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Preface

The history of peritoneal dialysis (PD) goes back to the 1740s when Warrick treated a 50-
year-old woman with severe ascites. The physiology of fluid absorption studies and remov-
al characteristics of the peritoneum progressed throughout the 1800s until the early 1900s. In
1923, Ganter implemented frequent exchanges with different volumes of PD solutions in
treating a woman with renal failure. In the early 1920s, Rosenak and Sewon developed a
metal catheter for continuous lavage of the peritoneum. In 1960, Boen developed an auto-
mated unit that could be operated unattended during the night (automated PD). In 1963,
Tenckhoff simplified the PD catheter, and Palmer developed a catheter for long-term use. In
1970, Lasker developed the “peritoneal cycler”. In 1974, Oreopoulos developed the intermit-
tent PD (IPD) system. In 1975, Moncrief and Popovich developed the continuous ambulato-
ry peritoneal dialysis (CAPD). Ever since, PD has been refined and developed into a flexible
and an adaptable therapy at home.

The actual start of hemodialysis (HD) techniques was during the forties of the last century.
The first working dialyzer was constructed by Kolff in 1943 in the Netherlands. Two years
later, Kolff used his machine to unsuccessfully treat 16 patients suffering from acute kidney
injury (AKI). However, in 1945, a 67-year-old comatose female patient recovered and re-
gained consciousness following 11 hours of HD. In 1946, Alwall modified Kolff’s dialysis
machine to enable fluid removal and managed to treat a patient with AKI.

Hemodialysis and PD treatments have recently witnessed significant improvements in tech-
nology and quality performance in managing patients with renal failure. These advance-
ments include HD and PD machines, water treatment plants, medical devices, disposables
and solutions. The book Aspects in Dialysis, with its wide coverage of different aspects of HD
and PD, can be considered as a guide for daily practice and how best possible medical out-
comes can be achieved in dialysis patients. Each chapter provides a clear description in a
simple and easily understood layout, which is supported by illustrations and/or figures or
tables. The tremendous efforts and valued contributions of all participating authors are
much appreciated.

Finally, my special thanks to the Publishing Process Managers Ms. Renata Sliva and Ms. La-
da Bozic Erzic for their great efforts and professional secretarial task of collecting and edit-
ing the manuscripts.

Ayman Karkar

Consultant Physician and Nephrologist
Baxter Medical Manager Renal

Middle East and Africa






Chapter 1

Introductory Chapter

Ayman Karkar

Additional information is available at the end of the chapter
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1. Introduction

Conventional hemodialysis (HD) treatment, which is the most prevalent dialysis modality and
can be performed in hospital and at home, has been associated over the past 40 years with
reduction in mortality rate [1], and in recent years, it has been associated with slight incremental
improvement in survival rate [2]. However, its prescription remains far from being optimal in
replacing the function of normal kidneys, and its unphysiologic clearance pattern and inability
to remove all types and sizes of uremic toxins resulted in inter- and intradialytic complications,
higher hospitalization rate, poor quality of life and an unacceptably high rate of cardiovascular
and all-cause mortality [3-5]. The major HD-contributing factors to high mortality and morbid-
ity rates are excess fluids (hypervolemia) and retention of middle and larger size uremic toxins.

Fluid retention in patients on dialysis has been associated with increased blood volume and
cardiac output, which can result in increased blood pressure, left ventricular hypertrophy
(increased left ventricular mass) and consequently heart failure [3, 6]. Fluid (and cumulative
fluid) overload has been significantly associated with greater risk of mortality [7]. Moreover,
removal of accumulating fluids with conventional HD has been accompanied with symptom-
atic hypotension. Frequent episodes of hypotension can lead to ischemic insults to myocar-
dium (stunning), which can lead to functional and structural changes and result in systolic
dysfunction and consequently heart failure [8, 9]. In addition, fast removal of fluids of more
than 10 ml/kg/h can also lead to increase in cardiovascular and all-cause mortality [10]. Recent
innovations in fluid management include assessment of fluid status by bioimpedance spec-
troscopy [11-13], which is a noninvasive method using a portable device, and by controlled
modulation of ultrafiltration rate and dialysate sodium using biofeedback hemocontrol [14].

Conventional HD, using low-flux dialyzers, is capable of removing only small-size uremic tox-
ins of molecular weight less than 500 Daltons (D) such as urea and creatinine. However, this
modality of HD is not capable of clearing middle and larger size uremic toxins of more than

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen 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. [{(cc) ExgIN
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500 Daltons such as 32-microglobulin, myoglobin, pro-inflammatory cytokines and Kappa (i)
and Lambda (1) free light chains (Table 1), in which all have potent toxic and pro-inflammatory
effects [15]. Larger size uremic toxins, such as beta 2-microglobulin, and protein-bound mol-
ecules, such as indoxyl sulfate and p-cresol, cannot be removed, and their accumulation in
the blood can lead to hemodialysis-related amyloidosis and endothelial inflammation and
toxicity, which may explain, at least in part, the higher incidence of morbidity and mortality
in patients treated with conventional HD.

In recent years, HD treatment witnessed significant improvements in HD machines, including
designs, weight, mobility, multifunctional touch screens, performance of different modali-
ties of dialysis, assessment of dialysis adequacy and ultrafiltration control [16]. The option of
controlled ultrafiltration, for example, has been shown to safely remove excess fluids without
exposing dialysis patients to frequent episodes of hypotension [14, 17]. This hemocontrol tech-
nique, which is based on an automatic slowdown of ultrafiltration rate, sodium transfer and
the release of the vasoconstrictor arginine vasopressor [18], has been used to support patients
with excessive fluid retention, especially those who lost their residual renal function and non-
adherent to dialytic prescription, and are predisposed to frequent episodes of intradialytic
hypotension [14]. The advancement technology of HD machines was accompanied by sig-
nificant improvement in dialyzers compatibility and membrane permeability (including pore
size, density and distribution, length of fibers and its reduced inner diameter), which include
high-flux and medium-to-high cut-off membranes [19]. These innovations, together with the
ability to provide ultrapure and online treated water by modern water treatment plants, did
not only reduce inflammation, erythropoietin resistance and cost reductions [20], but also
allowed the implementation of online hemofiltration (HF) and hemodiafiltration (HDF) treat-
ments [21, 25] and the use of high-flux dialyzers. For example, middle size uremic toxins such

Small Medium Large Protein-bound”
(<500 Daltons) (500-15,000 Daltons) (>15,000 Daltons) (Daltons)
Sodium (23) Vitamin B12 (1355) Cytokines (15,000-30,000) Phenol (94)
Phosphorus (31) Vancomycin (1448) Myoglobin (17,000) p-Cresol (108)
Potassium (35) ANP (3100) Kappa FLC (22,500) Homocysteine (135)
Urea (60) Endothelin (4300) Complement factor D (27,000) Indole-3-acetic acid (175)
Creatinine (113) Insulin (5200) FGF-23 (32,000) Hippuric acid (179)
Uric acid (168) PTH (9225) al-Microglobulin (33,000) Carboxymethyl-lysine (204)
Glucose (180) B,-Microglobulin (11,800) Erythropoietin (34,000) Indoxyl sulfate (251)
Resistin (12,500) Lambda FLC (45,000) Acrolein (56)
Cholecystokinin (12,700) Albumin (68,000)
Cystatin C (13,300) AOP (various)
AGEP (various)

Abbreviations: ANP, atrial natriuretic peptide; PTH, parathyroid hormone; FLC, free light chains immunoglobulin; FGF-
23; fibroblast growth factor-23; AOP, advanced oxidation products; AGEP, advanced glycation end products.’Protein-
bound molecules are small size solutes, but difficult to clear from circulation as they are protein-bound.

Table 1. Examples of different sizes (molecular weight-Daltons) of solutes and uremic toxins.
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as [32-microglobulin has been shown to be efficiently removed by high-flux dialyzers, but the
quantity of removal was much more efficiently done by online HDF [21, 25].

The HDF technique, which is based on physiologic principles of diffusion and convection and
the need of large volume of fluid substitution (=23 L/session or 55-75 L/week) [23, 24] together
with higher blood flow rate (350 ml/min or more), is also based on the use of high-flux dialyz-
ers. However, high-flux dialyzers are limited in their ability to remove larger-size uremic toxin
such as k and A free light chains. The recent innovation of medium cut-off membranes [19],
which has been shown to remove adequate concentrations of different and larger size uremic
toxins, including myoglobin, pro-inflammatory cytokines and 4 free light chains, are expected
to support patients with retention of high contents of uremic toxins, erythropoietin-resistant
anemia and malnutrition-inflammation syndrome, and possible positive impact on cardio-
vascular and all-cause mortality [15, 26, 28]. This type of dialyzer can be used on regular HD
machine with usual blood flow rate (about 300 ml/min), dialysate flow rate (500 ml/min), con-
ventional treated water (bacterial growth <100 U/ml and endotoxin <0.25 EU/ml) and without
the need of fluid replacement [28]. Other types of improved dialyzers include membranes that
are internally grafted with heparin, which have been used alone [29] and/or in conjunction
with minimal systemic anticoagulation [30] or with citrate-containing dialysate [31] to dia-
lyze patients at risk of bleeding and those who are in need of heparin-free HD. Furthermore,
heparin-avoidance has also been successfully implemented using airless HD tubing. These
tubing allow blood to flow in a circular and nonturbulent manner, where blood exposure to
plastic is less than the conventional bloodlines [32].

Over recent years, there has been a significant improvement in the quality, modalities and
techniques of PD and HD provided to patients with AKI and patients with chronic kidney dis-
ease (CKD) reached end-stage renal disease (ESRD). PD treatment has benefited from a bet-
ter understanding of the molecular mechanisms involved in solute and water transport across
the peritoneum, the advances in PD technology and in particular catheter placement, types of
PD solutions, better connecting systems with significant reduction in peritonitis rate, and the
improved technology of new generation of automated compact easy-to-use cyclers with remote
monitoring and management [33]. This latter advanced technology allowed nephrologist and
renal nurses in clinics to monitor PD patients at home and enable them to detect early technical
problems, nonadherence to treatment and ability to remotely change the prescription [22, 27].
This proactive medical care can also reassure patients of continuous support by their clinical
team [34]. Over many years, PD treatment has shown several beneficial clinical outcomes and
numerous advantages over that of HD. These advantages include better survival during the first
1-2 years of therapy especially among nondiabetic and younger diabetic patients, better preser-
vation of residual renal function and consequently better survival rate, delaying the need for vas-
cular access, supporting patients with multiple vascular access failure, hemodynamic stability in
older age group with cardiovascular disease, lower risk of infection with hepatitis B and C, better
outcome after transplantation with lower incidence of acute kidney injury and delayed graft
function, lower costs than HD and better quality of life (reviewed in [35]). PD, when there are
no contraindications, has been considered an excellent initial choice and first treatment option.

Acute or temporary dialysis is needed in some patients with AKI, who cannot adequately
benefit from conservative management, and/or in critically ill patients with severe AKI with
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or without multiorgan failure in ICU. Both HD and PD modalities have been used to treat
patients with AKI [36-39]. However, AKI patients with sepsis, multiorgan failure and on ven-
tilators in ICU have benefited from modern specific HD machines that permit safe and reliable
therapy, easy performance and monitoring and are capable of performing continuous renal
replacement therapy (CRRT) with multiple modalities [40-42]. These well-developed tech-
niques include sequential ultrafiltration, continuous venovenous HD, continuous venove-
nous HF and continuous venovenous HDF [43]. CRRT with HDF has been shown to provide
better clinical outcomes than intermittent HD or sustained low efficiency HD (SLED) tech-
niques [44] in providing fluid balance control, hemodynamic stability, early renal recovery
and improvement in intracranial hypertension and brain edema [23, 39, 45, 46]. CRRT is also
recommended in patients with fulminant hepatic failure and those in need for extracorporeal
life support therapies [39, 47]. In patients with AKI and sepsis, the removal of inflammatory
mediators (e.g., endotoxin and pro-inflammatory cytokines) by high cut-off membranes [48]
and by specific adsorbers [49-51] has contributed to improved hemodynamic stability. More
recently, specific dialyzers for the removal of excess carbon dioxide (CO,) have contributed
to reduce the need for endotracheal intubation [52, 53]. In addition, it has been found that the
addition of extracorporeal CO, removal to therapy with CRRT and lung protective ventila-
tion in patients with both adult respiratory distress syndrome and AKI was associated with a
significant reduction in PaCO, and a significant increase in arterial pH [54].

This book, with its specifically selected chapters by distinguished authors, covers different
aspects of dialytic modalities and related clinical scenarios. These chapters include an update on
recent advances in dialysis therapies, body composition and its clinical outcome in maintenance
HD patients, wide coverage of uremic toxins, high-efficiency HDF, cardiovascular disease in
dialysis patients, cardiovascular risk factors in ESRD patients such as the impact of conventional
dialysis versus online HDF, cardiovascular disease and allelic variants of the gene methylene-
tetrahydrofolate reductase in patients on HD, endotoxin-removal columns and other cytokine
extracorporeal purification techniques, extracorporeal circuit patency in CRRT, RRT in burn
patients, clinical application of bioimpedance spectroscopy in dialysis patients, lymphangio-
genesis and peritoneal membrane failure during dialysis, and development of HD machines.

Author details

Ayman Karkar
Address all correspondence to: han94dan97@gmail.com

Ministry of Health, Riyadh, Saudi Arabia
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Abstract

This chapter will address the broad subject of uremic retention solutes (URS), also known
as uremic toxins. Some of these solutes had been recognized for decades, and in 1999
when the European Uremic Toxin Work Group was established, a fuller description of
URS was presented. The group sought to identify and characterize the solutes in the
serum of patients with impaired glomerular filtration, in order to explore their role in
the pathogenesis of the uremic syndrome and improve current therapeutic options. This
chapter will review the different types of URS, as well as the adverse effects associated
with their accumulation. It will also cover current and potential therapeutic approaches
to reduce their levels.

Keywords: uremic retention solutes (URS), uremic toxins, CKD, ESRD, indoxyl sulfate,
p-cresyl sulfate, kynurenine

1. Introduction

Chronic kidney disease (CKD) is defined by estimated glomerular filtration rate (¢GFR). Uremic
syndrome occurs as this eGFR declines over time. Uremia is due to the accumulation of uremic
retention solutes (URS) that affect multiple organ systems most notably the cardiovascular,
neurologic, endocrine, and skeletal systems. These URS become elevated during the course
of CKD and reach their peak during end-stage renal disease (ESRD). Organ dysfunction due
to URS is seen, at times, long before patients reach the stage of dialysis dependency. Patients
with early stages of CKD are much more likely to die from cardiovascular disease than to
progress to ESRD [1]. While accelerated cardiovascular disease in patients undergoing chronic
hemodialysis has been attributed to traditional cardiovascular risk factors, e.g., hypertension,
diabetes, and lipid abnormalities, Lindner identified an accelerated risk of atherosclerosis in

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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CKD patients without these risk factors [2]. During the past 10 years, there has been growing
interest in characterizing the relationship between URS and cardiovascular disease. Since accel-
erated cardiovascular disease is seen in well-dialyzed patients, attention has been focused on
solutes that are poorly dialyzed. Protein-bound URS, specifically indoxyl sulfate and p-cresyl
sulfate, have been the focus of many studies over the past several decades. The interest is a
result of their strong association with cardiovascular disease, their poor dialyzability, and their
propensity to act on receptors (organic anion transporters) on the endothelium. Many different
strategies for enhancing their removal and novel methods for reducing their generation have
evolved over this period of time. The focus of this chapter will be to describe the classification
of URS, describe their physiology, review their negative effects in the setting of uremia, and
outline the different strategies currently being investigated to reduce levels of these solutes.

2. Classification of uremic retention solutes

The established classification system for URS is dependent on carrier protein binding and
molecular weight [3]. The first class, termed low molecular weight (LMW) solutes, is catego-
rized as less than 500 Da and is efficiently removed via hemodialysis. The next class is known
as middle molecular weight (MMW) solutes. These molecules have molecular weights greater
than 500 Da and require high-flux dialysis membranes, which have greater transport capacity
and larger pore size for removal [4]. Protein-bound solutes comprise the last group, which are
typically less than 500 Da though there is no official size demarcation. Their defining feature
is their limited dialytic removal due to protein binding that impedes their movement across a
dialysis membrane. A brief survey of LMW and MMW solutes will be given before focusing
more in depth on the protein-bound solutes.

2.1. Low molecular weight solutes

Some of the most prominent examples of the LMW category are urea, creatinine, asymmetric
dimethylarginine (ADMA), trimethylamine-N-oxide (TMAO), and uric acid.

Urea has long been known to be elevated in patients with acute and chronic kidney diseases
(Table 1). Today, urea levels are used as a surrogate for kidney function and for assessing the
adequacy of hemodialysis sessions [5]. However, the data that has been gathered over the past
several decades has been conflicting over whether urea is harmful or inert [6]. While research
has shown that increasing the plasma levels of urea to ten times the upper limit can produce
moderate uremic symptoms (lethargy and headache), there is no evidence of a survival ben-
efit with aggressive reductions in urea during dialysis [7, 8]. In vitro and in vivo studies have
linked urea to gut epithelial damage, endothelial dysfunction, and vascular smooth muscle
apoptosis [6, 9]. Despite this data, it is difficult to determine the true effect of urea reduction
on uremic syndrome and patient survival due to numerous confounding factors [6].

Creatinine is formed from creatine, as part of the metabolic breakdown of the muscle.
Clinically, serum creatinine levels are used to estimate glomerular filtration rate (eGFR) [10].
In CKD, creatinine accumulates as a result of decreased renal clearance, but no compelling
evidence has linked it to pathology in kidney disease.
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Two other LMW solutes (Table 1) with possible links to the pathophysiology of cardiovascu-
lar disease in CKD patients are asymmetric dimethylarginine (ADMA) and trimethylamine-
N-oxide (TMAO). ADMA has been shown to inhibit nitric oxide synthase causing endothelial
dysfunction and has been correlated with vascular damage as evidenced by increased vessel
wall thickness [3, 11, 12]. For ADMA, removal strategies (other than dialysis) have focused
on the enzyme dimethylaminohydrolase. Inhibition of this enzyme has been linked to ADMA
accumulation, whereas enzyme upregulation has shown decreased coronary damage in mice
[13, 14]. TMAO is a small amine oxide with a well-documented association with cardiovas-
cular disease [15]. However, the mechanism by which it leads to atherosclerosis remains
speculative with research focusing on endothelial adhesion molecule dysfunction [15, 16].
Considering that the removal of TMAO via dialysis is already highly efficient, therapeutic
strategies have targeted the generation of TMAO by the gut microbiome [17].

Uric acid is a LMW molecule (Table 1) that is generated as a result of purine metabolism. Most
animals, with the exception of humans and other primates, break down uric acid utilizing the
enzyme uricase. Humans lack this enzyme and therefore excrete uric acid via the gut and kid-
ney. Elevated uric acid levels are implicated in the pathophysiology of gout, but it has been pro-
posed that it also plays a role in cardiovascular disease among the CKD population. Numerous
studies have looked at the relationship of uric acid on cardiovascular events and mortality in the
setting of early CKD [18-20]. The results have not been consistent, and this topic remains contro-
versial. Hyperuricemia is believed to cause chronic stimulation of the renin angiotensin system
leading to hypertension and progressive kidney disease [21]. Numerous randomized controlled
trials have been conducted to determine whether the administration of urate-lowering therapy
has an effect on CKD progression [22, 23]. There is a trend toward benefit, but it remains con-
troversial due to significant heterogeneity among study groups and a lack of blinded studies.

2.2. Middle molecular weight (MMW) solutes

These solutes range from a MW of 500 to many tens of thousands of Daltons (Da). It is difficult
at times to differentiate between solutes that are elevated due to reduced renal excretion (such
as B,-microglobulin and leptin) versus those that are elevated due to other reasons (such as
parathyroid hormone (PTH), fibroblast growth factor-23 (FGF-23), and advanced glycation
end products (AGEP), among others). This section will focus on the former group.

MW (Da) Source Metabolism Toxicity

Urea [6] 60.05 Dietary proteins Hepatic Vascular disease, insulin resistance
(in vivo data)

ADMA [24] 202.25 Protein metabolism  Endogenous enzymes Vascular disease

TMAO [15] 75.11 Diet Hepatic Vascular disease, renal fibrosis
Uric acid 168.11 Purine metabolism Endogenous enzymes Accelerated CKD, vascular disease,
[18-20] hypertension

URS, uremicretentionsolutes; MW, molecularweight; ADMA, asymmetricdimethylarginine; TMAO, trimethylamine-N-oxide

Table 1. Low molecular weight URS.
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The most prominently studied MMW solute is B,-microglobulin (Table 2), an important
component of the major histocompatibility complex [4]. B,-Microglobulin is recognized to be
related to the deposition of amyloid in bones and joints. Speculation exists that it is not only a
URS marker but additionally plays an active role in cardiovascular damage [25]. The removal
of MMW solutes has centered on high-flux membranes containing wider pores to accommo-
date these larger molecules. However, the survival benefit of high flux versus low flux has not
been definitively demonstrated in the dialysis population [26].

The discovery of the obesity gene in 1994 and its subsequent protein product, leptin, was an
important step in understanding obesity [27]. Leptin accumulates in CKD/ESRD (Table 2). It
is produced by white adipose tissue in response to an increase in body fat. It is found in a free
form as well as bound to leptin-soluble receptor, which has a molecular weight of >150,000 Da.
Exogenous administration of leptin, in an in vitro study, led to a reduction in food intake,
increased energy expenditure, and a subsequent decrease in body weight [28]. Leptin is pre-
dominantly cleared by the kidneys, and it has been demonstrated that chronic hemodialysis
patients have supraphysiological levels of this protein [29]. Using a mouse model, in which
uremia was induced via subtotal nephrectomy, it has been demonstrated that the level of
malnutrition was lower in leptin-receptor-deficient mice compared to wild-type mice [30].

2.3. Protein-bound solutes

Protein-bound URS are generally <500 Da. As mentioned earlier, protein-bound URS are
poorly dialyzable due to their high affinity for carrier proteins such as albumin. Albumin bind-
ing is complex and determined by numerous factors that are not fully understood. This sec-
tion will focus on two binding sites found on albumin, Sudlow’s sites I and II, which were first
described in 1975 [31]. Sudlow’s site I is also known as the warfarin site, and Sudlow’s site II
is the diazepam site. But there are numerous drugs and URS that bind to these sites. Sudlow’s
site I is the binding site of 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid (CMPF), indo-
methacin, salicylates, and many others. 3-Carboxy-4-methyl-5-propyl-2-furanpropanoic acid
(CMPYF) is considered to be one of the most potent inhibitors of drug binding to albumin com-
pared to other URS [32, 33]. Sudlow’s site II is the binding site of IS, PCS, hippuric acid, and
ibuprofen. Observational studies have demonstrated a link between indoxyl sulfate (IS) and
p-cresyl sulfate (PCS) concentrations and increased cardiovascular morbidity and mortality
in CKD/ESRD. Both of these compounds have a shared quality of possessing high affinity to
Sudlow’s site II [34]. As such, they both exist primarily in the bound form (Table 3).

MW (Da) Source Toxicity

B,-Microglobulin [25] 11,729 Major histocompatibility complex ~Amyloid bone and joint disease,
vascular wall infiltration

Leptin [28] 16,000 Endogenous Malnutrition

URS, uremic retention solutes; MW, molecular weight

Table 2. Middle molecular weight URS.
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MW (Da) Source Metabolism Toxicity Percent
unbound
Indoxyl sulfate 251.30 Tryptophan Gut microbiome, Cardiovascular ~10%
[37, 38, 45-48] hepatic
p-Cresyl sulfate 188.19 Tyrosine Gut microbiome, Cardiovascular 5-10%
[37, 38, 45, 46] hepatic
Kynurenine [41-43] 208.21 Tryptophan Primarily hepatic, CNS N/A
also immune cells
Kynurenic acid 189.17 Tryptophan CNS CNS 14%
[41-43, 52]
Quinolinic acid 167.12 Tryptophan Brain microglia Bone marrow, CNS N/A
[41, 4]
CMPF [38] 240.25 Furanoid fatty Endogenous Bone marrow, thyroid,  <1%
acids enzymes albumin drug binding

URS, uremic retention solutes; MW, molecular weight; CMPF, 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid

Table 3. Protein-bound URS.

There are known differences in the rate of production of protein-bound URS, and this likely
explains why their plasma levels do not correlate well with creatinine, urea levels, or esti-
mated GFR [3]. Organic anion transporters (OAT1 and OAT3) on the basolateral membrane
of the proximal tubule are responsible for URS entry into the cell, and subsequent secretion
into the tubular lumen appears to be mediated by OAT4 [35-37]. This important physiological
process is hindered by nephron loss in advanced CKD and almost nonexistent in ESRD lead-
ing to significant elevation of protein-bound URS.

CMPF is a highly protein-bound URS (see Table 3). It is very poorly dialyzable, and there
is in vitro data that it leads to radical oxygen species (ROS) production in endothelial cells.
Unlike other protein-bound URS, CMPF does not demonstrate any significant removal dur-
ing dialysis, but dialysate effluent levels were not measured to determine whether there is
filtration [38]. The probable explanation, offered by the authors, for the paradoxical rise of
CMPF levels after dialysis is hemoconcentration. CMPF has significant effects on drug bind-
ing to albumin. CMPF has also been implicated in numerous pathological pathways includ-
ing anemia, hypothyroidism, and others [39, 40].

Tryptophan metabolism via the kynurenine pathway produces several solutes (including
kynurenine and quinolinic acid) relevant to renal failure. In ESRD patients, elevated levels of
kynurenine and quinolinic acid have been associated with endothelial dysfunction, inflam-
mation, and carotid artery thickening [41]. Metabolic products of kynurenine, specifically
kynurenic acid, are also known to have neural activity at several neurotransmitter receptors,
and alterations in kynurenine removal are thought to be sufficient to produce CNS effects
[42, 43]. Researchers have demonstrated that quinolinic acid inhibits erythropoietin release
in vitro, possibly contributing to the anemia seen in ESRD patients [44].
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3. The gut-kidney axis

Over the last few decades, microbial metabolism in the human gut has been recognized as
offering beneficial effects to the host. These effects include fermentation of carbohydrates
resistant to our own enzymatic processes, formation of several vitamins, and unique contri-
butions to the mammalian metabolome [49, 50]. Important to the current discussion of uremic
retention solutes is that a significant amount of protein-bound solutes (IS and PCS included)
are formed by dietary protein metabolism in the large intestine [51]. In fact, a 2011 study with
dialysis patients comparing the URS levels of individuals with a total colectomy versus those
with an intact colon showed IS and PCS to be nearly absent in those patients without colons
[52]. Similarly, IS and PCS levels are very low in germ-free rodents.

Protein metabolism in the large intestine generates IS and PCS along parallel pathways
(Figure 1). For IS the process starts with dietary tryptophan being acted upon by bacterial
tryptophanase enzymes that convert tryptophan to indole. Indole is then absorbed in the
large intestine and travels to the liver where it is oxidized and sulfated to form indoxyl sulfate
[53]. Similarly, bacterial metabolism of tyrosine generates p-cresyl, which is absorbed and
converted to p-cresyl sulfate by the liver. Both IS and PCS become bound to albumin and
circulate in the plasma until they are secreted by the kidneys via OATs found on the basolat-
eral and luminal membranes of proximal renal tubular cells. The relationship between gut
bacterial metabolites, normal human metabolism, and renal excretion has been termed the
gut-kidney axis [51, 54-56]. In fact, an additional classification of URS has been proposed,
organizing solutes based on their origin (human metabolism, microbial metabolism, or diet)
as opposed to their behavior during dialysis [49].

In addition to the colon microbiota species, the main determinants of gut microbial metabolism
are diet and transit time [56]. With diet, the ratio of carbohydrate catabolism to protein catab-
olism by the microbiota determines the extent to which protein metabolism (and therefore
URS generation) takes place. In the case of carbohydrate excess such as with a high-fiber diet,
there is a large amount of energy available for bacterial growth and cell division. The nitrogen
sources in the gut are consequently utilized for the bacteria’s own growth and replication as
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Figure 1. The gut-kidney axis of indoxyl sulfate (IS) and p-cresyl sulfate (PCS). Adapted from [55] with permission.
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opposed to being fermented for energy [49]. However, in carbohydrate deficiency, the nitrogen
sources are predominantly metabolized to phenols, indoles, and amines, thereby contributing
to URS generation [51].

Another modifiable determinant of microbial metabolism is the colonic transit time. In vivo
human data has demonstrated that the majority of the variance seen in the urinary phenol
excretion rate was due to colonic transit time and dietary protein intake. In fact, a doubling of
the colonic transit time corresponded to a 60% increase in urinary excretion of phenols [57].
It is thought that longer transit times induce the development of large populations of many
proteolytic bacteria. This, in addition to the relative carbohydrate deficit in the colon, contrib-
utes to greater protein metabolism and URS generation [51, 56]. The role of the gut-kidney
axis when considering possible therapeutics to lower URS will be discussed in a later section.

4. Effects on the cardiovascular system

Patients with CKD or ESRD have high morbidity and mortality from cardiovascular disease.
Unfortunately, a patient with CKD is much more likely to die of cardiovascular disease than
to reach the stage of dialysis dependency [1]. Due to their possible contribution to cardiovas-
cular disease, indoxyl sulfate and p-cresyl sulfate have attracted a lot of research attention.

4.1. Indoxyl sulfate

A number of human studies have shown a clinical association between high indoxyl sulfate
levels and various adverse outcomes. Especially in the early stages of CKD, there have been
associations of higher IS levels with left ventricular dysfunction, coronary atherosclerosis,
coronary stent restenosis, and cardiac death [58-61]. However, with more advanced CKD
(such as with hemodialysis patients), the associations of higher IS levels with cardiovascular
events and cardiac death are mixed [62-65]. Several studies specifically show no association
between higher IS levels and cardiovascular morbidity and mortality [64, 65]. This might be
related to the fact that with advanced CKD, there is already end organ damage, and so the
levels of URS are not as significant.

Studies with isolated cells or tissues have demonstrated a number of mechanisms by which
IS could possibly lead to cardiovascular disease. One of these mechanisms is via increased
tissue factor expression. Multiple studies examining this feature have found evidence that IS
acts as an agonist for the aryl hydrocarbon receptor (AHR) in vascular smooth muscle cells.
The AHR-IS complex is translocated to the nucleus where it dysregulates a host of genes
leading to inhibition of the degradation of tissue factor [66]. This concept was further demon-
strated by showing that AHR antagonists reduce tissue factor expression [67]. Additionally,
AHR activation has been linked to increased progression of atherosclerosis in a mouse model
[68]. Another mechanism might be via leukocyte endothelial adhesion. Studies have dem-
onstrated increased leukocyte recruitment with IS exposure, as well as increased leukocyte
adhesion to endothelial cells which is accompanied by increased expression of NF-kB, TNFa,
and E-selectin. IS pretreatment of endothelial cells significantly increased IL-1p-induced
E-selectin expression, monocyte adhesion, and phosphorylation of various MAP kinases and
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transcription factors such as NF-kB [69]. These findings support the hypothesis that altered
E-selectin shedding may play a central role in the cardiovascular disease that complicates the
course of many CKD patients [70].

