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1 Preface 

 

A substantial part of patients with end-stage renal disease (ESRD) is routinely treated with 

intermittent haemodialysis (HD). Apart from desirable effects, such as the removal of 

waste products and excess fluid, undesirable interactions occur between the 

extracorporeal circuit (ECC) and the living organism during this treatment. The sum of 

these interactions has been called bio-incompatibility (BI). As the materials of the ECC are 

foreign, i.e. non-self, the reactions are best described as an inflammatory response. 

Therefore, HD-induced leukocyte activation has been studied extensively in the past as a 

basic manifestation of BI. Regrettably, despite notable medical and technical progress in 

the last decades, (cardiovascular [CV]) mortality in ESRD patients remains extremely high. 

In this respect the bio-incompatibility of the ECC might play a causal role. Not only 

leukocytes are subjected to the adverse effects of HD, but also platelets (PLTs), which have 

been shown to contribute to the process of atherosclerosis, both in non-renal and renal 

patients.  

As platelets have been largely overlooked in research on HD-induced bio-incompatibility, 

this thesis focuses on PLT activation in chronic HD patients.  In this introductory chapter 

we will first describe some aspects of the long term outcome and CV disease (CVD) in 

patients with ESRD. Thereafter, various aspects of PLTs are discussed, with special 

emphasis on PLT dysfunction in ESRD and the potential contribution of PLT activation to 

CVD in this patient group. Then, we will review some general aspects of the HD technique 

itself and the acute and long term adverse side-effects of this treatment. In addition, some 

of the metabolic and pathophysiological consequences of ESRD will be described, 

including the retention and accumulation of potentially harmful uremic toxins. Finally, an 

outline of the thesis is given, with special emphasis on the relation between HD-induced 

PLT activation and the topics described in this introduction. 

 

 

2 Cardiovascular disease in patients with ESRD 

2.1 Long term outcome 

For patients with ESRD, renal transplantation is the most desirable and physiological form 

of renal replacement therapy (RRT). However, due to its high costs, logistics and medical 

complexity, renal transplantation is almost exclusively available in the rich countries of 
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both the Western and Eastern world with high-quality health care systems.
1
 Even in these 

countries, the number of renal transplants is relatively modest, mainly due to a lack of 

suitable donors. Therefore, worldwide, most ESRD patients are treated with other forms 

of RRT, such as peritoneal dialysis (PD) and HD. According to recent estimations, currently 

about 10% of ESRD patients are treated by PD and 90% by HD.
2
 However, despite notable 

medical and technical improvements in the last decades, the mortality rate in ESRD 

patients remains extremely high. In the Netherlands, from January 1
st

 1990 till December 

31
st

  2006, nearly 6.500 patients started with PD and about 14.000 with HD.
3
 Median 

survival rates were to a great extent dependent on age, co-morbid conditions (diabetes 

mellitus) and treatment modality (PD vs. HD, active vs. passive treatment). The lowest 

survival in HD was reported in elderly diabetic patients (median 2.3 years), whereas the 

highest survival was observed in younger non-diabetic patients: median 10.6 years. 

Actually, CVD is the leading cause of death in this patient group, accounting for about half 

of the mortality. After adjustment for sex, race, and the presence of diabetes, mean CV 

mortality in ESRD patients is 10 to 30 times higher than in the general population, and 

even higher in the younger age groups.
4
 

2.2 Traditional risk factors for cardiovascular disease 

Many of the traditional risk factors for CVD that are recognized in the general population, 

like older age, hypertension, dyslipidemia, diabetes and physical inactivity, have a high 

prevalence in patients with chronic renal failure (CRF).
5
 However, although these risk 

factors are important, they do not fully explain the actual CV risk in this patient group.
6 

2.3 Risk factors related to chronic renal failure  

In recent years, CRF has been recognized as an independent risk factor for CVD, whereas 

CVD appears to be a risk factor for CRF.
 7

 The persistence of an association between CRF 

and CVD, after adjustment for traditional risk factors, may partly be explained by the 

occurrence of non-traditional conditions or risk factors.
8, 9

 In this respect, extracellular 

fluid overload, anaemia, abnormalities in the calcium and phosphate metabolism, 

hyperhomocysteinemia, inflammation and oxidative stress, and a hypercoagulable state 

play a significant role.  Moreover, the retention and accumulation of several uremic toxins, 

which under normal conditions would be excreted in the urine or metabolized by the 

kidney, contributes considerably to the malfunctioning of various biological systems and 

organs.   

