundice 
(BT 5 mg/dl) and 
coagulopathy (INR > 1.5), 
complicated within 
4 weeks with ascites 
and encephalopathy in a 
patient with diagnosed or 
undiagnosed chronic liver 
disease.

Pre-existing 
CLD acute 
deterioration, 
related to a 
precipitating 
event associated 
with multiorgan 
failure with high 
mortality at 28 
and 90 days.

Syndrome 
characterized by 
acute deterioration 
in a patient with 
cirrhosis, due 
to an infection, 
developing failure 
of two or more 
extrahepatic organs.

Syndrome in CLD with or 
without previously diagnosed 
cirrhosis is characterized by 
acute hepatic decompensation, 
resulting in liver failure 
(jaundice and prolonged INR) 
and failure of one or more 
extrahepatic organs with high 
mortality at 28 and 90 days.  

  Asian Pacific Association for the Study of the Liver (APASL), European Association for the Study of Chronic Liver 
Failure (EASL-Clif), North American Consortium for the Study of End-Stage Liver Disease’s definition of acute-on-
chronic liver failure, and World Gastroenterology Organization (WGO).  

  Table 2.
  Characteristics of definitions of ACLF developed by four different consortia.  



Updates on Hemodialysis

174

is significant insofar as to the presence of leukocytosis, PCR, increases in TNF alpha, 
and IL-8 in statistically significant values in patients with ACLF when compared with 
decompensated or compensated cirrhosis. Likewise, it is observed that transplant-
free mortality is higher in patients with ACLF [8].

5. Pathophysiology

5.1 Inflammatory response

5.1.1 Acute liver failure

Regardless of the etiology of liver damage, apoptosis and hepatocyte necrosis 
are generated, which allows the release of damage-associated molecular patterns 
(DAMPs), such as micro-RNA 122, high mobility protein 1 (HMGB1), Keratin 18, 
which bind to toll-like receptors (TLR4) of Kupffer cells, which induces the release of 
cytokines.

Activation of the Kupffer cells induces the release of cytokines, which stimulates 
the recruitment of monocytes and induces an intrahepatic inflammatory phenotype, 
with sequestration of platelets and amplifying the inflammatory response. The 
inflammatory process is not limited to the liver, this induces a systemic inflammatory 
response (SIRS), and a counterregulatory mechanism called compensatory anti-
inflammatory response syndrome (CARS) is induced, the latter conditions a state of 
immunomodulation, which explains the high risk of infections, risk of sepsis, multi-
organ failure, and worsening of encephalopathy (Figure 3) [9].

Neopterin formed by macrophages, monocytes, and activated dendritic cells 
has been described; it is considered a marker of inflammation in ALF due to 

Figure 3. 
A) Regardless of the etiology of the liver injury, the release of DAMPs is generated, recognized by the TLR4 of 
Kupffer cells. B) Activated Kupffer cells release cytokines, which stimulate monocyte migration, amplifying the 
inflammatory response within the liver. C) Inflammation is not limited to this organ and generates SIRS; likewise, 
a counterregulatory mechanism (CARS) is stimulated, which leads to a state of immunoparalysis and increases 
the risk of infections. D) Albumin in its oxidized form contributes to the perpetuation of the inflammatory 
state. E) Damage to the stellate cells of the hepatic sinusoids decreases the release of ADAMTS 13, increases the 
expression of VWF multimers, favors platelet aggregation that predisposes to the formation of microthrombi, and, 
together with the increase in monocyte and macrophage trafficking, alters hepatic circulation.
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acetaminophen. It is evident that the increase in neopterin and sCD163 correlates with 
SIRS, greater clinical severity measured by SOFA score, and with the requirement of 
liver transplantation [10]. The aforementioned supports the increase in mononuclear 
cell activity and the increase in the inflammatory response in ALF.

Acute liver failure has great potential to develop multi-organ complications 
(cerebral, respiratory, metabolic, hematological, hemodynamic, infectious, and 
renal) despite supportive management, many of them do not stabilize and lead to an 
increase in mortality. In this critical condition, extracorporeal liver support therapies 
are used until the recovery of liver function, which, in some series, reaches 60% of 
acute patients and without reaching transplantation [11].

5.1.2 Acute chronic liver failure

It represents the spectrum of chronic liver disease without cirrhosis or with com-
pensated or decompensated cirrhosis, in which a hepatic or extrahepatic precipitating 
factor triggers a persistent inflammatory response that induces the development.

TNF alpha and activated stellate cells, allowing nitric oxide secretion, further 
damage hepatocytes and cause splanchnic vasodilation. The endothelin released 
from endothelial cells decreases the expression of cluster of differentiation (CD) and 
human leukocyte anti-DR (HLA), conditions an environment of TL reg inhibition, 
and lowers LTH 17 activation. This conditions a state of “Ineffective Immunity,” 
dysfunctional cells, decreased phagocytic activity, increased anti-inflammatory 
cytokines, and release of reactive oxygen species (ROS) [12].

ACLF conditions a SIRS state in the first 7 days from the onset of the symptoms 
and after 10–14 days, a state of immunosuppression due to anti-inflammatory 

Figure 4. 
A) In chronic liver disease without cirrhosis and in compensated or decompensated cirrhosis, they generate the 
favorable environment for the arrival of PAMPs in the enterohepatic circulation, mitochondrial stress, apoptosis, 
and necrosis typical of liver disease, regardless of the etiology, allowing the release of DAMPs. Both molecules bind 
to TRL4 receptors of Kupffer cells, which are activated and release cytokines with hepatic and systemic impact. 
B) The intrahepatic inflammatory response and the release of chemokines induce chemotaxis of monocyte-
derived macrophages from the systemic circulation to the liver at sites of injury. C) Albumin in the oxidized 
form contributes to the perpetuation of the inflammatory state. D) Damage to the stellate cells of the hepatic 
sinusoids decreases the release of ADAMTS 13 and increases the expression of VWF multimers that favors platelet 
aggregation and stimulates phagocytosis of these molecules by macrophages, increasing cell size and increasing the 
number of cells. Cell traffic contributes to lower liver perfusion.
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cytokines (CARS) is generated, increasing the risk of sepsis, septic shock, and 
multiple organ failure (Figure 4) [13].

The severity of ACLF measured by CLIF-SOFA has a direct relationship with mor-
tality. The measures used in the management with crystalloid solutions and human 
albumin, and the use of vasoactive agents are a necessity to meet the hemodynamic 
objectives, anti-encephalopathy measures, and anti-cerebral edema. The need for 
transfusion of blood products and the support of mechanical ventilation and infec-
tion control represent the supportive management of these patients. Many of them, 
despite the optimization of the measures implemented, require extracorporeal liver 
support therapy, which, as in acute liver failure, has the clear objective of limiting the 
inflammatory response that perpetuates cell damage, decreasing macrophage activa-
tion that conditions the permanent inflammatory response.