Additionally, increased vascular calcifications seem to accompany increased IS levels. In vivo
rodent studies demonstrated that uremic-level IS administration resulted in vascular calci-
fications [71]. The mechanism by which IS leads to vascular calcification is unknown, but it
may be related to altered osteoblast signaling [72]. Additional evidence regarding the effects
of IS includes disrupted adherens junctions on endothelial cells, impaired proliferation and
self-repair of endothelial cells, endothelial microparticle release, free radical production, and
increased advanced glycation end products [73-77].

4.2, p-Cresyl sulfate

Clinical studies have identified an association between elevated PCS levels (total and
unbound) and cardiovascular complications in CKD patients. These cardiovascular complica-
tions include an increased rate of coronary artery disease, vascular calcifications, and cardio-
vascular and all-cause mortality [78-82].

Cell culture and isolated tissue studies have demonstrated a variety of effects of increased lev-
els of PCS. Several studies have focused on the oxidative stress that results from PCS exposure.
Elevated PCS levels have been demonstrated to induce leukocyte-free radical production, oxi-
dative stress in both human umbilical vein endothelial cells and vascular smooth muscle cells,
as well as increase NADPH oxidase activity and ROS production in cardiomyocytes leading
to cardiac cell apoptosis [83-86]. Other effects include the release of endothelial microparticles,
vascular remodeling, and the observation that an increase in PCS appears to stimulate leuko-
cyte rolling along the vascular endothelium, suggesting there is cross talk between leukocytes
and endothelial cells [85, 87, 88]. The mechanisms behind these findings are not yet clear.

5. Potential therapeutic interventions

In response to the mounting evidence that supraphysiological levels of URS likely contribute
to the morbidity and mortality of CKD/ESRD, there has been significant interest in develop-
ing methods to lower URS levels. Two major approaches have substantial research behind
them —increasing removal via dialysis and decreasing production by gastrointestinal flora.
Broadly speaking, both have shown the ability to lower URS levels, but no method has defini-
tively shown a mortality benefit as of yet.

5.1. Dialysis

There have been several investigational strategies that have proven successful in removing
protein-bound URS during hemodialysis. The method with the fewest obstacles to being
incorporated into clinical practice is the addition of a pressure gradient across the dialysis
membrane (otherwise known as convection). Despite data indicating that it can effectively
remove more protein-bound solutes than traditional dialysis, the clinical benefits have yet to
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be proven [4, 89, 90]. Another area of research concerns altering the dialysis milieu in order to
affect the binding of URS to plasma proteins. Examples of this effort which have data support-
ing their use include using hypertonic solution, the use of albumin-binding site competitors
such as tryptophan and docosahexaenoic acid, increasing temperature, plasma dilutions, and
pH manipulation of the dialysate [47, 90-94].

Other techniques have been proposed and studied, but they involve technologies which would
profoundly alter the way dialysis is delivered, therefore making their incorporation into clini-
cal practice more difficult. Given the importance of renal tubular secretion in protein-bound
URS removal, there has been interest in incorporating bioengineered renal tubules in the dialy-
sis membrane. In vitro data has demonstrated that secretion of protein-bound URS (indoxyl
sulfate and kynurenic acid) can be achieved in immortalized proximal tubule epithelial cells
by integrating transport proteins such as organic anion transporters (OAT) [95]. The use of sor-
bent containing extracorporeal devices (SCED) uses an additional circuit within the hemodi-
alysis setup to cleanse albumin of URS before returning them to circulation. The use of SCEDs
has even demonstrated effective removal of these solutes from post-dialysis patient plasma.
However, this strategy has been limited due to biocompatibility problems with the sorbent,
although the development of newer sorbents may circumnavigate this obstacle [96, 97].

5.2. The gut-kidney axis

There is growing interest in affecting URS levels by intervening at the level of the gut-kidney
axis. This approach has significant potential because URS accumulate in all stages of CKD,
not just in dialysis-dependent ESRD. By intervening upstream in the gut-kidney axis, cli-
nicians could empirically inhibit the production and absorption of URS and their potential
cardiovascular effects. The major strategies being investigated in this area include those that
affect URS generation and those that act as gastrointestinal adsorbents. Altering URS genera-
tion involves using either probiotics or prebiotics to theoretically shift microbial metabolism
toward carbohydrate metabolism and away from the generation of proteolytic fermentation
end products such as URS.

The administration of live microorganisms in order to alter an individual’s microbiome
(otherwise known as probiotics) has been utilized as a treatment for various illnesses. While
some initial studies utilizing probiotics showed a promise in decreasing URS, these studies
were performed in patients with healthy kidneys. Only a few studies were performed which
looked at URS in CKD patients, and the results for Lactobacillus and Bifidobacterium genera
have been promising [98-102]. As opposed to introducing a living organism, prebiotics are
selectively fermented molecules that result in changes to the composition or activity of the
gut microbiota, conferring a benefit to the host. The limited studies that exist in utilizing
prebiotics have used ingredients belonging to either the inulin-type fructans or the galacto-
oligosaccharides [99, 103].

Due to the advancement of DNA sequencing technology, research on the gut microbiome has
accelerated and includes many different conditions. The effect of the gut microbiome on URS
production has been studied. Nazzal et al. demonstrated the effect of oral vancomycin on the
gut microbiome [104]. They demonstrated that plasma levels of protein-bound indoxyl sulfate
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and p-cresyl sulfate were reduced in an ESRD population after a single dose of oral vanco-
mycin, but the effect was transient and reversed itself by the end of the follow-up period. The
diversity of the gut microbiome was significantly reduced, and the effect did not resolve by
the end of the study period.

Limiting the uptake of colonic solutes by using an oral adsorbent, such as the spherical carbon
adsorbent AST-120, has been an additional approach to lowering URS levels. AST-120 binds
to a number of URS precursor molecules, and some of the initial studies were very promising,
showing a decrease in the levels of several URS, including IS and PCS [105-107]. A random-
ized controlled trial was performed in CKD patients, which sought to evaluate the effect of
AST-120 on intima-media thickness and carotid artery stiffness. The results were encouraging,
finding that the AST-120 group had reduced intima-media thickness along with less arterial
stiffness compared to the non-AST-120 group [108]. However, EPICC (a large randomized,
placebo-controlled, double-blind study) failed to show a benefit of AST-120 for clinical out-
comes such as CKD progression and mortality, thereby failing to support the widespread use
of AST-120 in advanced CKD [109].

6. Future directions

To this day, our understanding of URS is limited. One major limitation of uremia research is
that URS accumulate in synchrony. This makes it difficult to establish a causal relationship.
Ideally, URS research should be performed in the early CKD population and should include
long follow-up. Another limitation is the lack of targeted methods to decrease the level of a
specific URS. Once specific URS can be targeted, prospective randomized control trials will
able to elucidate each URS’ true effects.

In addition, it is becoming clear that interventions outside of the realm of hemodialysis could
have great potential. As described above, URS accumulate in all stages of CKD, not just in
dialysis-dependent ESRD. Considering the prevalence of early CKD and its significant mor-
tality, this would be the ideal population for further research on therapeutic options. By
focusing on the gut-kidney axis, we could learn how to halt the production of URS. There
is a need for randomized control trials to evaluate the effectiveness of prebiotics, probiotics,
dietary alterations, adsorbents, and antibiotics in leading to better outcomes for this patient
population.
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Abstract

Previous epidemiological cohorts demonstrated that higher body mass index (BMI)
was associated with greater survival in patients treated by hemodialysis. Although BMI
is a simple measure of adiposity in general population, it may be an inaccurate indicator
of nutritional status, particularly among dialysis patients given that it does not differen-
tiate between muscle mass and fat as well as body fat distribution. This problem might
be aggravated in end-stage renal disease patients because of wasting or edema. In addi-
tion, individuals with higher BMI usually have both higher muscle and fat mass than
those with lower BMI. Therefore, more sophisticated tool of body composition analysis
is needed to address the query of which component is associated with mortality out-
come among patients receiving hemodialysis. We summarized the current state of body
composition, including lean and fat tissue evaluated by bioelectrical impedance analysis,
dual X-ray absorptiometry, computerized tomography, or magnetic resonance imag-
ing, and its association with clinical outcomes among hemodialysis patients. The studies
using anthropometry for the estimation of muscle mass, either mid-arm muscle circum-
ference as a proxy of muscle mass or skinfold thickness and waist circumference as a sur-
rogate of body fat and visceral fat, respectively, were all included in this review.

Keywords: body composition, muscle, fat, nutrition, hemodialysis

1. Introduction

Dialysis-related malnutrition is prevalent among end-stage renal disease (ESRD) patients
and may have important implications for mortality and other outcomes [1]. Various metabolic
derangements occur during hemodialysis such as increased pro-inflammatory state, chronic

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen 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. [{cc) ExgNN



30 Aspects in Dialysis

metabolic acidosis, and accumulation of uremic toxins that can negatively impair body protein
anabolism and increase the rate of muscle degradation [2, 3]. In fact, the term “malnutrition”
has been recently replaced by “wasting” in recognition that this disorder might not be cor-
rected by appropriate supplementation of dietary intake. Consequently, the International
Society of Renal Nutrition and Metabolism defined the term “protein energy wasting” (PEW)
according to the presence of at least three out of the following four criteria: (1) abnormal low
levels of serum albumin, prealbumin, or cholesterol concentrations; (2) low body mass or fat
mass; (3) decreased muscle mass; and (4) inadequate protein or energy intake for more than 2
months with or without abnormal nutritional score [4]. However, individual with low muscle
mass can be misclassified as not having PEW if there is a concurrently increase in non-muscle
body weight, making a diagnosis of nutritional disorder difficult in such case.

While kidney disease wasting remains a concerning issue, obesity or excess body adiposity is
also a debatable topic among dialysis community. Although increased body mass index (BMI)
is one of the most common cardiovascular risk factors and other health problem-related risks
in general population, some studies have reported that a low, rather than high, body fat is
an independent predictor for poor survival in maintenance hemodialysis patients [5, 6]. One
potential explanation is that although BMI is a key nutritional assessment tool recommended
by both the Kidney Disease Outcomes Quality Initiative (KDOQI) [7] and European guidelines
[8], it may not be a good representative of body fatness and cannot reflect the real nutritional
status particularly in patients treated by hemodialysis [9].

This chapter aims to provide an updated current evidence describing the significance of body
composition as a useful nutritional tool to detect as well as monitor the important outcomes
associated with patients undergoing hemodialysis.

2. Body composition and its clinical outcomes among hemodialysis
patients

2.1. Role of body mass index as a nutritional parameter in hemodialysis patients

BMI is defined as body weight in kilograms divided by the square of height in meters. BMI
is currently considered as a useful nutrition risk stratification tool for obesity in the general
population and undernutrition in developing countries because of its simplicity and ease of use
[10]; however, its accuracy to assess the nutritional status in chronic kidney disease (CKD)
patients is still questionable [11]. Observational studies have reported contradictory findings
regarding the association between obesity and mortality in CKD population. Previous epide-
miological studies in hemodialysis patients have demonstrated that patients with low BMI are
at higher risk of mortality than those with normal BMI range, whereas high BMI is not associ-
ated with higher mortality as it is in general population, the phenomenon known as “obe-
sity paradox” or “reverse epidemiology” [12-17]. Given that BMI has a significant correlation
with percentage of body fat, although it does not differentiate fat from muscle compartments,
this observation might suggest that being fatter accompanying with more nutritional reserve is
protective against wasting particularly in the setting of acute illness or chronic inflammation.
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Obese individual with higher BMI usually has not only higher body fat, but also higher muscle
mass, therefore which component of body composition-fat or lean-is more associated with sur-
vival is debatable topic since then. Other studies have suggested a U- or J-shaped association
between obesity classified by BMI and mortality among dialysis patients, with a higher risk
of death in underweight and morbidly obese categories compared with normal weight [18, 19].
Recently updated meta-analysis [20] has shown that for every 1 kg/m? increase in BMI, there
was a reduction in the risk of all-cause and cardiovascular mortality by 3% (hazard ratio (HR)
0.97; 95% confident interval (CI) 0.96-0.98) and 4% (HR 0.96; 95% CI 0.92-1.00), respectively,
in CKD stage 5 undergoing hemodialysis, whereas a similar association between BMI and risk
of death was not observed in patients on peritoneal dialysis. Interpretation of these data should
be aware of other limitations of using BMI as a single nutritional assessment tool among that
population. Inaccuracy of measurement and misclassification may exist, causing an over-
representation of individual with lower cardiovascular disease risk in higher BMI categories
and inflating the observed protective effects in obese hemodialysis patients. In addition, BMI
may underestimate the prevalence of obesity in ESRD population. A previous study among
dialysis patients from Stockholm [21] found that obesity diagnosis using BMI cut point mis-
classified more than half of the patients with excess body fat as having normal BMI. This data
emphasized the limitation of BMI as a reflection of body composition, and a BMI of more than
or equal to 30 kg/m? has a high specificity but low sensitivity for excess body fat. In agreement
with the Swedish cohort, analyses in prevalent hemodialysis patients from the United States
Renal Data System (USRDS) database found that underidentification of obesity was more
common by using BMI than waist circumference criteria (31.3% vs 15.2%, respectively) [22].
Furthermore, the agreement level of obesity by BMI was significantly lower than waist circum-
ference (Cohen kappa of 0.4 vs 0.6, p <0.01) compared to the reference standard (percent body
fat criteria), highlighting the poor performance of BMI for excess adiposity. Moreover, BMI
does not capture the differentiation in body fat distribution between subcutaneous and central
fat deposit, which is more associated with inflammation, oxidative stress, insulin resistance,
and so on [23, 24]. Lastly, extracellular volume expansion and fluid overload could probably
yield falsely high BMI [25, 26].

Previous studies have shown that changes in body weight are more strongly associated
with mortality than measurement of BMI at a single time point. Database from a large hemo-
dialysis organization and the Scientific Registry of Transplant Recipients [27] revealed that
patients with body weight loss of 3-5 kg and more than 5 kg had death hazards of 1.31 (95%
CI 1.14-1.52) and 1.51 (95% CI 1.30-1.75), respectively, compared to those with minimal
weight change (1 kg) over the past 6 months. However, one of the limitations is that poten-
tial reasons of weight change could not be identified due to its observational nature, mak-
ing confounded by intercurrent health status likely as more spontaneous weight loss among
sicker patients. The Current Management of Secondary Hyperparathyroidism: A Multicenter
Observational Study (COSMOS) [28] also evaluated the implication of weight loss and gain
among obese patients undergoing hemodialysis and their nonobese counterparts. Assuming
that weight changes were unintentional, weight loss (<1% of dry weight at baseline) was sig-
nificantly associated with increased rate of mortality, whereas weight gain (>1%) was strongly
associated with higher survival compared with stable weight (+1%). Interestingly, the asso-
ciations of weight variation and death were attenuated after stratification by BMI categories.
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There was no longer statistical significance of the association of weight loss with mortality
(HR 0.98; 95% CI 0.74-2.14) as well as weight gain with survival benefit (HR 0.95; 95% CI
0.59-1.62) among obese individual. These data raise attentions to rapid weight differences
as a potential clinical sign for health monitoring in hemodialysis patients.

On this basis, recent studies have gone beyond a solitary assessment of BMI to further char-
acterizing the impact of a more diverse range of body composition measures on mortality
and other dialysis-related outcomes among patients receiving hemodialysis.

2.2. Methods of body composition assessment

Body composition assessment is one of the objective methods used for nutritional assessment.
The ability to identify the alteration of muscle or fat mass is absolutely important for the diag-
nosis of PEW and may offer opportunities for timely interventions to retard ongoing catabolic
process. Because ESRD patients can accumulate significant amount of adiposity concurrently
with muscle mass depletion [29], it is necessary to quantitate fat and lean mass independently.
Recently, several tools are available targeting early detection of changes in body composition
over time. These include anthropometric approaches, rate of creatinine generation or cre-
atinine kinetics, equations to estimate muscle mass, bioimpedance-based evaluation of body
composition: bioimpedance analysis (BIA) or spectroscopy (BIS), dual X-ray absorptiometry
(DXA), computerized tomography (CT), magnetic resonance imaging (MRI), and other meth-
odologies that less likely to be used in routine clinical practice such as whole body counting,
neutron activation analysis, etc.

The human body is divided into two compartments consisting of fat tissue and nonfat tissue
as shown in (Figure 1).

Body fat is the sum of adipose tissue and fat mass (mainly triglyceride). Adipose tissue is
composed of collagenous and elastic fibers, fibroblasts, and capillaries. Body fat accumulates
to around 33% in subcutaneous tissue, to about 4-10% in intramuscular depots, and approxi-
mately 8-12% in visceral thoracic and abdominal area [30]. The nonfat tissue can be defined
using more complicated terminology that sometimes used incorrectly in the scientific
literature: lean body mass (LBM) and fat-free mass (FFM). Lean body mass, may be used
interchangeably with lean soft tissue, is the sum of total body water, skeletal muscle mass
(SMM), and also the fat-free part of organs. Fat-free mass is the combination of lean body
mass and bone mineral component [31]. By virtue of LBM, FFM, and SMM which designate
as the different tissues of body compartments, choice of methods to determine specific body
composition should be selected appropriately. For diagnostic purposes, SMM is the repre-
sentative of ideal tissue to study for muscle abnormalities among dialysis population but
frequently accompanied by higher cost and less portability [32]. Although methods that esti-
mate FFM have greater clinical applicability, lower costs, and ease of use, they tend to have
lower precision.

To assess body composition in dialysis patients, specific CKD-related factors should be consid-
ered such as hydration status. The accuracy for all methods for estimating body composition
is affected. Thus, body composition assessment during 15-120 min after dialysis at midweek
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Figure 1. Compartments of body composition.

session, when patients are most closely to their dry weight, could lessen the impact of fluid
overload. This recommendation should be cautious especially with instruments that cannot
distinguish fluid between extra- and intracellular part, for example, single-frequency BIA or
DXA. Standardized condition and procedure should be repeated when possible to allow repro-
ducibility from time to time [33].

To date, there are several available methods for body composition assessment including
SMM, LBM, and also FFM as shown in Table 1.

Anthropometric measurements of mid-arm circumference (MAC), mid-arm muscle circumfer-
ence (MAMC), calf circumference, or adductor pollicis muscle thickness are valid for screen-
ing of low muscle mass, whereas triceps skinfold thickness using high-precision calipers
can estimate subcutaneous fat deposit. Anthropometric research over the previous 40 years
established that skinfold thickness measured at up to seven sites in various areas of trunk
and legs by a caliper provides reliable information for estimating body fat and that measure-
ment made at least three sites may be sufficiently informative in most clinical settings. Waist
circumference (WC) and waist-to-hip ratio (WHR) render a reliable indicator for the amount
of visceral fat. These relatively simple anthropometric methods have been shown to be good
proxies of muscle or fat mass, but most of them are subject to inter- and intraobserver vari-
ability, particularly skinfold thickness [34]. Nuclear-based methods (i.e., total body nitrogen
or body potassium content) are considered the reference methods for body composition, but
scarce studies were conducted in dialysis patients [35, 36].
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Modality Methods Body compartment Advantages Disadvantages
assessed
1. Anthropometry - MAMC, calf -SMM Moderate accuracy, ~ Low reproducibility,
circumference, APMT widely available, high inter-
- Skinfold thickness - Subcutaneous fat low cost, and quick and intraobserver

2. Estimating
equations

3. Creatinine
kinetics

4. Bioelectrical
impedance

5. Whole body
counting

6. Neutron
activation analysis

7. Imaging
techniques

- Waist circumference
and waist-to-hip ratio

- Various

- Urinary creatinine
excretion

- Serum creatinine

-BIA

- BIS

- Total body potassium

- Total body nitrogen

-DXA

- CT scan

- MRI

- Central/
abdominal fat

- SMM

- SMM

-LST

-FFM

- LST or SMM

- Body cell mass

- Body protein store

- LST (total
and appendicular)

- Muscle cross-
sectional area
and muscle
density yielding
an estimate of
SMM

- Same as CT scan

Usually low cost
and readily available

Low cost and allow
routine assessment
in dialysis patients

- Widely available
and medium cost

- Low inter-

and intraobserver
variations, portable
and less impacted
by fluid overload

High precision
and not influenced
by fluid status

High precision
and not influenced
by fluid status

- Readily available
in most hospitals
and research centers

- High precision
of muscle cross-
sectional area
and volume
Theoretically not
affected by fluid
status

- Same as CT scan

variations, needs well-
trained personnel

No validation studies
in ESRD population

Largely influenced
by dietary creatine
and protein
consumption

- Not a direct
measure of lean
mass and affected by
hydration status

- Relatively high cost
and cannot be used

in patients with metal
implants, pacemakers,
and limb amputation

High cost and low
clinical applicability

High cost and low
clinical applicability

- Radiation exposure,
high cost, affected
by hydration status
Orthopedic implants
can cause artifacts

- Intermachine
variability, provides
regional (not total)
estimates of muscle
size, radiation
exposure, and high cost

- Highest cost,
estimates regional
muscle size,

and cannot be used
in patients with metal
products

APMT, adductor pollicis muscle thickness; BIA, bioelectrical impedance analysis; BIS, bioelectrical impedance
spectroscopy; CT, computerized tomography; DXA, dual X-ray absorptiometry; ESRD, end-stage renal disease; FFM,
fat-free mass; LST, lean soft tissue; MAMC, mid-arm muscle circumference; MRI, magnetic resonance imaging; SMM,

skeletal muscle mass.

Table 1. Objective methods for body composition assessment in hemodialysis patients.
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Equations to calculate muscle mass have been originally developed in non-CKD popula-
tion and are often used to estimate appendicular skeletal muscle mass using body weight,
height, hip circumference, and handgrip strength [37] as well as total muscle mass from BIA
measurements [38]. One promising study among hemodialysis cohort [39] reported
the estimation of total body muscle mass using intracellular volume derived from the BIS
machine as described: SMM (kg) = 9.52 + 0.331 x intracellular volume (L) + 2.77 (if male) +
0.180 x weight (kg) — 0.113 x age (years). This equation was also validated against muscle
mass assessment by MRI with R? value of 0.94, p < 0.001. Previous studies have continually
attempted to develop equations to estimate FFM among CKD patients based on 24-h urinary
creatinine excretion, serum creatinine concentration, or the amount of creatinine in dialy-
sate [40, 41]. Even though these equations are in the acceptable agreement with reference
methods, they have under- or overestimated the true FFM in some circumstances because
of the absence of consideration on creatinine degradation or daily creatinine excretion [42].
Owing to the lack of reference ranges of serum creatinine and urinary creatinine excretion,
this method would be inappropriate for monitoring of body composition changes.

Imaging techniques have higher precision and accuracy for skeletal muscle mass assessment
but are time-consuming and expensive. CT and MRI can assess the quantity of the muscle
in a specific region of the body in ESRD patients [43]. CT allows the calculation of muscle
density and the degree of intramuscular fat infiltration as well [44].

Evaluation of body composition by DXA is probably the most popular used imaging technique
in kidney researches. It emits two different energies of X-ray beams throughout the body
to detect thickness, density, and chemical composition of the tissue. This information is then
applied through different equations to calculate fat mass, LBM, and bone mineral density by
assuming a constant hydration status in the derivation of FFM [45]. Therefore, altered fluid
status can result in over- or underestimation of LBM content by DXA. However, the ability
to evaluate appendicular skeletal muscle mass (the sum of lean mass of both arms and legs
but excluding trunk) is the outstanding characteristic of DXA. Recent consensus from expert
around the world [46—49] currently pays attention on the estimation of appendicular, instead
of total, muscle mass because it has a higher correlation with muscle strength and physi-
cal function. Additionally, DXA provides precise assessment of fat mass and is sometimes
regarded as the gold standard. Pitfalls of this machine are high cost, need specialized person-
nel, and may yield limited ability to separate muscle mass from fluid overload.

There are three categories of bioimpedance devices available commercially: single-frequency
BIA (SF-BIA), multiple-frequency BIA (MF-BIA), and BIS. Regardless of the device specifica-
tion, principles of bioimpedance-based evaluation of body composition involved the admin-
istration of a weak, alternating electrical current at one or more radiofrequencied through
leads attached to surface electrodes for characterizing the conductive and nonconductive
tissue and fluid compartment of the body [50]. The current electrical flow is well conducted
by water- and electrolyte-rich tissues, for example, blood and muscle, but poorly conducted
by fat, bone, and air-filled spaces. The reduction of voltage of the current occurs as it passes
over the body and is detected through the current-sensing electrodes, and then the impedance
data are recorded by the bioimpedance device [51]. In brief, impedance (Z) is the frequency-
dependent opposition by the conductor (body) to the flow of electrical current. Geometrically,
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impedance is the vector composed of resistance (R) and reactance (Xc). Resistance is the opposi-
tion to the flow of current when passing through the body. Reactance is the delay in conduction
caused by cell membrane, tissue interfaces, and nonionic substances. Capacitance is a function
of reactance that arises when cell membranes stores a portion of the current for a short time.
This temporary storage of charge creates a phase shift or “phase angle” described as the ratio
of the arc tangent of reactance to resistance. At very low (or near zero) frequencies, no conduc-
tion occurs because a higher cell membrane capacitance permits the current to only pass through
and quantify the extracellular water (ECW). In contrast, at very high frequencies approaching
infinity, total conduction occurs through cell membranes, therefore allowing the quantification
of total body water (TBW) [52]. The difference between TBW and ECW determines intracellular
water (ICW), which theoretically can be used to estimate body cell mass based on the assump-
tion that cells are composed of 73.2% water [53, 54].

By using a single frequency at 50 kHz, SF-BIA can calculate FFM, fat mass, and TBW without dif-
ferentiating ECW from ICW. This machine based on the assumption that the body is a uniform
conductor with constant geometry is not physiologically accurate. MF-BIA devices typically
apply the current at one very low frequency (i.e., 50 kHz) and several higher frequencies (i.e.,
50, 10, 200, 500 kHz). Therefore, MF-BIA is able to differentiate between the ECW and ICW com-
partments [55, 56]. Furthermore, MF-BIA can evaluate segmental BIA, to provide more accurate
whole body estimates, by recognizing the body as having five distinct cylinders (2 arms, 1 trunk,
2 legs) with different resistivities over which impedances are measured separately.

In general, BIS has more advantages over SF-BIA and MF-BIA in which BIS measures imped-
ance over an entire range of frequencies, does not depend upon population-specific predic-
tion equations to generate whole body volumes and masses, and does not assume that ECW
and ICW are uniformly distributed [57, 58]. The three-compartment (3C) BIS model (fat mass,
LBM, and water) incorporates TBW in its assessment, hence controlling for interindividual
variation in lean tissue hydration and being more accurate for body composition analy-
sis in ESRD population. Using equations based on the 3C model, BIS is the bioimpedance
method of choice to distinguish lean tissue mass, adipose tissue mass, ICW, and TBW in both
routine patient care and research [59]. More recently, this technique has largely replaced
SF-BIA and MF-BIA. As mentioned above, for a more reliable and reproducible assessment
of body composition, it should be done post dialysis session. Alternatively, if predialysis
BIS is used instead, there is a recommendation to focus on ICW per kilogram concurrent
with the interpretation of LBM.

Finally, the appropriateness of each method of body composition assessment should depend
on availability, practicality, medical purposes, the trained personnel, and most importantly
patient’ risks and benefits. For clinical routine practice, the method chosen should be simple
with low risk of complications.

2.3. Association of body adiposity and fat distribution with clinical outcomes

Obesity is increasing worldwide not only in the general population but also ESRD patients.
In the USA, the incidence and prevalence rate of obesity among those on dialysis is far exceed-
ing in the contemporary estimates in the general population [60]. Apart from BMI, other
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measures of obesity are skinfold thickness, metrics of central (abdominal) obesity, and per-
centage of body fat. All of which have been reasonably well validated against established gold
standards and provide estimates of fat mass superior to BMI [61]. Central obesity, recom-
mended by the National Cholesterol Education Program Adult Treatment Panel III (NCEP
ATP III), was defined as WC of more than 102 (Caucasian) or 90 (Asian) cm in male and 88
(Caucasian) or 80 (Asian) cm in female [62]. According to the World Health Organization
(WHO), WHR should not exceed 0.90 in men and 0.85 in women [63]. WC should be mea-
sured over the unclothed abdomen at the midpoint of lower thoracic cage and iliac crest at
the midpoint of midaxillary line using a nonstretchable standard tape measure. Hip circum-
ference should be assessed at the level of the widest diameter around the buttock according
to the WHO recommendation [63]. Despite the lack of cut points of percentage of total body
fat according to the WHO to define obesity, the diagnosis of obesity, as abnormal or excessive
fat accumulation that may impair health, can be made when body fat exceeds 25% in male
and 30-35% in female [64].

A study of 30 clinically stable hemodialysis patients indicated that skinfold measurements
made in triplicate at four sites (biceps, triceps, subscapular, and suprailiac region) by the well-
trained personnel on the opposite site of vascular access as well as BIA performed relatively
well in which DXA was used as the gold standard with interclass correlation coefficient of 0.94
and 0.91, respectively [65]. Skinfold thickness measurement at single site (triceps level) also
demonstrated a good agreement with fat mass content derived by DXA [66]. However, given
the lack of validation of single-site measurement in CKD population, it is preferable to use skin-
fold measurement made at least three sites, if dedicated well-trained personnel are available,
rather than single site. The performance of BIA for estimating body fat content has been for-
merly validated against the DXA as a gold standard method. The validity of MF-BIA has been
specifically assessed in a series of 53 hemodialysis patients with body weight ranging from 35
to 111 kg. Tetrapolar BIA overestimated total fat mass by only 157 g (95% CI 937-1251 g) versus
DXA [67]. In another study, SF-BIA obviously provided a satisfactory agreement with the gold
standard (DXA), among 118 hemodialysis patients [66].

Fat is not uniformly beneficial or that not all fat is good. Measures of fat distribution
and central obesity such as WC and WHR maintain a direct association with mortality both
in general population and dialysis patients. Visceral adipose tissue is more closely related
with metabolic syndrome than is subcutaneous adipose tissue [68, 69]. A strong associa-
tion between WC, WHR, and cardiovascular mortality has been confirmed in a prospective
cohort of 537 end-stage renal disease patients. The prognostic power of waist circumference
per 10 cm increase for all-cause (HR 1.23; 95% CI 1.02-1.47, p = 0.03) and cardiovascular mor-
tality (HR 1.37; 95% CI 1.09-1.73, p = 0.006) remained significant after adjustment for other
cardiovascular comorbidities and traditional and emerging risk factors. WHR was also found
to be related to all-cause mortality in which a 0.1 unit increase in WHR was significantly asso-
ciated with a 1.24-fold increased risk of all-cause mortality in multivariable Cox regression
analysis (HR 1.24; 95% CI 1.06-1.46, p <0.001) but not cardiovascular mortality (adjusted HR
1.21; 95% CI 0.98-1.50) among dialysis patients [70]. Another study in an Asian hemodialy-
sis cohort found that central obesity (290 cm in men and >80 cm in women) was predictive
of increased risk of cardiovascular events (HR 4.91; 95% CI 1.30-18.9, p = 0.02) and all-caused
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hospitalization (HR 1.83; 95% CI 1.10-3.10, p = 0.03) [71]. These abovementioned data sug-
gested that the distribution of fat mass is important among patients with ESRD and the neg-
ative metabolic consequences of excess visceral fat are preserved despite the association
of higher BMI with better survival in those populations. Nonetheless, the agreement between
the absolute changes in WC and visceral fat over time was relatively poor in CKD patients
[72]. Therefore, WC may not be an inadequate tool for monitoring changes in visceral fat
in this population. The conicity index, the emerging surrogate of abdominal fat deposition
that models central obesity as the deviation of body shape from a cylindrical toward a dou-
ble-cone shape (i.e., two cones with a common base at the waist level), predicts mortality
independently of a series of age, sex, comorbidities, and dialysis vintage in hemodialysis
patients (HR 1.93; 95% CI 1.06-3.49) [73]. Moreover, as increasing the tertiles of the conicity
index, patients were significantly older and fatter, reduced handgrip strength, and lower
serum creatinine. Even though the result of the association of conicity index and hard out-
come is promising, but one should keep in mind that conicity index has never been formally
validated as a measure of visceral fat against gold standard methods like DXA, CT, or MR],
particularly among ESRD patients. Therefore, further confirmation studies in other hemodi-
alysis populations are required to establish the validity of conicity index in this population.