2.4 Haemodialysis-related risk factors  

Although HD is undoubtedly the most applied dialysis modality for ESRD, this form of 

treatment is in fact highly inadequate for the correction of the uremic state. As outlined in 
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more detail in the next sections, middle and large molecular weight (MW) substances are 

largely retained.
 10

  Moreover, chronic intermittent HD induces a state of chronic (micro-) 

inflammation and oxidative stress. Both these aspects may contribute to the high CV 

morbidity and mortality in this patient group.
11 

 

3 Platelets and atherosclerosis  

3.1 Platelets: an introduction  

Platelets are small, anucleate elements with a typical discoid shape. In several days, 

stimulated by thrombopoietin, megakaryocytes become polyploid by endomitosis and 

their cytoplasm is converted into 10 to 20 so-called proplatelets. After being supplied with 

granules and organelles, the outer-ends of the pro-platelets are released as PLTs into the 

circulation, where they circulate for seven to ten days. As 5% to 20% of the PLT population 

in the plasma consists of circulating pro-platelet-like structures, it has been hypothesized 

that the formation of PLTs occurs to a large extent in the blood.
12

 As a population, PLTs 

are heterogeneous in shape and size, most likely as a result of aging. Though PLTs do not 

contain a nucleus, they do have messenger RNA and are capable of producing proteins 

that are either packed in granules or de novo synthesized from membrane phospholipids. 

PLTs contain three types of granules. Upon activation, their contents are released 

(degranulation) into the open canalicular system, which is a complex system of internal 

membranes that provides access to the outside world, ending in pit-like openings on the 

PLT surface. The molecules that are released from these granules play a central role in 

haemostasis, thrombosis and vascular remodeling.
13, 14

 The α-granules are the largest 

(diameter 200 to 500 nm) and most abundant (± 80 per PLT) granules. They contain 

proteins that enhance PLT adhesion (von Willebrand Factor [vWF], fibrinogen, fibronectin, 

vitronectin, thrombospondin), promote cell-cell interactions, stimulate vascular repair and 

induce coagulation. Moreover, they store matrix proteins and glycoproteins (GP) in their 

membranes. P-selectin (GMP-140, GPIIa, PADGEM, CD62), which is only present at the 

surface of PLTs after stimulation, is structurally related to the E- and L-selectins. Αlpha-

granules contain a wide variety of peptides and proteins, that can modulate growth and 

gene expression in the cells of the vessel wall. Platelet derived growth factor (PDGF) plays 

an important role in smooth muscle cell proliferation after PLT interaction with 

endothelial cells. Connective tissue-activating peptide III (CTAP III) , which is structurally 

related to platelet factor 4 (PF4), is a precursor of β-thromboglobulin (BTG) and stimulates 

fibroblast proliferation.
15

 Both PF4 and CTAP III are involved in growth control and 

inflammation. Other proteins which are stored in the α-granules, but are not PLT-specific, 

are transforming growth factor β (TGF-β), thrombospondin and vascular endothelial 
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growth factor (VEGF). Dense granules are primarily involved in the amplification of PLT 

activation and in the recruitment of PLTs to sites of vascular injury. Their contents are 

rapidly secreted and function only for a brief period. Dense granules contain serotonin, 

ADP and divalent cations. The third type of granule is the lysosomal granule,  which 

contains glycosidases and proteases that have an unclear function in PLT biology.
16

 At sites 

of injured and disrupted endothelium, PLT attach and stretch, thereby releasing multiple 

substrates that recruit other PLTs, blood cells and proteins, resulting in the formation of a 

plug. 

 

3.2 Platelets and atherosclerosis 

Besides their role in primary haemostasis and repair of the endothelium, PLTs also play a 

crucial role in the development of acute coronary syndromes and cerebrovascular events. 

In this conditions, a disruption of the endothelial surface or a plaque rupture is followed 

by thrombosis, which leads to an abrupt transition from a clinically silent and apparently 

stable situation to a symptomatic life-threatening event. Accumulating evidence indicates 

that PLTs contribute to the formation of atherosclerotic plaques in several ways. Most 

support comes from studies in animal models, whereas in humans, PLT derived 

chemokines and growth factors have been detected in atherosclerotic plaques.
17,18 

 