5.2 Oxidation of albumin

Albumin is a high molecular weight protein (MW 66.5 kD), which is a fundamen-
tal determinant since it provides 75% of the oncotic pressure, necessary to maintain 
fluids in the intravascular compartment, and represents 54% of the plasma proteins, 
with a hepatic synthesis rate of 150 m/kg/day [14]. Albumin is formed by a polypep-
tide chain of 585 amino acids, divided into three domains I, II and III. Each domain 
is subdivided in types A and B, it is composed of 35 cysteine residues, of which 34 
residues form 17 disulfide bridges and leave the cysteine residue (Cys) 34 free to 
interact with others molecules (Table 3) [15].

The important functions of albumin include being a regulator of extracellular 
fluids, it allows the reversible transport of endogenous products, such as fat-soluble 
hormones and free fatty acids, transporting unconjugated bilirubin, and exogenous 
products such as metals, drugs, and drugs. It also fulfills a function important in 
PH control, buffering non-volatile acids, and competitive binding to calcium ions. 
Antioxidant properties are described because it is a source of reduced sulfhydryl 
groups with properties to eliminate ROS, with anti-inflammatory and endothelial 
protection effects [14].

Albumin mostly circulates in a reduced state, called human mercaptoalbumin 
(HMA) with a free thiol group at residue Cys 34, to which ROS and nitrogen bind, 
allowing their uptake and removal of free radicals. Albumin can undergo several post-
translational modifications in physiological or pathological conditions, which under-
goes oxidation through disulfide bonding between Cys34 and sulfhydryl-containing 
compounds such as glutathione, homocysteine, and cysteine. This reversibly oxidized 
form of albumin is called non-mercaptoalbumin type 1 (HNA-1) and the complete 
and irreversible oxidation of Cys 34 albumin to sulfonic or sulfinic acid confers the 

Domain I Domain II Domain III CYS 34

Uremic toxins
Thyroxin
Warfarin

Halotan
Propofol
Ibuprofen
Uremic toxins
Thyroxin

Bilirubin
Hemin
Doxorubicin

Nitric oxide

Table 3. 
Each albumin domain allows the transport of different substances, and the CYS 34 residue has the capacity to 
eliminate ROS.
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name non-mercaptoalbumin type 2 (HNA-2) [16, 17]. Other forms of modified 
albumin are also described, such as ischemia-modified albumin (IMA), in which it 
undergoes a conformational change in the N-terminal portion, decreasing the metal 
transport capacity, and the IMA/albumin ratio is also increased in patients. with 
cirrhosis and ACLF, described as a marker associated with higher mortality. Other 
forms of cystei-nylated, glycated and truncated modified alumina are mentioned, 
all the described forms of oxidized albumin lose the capacity to transport molecules 
and detoxify, increasing the free component of many toxic substances that alter the 
functions of organs and systems [17].

The expression of non-mercaptoalbumin types 1 and 2 has an effect on the 
activation of mononuclear cells by stimulating the release of cytokines (IL 1β, IL 6, 
IL 8, and TNF-α), amplifying or perpetuating the inflammatory response, by which 
a relationship between the levels of oxidized albumin and the pro-inflammatory state 
exists. In a cohort study of 79 patients, non-mercaptoalbumin type 1 phosphorylated 
the mitogen-activated protein kinase (MAP) p38α [18] was observed, which increases 
the activity of the transcription factor NF-κB, induces the production of cytokines, 
and also increases the production of inflammatory COX2 eicosanoides such as throm-
boxane A 2 (TXA2), leukotriene B 4 (LTB4), and prostaglandin G2 (PG2) [18].

We see that albumin oxidation is a mechanism that by itself induces and perpetu-
ates inflammation in patients with decompensated cirrhosis and acute-on-chronic 
liver failure, which opens the way for the search for other applications of extracorpo-
real liver support therapies.

In a randomized crossover design trial of eight patients with ACLF, who under-
went alternate eight treatments with MARS and Prometheus, non-mercaptoalbumin 
types 1 and 2 levels were measured and found to be elevated, and there was a transient 
change in status redox, from non-mercaptoalbumin to mercaptoalbumin that lasted a 
short time, returning to the oxidized forms of albumin after 24 hours [19].

There are few studies that evaluate extracorporeal liver support techniques as 
an alternative for albumin detoxification or regeneration. The Molecular Adsorbent 
Recirculating System (MARS) was found to be useful in removing substances bound 
to albumin and improving hepatic encephalopathy, but in a small study of 34 MARS 
patients [20], it did not show benefit in improving functional capacity or regenerat-
ing capacity and normal functionality of albumin. It is possible that liver damage and 
inflammation lead to irreversible damage to albumin and extracorporeal liver sup-
port techniques based only on albumin recirculation with small-capacity and easily 
saturated adsorbents.

5.3 Von Willebrand factor and ADAMTS 13 effect on ALF and ACLF

The Von Willebrand factor (VWF) is formed by endothelial cells, megakaryo-
cytes, and hepatocytes in the latter when the hepatic injury occurs [21]. This factor is 
cleared by macrophages and stored in endothelial cells, in Weibel-Palade bodies, and 
in the alpha granules of megariocytes.

VWF has MW 10,000 KD and is released at sites of vascular damage in response 
to secretion stimuli, such as thrombin, endothelial stress, vasopressin, or its synthetic 
analog desmopressin.

In ALF and ACLF, it generates damage to the endothelial cells of the liver sinusoids 
and releases VWF multimers, which bind to Domain A1, Glycoprotein IB Alpha 
(GPIbα), and GPIIb/IIa of platelets, and subendothelial collagen, allowing adhesion, 
platelet aggregation, and sequestration, giving rise to the formation of microthrombi 
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and generating intrahepatic hemodynamic changes and liver ischemia, cell necrosis, 
worsening of liver function, activating innate immunity, and contributing to the 
development of multi-organ dysfunction [22].

Basic experimentation studies in mice with ALF by paracetamol show an increase 
in VWF and platelet aggregation after 48 hours after drug exposure [21, 23]. In a 
prospective study of patients with ACLF, increased VWF was correlated with higher 
MELD and SOFA scores [22].

Damage to stellate cells determines a lower release of ADAMTS 13. Under normal 
conditions, this disintegrin metalloproteinase cleaves the TYr 1605-Met 1606 bond of 
the VWF A2 domain, degrading the VWF multimers. In ALF and ACLF, low levels of 
ADAMTS 13 [24, 25] are identified, causing less cleavage of the VWF multimeters. 
These new links require further studies on the use of VWF inhibitors, ADAMTS 13 
supplementation, or the use of extracorporeal liver support therapies for the removal 
of VWF multimers [25] and limiting liver damage.