Some studies have reported that a low, rather than a high, body fat mass is an independent
risk factor of poor survival in maintenance hemodialysis patients owing to more difficulty
to cope with the chronic catabolic stress. The summary of studies evaluating the effect of body
adiposity with various clinical outcomes is shown in Table 2.

A multicenter longitudinal observational study of hemodialysis patients in Europe reported that
the lowest tertiles of fat tissue index (fat mass normalized by the square of height (kg/m?)), per-
formed 30 minutes before midweek dialysis session using BIS machine, was significantly associ-
ated with lower survival rate during a 12-month follow-up period (HR 3.25; 95% CI 1.33-7.96,
p =0.01) after adjustment for traditional and nontraditional risk factors [74]. The authors specu-
lated that the reduction in total body fat may be associated with decreased humoral immunity
in recognition that adipose tissue can secrete not only inflammatory but also anti-inflammatory
adipokines such as adiponectin. Therefore, adipose tissues might have some beneficial functions
related with energy storage which may exceed the harmful effects in hemodialysis patients.
Likewise, percentage of total body fat of less than 15% measured by single-frequency BIA after
the end of dialysis treatment significantly predicted the overall mortality in 149 prevalent hemo-
dialysis patients [75]. Besides that, hemodialysis patients with percent body fat, measured by
the use of near-infrared (NIR) interactance via light emission by using NIR spectroscopy, of less
than 12% had a death hazard ratio four times higher than that of those patients with body fat
content between 24 and 36% after multivariate adjustment for demographics and surrogates
of muscle mass and inflammation (HR 4.01; 95% CI 1.61-9.99, p = 0.03) [6]. In a subset of 411
patients whose fat loss was reevaluated after a 6-month period, a fat loss (<-1%) was signifi-
cantly associated with mortality risk two times that of patients who gained fat (>1%) after adjust-
ing for covariates (HR 2.06; 95% CI 1.05-4.05, p = 0.04). On the other hand, there was a trend
toward a significantly worse (or lower) physical health score domain of quality of life, assessed
by short form of health-related quality of life scoring system (SF-36) in patients with percent
body fat >36% compared to those remaining three categories (<12%, 12-23.9%, and 24-35.9%).
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Authors

Study population

Age (years)

Method of body composition Outcomes

assessment

Kalantar-Zadeh
et al. [6]

Segall et al. [75]

Postorino et al.
[70]

Cordeiro et al.
[73]

Wu etal. [71]

535 maintenance HD
patients divided into
four categories by body
fat (<12%, 12-23.9%,
24-35.9%, and >36%)

149 HD patients (55.0%
men) with mean
follow-up of 13.5+1.5
months

537 ESRD patients in 36
dialysis units

173 HD patients (57.8%
men) with median
follow-up of 41 (25-47)
months

91 HD patients (54.9%
men) with dialysis
vintage of 25 (6-30)
months

Ranged
from 41 £ 15
to 58 £ 14

53.9+13.7

63+15

65 (51-74)

58.7+12.5

Total body fat measured by
near-infrared interactance
with a coefficient of variation
of 0.5% (Futrex 6100,
Gaithersburg, MD)

Percent body fat and phase
angle by SF-BIA within 30
minutes after dialysis session

WC and WHR by
anthropometry

Conicity index to assess
abdominal fat accumulation:
WC (m) divided by 0.109 =
square root of weight (kg)/
height (cm)

- WC by anthropometry

WC by anthropometry
(290 cm in men and >80 cm
in women indicate

the presence of abdominal
obesity

- Low baseline
body fat (<12%)
had a higher death
HR [4.01; 95% CI
1.61-9.99, p = 0.003]
- Fat loss (<-1%) over
time was associated
with higher risk

of death [HR 2.06;
95% CI 1.05-4.05, p
=0.04]

Percent body fat
<15% and phase
angle <6° were
significantly
associated

with increased
death risk [adjusted
HR 4.14; 95% CI
1.09-15.53, p = 0.036]

- A 10-cm increase
in WC was associated
with higher all-cause
[HR 1.49; 95% CI
1.26-1.77] and CV
mortality [HR 1.55;
95% CI 1.25-1.93]

- A 0.1 unit increase
in WHR was related
to overall [HR 1.24;
95% CI1.26-1.46]
but not CV mortality
[HR 1.21; 95% CI
0.98-1.50, p =0.07]

Mortality

was increased

in the highest tertiles
of conicity index (HR
6.07; 95% CI2.51-
14.64) and the highest
tertiles of WC

[HR 2.87; 95% CI
1.29-6.40]

Abdominal obesity
was significantly

a predictor

of cardiovascular-
related events

[HR 6.25; 95%
CI1.65-23.6,p=
0.007 and adjusted
HR 4.91; 95% CI
1.30-18.9, p = 0.02]
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Authors Study population Age (years) Method of body composition Outcomes
assessment
Caetano et al. 697 HD patients with 12 67 (55.5-76) Fat tissue index (fat tissue/ The lowest fat tissue
[74] months of follow-up height?) by midweek pre- of index tertiles
dialysis BIS was a significant
predictor of mortality
[adjusted HR 3.25;
95% CI11.33-7.96, p
=0.01]

Data are shown as mean standard deviation, median (interquartile range).

CI, confident interval; CV, cardiovascular; HD, hemodialysis; HR, hazard ratio; MF-BIA, multifrequency bioelectrical
impedance analysis; SF-BIA, single-frequency bioelectrical impedance analysis; BIS, bioelectrical impedance
spectroscopy; WC, waist circumference; WHR, waist-hip ratio.

Table 2. Summary of recent studies in the effects of adiposity and outcomes in patients undergoing hemodialysis.

2.4. Magnitude of low muscle mass and sarcopenia with associated outcomes

As the consequences of studies regarding the “obesity paradox,” there is an emerging topic dis-
cussion on the importance of muscle mass over fat mass and vice versa in the nephrology com-
munity. Fat is good but the muscle is better described that fat cells are not metabolically active
as muscle cells and fat mass can decrease or expand its size depending upon the balance between
energy intake and expenditure. In contrast, muscle mass is tightly regulated because excess pro-
tein is not stored and the muscle is broken down when proteins or amino acids are needed.
As the turnover of cellular proteins is estimated to be 1-1.5 kg of the muscle [76, 77], a decrease
in protein synthesis or an increase in protein degradation can have substantial effects on mus-
cle mass or size. Despite the high prevalence of obesity among ESRD patients, protein energy
wasting or muscle wasting is not uncommon [78]. The increasing BMI in the dialysis popula-
tion does not exclude concurrent muscle wasting. Excess energy intake concurrent with physi-
cal inactivity, low-grade inflammation, or insulin resistance, all of which are common among
ESRD patients, may result in muscle mass loss, even in the setting of excess adiposity known
as “sarcopenic obesity” [79-81]. Recently, sarcopenia is currently defined as a generalized loss
of skeletal muscle mass combined with reduced muscle strength or physical performance accord-
ing to the European and International Working Group on Sarcopenia in Older People based
on rationale that muscle strength does not depend solely on muscle mass [46, 48, 82]. As would
be expected, sarcopenia has been associated with multiple clinical outcomes including physical
disability, hospitalization, and overall mortality in community-dwelling older adults [83-85].
A cross-sectional data from National Health and Nutrition Examination Survey (NHANES) [86]
demonstrated a higher prevalence of sarcopenia with lower estimated glomerular filtration rate
suggesting that muscle wasting progresses as renal function deteriorates. Several studies have
reported a prevalence of sarcopenia or low muscle mass, based on estimates of muscle mass
indexed to body size and used thresholds for low muscle mass that were based on sex-specific
norms, among patients with ESRD from 4 to 60% [87-89]. The broad range in the prevalence
of sarcopenia is mainly due to the lack of consensus criteria on the definition of low muscle
mass to allow comparison across populations. Frailty, on the other hand, represents a syndrome
resulting from cumulative deterioration in multiple physiological system, leading to impair
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homeostatic reserve and reduced capacity to withstand stress [90-92]. Therefore, frailty is
partly overlapped with sarcopenia but sometimes can occur with non-skeletal muscle-related
conditions.

Body composition is significantly associated with physical functioning and quality of life.
The longitudinal study in 105 prevalent hemodialysis patients [93] reported that higher
muscle area, measured by mid-thigh muscle area by CT scan, was associated with better
physical function assessed by 6-minute walk distances, whereas higher intra-abdominal fat
area was inversely correlated with physical performance. Each increment per 1 standard
deviation of muscle area was also associated with higher physical (HR 3.78; 95% CI 0.73-6.82)
and mental health component score (HR 3.75; 95% CI 0.44-7.05) of SF-12, a short-form survey
with questions selected from the SF-36 health survey. In agreement with western communi-
ties, lean tissue index was moderately associated with better physical health assessed by short
version of WHO quality-of-life scoring system (r = 0.46, p = 0.007) in Asian patients receiving
hemodialysis [94]. Similarly, other studies examined the associations between body compo-
sition estimated by BIS and frailty. Among approximately 650 hemodialysis patients, frailty
was defined as having at least three of the following characteristics: weight loss, exhaustion,
low physical activity, weakness, and slow gait speed. Patients with higher ICV, represent-
ing higher muscle mass, were less likely to be frail, while those with higher fat mass were
associated with higher odds of frailty [95]. Likewise, the same associations were observed
among another group of 80 well-characterized hemodialysis participants that performance-
based frailty was associated with smaller muscle size as estimated using cross-sectional area
of quadriceps muscle by MRI, and this association was of greater magnitude than that of 10
years of age in multivariate analysis (-30.3 cm? vs —6.6 cm?, p <0.001) [96].

Well-preserved amount of muscle mass, as shown by both direct and indirect methods
of assessments, represents one of the strongest nutritional indicators for survival among
ESRD population. Report from a large dialysis organization database, transplant-waitlisted
hemodialysis patients with the highest serum creatinine as a muscle mass surrogate, had sig-
nificantly lower death hazard (HR 0.57; 95% CI 0.49-0.66) compared to the lowest creatinine
quintiles [27]. Similar associations were observed with serum creatinine change over time.
Interestingly, de Oliveira and colleagues explored the alternative simple method of anthro-
pometric estimates of adductor pollicis muscle thickness (APMt), performed at the opposite
hand of vascular access, to predict mortality in hemodialysis patients [97]. APMt was modestly
correlated with MAMC (r = 0.5, p <0.001), and the value of APMt < 10.6 mm was significantly
associated with 3.3 times (95% CI 1.13-9.66) greater risk of hospitalization on the following
6-month follow-up. At the time of dialysis initiation, nonobese patients with MAMC adequacy
(more than percentile 90th of normal population from NHANES distribution tables as a refer-
ence) showed that the best survival and reduced MAMC was independent predictor of death
in incident hemodialysis patients (p = 0.008) [98]. Huang and colleague [99] revealed in a post
hoc analysis of the Hemodialysis (HEMO) cohort that hemodialysis patients with higher
MAMC (representing muscle mass) together with higher triceps skinfold thickness (repre-
senting body fatness) showed a consistency toward lower mortality rates during a follow-up
period of 2.5 years, independently of each other. Another post hoc analysis from the HEMO
study [100] evaluated the prognostic implications of changes in anthropometric measurement.
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The authors observed that the decline in MAC (per cm) and sum of the three sites skinfold
thickness including subscapular, biceps, and triceps (per mm) significantly increased the haz-
ards of infection-related hospitalization, cardiovascular events, and overall death. A prospec-
tive hemodialysis cohort with longer follow-up period of 5 years reported that higher MAMC
was associated with better SF-36 mental health scale and lower death hazards after adjustment
for case-mixed, malnutrition inflammatory markers [101]. In addition, patients with high
MAMC quartiles combined with either high or low TSF exhibited the greater survival when
using median values of MAMC and TSF for dichotomizing (death HRs of 0.52 and 0.59, respec-
tively). The authors pointed out that both compartments (muscle and fat) likely have complex
roles in the maintenance of body homeostasis and equally perform as important nutritional
parameters among patients receiving hemodialysis. Also, results from the large international
MONitoring Dialysis Outcomes (MONDO) among over 30,000 participants [102] confirmed
that both lean and fat tissue masses, as determined by whole body BIS, are important predic-
tors of survival in chronic hemodialysis patients. Mortality rates were significantly higher at
the lower lean and fat tissue index extreme (HR 3.37; 95% CI 2.94-3.87, p < 0.001). The sum-
mary of studies exploring indicators of muscle mass with outcomes among maintenance
hemodialysis patients is shown in Table 3.

A relatively large hemodialysis cohort of 960 participants with 54-month follow-up demonstrated
that patients with muscle wasting, defined as height-normalized lean tissue mass less than 10%
of normal value by BIS, contributed significantly to the Cox regression model to predict mortal-
ity (HR 1.66; 95% CI 1.10-2.44) compared to those with normal nutrition status [103]. Similarly,
body composition analysis among 6395 patients from Spain showed that hemodialysis patients
with lean tissue index lower than percentile 10th had a higher relative risk of death than those
patients with higher values [104]. Moreover, data from a prospective observation cohort of 299
hemodialysis population suggested that for every 1 kg gain in lean tissue during the first year
of dialysis, there was a 7% reduction in all-cause mortality [105].

To address the associations between muscle mass and mortality, some relevant factors such
as muscle strength or physical performance should be taken into account. Isoyama and cowork-
ers [106] examined the association between low muscle mass and strength with mortality among
330 Swedish incident dialysis patients. Both low muscle mass (based on appendicular skeletal
muscle mass by DXA indexed to the square of height) and muscle weakness, determined by
handgrip dynamometer, were independently associated with higher death rate. However, when
the two were included in the same analysis, muscle weakness was more strongly associated
with overall mortality than low muscle mass (HR 1.79; 95% CI 1.09-2.49, p = 0.02 vs 1.17; 95% CI
0.73-1.87, p = 0.51, respectively). Report from prospective hemodialysis cohort using the United
State Renal Data System (USRDS) indicated that patients with BIS-derived low muscle mass by
different indexing methods (height?, percentage of body weight, body surface area, and BMI)
were associated with higher risk of death in the unadjusted analysis [107]. However, the signifi-
cance of these associations was disappeared after adjustment for covariates. In contrast, functional
limitations in muscle strength or gait speed were associated with mortality even after adjusting
for confounders. Taken together, the abovementioned findings underscore the additional poten-
tial contributors to be concerned along with the interpretation of the associations of muscle mass
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Authors

Study population

Age (years)

Method of body

composition assessment

Outcomes

Araujo et al. [98]

Huang et al. [99]

Noori et al. [101]

Molnar et al. [27]

344 HD patients (60.5%
men, 26% diabetes)

50.4+16.0

Post hoc analysis of 1709 57.7 + 14

HD patients (44% men)
with mean follow-up
of 2.5 years

792 maintenance HD
patients (53% men,
31% black) with 5-year
survival follow-up

14,632 wait-listed HD
patients without KT
(60% men) with 6-year
follow-up

de Oliveira et al. [97] 143 HD patients (58%

male)

53+15

52+13

52.2+16.6

MAMC and triceps
skinfold thickness by
anthropometry

MAMC and triceps
skinfold thickness by
anthropometry

MAMC and triceps
skinfold thickness by
anthropometry

Pre-dialysis serum
creatinine concentration
(mg/dL) as a surrogate
of muscle mass

APMt measurement
was performed using

a Lange caliper

on the contralateral arm
of vascular access

Patients with BMI
<25 kg/m? but having
MAMC adequacy
showed the best
survival. An increase
in MAMC

was associated

with decrease death
risk by 3% [HR 0.97;
95% CI10.96-0.99, p
=0.008]

The HR per 1 SD
increase were 0.84
[95% CI10.76-0.92]
for triceps skinfold
thickness and 0.93
[95% CI0.86-1.00]
for MAMC

The highest
quartiles of MAMC,
but not triceps
skinfold thickness,
were associated
with death after
adjusting for case-
mixed and MICS
(p for trend

0.04 and 0.15,
respectively)

Patients with >1 mg/
dL decrease of serum
creatinine had 38%
higher adjusted
death risk [HR 1.38;
95% CI1.23-1.56, p <
0.001], whereas those
patients whose serum
creatinine increased
more than 2.4 mg/dL
reported 13% better
survival [HR 0.87;
95% CI10.75-0.99, p =
0.045].

APMt<10.6 mm

was associated

with hospitalization
risk within 6 months
[HR 3.3; 95% CI 1.13—
9.66, p = 0.03] but not
associated with higher
risk of death within 6
and 12 months
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Authors Study population Age (years) Method of body Outcomes
composition assessment
Su et al. [100] Post hoc analysis of 1846 58 MAC and sum of skinfold - Among participants
HD patients (43.6% men) thickness (subscapular, with BMI<25 kg/
with mean follow-up biceps, and triceps) m?, decline in MAC
of 2.8 + 1.8 years by anthropometry per 1 cm, but not
to the nearest 0.1 cm skinfold thickness,
was associated
with higher mortality
[HR 1.14; 95% CI
1.09-1.19, p < 0.001]
- Baseline MAC
(per 1 cm lesser)
was associated
with higher cardiac
hospitalization
[HR 1.07; 95% CI
1.02-1.11, p=0.002]
and infection-related
death [HR 1.21; 95%
CI1.10-1.34, p <0.001]
Yongsiri et al. [94] 34 HD patients (47.1%  61.1+15.5 Lean and fat tissue Among HD patients,
men) (indexed to height?) there was a positive
was obtained by BIS after  correlation between
dialysis session lean, but not
fat, tissue index
and physical health
(r=0.46, p=0.007)
Isoyama et al. [106] 330 incident HD 53+13 - ASM measurement by - Muscle mass
patients (61.5% men) DXA and cutoffs for low  (per 1 SD increase)
with mean follow-up muscle mass were ASM/ was associated
of 29 (1-48) months height? of 22 SD below with lower mortality
the sex-specific mean [HR 0.21; 95% CI
of young adults 0.06-0.73, p=0.01]
- Handgrip strength - Low muscle mass
cutoffs were <30 kg in men  was not significantly
and <20 kg in women associated with higher
mortality [HR 1.17;
95% CI10.73-1.87,
p=0.51] compared
with appropriate
muscle mass
- Low muscle strength
was associated
with increased risk
of death [HR 1.79; 95%
CI1.09-2.94, p=0.02]
Keane et al. [105] 299 HD patients at six 63+15 Lean and fat tissue index A 7% reduction
dialysis units (62% men, was obtained by BIS in mortality for every
42% diabetes) (indexed to height?) 1kg gain in lean

tissue during 1 year
after dialysis initiation
[HR 0.93; 95% CI
0.99-0.98, p=0.01]
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Authors Study population Age (years) Method of body Outcomes
composition assessment
Castellano et al. 6395 HD patients (62.7% 67.6 +14.7 Lean and fat tissue Lean tissue index
[104] men, 28.5% diabetes) (indexed to height?) lower than percentile
was obtained by BIS 10th had a higher
before dialysis session relative risk of death
[HR 1.57; 95% CI
1.13-2.20, p < 0.05]
Kittiskulnam etal. 645 prevalent HD 56.7 +14.5 - TBMM was derived - Low muscle mass by
[107] patients (58.6% men, by pre-dialysis BIS all indexing methods
61.5% black, 43.9% and indexed to height? was associated
diabetes) with mean body weight, BSA, with significantly
follow-up of 1.9 (0.1-3.2) and BMI higher mortality
years - Cutoffs for low muscle ~ compared

mass were >2 SD below
the sex-specific mean
of young adults using
NHANES by each
indexing strategy

- Handgrip strength
cutoffs were <26 kg

in men and <16 kg

in women

- Slow walking speed
was defined as <0.8 m/s

with normal muscle
mass, but these
associations were not
remained significant
in multivariable
analysis

- Low grip strength
was associated

with increased risk

of death [HR 1.68; 95%
CI1.01-2.79, p = 0.04]
- Slow walking

speed was associated
with higher mortality
risk [HR 2.25; 95% CI
1.36-3.74, p = 0.002]

Data are shown as mean standard deviation, median (interquartile range).

APMt, adductor pollicis muscle thickness; ASM, appendicular skeletal muscle; BIS, bioelectrical impedance
spectroscopy; BMI, body mass index; BSA, body surface area; Cl, confident interval; CV, cardiovascular; DXA, dual
X-ray absorptiometry; HD, hemodialysis; HR, hazard ratio; KT, kidney transplantation; MAC, mid-arm circumference;
MAMC, mid-arm muscle circumference; MICS, malnutrition inflammation cachexia syndrome; MF-BIA, multifrequency
bioelectrical impedance analysis; NHANES, National Health and Nutrition Examination Survey; SF-BIA, single-
frequency bioelectrical impedance analysis; TBMM, total body muscle mass.

Table 3. Selected articles evaluating low muscle mass, sarcopenia, and sarcopenic obesity with outcomes among
maintenance hemodialysis patients.

and survival among patients undergoing hemodialysis because risk factors for the loss of muscle
mass may not be similar to those for the loss of muscle functionality.

2.5. Strategies to preserve body composition in patients receiving maintenance
hemodialysis

Intervention to preserve muscle mass and reduce excess body fat is an ultimate goal
for improving outcomes among ESRD population. However, a major limitation in the devel-
opment of effective therapies against muscle loss is the imprecision of the available methods
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to assess changes in muscle mass during intervention. One alternative approach is serum
biomarkers to determine the anabolic and catabolic balance within muscular structure.
For example, serum creatinine may be a suitable surrogate of muscle mass in ESRD patients
with no residual renal function and the novel biomarker N-terminal propeptide of type III
procollagen (P3NP) that plays an important step during collagen synthesis [108]. At present,
prevention and treatment of uremic muscle wasting should be initially based on optimal
nutrition support and correction of acidosis [109, 110]. Other established therapies for pre-
vention of muscle loss are physical exercise and supraphysiologic dose of anabolic steroid.

Recent observational data uncovered the benefit of increased physical activity with higher
estimated muscle mass. In hemodialysis patients, aerobic exercise was positively associ-
ated with skeletal muscle mass volumes after adjustment for age, sex, and dialysis vintage
[111]. Data from randomized controlled trials have demonstrated that intradialytic resistance
exercise training can improve muscle volume and enhance muscle strength [112] or physi-
cal performance [113, 114] among hemodialysis patients. The use of resistance exercise com-
bined with anabolic steroid (nandrolone decanoate) has been shown to increase muscle mass
and decrease body fat among patients with ESRD [115, 116]. Furthermore, an oral andro-
gen, oxymetholone, has significantly shown an anabolic effect to increase amount of FFM
and handgrip strength, but this drug raised concerns about liver toxicity [117], suggesting that
intramuscularly or transdermally administered androgens are better choices for further stud-
ies in ESRD population.

Another treatment strategy of preventing muscle mass loss includes active vitamin D admin-
istration [118]. Hemodialysis patients receiving either alfacalcidol or calcitriol experienced
increase in the total amount of muscle mass assessed by BIA and a favorable effect on main-
taining in physical functioning. Recombinant human growth hormone (rhGH) adminis-
tered at a pharmacological dose may simultaneously improve net muscle protein synthesis
and decrease muscle protein breakdown [119, 120]. Nonetheless, analysis from hemodialysis
participants in a large GH supplementation trial suggested that thGH was linked to adverse
cardiovascular disease risk [121]. Currently, thGH is thus not recommended to treat muscle
wasting among CKD patients. Lastly, targeting pro-inflammatory cytokines such as interleu-
kin (IL)-1, IL-6, and tumor necrotic factor as well as manipulation of myogenic stem (satellite)
cell or transforming growth factor-3 superfamily members are all the potential future treat-
ments to preserve body composition changes [122].

In conclusion, body composition is usually altered among patients undergoing main-
tenance hemodialysis. Sarcopenia, sometimes might occur in the setting of obesity, is
a significant predictor of mortality outcome among patients receiving maintenance hemo-
dialysis. Despite the positive association of higher BMI with greater survival in hemo-
dialysis patients, visceral adiposity is associated with adverse cardiovascular outcomes.
Additionally, changes in body composition over time might be informative as a predictor
of clinical outcome. Interventions to preserve muscle mass and function or reduce excess
body adiposity, particularly visceral fat, may have potentially beneficial effects on impor-
tant clinical outcomes.
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Abstract

Cardiovascular disease (CVD) is highly prevalent in the dialysis population, affect-
ing up to 60% of cohorts. Cardiovascular mortality rates are reported to be ~14 per 100
patient-years, which are 10- to 20-fold greater than those of age- and gender-matched
controls. CVD is the primary cause of death in up to 40% of dialysis patients in Australia,
New Zealand and the United States. Dialysis patients endure a greater burden of both
traditional risk factors for CVD and risk factors related to loss of kidney function that
may account for the higher CVD morbidity and mortality. Many cardiology guidelines
include chronic kidney disease (CKD) and end-stage kidney disease (ESKD) as coronary
heart disease (CHD) risk equivalents. It is therefore important for clinicians to both rec-
ognise and optimise the cardiovascular health of patients receiving maintenance dialysis.
This chapter will focus on risk factor modification, screening and prevention of CVD
in dialysis patients.

Keywords: dialysis, end-stage kidney disease, cardiovascular disease, risk factors, screening,
prevention

1. Introduction

Reduced kidney function (estimated or measured glomerular filtration rate <60 mL/min/1.73 m?)
and proteinuria are independent predictors of future coronary events [1]. It is not surprising
therefore that cardiovascular disease (CVD) is highly prevalent in the dialysis population,
affecting up to 60% of cohorts [2]. It is also the most common cause of death in this group,
accounting for up to 40% of deaths in dialysis patients globally [3-5]. In Australia and New
Zealand, the incidence rate of cardiovascular mortality in peritoneal dialysis (PD) and hae-
modialysis (HD) patients is approximately 10 and 8 per 100 patient-years, respectively, some
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10- to 20-fold greater than that of age and gender-matched controls [6]. The most common
causes of cardiovascular mortality are sudden cardiac death, myocardial infarction and cardiac
failure [6].

The increased risks of cardiovascular events and mortality in dialysis patients is partly related
to an increased prevalence of traditional cardiovascular risk factors, including diabetes melli-
tus, hypertension, obesity, physical inactivity, smoking and dyslipidaemia (Table 1). However,
these factors account for less than 50% of the excess risk of cardiovascular disease [7], leading
many researchers to explore the roles of non-traditional risk factors (Table 1). Some of these fac-
tors, including anaemia, fluid overload, hyperuricaemia and chronic inflammation, are directly
related to loss of residual kidney function, leading to hormonal, fluid balance and uraemic toxin
dysregulation. However, dialysis-specific factors may also contribute to this risk. For example,
in HD patients, dialysis catheters, membrane exposure, endotoxaemia (from intestinal hypo-
perfusion or dialysis water) and more rapid loss of residual kidney function may contribute
to inflammation, oxidative stress and myocardial stunning, which may ultimately increase
the risk of CVD [8, 9]. Moreover, the intermittent nature of HD has been reported to be asso-
ciated with heightened risks of cardiovascular mortality, particularly sudden cardiac death,
towards the end of the long inter-dialytic interval over weekends, possibly related to fluid

Traditional Non-traditional
Hypertension® Anaemia’

Diabetes’ Oxidant stress”
Smoking Chronic inflammation”

Older age (>45 in males; >55 in females)’

Obesity"
Sedentary lifestyle”

Premature family history of CVD

Albuminuria®
Chronic kidney disease’
Hyperhomocysteinaemia’

Chronic fluid overload”

Dyslipidaemia’ Poor sleep’
Male gender CKD-MBD’
Mental stress and depression’ Malnutrition”

Race (African Americans, South Asians)’

Elevated fibrinogen

Alcohol Low testosterone”
Menopause Lipoprotein A’
Left ventricular hypertrophy” Hyperuricaemia®

Uraemic toxins (e.g. indoxyl sulphate, p-cresyl sulphate)®

Endotoxaemia’

*Risk factors that are prevalent in the dialysis population.

CVD, cardiovascular disease; CKD-MBD, chronic kidney disease mineral and bone disease. Modified from [19].

Table 1. Traditional and non-traditional cardiovascular risk factors.
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overload and electrolyte disturbances [10, 11]. On the other hand, PD patients may experience
inflammation and oxidative stress as a result of exposure to PD catheters, bio-incompatible
PD solutions and PD-related peritonitis [12]. Abnormalities in serum potassium concentra-
tions, particularly hypokalaemia, also disproportionately increase the risk of death in patients
receiving PD [13]. Excessive exposure to glucose in PD solutions (up to 200 g/day) has also
been linked to atherogenic lipid profiles, metabolic syndrome and ultimately increased CVD
risk [14]. Jiang et al. noted that while ~22% of patients with end-stage kidney disease (ESKD)
met the diagnostic criteria for metabolic syndrome pre-dialysis, this number rose to ~70% after
commencement of PD. Similar results were reported by Johnson et al. [15]. Metabolic syndrome
is an independent predictor of cardiovascular mortality in the PD population [16-18].

This chapter will focus on risk factor modification, screening and prevention of CVD in dialysis
patients.

2. Risk factor modification

Whilst there is substantial research identifying the myriad CVD risk factors inherent in the dial-
ysis population, there is less to support that treatment of the modifiable factors alters outcomes
to the same extent as in the non-CKD population. The evidence surrounding CVD risk fac-
tor modification in dialysis patients is summarised below. Clinical practice guideline recom-
mendations from National Kidney Foundation Kidney Disease Outcomes Quality Initiative
(KDOQ)I), Kidney Disease: Improving Global Outcomes (KDIGO) and the International
Society for Peritoneal Dialysis (ISPD) have been included where appropriate.

3. Traditional risk factors

3.1. Hypertension

There is marked heterogeneity in the definition, measurement methods and epidemiology
of hypertension in dialysis populations. The 2004 KDOQI guidelines define hypertension
as pre-dialysis blood pressure (BP) > 140/90 mmHg or post-dialysis BP > 130/80 mmHg [20].
However, pre- and post-dialysis BP readings considerably over and underestimate inter-dia-
lytic ambulatory BP respectively [21]. Ambulatory BP monitoring (ABPM) provides informa-
tion on circadian variation, is reproducible and remains the most reliable method to diagnose
hypertension in the dialysis population [22, 23]. Home BP recordings, including ABPM
and self-measured readings have been shown to be greater predictors of all-cause and cardio-
vascular mortality than haemodialysis unit recordings [24].