In response to inflammatory stimuli, endothelial cells secrete large amounts of vWF, which 

recruits PLTs and facilitates their adherence to the endothelium, even before 

atherosclerotic lesions are visible.
19 

In addition, activated PLTs promote plaque formation 

by the membrane expression of adhesive ligands, like P-selectin, that mediate platelet-

endothelial cell interactions.
20 

Besides the interaction with the endothelium, P-selectin 

initiates the formation of platelet-monocyte aggregates and stimulates monocytes and 

macrophages to produce chemoattractants or growth factors. In an animal model, 

activated PLTs were shown to aggravate atherosclerosis in a P-selectin-dependent 

manner.
14

 

Atherosclerosis is considered a chronic inflammatory process, where PLTs act as an 

important source of inflammatory mediators. Activated PLTs release inflammatory and 

mitogenic substances into the local micro-environment that influence endothelial cell 

function, chemotaxis, adhesion, and transmigration of monocytes to the site of the 

inflammation. One of these mediators, soluble CD40-L can induce endothelial cells to 

produce reactive oxygen species (ROS), adhesion molecules, chemokines and tissue factor, 

all of which are components of an inflammatory response.
21, 22

 Another mediator, IL-1, is 

synthesized by PLTs upon activation and stimulates endothelial cells to release 

chemokines that promote the adhesion of neutrophils and monocytes to the 

endothelium.
23 

Several other cytokines and PLT derived micro-particles trigger the 

recruitment of monocytes
24

 and promote their differentiation into macrophages.
25,26

 In 
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this respect, PF4 induces the expression of E-selectin by endothelial cells.
27 

In vitro it was 

shown that PF4 promotes the formation of oxidized LDL (ox-LDL) by inhibition of the 

binding and degradation of LDL cholesterol through its receptor. In cell cultures, it could 

be demonstrated that PF4 binds directly to ox-LDL, thereby increasing its binding to 

vascular cells and macrophages,
28

 thus enhancing the formation of foam cells and 

contributing to the process of atherosclerosis. Finally, besides the induction of an 

inflammatory cascade, activated PLTs generate ROS via several pathways, which enhance 

atherosclerosis and thrombus formation. 
29, 30

 

3.3 Platelets in CRF: dysfunction and contribution to 

atherosclerosis 

Bleeding as a serious complication of renal failure was already described by Reisman in 

1907.
31

 Though its incidence has declined considerably due to a better treatment of 

associated clinical conditions, including anemia, severe bleeding complications are still a 

matter of concern in patients with CRF undergoing surgery or other invasive procedures. 

Not only PLT dysfunction, but also impaired platelet-vessel wall interactions are 

considered of paramount importance. In ESRD, the use of anticoagulants, and the 

presence of anemia and hypertension may all contribute to an increased bleeding 

tendency.  

PLT aggregation studies are frequently abnormal in uremic patients, though they do not 

correlate well with the stage of renal failure or clinical bleeding.
32 

The defects may result 

from both intrinsic dysfunction and from extrinsic inhibition through retained or 

accumulated substances in the plasma. Concerning the intrinsic dysfunction, deficiencies 

in the number of GPIb complexes in uremic PLTs, correlating inversely with the creatinin 

level, have been reported.
33 

Uremic PLTs have also been shown to have a functional defect 

in the interaction of vWF with GPIIb/IIIa.
34, 35

 Moreover, these PLTs frequently exhibit 

reduced fibrinogen binding, aggregation and secretion in response to a wide variety of 

agonists. Considering the extrinsic factors, it was demonstrated that normal PLTs 

suspended in uremic plasma acquired an adhesion defect,
36

 which is possibly related to an 

abnormality of the interaction of vWF with the subendothelium. In this respect, abnormal 

levels of WF antigen and activity were demonstrated in CRF patients.
37, 38

 One of the 

uremic substances with platelet inhibitory properties is guanidinosuccinic acid,
39

 which 

accumulates as an alternative by-product of the L-arginine metabolism in CRF. In uremic 

rats an increased expression of vascular prostacyclin has been described, which further 

depresses PLT function.
40

 In uremic patients, PLTs may be unusually sensitive to medicines 

that influence PLT function. Aspirin has been reported to be more effective in prolonging 

the bleeding time in CRF patients than in control subjects. The use of -lactam antibiotics, 

that lengthen the bleeding time, may increase the occurrence of bleeding, especially if the 

renal clearance of the drug is reduced.
41

 Finally, as dialysis itself has been associated with 
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alterations in PLT function, chronic HD may contribute in various ways to atherosclerosis. 

For a more detailed description of this issue, see the paragraph on bio-incompatibility in 

this chapter.  