5.4 Macrophage activation

When hepatocyte damage is generated, Kupffer cells express two phenotypes: 
proinflammatory where Kupffer cells release cytokines (IL-1β, tumor necrosis factor 
(TNF)-α and Ccl2), the chemokine Ccl2 and the activity of plasmin during liver 
tissue damage, stimulating the chemotaxis of monocyte-derived macrophages from 
the systemic circulation to the liver at sites of injury, in order to control intrahepatic 
trafficking, endocytosis, phagocytosis, and phenotype switching to one of repair with 
dedifferentiation of macrophages to fibroblasts [26].

Under healthy conditions, macrophages constitutively present CD163 and CD206 
receptors. During the proinflammatory phase of ALF and ACLF, a detachment of 
soluble sCD163 and sCD206 is generated, and the severity of ALF, ACLF, and mortal-
ity is considered biomarkers [27], which may play a role in making early medical or 
transplant decisions.

Macrophages are persistently activated in the presence of VWF and these cells are 
located in low-pressure sinusoids, being the parking residence of activated macro-
phages and which, together with microthrombi, alter hepatic hemodynamics.

The lines of study in inhibitors of macrophage chemotaxis, the use of extracorpo-
real liver purification therapies in the elimination of cytokines and chemokines, and 
achieving immunomodulation that allows limiting the migration of mononuclear cells 
to the liver and mitigates the damage may be promising.

5.5 Extracorporeal liver support therapy

Liver support therapies have been used with the aim of trying to replace the loss of 
important functions of the liver, and these systems are limited to detoxification and to 
reduce the inflammatory response.

5.5.1 Types of extracorporeal liver support therapy

They are divided into artificial and biological [28]. In this review, the description 
of artificial therapies will be made (Table 4).

The artificial liver support system allows the removal of water-soluble toxins, such 
as ammonium, urea, creatinine, iron, aromatic amino acids, trypophan, and also fat-
soluble toxins, such as bile acids, conjugated and unconjugated bilirubin, short and 
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medium chain fatty acids, benzoadiazepines endogenous, mercaptans, copper, nitric 
oxide, indoyxisulfate, and protoporphyrin [29].

We consider that the removal of the mentioned toxicants with detoxification-only 
approach does not generate the clear benefit due to the extensive mechanisms of 
perpetuation of liver damage, it is possible that the traditional MARS, Prometheus 
techniques are not good enough due to the smaller diameter of the beads, smaller 
pore diameter, smaller amount of resin, and smaller adsorbent surface in the first two 
and that the concentration of albumin used in MARS and SPAD is not sufficient, and 
these details will be reviewed in each of the techniques extracorporeal support.

5.5.2 When to start extracorporeal liver support therapy?

The most agreed recommendations for the start of extracorporeal support are the 
following [30]:

1. Severe acute liver injury regardless of cause.

2. Acute liver failure regardless of cause.

3. Acute on chronic liver failure.

4. Sepsis with severe liver injury.

5. Acute kidney injury with criteria for hepatorenal syndrome that does not re-
spond to treatment with Terlipressin and albumin.

6. Primary nonfunction and delayed graft function following liver transplantation.

7. Delayed graft function in simultaneous liver kidney transplantation.

8. Post-hepatectomy liver failure.

9. Hypoxic liver injury.

10. Refractory pruritus.

Artificial Biological

1. MARS

2. Fractionated plasma separation and adsorption 
(Prometheus)

3. Single-pass albumin dialysis (SPAD).

4. Hemoperfusion

5. Plasma exchange

6. Plasma adsorption

7. Double plasma molecular absorption system 
(DPMAS)

1. ELAD®

2. BiologicDT

3. Hepa-Mate™

4. TEAK-BALSS/HBAL

5. AMC-BAL

6. HEPATASSIST SYSTEM

Table 4. 
Classification of liver support systems.
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5.5.3 Artificial extracorporeal liver support systems

5.5.3.1 Molecular adsorbent recirculating system (MARS)

This purification system allows the elimination of toxins bound to albumin and 
water-soluble toxins. The blood that is extracted by catheter circulates at a blood flow 
of 200 ml/min and is placed in contact with the high permeability MARS® FLUX 
2.1 filter (60 kD) and 600 ml of dialysate albumin circulates counter currently with 
pumped 150 ml/min. This recirculated albumin is placed in contact with the diaFLUX 
1.8 filter and with the conventional dialysis bath of the Prismaflex System, allowing 
the elimination of water-soluble molecules, and the regenerated albumin circulates 
through the activated carbon cartridge (diaMARS® AC250) that captures cationic 
toxins and then goes to a second resin cartridge (diaMARS® IE250) that captures 
anionic toxins. The procedure is performed with an average of 8 hours up to date, 
with the aim of reducing total bilirubin by more than 25% in each session, achieving a 
reduction in nitrogen and ammonia and reversing encephalopathy (Figure 5).

In the FULMAR study [31], a randomized control trial (RCT), a multicenter study 
that included 102 ALFs on the liver transplant waiting list, of which standard medical 
treatment (SMT) vs. SMT and MARS were compared, in this study, it was seen that 
overall survival at 6 months, transplant-free survival at 6 months, and survival at 
1 year were not significantly different in both groups, but transplant-free survival 
was better in those patients who received more than 3 MARS sessions (p = 0.001) 
when compared to STM. In relation to other outcomes, there was no improvement in 
encephalopathy between both treatment groups, but a significant decrease in biliru-
bin, creatinine, and lactate values   was achieved compared to SMT, and it is a valuable 
therapy in patients who are not candidates for liver transplantation.

In the RELIEF study [32], a multicenter RCT, recruited 189 patients with decom-
pensated cirrhosis (total bilirubin > 5 mg/dl, hepatorenal syndrome or hepatic 
encephalopathy grade II) and compared STM vs MARS and STM treatment, there 

Figure 5. 
Molecular adsorbent recirculating system (MARS). A) Once the patient’s blood enters the high permeability (60 
kD) MARS® FLUX 2.1 filter, 600 ml of dialysate albumin circulates in a countercurrent direction with pumped 
150 ml/min. B) Then, the recirculated albumin is directed to the diaFLUX 1.8 filter and with the conventional 
dialysis bath of the Prismaflex system, allowing the elimination of water-soluble molecules. C) Next, the 
regenerated albumin circulates through the activated carbon cartridge (diaMARS® AC250) that captures cationic 
toxins. D) It is then directed to a second resin cartridge (diaMARS® IE250).
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were no differences in survival at 28 and 90 days, in the survival analysis by sub-
groups there were no differences in survival either, without differences in the length 
of stay in intensive care and hospital stay, but a significant decrease in bilirubin and 
creatinine values was achieved in favor of therapy MARS. The lack of evidence is 
attributed, whether it is related to the heterogeneity in the definition of ACLF, small 
sample size, low dose of therapy, rapid saturation of the cartridges and albumin, or 
that MARS therapy does not adjust to the severity of many patients.