The definitions of hypertension clearly have a bearing on its reported epidemiology. The prev-
alence of hypertension—when defined by weekly average pre-dialysis systolic blood pres-
sure (BP) measures > 150/85 mmHg or the use of antihypertensive medications—was 86%
among 2535 chronic HD patients in a multi-centre trial [25]. The prevalence of hypertension
in another cohort—defined by inter-dialytic ambulatory BP measures > 135/85 mmHg or
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the prescription of any antihypertensive agent—was 82% among 369 chronic HD patients
[26]. The prevalence of hypertension in PD populations varies from 69 to 88% (when defined
as >140/90 mmHg) [27].

Guidelines, epidemiological studies and clinical decision-making should therefore not rely
on peri-dialysis BP readings alone. Regardless of definition, hypertension remains very com-
mon in the dialysis population and an important modifiable risk factor.

The pathophysiology of hypertension is multifaceted, complex and unique in dialysis
patients. Volume and sodium overload remain the predominant mechanisms of hyperten-
sion, with a graded increase in BP as fluid and sodium (and body weight) accumulate over
the inter-dialytic period [28]. Sodium and volume removal through dialysis manages hyper-
tension in a proportion of patients. Lins et al. showed that atrial natriuretic peptide concentra-
tions decrease post dialysis in those patients whose BP responded to ultrafiltration [29]. Other
reported mechanisms include increased arterial stiffness [30], renin-angiotensin-aldosterone
system activation [31], sympathetic hyperactivity [32, 33], endothelial dysfunction [34, 35],
sleep apnoea [36] and use of erythropoiesis-stimulating agents (ESAs) [37, 38].

Non-pharmacological measures to treat hypertension ultimately involve sodium and fluid
restriction. Ultrafiltration, sodium removal and reduction of dry weight result in normalisation
of the BP in ~60% of chronic dialysis patients [39]. Establishment and attainment of the patient’s
dry weight are the generally accepted initial goals. The dry weight has been defined as the low-
est tolerated post-dialysis weight, achieved gently and gradually, at which patients experience
minimal signs or symptoms of dysvolaemia [40]. Furthermore, the duration of dialysis treatment
should be long enough to ensure that the required ultrafiltration (and BP control) can be attained
with minimal symptoms and haemodynamic compromise. Increased duration of dialysis affords
a slower rate of ultrafiltration, improves BP control and reduces the incidence of intra-dialytic
hypotension [41, 42]. Minimisation of inter- and intra-dialytic sodium gain is essential to man-
agement also. KDOQI guidelines advocate a low dietary sodium intake (<2-3 g/day), which
appears to be effective in limiting thirst, reducing inter-dialytic weight gain, achievement of dry
weight and controlling BP [43]. Similarly, avoidance of a positive sodium balance during dialysis
is also key, i.e., dialysate sodium concentrations should not exceed that of pre-dialysis serum
sodium. Individualisation of the dialysate sodium prescription was shown to reduce intra-dia-
lytic weight gain, thirst and episodes of intra-dialytic hypotension in a randomised, cross-over
study [44]. Use of a low sodium PD solution has also shown promise, with increased diffusive
sodium removal, reduced thirst, improved ultrafiltration and reduction in BP [45].

Pharmacological therapies have been shown to be effective in achieving BP control in dialysis
patients. Importantly, pharmacological treatment of hypertension has been shown to mod-
ify CVD outcomes in the dialysis population. In a systematic review and meta-analysis of 8
randomised, controlled trials (RCTs) involving 1679 dialysis patients and 495 cardiovascular
events (CVE), lowering BP with medication was associated with decreased risks of CVE (RR
0.71, 0.55-0.92, p = 0.009), all-cause mortality (RR 0.80, 0.66-0.96, p = 0.014) and cardiovascular
mortality (RR 0.71, 0.50-0.99, p = 0.044) [46]. If these results were broadly applicable to dialysis
populations, BP treatment would be expected to prevent 2 deaths per 100 patient-years.
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Angiotensin receptor blockers (ARBs) have been shown to reduce CVE in ESKD [47-49].
Suzuki et al. found that HD patients randomised to candesartan, valsartan or losartan had
fewer fatal and non-fatal CVE (hazard ratio (HR) 0.51, 0.33-0.79, p = 0.002) [47]. Similar
results were seen with telmisartan in HD patients with congestive heart failure—with
reductions in all-cause mortality (HR 0.51, 0.32-0.82, p < 0.01), cardiovascular mortality (HR
0.42, 0.38-0.61, p < 0.0001) and hospital stay (HR 0.38, 0.19-0.51, p < 0.0001).

Angiotensin-converting enzyme inhibitors (ACEi) have been studied in RCTs including dialy-
sis patients. Whilst effective antihypertensive agents, ACEi have not been shown to reduce
CVE compared with standard therapy. Zannad et al. found no significant benefit of fosino-
pril in HD patients after adjusting for independent predictors of CVE [50]. Li et al. showed
that ramipril, whilst slowing residual kidney function decline in PD patients, did not reduce
the risk of CVEs [51]. In a prospective, open-label RCT of lisinopril versus atenolol adminis-
tered three times a week after maintenance HD in 200 prevalent patients with hypertension
and left ventricular hypertrophy followed for 12 months. Agarwal et al. [52] reported that
lisinopril-based therapy resulted in higher rates of serious CVE (incidence rate ratio [IRR]
2.36, 95% CI 1.36-4.23) and all-cause hospitalizations (IRR 1.61, 95% CI 1.18-2.19). Moreover,
a systematic review of 8 RCTs of renin angiotensin aldosterone inhibitors (RAAS inhibitors—2
ACE], 4 ARBs, 2 ACEi versus ARBs) did not find a clear role for these agents in hypertensive
HD patients [53]. Unfortunately, the small numbers of patients and trials as well as subopti-
mal methodologic quality severely limit the conclusions that can be drawn about these agents
for preventing CVD in dialysis patients.

Mineralocorticoid antagonists (MCAs) are another form of RAAS inhibitor that may mitigate
cardiovascular risk in dialysis patients. Quach et al. [54] recently reported a systematic review
and meta-analysis of 9 RCTs involving 829 dialysis patients (peritoneal dialysis or haemodi-
alysis) treated with MCAs (spironolactone 8 trials, eplerenone 1 trial). Compared with con-
trol patients, those treated with MCAs had a significantly lower cardiovascular mortality
(risk ratio [RR] 0.34, 95% CI 0.15-0.75) and all-cause mortality (RR 0.40, 95% CI 0.23-0.69),
although these benefits were offset by a significantly increased risk of hyperkalaemia (RR
3.05, 95% CI1.21-7.70). Given the small sample sizes and generally poor quality of published
trials, the relative benefits and harms of RAAS inhibitors, including MCAs, for preventing
CVD in dialysis patients remain uncertain. An adequately powered RCT is warranted given
the possible benefit shown in the small studies to date.

The roles of other specific anti-hypertensive agents also remain uncertain. Tepel et al. found
that whilst amlodipine did not significantly reduce all-cause mortality, it may reduce CVE
(composite secondary end-point, HR 0.53, 0.31-0.93, p = 0.03) in HD patients [55]. Cice et al.
showed that carvedilol improved LV function and reduced all-cause mortality (HR 0.51,
0.32-0.82, p < 0.01), cardiovascular mortality (HR 0.32, 0.18-0.57, p < 0.0001) and hospital
admissions (HR 0.44, 0.25-0.77, p < 0.005) in 114 HD patients with dilated cardiomyopathy
over 2 years at a single centre [56]. These findings have yet to be replicated. Indeed, a recently
published feasibility study demonstrated significant challenges with recruiting dialysis
patients into (-blocker intervention studies and emphasized the need for pragmatic trial
methodologies [57].
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The current KDOQI and ISPD recommendations of a BP target goal < 140/90 mmHg are
extrapolated from studies in the non-dialysis population [20]. There have been no published
prospective, randomised trials to date evaluating the target BP in dialysis patients. Target BP
and appropriate treatment options need to therefore be individualised based on patient co-
morbidities, residual kidney function, dialysis modality and symptom:s.

3.2. Diabetes

Diabetic nephropathy remains the leading cause of ESKD globally, with the number of dia-
betic patients commencing dialysis increasing [3, 58-60]. When diabetes is the primary cause
of ESKD, 5-year adjusted survival is only 38%, significantly lower than if hypertension (45%)
or glomerulonephritis (55%) is the primary aetiology [61]. Diabetic patients on HD are at
a higher risk of CVD, especially acute myocardial infarction (OR 1.36) and cardiac death (OR
1.88) [62, 63].

There is currently a paucity of high quality, randomised trials evaluating the effect of glycae-
mic control on outcomes in the dialysis population. However, observational data indicates that
survival is influenced by glycaemic control in patients with diabetic nephropathy. Patients
with HbAlc < 7.5% (58.5 mmol/mol) at dialysis initiation had a greater 5-year survival than
those with poor control (31.7% vs 12.1%, adjusted HR 1.13) [64]. In maintenance HD patients,
those with a HbAlc < 8% (63.9 mmol/mol) had an improved survival rate at 3 and 5 years
compared to the poor control group [65]. Very poor glycaemic control (HbAlc>10% or > 85.8
mmol/mol) is associated with higher adjusted all-cause and cardiac death (HR 1.41 and 1.73
respectively) in HD patients and increased mortality (HR 1.20) in all dialysis patients [66, 67].
Furthermore, Ramirez et al. and Ricks et al. went on to find a U-shaped association between
HbA1lc and mortality [68, 69]. There was a symmetric increase in adjusted all-cause mortality
with low HbA1c—6.0-6.9% (42.1-51.9 mmol/mol, HR 1.05), 5.0-5.9% (31.1-41.0 mmol/mo],
HR 1.08) and < 5.0% (<31.1 mmol/mol, HR 1.35) [69].

However, HbAlc has its limitations as a marker of glycaemic control in ESKD. Metabolic aci-
dosis and elevated blood urea nitrogen have been shown to falsely elevate HbAlc whereas
anaemia, ESA use, protein-energy wasting and shortened erythrocyte lifespan falsely decrease
HbA1lc values. Fructosamine and glycated albumin, as markers of intermediate-term glycae-
mic control, may therefore be more accurate metrics than HbAlc in ESKD patients [70].

KDOQI and KDIGO guidelines recognise the lack of robust evidence for glycaemic control
and the limitations of HbA1C in ESKD [20] [KDIGO]. They currently recommend that indi-
viduals on dialysis and pre-dialysis, respectively, should target an HbA1C ~7% (53.0 mmol/
mol), with tighter control to be avoided in patients at risk of hypoglycaemia. Furthermore,
the KDOQI guidelines advise clinicians that dosing of insulin and oral hypoglycaemic agents
may change markedly as patients transition onto dialysis—often with increased requirements
in PD [20]. The ISPD Guidelines recommend an HbAlc target of 7% (53 mmol/mol) in PD
patients with diabetes, which may be increased up to 8.5% (69 mmol/mol) in older patients [71].

Minimising dialysis-related glucose exposure may also help to mitigate cardiovascular risk
in diabetic PD patients. Several observational cohort studies have reported that higher peritoneal
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dialysis-related glucose exposure was associated with higher rates of technique failure and both
cardiovascular and all-cause mortality [72-74]. A subsequent RCT of a glucose-sparing PD
regimen (combination of dextrose-based solution, icodextrin and amino acids) versus conven-
tional PD (dextrose solutions only) in 251 diabetic PD patients over 6 months demonstrated
that the glucose sparing regimen produced modest benefits in the outcomes of HbAlc (0.5%
lower, 95% CI 0.1-0.8%), serum triglycerides, very low density lipoproteins and apolipoprotein
B, although this was counterbalanced by a safety signal regarding a (not statistically significant)
higher rate of deaths and serious adverse events, including several related to volume expan-
sion, in the glucose-sparing group [14]. The results suggested that glucose-sparing PD regimens
may improve surrogate metabolic outcomes, albeit possibly at the expense of optimal perito-
neal ultrafiltration and fluid control. The ISPD Guidelines recommend that “once daily icodex-
trin be considered as the long-dwell dialysis solution in diabetic peritoneal dialysis patients
for better glycaemic control” [71].

3.3. Cigarette smoking

Cigarette smoking is the leading cause of preventable death in the United States and ~30% is
attributed to ischaemic heart disease [75]. The prevalence of smoking in the dialysis popula-
tion has been reported as high as 15% [76].

Liebman et al. conducted a systematic review and meta-analysis of smoking and cardiovas-
cular outcomes in dialysis patients. Whilst smokers had a significant increase in all-cause
mortality (HR 1.65, 1.26-2.14, p < 0.001), surprisingly no significant increase was seen in car-
diovascular events (HR 1.01, 0.98-1.05, p = 0.4) compared with non-smokers [77]. The authors
reconcile that this may be due to (a) the composite cardiovascular outcome not being influ-
enced by smoking alone and (b) that smoking may increase mortality via non-cardiovascular
means.

Though specific data in dialysis patients are lacking, smoking cessation is likely to reduce car-
diovascular disease and mortality. Smoking cessation is supported by both KDOQI and ISPD
guidelines, with recommendations for specialist referral if required [20, 71].

3.4. Dyslipidaemia

Dyslipidaemia has been extensively studied as a potentially modifiable risk factor in the pre-
vention of CVD in dialysis patients. Dyslipidaemia in ESKD presents predominantly with low
high-density lipoprotein (HDL) and high triglyceride levels. Importantly, total cholesterol
and low-density lipoprotein (LDL) levels tend to be in the normal range or even low [78].
The relationship between serum cholesterol levels and cardiovascular risk in the dialysis pop-
ulation is complex. Observational studies have shown an inverse relationship between total
cholesterol and survival i.e. dialysis patients with the lowest cholesterol levels had the highest
mortality rates [79-81]. However, this appears to be confounded by malnutrition and chronic
inflammation—as when corrected for serum albumin, C-reactive protein and interleukin 6
levels, the positive correlation between cholesterol and mortality parallels that of the non-
dialysis population [82].
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The pathophysiological role of cholesterol in atherosclerosis appears to differ in patients
with ESKD. Coronary artery studies in the ESKD population have shown a 5-fold higher
prevalence of calcification, greater deposition of inflammatory cytokines and more intense
intra-plaque haemorrhage [78]. Fathi et al. studied the effect of aggressive cholesterol low-
ering in non-CKD and ESKD patients with established coronary artery disease (CAD) [83].
In the non-CKD group, the carotid artery intima/media thickness decreased significantly
with atorvastatin therapy during the 2-year observation period. There was no such change
seen in the ESKD cohort. The authors proposed that the beneficial effect of statins is likely
counteracted or nullified by the uraemic state.

There is accumulation of highly atherogenic lipoproteins in dialysis patients due to deficiency
of lipoprotein lipase, hepatic lipase and LDL receptor-related protein [84]. These include very
low density lipoprotein (VLDL), small dense LDL, intermediate-density lipoproteins, oxi-
dised LDL and lipoprotein (a) —which are not treatable with statin therapy [84]. This athero-
genic lipid profile is also more apparent in PD patients than those on HD [85-87].

Atherosclerotic coronary artery disease only accounts for ~20% of CVD in ESKD [88]. Vascular
calcification, LVH, diastolic dysfunction, cardiomyopathy, arrhythmia and sudden cardiac
death are also contributory. Given that the majority of CVD mortality is not related to CAD, it
seems plausible that lipid lowering therapy would not modify outcomes [84].

In the non-dialysis population, a meta-analysis of over 90,000 randomised patients demon-
strated an overall 25% reduction in major cardiovascular events for each 1 mmol/L decrease
in LDL cholesterol [89].

However, treatment of dyslipidaemia does not appear to confer the same benefits
in the dialysis population. Palmer et al. performed a systematic review of RCTs evaluating
the efficacy of statins in over 8000 dialysis patients [90]. Despite clinically relevant lowering
in serum cholesterol levels, statins had no significant effects on major cardiovascular events
(RR 0.95, 0.88-1.03), all-cause mortality (RR 0.96, 0.90-1.02), cardiovascular mortality (RR
0.94, 0.84-1.06) or myocardial infarction (RR 0.87, 0.71-1.07).

Hypertriglyceridaemia (fasting triglycerides > 5.65 mmol/L) should be treated through life-
style measures, including dietary modification, weight reduction, increased physical activity,
adequate glycaemic control and reduced alcohol intake [KDIGO].

Given the evidence presented, the KDOQI and KDIGO guideline recommendations advise
that statins should not be initiated routinely for primary prevention in dialysis patients
[20, 91]. Statin therapy should be continued in patients already on treatment at the com-
mencement of dialysis—due to the overwhelming evidence of cardiac protection in the non-
dialysis population and paucity of data in the dialysis population [91]. The role for statins
in dialysis patients post coronary/cerebrovascular event (secondary prevention) and in those
with LDL > 3.9 mmol/L has not satisfactorily been assessed in RCTs and thus there may
be a role for therapy in these populations [84, 91].

3.5. Obesity

Higher body mass index (BMI) is associated with higher all-cause and cardiovascular mortal-
ity in the non-dialysis population. In contrast, epidemiological studies in dialysis patients
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have shown a paradoxically inverse association between BMI and mortality [92-97]. HD
patients appear to have a lower BMI than age and sex-matched controls from the general
population [98]. The survival advantage associated with a higher BMI appears less in patients
on PD than on HD [99-101].

Theories to support this paradox include protein energy wasting (PEW), inflammation, com-
peting risk and reverse causation [102]. PEW refers to loss of body protein and fat mass,
frequently observed in ESKD patients [103]. Increased activation of inflammatory cytokines
in dialysis patients may cause appetite suppression and proteolysis—overall increasing
the risk of death from CVD [104]. Obesity may therefore provide a ‘functional reserve’, poten-
tially attenuating the effect of PEW and inflammation in patients with a higher BMI. Given
the high mortality of patients on dialysis, it may be that the long-term, conventionally det-
rimental effects of obesity may be outweighed by the competing short-term effects of PEW
and inflammation. Finally, lower BMI may simply be a consequence of conditions that lead
to poorer outcomes in ESKD, rather than the cause—a confounding factor limited by obser-
vational data [102].

Observational data from Ramkumar et al. showed that PD patients with high BMI/high mus-
cle mass had lower all-cause (HR 0.90, 0.83-0.97) and cardiovascular (HR 0.88, 0.79-0.97) mor-
tality compared with normal BMI/high muscle mass patients [105]. Patients with high BMI/
low muscle mass had an increased risk of all-cause (HR 1.29, 1.17-1.42) and cardiovascular
(HR 1.21, 1.06-1.39) mortality [105].

The existing evidence is not strong enough to inform decisions regarding weight management
in ESKD. Larger, prospective, randomised trials are required to assess the efficacy of weight
management interventions on cardiovascular outcomes in the dialysis population. At this
stage weight loss measures cannot be recommended for all dialysis patients but increasing
muscle mass may be beneficial in those on PD.

3.6. Sedentary lifestyle

In an observational study of 2507 incident dialysis patients, 56% reported exercising less than
once a week and only 20% reported daily exercise [106]. Low aerobic activity has been identi-
fied as one of the strongest predictors of mortality among ESKD patients [107].

Many studies have validated the safety and efficacy of exercise in the CKD population.
Specifically, trials in dialysis patients have utilised intra-dialytic cycling and/or progressive
resistance training to show improvements in systemic inflammation, cardiovascular function-
ing, dialysis adequacy and muscle wasting [107]. In an observational study, Stack et al. found
that mortality risks were lower for dialysis patients who exercised vigorously 2-3 times per
week (RR 0.74, 0.58-0.95) compared to their less active peers [106]. In a multi-centre ran-
domised trial, Manfredini et al. found that dialysis patients undertaking a personalised walk-
ing program had significantly improved scores on physical (6 minute walk test, 5 times sit
to stand test), cognitive and quality of life measures [108].

As per Cheema: “despite overwhelming evidence of the safety, efficacy, feasibility and gen-
eralisability of these interventions, as well as comparative trials demonstrating that in-centre
training results in higher adherence than training on non-dialysis days, intra-dialytic exercise
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remains notably absent from standard practice” [107]. However, it should be noted that high
quality RCTs evaluating exercise and cardiovascular mortality in ESKD are still lacking.

KDOQI and ISPD guidelines recommend that all dialysis patients be counselled and regu-
larly encouraged to increase their physical activity —accumulating at least 30 min of moderate
intensity physical activity on most, preferably all days of the week [20, 71]. Patients should
be appropriately referred for physical therapy to ensure that exercise programs are tailored
according to functional capacity. It remains uncertain whether aerobic, resistance or combina-
tion programs are most efficacious in dialysis patients.

3.7. Depression

The epidemiology of depression in ESKD is variably reported, largely dependent on the meth-
ods used for screening and diagnosis. A systematic review and meta-analysis of observational
studies found that the prevalence of depression in HD and PD patients is similar ~40%, higher
than in CKD (26.5%) or transplant (26.6%) patients [109]. Self-reported diagnostic tools may
overestimate the prevalence of depression given the overlap of somatic symptoms in ESKD
(fatigue, anorexia, sleep disturbance) [109].

A meta-analysis of cohort studies (>30,000 dialysis patients) found an increased risk of mor-
tality in patients with depression (RR 1.40, 1.23-1.45, p = 0.03). The risk of increased car-
diovascular mortality was less clear (RR 1.88, 0.84-4.19, p = 0.2) [110]. Randomised trials
of interventions for depression in CKD have been limited by small sample size, short duration
and surrogate outcomes to determine efficacy [110].

The KDOQI guidelines recommend that all patients be seen by a social worker at dialysis
commencement, and at least 6 monthly thereafter to assess their psychosocial state and screen
for depression and anxiety [20]. The guidelines also recommend treatment for all patients
with diagnosed depression and/or anxiety. The recommendations are based on moderately
strong evidence extending from the non-dialysis population.

4. Non-traditional risk factors

4.1. Anaemia

Anaemia is a known complication of CKD, primarily due to the inadequate renal produc-
tion of erythropoietin, with its prevalence increasing as patients’ approach ESKD. Anaemia
is an established non-traditional cardiovascular risk factor that promotes cardiac structural
and functional abnormalities including left ventricular hypertrophy/dilatation, diastolic dys-
function, arrhythmias and congestive heart failure [19, 111, 112].

The Dialysis Outcomes and Practice Patterns Study (DOPPS) data showed that approximately
47% of prevalent HD patients had haemoglobin (Hb) concentrations <110 g/L and 84% were
prescribed erythropoietin-stimulating agents (ESAs) [113]. DOPPS also found that higher Hb
concentrations (Hb 110-120 g/L) were associated with decreased mortality (RR 0.95, 0.90-0.99,
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p = 0.03) and hospitalisation (RR 0.96, 0.93-0.99, p = 0.02) [113]. Similar findings from other
observational studies may have contributed to the increased ESA use in the US from 1991
to 2006 [3].

Evidence from RCTs thereafter raised concerns about higher Hb concentrations. CHOIR inves-
tigators reported higher composite CVEs (HR 1.34, 1.03-1.74, p = 0.03) in patients receiving
ESA who achieved a higher Hb (~135 g/L) when compared with the lower Hb (~113 g/L) target
group, with no between-group differences in patient reported outcomes [114]. A meta-analy-
sis thereafter by Palmer et al. found that treatment with ESA to a higher Hb target (~130 g/L)
increased the risk of stroke, worsened hypertension and vascular access thrombosis, compared
with the lower Hb target (~101 g/L). There were no statistically significant differences between
groups for the risk of all-cause mortality, serious CVEs or quality of life [115].

The most recent network meta-analysis of RCTs concluded that while ESAs prevent blood
transfusions, their effect on survival, CVEs and symptom improvement remain unclear. There
have been few direct comparisons between the different ESAs and the current studies are
unable to separate the formulations based on patient-centred or hard outcome measures [116].

The KDOQI and KDIGO guidelines currently recommend that ESA therapy be initiated
when Hb levels are between 90 and 100 g/L, with a view to avoiding concentrations falling
to <90 g/L. They also suggest that ESAs not be used to maintain Hb concentration > 115 g/L or
to intentionally increase concentration >130 g/L. Whilst anaemia itself is regarded as a non-
traditional risk factor, its correction with ESA therapy does not appear to improve cardio-
vascular outcomes in dialysis patients. Ultimately dosing and target Hb concentrations very
much need to be individualised based on patient symptoms and competing co-morbidities.
The principal goal of ESA therapy is avoidance of blood transfusion.

4.2. Chronic volume overload

Chronic fluid overload remains highly prevalent in dialysis patients and is an independent
predictor of all-cause and cardiovascular mortality [117, 118].

Zoccali et al. examined chronic fluid exposure using bio-impedance spectroscopy in approx-
imately 35,000 incident HD patients across 26 countries [119]. Baseline fluid overload
and cumulative 1 year fluid overload exposure predicted excess risk of mortality across all BP
categories. The highest mortality risk was in those with fluid overload and systolic BP < 130
mmHg at baseline (HR 1.51, 1.38-1.65, p < 0.001) and at 1 year (HR 1.94, 1.68-2.23, p < 0.001)
[119]. Fluid overload also independently predicted all-cause mortality (HR 12.98, 1.06-168.23,
p=0.042) and a trend of increased CVD mortality (log-rank test 2.90, p = 0.089) in a trial of 307
PD patients [120]. Interestingly, a multi-centre RCT of 308 patients found that bio-impedance
did not appear to improve clinical management of fluid status in PD patients [121].

Treatmentof fluid overload in dialysis patientshas yet tobe studied in the RCT setting. However,
Assimon et al. performed a retrospective analysis of over 118,000 HD patients and found
that ultrafiltration rates > 13 ml/kg/h were associated with increased mortality (adjusted HR
1.31, 1.28-1.34) compared with rates < 13 ml/kg/h [122]. As Dasgupta and colleagues state
‘controlling the high prevalence of fluid overload in this population is considered an unmet
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clinical need, and there is a quest for clinical policies specifically aimed at optimising control
of fluid overload to improve the dim prognosis of patients with ESKD’ [123]. In the interim,
the traditional goals of sodium and volume restriction (as outlined in Section 3.1) remain key
to controlling fluid overload and maintaining dry weight in dialysis patients.

4.3. Mineral and bone disorder

Chronic kidney disease—mineral and bone disorder (CKD-MBD) is defined as a systemic
disorder encompassed by bone abnormalities, laboratory abnormalities and vascular calci-
fication that are associated with hard outcomes such as fractures, cardiovascular morbidity
and mortality [124]. The premature CVD experienced by ESKD patients is in part due to accel-
erated vascular calcification. With declining renal excretion of phosphorus, its accumula-
tion in serum ultimately promotes the conversion of vascular smooth muscle cells towards
the osteoblast phenotype [125].

Observational data from >40,000 HD patients showed an incremental association between
serum phosphorus concentrations and mortality —RR 1.10 (1.02-1.17) and RR 2.47 (1.90-
3.19) at phosphorus levels 1.62-1.78 mmol/L and >3.55 mmol/L respectively [126]. Similar
findings were noted for serum corrected calcium and parathyroid hormone (PTH).
Hyperphosphataemia and hyperparathyroidism were also significantly associated with all-
cause, cardiovascular and fracture-related hospitalisation.

Many treatment modalities including vitamin D compounds, phosphate binders, cinacalcet,
bisphosphonates and calcitonin have been successful in correcting the biochemical abnormali-
ties associated with CKD-MBD [127]. However, these therapies have only weakly correlated
with all-cause and cardiovascular mortality outcomes in a meta-analysis [127]. Furthermore,
a recent network meta-analysis of randomised trials concluded that there is currently no evi-
dence that phosphate binders reduce mortality compared to placebo [125]. Similarly, a cumu-
lative meta-analysis of 18 RCTs involving 7446 patients with CKD found that cinacalcet did not
influence cardiovascular or all-cause mortality [128]. There is also no compelling evidence that
vitamin D influences patient-level outcomes such as CVEs and mortality [129, 130]. Overall,
existing evidence shows that despite the strong association between bone and mineral param-
eters and CVD mortality in cohort studies, the benefits of drug effects on biochemical targets
does not translate into improved health outcomes [127].

The KDOQI and KDIGO guidelines do provide recommendations on the evaluation and treat-
ment of the abnormalities of CKD-MBD [131]. However, given the lack of definitive clinical
outcome trials most of the recommendations are weak and/or discretionary. Further research
is required to assess whether CKD-MBD is a truly modifiable, non-traditional cardiovascular
risk factor among dialysis patients.

4.4. Hyperuricaemia

Hyperuricaemia has been associated with increased CVD mortality and CKD progression
in the non-dialysis population [132-134]. The association between hyperuricaemia and car-
diovascular outcomes in the dialysis population is less clear.
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Latif et al. reviewed DOPPS data and found that higher uric acid levels were associated
with lower risk of all-cause and CVD mortality in HD patients [135]. The adjusted HR at uric
acid level < 0.488 mmol/L compared with > 0.488 mmol/L was 1.24 (1.03-1.49) for all-cause
mortality and 1.54 (1.15-2.07) for CVD mortality. Similar results were found by Bae et al.
[136]. The authors proposed that elevated uric acid levels among HD patients may be a sur-
rogate marker for better nutritional status, as these patients also had higher serum phosphate
and BMI [135].

Dong et al. found contrasting results in their multi-centre study of over 2000 PD patients. Each
1 mg/dL (0.06 mmol/L) increase in uric acid level was associated with higher adjusted all-
cause mortality (HR 1.05, 1.00-1.10) and CVD mortality (HR 1.12, 1.05-1.20). Similar results
have been found by other authors [137, 138].

Further research is required to shed more light onto the relationship between uric acid
and cardiovascular outcomes, especially to elucidate the apparent differences in HD
and PD. Furthermore, it remains to be seen whether correction of uric acid abnormalities may
alter hard outcomes in the dialysis population.

4.5. Hyperhomocysteinaemia

Homocysteine is a non-essential amino acid that plays an important role in the methionine
cycle through its interaction with vitamin B12 and folic acid [139]. Disturbance of this path-
way leads to accumulation of homocysteine, which is believed to play a role in vascular cal-
cification, atherothrombosis and CVD [140]. Hyperhomocysteinaemia is seen in 85-100%
of patients with ESKD and is currently regarded as an independent predictor of CVD mor-
bidity and mortality in this population [139, 141].

Qin et al. performed a meta-analysis of 7 randomised trials involving 3886 patients
with advanced or ESKD to assess whether homocysteine-lowering with folic acid reduced
CVE [142]. Folic acid therapy significantly reduced the risk of CVEs (RR 0.85, 0.76-0.96, p =
0.009), with the greatest benefit seen in patients that had a longer duration of therapy, no or
partial folic acid fortification and a > 20% decrease in homocysteine levels. However, a subse-
quent meta-analysis of 6 RCTs involving 2452 ESKD patients only found that homocysteine-
lowering therapy had little or no effect on all-cause or cardiovascular mortality [143].

Folic acid therapy for hyperhomocysteinaemia per se is not specifically covered in many dial-
ysis clinical practice guidelines. Folic acid is often supplemented in dialysis patients to avoid
deficiency, particularly those at risk of malnutrition. Whether folic acid supplementation pro-
vides any additional cardiovascular benefit in replete patients is unknown. Given its cost
efficacy, favourable side effect profile and potential CVD benefit, it would be reasonable
to recommend folic acid therapy for ESKD patients not receiving fortification.

