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Haemodialysis 

Currently, haemodialysis (HD) is the most common renal replacement therapy worldwide. 

During this treatment the patient’s blood is pumped through an extracorporeal circuit 

(ECC) that consists of needles, blood lines, bubble traps and a dialyzer. Within this dialyzer 

blood runs in one direction, while simultaneously, separated from the blood compartment 

by a semi-permeable membrane, dialysate flows in the opposite direction. Based on the 

principal of diffusion, small accumulated toxic substances traverse this membrane into the 

dialysate. The main objective is the removal of these molecules and excess fluid from the 

patient’s circulation. During this treatment, an anticoagulant is administered to prevent 

clotting in the ECC. In most patients with end-stage-renal disease (ESRD), this treatment is 

performed in a dialysis centre, three times a week during approximately four hours. 

 

Bio-incompatibility 

Apart from the above-mentioned desirable effects, a range of unwanted interactions 

occur between the living organism and the various components of the ECC. The sum of 

these interactions is termed bio-incompatibility. As the materials of the ECC are foreign, 

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

single dialysis session approximately 60 litres of blood come into close contact with the 

ECC. These repetitive interactions, three times a week, year after year, induce a micro-

inflammatory state. 

 

Cardiovascular disease 

In patients with ESRD cardiovascular (CV) mortality is 10 to 30 times higher than in the 

general population. Many of the traditional risk factors for CV disease (CVD), like older 

age, hypertension, dyslipidemia, diabetes and physical inactivity, have a high prevalence in 

patients with CRF. In addition, factors specifically related to ESRD contribute to the 

occurrence of CVD. In this respect, extracellular fluid overload, anaemia, abnormalities in 

the calcium and phosphate metabolism, chronic inflammation, and a hypercoagulable 

state play a significant role.  Moreover, chronic intermittent HD, more specifically its bio-

incompatibility, induces a state of chronic (micro-) inflammation and is speculated to 

contribute to the high CV morbidity and mortality in this patient group. 
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As bio-incompatibility was first considered an inflammatory reaction between the ‘non-

self’ material of the ECC and the living organism, in the past most investigations focused 

on the activation of leukocytes. In addition, since the semi-permeable membrane 

constitutes the largest surface area of the ECC (1.8 m
2
), developments in membrane 

technology have taken place. Modern dialyzers remove toxins more efficiently and induce 

less inflammation. However, despite the manufacturing of these dialyzers and the 

development of highly sophisticated equipment, (CVD) mortality in this patient group 

remains unacceptable high. 

 

 

Platelets and atherosclerosis  

Platelets (PLTs) play a key role in primary haemostasis and repair of the endothelium. 

Interestingly, 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.  

Activated PLTs promote plaque formation by the expression of adhesive ligands on their 

surface, like P-selectin, that mediate platelet-endothelial cell interactions.
 
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. Moreover, activated PLTs release various inflammatory and mitogenic 

substances into the local micro-environment that further increase inflammation. Platelet 

Factor 4 (PF4) is stored in the PLT alpha-granulae and released (degranulation) upon 

activation. PF4 has been shown to contribute to atherosclerosis in several ways. 

Despite these data, PLT activation has been largely overlooked in the analysis of HD-

induced bio-incompatibility. 

 

Long term effects of haemodialysis 

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

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

complexity, renal transplantation is relatively scarce. Despite the relative efficiency of 

modern dialyzers, standard HD remains inferior to normal kidney function for several 

reasons. So-called ‘middle molecules’, as well as some larger substances, which are 

normally excreted or metabolized by the healthy kidney, are cleared inadequately by HD 
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and will therefore accumulate. This not only results in various complaints, but also 

contributes to CV disease. Moreover, in anuric patients, the fluid balance needs to be 

restored in the relatively short time span of a HD session, which frequently results in 

hemodynamic instability. On the long run both intradialytic hypotension and fluid 

overload contribute to cardiac dysfunction. 

 

Dialysis techniques 

In an attempt to reduce the level of uremic toxins and hence the burden of CV disease, in 

some centres HD is now performed either more frequent or longer.  In this respect, daily 

HD and nocturnal HD are well-known applications.  

Concurrently, interest has grown in techniques with a superior clearance of relatively large 

substances, such as haemodiafiltration (HDF). In HDF the diffusive characteristics of HD 

and the convective features of haemofiltration are combined. 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). 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 than 

regular low-flux HD.   