A meta-analysis published by Arjun Vaid et al. [33] review 10 RCT and one no RCT 
and use the Jadad scale to assess the quality of the studies, recruited patients, includ-
ing ALF and ACLF, and receive MARS from one to 10 sessions, lasting between 6 and 
8 hours. The outcomes show a significant decrease in bilirubin levels (p = < 0.001), 
there was also improvement in encephalopathy (p = <0.001), but MARS therapy did 
not reduce mortality (p = 0.62), in the analysis by subgroups when performing more 
than three sessions or increasing the concentration of albumin >20%, which did not 
influence the reduction of mortality.

Rafael Banares et al. [34], published a high-intensity MARS meta-analysis, 
recruited 285 patients with ACLF and called high-intensity MARS when they received 
more than 5 sessions. In the high intensity group, 10-day survival (p = 0.001) and 30 
days (p = 0.041) is higher and there was a significant decrease in the MELD score, 
bilirubin, creatinine, and encephalopathy improvement, compared to the low inten-
sity group, when the number of sessions was less than 5 MARS sessions.

One recently published DELPHI consensus of international experts [35] recom-
mends extracorporeal albumin dialysis (ECAD) in the MARS modality should 
be started in the early stages of grade II encephalopathy or within 24–48 hours of 
refractory hepatic encephalopathy and when indications for liver transplantation are 
present and more than 3 sessions lasting 8 hours are recommended. The reported 
evidence mention improvement in survival at 21 days in ACL due to acetaminophen, 
but no benefit at 6–12 months. The use of ECAD is not recommended in patients in 
the late stages of ALF where multiple organ dysfunction is already expressed.

6. Prometheus

It is a fractionated plasma separation and adsorption system, the blood extracted 
through a catheter circulates through an AlbuFlow® AF01 filter, with a high screen-
ing coefficient (250 kD), which separates the albumin from the blood, the first to 
pass through the plasma to an adsorbent cartridge Prometh® 01 contains a neutrally 
charged, highly porous resin that absorbs bile acids, aromatic amino acids, and 
phenols. Then, the plasma and the albumin circulate through a second Prometh® 
02 cartridge, which is an anion exchange resin in the form of chloride that allows the 
absorption of bilirubin, and following the sequence of the circuit, the blood plasma 
and the detoxified albumin are returned to the Fresenius® helixone high-flow filter 
to remove water-soluble toxins (Figure 6).

In the HELIOS study [36], an RCT included 145 patients with ACLF and compared 
SMT vs. SMT and Prometheus, in the survival outcomes at 28–90 days there were 
no statistical differences, the mean until death had no differences, and the severity 
of MELD and encephalopathy improved in the Prometheus group, in the univariate 
analysis there was no improvement in survival in patients with hepatorenal syn-
drome, the length of stay in critical care and the hospital was similar in both groups, 
and in the analytical the only value that improved it was the bilirubin.
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7. Mars and prometheus theory combination

In a randomized crossover design study, eight patients with ACLF who underwent 
MARS and Prometheus on alternate days were evaluated, completing 17 sessions for 
each of the two artificial liver support systems. Cytokine measurements were per-
formed in healthy controls and in patients with ACLF, evidencing elevated IL-6, IL-8, 
IL-10, TNF-α, and sTNF-αR1 values   in the latter group. This work shows that there 
was no significant decrease in cytokines at the end of treatment and other reviews 
with both artificial support systems report similar results. The low efficiency is 
attributed to the high rate of cytokine production due to multiple mechanisms of the 
perpetuation of the inflammatory response, the greater saturation of the cartridges, 
or less adsorbent capacity [37–39].

8. Single-pass albumin dialysis (SPAD)

This purification system that uses the physical foundation of diffusion with a dialy-
sis bath enriched with albumin in 3–4% concentrations that act as a binder for sub-
stances bound to proteins. This technique uses a continuous renal replacement therapy 
(CRRT) machine in continuous venovenous hemodialysis modality, with a dialysate 
flow of 700–1000 ml/min. The dialysate flow with albumin will allow the capture of 
lipophilic molecules present in the patient’s blood that will bind to the albumin that 
circulates in the countercurrent direction to the blood flow through the filter, allowing 
the elimination of bilirubin, bile acids, and nitrogen acids (Figure 7).

Figure 6. 
Fractionated plasma separation and adsorption (Prometheus). A) The blood extracted through a catheter 
circulates through an AlbuFlow ® AF01 filter. B) Albumin and separated plasma pass to a Prometh® 01 
adsorbent cartridge. C) Albumin then circulates through a second Prometh® 02 cartridge. D) Following the 
circuit sequence, blood plasma and detoxified albumin are returned to the Fresenius® helixone high-flow filter.



183

Artificial Liver Support Systems
DOI: http://dx.doi.org/10.5772/intechopen.109843

This technique does not use additional cartridges or other extracorporeal circula-
tion machines and can be performed in low-income countries.

There is evidence that SPAD allows a significant decrease in bilirubin similar to 
MARS, but it failed to lower bile acid and cytokine values [40], considering that the 
modality used is continuous venovenous hemodialysis and due to the screening coef-
ficient of conventional membranes does not allow clearance of cytokines [41].

In a randomized crossover trial [42], of 34 patients with ACLF, who underwent 
dialysis with albumin, assigning the first session randomly to MARS or SPAD 
modality, the second session was assigned to a different therapy. Both therapies 
achieve a significant decrease in bilirubin, bile acids, and a greater decrease in 
creatinine with MARS. The significant decrease in fibrinogen in SPAD was identi-
fied as an adverse effect, and both therapies decreased hemoglobin, hematocrit, 
and platelets. Both therapies are considered comparable, with the advantage of the 
lower costs of SPAD.

9. Plasma exchange

The plasma exchange (PE) is an extracorporeal purification technique that is 
carried out by centrifugation or filtration. This last technique uses a high permeability 
membrane with a large pore size greater than 0.3 microns, allowing the separation 
of plasma and the removal of medium and medium molecules with high molecular 
weight, such as cytokines and immunoglobulins (Figure 8).

Within the pathophysiological mechanisms of acute and chronic liver injury, the 
increase in Von Willebrand multimeters stands out due to a decrease in the release of 
ADAMTS 13 as a result of stellate cell damage. The increase in the Von Willebrand 
factor multimeters intervenes in platelet aggregation in the hepatic sinusoids and 
conditions the migration of macrophages for their phagocytosis, and both alterations 
condition a deterioration of the vascular flow of the liver and also condition a greater 
inflammatory response.