4.6. Chronic inflammation —oxidative stress, endotoxaemia and uraemic toxins

Elevated oxidative stress has been associated with increased CVD risk in the ESKD popula-
tion [144]. ESKD patients have been shown to have an imbalance in pro-oxidant and anti-
oxidant pathways that ultimately lead to endothelial dysfunction, chronic inflammation
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and accelerated atherosclerosis [144]. The predominant mechanism of oxidative stress in HD
is thought to be through inactivation of nitric oxide synthase by reactive oxygen species [145].
Anti-oxidant therapies may therefore have a role in improving CVD outcomes in dialysis
patients. Tepel et al. performed a randomised, placebo-controlled trial in 134 HD patients
and found that N-acetylcysteine reduced CVEs (RR 0.60, 0.38-0.95, p = 0.03) but not all-
cause or CVD mortality [146]. Similarly, Boaz et al. evaluated vitamin E in 97 HD patients
and found that, compared to placebo, vitamin E reduced CVEs (RR 0.46, 0.27-0.78, p = 0.014)
but had no effect on all-cause or CVD mortality [147]. These findings are yet to be replicated
in larger clinical trials.

Endotoxaemia has been proposed as a potential mechanism for the chronic inflammation
seen in ESKD [148]. Endotoxins are complex polysaccharides found on the outer cell wall
of gram-negative bacteria. Endotoxaemia not only occurs in sepsis, but has also been identi-
fied in congestive heart failure and in ESKD [149-151]. Current endotoxin detection assays
are however limited by their poor sensitivity and validation in ESKD [152]. Potential sources
of endotoxaemia that are pertinent to the ESKD population include contaminated dialysate,
dialysis catheters and circuitry (HD and PD), peritoneal membrane dysfunction, gastrointes-
tinal bacterial translocation and periodontal disease [12, 152]. Preventative strategies such
as avoidance of temporary dialysis catheters and use of ultrapure water have been shown
to reduce endotoxin levels [153, 154]. Initial evaluation of gut flora modulation through use
of pre- and probiotics [155] as well as gastrointestinal decontamination [156] have shown
some promise— their efficacy is yet to be confirmed in dialysis patients however.

Uraemic toxins, particularly indoxyl sulphate (IS) and p-cresyl sulphate (PCS), have been
associated with chronic inflammation, premature CVD and mortality in ESKD [157-160].
Both toxins are produced by large bowel microbiota, which is known to be dysregulated
in CKD and ESKD [161]. In a meta-analysis of 10 RCTs involving 1572 patients with CKD,
PCS was significantly associated with both all-cause mortality (OR 1.16, 1.03-1.30, p = 0.013)
and cardiovascular mortality (OR 1.28, 1.10-1.50, p = 0.002) whereas IS was only significantly
associated with all-cause mortality (OR 1.10, 1.03-1.17, p = 0.003) [157]. Importantly, there is
limited but supportive evidence for the effectiveness of pre- and probiotics on reducing IS
and PCS levels in CKD [161, 162]. Whether this translates to improved cardiovascular out-
comes in the dialysis population remains to be seen.

5. Cardiovascular disease screening

Despite the considerable burden of CVD in the ESKD population, screening in asymptomatic
individuals is not routine in clinical practice, except those being evaluated for transplantation.
This may in part be due to the uncertainty regarding whether early detection and interven-
tion improves outcomes in this population. Furthermore, CVD screening methods in them-
selves pose unique challenges in the dialysis cohort. The prediction of CAD risk is limited by
traditional risk estimate tools, including the Framingham risk model, which can underesti-
mate risk in ESKD by 50% [163]. The biomarkers and screening tests with the most evidence
in ESKD are presented here. A summary of the limitations of screening tests in the dialysis
population are shown in Table 2.



Cardiovascular Disease in Dialysis Patients
http://dx.doi.org/10.5772/intechopen.70362

Non-invasive screening test Limitations in ESKD

Exercise stress test Poor exertional tolerance

High prevalence of baseline ECG abnormalities
Myocardial perfusion scintigraphy Low sensitivity

Dobutamine stress echocardiography Operator dependent

Adequate acoustic windows not possible in up to 20% of cases
Coronary artery calcium score No correlation between score and CAD

CT coronary angiogram Contrast exposure

Low specificity due to high coronary calcium burden

Cardiac MRI Inability to use gadolinium

Adapted from [164].

Table 2. Limitations of non-invasive screening methods in ESKD patients.
5.1. Biomarkers

The search for a novel predictive biomarker has not yielded many successful results. Markers
of myocardial injury, inflammation, endothelial dysfunction, sympathetic overactivity, oxida-
tive stress and atherosclerosis have been evaluated [165]. The most promising biomarker appears
to be the cardiac troponin assay. A meta-analysis of ~4000 asymptomatic ESKD patients found
that an elevated troponin T level (>0.1 ng/ml) was significantly associated with increased all-
cause mortality (RR 2.64, 2.17-3.20) and CVD mortality (RR 2.55, 1.93-3.37) [166]. The American
College of Cardiology Foundation highlighted the value of troponin for prognostication
in ESKD but also its current limitations in guiding clinical practice [167]. This may be in part
related to the lack of specificity of troponin, elevated in more than a third of patients with ESKD
[165]. B-type natriuretic peptide (BNP) and N-terminal pro-BNP (NT pro-BNP) may also have
arole in predicting CVD and all-cause mortality in ESKD [168]. The between-person variability
of NT pro-BNP is considerable in stable HD patients, likely accounted for by differences in fluid
status, residual kidney function, dialysis prescription and underlying cardiac pathologies [169].
However, the within-person variation is markedly smaller and thus may be of greater prognos-
tic significance [169]. In a prospective cohort study of baseline serum NT pro-BNP levels in 230
PD patients, the adjusted HR for all-cause mortality and cardiovascular mortality of the fourth
quartile were 4.97 (1.35-18.28, p = 0.016) and 7.50 (1.36—41.39, p = 0.021) respectively, compared
with the first quartile [170]. Similar results were found in a study of 150 HD patients, where
serum NT pro-BNP had a strong graded relationship with all-cause mortality (HR 1.54, p <0.01)
and cardiovascular mortality (HR 2.99, p <0.01) [171]. Furthermore, a prospective cohort study
of 113 HD patients found that an annual increase in serum BNP of 40% predicted all-cause
and cardiovascular death in the subsequent year [172].

5.2. Exercise stress test

Exercise stress testing is generally a poor screening tool in the dialysis population given the high
prevalence of baseline ECG abnormalities, limited exercise tolerance due to non-cardiac
co-morbidities, a blunted chronotropic response from autonomic dysfunction—ultimately
only 7-53% of patients achieve the target heart rate [164].
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5.3. Myocardial perfusion scintigraphy (MPS)

Myocardial blood flow can be evaluated both at rest and post cardiac stress with MPS. The same
limitations of exercise stress testing exist with exercise-MPS in dialysis patients, necessitating
the use of pharmacological stressors. When compared to coronary angiography, its specificity
and sensitivity range from 37 to 100% and 29 to 92%, respectively. The low sensitivity in dial-
ysis patients has been attributed to equally distributed diminished coronary flow (‘balanced
ischaemia’) and an impaired vasodilatory response [164]. Nevertheless, an abnormal MPS
finding was a significant independent predictor of CVEs (HR 2.11, 1.05-4.24, p = 0.035) [173].
In one prospective study of 150 dialysis patients, an abnormal MPS result was more predic-
tive of mortality than the number of narrowed coronary vessels [174].

5.4. Dobutamine stress echocardiography (DSE)

DSE demonstrates resting and stress-induced regional wall motion abnormalities which sig-
nify scar and ischaemia respectively [165]. DSE is a valid screening test as it not only provides
information on the location and extent of CAD, but also on ventricular hypertrophy, volume
status and valvular disease. Its sensitivity and specificity appear similar to that of MPS [164].
An abnormal DSE result had a HR of 4.3 (1.8-10.0) for major CVE, with similar findings across
many studies in ESKD [175-178].

5.5. Coronary artery calcium score

Computed tomography (CT) is a sensitive tool for the detection and quantification of calcium
deposition in soft tissues, particularly coronary arteries. Coronary calcium scores do predict
mortality in dialysis patients, but have poor correlation with angiogram findings [179, 180].
Though not the best tool to predict future need for coronary intervention, low or negative
coronary calcium scores have been shown to have good negative predictive value [180].

5.6. CT coronary angiogram

CT coronary angiogram is presently used in the general population to evaluate CAD in low
to intermediate risk patients. Its utility has not been extensively assessed in the dialysis pop-
ulation. In a trial of 70 maintenance HD patients, the prevalence of CAD on CT coronary
angiogram at baseline was 43%. After 2 years, 36% of those with CAD had a CVE compared
with none of the patients with no significant CAD (p < 0.01) [181]. Given its high negative
predictive value, Hakeem et al. concluded that ‘the potential role of CT coronary angiogram
likely rests in serving as a gatekeeper for invasive angiography in patients with submaximal,
equivocal or mildly abnormal stress tests’ [165].

5.7. Coronary angiography

Coronary angiography remains the gold standard for the diagnosis of CAD in dialysis patients.
Its use as a screening tool is limited by its cost, invasive nature and presumed deleterious effects
on residual kidney function [164]. CAD (>50% coronary stenosis) has been identified in 50-70%
of asymptomatic incident HD patients, with multi-vessel involvement in up to 40% [182-184].
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Coronary intervention does not appear to improve survival in asymptomatic individuals
in the general population [185]. Yasuda et al. performed a prospective cohort study over 5 years
in 259 HD patients with CAD to assess whether percutaneous intervention had a therapeutic
advantage over medical therapy [186]. They found that after adjustment for other risk factors,
effects of coronary intervention on the risk for all-cause mortality (OR 0.37, 0.26-0.54, p = 0.006)
and CVD mortality (OR 0.14, 0.08-0.25, p < 0.001) remained significant and independent [186].
This evidence clearly needs to be clarified further through larger and ideally randomised trials.

As for any screening program, the expected benefits should outweigh the costs and side
effects. Screening can only be justified when there is high asymptomatic disease prevalence
within the cohort and with evidence that early intervention improves overall outcomes [164].
Early coronary intervention should be the focus of future research, which may alter screening
practices in ESKD. Hakeem et al. proposed an algorithm for CAD screening and risk strati-
fication in asymptomatic ESKD —the adapted schematic is presented below [165] (Figure 1).
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Figure 1. Proposed algorithm for CAD screening. Modified from [165]. ESKD, end-stage kidney disease; LV, left
ventricular; CACS, coronary artery calcium score; CTCA, CT coronary angiogram.

6. Screening in renal transplant candidates

Patients with ESKD being considered for transplantation warrant comprehensive cardiac evalua-
tion to assess both peri-operative and post-transplant risk. CVD remains the major cause of mor-
tality after renal transplantation, with approximately 30% due to myocardial infarction [187, 188].
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Several workgroups have published guidelines and recommendations regarding the cardiac
workup of dialysis patients awaiting transplantation. A summary of the recent guidelines is pre-
sented in Table 3.

Guideline Recommendations

2013 KHA-CARI Recommend that:

[189] * all candidates for kidney transplantation be screened for CVD risk factors. Indicators of high risk
include: older age, DM, abnormal ECG, prior IHD or CCF, increased dialysis vintage, smoker

* stress testing such as MPS or stress echocardiography be performed without concurrent
[-blocker therapy

® coronary angiography for candidates with abnormalities on screening procedures
Suggest that:
¢ candidates with low CVD risk do not require stress testing for CAD

¢ candidates with a moderate or high clinical risk of CVD undergo stress testing prior
to transplantation

* the prognostic accuracy of cardiac stress testing diminishes after 24 months. The interval at
which testing should take place not been well defined

* the benefit of revascularisation prior to transplantation be reviewed on an individual basis

2012 ACC/AHA * Non-invasive stress testing may be considered in those with no active cardiac conditions:
[190] presence of multiple CAD risk factors regardless of functional status

* Relevant risk factors include DM, prior CVD, > 1 year on dialysis, LV hypertrophy, age > 60
years, smoking, hypertension, dyslipidaemia. Reasonable to prompt stress testing with >3
risk factors

* The usefulness of periodically screening asymptomatic subjects for ischaemia while
on the waiting list to reduce the risk of CVE is uncertain

2005 NKF KDOQI  Non-invasive stress testing recommended for:
[20] ¢ all patients with DM; repeat every 12 months
* all patients with prior CAD:
¢ If not revascularised, repeat every 12 months
e If prior PCI, repeat every 12 months
e If prior CABG, repeat after first 3 years and then every 12 months
Repeat every 24 months in “high-risk” non-diabetic patients defined as:
e 22 traditional risk factors
e known history of CAD
e LVEF <40%

® peripheral vascular disease

KHA-CARI, Kidney Health Australia Caring for Australasians with Renal Impairment; ACC/AHA, American College
of Cardiology/American Heart Association; NKF KDOQI, National Kidney Foundation Kidney Disease Outcomes Quality
Initiative; CVD, cardiovascular disease; DM, diabetes mellitus; IHD, ischaemic heart disease; CCF, congestive cardiac
failure; MPS, myocardial perfusion scintigraphy; CAD, coronary artery disease; LV, left ventricular; CVE, cardiovascular
events; PCI, per cutaneous intervention; CABG, coronary artery bypass grafting; LVEF, left ventricular ejection fraction.

Table 3. Summary of cardiac screening guidelines for the patient with ESKD awaiting renal transplantation.
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7. Conclusion

The high incidence of multiple traditional and non-traditional risk factors predisposes dialy-
sis patients to a considerable burden of CVD. This chapter has summarised the available evi-
dence supporting CVD risk factor modification, prevention and screening in ESKD. Clinicians
must appreciate the limitations of the current evidence and tailor specific therapeutic strate-
gies to the individual patient. Future research into modifiable, non-traditional risk factors is
warranted and we look forward to their clinical application and improvement of CVD out-
comes in ESKD.
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Abstract

The high mortality of hemodialysis (HD) patients is partly due to the limited capacity
of diffusion-based HD to remove large uremic toxins. Hemodiafiltration (HDF) which
combines convection with diffusion could enhance both large and protein-bound uremic
toxin removal. Recently, there have been several randomized controlled trials demon-
strating that high-efficiency post-dilution online HDF could improve survival. Indeed,
high blood flow rate, which is the necessary requirement, could not be achieved in some
patients. The alternative HDF techniques that could provide comparative efficacy would
be considered. Pre-dilution online HDF could be performed without risk of hemocon-
centration. Mid-dilution online HDF could be conducted via either simple way by using
two dialyzers with the substitution fluid line in between or using special designed dia-
lyzer. Mixed-dilution online HDF requires additional substitution pump for both pre-
and post-dilution. There are interesting HDF techniques that could be performed with
the conventional HD machine and these include HD with double high-flux, enhanced
internal filtration, or super high-flux dialyzers. These modalities enhance the convective
clearance in combination with internal backfiltration within the dialyzer in HD platform.
All of these alternative high-efficiency HDF modalities are available and can potentially
provide quite equivalent benefits with the high-efficiency post-dilution online HDF.

Keywords: hemodialysis, high-efficiency, online hemodiafiltration, survival,
double high-flux, super high-flux, enhanced internal filtration

1. Introduction

The long-term mortality of either conventional or high-flux hemodialysis (HD) patients has
been persistently high despite an achievement of adequate diffusive small solute removal in
terms of Kt/V urea. Increasing urea clearance does not yield survival improvement [1]. One
of the important explanations is the limited capacity of these diffusion-based HD to remove
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larger molecular weight uremic toxins and protein-bound toxins. There is an increasing evi-
dence that these compounds are associated with increased overall and cardiovascular mor-
talities [2]. Enhanced removal of these uremic toxins by hemodiafiltration (HDF) may offer a
feasible approach to improve long-term dialysis patient outcome.

2. What is hemodiafiltration (HDF)

Hemodiafiltration (HDF) is defined by the European Dialysis Working Group (EUDIAL)
group as a blood purification therapy combining diffusive and convective solute transport
achieved by an effective convection volume of at least 20% of the total blood volume, using
a high-flux membrane characterized by an ultrafiltration coefficient (KUF) greater than 20
mL/h/mmHg/m?, and a sieving coefficient (S) for §,-microglobulin (8,M) of greater than 0.6
[3]. HDF could enhance both large molecular and protein-bound uremic toxin removals.
Various HDF techniques have been innovated and can be divided into two categories.

2.1. HDF with external fluid substitution

HDF with external fluid substitution such as classical HDF (substitution fluid in bag) and
online HDF (online preparation of substitution fluid).

2.2. HDF with internal fluid substitution

HDF with internal fluid substitution such as enhanced internal filtration high-flux HD, dou-
ble high-flux HD, push-pull HDF.

Among various HDF techniques, post-dilution online HDF in external fluid substitution cat-
egory has been widely used and studied, and is the standard reference to demonstrate the
beneficial clinical effects of HDF.

3. Benefits of high-efficiency HDF

3.1. Survival benefit

Recently, there have been several large prospective randomized controlled trials (RCTs) com-
paring survival outcomes in patients receiving HD with post-dilution online HDF. In the
Convective Transport Study (CONTRAST) [4], post-dilution online HDF was compared with
low-flux HD in 714 prevalent HD patients. The primary outcome of all-cause mortality was
not different after a mean follow-up of 3.0 years. However, subgroup analysis suggested a
benefit on all-cause mortality (hazard ratio 0.57; p < 0.016) among those patients treated with
high convection volume (>21.95 L/treatment). The second RCT was the Turkish Online HDF
Study [5], which compared post-dilution online HDF with high-flux HD in 782 patients. The
primary outcome of the composite of death from any causes and nonfatal cardiovascular
events was comparable after 2 years follow-up period. In a post-hoc analysis, treatment with
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online HDF achieving a substitution volume >17.4 L was associated with a 46% reduction
ratio for overall mortality (p = 0.02) and a 71% reduction ratio for cardiovascular mortality
(p = 0.003). Finally, in Catalonia (Spain), the Estudio de Supervivencia de Hemodiafiltracién
Online (ESHOL) study [6], randomized 906 patients to either continuing HD or switching to
high-efficiency post-dilution online HDF. ESHOL is the first RCT demonstrating a significant
advantage of online HDF in reducing all-cause mortality by 30% (primary outcome, p = 0.01),
infection-related mortality by 55% (secondary outcome, p = 0.03), and cardiovascular mortal-
ity by 33% (secondary outcome, p = 0.06). The mean convective volumes were 23.7 L/session.

Individual participant data sets of all the above 3 RCTs [4-6] and another French study aggre-
gating 2793 patients were pooled and used to compare online HDF with HD in European
HDF pooled project. The first analysis on the relationship between convection volume with
or without standardizing to patient anthropometrics and patient outcomes demonstrated that
all-cause mortality was reduced when the convective dose was unstandardized or standard-
ized to body surface area (BSA) or total body water for those receiving higher convective
doses. Standardization by body weight or body mass index was not associated with signifi-
cant survival advantages [7]. The second analysis investigated the effects of convective vol-
ume standardized to BSA on patient outcomes across different clinical subgroups. Online
HDF reduced the risk of all-cause mortality by 14% and cardiovascular mortality by 23%.
There was no evidence of a differential effect in the subgroups. The greatest survival benefit
was for patients receiving the highest delivered convection volume (>23 L/1.73 m* BSA/ses-
sion) [8]. This pooled individual participant analysis indicates that online HDF reduces the
risk of mortality in dialysis patients. This effect holds across a variety of important clinical
subgroups of patients and is most pronounced for those receiving a higher convection volume
either crude or standardized to BSA.

In a meta-analysis of six RCTs including 2402 patients compared HDF achieving a significant
convective volume with HD, all-cause mortality, and cardiovascular mortality were reduced
with HDF compared to HD (RR = 0.8 and 0.73, respectively) [9].

A recent retrospective dose-finding study in 2293 incident HDF patients also found the rela-
tive survival rate positive correlation between convective dose and survival rate. The survival
benefit was found to significantly increase at convective volume about 55 L/week and to stay
increasingly up to about 75 L/week. Pre-dialysis 3,M concentration was decreased as the con-
vective volume was increased from 40 to 75 L/week [10].

These studies support the conclusion that high volume or high-efficiency post-dilution online
HDF, the convective volume of which above 20 L/session (60 L/week), is associated with
improved overall survival when compared with HD. However, the optimal volume is sug-
gested above 23 L/session (66 L/week) [11]. This advantage was mainly the result from lower
cardiovascular and infectious mortalities. Other additional benefits also had contributory roles.

3.2. Enhanced removal of both large and protein-bound uremic toxins

The convective transport in HDF could effectively remove middle molecule solutes such as
p,M (12 kDa) [12, 13], leptin (16 kDa) [14, 15], and various cytokines when compared with
high-flux HD. HDF is accompanied by a significant decline of circulating 3,M concentrations
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over a mid-term period [13]. Pre-dialysis 3,M was reduced to less than 27.5 mg/L, which was
the cut-point that showed survival benefit [16]. 3,M amyloidosis, a major concern in long-
term HD therapy has nearly disappeared with HDF therapies and ultrapure dialysis fluid.
Leptin is a middle molecule uremic toxin that accumulates in dialysis patients and is impli-
cated in malnutrition and anorexia [15]. Free leptin is effectively removed by HDF as reflected
by reduced circulating concentrations in HDF-treated patients [14].

Regarding protein-bound uremic toxins, indoxyl sulfate and p-cresylsulfate have been most
extensively studied [17]. Many studies demonstrated that p-cresylsulfate was related with
negative outcomes including infectious disease, uremic symptoms, vascular calcification,
coronary artery disease, cardiovascular disease, and overall mortality [17, 18]. Indoxyl sulfate
was also associated with IL-6 concentration, coronary artery disease, vascular damage, pro-
gression of chronic kidney disease, and mortality [17, 19]. Removal of protein-bound solutes
by dialysis strategies is less efficient than that of non-protein-bound solutes of similar molecu-
lar weight. HDF increases reduction rate as well as clearance [20], resulting in a longitudinal
decrease in pre-dialysis concentrations [20].

3.3. Improved intra-dialytic clinical tolerance and blood pressure stability

Improvement of clinical tolerance was reported and the incidence of hypotensive episodes
was reduced in HDF [21, 22]. Maltolerance symptoms including nausea, vomiting, cramps,
headache, and post-dialysis fatigue were also reduced with HDF. Better blood pressure con-
trol with a reduced occurrence of cardiac events has been reported [13, 23].

3.4. Reduced pro-inflammatory stage

A low-grade inflammation is commonly observed in dialysis patients. Both dialysis-related
factors such as microbiological quality of the dialysate or membrane bioincompatibility and
non-dialysis-related factors such as retention of uremic toxins, infection, and comorbidity
may contribute to this persistent inflammation, which plays a major role in the pathogen-
esis of atherosclerosis and cardiovascular disease. HDF might provide a beneficial effect by
convective removal of cytokines and pro-inflammatory factors as well as reducing the pro-
inflammatory production from using good quality of dialysis fluid and good biocompatibility
membrane. Anti-inflammatory effects of HDF have been shown in several studies [24].

This benefit might lead to facilitate anemia correction that was demonstrated by better hemo-
globin level or reduced weekly erythropoietin dose requirement [25].

3.5. Reduced infectious complication

Improvement in immune response is another beneficial aspect of HDF. Uremic dialysis
patients have a significant risk of infectious complication. Several identified middle mole-
cule uremic toxins, such as degranulation-inhibiting protein I, II, and factor D, play adverse
impact to immune response. All these uremic toxins are better removed with HDF [26]. Lower
infection-related mortality was found in HDF compared with HD patients [6], and this benefit
was obviously demonstrated in dialysis patients who had lower middle molecular weight
uremic toxin surrogate (3,M) [27].
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3.6. Improved nourishment

Enhancing convective clearances of anorexic substance such as leptin also enhance appetite and
improve nourishment [14, 15]. Anti-inflammatory effect of HDF is associated in the situation of
inflammatory cachexia with an improvement of nutritional parameters such as dry weight and
albumin [13, 28]. The muscular volume was either preserved or increased in long-term HDF com-
pared with decrease in HD [29]. Taken together, the quality of life observably improved in HDF [24].

3.7. Preserved residual renal function

Recent studies have shown that HDF modality contributed to a better preservation of the
residual renal function over time than conventional HD [30].

4. High-efficiency post-dilution online HDF

The basic requirements to provide online HDF consist of the good quality of dialysis water treat-
ment system that could deliver ultrapure dialysis fluid and sterile substitution fluid to the patients
as well as the online HDF machine integrated with two endotoxin-retention filters. Two standard
methods of fluid substitution in online HDF comprise post-dilution and pre-dilution modes
(Figures 1 and 2). Post-dilution online HDF is the more efficient mode in molecular clearance of
uremic toxins. It could maintain small solute removal compared with high-flux HD along with
enhanced larger molecule clearance correlated with its convective volume (equal to substitution
plus net ultrafiltration volume). Nevertheless, such efficiency is limited by hemoconcentration
and high blood viscosity as well as excessive secondary concentrated protein layer at the mem-
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Figure 1. Post-dilution online HDF.
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Figure 2. Pre-dilution online HDF.

brane interface, which lead to declining membrane permeability with requirements of increasing
TMPs to maintain scheduled filtration rates as plasma water is continually ultrafiltered along the
length of the hollow dialyzer fibers. The hemoconcentration may also induce high transmem-
brane pressure which can induce red blood cell damage, protein denaturation, and clotting of the
dialyzer fibers. The convective rate should not be prescribed above 30% of blood flow rate (BFR)
or filtration fraction, which would increase hematocrit, for example from 35 to 50%.

Taken together, the above studies support the conclusion that the adequate dose of convection
is important to provide survival benefit in HDF. To achieve high volume or high-efficiency
post-dilution online HDF of more than 23-L convective volume per session, the high BFR at
least 400 mL/min is the necessary requirement as demonstrated in Table 1 [31].

Prescription Recommendations

Blood flow rate (Qb) 350-500 mL/min The maximum possible

Dialysis fluid flow rate 400-500 mL/min + substitution No influence on convective dose
flow rate

Substitution flow rate 25-33% of Qb (90-160 mL/min) The maximum possible

Session duration 4.0-5.0 h/session The maximum possible

Convective volume (substitution >23 L/session The maximum possible

volume + net ultrafiltration volume

Filtration fraction (convective volume/  25-30% The maximum possible

blood volume processed)

Dialyzer High-flux Ultrafiltration coefficient >20 mL/h/

mmHg/m? and sieving coefficient for
{3,-microglobulin >0.6

Table 1. Recommended prescription to obtain the high-efficiency post-dilution online HDF.
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Indeed, this high blood flow could not be achieved in some patients because of the vascular
access problem or cardiovascular instability. The alternative HDF techniques that could pro-
vide comparative efficacy would be considered.

5. High-efficiency pre-dilution online HDF

Pre-dilution online HDF (Figure 2) could be performed without the risk of hemoconcentration.
Therefore, convective volume could be augmented at a lower BFR. The convective volume in pre-
dilution technique would be double of post-dilution technique in order to get the equivalent large
molecule clearance [32]. A study from Japan demonstrated the additional benefit of enhanced
removal of larger low-molecular-weight proteins (LMWPs), which are larger than g M (12 kDa),
when using “super high-flux” or “protein permeable” dialyzer in pre-dilution online HDF. Post-
dilution online HDF could actually remove these molecules with this type of membrane but
causes adverse massive albumin leakage [33]. A recent study demonstrated that pre-dilution
technique in low BFR when using super high-flux or protein permeable dialyzer, which was
widely used in Japan, could provide comparable large molecule and protein-bound molecule
removal with high-efficiency post-dilution technique. The only drawback of pre-dilution tech-
nique is the slightly lesser small solute clearance than post-dilution technique. This is because of
lower diffusive clearance from the diluted blood [34]. Biocompeatibility is another postulated ben-
eficial effect of pre-dilution online HDF [33]. In post-dilution OL-HDF, the blood is concentrated
inside the filter, and leukocytes and platelets can be activated by shear stress [35]. In pre-dilution
online HDF, the blood is diluted before reaching the filter, thereby avoiding the shear stress.

6. High-efficiency mid- or mixed-dilution online HDF

The other two dilution techniques that have been introduced in the clinical practice and could
avoid the technical problem of post-dilution technique as well as reduced small solute clear-
ance from hemodilution of pre-dilution technique are mid- and mixed-dilution online HDF.

Mid-dilution technique could be performed by either simple way by using two dialyzers
in a serial alignment with the substitution fluid line in between (Figure 3) or using special
designed dialyzer called “Nephros OLpur™” that the substitution fluid is infused in the
middle of the dialyzer fiber pathway (Figure 4), resulting post-dilution HDF stage in either
first dialyzer (simple method) or first fiber pathway (Nephros OLpur™) followed by a pre-
dilution HDF phase. By this configuration, a high concentration gradient is created in the first
stage for efficient removal of small molecules by diffusion while maximal ultrafiltration of
plasma water occurs in both stages for efficient clearances of larger molecules by convection.
Previous studies including ours demonstrated that both mid-dilution techniques provided
middle molecule clearance better than pre-dilution online HDF and either equivalent or supe-
rior to the high-efficiency post-dilution online HDF [36-38].

Mixed-dilution technique requires additional substitution pump to deliver the substitution
fluid in both pre- and post-dilution at the same time (Figure 5). The convective dose could
be increased in pre-dilution fashion on top of the limited post-dilution convection because of
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Figure 3. Simple mid-dilution online HDF.

hemoconcentration and high transmembrane pressure (TMP) [39]. The advancement in this
technique moves from simple fixed pre-dilution/post-dilution substitution flow rate ratio to
feedback system for TMP control to modulate the pre-dilution/post-dilution ratio while main-
taining the total infusion constant throughout the session. Splitting the infusion between the
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Figure 4. Mid-dilution online HDF with Nephros OLpur™ dialyzer.
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Figure 5. Mixed-dilution online HDF.

pre- and post-dialyzer could optimize filtration fraction for the best possible rheological and
hydraulic conditions within the dialyzer at the highest fluid exchange rate and with the most
solute removal by convection. Some new HDF machine could operate mixed-dilution tech-
nique with TMP feedback control. This TMP feedback control acts by modulating the ratio
between pre- and post-dilution in order to gradually achieve and then maintain an optimal
and safe TMP value for the entire session (250-300 mmHg). If TMP falls, a small amount of
fluid (5-10 mL/min) is diverted from pre- to post-dilution, increasing filtration fraction, and
thus TMP as a result. Vice versa, the same amount of fluid is diverted from post- to pre-dilu-
tion, thus reducing filtration fraction, whenever TMP rises [40]. Previous studies including
ours showed the very good efficacy without high TMP [39, 41].