 

4 Haemodialysis 

4.1 Technical aspects 

4.1.1 General 

In HD, the ECC consists of needles, bloodlines, a roller pump, bubble traps, dialysate fluid 

and a dialyzer. The latter device contains a semi-permeable membrane, which separates 

the blood from the dialysate compartment. During HD, blood flow varies between 200-

300 ml/ min, whereas the dialysate flow is generally fixed at 500 ml/ min. As most patients 

with ESRD are dialysed for 10-15 hours per week, these figures imply that every week 120-

270 litres of blood and 300-450 litres of dialysate are pumped through the ECC. 

4.1.2 The dialyzer or artificial kidney 

In the early days of HD, un-substituted or regenerated cellulose membranes, with small 

pore size and large thickness, were used. These dialyzers were characterized by a 

relatively inefficient small solute removal and various undesirable side effects, including a 

high degree of complement activation. In the past decades, several developments in 

membrane manufacturing have taken place. As for cellulose membranes, modified (or 

substituted) cellulose membranes have been developed, in which complement activating 

hydroxyl groups have been replaced by other moieties.
42

 In addition, a wide variety of 

synthetic dialyzers have been produced, differing in material [polysulfone (PS), polyamide, 

polyacrynitrile (PAN), polymethylmetacrylate (PMMA)], membrane thickness and 

membrane structure/ symmetry. Most modern dialyzers exhibit considerably less side 

effects than cellulosic devices and interest has shifted to a large extent to the optimal 

removal of middle MW substances and some larger uremic toxins.
43, 44

 In the studies 

described in this thesis only biocompatible dialyzers were used made of PS [F-HPS series in 

low-flux HD and FX series in haemodiafiltration].  

4.1.3 Roller pump, bubble traps, lines, needles 

In the ECC, blood flows through lines that are connected via needles to the arterial 

(afferent) and venous (efferent) sites of a patient’s vascular access. The blood is pushed 

forward by a roller pump, which clenches a compressible part of the afferent bloodline 
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and pumps the blood through the dialyzer back to the patient via the efferent bloodline. 

Two air traps (bubble traps, deflation chambers) are located along the bloodlines in order 

to prevent air, which may have got into the circuit, from entering into the patient’s 

circulation.  

 

roller pump

dialyzer

bubble trap

(sampling point)
afferent line

(sampling point)
efferent line

bubble trap

patient
 

 

 

4.1.4 Anticoagulation 

The clotting cascade is activated as blood interacts with the dialysis membrane. Without 

anticoagulation, this would lead to obstruction of the ECC and dysfunction of the dialyzer. 

Heparin is worldwide the most used anticoagulant for dialysis. After an initial dose directly 

after the start of HD, continuous therapy or small boluses are given during the course of 

treatment. In the Netherlands, low molecular heparins (LMWH) are most often applied 

and given as a single bolus, based on body weight and duration of dialysis.  A third 

modality, trisodium citrate (TSC), actually represents a form of regional anticoagulation, 

i.e. confined to the ECC. TSC chelates calcium, which is as a cofactor required in several 

phases of the coagulation cascade. In clinical HD, a sterile TSC solution is infused into the 

arterial line, whereas after passage through the dialyzer Ca
2+

 and Mg
2+

 levels are corrected 

by the infusion of a CaCl2/ MgCl2 solution in the venous line.
45

 During this form of 

anticoagulation, a Ca
2+

 -free dialysate is used. TSC is generally applied on indication, e.g. in 

case of a bleeding tendency or major surgery. 
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4.2 Desired effects  

The main objective of dialysis is the removal of excess fluid and uremic retention 

products.
10

 However, despite the relative efficiency of modern dialyzers, standard HD 

remains inferior to normal kidney function for several reasons. First of all, HD treatment 

results in a weekly clearance of small MW substances of only 10-15 ml/ min, as compared 

to 90-120 ml/ min for normal kidneys. Secondly, so-called ‘middle molecules’, as well as 

some larger substances,
10

 which are normally excreted or metabolized by the healthy 

kidney, are cleared inadequately by HD and will therefore accumulate in chronic HD 

patients. Thirdly, various undesirable interactions occur between the living organism and 

the various components of the extracorporeal HD circuit (see bio-incompatibility, 

paragraph 5). Moreover, in anuric patients, the fluid balance needs to be restored in the 

relatively short time span of the HD treatment, which frequently results in hemodynamic 

instability, as described in paragraph 4.3.1. As a final point, obviously, HD treatment 

cannot replace the complex tubular functions and hormonal regulations of a normal 

kidney. Clearly, the ideal dialysis modality mimics the normal kidney as much as possible, 

both in terms of clearance and metabolic function. Moreover, this ideal modality lacks all 

the acute and chronic adverse side effects as described below. However, as we have to 

deal with current technology and devices, we can only try to optimize the removal of 

uremic toxins and to avoid adverse side effects as much as possible.  