Figure 7. 
Single-pass albumin dialysis (SPAD). A) The technique uses a continuous renal replacement therapy (CRRT) 
machine in continuous venovenous hemodialysis modality, with a dialysate flow of 700–1000 ml/min, the 
dialysate is enriched with 3–4% albumin.
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Klaus Stahl et al. [43], in a single-center prospective study, demonstrated in 
31 patients with sepsis that plasma exchange increased ADAMTS 13 activity and 
decreased VWF antigen, confirming the therapeutic application of this imbalance.

The RCT described by Larsen et al. [44], through an RCT in 182 patients with ALF, 
evaluated SMT vs. SMT and high volume plasma exchange for 3 days (8–12 L) with 
replacement with fresh-frozen plasma in equivalent volume. In the consulted evidence, 
the primary outcome that corresponds to liver transplant-free survival during the 
hospital stay was higher in the group that received plasma exchange (p = 0.0083), and 
survival in those who did not receive a transplant and received plasma exchange was 
better when compared with those who were not transplanted and did not receive plasma 
exchange. In the group with plasma exchange, the hemodynamic variables improved, 
noradrenaline doses were reduced, the SOFA and Clif SOFA severity scores improved, 
and the analysis showed improvement in coagulation times, decreased bilirubin, alanine 
aminotransferase (ALT), and ammonium. When the inflammatory response is assessed, 
plasma exchange reduces DAMPs, TNF alpha, IL 16 at 48 hours, and IL 18, and decreases 
in CD 163, CD 64, and CCR7, which indicates less mononuclear cell traffic.

High-volume plasma exchange carries risks with high replacement volume and could 
worsen cerebral edema, Maiwall et al. [45], report a prospective open-label RCT study 
where 40 patients with ALF were recruited, each group was divided into 20 patients 
for SMT vs STM and standard plasma exchange (1–1.5 plasma volumes per PE session). 
The outcome of transplant-free survival at 21 days was higher in the group with plasma 
exchange (p 0.04). In the secondary outcomes, there is evidence of a lower inflammatory 
response and a smaller diameter of the optic nerve sheath with a predictor of decreased 
cerebral edema, hemodynamic variables, vascular resistance index improved, SOFA 
score decreased, there was a decrease in lactate and bilirubin values they also decreased. 
When inflammation data are analyzed, a decrease in innate immunity cytokines and an 
increase in anti-inflammatory cytokines, a significant decrease in DAMPs, endotoxins, 
and a decrease in VWF are evident in the group that received exchange plasma.

In a retrospective study [46] of 50 patients with alcohol-related acute on 
chronic liver failure (A-ACLF), low-dose corticosteroid treatment was compared 

Figure 8. 
Plasma exchange (PE). The technique uses a high permeability membrane with a large pore size that allows 
plasma separation and replacement of the extracted volume is performed with 5% albumin or fresh frozen plasma.
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with low-volume plasma exchange (LVPE) (0.5–1 plasma volumes per PE session) 
vs. SMT, Kaplan-Meier survival analysis shows better survival in the first year 
(P = 0.03) and there were lower levels of VWF in the plasma exchange group. 
Further large randomized control trials are needed to evaluate the efficacy of 
LVPE in ACLF.

In a systematic review and meta-analysis [47] of 16 RCTs that included 1670 
patients with ALF, the efficiency of each therapy was compared to SMT, ELAD, 
MARS, Prometheus, and plasma exchange. It is shown that the probability of having 
greater overall survival at the first and third month as well as transplant-free survival 
at 3 months was better with exchange plasma.

The European Association for the Study of the Liver [11], in the guidelines for the 
management of acute liver failure, recommends plasma exchange improves trans-
plant-free survival and modulates immune dysfunction with evidence level I, grade 
of recommendation 1. and recommends early onset and in those who will not undergo 
liver transplantation with evidence level I, grade of recommendation 2.

One DELPHI consensus of international experts [35] recently published, in 
relation to PEHV, is recommended due to the greater transplant-free and in-hospital 
survival. The PLAS score [48] uses two derivation and validation cohorts of patients 
with ACLF, whose predictive value for 3-month mortality when the score was greater 
than 6 points (AUC 0.80 derivation cohort and 0.78 validation cohort) has better 
performance when it is compared with the model for end-stage liver disease (MELD) 
and also with other mortality scores. The variables taken into account for stratifica-
tion are liver cirrhosis total bilirubin, PT-INR, infection, and hepatic encephalopathy. 
The score goes from a minimum of 0 to a maximum of 9, it is called grade I: score of 
0–2, grade II: 3–5, grade III: 6–9 (Table 5).

Extracorporeal liver support therapy is not recommended in patients who develop 
platelet counts <40,000/mm3, INR > 2.5, and fibrinogen <1 g/L, which would 
increase the risk of bleeding [35].

10. Plasma adsorption perfusion

Plasma adsorption perfusion (PAP) uses a CRRT or intermittent hemodialysis 
machine. Once the blood comes out through the catheter with a blood pump flow at 
150 ml/min, it allows the blood to enter the plasma exchange filter where it allows the 
separation of the plasma by filtration. The obtained plasma is mobilized by a second 

Points Liver 
cirrhosis

Total bilirubin 
(μmol/L)

PT-INR Infection Hepatic 
encephalopathy

0 No < 425 < 2.0 Non-
spontaneous 

bacterial 
peritonitis 

(SBP)

No

1 And it is 425–650 2.0–2.5 Yes SBP I–II

2 And it is ≥ 650 ≥ 2.5 SBP plus other 
site infection

III–IV

Table 5. 
PALS score predictive score of short-term prognosis for patients treated with plasma exchange.
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pump at 25–50 ml/min and enters a cartridge made of styrene-divinylbenzene copo-
lymer, with the capacity to adsorb bilirubin, bile acids, and cytokines. This technique 
has some advantages over the other techniques mentioned, such as it does not require 
the use of exogenous plasma or albumin infusion, it does not eliminate coagulation 
factors, and it is less expensive than MARS (Figure 9).

A single-center retrospective study [49] evaluated the performance of three 
therapies (MARS, PAP, and PE) and recruited 103 patients with hyperbilirubinemia 
due to ALF and ACLF, and extracorporeal liver support therapy was started when the 
total plasma bilirubin level > 20 mg/dl, or an increase in bilirubin level of more than 
2 mg/dl per day for 4 days. When total bilirubin removal is assessed in these therapies, 
a 25% decrease is considered the optimal value. A greater decrease in bilirubin was 
seen with PE (35 ± 13%) followed by PAP (30 ± 12%) and the lowest percentage with 
MARS (24 ± 14%), and the values of transaminases and coagulation tests were not 
different between the three techniques. In this review, the costs per treatment are 
mentioned, being the most economical PE, followed by PAP and the most expensive 
MARS due to equipment and the long time the therapy takes. It is important to men-
tion that an advantage of MARS over the other techniques mentioned is its application 
in acute kidney injury (AKI) that requires renal support therapy.