7. High-efficiency internal filtration HDF

There are interesting HDF techniques that could be performed with the conventional HD
machine. These modalities enhanced the convective transport at the proximal part of the
device in combination with internal backfiltration within the dialyzer in standard HD plat-
form. In the countercurrent setting, backfiltration of fresh dialysate acts as a “spontaneous
substitution,” in which the exact volume is controlled by the dialysis fluid balancing system
of HD machine. Exploiting backfiltration implies a need for good dialysis fluid quality. Usual
high-flux HD also provides this phenomenon within the dialyzer but the convective volume
could not reach the high-volume level. Therefore, the special design of circuit or dialyzers is
required to catch up the high-efficiency HDF.
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7.1. Double high-flux HD

Double high-flux HD is set-up using two high-flux dialyzers in the serial alignment [42].
The restrictor is applied in the countercurrent dialysate pathway between the two dialyz-
ers (Figures 6 and 7). The convection occurred in the first while the fluid substitution from
fresh dialysis fluid took place in the second dialyzer. During treatment, a hydrostatic pressure
gradient exists between blood and dialysate compartments of the first dialyzer, resulting in
high ultrafiltration to dialysate, and thus increasing the blood oncotic pressure in the second
dialyzer. Combination of lower blood compartment hydrostatic pressure and higher dialy-
sate hydrostatic pressure results in a reverse TMP toward the end of the second dialyzer and
transfer of fluid from dialysate to blood. This backfiltration is facilitated by oncotic pressure.
The magnitude of these fluxes is evident from the diminished representative blood flow dur-
ing passage of the first filter, due to ultrafiltration. Conversely, countercurrent dialysate flow
decreases in the second filter, due to backfiltration and increases again in the first filter, due
to addition of ultrafiltration.

The original restrictor design in double high-flux HD leads to unadjustability of the convective
rate resulted by the fixed intermediary dialysate diameter (Figure 6). To improve this system,
convective-controlled double high-flux hemodiafiltration (CC-HDF) has been introduced.
The convection can be set on the real-time basis by applying adjustable C-clamp restrictor on
the intermediary line (Figure 7). A previous study demonstrated that this technique was safe
and provided comparable efficacy with the high-efficiency post-dilution online HDF [43]. The
better survival when compared with HD was reported in an observational study [44].
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Figure 6. Original double high-flux HD.
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Figure 7. Convective-controlled double high-flux hemodiafiltration (CC-HDF).

7.2. HD with enhanced internal filtration dialyzer

This modality is a high-flux HD method performed with the dialyzer designed to enhance
internal filtration [45]. This approach is currently achieved by reducing the internal diameter
of dialyzer fiber lumen and elongating the fiber length (Figure 8). In the usual countercurrent
setting, significant amount of internal ultrafiltrate occurs in the proximal part of the dialyzer,
which has high TMP and provides for convective solute removal since ultrafiltrate is dis-
charged with the exhausted dialysate. Distal backfiltration of fresh dialysate because of the
negative TMP acts as a “spontaneous substitution” ensuring fluid balance. Utilizing backfil-
tration needs good water quality. Dialyzer's membrane itself acts as an additional final screen
for the substitution fluid without the need for substitution fluid or additional technology.
Internal filtration and backfiltration are governed by hydraulic and oncotic pressures as well
as TMP, as sketched in Figure 8. Locally, the amount of membrane filtration depends on local
TMP and on the membrane’s water permeability.

HD using this kind of dialyzer has been named internal hemodiafiltration (iHDF). Previous
studies showed that iHDF has an intra-dialytic removal ability of uremic toxins higher than
low-flux HD and similar to online HDF, but with technical complexities lower than online
HDF and similar to HD [46, 47].

7.3. HD with medium to high cut-off or super high-flux dialyzer

Another method to enhance the large molecule clearance by either convection and diffusion
is using high pore size dialyzer, which has effective molecular weight cut-offs closer to that
of the glomerulus (65 kDa) with limited albumin (62 kDa) loss. This class of the membrane
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Figure 8. Enhanced internal filtration dialyzer and graphs demonstrated the blood dialysate and transmembrane
pressure (TMP) values along with the dialyzer length.

has various nomenclature. The membranes that have larger pore-sizes than ordinary high-
flux membrane (KUF > 20 mL/h/mmHg/m? and (3,M clearance > 20 mL/min) is called super
high-flux or high-performance membrane (Japanese type IV and V dialyzer categories [3,M
clearance (12 kDa) > 50 mL/min]) [48]. Sub-set of these kinds of membrane might be divided
into significant albumin loss membrane in HD modality, called protein permeable or high
cut-off dialyzer (HCO; 3,M > 80 mL/min, S of 3,M 0.9-1.0, and albumin 0.01-0.03) [49] or
type V dialyzer (Japanese type V dialyzer category [3,M clearance (12 kDa) = 70 mL/min])
and not significant albumin loss called medium cut-off dialyzer (MCO) [50] or Japanese type
IV dialyzer [48]. These new classes of dialyzers enable the elimination of middle molecule
uremic toxins, including various toxins larger than 3,M, with both diffusion from these large
membrane pores and convective internal filtration/backfiltration of its high ultrafiltration
coefficiency. Similar to other HDF technique, these dialyzers are used with ultrapure dialysis
fluid. The removal of large molecule of this modality especially was effectively comparable
with online HDF [51]. A recent study also demonstrated that MCO HD removes a wide range
of middle molecules more effectively than high-flux HD and even exceeds the performance of
high-volume HDF for large solutes, particularly 45 kDa lambda immunoglobulin light chains
(FLCs) [50]. One concern of this treatment is the albumin loss, which is greater than with
high-flux HD and HDF. In general, a small amount of albumin loss no more than 3 g/session
is safe and would beneficially induce an acceleration of turnover of albumin [48].

Considering the comparable performance of the above three high-efficiency internal filtra-
tion techniques operated with conventional HD machine, these modalities might be a cost-
effective alternative to the standard post-dilution online HDF.
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8. Conclusion

High-efficiency post-dilution online HDF has provided the survival advantage among HD
patients. Some patients could not achieve this reference online HDF modality because of either
limited blood flow or unavailable HDF machine. Fortunately, alternative high-efficiency HDF
modalities are available for all patients and can potentially provide quite equivalent benefits
of high-efficiency post-dilution online HDF.
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Abstract

End-stage renal disease (ESRD) patients present high incidence of cardiovascular (CV)
events, which are the most common causes of death in these patients. The occurrence
of CV events appears as a consequence of the high prevalence of traditional and non-
traditional CV risk factors. Online-hemodiafiltration (OL-HDF) was introduced as a
better alternative to conventional dialysis, as it was proposed to be more biocompat-
ible, to increase dialysis efficacy, to reduce the inflammatory response to treatment and
to improve patient’s quality of life, contributing to reduce CV and all-cause mortality
risk in ESRD. However, data in literature, comparing the effect of OL-HDF with con-
ventional dialysis for clinical CV outcome and all-cause mortality, yielded controversy
about those benefits of OL-HFD over standard hemodialysis. A review of the tradi-
tional CV risk factors (e.g., arterial hypertension, diabetes mellitus, dyslipidemia, obe-
sity, smoking and advanced age), non-traditional risk factors (e.g., anemia, oxidative
stress, hyperphosphatemia, endothelial dysfunction, left ventricular hypertrophy, insu-
lin resistance, high levels of lipoprotein(a) and inflammation) and potential renocardio-
vascular biomarkers, in the setting of ESRD, is presented. The impact of conventional
hemodialysis and OL-HDF on CV risk factors and on the outcome of ESRD patients is
also addressed.

Keywords: cardiovascular risk factors, hemodialysis, online-hemodiafiltration,
end-stage renal disease, inflammation, anemia
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1. Introduction

Chronic kidney disease (CKD) prevalence is increasing worldwide and became an actual
health challenge. CKD is a term used to refer heterogeneous disorders affecting kidney struc-
ture and function with variable clinical presentation which result in gradual to permanent
loss of kidney function over time. Patients at higher risk for CKD include those with meta-
bolic disorders, such as diabetes mellitus, obesity and amyloidosis, with arterial hyperten-
sion, renal vascular disorders, immunologic disorders, infections, primary tubular disorders
(nephrotoxins), urinary tract obstruction (hypertrophy of prostate or renal calculi) and con-
genital disorders [1].

The two most common causes of CKD are diabetes and arterial hypertension; glomerulone-
phritis, nephrolithiasis and polycystic kidney disease are other, less common causes [2].

The patients at early stages of CKD (stages 1 and 2) are, usually, asymptomatic, showing kid-
ney damage and/or loss of kidney function, with a significant risk for disease progression. At
stages 3 and 4, worsening of the disease is associated with kidney dysfunction that progresses
from mildly to severely decreased; in end-stage renal disease (ESRD), stage 5, an irreversible
loss of renal function occurs. These patients require renal replacement therapy, such as dialy-
sis or kidney transplantation.

Traditonal CVD risk factors Non-traditional CVD risk factors
Diabetes mellitus Anemia _
Arterial hyperension ESRD Inflammation
Dyslipidemia * yr Increased Lp(a)
Chesity N Py Hyperphosphatemia
Sedentarism \-\ yd Insulin resistance
Smoking habits y w4 Oxidative stress
Advancedage . - Coronary artery calcification
CvD Endothelial dysfunction
Leftventricular hypertrophy
Renocardiovascular biomarkers
BNP and NT-proBNP NGAL
Copeptin KIM-1 .
Troponin (T and 1) Cystatin C
Adipokines ADMA
MMP FGF-23 |
CRPand PTX3 Fibrinogen |
GDE-15 Fetuin-& |

Figure 1. Traditional, non-traditional and potential renocardiovascular biomarkers in end-stage renal disease (ESRD).
The high incidence of cardiovascular (CV) risk factors in ESRD contributes to the close relationship between CV disease
(CVD) and ESRD (ADMA, asymmetric dimethylarginine; BNP, B-type natriuretic peptide; CRP, C-reactive protein;
FGEF-23, fibroblast growth factor-23; GDF-15, growth differentiation factor-15; KIM-1, kidney injury molecule-1; Lp(a),
lipoprotein(a); MMP, matrix-metalloproteases; NGAL, neutrophil gelatinase-associated lipocalin; NT-proBNP, BNP
amino-terminal fragment; PTX3, pentraxin 3).
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ESRD is a growing public health problem, given the increasing prevalence worldwide and its
socioeconomic consequences. By 2020, it is estimated that the number of ESRD patients rises
by 60%, as compared to the number of patients recorded in 2005 [3]. Mortality rate is 10- to
20-fold higher in ESRD patients than in general population [4]. These patients commonly
present chronic inflammation, malnutrition and progressive cardiovascular disease (CVD)
that is the most common cause of mortality (about 50%) [5]. These features have a consider-
able impact on functional status and health-related quality of life (HRQoL) of ESRD patients.

Dialysis therapies by using semipermeable membranes mimic renal function, removing the
excess of water and waste products. Efficient cleansing of the blood from relevant uremic
toxins, fluid and salt overload, is the prior goal of all dialysis therapies. Currently, differ-
ent dialysis modalities, including peritoneal dialysis, hemodialysis and hemodiafiltration, are
used for chronic and acute treatment of renal failure.

ESRD leads to impairment of HRQoL of the patients and to a higher risk of morbidity and
mortality. Patients with ESRD present a higher incidence of CV events, as a result of the
increased prevalence of CV risk factors, either traditional or non-traditional (Figure 1).

2. Cardiovascular risk factors

In the last two decades, the better understanding of uremic toxicity, salt and water control
contributed to improve the CKD-associated comorbidities. Moreover, the recent advances in
dialysis techniques have provided more efficient, controlled and safer dialysis procedures. In
spite of these improvements, hemodialysis (HD) patients still present poor outcomes, with
low survival rates, as compared to general population [6]. Morbidity and mortality in HD
patients remains high in Europe and is higher in the United States [7]. CVD is the most com-
mon cause of death in CKD patients.

Based on the World Health Organization mortality database, Yoshino et al. [8] reported a close
correlation between all-cause mortality rates and atherosclerotic CV disease mortality in the
general population and that this correlation was even stronger for dialysis patients. United
States Renal Data System (USRDS) 2013 Annual Data Report indicated that CKD patients
have higher rates of congestive heart failure (CHF), acute myocardial infarction (AMI), cere-
brovascular accidents and lower survival rates, as compared to non-CKD patients. Survival
appears to decrease with severity of CKD [9]. Heart failure has been strongly related to CKD
[10], suggesting a significant impact of the disease on cardiac structure and function.

The high incidence of CVD in CKD patients may result from the high prevalence of traditional
CV risk factors and from other CKD-specific risk factors. In ESRD patients, worsening of the
disease and the hemodialysis procedure may underlie the increased CV risk observed in these
patients.

2.1. Traditional cardiovascular risk factors

Traditional CVD risk factors include diabetes mellitus, arterial hypertension, dyslipidemia,
obesity, sedentarism, smoking habits, as well as advanced age.

111



112 Aspectsin Dialysis

2.1.1. Diabetes and hypertension

The MADIABETES Cohort Study showed that the coexistence of CKD in patients with type 2
diabetes mellitus was an independent risk factor for all-cause and CV mortality [11].

Arterial hypertension and diabetes, the main causes of CKD, lead to low glomerular fil-
tration rate (GFR) and high albuminuria, inducing left ventricular hypertrophy and,
subsequently, diastolic dysfunction of left ventricle [12]. It is known that albuminuria/
proteinuria excretion is a marker of kidney damage and a risk factor for progression of
kidney disease. More recently, it has been proposed to have a direct impact on CVD events
in CKD patients. A prospective, population-based cohort study including 16,958 patients
conducted in Iceland, showed that CKD patients at stage 3b or stage 4 had the highest risk
for coronary heart disease (CHD); however, there was also a significant 1.55-fold increase
in the risk of CHD in those patients with a GFR of at least 90 mL/min/1.73 m? with pro-
teinuria (stage 1 CKD), and a significant 1.72-fold increase in risk of CHD in those with a
GFR of 60-89 mL/min/1.73 m? with proteinuria (stage 2 CKD), as compared to the refer-
ence group without proteinuria [13]. According to Matsushita et al. [14], albuminuria is
independently associated with heart mass, systolic and diastolic functions of left ventricle.
The level of albumin is currently considered as a potential predictor of mortality and hos-
pitalization risk [15].

Hypertension is found in 80-85% of CKD patients, and its etiology is multifactorial. The CKD
per se favors the development of hypertension by activating renin-angiotensin and sympa-
thetic nerve systems [16]. The activity of the sympathetic nervous system is enhanced in CKD
patients, as a result of overspill and reduced catecholamine clearance, increasing vascular
resistance and systemic blood pressure [17].

2.1.2. Dyslipidemia

CKD has been associated with an abnormal lipid profile, due to alterations in lipid metabo-
lism; the most common changes in lipid profile include an increase in triglycerides (TG), lipo-
protein (Lp)(a) and oxidized lipids, and a reduction in high-density lipoprotein cholesterol
(HDLc) values. The hypertriglyceridemia may be explained by the increase in apolipoprotein
C-III and by the reduction of lipoprotein lipase activity, reducing their clearance [18]. The
decreased production of apolipoprotein A-1 with worsening of renal failure and the reduced
activity of lecithin-cholesterol acyltransferase contribute to the reduction in HDL production
[19]. Raised values of TG/HDLc ratio seem to be a predictor of poor CVD outcome in CKD
patients [20].

In ESRD patients, the oxidative stress and the reduction in paraoxonase and glutathione per-
oxidase activities may compromise the antioxidant and anti-inflammatory properties of HDL
that becomes dysfunctional [19]. These changes also explain the increase in oxidized low-
density lipoproteins (oxLDL) and in oxLDL/LDLc ratio in CKD patients on dialysis [21]. The
oxidative modifications in LDL are important for the initiation and progression of atheroscle-
rosis and are well-known CVD risk factors.
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2.1.3. Obesity

Obesity is a well-known CV risk factor that favors several comorbidities, such as type 2 dia-
betes, hypertension, dyslipidemia, cancer and sleep apnea. A meta-analysis that included 25
cohorts, 3 cross-sectional and 19 case-control studies reported that obesity also increases the
risk for kidney disease in the general population [22]. There are several mechanisms through
which obesity predisposes to CKD. High body fat mass favors mesangial expansion, increases
renal metabolic demand, promoting glomerular hyperfiltration and hypertrophy, reduced
podocyte density and increased filtration fraction, contributing to kidney damage and pro-
gression to ESRD [23]. The pattern of risk associated with obesity is different for ESRD on
dialysis therapy, as these patients present a lower CV morbidity and mortality, known as
“obesity paradox;” actually, morbidly obese HD patients present the lowest mortality rate
[24]. Apparently, increased muscle and body fat mass promote longevity in advanced CKD.

Considering the continuous worldwide increase in obesity, it must be considered as an emerg-
ing problem for nephrologists and endocrinologists, deserving a especial care.

2.1.4. Smoking

Smoking habits, as obesity, is a major modifiable CV risk factor. Smokers, CKD patients
without established CVD, have been associated with 59% increase in heart failure and 68%
increase in peripheral vascular disease, as compared to non-smokers, in a follow-up study of
2.2 years [25].

The intervention of clinicians, in case of obesity and/or smoking habits, would contribute to
minimize renal damage and progression of the disease; moreover, given the prevalence of
CVD events, it would reduce morbidity and mortality in CKD patients.

2.2. Non-traditional cardiovascular risk factors

The non-traditional CV risk factors in CKD patients include the associated complications of
the disease that usually grow worse in patients on dialysis therapy.

2.2.1. Anemia and inflammation

Anemia and inflammation are common features in CKD that increase as kidney function
declines. Anemia is mainly due to the reduced production of erythropoietin (EPO) by the fail-
ing kidneys, leading to hypoxia that favors a local renal inflammatory process. In patients on
HD, inflammation is enhanced, particularly in those using central venous catheter (CVC) for
the vascular access in HD procedure. This type of vascular access is more prone to infection
or inflammation, and thus, it might be associated with poor outcome of HD patients. Markers
of inflammation, such as C-reactive protein (CRP) [26] and inflammatory cytokines [27], are
raised in CKD patients, particularly in HD patients. In a recent study by our team, we found
that CRP, malnutrition and the use of CVC were independent risk factors for mortality in HD
patients [28].
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Some uremic toxins express potent pro-inflammatory and oxidative activity [29], contribut-
ing to amplify inflammation and oxidative injuries to cells and plasma constituents. Dialysis
therapy may directly benefit bone marrow erythropoiesis, by removing substances that
inhibit erythropoiesis. Nowadays, HD membranes are highly biocompatible; however, long-
term intradialytic contact of blood with large surfaced artificial materials leads to continuous
inflammatory cell activation, with release of cytokines and reactive oxygen species (ROS) and
nitric oxide production.

Apparently, inflammation and oxidative stress play crucial roles in the progression of CKD
and in the risk for CVD events [30]. Inflammation is also associated with endothelial dys-
function, which is observed even in the initial phases of CKD [31]. Moreover, inflammation
seems to be independently associated with anemia and malnutrition, leading to accelerated
atherosclerosis, CV complications or even death [32]. Actually, it was recently recommended
to monitor inflammation through the evaluation of inflammatory markers in CKD patients,
since persistent inflammation may be a silent reflection of pathophysiologic disturbances [33].
CRP seems to be the most useful biomarker in clinical practice for guidance of inflammation
and to estimate risk in CKD patients [33].

Anemia can lead to adverse clinical effects, namely reduction in tissue oxygenation, increase
in cardiac output, left ventricular hypertrophy, congestive heart disease, fatigue, reduction in
exercise capacity, and immunodeficiency. Besides the insufficient renal production of EPO,
other factors may contribute to enhance anemia. Uremic toxins are able to suppress erythro-
poiesis, by inhibiting proliferation of erythroid progenitors [34]. The activation of inflamma-
tory cells is accompanied by the release of inflammatory cytokines, as interleukin (IL)-6 that
triggers the synthesis of hepcidin, by the liver. This glycoprotein, increased in CKD patients,
is the main regulator of iron metabolism. Hepcidin reduces iron absorption through entero-
cytes and the mobilization of iron from macrophages of the reticuloendothelial system, lead-
ing to a functional iron deficiency that will further worsen anemia. Increasing hepcidin levels,
decreasing EPO levels and increasing impairment of kidney function were reported as inde-
pendent predictors of mortality in CKD diabetic patients [35].

Chronic blood loss, due to bleeding events, accidental losses, excessive blood drawn for labo-
ratory tests, and blood lost within dialysis circuit after HD sessions, may also contribute to
the anemic state [34].

It is also important to refer that erythrocytes of patients with CKD are more prone for prema-
ture removal, showing a shorter life span. Changes in erythrocyte membrane protein com-
position, namely in spectrin and band 3, have been reported in HD patients. Alterations in
membrane protein interactions may lead to destabilization of membrane structure, favoring a
premature removal of the erythrocytes [36].

2.2.2. Oxidative stress

An enhanced production of ROS and a decrease in antioxidants favor oxidative stress, a
common condition in ESRD. This imbalance of oxidants/antioxidants favors tissue dam-
age, through lipid, protein, and DNA oxidation, that may lead to endothelial dysfunction
and atherosclerosis [37]. As referred previously, increased levels of oxLDL, a key player in
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the initiation and progression of atherosclerosis, and a higher oxLDL/LDLc ratio have been
reported in CKD patients on dialysis [21]. Products of lipid peroxidation, such as malondi-
aldehyde and hydroperoxide, are increased in CKD, being the latter reported as a reliable
marker of oxidative injury during HD [38]. Advanced oxidation protein products accumulate
in CKD, especially in HD patients, and have been reported as independent risk factors for
ischemic heart disease [39]. Moreover, HD seems to contribute to oxidative stress being asso-
ciated with increased synthesis of pro-inflammatory cytokines, phagocyte oxidative burst,
activation of NADPH oxidase, and antioxidant removal by dialysis [40].

2.2.3. Other factors

Several other uremic-related factors may also play an important role in CVD risk of these
patients, namely multiple comorbid conditions, fluid overload, hyperphosphatemia, endo-
thelial dysfunction, left ventricular hypertrophy, insulin resistance (IR), hyper-homocystein-
emia and high levels of Lp(a).

Lipoprotein(a), known as an independent risk factor for CVD, is increased in HD patients [21],
but the mechanism explaining this rise is still poorly understood. It has been suggested that
it results, mainly, from a decrease in Lp(a) clearance, than from an increased production [41].

The atherothrombogenicity of Lp(a) is associated with a structural homology of apo(a) and
plasminogen that seems to lead to a competition for the linkage to fibrin, inhibiting fibrino-
lysis. Lp(a) as LDL is crucial for the initiation, progression and rupture of the atherosclerotic
plaque; the oxidation of apo(a) triggers the binding to scavenger receptors on macrophages
and the avid uptake of Lp(a).

Mild-to-moderate CKD patients, and even those with a GFR within normal values, often
develop IR. In ESRD patients, IR has been linked to protein energy wasting and malnutrition
and appears as an independent predictor for CVD [42].

Hyperphosphatemia is a marker of kidney function decline and has been reported as a marker
of increased risk for CVD events and mortality [43].

Coronary artery calcification has a significant incidence in patients with CKD. Recently, Chen
et al. [44] reported that in CKD patients, coronary artery calcification is independently and
strongly associated with risk for CVD, myocardial infarction, heart failure and all-cause mor-
tality. The authors suggested the inclusion of coronary artery calcification as a criteria for risk
stratification and prediction of CVD among CKD patients [44].

A recent study by Chen et al. [45] in CKD patients showed that inflammation, prothrombotic
state, oxidative stress, IR, enhanced glycated hemoglobin and increased alkaline phosphatase
are associated with an increased risk for peripheral arterial disease, independent of tradi-
tional risk factors.

2.3. Renocardiovascular markers

Cardiorenal syndrome traduces the close relationship between CVD and CKD [46]; in these
conditions, the dysfunction in one organ often induces a dysfunction in the other.
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Given the high prevalence of CVD in CKD patients, particularly in those on hemodialysis,
some biomarkers, pertinent for both conditions, have emerged and were defined as renocar-
diovascular biomarkers [47]. Several hormones, biomarkers of cardiac injury, oxidative stress,
renal damage and inflammation have been proposed for the group of potential biomarkers of
cardiorenal syndrome [47] (Figure 1).

Natriuretic peptides and related peptides, endothelin, argine vasopressin, copeptin and adre-
nomedullin are some of the neurohormones under study as cardiorenal syndrome biomarkers.

2.3.1. B-type natriuretic peptide

B-type natriuretic peptide (BNP) and its amino-terminal fragment (NT-proBNP), produced when
hemodynamic load occurs, seem to be the best markers for heart failure and are also used for
other CVD [47, 48]. Both BNP and NT-proBNP seem to be also valuable biomarkers for progres-
sion of CKD, prediction of mortality and stratification of CV risk in patients in dialysis [49, 50].

2.3.2. Copeptin

Copeptin, the C-terminal part of pro-arginine vasopressin is known as a substitute marker of
arginine vasopressin; it has been associated with CV and all-cause mortality in type 2 diabetes
mellitus patients treated in primary care [51]. Fenske et al. [52] reported that copeptin showed
significant associations with stroke, sudden death, combined CV events and mortality, in
type 2 diabetes mellitus patients on hemodialysis, but not with myocardial infarction or death
caused by CHF. However, the value of copeptin and arginine vasopressin as biomarkers of
CVD in CKD may be limited, as the impairment in renal function seems to introduce a bias,
by altering the clearance of the two peptides [53].

2.3.3. Troponin

Some markers of cardiac injury have been also proposed as cardiorenal biomarkers, such as
troponin. It is known that when acute myocardial injury occurs, myocytes release cardiac tro-
ponin (T and I) within 3-12 h; a mean peak in its circulating values is achieved after 1248 h,
returning to baseline levels in 5-14 days. Asymptomatic subjects with increased troponins
have a threefold risk in all-cause and CV mortality [54]. A recent meta-analysis reported a
close association between increased levels of cardiac troponins and increased risk of coronary
artery disease in CKD patients [55]. According to National Academy of Clinical Biochemistry
Laboratory Medicine Practice guidelines, a change of >20% in cardiac troponins, in ESRD
patients, is a good marker for acute coronary syndrome [56].

Reinforcing the link between cardiac damage and ESRD development, it was reported that
the levels of cardiac troponin T and NT-proBNP are independent predictors of ESRD risk in
the general population, as well as, in subjects with diabetes mellitus and anemia [57].

2.3.4. Adiponectin and leptin

In both CKD and CVD patients, an abnormal lipid profile is common, as well as an altered
production of adipokines. Adiponectin and leptin have been also proposed as cardiorenal
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biomarkers. High levels of adiponectin and leptin are common in CKD patients; however, this
change in adiponectin has been associated with increased risk of mortality; hyperleptinemia
has been associated with several CVD risk factors, such as inflammation, IR, protein energy
wasting, and with progression of CKD, by favoring hypertension and fibrosis [58].

2.3.5. Matrix-metalloproteases

Renal fibrosis seems to progress through several steps: inflammation, activation and transfor-
mation of fibroblast to myofibroblast, matrix deposition and fibrosis. Matrix-metalloproteases
(MMP) have an important role in fibrosis and are also vital in angiogenesis and vascular
remodeling; their activation may alter the architecture of the atherosclerotic plaque, partici-
pating in plaque rupture processes. In CKD, MMP-2 showed a positive and reliable asso-
ciation with carotid intima-media thickness [59]. However, further studies are needed to
investigate the association of MMPs and other matrix-related markers, such as galectin-3 and
ST2, with CVD in CKD patients. Galectin-3, secreted by macrophages and known for its role
in mediating cardiac fibrosis and inflammation, was approved by the US Food and Drug
Administration as a new biomarker for HF risk [60].

2.3.6. CRP and PTX3

A persistent mild-to-moderate inflammation is common in CKD patients and enhanced in
ESRD patients. Inflammation is able to amplify other common features, as oxidative stress,
atherosclerosis, vascular calcification, depression and protein energy wasting, acting as a cat-
alyst of risk factors for ESRD. Several studies showed the association between biomarkers of
systemic inflammation, as CRP, IL-6, tumor necrosis factor-alpha and fibrinogen, with lower
kidney function [61]. Moreover, several pro-inflammatory cytokines have been associated
with a higher risk for CV events and for mortality.

According to Dialysis Outcomes and Practice Patterns Study (DOPPS), III study, CRP mea-
surement is increasing in most countries [62]. This study showed that CRP monitoring within
a dialysis facility is significantly associated with a lower CV mortality, suggesting that this
practice may benefit patient’s outcome. Indeed, an increase in CRP, showing worsening of
inflammation, would trigger the search for underlying causes, allowing a more rapid clinical
intervention and a better outcome. This study also showed that the relation of CRP to mortal-
ity was independent of other common inflammatory markers.

Pentraxin 3 (PTX3), produced by resident and innate immunity cells in peripheral tis-
sues, increases rapidly within the primary local of activation, triggering the inflamma-
tory response. Thus, while CRP is produced by hepatocytes, PTX3 is synthesized at the
site of inflammation. It increases as renal function declines and predicts CV and overall
mortality risk in CKD patients. PTX3 also plays regulatory functions in angiogenesis,
atherosclerosis, apoptotic cell clearance and tissue repair [63]. The rapid increase in PTX3
expression in vascular endothelial cells, following an inflammatory stimulus, showed that
it could be a useful marker for vascular pathology. Indeed, PTX3 seems to be a power-
ful marker of inflammation and a good biomarker for development and progression of
atherosclerosis.
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2.3.7. Growth differentiation factor 15

Growth differentiation factor 15 (GDF-15) has been also associated with inflammation, as well
as with cancer, aging, diabetes mellitus and atherosclerosis, emerging as strong risk factor
for mortality in individuals with existing CVD. High GDEF-15 levels also reflect progressive
kidney dysfunction and poor outcome in CKD patients [64].

2.3.8. Neutrophil gelatinase-associated lipocalin

The activation of inflammatory cells is accompanied by the release of several pro-inflamma-
tory cytokines that have been associated with a higher risk for CV events and for mortality,
in CKD patients. Neutrophil activation is accompanied by metabolic burst with production
of oxygen metabolites and release of granule content, contributing to oxidative stress and to
the inflammatory response. Neutrophil gelatinase-associated lipocalin (NGAL) is a marker
of neutrophil activation that appears as an early biomarker of acute kidney injury. This gly-
coprotein has been also related to atherosclerosis and CVD [47]. Urinary NGAL levels seem
to be independently associated with ischemic atherosclerotic events [65]. Furuya et al. [66]
reported that NGAL levels were higher in HD patients with CVD, when compared to patients
without CVD.

2.3.9. Kidney injury molecule-1

Kidney injury molecule-1 (KIM-1) is another biomarker of kidney injury. After proximal tubu-
lar injury, the transmembrane protein KIM-1 is highly upregulated. Sabbisetti et al. reported
that KIM-1 levels are elevated in CKD patients, and in patients with type 1 diabetes mellitus
and proteinuria, the circulating levels of KIM-1 predict the loss of estimated GFR (eGFR) and
the risk for ESRD [67]. The Chronic Renal Insufficiency Cohort (CRIC) study reported that
CKD patients in the highest two quintiles of KIM-1/creatinine (Cr) values had a higher risk
of heart failure, as compared to those in the lowest quintile. Moreover, the ratio KIM-1/Cr
was independently associated with atherosclerotic CVD events, and the ratios KIM-1/Cr and
NGAL/Cr were associated with all-cause death [68].

2.3.10. Other markers

Other early biomarkers of renal dysfunction, as liver-type fatty acid binding protein and cys-
tatin C, might be useful in the early detection of renal involvement in CVD patients. Increased
levels of cystatin-C in CKD patients have been associated with CVD risk, as well as with all-
cause mortality [69].

Considering that both CKD and CVD have oxidative stress as a common feature, some oxida-
tive stress biomarkers, as malondialdehyde, oxLDL, advanced glycation end-products, have
been proposed as potential renocardiovascular markers of risk.