4.3 Undesired effects 

During HD, both the removal of excess fluid and uremic retention products may provoke 

several adverse side-effects, including hemodynamic instability and a variable degree of 

the so-called ‘disequilibrium syndrome’, which will not be discussed in detail any further. 

Moreover, various undesirable interactions may occur between the blood of the living 

organism and the diverse foreign components of the ECC, which can result in both short- 

and long-term side-effects.  

 

4.3.1 Short-term effects 

Intradialytic hemodynamic instability is a disabling complication of HD, occurring in about 

10-30% of all sessions.
46

 The presence of intradialytic hypotension (IDH) is an independent 

risk factor for mortality in chronic HD patients.
47

 Diabetics and elderly persons are most 

susceptible.
48

 Patient-associated factors that are thought to contribute are autonomic 

neuropathy, cardiac dysfunction and the use of antihypertensive and centrally acting 

drugs.
49

 Aggressive ultrafiltration (UF) of fluid gained during the interdialytic period is one 

of the major treatment-related factors. The rise in core temperature, which is observed 

during standard HD, appears crucial for the impaired vascular response during UF-induced 
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hypovolemia.
50

 Isolated UF or the application of a low dialysate temperature is often 

effective in preventing IDH.
51

 Interestingly, in rats, who were exposed to extracorporeal 

circulation - without a dialyzer in the circuit -, hypotension was attributed to pump-

induced platelet aggregation and subsequent serotonin release.
52

   

 

Intradialytic bio-incompatibility results in the activation of various blood cell elements 

and protein systems and can therefore be best classified as an inflammatory response. 

The various manifestations and phenomena of bio-incompatibility are described in more 

detail in paragraph 5. 

 

4.3.2 Long term effects 

Long term side-effects of HD may arise from the repetitive character of this treatment 

modality, such as the almost day-to-day changes in the concentrations of uremic solutes 

and the cyclic variations in fluid balance. In standard thrice-weekly HD, both uremic toxins 

and fluid overload accumulate over a period of two or three days towards the next 

dialysis. Then, in a time span of only 4 hours, uremic toxins decline sharply and fluid 

balance is abruptly restored. As mentioned earlier, these changes may induce a variable 

degree of the disequilibrium syndrome and IDH. As chronic fluid overload may induce 

sustained hypertension and left ventricular hypertrophy (LVH), recurrent hypovolaemia 

during HD may further compromise the functioning of the heart. On top of these non-

immunological alterations, recurring interactions take place between the ‘non-self’ ECC 

and the living organism, thrice-weekly, month after month, year after year. As all the 

above mentioned adverse phenomena of intermittent HD are superimposed on the 

pathophysiological effects of the failing kidney, it is hard to distinguish the side-effects of 

chronic intermittent HD from the long term consequences of CRF. In fact, the uremic 

syndrome in ESRD is a composite of disease-associated and treatment-related disorders. 

 

For years it is known that the outcome of ESRD patients is highly associated with low 

serum albumin levels and elevated CRP values.
53 

Besides co-morbidity and age, these two 

parameters are the most powerful predictors of CV death in this patient group. Therefore, 

not unexpectedly, in ESRD an association was found between a persistent (micro)-

inflammatory state, hypoalbuminaemia and atherosclerosis.
54

 The strong correlation 

between the three phenomena has led to the concept of the malnutrition, inflammation 

and atherosclerosis (MIA) syndrome.
55, 56

 Interestingly, in ESRD patients (large) vascular 

disease consist of classical inflammatory atherosclerosis 
57 

and extensive calcifications in 

both the fibrofatty plaques and the surrounding medial and adventitial layers of blood 

vessels.
58, 59

 The widespread calcifications can lead to arterial stiffening, as reflected by an 

increase in systolic blood pressure and increased pulse wave velocity, and may lead to 
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altered coronary perfusion and LVH. In patients with CRF multiple factors, either related to 

disease or treatment, may favor vascular calcification.
60, 61

 Natural occurring inhibitors of 

calcification, such as fetuin-A  and pyrophosphate, which are decreased in most ESRD 

patients, counteract this process.
62

 

 

5 Bio-incompatibility 

5.1 Classical bio-incompatibility 

During HD, undesirable interactions occur between the ECC and the living organism. The 

sum of these specific interactions has been termed bio-incompatibility (BI). The materials 

of the ECC are foreign, i.e. non-self, and the reactions are best described as an 

inflammatory response. As the dialyzer constitutes the largest surface area of the ECC 

(1.0-2.0 m
2
), this device has been the main focus of interest in BI-research for many years. 