11. Double plasma molecular adsorption system

The double plasma molecular adsorption system (DPMAS) modality has the 
particularity of using a CRRT or intermittent hemodialysis machine with second 
roller pumps. Once the blood is drawn through the catheter with a blood pump flow 
of 150 ml/min, the blood passes through a high permeability filter to separate the 
plasma and then, the separated plasma is driven by a second roller pump at 25–50 ml/
min, which enters a first BS330-JAFRON styrene-divinylbenzene cartridge with 
anion-exchange resin and later the plasma goes through a second HA330 II-JAFRON 
cartridge with neutral macroporous resin, to then be reconstituted by the plasma in 
the blood that returns to the patient’s catheter (Figure 10).

The evidence consulted reports an RCT from China [50], which includes patients 
with ALF and ACLF. They are randomized into two groups, 20 patients in the SMT 
and PE group vs. 27 in the SMT and DPMAS group. The result in the primary outcome 
shows a survival at 4–12 months is similar in both groups (p = 0.887), in the secondary 
outcomes measurements of bilirubin and CRP are performed, which decrease more 

Figure 9. 
Plasma adsorption perfusion (PAP). A) The blood exits through the catheter with a blood pump flow at 150 ml/
min, it allows the blood to enter the plasma exchange filter where it allows the separation of the plasma by 
filtration. B) The obtained plasma is mobilized by a second pump at 25–50 ml/min and enters a cartridge made 
of the styrene-divinylbenzene copolymer.
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significantly with PE (p = 0.002), and the decrease in procalcitonin was similar in both 
groups, greater hypoalbuminemia in the PE group. The increase in IL-6 is strikingly evi-
dent in both groups and is attributed to being a stimulatory factor in liver regeneration.

During a meta-analysis [51] of 11 articles on ACLF due to hepatitis B, where the 
values of total bilirubin and albumin did not differ in both groups, ALT decreased 
more in DPMAS+PE than, with PE alone, the levels of I international standardized 
ratio (INR) and blood platelet (PT) were prolonged, but there were no significant 
differences between the two groups. In this study, there was a lot of heretogenicity in 
study quality which could lead to bias.

In another meta-analysis [52] of 11 RCT studies, including 1087 hepatitis B 
patients with ACLF, comparing two treatment groups with DPMAS + plasma 
exchange vs. plasma exchange alone, 90-day survival was higher with DPMAS + 
plasma exchange (P = < 0.00001), and bilirubin and alanine aminotransferase values   
after treatment were lower with DPMAS + PE (P = < 0.00001) and (P = 0.02), 
respectively. There was no statistical significance in prothrombin activity (PTA), PT, 
platelets (PLT), INR, and hemoglobin (HB).

In a retrospective controlled study [53] with DPMAS where 131 with ACLF for 
hepatitis B were recruited, they were assigned to the plasma exchange group vs. 
DPMAS + plasma exchange. Low-volume exchange plasma (2–2.4 L) was performed 
with fresh-frozen plasma in the DPMAS group first and then with exchange plasma. 
In the DPMAS + plasma exchange group, bilirubin decreases after the procedure, at 24 
and 72 hours (P = < 0.05), and survival at 28 days was better (P = 0.043). Prospective 
studies are needed to assess long-term survival.

12. Coupled plasma filtration with adsorption

Coupled plasma filtration with adsorption (CPFA) is a technique, which requires 
a CRRT machine (Amplya), especially designed to combine the separation of plasma 
from blood by a high-permeability polyethersulfone filter. Then, the separated plasma 
circulates through a styrene cartridge-divinylbenzene copolymer and the purified 
plasma is reconstituted with the blood, which is finally returned to a CRRT polyphen-
ylene hemofilter to remove water-soluble molecules (Figure 11).

Figure 10. 
Double plasma molecular adsorption system (DPMAS). A) The blood extracted through the catheter enters 
a high permeability filter to separate the plasma. B) The separated plasma is driven by a second roller pump 
that drives the plasma into a first BS330-JAFRON cartridge made of styrene-divinylbenzene with anion-
exchange resin. C) Subsequently, the plasma passes through a second cartridge HA330 II-JAFRON with neutral 
macroporous resin.
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The Hercole trail [54], a non-randomized observational study that included 
12 patients, 4 with ALF and 8 with ACLF, started APFC with total bilirubin val-
ues    > 20 mg/dl and MELD >20 that did not improve with SMT. It is observed that CPFA 
did not modify the SOFA and MELD score, the decrease in bilirubin (p = 0.0006) and 
bile acids (p = 0.047) decreased significantly, but after the third hour, the filter was 
saturated. Water-soluble molecules, such as water-soluble toxins, urea, and creatinine, 
did not change significantly before or after PAFC, attributed to low convective volumes, 
INR and aPTT values   were prolonged, but bleeding was not reported. It is important to 
mention that bilirubin rebound is expected to occur after the first session and ranges 
from 10 to 40% and is characteristic of the multicompartmental model of bilirubin 
kinetics, which occurs in any of the aforementioned therapies. It is a promising therapy, 
which requires further evidence with randomized controlled trials.

13. Hemoperfusion

There are many reports of the use of hemoperfusion in liver failure since the 70s 
and 80s.

Hemoperfusion is an extracorporeal therapy technique, which allows the passage 
of blood through a filter with the adsorption capacity of molecules with molecular 
weights from 5 to 50 kD, and the cartridges are classified according to a) composition 
in natural compounds (carbons) and synthetics (divinylbenzene), b) surface and 
volume, c) size, and d) selectivity.

The adsorption mechanisms attract solutes through different forces (hydrophobic 
interactions, ionic attraction, hydrogen bonding, and Van der Waals interactions), 
which allow the uptake of PAPMs, DAMPs, cytokines, chemokines, and multiple toxic 
substances (drugs, poisons).

Figure 11. 
Coupled plasma filtration with adsorption (CPFA). A) Requires the separation of plasma from blood by a 
high-permeability polyethersulfone filter. B) The separated plasma is circulated through a styrene-divinylbenzene 
copolymer cartrige. C) The purified plasma is reconstituted with the blood, which is finally returned to a CRRT 
polyphenylene hemofilter.
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The cartridges can be mounted in CRRT or in an intermittent hemodialysis (IH) 
machine, and it can be coupled to CRRT, prolonged intermittent renal replacement therapy 
(PIRRT), or IH modalities, to simultaneously perform both therapies (Figure 12).