Uric acid has also emerged as a risk factor for progression of CKD that might be also linked
to CVD risk; however, it is not clear whether hyperuricemia plays a causative role in CKD
progression or is only a biomarker of kidney dysfunction [70].
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Asymmetric dimethylarginine (ADMA), an amino acid found in tissues and cells, acts as an
endogenous inhibitor of nitric oxide synthase and has emerged as a biomarker of endothelial
dysfunction, CVD risk, and CKD outcome [71].

The disturbances in mineral metabolism observed in CKD patients play a crucial role in the
development of CVD, and some biomarkers have been proposed as potential renocardiovas-
cular biomarkers, such as fibroblast growth factor (FGF)-23, fetuin A, osteoprotegerin, vitamin
D and parathyroid hormone. FGF-23 seems to be a promisor CVD biomarker both in subjects
without renal dysfunction and in CKD and ESRD patients, especially in the last ones [47]. In a
prospective cohort of 3860 patients with CKD stages 2—4, enhanced FGF-23 levels were associ-
ated with higher risk of CVD, especially with CHF [72]. FGF-23 seems to regulate the produc-
tion of fetuin-A, a glycoprotein with anti-calcification activity [73]. Considering the crosstalk
between these two proteins, both appear as promising renocardiovascular biomarkers.

Progressive loss of kidney function is linked to a reduction in the production of vitamin D and
to a disturbance in serum calcium and phosphorus balance that have been associated with
poor CKD outcome and to increased risk for CVD events and mortality [74].

Fibrinogen, a glycoprotein involved in blood clot formation, is a marker of CVD in the general
population and was also pointed as a marker of CV and all-cause mortality in ESRD patients [69].

The relationship between CV events and CKD/ESRD is complex and poorly understood. A
better understanding of this relationship might be helpful for the validation of these potential
renocardiovascular biomarkers and, eventually, for the identification of new biomarkers. The
definition of a biomarker or a panel of biomarkers to evaluate CVD risk in CKD patients will
be a great achievement. Meanwhile, further studies are needed to confirm if the biomarkers
that have emerged are good and reliable biomarkers of CV risk in CKD.

3. Hemodialysis versus online-hemodiafiltration

Advanced age and comorbid conditions at starting dialysis, as well as efficacy and quality
of renal replacement therapy, are some of the factors that affect dialysis patient’s mortality.
Dialysis techniques, applied for more than 50 years, have clearly improved over the last few
years; however, despite refinements of dialysis therapy, both CV and all-cause mortality rates
in ESRD patients treated with conventional HD remain significant.

The introduction of online-hemodiafiltration (OL-HDF), by combining HD and hemofiltration
(HF) modalities, was believed to improve patient’s outcome, namely their QoL, morbidity
and mortality. HDF combines diffusive and convective transport through a high-flux dialysis
membrane. The convective transport is achieved by filtering a volume of plasma water sub-
stantially in excess of that needed to achieve dry weight and, at the same time, by infusing a
sterile substitution fluid directly into the patient’s bloodstream. The substitution fluid is pre-
pared online and can be administered before (predilution) or after (postdilution) the dialyzer.

It has been proposed that OL-HDF increases the dialysis efficacy, by removing uremic toxins
with higher molecular weight up to middle and large solutes; ameliorates the clinical tolerance
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to HD sessions; improves patient’s HRQoL; and improves the biocompatibility of the dialysis
system, through the combination of the use of high flux synthetic membranes with ultrapure
dialysis fluid purity [75, 76].

Some studies comparing cost-effectiveness of OL-HDF and HD reported that HD is more
cost-effective; however, a recent analysis by Ramponi et al. [77] showed that OL-HDF is as
cost-effective as high-flux HD. An advantage over high-flux HD is the substantial effect of
OL-HDF on the improvement of patient’s satisfaction and QoL [78]. Another advantage of
OL-HDF over HD procedure is its higher biocompatibility and dialysis efficacy that appears
to improve the outcome of ESRD patients. Indeed, by reducing the inflammatory response
and the associated complications, it would, probably, contribute to reduce the high morbidity
and mortality of ESRD patients [75, 76, 79, 80]. For instance, OL-HDF showed more favor-
able acute and short-term effects than conventional HD on markers of endothelial dysfunc-
tion, namely on flow-mediated dilatation of the brachial artery, soluble endothelial protein C
receptor and soluble thrombomodulin [81].

A summary of some studies comparing long- or medium-term effects of OL-HDF and HD is
presented in Table 1.

A study performed in 2006 that enrolled 2165 patients, stratified into low- and high-flux HD and
low- and high-efficiency HDF groups, reported that high-efficiency HDF patients presented a
significant 35% lower mortality risk than those receiving low-flux HD; the authors also reported
that HDF may improve patient’s survival independently of (a higher) dialysis dose [82].

The prospective and observational RISCAVID study also reported a better survival with
OL-HDF therapy versus HD [83]. A retrospective study reported that ESRD patients predomi-
nantly treated with OL-HDF showed also a better survival, as compared to patients treated
with high-flux HD therapy; nonetheless, according to the authors mortality benefit with HDF
needs confirmation; no benefits were detected for anemia management, nutrition, mineral
metabolism and blood pressure control [84].

In the Grooteman study [85], the CONvective TRAnsport STudy (CONTRAST), 714 chronic
HD patients were evaluated, 358 on OL-HDF and 356 on low-flux HD. After a 3-year follow-
up study (range 0.4-6.6 years), no significant beneficial differences in all-cause mortality and
CV events were found between the two groups. Further analysis suggested a possible benefit
for survival of patients under high-volume HD treatment in the group of patients with the
highest delivered convection volume (upper tertile >21.95 L); mortality in these patients was
considerably lower than in those randomized to low-flux hemodialysis.

In a multicenter, open-label, randomized controlled trial [86], the ESHOL or Catalonian
hemodiafiltration study, 906 chronic HD patients were enrolled in the study; 456 switched
to high-efficiency postdilution OL-HDF and 405 continued on HD; a reduction in all-cause
mortality was observed for OL-HDF, when compared to conventional HD treatment. Patients
assigned to OL-HDF, as compared to HD, had a 30% lower risk of all-cause mortality, a 33%
lower risk of CV mortality, and a 55% lower risk of infection-related mortality. Moreover, the
dialysis sessions complicated by hypotension and all-cause hospitalization presented lower
incidence rates in patients receiving OL-HDF. A reanalysis of the ESHOL study showed that
in prevalent patients, postdilution OL-HDF, versus HD, reduced all-cause mortality [87].
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Authors Year Study length Patients Major findings
Canaud et al. [82] 2006 3y n=2165 HDF may improve patient
survival independently of
(a higher) dialysis dose
Panichi et al. [83] 2008 30m n="757 HDF was associated with an
improved cumulative survival,
independently of dialysis dose
Vilar et al. [84] 2009 Retrospective study n =858 No benefits of HDF over
(18-y period) high-flux HD for anemia
management, nutrition, mineral
metabolism and BP control;
mortality benefit with HDF
needs confirmation
Grooteman et al. [85] 2012 3y (mean) n=714 (358: OL-HDF;  No beneficial effect of HDF
356: HD) on all-cause mortality and CV
events compared with low-flux
HD; possible survival benefit for
HDEF (requires confirmation)
Maduell et al. [86] 2013 191+1.10y n =906 (456: OL-HDF;  High-efficiency OL-HDF
450: HD) reduces all-cause mortality,
compared with conventional HD
Ok et al. [88] 2013 22.7+109 m n="782 All-cause mortality and nonfatal
CV event rate were similar for
OL-HDF and high-flux HD
groups; in a post hoc analysis,
OL-HDF treatment with
substitution volumes over 17.4 L
was associated with better CV
and overall survival
van der Weerd et al. [89] 2014 12m n=714 Compared to low-flux HD,
OL-HDF treatment did not
decrease ESA resistance
Mostovaya et al. [90] 2014 4y n =342 OL-HDF did not affect changes
in LVM, VEF or PWV over time,
compared with HD
Siriopol et al. [91] 2015 Retrospective study n=1546 (1322: HD; HDF reduced all-cause mortality
By) 224: HDF); n = 2447 in incident and prevalent
(2181: HD; 266: HDF) patients, even after correction
for different confounders
Mercadal et al. [92] 2016 1.95 y (median) n = 28,407 (5526 used HDF treatment was associated
HDF for a median of with better survival
1.2 years; 2254 of them
used HDF exclusively)
Smith et al. [93] 2016 8 w of HD followed n =100 Similar posttreatment recovery

by 8 w of OL-HDF
(or vice versa)

time and HRQoL scores

BP, blood pressure; CV, cardiovascular; ESA, erythropoiesis-stimulating agents; HRQoL, health-related quality of
life; LVM, left ventricular mass; OL, online; PWYV, pulse-wave velocity; VEF, ventricular ejection fraction; w, week;

m, months; y, year.

Table 1. Some of hemodialysis (HD) versus hemodiafiltration (HDF) studies.



122 Aspectsin Dialysis

The Turkish OL-HDF Study [88], a follow-up study of nearly 2 years, found that the preva-
lence of death from any cause and of nonfatal CV events was similar for OL-HDF and for
high-flux HD groups; CV and overall survival, hospitalization rate and number of hypoten-
sive episodes were also similar; however, a subgroup of OL-HDF patients treated with sub-
stitution volumes over 17.4 L, above the median convective volume, presented a better CV
and overall survival, when compared to HD patients. It was also reported that small solute
clearance was higher in OL-HDF group and, in spite of the similar hemoglobin levels in the
two groups, the prescribed dose of EPO and the erythropoietin resistance index were signifi-
cantly lower in OL-HDF group. The increase in EPO response seems to be due to the higher
clearance of middle-sized molecules and to the improvement in the microbiological quality
of fluids used in OL-HDF procedures that may contribute to reduce systemic inflammation.
In opposition, the trial CONTRAST [89], a 12-month follow-up study of 714 patients random-
ized to either treatment with online postdilution HDF or continuation of low-flux HD showed
that OL-HDF treatment did not decrease the index of resistance to erythropoiesis-stimulating
agents, when compared to HD treatment.

Cardiovascular parameters, as left ventricular mass, ventricular ejection fraction and pulse-
wave velocity, are altered in ESRD patients and are usually associated with CV mortality. A
study by Mostovaya et al. [90] showed that OL-HDF did not improve these CV parameters
over time, when compared to HD therapy.

A retrospective analysis by Siriopol et al. [91] on Romanian dialyzed population, using the
European Clinical Database (EUCLID) Fresenius Medical Care Database, showed that HDF
reduced all-cause mortality in incident and prevalent patients, even after correction for differ-
ent confounders; however, other unmeasured confounders could have influenced their final
results [91].

Analysis of data from the French National Renal Epidemiology and Information Network
(REIN) registry, enrolling 28,407 patients (5526 switched for HDF; 2254 were only treated
with HDF and the others were treated with HD), reported that patients exclusively on HDF
presented the best survival [92].

In a recent randomized, single-blind, crossover trial, HD and HDF patients showed similar
posttreatment recovery time and HRQoL [93].

A systematic review conducted in 2006, analyzed 20 trials including 657 patients, reported
inconclusive data concerning the improvement of convective therapies (HDF, hemofiltration
and acetate-free biofiltration), versus HD, on mortality, dialysis-related hypotension and hos-
pitalization [94].

A 2014 meta-analysis of 16 randomized trials [95] (three large trials were already referred
[85, 86, 88]), including 3220 ESRD patients, focused and compared the effect of convective
modalities (hemofiltration and HDF), with standard dialysis. This meta-analysis demon-
strated that HDF did not alter significantly clinical CV outcome rates. Indeed, the effect of
convective modalities on clinical CV outcome was not statistically different, when compared
to either low-flux or high-flux HD treatment. Moreover, convective modalities, as compared
to standard dialysis, showed no different all-cause mortality rates; in addition, mortality
rate was independent of the type of convective modality. It was also reported that systolic



Cardiovascular Risk Factors in End-Stage Renal Disease Patients: The Impact of Conventional...
http://dx.doi.org/10.5772/intechopen.70465

blood pressure, at end of the treatments, was similar for convective modalities and standard
HD. Dialysis adequacy was also similar, although there were evidences of heterogeneity
within data from the different studies. The convective modalities seem to reduce significantly
postdialysis serum levels of 3 -microglobulin. HRQoL was evaluated in three trials, and no
significant differences in physical symptoms domain scores were observed between convec-
tive modalities and standard dialysis.

In opposition, another meta-analysis reported in 2014 [96], including six randomized con-
trolled trials, comparing online postdilution HDF with HD treatment, showed a reduction
in mortality risk and CV death for patients treated with online postdilution HDF; moreover,
when considering the three largest randomized controlled trials, an inverse relation between
convection volume magnitude and mortality risk was observed. The authors highlighted that
the randomized controlled trials analyzed in this meta-analysis contained several potential
risks of bias that may over- or underestimate the effects.

In 2015, another systematic review comparing convective modalities with HD therapy
included a higher number of studies and ESRD patients (40 studies, 4137 patients) [97]. This
meta-analysis showed that convective therapies may contribute to reduce CV mortality, but
not all-cause mortality; the benefits on CVD events, hospitalization and QoL versus HD, were
once again not conclusive [97].

Based on individual participant data of four large multicenter randomized controlled trials,
it was recently reported (2017) that OL-HDF, compared to conventional HD, reduces the risk
of mortality in ESRD patients [98]. Using the same individual participant data, Nubé et al.
[99] conducted a study to investigate whether the reduction on mortality risk associated with
HDF resulted from a reduction in CVD events and which type of CV events explained that
reduction. A decrease in fatal ischemic heart disease and congestion appeared to underlie the
positive effect of OL-HDF on CV and all-cause mortality.

The French Convective versus Hemodialysis in Elderly (FRENCHIE) study aimed to com-
pare intradialytic tolerance of OL-HDF versus high-flux HD [100]. A significantly lower
occurrence of adverse events, with fewer episodes of intradialytic symptomatic hypo-
tension and muscle cramps, was found for OL-HDF patients; moreover, serum albumin
values were similar, but an improvement in metabolic bone disease biomarkers and in
B,-microglobulin levels was found [100]. HRQoL, morbidity and mortality were similar for
both treatments.

In summary, the improvement on all-cause mortality and on CVD events for OL-HDF treat-
ment is still controversial, and therefore, it is not entirely clear if OL-HDF is, actually, a better
alternative to standard HD.

4. Conclusions remarks

ESRD patients present high mortality and incidence of CV events. The occurrence of CVD
events appear as a consequence of the high prevalence of traditional and non-traditional CV
risk factors in these patients.
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OL-HDF, an alternative to standard dialysis, was introduced as a better alternative to conven-
tional dialysis. Nevertheless, convective modalities benefits versus standard dialysis, in what
concern CV outcome or all-cause mortality remain questionable. Regarding clearance of small
molecules, no evidence exists of a superior effect [95], though convective modalities appear to
diminish the incidence of symptomatic hypotension and to enhance middle-molecular clear-
ance (as assessed by {3,-microglobulin). One possibility is that the delivered dose of HDF
was not sufficient, considering that in two of the larger trials [85, 88], a positive association
between higher convective volume replacement and better relative outcomes was observed.
Indeed, the importance of convective volume to improve survival of OL-HDF patients has
been highlighted [101]. Higher convection volumes in OL-HDF were associated with higher
patient’s survival; however, results varied across different ways of standardization for body
size, suggesting that further studies should consider body size [102]. Apparently, when ade-
quate convection volumes are used, OL-HDF reduces all-cause and CV mortality risk.

Data from clinical trials and meta-analyses are controversial and not conclusive. It is not clear
if OL-HDF is really a reliable alternative to HD in what concerns all-cause mortality and
CVD events. We must consider that the studies about these issues are still too small or too
short in duration, to detect a true benefit. Thus, further trials, with larger number of patients,
involving longer follow-up periods and, eventually, with patients receiving higher volume
replacement, to increase the precision of the survival analyses and to evaluate the real impact
of OL-HDF procedure in mortality and CV outcome of ESRD patients are necessary.
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Abstract

The ultrafiltration failure during peritoneal dialysis (PD) is related to inflammatory
responses induced by bio-incompatible PD fluids, which may lead to deterioration of
peritoneal membrane (PM) function. Mesothelial cells, lymphocytes, macrophages and
other cell types present in the peritoneal cavity are stimulated to produce cytokines and
growth factors that promote pathological processes. Due to these factors, blood and lym-
phatic vessels proliferate and could be responsible for hyperfiltration and PM failure
type IIl and IV. Vessels proliferation may be related to fibrosis, being the cause and/or
effect of the mesenchymal conversion of different cell types such as mesothelial (MMT),
bone marrow-derived (fibrocytes) or endothelial (vascular- and lymph-endo-MT) cells.
Lymphangiogenesis in PD is a poorly analysed process; however, its contribution to
peritoneal function disorders has been recently recognized. VEGF production is associ-
ated with blood and lymphatic vessels proliferation, while specifically lymphangiogen-
esis is mainly regulated by VEGF-C and VEGEF-D. Excessive lymphatic fluid drainage
from the abdominal cavity may be related with macromolecule and isosmotic solutions
reuptake and convective reabsorption of solutes that were cleared from plasma by diffu-
sion. Some drugs have been shown to modulate tissue fibrosis, MMT, EndoMT, angio-
genesis and lymphangiogenesis and could represent interesting therapeutic strategies to
protect the PM.

Keywords: peritoneal membrane, lymphangiogenesis, angiogenesis, inflammation,
ultrafiltration, peritoneal dialysis
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1. Introduction

Peritoneal dialysis (PD) is based on the use of the peritoneal membrane (PM) as a semi-per-
meable membrane across which ultrafiltration (UF) and diffusion take place [1], thus allowing
diffusive exclusion of uraemic toxins and exchange of solutes between circulation and PD
fluid (PDF) to maintain solute and fluid equilibrium in uraemic patients [2]. However, it has
also some disadvantages that include the risk of peritonitis, peritoneal tissue remodeling and
vessels proliferation [3].

The efficacy of PD depends on the structural and functional PM integrity. It consists of a mono-
layer of mesothelial cells (MCs) supported by connective tissue that covers the inner surface
of the abdominal wall and most visceral organs. During PD, the peritoneum is continuously
exposed to large volumes of bio-incompatible solutions (hyperosmolar, acidic and with high
glucose content), leading to morphological and functional alterations of the PM. Furthermore,
PDFs contain glucose degradation products (GDPs), potentially toxic to the PM [4]. Glucose
can also contribute to PM alterations through formation of advanced glycation end products
(AGEs). AGEs can bind with some receptors, such as the receptor of AGEs (RAGE), activating
intracellular signals that produce oxidative stress and synthesis of inflammatory cytokines [5].
All these bio-incompatible features induce an immunological response in the peritoneal cavity
that involves MCs, macrophages, lymphocytes and neutrophils. When stimulated, these cells
produce a wide variety of cytokines, chemokines and growth factors, such as tumor necrosis
factor (TNF)-q, interleukin (IL)-1, IL-6, IL-8, IL-17, transforming growth factor (TGF)-p, vascu-
lar endothelial growth factor (VEGF), fibroblast growth factor (FGF)-2, monocyte chemotactic
protein (MCP)-1 and many others, therefore increasing inflammation and causing structural
and functional alterations [6, 7]. Consequently, histology of patients chronically exposed to
PDFs reveals mesothelial cell loss, increase of the submesothelial extracellular matrix (ECM)
deposition (fibrosis), angiogenesis and lymphangiogenesis. All these changes are intercon-
nected factors associated with alterations on fluid and solute removal; they ultimately lead to
different spectra of PM ultrafiltration failure (UFF) types (type I-IV) (Table 1) (Figure 1) [8].

Types of  Clinical characteristics Anatomic/physiologic bases Actual therapeutic measure

UFF

Typel Increased peritoneal exchange PM hyper-permeability Avoid Icodextrin long PD dwells
surface area

Type II Low osmotic conductance to  AQP-1 channels dysfunction Peritoneal resting and adhesions
glucose surgery

Typelll =~ Diminished peritoneal EPS, abdominal adhesions Peritoneal resting, hypertonic glucose
exchange surface area or icodextrin long PD dwells

TypeIV  Increased lymphatic Increased lymphatic absorption  Avoid large and long volume dwells

absorption rate

Adapted from Prasad and Gupta [8].

Table 1. Clinical characteristics and accepted therapeutic option for UFF.
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[Types of UFF (FD exchange glucose 3.86%. 4h dwell) |
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Cr-MTC or DIP Cr-MTC or DIP Cr-MTC or DIP

Type-IV UFF

Figure 1. Characteristics of the different types of UFF.

Consequently, there is an extracellular volume overload [9, 10], which compromises treat-
ment efficacy and patient outcomes, who have to be transferred to hemodialysis.

Therefore, to improve PM longevity in PD, it is mandatory to diminish or block the up-regulation
of the molecular mechanisms implicated in the onset of the UFF. Herein, we update the knowl-
edge about the mechanisms implicated in the PM failure, especially those associated with angio-
genesis and lymphangiogenesis, and we propose some therapeutic alternatives.

1.1. PM failure in PD: clinical features

In 1993, B. Rippe described the three-pore model of peritoneal transport [11], according to
which the main peritoneal exchange route for water and water-soluble substances is a pro-
tein-restrictive pathway (“first pathway”, small pores), accounting for approximately 99% of
the total exchange area and approximately 90% of the total UF coefficient. For their passage
through the PM, proteins are confined to the “second pathway” (large pores, extremely few
in number, about 0.01%), more or less non-restrictive with respect to protein transport. The
“third pathway” (“water-only, solute-free transport”, ultra-small pores) accounts for about
2% of the total UF coefficient and is permeable to water but impermeable to solutes, and it has
been associated to aquaporin (AQP)-1 channels (a membrane protein). Transcellular water
permeability mediated by AQP-1 is an essential component of the water removal across the
PM. Studies in AQP-1 KO mice confirmed that AQP-1 is responsible for approximately 50%
of the UF when using a crystalloid osmotic agent such as glucose, and that its expression is
necessary to observe the sodium sieving [12].

The UF rate has been linked with high survival in a prospective observational study (EAPOS
study). Besides, UF was also predictive of survival in anuric automated PD patients [13].
Although in this report the authors did not find association with survival when analysing
time-averaged UF (time dependently), in another study (NECOSA-D study) a time-dependent
survival relationship was found [14]. Although UFF can occur at any stage, it usually happens
in long-term PD. The first studies reported an accumulative risk for permanent loss of net UF
capacity to be 2.6% at first year, 9.5% after 3 years, and more than 30% for patients on CAPD
[8]. In 2000, the International Society for Peritoneal Dialysis (ISPD) committee performed a
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standardized test using a 3.86 /4.25% glucose exchange with 4 h of permanence. They defined
a net UF of <400 mL after a four hours” dwell. Based on this criterion, new studies have dem-
onstrated that UFF prevalence is between 23 and 36% [8] (Figure 1).

UFF is an increased complication in long-term PD patients associated with fluid overload,
mainly when associated with high solute peritoneal transport. The importance of UFF is related
to the increased cardiovascular mortality [15]. UFF could be explained by a combination of two
processes occurring in parallel: changes in vascularization and production of fibrotic tissue in
the PM [12]. Four types of UFF have been defined according to their specific features.

1.1.1. Type I UFF

High solute transport, with a dialysate-to-plasma ratio (D/P) of creatinine >0.81. It represents
the largest UFF type and usually happens during/after peritonitis episodes. PM shows an
inflammatory process with subsequent hyper-permeability. The anatomical status is probably
the result of both tissue fibrosis and angiogenesis resulting in a large effective exchange sur-
face area. Angiogenesis leads to an increased number of perfused capillaries under the fibrotic
matrix, which rapidly dissipate the glucose-driven osmotic pressure. This hyper-permeability
has been demonstrated as a predictor of increase in mortality [13]. The uraemic state itself pro-
longs the exposure to glucose and GDPs and increases the cumulative effects of inflammation.
These, in turn, are associated with angiogenesis with leaky capillaries, culminating in increased
effective peritoneal surface area and rapid solute transport with diminished UF capacity [14].

1.1.2. Type Il UFF

AQP-1 dysfunction; low/high average solute transport, D/P of creatinine = 0.5-0.8. The trans-
capillary movement of free water via AQP-1 accounts for 40 to 50% of total UF across the PM
[16, 17]. This UFF is characterized by an increase in solute transport (for creatinine or glucose),
residual volume, or lymphatic absorption. However, it has been reported that in these patients
normal sodium sieving effect (drop in dialysate sodium concentration) is lost [18]. This selec-
tive defect attributed to AQP-1 channels dysfunction is responsible of water transport failure
rather than structural PM injuries [19]. Its cause has been not yet elucidated, but there is rel-
evant information pointing to the roles of glycosylation or endothelial nitric oxide. Moreover,
the PM AQP-1 expression can be up-regulated [20]. Free water transport can be estimated by
subtracting the UF through small pores from the total UF over a period of 1 h, and with this
method, free water transport <26% of total UF is consistent with impaired AQP-1 function [17].

1.1.3. Type III UFF

Patients with low solute transport rates (D/P creatinine <0.5). This is the less common cause for
UFF. Anatomically, there is a severe reduction in effective PM surface area and permeability
[21]. Clinically, these patients may therefore present signs of volume overload, symptoms of
inadequate solute removal, or both. The diffuse hypo-permeability of the PM may be caused by
the effects of pro-fibrotic mediators such as TGF-f and as a consequence of a process of mesothe-
lial to mesenchymal transition suffered by MCs (MMT) [6, 22]. This is observed in patients who
have recurrent and relapsing peritonitis, sclerosis of PM (sclerosing peritonitis), and extensive



Angiogenesis and Lymphangiogenesis in Peritoneal Dialysis
http://dx.doi.org/10.5772/intechopen.74015

intra-abdominal adhesions [22]. In early stages (simple peritoneal sclerosis), there is a dimi-
nution in peritoneal transport without serious clinical consequences. In advanced conditions,
encapsulating peritoneal sclerosis (EPS) may be developed; it is a clinical syndrome character-
ized by bowel obstruction through persistent PM adhesions frequently associated to calcification
[23]. This complication leads to a high mortality due to intestinal obstruction and malnutrition.

1.1.4. Type IV UFF

Alterations in dialysate solute concentrations. The D/P creatinine ratio does not change with
increased lymphatic flow, although net UF can be considerably reduced. Increased lymphatic
flow, net UF and solute clearance are inversely related to lymphatic fluid absorption [22]. This
represents no more than 10-30% of the total fluid absorbed via lymphatic vessels [24]. The
estimation of fluid loss may be done by examining the egress rate of radio-labeled albumin
from the peritoneal cavity (averages 1.52 ml/min, with 2 L exchange) [25]. Factors influencing
lymphatic absorption are dialysate volume, intraperitoneal pressure and mass transfer area
coefficient of PM. Factors not influencing lymphatic absorption are body surface area, tonicity
of the dialysate, position of the patient and probably duration of PD. The pathogenesis of this
UFF type is poorly understood. It has been suggested that TGF-1 may play a role in promot-
ing lymphangiogenesis in a rat model [9].

2. Fibrogenic capacity of peritoneal populations

Fibroblastic-like cells may originate from different sources in the peritoneal matrix, collaborat-
ing in the fibrotic process that leads to PM malfunction. These cells are able to produce ECM
components and acquire the ability to produce inflammatory, fibrogenic and angiogenic factors.

Well-known cells that may overcome a mesenchymal transition as a consequence of PDFs
bio-incompatibility, acquiring a fibroblastoid phenotype, are the mesothelial cells lining the
peritoneal membrane (suffering MMT) [26]. MMT is a complex process characterized by the
disruption of intercellular junctions, loss of apical-basolateral polarity and acquisition of
migratory and invasive properties. During the MMT, there is a strong up-regulation of VEGF
and TGF-p in the peritoneum, which provides enhancement of the local vascular networks,
leading to vessel proliferation [27]. Cells that undergo a mesenchymal transition acquire mes-
enchymal markers, including alpha smooth muscle actin (a-SMA), fibroblast-specific protein
1 (FSP-1) and fibronectin [28-30]. It has been described that even a 37% of fibroblastic-like
cells present in the injured peritoneum of PD patients can derive from MCs that have undergo
MMT as a consequence of PDFs exposure [30].

Additionally, there are other cell populations in the peritoneum that may also undergo a mes-
enchymal transition and collaborate in fibrotic diseases and specifically in PD-related fibrosis,
as inflammatory bone marrow-derived circulating cells (fibrocytes), that could represent a
34% of total FSP1* fibroblasts, and endothelial cells from blood vessels (endo-MT) (approxi-
mately 5%) [27, 29-33]. Besides TGF-{, it has been shown that endothelin-1 (ET-1) may also
participate in endo-MT [28]. Interestingly, adipose tissue macrophages can experiment a mes-
enchymal transition [34]. Moreover, it has been recently observed that endothelial cells from
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lymphatic vessels may also suffer a partial endothelial-mesenchymal transition [35]. Other
studies also pointed to a mesenchymal status of lymphatic endothelial cell [36, 37]. This mes-
enchymal conversion of LECs (Lymph-endo-MT) has not been analysed yet in biopsies of PD
patients nor in vitro or in vivo studies, and its possible implication in the damage peritoneum
remains unknown. On the other hand, the adipocytes themselves, apart from their capacity
to promote a mesenchymal transition in other cells, had been also postulated as a possible
source of mesenchymal cells in the peritoneal tissue [38, 39].

3. Blood and lymphatic vessels

Blood vessels deliver oxygen and nutrients to cells, whereas lymphatic vessels drain the inter-
stitial fluid that is collected in tissues, and serve as a conduit for immune cell trafficking and fat
absorption [40]. The correct functionality of both types of vessels is essential for PD treatment as
it is intimately related to the UF capacity of the PM. An important change in PD is the so-called
hyalinizing vasculopathy, which consists in the thickening of the wall of the blood peritoneal
vessels and a luminal narrowing, or even a luminal complete occlusion [41], altering their func-
tionality. Through histology, four degrees of vasculopathy have been defined according to the
decrease in vessel lumen [42, 43], and its clinical repercussion has not yet been well defined.

New vessels formation is another undesirable consequence of the PD treatment, and this process
has been observed both in blood and lymphatic vessels, presenting some common inductors.

3.1. Angiogenesis in PD

Angiogenesis is a process characterized by the formation of new capillaries. It supposes an
increased effective surface area of exchange, which results in a decrease in the glucose-driven
osmotic pressure of the PDF, favoring the emergence of UFF. Furthermore, the thickening of
the vascular wall and the increase of permeability cause changes in fluid and solute transport
in PD patients. In fact, there is an increase in small solute transport and a reduction time for
exchanging waste products [3].