Depending on the type of dialyzer used, blood-membrane contact results in the 

generation of the complement activation products C3a and C5a.
63

 Both anaphylatoxins 

elicit important physiological reactions, such as an up-regulation of the adhesion molecule 

CD11b and down-regulation of the cell surface molecule L-selectin (CD62L) on both 

peripheral blood mononuclear cells and polymorphonuclear (PMN) cells. By virtue of 

these changes, these cells adhere to the vasculature of the lungs, leading to an early 

transient leukopenia. Several proteins stored in granules of PMN, such as elastase and 

lactoferrin,
64

 possess proteolytic, antimicrobial and/ or cell modulating properties. Release 

of these intracellular products in response to specific inflammatory stimuli is essential for 

host defence.
65

 Although both leukocyte degranulation and complement activation have 

been well documented, the responsible mechanisms of this so-called classical bio-

incompatibility have not been fully elucidated yet. Besides the material and structure 
66

 of 

the dialyzer membrane, the bacterial quality of the dialysate
67

 is an important 

determinant of BI. In addition, other components of the ECC, such as the roller pump and 

the bubble trap, and the mode of anticoagulation may also have a considerable influence 

on the bio-incompatibility of HD treatment. Evidence has been obtained that HD itself 

contributes to a state of increased oxidative stress and, consequently, to an acceleration 

of endothelial dysfunction and atherosclerosis.
68

  

5.2 Non classical bio-incompatibility 

Apart from the above-mentioned classical manifestations of BI, other blood elements and 

protein systems are stimulated as well. In this respect, the clotting system is most 

noticeable. In patients who underwent HD with PAN membranes, an early decrease in 

factor XII activity was found, accompanied by a steep transient increase in thrombin/ anti-
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thrombin complexes and a sustained rise of both the prothrombin fragments 1 and 2 and 

thrombus precursor protein.
69

 In addition, fibrinogen was elevated in the majority of the 

patients. These findings are in line with other reports,
70, 71

 suggesting that during a single 

HD treatment a clotting tendency is induced in the efferent line of the dialyzer. In uremia, 

red blood cells may contribute to the thrombotic risk by exposure of phosphatidylserine 

(PS) on the erythrocyte membrane.
72

 Increased PS exposure may cause a pathological  

pro-coagulant phenotype, which may induce a hyper-coagulable state. Other red blood 

cell abnormalities which have been described in ESRD include altered volume parameters 

and a reduced hemoglobinization of both reticulocytes and erythrocytes.
73

 

5.2.1 Platelets and bio-incompatibility 

Although much less studied than leukocytes, PLTs are also subjected to the adverse effects 

of HD.
74

 Activation results in the release of platelet-derived vaso-active substances, such 

as ß-thromboglobulin (BTG), thromboxane A2, PDGF and serotonin.
75

 As a consequence, a 

hypercoagulable state has been noted in the efferent line of the ECC in humans 
76

 and 

hypotension in an extracorporeal circulation model in rats.
52

 In the latter study, pump-

induced shear stress elicited platelet aggregation and subsequent serotonin release. 

Interestingly, as all hemodynamic changes could be prevented by blockade of 5-

hydroxytryptamine-2 receptors and by inhibition of NO formation, the observed fall in 

blood pressure was ascribed to serotonin induced NO release. The HD procedure itself 

may cause a transient increase in the bleeding time and a reduced responsiveness to PLT 

agonists in vitro.
77

 An abnormal cytoskeletal assembly and defective tyrosine 

phosphorylation to thrombin stimulation was noted in PLTs of patients on HD, which 

almost returned to normal after the start of PD.
78

 These shortcomings have been related 

to the chronic low grade PLT activation in intermittent HD. Moreover, PLTs from ESRD 

patients are relatively refractory to subsequent activation, due to a defective 

polymerization and depolymerization of actin, the exposure of granule proteins on the cell 

surface, and the subsequent shedding of these membrane proteins into the circulation. 