In a retrospective study [55], the use of charcoal hemoperfusion in 13 patients with 
refractory pruritus in cholestatic, managed to reduce pruritus in 69% of patients and 
in a numerical pruritus score performed before the start of therapy with a score of 
9/10, decreased to 4/10, with an average of 5 sessions.

Stanje J et al. [56], in an in vitro two-compartment model established for the com-
parison of MARS vs. Cytosorb, water-soluble toxicants, such as creatinine, decreased 
significantly with MARS (p = < 0.04), and the decrease in ammonia was more significant 
with Cytosorb (p = < 0.05). Regarding the toxins bound to albumin, Cytosorb managed 
to decrease the values of total and indirect bilirubin in statistically significant values (p = < 
0.03) and the elimination of bile acids was comparable. The decrease in cytokines, such as 
IL-6 and TNF-α with 6 hours of therapy, was significant with Cytosorb. More controlled 
studies are required to support the results reported in experimental studies and case series.

14. Hepatorenal syndrome

Patients with advanced cirrhosis frequently show some degree of renal dysfunc-
tion, and there is a strong relationship between the severity of cirrhosis and renal 
dysfunction. It has been estimated that more than 20% of patients hospitalized for 
acute decompensation of cirrhosis develop acute kidney injury. Cirrhotic patients can 
develop any type of renal failure, that is, prerenal (41.7%), intrarenal (38%), and 
postrenal (0.3%) types [57, 58].

Hepatorenal syndrome (HRS) is a peculiar type of functional AKI described in 
advanced liver disease with ascites and is characterized by vasoconstriction that does 
not improve with volume replacement. Hepatorenal syndrome accounts for 20% of 
AKI in patients with cirrhosis. The incidence of HRS in the natural history of cirrhosis 
is 18% after 1 year and 39% after 5 years [59].

AKI in the cirrhosis spectrum is defined using the KDIGO criteria, and the interna-
tional ascites club introduces this definition of serum creatinine increase of ≥0.3 mg/
dL within 48 hours in hospitalized patients or an increase of ≥50% in 7 days [60].

Figure 12. 
Hemoperfusion. It is an adsorptive therapy that uses activated carbon cartridges or divinylbenzene resins.
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The multiple mechanisms that condition this pathology, and the following mecha-
nisms are mentioned:

• Intrahepatic hemodynamics: Alterations in hepatic architecture conditioned 
by regeneration, fibrosis, and thrombosis nodules, together with functional 
alterations due to an imbalance between the greater production of vasoconstric-
tors (endothelin, leukotriene B4, thromboxane A2, and Angiotensin II) and 
less formation of local vasodilators (nitric oxide, cannabinoids) determine the 
development of portal hypertension and splanchnic vasodilation, which allows 
the sequestration of blood in this territory [61].

• Hepatorenal reflex: The presence of sensors in intrahepatic sinusoids that are 
stimulated based on changes in portal pressure and flow is mentioned. The 
increase in pressure would condition the sending of a signal by the afferent sym-
pathetic nerve in the direction of the brain and the efferent sympathetic response 
at the renal level. It causes vasoconstriction of the efferent arteriole [62].

• Systemic hemodynamics: It is mentioned that a determining factor is the 
increase in systemic vasodilators, such as nitric oxide, among others, and the 
sequestration of blood in the splanchnic territory generates an effective decrease 
in blood volume that stimulates an increase in cardiac output, in order to restore 
effective arterial blood volume. When the liver disease progresses, severe portal 
hypertension develops and, together with bacterial translocation that mediates 
the release of PAMPs into the circulation, increases the inflammatory response 
that facilitates greater splanchnic vasodilation, causing a lower effective arterial 
blood volume and the consequent activation of the renin-angiotensin-aldoste-
rone system, which facilitates the reabsorption of sodium and water, likewise 
this neurohumoral mechanism favors renal vasoconstriction. It is important to 
mention that relative hypotension stimulates the non-osmotic release of ADH, 
favoring the reabsorption of water in the collecting ducts [63].

• Cirrhotic cardiomyopathy: It is described in an experimental model [64] that 
in cirrhotic rats a severe blockage of the contractile capacity is generated by the 
α-adrenergic agonist isoproterenol and the limited capacity to generate the cAMP 
that stimulates the second messenger. The β-adrenergic receptor is the main 
determinant of ventricular contractility and experimental studies show a lower 
density and function of these receptors in patients with cirrhosis. It has been 
shown that NO inhibits β-adrenergic receptors, altering cardiac stimulation and 
decreasing cardiac contractility [65]. Endocannabinoids are also increased in 
patients with cirrhosis, and they can exert a negative inotropic effect in humans. 
It is described that the cardiac index <1.5 L and MAP <80 mmHg (p = < 0.05) are 
the predictors of hepatorenal syndrome in a 12-month follow-up [66].

• Inflammatory response: In cirrhosis, damaged hepatocytes release DAMPs such as 
high-mobility group box-1 (HMGB1), histones, and activate Kuppfer cells, leading 
to the production of proinflammatory mediators such as TNF-α, IL-1α, and IL. -6. 
These proinflammatory signals are detected by the intestinal immune system, and 
DAMPs bind to TLRs, intestinal Paneth cells, and dendritic cells. The inflammatory 
response is not limited to the liver; proinflammatory cytokines leak out and bind to 
TLR 2–4 in tubular cells, generating a damaging effect at the tubular level [67].
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• Relative adrenal insufficiency: It is attributed by hormonal depletion in the 
hypothalamic-pituitary axis, adrenal, inflammatory, or ischemic damage, 
which is present in 80% of patients with cirrhosis with HRS compared to 30% 
with normal renal function, and this suggests a hormonal role in the HRS 
development [62].

• Intra-abdominal pressure–intra-abdominal hypertension: An experimental 
study in mice shows that intra-abdominal pressure from 10 to 20 mmHg is 
associated with higher levels of urea nitrogen and creatinine and the histological 
findings found report of tubular obstruction due to casts and inflammation and 
interstitial edema [62].

See Figure 13.