The major regulator of both physiologic and pathologic angiogenesis is VEGF cytokine. VEGF
is a potent pro-angiogenic factor that binds to specific receptors on the endothelial cells lining
blood vessels and that is involved in endothelial cell proliferation and vascular permeability
[44]. VEGEF also stimulates nitric oxide synthase production and the consequent vasodilation,
and initiates inflammatory responses [45]. The biological activity of VEGF family is mediated
by three receptors (VEGFRs): VEGFR-1/Flt-1, VEGFR-2/KDR and VEGFR-3/Flt-4. These recep-
tors have an intracellular tyrosine kinase domain that, once activated, leads to the induction
of different signal transduction pathways [46, 47]. The effect of VEGF is also regulated by a
family of cell surface glycoproteins called neuropilins (Nrps). This family is composed by
two members, Nrp-1 and Nrp-2. Nrp-1 has been described as an isoform-specific VEGF co-
receptor expressed in endothelial and tumor cells, enhancing VEGF binding to VEGFR-2 and
its bioactivity. Nrp-1 may also signal independent of VEGFR-2 in endothelial cells to mediate
VEGF-triggered migration and adhesion. Moreover, Nrp-1 may also interact with other growth
factors, such as TGF-B1. Nrp-1 expression has been recently described in many other cell types
including MCs. In this context, it has been shown that during MMT process of mesothelial cells,
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there is not only a strong induction of VEGF, but also of Nrp-1. In contrast, the expression of
the receptors VEGFR-1 and VEGFR-2 is down-regulated. It has also been demonstrated that
MCs which have undergone an MMT proliferate less and acquire an increased invasion capac-
ity compared with epithelial-like MCs. Furthermore, this enhanced invasion could be partially
inhibited by treatment with anti-VEGF or anti-Nrp-1b, which strongly suggests that the interac-
tion of VEGF with Nrp-1 may have a role in MCs invasion and PM thickness [47].

The expression of VEGF in human peritoneal mesothelial cells (HPMCs) could be up-regulated
by several pro-inflammatory cytokines, such as IL-1ot and TNF-a. This suggests that intraperito-
neal inflammation might increase peritoneal permeability by inducing angiogenesis [48]. Some
studies have shown that MCs from omentum have the capacity to produce VEGF in response
to a variety of stimuli such as GDPs, AGEs or TGF-3. This up-regulation of VEGF in MCs is due
to the process of MMT. Furthermore, it was found that PD patients with non-epithelioid MCs
showed increased expression of VEGF compared with those patients with epithelial-like MCs,
supporting that MMT not only induces fibrosis, but also peritoneal angiogenesis [27].

3.2. Lymphangiogenesis in PD

Another alteration due to PD and associated with inflammation, MMT and peritoneal fibrosis
is lymphangiogenesis, a process that has been recently recognized as a contributor to peri-
toneal function disorders [9]. Lymphangiogenesis is the growth of lymphatic vessels from
preexisting vessels, and it is essential in embryonic development but, in adults, it is involved
in many pathological processes such as lymphedema, metastasis, inflammatory diseases,
renal transplant rejection, tubule-interstitial fibrosis and also in rat unilateral ureteral obstruc-
tion models [9, 49]. Of note, transient lymphangiogenesis and angiogenesis have also been
detected during wound healing [50]. Wound healing is a necessary process to repair damage
but it could convert into a pathological condition when dysregulated, promoting fibrosis and
vessel formation by secreting cytokines and growth factors.

In PD, lymphatic vessels proliferation with fenestration of the anastomotic mouths is mainly
visible in the diaphragm (Figure 2). These changes increase the lymphatic absorption rate
(measured by the rate at which intraperitoneally administered radioactive serum albumin
or dextran 70 disappears) [9]. Given that the net UF is determined by the effective lymphatic
absorption and the trans-capillary UF, the increased of lymphatic absorption leads to dimin-
ished UF capacity. This makes it so important to control lymphatic absorption in order to
obtain higher drained volume [51, 52].

Inflammation is thought to be an important contributor to lymphangiogenesis in human dis-
eases as PD [53]. Particularly, macrophages have been suggested to stimulate lymphangiogen-
esis through the production of VEGF-C and VEGF-D [54]. VEGEF-C is one of the most important
mediators of lymphangiogenesis, and it has been shown that its content in the PD effluent cor-
related with the membrane transport rate [55]. Thus, if VEGF-C concentration in the PD efflu-
ent increases, the PM transport rate will be higher. In other words, there is a positive correlation
between both factors [9]. Some sources for VEGF-C are pericytes of blood vessels, tumor cells
and, in inflammatory and neoplastic conditions, tissue macrophages [46, 56, 57].

It has been found that expression of VEGF-C and markers of lymphatic vessels is higher in the
peritoneum of patients with UFF (in fact, these tissues contain more lymphatic vessels) [9].
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Figure 2. (A, B) Mice parietal PMs stained with an anti-CD31 antibody (Abcam, Cambridge, UK). (A) Control sample of
a saline-treated mouse. (B) PDF-treated mouse with an increased CD31 staining. (C-F) Mice diaphragms stained with
an anti-podoplanin antibody (PA2.26, from Dr. Gamallo, Laboratory of Pathology, La Princesa Hospital, Madrid, Spain).
The staining shows the MC monolayer and the lymphatic vessels that drain into the thoracic duct. (C, E) Control sample
of a saline-treated mouse. (D, F) PDF-treated mouse with a thickening of the PM that covers the peritoneal cavity and a
proliferation of lymphatic vessels with fenestrated anastomotic mouths. Panels A, B, E, F with 20x magnification. Panels
C and D with 10x magnification, showing the abdominal (upper) and thoracic sides (down). Figure modified from
Gonzalez-Mateo et al. (BioMed Research International, 2015; use under http://creativecommons.org/licenses/by/3.0/ for
CCBY) [33].

However, although the vessel density of non-PD patients is lower than in PD patients, this
measure did not differ between PD patients with or without UFF. These findings suggest that
factors other than increased vascular density are involved in disease states associated with
increased transport of PM [9].

Immuno-histochemical analyses of lymphatic and blood vessels and expression of VEGF-C in
the peritoneum of patients with UFF or in pre-dialysis situation showed that these elements
were observed when there is an UFF, but they were hardly detected in the pre-dialysis peri-
toneum. Moreover, expression level of VEGF-C and number of lymphatic vessels correlated
with one another [9]. In fact, VEGF-C has been shown to be required for a normal develop-
ment of lymphatic vessels [49, 53].

VEGEF production is regulated not only by glucose from PDFs, vascular hyper-permeability and
PD dysfunction, but also by other growth factors and cytokines such as TGF-f3 [53, 58]. There are
some studies that have investigated the roles of TGF-3 in the progression of lymphangiogenesis
through VEGEF-C induction. In these investigations, the effect of TGF-f1 in VEGF-C expression
in the human MC line Met-5A and ex vivo cultured HPMCs was studied. The experiments
showed that VEGF-C (both mRNA expression and protein production) increases in response
to TGF-f31 treatment in both Met-5A and HPMCs cultures. Moreover, the number of macro-
phages was suppressed by a TGFBR-I inhibitor in a mice model. These findings support that
TGF-f1 is an important inducer of VEGF-C, leading to lymphangiogenesis that is associated
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with peritoneal fibrosis in PD patients [9]. Other studies have also demonstrated that TGF-31
induced significant up-regulation of VEGF-C expression in cultured human proximal tubular
epithelial (HK-2) cells, collecting duct (M-1) cells, and macrophages (RAW264.7) [53]. All these
results could indicate that lymphangiogenesis in the PM is linked with the fibrotic process via
the TGF-p-VEGF-C pathway [53, 59, 60]. Therefore, prevention of TGF-5 induction may reduce
fibrosis and lymphangiogenesis, resulting in the avoidance of the UFF.

VEGEF-D, which is homologous to VEGF-C, is also implicated in the regulation of the peri-
toneal lymphangiogenesis. It had been shown in cultured macrophages and fibroblasts that
VEGEF-D increased by PGE2 and by inflammatory cytokines. However, in contrast to VEGF-C,
VEGEF-D has been reported to be down-regulated by TGF-f3. Moreover, although cultured
human MCs strongly express VEGF-C, they do not express VEGF-D [55]. Either VEGF-C or
VEGEF-D induce growth of the lymphatic vessels via activation of VEGFR-3, which is localized
on the surface of lymphatic endothelial cells. Signaling via VEGF-C and VEGF-D/VEGFR3
seems to be the most central pathway for lymphangiogenesis and survival of endothelial cells,
providing a new therapeutic target to increase net ultrafiltration by suppression of lymphan-
giogenesis and lymphatic absorption. In a murine model of peritoneal injury induced by the
GDP methylglyoxal (MGO), a precursor of AGEs, VEGFR-3 was up-regulated and the drained
volume tended to be increased compared with the control group (although not statistically
significant) [55]. In addition, inhibition of this signaling pathway using an adenovirus express-
ing soluble VEGFR-3 fused with human IgG and using function-blocking antibody entirely
blocked lymphatic sprouting after infection, but had no effect on blood vessel remodeling [61].

3.3. Endothelial and lymphatic vessels: overlapping markers

As commented before, the lymphatic and blood systems serve different but complementary
functions to maintain the homeostasis of the tissues. Given that lymphatic endothelial cells
(LECs) derive from embryonic blood vascular endothelial cells (BECs) during embryogenesis
[62], it is not surprising that both cell types have some properties and features in common and,
therefore, share many markers. In this regard, both types of vessels express CD31, CD34, podo-
calyxin, von Willebrand factor and other markers [63]. These facts pose a challenge to distin-
guish both lineages but still there are markers that can be used to differentiate them. Thereby,
in healthy tissues LECs express specifically podoplanin, the lymphatic vessel endothelial hyal-
uronan receptor (LYVE-1) [64-67], VEGFR-3 [68], and prospero-related homeobox domain 1
(Prox1) [65, 69]. Prox1 is essential for lymphangiogenesis and helps to drive the expression
of lymphatic-specific genes that transform venous progenitor cells into functional LECs [40].
In fact, it has been demonstrated that loss of Prox1 expression in mice results in arrested lym-
phangiogenesis [70]. Furthermore, the continued expression of Prox1 in LECs of adult animals
is required for the maintenance of these vessels, as conditional deletion of Prox1 in adult mice
causes the reversion of lymphatic endothelium to venous endothelium [71].

However, the expression of these markers in healthy LECs may not necessarily apply in the
lymphatic disease settings [72], so when employing them it is necessary to consider the tissue
or organ and the possible presence of inflammation or pathological processes. Thus, during
inflammation, there is an up-regulation of VEGFR-3 on most proliferating blood vessels, which
makes this marker not useful to distinguish between the lymphatic and blood vessels in this
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situation [73] (and so during PD exposure, since there is a chronic inflammatory status). In
regard to podoplanin, this molecule seems to play a role in the pathogenesis of encapsulating
peritoneal sclerosis (EPS, a severe complication of PD treatments) [74], but is expressed by peri-
toneal mesothelial and fibroblast-like cells [75-78] (Figure 2). It is interesting also to note that
Prox1 is expressed in normal and pathologic human tissues (lymphedema) [69], but its functions
are not exclusive to lymphatic vessels, since recent studies have shown that Prox1 is required for
the development and maintenance of venous valves [79]. In conclusion, to selectively distinguish
between both types of vessels, a good strategy could be to use a combination of two or more
markers (accordingly, as an example CD31*/podoplanin cells would be considered as BECs).

Nonetheless, other molecules have recently emerged as potential markers to specifically label
LECs, but still need confirmation. In this regard, it has been suggested that the Integrin a9,
a receptor for VCAM-1 (vascular cell adhesion molecule-1), could be a potential marker of
mouse LECs [80], but it still requires validation since it is not clear whether the application
of the antibody in human tissues is reliable [72]. Likewise, COLEC 12, a gene that codes for
Collectin-12 protein (a scavenger receptor), has also been suggested as another LEC marker
[62]. The expression of CLEVER-1 (common lymphatic endothelial and vascular endothelial
receptor-1), also known as stabilin-1 or FEEL-1, has been reported in response to inflamma-
tion in skin LECs, macrophages and BECs [81], but also requires to be confirmed as a suitable
marker for abnormal or diseased human LECs identification [72].

3.4. Specific secretion of cytokines and chemokines

The specialization of endothelial cells extends also to the secretion of biologically relevant
chemotactic factors. In this regard, LECs, but not BECs, constitutively secrete the chemokine
receptor CCRY7 ligand, secondary lymphoid tissue chemokine (SLC)/CCL21 at their basal side,
while both subsets, upon activation, release macrophage inflammatory protein (MIP)-3cx/
CCL20 apically [63].

4. Therapeutic strategies

Clinical diagnosis is of high value due to the limitations obtaining PM biopsies. Until now,
procedures include general care actions to avoid fluid overload (use of diuretic agents in
patients with residual renal function shorten dwell times and volumes of dialysate fluids or
temporarily discontinue PD) (Table 1). Depending on the UFF type, general recommenda-
tions are as follows.

Regarding the type I UFF, clinical evidence supports the peritoneal resting [82] and the block-
ade of the renin-angiotensin-aldosterone system with angiotensin converting enzyme inhibi-
tors or angiotensin receptor blockers [83, 84]. The use of neutral pH low GDP fluids may be
beneficial as well, but the evidence to date is inconclusive [85, 86]. With regards to the type I
UFF, it has been observed that the use at early stages of high doses of steroids or an agonist of
AQP1 (AqF026) can improve water transport by modulating the expression of AQP1 channels
[20, 87, 88]. Since the type III PM failure is associated with fibrosis, that in its maximum degree
leads to EPS, adhesiolysis and peritoneal rest are indicated [89, 90]. Moreover, corticosteroids,
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azathioprine, mycophenalate, rapamycin and its derivative everolimus have all been tried with
limited success [91, 92]. More recently, the use of tamoxifen has been reported to be beneficial
in the treatment of EPS [90, 92, 93]. In this regard, a recent study showed that mortality was
significantly decreased in patients treated with immunosuppression compared to the group
with tamoxifen as well [94]. Nutritional support of these patients is also mandatory. The clini-
cal management of liquid overload may be treated with icodextrin PD exchanges at least tem-
porarily. Given the clinical characteristics of PM failure type IV, the long-term absorption of
dialysate and long dwelling should be included in therapeutic management [14].

But if the treatment is crucial once the UFF is set, what is even more important is to prevent
this status, what means to focus on the origin of the damage. The use of PD has increased
over the last years due to the development of different strategies which have allowed the
improvement of the treatment. During the last years, researchers have been trying to develop
biocompatible PDFs using new osmotic agents to substitute glucose, such as amino acids or
icodextrin, to avoid the formation of GDPs and AGEs. However, considering that PDFs of
new generation are expensive, another alternative is using drugs to treat and prevent perito-
neal damage caused by long exposure to PDFs [95] (Figure 3) (Table 2).

In this context, there are several studies about blocking MMT process, because of its identifica-
tion as a key event in peritoneal damage. These therapeutic strategies were also designed either
to prevent or reverse the MMT, or to reduce the MMT-inducing stimuli. Nevertheless, it has
to be taken into account that MMT is a physiologic process necessary for wound healing dur-
ing PD. Another possibility is to act on the consequences of MMT or mesenchymal transition
of other cells populations instead, such as the increased angiogenesis or lymphangiogenesis
[33, 47]. The therapeutic options tested until the date are exposed below in detail and summa-
rized in Table 2. These data encourage conducting clinical trials to solidify therapeutic evidences.

4.1. Anti-angiogenic therapy
4.1.1. VEGF

Many studies have been carried out to reduce angiogenesis by the development of angio-
genesis inhibitors which modulate the expression of VEGF, which is a well-known potent
angiogenic factor associated with vascular proliferation in PD patients. On this line, some
studies used cyclooxygenase (COX)-2 inhibitors, an induced enzyme that stimulate angiogen-
esis by up-regulation of the expression of VEGF and that is more expressed in non-epithelioid
cells that had undergone MMT than epithelioid MCs. One of them is Celecoxib, which is able
to avoid PD-induced angiogenesis in the omentum and parietal peritoneum and to restore UF
in rat and mice models of standard PDF exposure through an implanted peritoneal catheter.
Moreover, as COX enzymes are implicated in prostaglandin synthesis too, this treatment was
also useful decreasing peritoneal inflammation and fibrosis [97, 98].

Another kind of VEGF inhibitors are the tyrosine kinase inhibitors, such as Sunitinib, which is
able to block the VEGF signaling. Indeed, it has been observed that its administration to a
female PD patient with end stage renal disease and metastasic renal cell carcinoma helps to
stabilize the abdominal metastasis as well as the thickness of the PM, and the D/P creatinine
ratio remains stable [100].
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Figure 3. Pathways implicated in PM failure and therapeutic options. Numbers in parenthesis correspond with drugs
tested described in Table 2.

Endostatin, a 20-kDa C-terminal fragment of type XVIII collagen, has also been described as a
potent endogenously inhibitor of angiogenesis [102]. Endostatin blocks angiogenesis by directly
binding to both VEGFR-1 and -2, and blocking VEGF interaction with these receptors, preventing
all downstream signaling events induced by VEGF [103]. Endostatin also competes with fibro-
nectin, a pro-angiogenic ligand, to bind to its cell surface receptor integrin a f,, to interrupt cell
migration [106]. The anti-angiogenic activity of endostatin has been recently found to be medi-
ated also by its intrinsic ATPase activity in vivo, by inhibiting endothelial cell proliferation, migra-
tion, tube formation and adhesion [130]. Moreover, the therapeutic efficacy of endostatin peptide
treatment in ameliorating alterations has been demonstrated in a diabetic nephropathy mouse
model [131] and in a chlorhexidine gluconate (CG)-induced mice peritoneal sclerosis model [105].
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Recent investigations reported that Suramin, a polysulfonated naphthylurea, is able to down-reg-
ulate VEGF expression in the peritoneum of a fibrosis rat model induced after CG injection. These
results suggest that Suramin might inhibit angiogenesis and improve UF by suppressing produc-
tion of angiogenic growth factors such as VEGF. Furthermore, Suramin also inhibited the expres-
sion of TGF-f3, a-SMA and the deposition of ECM protein in the peritoneum in this rat model,
which may indicate that it could be a potent agent for attenuation of peritoneal fibrosis too [107].

Tamoxifen, an estrogen receptor (ER) modulator used for the treatment of breast cancer [132],
has shown the capacity to affect the expression of the VEGF in mice peritoneal tissue exposed
to PDF through an access port. As a result, there is a decrease in the number of vessel that
allows the maintenance of the UF capacity [93]. This decrease may also be due to a down-
regulation of leptin expression, because this molecule can also produce interference in the
induction of neovascularization [93, 108]. In addition, Tamoxifen has demonstrated to have
anti-fibrotic activity, being able to inhibit TGF-31 [109].

It has been found that connective tissue growth factor (CTGF/CCN2), whose expression is
increased in human fibrotic diseases [133], is required for VEGF-A production in response to TGF-
1 in fibroblast and mouse peritoneal MCs. In addition, the use of the CTGF antagonist FG-3019
suppressed the increase in VEGF-A production and peritoneal angiogenesis induced by CG. The
mechanism by which CTGF is acting remains unknown, but it could be through direct physical
interactions. However, it seems to be a difference in CTGF action depending on cell type [110].

It has been suggested that the GTPase Rho and its downstream effector Rho-kinase (ROCK),
that play a leading role in smooth muscle contraction, cell migration, proliferation and gene
expression [134], may also contribute to development of peritoneal angiogenesis and fibrosis
induced by PD [135]. In fact, this pathway is able to regulate VEGF expression in endothelial
cells [136], and the activity of Rho-kinase has been found to be up-regulated in the perito-
neum after PD. For this reason, it has been investigated whether the inhibition of Rho/ROCK
pathway could have a therapeutic effect on PD-induced angiogenesis and fibrosis. This theory
has been validated with Fasudil, a Rho-kinase inhibitor, which inhibited peritoneal angiogen-
esis and fibrosis and improved peritoneal function in a rat PD model. This effect may be due
to the effective reduction of VEGF and TGEF-f in the peritoneum [111].

The specific ROCK inhibitor Y-27632 has also shown an effect in preventing tubule-inter-
stitial fibrosis in mice kidneys with unilateral ureteral obstruction [137]. On the other hand,
the 3-Hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors, commonly
known as statins and usually employed as potent inhibitors of cholesterol biosynthesis,
are also able to inhibit Rho/ROCK pathway through suppressing isoprenylation of small
RhoGTPases [138], which suggests that statins may have a therapeutic effect on peritoneal
damage related to PD [139].

4.1.2. Transforming growth factor (TGF)-p

Another strategy to block the process of angiogenesis is to act on the factors that induce the
expression of VEGF, instead of inhibiting its expression directly. In this context, one of the factors
that enhance VEGF expression in several cell lines is TGF-3 [47, 140]. It has been demonstrated
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that the administration of TGF-f1-blocking peptides to mice exposed to PDF significantly reduced
peritoneal angiogenesis and fibrosis [30]. Administration of bone morphogenic protein-7 (BMP-7),
that antagonizes TGF-f1, reduced new vessel formation in a PDF-exposed rat model [112].

Calcitriol, the most active form of vitamin D, also protected against CG-induced injury in rats
by decreasing levels of TGF-3 and angiotensin II, leading to a decreased peritoneal angiogen-
esis and fibrosis [113]. However, it has to be considered that blocking the action of TGF-{ is
not feasible because it is a pleiotropic factor that regulates several functions and, as a result,
there may be many side effects [30]. Hence, another possibility could be to identify and act
over downstream signaling pathways.

On this context, it has been reported that TGF-f3 exhibits its biological effects through TGF-f3/
Smad signaling pathway and that Smad7 negatively regulated the TGF-3 induced VEGF [141].
Considering this, it has been demonstrated that Smad?7 transfection prevents the experimental
peritoneal angiogenesis by inhibiting the activation of TGF-f3/Smad signaling pathway in vivo,
in a rat model of PD associated with peritoneal fibrosis induced by daily intraperitoneal injec-
tion of Dianeal and intraperitoneal injection of LPS. These results suggest that Smad7 treat-
ment might be an effective therapeutic approach for preventing peritoneal angiogenesis [115].

However, it is important to know that TGFf is involved in the development and function of
regulatory T cells (Tregs) [142-144], as adult mice deficient in TGFf( signaling exhibit a defec-
tive Treg phenotype with normal numbers, decreased suppressive function, and an incom-
plete TCR repertoire [145-148]. Tregs cells are extremely important for the maintenance of
the peritoneal protection during PD [149], so treatments intended to block TGF-f3 signaling
should take into account the complete cytokine environment and consider this side effect.

4.1.3. Advanced glycation end products (AGEs)

On the other hand, taking into account that AGEs are another factor leading to peritoneal dam-
age by induced angiogenesis [150], some researchers have focused on the prevention of glucose
and GDP-induced toxicity. Results showed that the treatment with Benfotiamine, a derivative of
Vitamin B, brings to a decreased of expression of AGEs and RAGEs in the peritoneum and kidney
of rats in a uraemic PD model. Moreover, Benfotiamine reduced neovascularization, fibrosis and
markers of inflammation, leading to an improvement of peritoneal transport in this model [116].

The peroxisome proliferator-activated receptor y (PPAR-Y) has been also evaluated as a potential
target to reduce peritoneal damage in PD. Indeed, it has been demonstrated in a mouse PD
model that the administration of the PPAR- v agonist rosiglitazone (RSG) is able to diminish
angiogenesis in vivo, probably by reducing the accumulation of AGEs [117].

Kallistatin, a serine protease inhibitor with anti-inflammatory and anti-oxidative properties,
has been also recognized as an endogenous anti-angiogenic agent. It may reduce the phos-
phorylation of VEGFR-2 in human umbilical vein endothelial cells, by which it can inhibit
angiogenesis [118]. It has been recently verified that Kallistatin overexpression in kidney
tubules of db/db mice inhibited RAGE expression in the diabetic kidney and AGE-stimulated
cultured proximal tubular cells. Furthermore, there are other mechanisms involved in its reno-
protective effect, such as inhibition of TGF- pathway or attenuation of oxidative stress [119].
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4.1.4. Hypoxia inducible factor (HIF)-1a

Chronic hypoxia has also been linked to angiogenesis, MMT and fibrosis. One of the fac-
tors that mediate the cellular hypoxic response is the hypoxia inducible factor (HIF)-1a,
which has demonstrated to play an important role not only in angiogenesis, but also
in peritoneal fibrosis, extracellular matrix metabolism and inflammatory reaction [120].
Recent studies have shown, using a peritoneal fibrosis rat model induced by high glucose,
that the low molecular weight heparin (LMWH) protects peritoneal structure and function
through inhibiting the process of angiogenesis, inflammation and fibrosis. These effects of
LMWH may be due to suppression of HIF-1a expression and its downstream target VEGF
[120]. In addition, LMWH reduces peritoneal permeability to small solutes and elevates
UF in PD patients [122]. LMWH has been commonly used until now to diminish fibrin
deposition and to prevent the occlusion of the peritoneal catheter and intra-abdominal
adhesion [120].

Rapamycin, an antibiotic with an immune-suppressant activity with pleiotropic effects,
including anti-angiogenic capacity, is also able to suppress HIF-1a. This anti-angiogenic effect
is associated with the blockage of the mammalian target of rapamycin (mTOR), because it is an
upstream activator of HIF-1a. In fact, it has been observed in hypoxic cells that rapamycin can
interfere with HIF-1a activation by increasing the rate of its degradation [123]. Moreover, the
anti-angiogenic activity of rapamycin is also due to the decrease in VEGF expression both in
vitro and in vivo [33, 124], and to the reduction in the response of vascular endothelial cells to
stimulation by VEGF [124].

4.1.5. Others

Oxidative stress is another factor involved in the changes in PM during PD. It has been
reported that the reactive oxygen species (ROS) generated by PDF are responsible, at least in
part, for the PM hyper-permeability and peritoneal fibrosis in vivo. This suggests that antioxi-
dants could be a therapeutic strategy to prevent the damage during long-term PD. In fact, the
use of the antioxidant N-acetylcysteine (NAC) inhibited the increase of VEGF, TFG-31 and
the endothelial NOS (eNOS) [151], which plays a role in the control of vascular tone, perme-
ability and angiogenesis [127, 128].

Blocking B1-adrenergic receptor (1-AR) expressed in peritoneal MCs is another therapeutic
strategy to reduce angiogenesis induced during PD [129] since it has been observed that the
block of this receptor is related with anti-angiogenic effects [152]. Indeed, the 31-AR antag-
onist Nebivolol has demonstrated to attenuate submesothelial vessel formation in a mice
model of PD obtained by instillation of PDFs through a peritoneal catheter. This effect may be
associated with its direct interaction with the f1-AR, but it could also be due to the reduction
of fibrosis and MMT [129].

New studies also have pointed to the possibility that peritoneal adipocytes could also con-
tribute to inflammation and angiogenesis that lead to UFF in PD. That means that targeting
the changes in adipocytes as well as the secretion of adipokines (or their activation/receptors)
might provide another therapeutic approach for preventing them [153].
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4.2. Anti-lymphangiogenic therapy
4.2.1. Vitamin D receptor

Despite the fact that Vitamin D analogs have been shown to have anti-angiogenic (as well as
anti-fibrotic and anti-inflammatory) effects in PD models [7], the potential effects of Vitamin D
on LECs and lymphangiogenesis remain poorly studied. However, a recent study demonstrates
that calcitriol attenuated murine LEC tube formation and proliferation in vitro. In addition,
Paricalcitol significantly decreased lymphangiogenesis in the kidneys of nephrotic rats [114].

4.2.2. Vascular endothelial growth factor (VEGF)

Endostatin, which has been described previously as an anti-angiogenic factor, also exerts anti-
lymphangiogenic effects by competitively inhibition of the interaction between VEGF-C or -D
and VEGFR-3 in vitro [104]. New drugs have very recently been identified as possible thera-
pies to reduce lymphangiogenesis. LHbisD4, the conjugate of LMWH, has been revealed as a
potent anti-angiogenic drug that could also suppress the formation of new lymphatic vessels
by blocking VEGF-C signaling pathway. This drug suppressed the proliferation, migration
and formation of tubular structures of human dermal LECs in vitro even in the presence of
high VEGF-C concentrations, and significantly diminished the density of lymphatic vessels in
primary tumor tissue in breast cancer-bearing mice [121].

Apart from its anti-angiogenic action over blood vasculature previously commented,
Kallistatin also presents anti-lymphangiogenic properties as it is able to block LECs prolifera-
tion, migration and tube formation. Kallistatin inhibits expression of VEGFR-3 and down-
stream signaling pathways such as phosphorylation of ERK and Akt in LECs [101].

COX-2, VEGF-A, and -C expression levels were elevated in a uraemic rat PD model, show-
ing increased density of CD31" and LYVE-1* microvessels in the peritoneum. These changes
were partially reversed with Celecoxib [99]. In another rat model, intraperitoneal administra-
tion of PDF resulted in increased angiogenesis, lymphangiogenesis, submesothelial matrix
thickness, and also enhanced expression of mesothelial AQP1 in parietal peritoneal tissues.
Celecoxib exposure drastically reduced PGE2 levels, angiogenesis, lymphangiogenesis, fibro-
sis and milky spot formation, but did not modify mesothelial AQP1 expression nor VEGF
tissue expression and inflammatory markers [97].

Many inhibitors of lymphangiogenesis or angiogenesis, such as Sorafenib and Regorafenib,
are VEGF receptor tyrosine kinase inhibitors, which inhibit the phosphorylation of VEGFR-3,
while other drugs act by down-regulating the expression of VEGFR-3 [101].

4.2.3. Mammalian target of rapamycin (mTOR)

The specific mTOR inhibitor, rapamycin, has been recently shown to inhibit lymphangiogen-
esis in different studies [125, 126]. Moreover, it shows a protective effect against type I PM
failure in PD, inhibiting the angiogenesis, lymphangiogenesis and Endo-MT. Furthermore,
rapamycin also seems to be able to selectively decrease the synthesis and release of the pro-
lymphangiogenic factors VEGF-C and -D in MCs [33].
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4.2.4. Others

N-acetylcysteine has been shown to inhibit tumor angiogenesis and lymphangiogenesis [128]
due to its antioxidant properties, though it could represent possible therapeutic strategies also
in PD, although it has not been studied yet.

Tetracycline, minocycline and doxycycline are substances with antibacterial properties,
which also have other recognized actions that include anti-inflammatory, anti-fibrotic and
anti-angiogenic effects. This is possibly mediated by NF-«xB inhibition [154]. In fact, in an
ischemic-reperfusion renal rat model, doxycycline showed a prolonged renal function due to
its protective anti-inflammatory effect [155].

In conclusion, angiogenesis and lymphangiogenesis processes in PD are closely related with
peritoneal transport alterations, especially PM failure type III and IV. Considering that both
processes can take place in the early stages, they should be recognized by biochemical mark-
ers in the PD effluent. Therefore, it is important to carry out clinical and basic research in
order to elucidate the role of both processes in the PM damage and to determine the most
appropriate therapeutic approach.
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Dialysis (clearance of uremic toxins and removal of excess fluids) is a broad term
for different modalities of treatment for patients with acute and end-stage kidney
disease. These modalities include peritoneal dialysis, hemodialysis, hemofiltration,

hemodiafiltration, and continuous renal replacement therapy for critically ill patients
with acute kidney injury. Dialysis is a lifesaving measure and can be conducted in
hospitals, in dialysis clinics, and at home. Recently, dialysis techniques have witnessed
tremendous improvements in technology and performance. The book Aspects in
Dialysis covers important aspects of dialysis-related topics and is empowered with
well-established and experienced authors, who have written clear and informative
chapters. It covers various aspects of dialysis modalities supported by well-established
clinical studies. Aspects in Dialysis can be considered as a guide for daily practice and a
reference for medical and nursing staff involved in taking care of dialysis patients.
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