Chronic HD is associated with an increased number of reticulated PLTs, which suggests 

accelerated PLT turnover.
79

 Probably due to a combination of diminished PLT production 

and reduced survival, mild thrombocytopenia has been reported in the majority of HD 

patients.
80

 Apart from HD-induced alterations, the uremic milieu itself may influence the 

state of activation and the functioning of PLTs and, hence, contribute to CVD. In this 

respect, PLT activation was already observed in mild to moderate renal impairment.
81, 82

 

PLTs from CRF patients not yet on dialysis appeared to have increased intracellular 

concentrations of diadenosine pentaphosphates, which act as strong growth factors for 

vascular smooth muscle cells and influence vascular tone.
83 

Hence, both the uremic milieu 

and the repetitive stimulation of chronic HD may play a central role in the vascular 
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damage and accelerated atherosclerosis in patients with ESRD, not only by inducing 

haemostasis and thrombosis, but also by inducing vasoconstriction and promoting 

vascular remodeling.  

 

6 Uremic milieu 

6.1 Definitions:  uremic syndrome and uremic toxins  

The uremic syndrome results from the deterioration of specific biochemical and 

physiological functions of various organs due to the retention of compounds, which under 

normal conditions, would be excreted or metabolized by the healthy kidneys.
 84

  If these 

compounds are biologically active, they are called uremic toxins.
 85

 In particular these 

toxins appear responsible for uremic CV damage, which is the major cause of morbidity 

and mortality in patients with ESRD. A convenient classification based on the physic-

chemical characteristics of these toxic substances makes a distinction between small 

water-soluble compounds, protein and peptide-bound compounds and middle molecule 

weight (MW) and large MW uremic toxins.
 86

 Unpleasant signs and symptoms of uremic 

toxicity include loss of appetite, nausea and vomiting, weight loss, pruritus, serositis, 

impaired haemostasis and bleeding, shortness of breath and edema, inability to 

concentrate, and confusion.
87

 Some representatives of middle MW (MMW) uremic 

retention products with potential toxicity are AGE-peptides, leptin, beta2-microglobulin 

and cytokines. Besides these larger molecules, some small substances accumulate in CRF 

due to the fact that non-specified MMW and large MMW retention products interfere 

with their metabolic breakdown, as has been shown for homocysteine.
88

 

 

6.2 Clearance of uremic toxins  

The removal of MMW and large MW solutes depends mainly on convection, i.e. transport 

over the membrane along with ultrafiltrate. Currently, standard treatment consists of 

bicarbonate HD with bio-compatible low-flux (LF) or high-flux (HF) dialyzers. During LF-HD 

(ultrafiltration factor (KUF) < 10 ml/mmHg/h),
89

 solutes are almost exclusively cleared by 

diffusion. Convective transport is virtually zero, because the UF is restricted to the 

required weight loss and the membrane prohibits the sieving of larger solutes. In HF-HD 

(KUF > 20 ml/mmHg/h),
 
solutes are cleared by both diffusion (small solutes) and convection 

(MMW solutes). The increased internal filtration during HF-HD enhances convective 

transport to a variable amount (estimated at 9 l/ session).
 89, 90 

However, even in ESRD 

patients who are treated with high-flux dialyzers, most MMW uremic toxins remain 
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considerable elevated. Moreover, although several observational studies suggested 

beneficial effects of HF-HD in terms of both morbidity and mortality,
 91, 92

 two recent 

randomized prospective studies comparing LF-HD with HF-HD could not confirm these 

data. 
93, 94

  At the same time, post-hoc analysis of the HEMO study showed a survival 

benefit in HF-HD in patients who were > 3.7 years on dialysis, whereas in de MPO study 
95

 

only patients with an albumin level < 40 g/L showed superior survival. Moreover, in the 

HEMO study, cardiac mortality and the combined outcome of first hospitalization or death 

from cardiac causes was lower in patients on HF-HD.
96

 Thus, HF-HD may have a beneficial 

effect in certain patient groups. Hence, it has been suggested that the lack of an overall 

beneficial effect in these studies may be due to a suboptimal clearance of MMW and large 