Figure 13. 
Pathophysiological mechanisms of hepatorenal syndrome. A) The greater production of vasoconstrictors and less 
formation of local vasodilators determine the development of portal hypertension and splanchnic vasodilation, 
which allows the sequestration of blood in this territory. Splanchnic vasodilation generates an effective decrease 
in blood volume that stimulates an increase in cardiac output, in order to restore effective arterial blood 
volume. When the liver disease progresses, severe portal hypertension develops and, together with the bacterial 
translocation that mediates the release of PAMPs into the circulation, increases the inflammatory response that 
facilitates greater splanchnic vasodilation, causing a lower effective arterial blood volume and the consequent 
activation of the sympathetic and renin-angiotensin-aldosterone system, which facilitates the reabsorption of 
sodium and water, B) cirrhotic cardiomyopathy, there are multiple mechanisms that allow its development and 
condition a decrease in cardiac output, which conditions a decrease in mean arterial pressure, being a predictor 
of the development of hepatorenal syndrome. C) Bacterial overgrowth and bacterial translocation allow PMAPs 
to reach the enterohepatic circulation and precipitating factors and the progression of liver damage from the 
underlying disease allows the release of DAMPS, and both molecular patterns are presented to both Kupffer cells 
generating an intrahepatic inflammatory response and the presentation of these molecular patterns to dendritic 
cells and macrophages facilitates SIRS, the arrival of PAMPs and DAMPs to the kidneys allows them to filter 
and be captured by TLR2-4 of tubular cells, generating a damaging effect. D) Relative adrenal insufficiency that 
determines hemodynamic changes. E) Increased intra-abdominal pressure due to ascites, associated with changes 
in intrarenal hemodynamics such as renal venous congestion.
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14.1 Diagnosis

The diagnosis of hepatorenal syndrome is difficult and is made by ruling out since 
there is no laboratory or imaging study to confirm it with certainty.

Within the International Ascites Club criteria, defines AKI as increases in serum 
creatinine of ≥ 0.3 mg/dL within 48 hours or 50% increase within 7 days in hospital-
ized patients with no response after 2 days consecutive with the use of albumin (1 g/
kg of body weight), in the absence of shock, without the use of nephrotoxic drugs, 
absence of proteinuria (> 500 mg/day), absence of microhematuria (> 50 red blood 
cells per high-power field), and normal findings on renal ultrasound [60].

The aforementioned criteria should be reviewed because many patients with 
cirrhosis usually present hypotension without being in septic shock, and the pres-
ence of hematuria and proteinuria may be present secondary to IgA nephropathy 
or membranoproliferative glomerulonephritis due to C virus, and it should be 
considered that they are also exposed to use of antibiotics and analgesics. I believe 
that many of them have overlapping causes within the spectrum of hepatorenal 
syndrome [68].

In the analysis, there is no pathognomonic marker. In the past, it was reported that 
FENA <1% was an indicator of this disease; currently, the cutoff value seems to be 
lower <0.2% [69], in the advent of biomarkers the urinary NGAL <400 μg/L cor-
relates with hepatorenal syndrome, and urinary NAGAL values >400 μg/L occur in 
acute tubular necrosis (ATN) [70].

14.2 Treatment

The initial treatment of AKI in the spectrum of cirrhosis is the use of albumin  
(1 g/kg of body weight) for 48 hours. Velez et. al [71] describe AKI phenotypes 
in cirrhosis based on the diameter of the inferior vena cava (IVC) evaluated by 
ultrasound, in the aforementioned work three groups are described: group with IVC 
diameter <1.3 cm, which is subdivided According to CVI collapse, it can be > 40%, 
which corresponds to the fluid depleted phenotype and this group would benefit 
from albumin replacement; in those with <40% collapse, it corresponds to the intra-
abdominal hypertension phenotype and would benefit from paracentesis. In the 
second group with IVC 1.3-2 cm corresponds to the fluid repleted phenotype, which 
would benefit from vasoconstrictors and in the third group corresponds to those 
with IVC > 2 cm and which is subdivided based on collapse >40% indicating a state 
of euvolemia, the use of vasoconstrictors would be a good therapeutic option and 
those with collapsibility <40% correspond to the fluid expanded phenotype where 
diuretics are indicated.

If after expansion with albumin the decrease in creatinine is not achieved, 
albumin should be maintained at 20–40 g and add Terlipressin 0.5–1 mg/4–6 hours, 
titrating the dose with 2-mg increment every day until reaching a maximum dose 
of 12 mg, an adequate response is defined when a 25% drop in initial creatinine is 
achieved, and in case of no response, Terlipressin can be administered for 14 days. It 
is recommended that infusion is better when compared with boluses every 6 hours. 
The predictive factors of poor response to Terlipressin are elevated total bilirubin 
values >10 mg/dl, lack of MAP increase of 5 mmHg on day 3, as well as NGAL 
>728 μg/L. (61.63).

The evidence on Terlipressin, norepinephrine, octreotide, and midodrine is 
extensive and exceeds the scope of the review.
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15. Renal support therapies in hepatorenal syndrome

The use of renal supportive therapy is indicated when patients with hepatorenal 
syndrome develop absolute indications for renal supportive therapy (RST) (severe 
metabolic acidosis, severe hyperkalemia, fluid overload, encephalopathy, and uremia) 
in nonresponders to the use of Terlipressin with albumin.

AKI, due to HRS and ATN, has a poor prognosis because 40% require RST and 
60% die within 90 days [72]. In a retrospective cohort of 472 patients with diagnoses 
of HRS and ATN, 341 of these did not enter the waiting list and 131 were included on 
the waiting list. It was evident that those who developed HRS presented higher SOFA 
and MELD scores and patients with ATN presented sepsis and required vasopressors 
and mechanical ventilation. The 6-month survival for those who were not placed on 
the waiting list with HRS (84%) and ATN (85%) was similar. The RST start is contro-
versial in patients who are not candidates for liver transplantation because it does not 
modify the prognosis.

At this point, three scenarios are proposed [73]:

1. The patient is included in the waiting list and the need for RST becomes a bridge 
until the transplant, in this case, there is no doubt of the benefit.

2. The second scenario is a patient in the evaluation phase for liver transplantation, 
where the need for RST will be until the inclusion on the list is clear.

3. In those who are not included on the waiting list for liver transplantation, can 
receive RST temporarily or until the experts in palliative care, the patient and the 
family decide they will limit efforts in a terminal illness.

16. Conclusions

ALF and ACLF represent very complex pathophysiological diseases that encom-
pass multiple inflammation mechanisms that perpetuate liver damage and medi-
cal treatment is not successful in limiting the damage. The use of albumin-based 
extracorporeal support therapies has not been shown to have an impact on survival 
and we see plasma exchange therapies or therapies combined with hemoperfusion 
show better survival than the traditional ones, although more randomized controlled 
trials with a greater number of patients are needed of patients to have a stronger 
recommendation.

Hepatorenal syndrome is a renal complication in patients with advanced liver cir-
rhosis and is triggered by multiple mechanisms. There is no gold standard for diag-
nosis, which is by exclusion, albumin and Terlipressin therapy is the recommended 
treatment in response to treatment with higher mortality, which is not modified by 
the use of renal support therapies.
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