MW toxins, especially in the HEMO study, as dialyzers were repeatedly reused in this 

study. Therefore, in recent years, interest has grown in techniques with superior 

convective transport, such as haemodiafiltration (HDF). In HDF the diffusive characteristics 

of HD and the convective features of haemofiltration are combined.
97

 Fluid removal 

exceeds the desired weight loss of the patient, resulting in a considerable increase in 

convective transport. Fluid balance is maintained by the infusion of a pyrogen-free 

solution, either pre-filter (pre-dilution HDF) or after the dialyzer (post-dilution HDF). With 

the current online generation of substitution fluid (online-HDF), which needs a rather 

complex water purification system,
98

 high-efficiency HDF is nowadays much more 

practicable and less expensive than in the past.
99

 With this modality, the volume of 

substitution fluid and hence the UF rate can be increased considerably, up to 30 L per 

treatment. Besides a considerable clearance of various MMW substances,
100

 online-HDF 

reduced AGE formation, 
101,102,103

 the degree of micro-inflammation
104 

and erythropoietin 

resistance.
105

 The Dutch CONvective TRAnsport STudy (CONTRAST), a multi-centre 

randomized controlled trial, is currently performed in order to provide conclusive 

evidence whether post-dilution online-HDF results in lower all-cause mortality and CV 

morbidity and mortality.
106

  

 

7 Conclusions and objectives of the thesis 

7.1 Summary 

In the preceding paragraphs some features of CRF and HD treatment were described 

which may be helpful as an introduction to the following chapters. Worldwide, the vast 

majority of ESRD patients is treated by HD. However, despite the manufacturing of 

modern dialyzers and the development of highly sophisticated equipment, (CVD) mortality 

in this patient group remains unacceptable high. Apart from the desired effects of HD, 
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such as the removal of uremic toxins and fluid overload, undesirable side-effects occur, 

both acute, i.e. during HD treatment, and chronic, i.e. in the long-term. Moreover, apart 

from these treatment-related unwanted effects, the deterioration of kidney function itself 

progresses over time, resulting in a variety of metabolic and hormonal disturbances, and 

the accumulation of toxic uremic retention products. As both these phenomena occur in 

parallel and show considerable overlap, it is hard to differentiate sharply between the side 

effects of HD treatment (bio-incompatibility, BI) and the long-term consequences of CRF. 

As BI was first considered an inflammatory reaction between the ‘non-self’ material of the 

ECC and the living organism, it is understandable that most investigations focused on the 

activation and degranulation of leukocytes. However, besides leukocytes, circulating PLTs 

are activated as well. It is intriguing to note that activated PLTs may contribute to the 

process of atherosclerosis.
 107

 In recent years, it has become increasingly clear that the 

pathophysiology of large vessel disease in ESRD patients is quite different from classical 

atherosclerosis in the non-renal population. The  syndrome of ‘uremic vasculopathy’ 

consists of a combination of classical inflammatory atherosclerosis and extensive 

calcifications both in fibrofatty plaques and the surrounding medial and adventitial layers. 

Currently, it is unclear whether, and if so to what extent, PLT dysfunction  contributes to 

the development of ‘uremic vasculopathy’ in patients with ESRD.    

 

7.2 Aims of the studies 

In this thesis PLT activation and degranulation were measured during clinical HD (see 

chapter VII, Table I). With respect to the cause of HD-induced bio-incompatibility, in the 

past interest was focused mainly on the dialyzer, whereas only little attention was paid to 

the other components of the ECC and the type of anticoagulation. In chapter IV and V 

various parameters of PLT stimulation are described, not only over the ECC, but also over 

time. Moreover, the influence of LMWH on these parameters is illustrated. In the chapters 

II and III PLT activation was compared between HD with LMWH and trisodium citrate 

(TSC). The underlying rationale was the previous finding that HD-induced leukocyte 

activation and degranulation (release of myeloperoxidase [MPO]) were almost absent 

during anticoagulation with TSC, most likely attributable to the Ca
2+

-chelating properties 

of TSC. As MPO is involved in oxidation and studies in rats suggested that hypotension 

during extracorporeal circulation depend to a large extent on PLT aggregation and 

subsequent serotonin release, in these chapters not only the stimulation of PLTs and 

leukocytes was measured, but also oxidative stress and the number and degree of 

intradialytic hypotensive periods. Recently CONTRAST was started in order to find out 

whether increased convective clearance prolongs the survival and/ or improves the well-

being of ESRD patients. However, a high convective volume can only be reached at the 

cost of a high transmembrane pressure and considerable haemoconcentration within the 
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dialyzer. As both these phenomena may have an undesirable influence on circulating PLTs, 

in chapter VI the activation and degranulation of these elements is compared between 

low-flux HD and online post-dilution HDF. Chapter VII provides a general discussion of the 

significance of our findings in relation to current practice.   
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