Nocturnal HD and daily HD, in which the blood is longer exposed to the ECC, may be 

associated with more inflammation. Considering (post-dilution) HDF, a high convective 

volume can only be reached at the cost of higher transmembrane pressures (TMP) and 

considerable hemoconcentration within the dialyzer. Both phenomena may have an 

undesirable influence towards bio-compatibility. Therefore, in these upcoming techniques 

bio-incompatibility aspects need further considerations. 

 

Design of the study 

In the present thesis several aspects of the activation and degranulation of PLTs during HD 

are addressed. In contrast to leukocytes, the role of PLTs in HD-induced bio-

incompatibility has scarcely been studied. Moreover, in the past interest was focused 

mainly on the dialyzer, whereas only little attention was paid to the other components of 
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the ECC. Based on the measurement of several activation markers and some other PLT 

parameters HD-induced PLT activation is described, both in time and in place. In addition, 

the influence of the mode of anticoagulation on PLT activation and the release of PLT-

derived factors, like PF4 and beta-thromboglobulin (BTG), is studied. In the last analysis 

(chapter VI), a side study of the Dutch CONvective TRAnsport STudy (CONTRAST), the 

activation and degranulation of PLTs is compared between low-flux HD and post-dilution 

online HDF. 

The design of each of the five analyses allowed the subjects to serve as their own controls. 

Blood samples were simultaneously taken from two - one proximal and one distal - 

sampling points in the ECC. The difference between these sampling points  provides an 

estimation of the PLT activation and degranulation in the ECC. Modern, bio-compatible 

polysulfone dialyzers were used. 

 

Overview of the thesis 

In chapter I the high prevalence and etiology of cardiovascular disease in the ESRD 

population is discussed. Besides a general introduction on the technical aspects of HD, an 

overview of the long term effects of HD and ESRD is given. Furthermore, current insights 

into bio-incompatibility in general and the role of PLTs in atherosclerosis are reviewed. 

The influence of the mode of anticoagulation on bio-incompatibility, more specifically PLT 

activation in the ECC, was analyzed in several studies as described in the chapters II to V. 

Heparin, low molecular weight heparin (LMWH, dalteparin) and/ or trisodium citrate (TSC) 

were applied. TSC prevents coagulation through its calcium-chelating ability.  

chapter II describes the effect of citrate anticoagulation on PLT degranulation during HD. 

Based on its ability to chelate calcium, TSC not only prevents coagulation in the ECC, but 

has also been shown to reduce polymorphonuclear cell (PMNs) degranulation in clinical 

HD. The study presented in chapter II showed that alike PMNs, the degranulation of PLTs, 

which is a Ca
2+

-dependent process and was measured by PF4 release, could be almost 

completely abolished during citrate HD. As both activated platelets and their 

degranulation products may  contribute to inflammation and oxidative stress, several 

oxidation products were measured as well. In this respect it was shown that ox-LDL levels 

could be reduced by median 26 % after only 1 week of citrate HD. Therefore, the 

application of TSC might be beneficial towards the occurrence of CV disease in dialysis 

patients. 
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chapter III focuses on the relationship between PLT activation, its inhibition during citrate 

HD, and the occurrence of intradialytic hypotension. This study was initiated based on the 

results of an animal model. In rats it had been shown that pumping of blood through an 

ECC elicits PLT aggregation, serotonin release and, subsequently, hypotensive episodes. In 

clinical HD, intradialytic hypotension (IDH) is not only a frequent and disabling 

complication, but also contributes to CV morbidity. A reduction of the dialysate 

temperature from 37C to 35C is frequently effective in the prevention of IDH. The role of 

PLT activation in IDH was studied in a cross-over design. Though TSC reduced platelet 

activation effectively during HD, mean blood pressure and numbers of IDH episodes were 

not different from dalteparin HD.  Furthermore, platelet aggregation was only modest, 

whereas no changes in serotonin concentrations were seen in dalteparin HD. During the 

application of cool dialysate (35C) blood pressures were higher and IDH episodes less 

frequent, whereas platelet activation parameters were not different from regular 

(dialysate T 37C) dalteparin HD. Therefore, it was concluded that, in marked contrast to 

findings in rats, platelet activation and subsequent serotonin release do not significantly 

contribute to IDH in humans.   

The results of two small studies on the influence of LMWH on the release of PF4 and BTG 

during clinical HD are discussed in the chapters IV and V. PF4 is stored in PLT alpha-

granules and has been broadly applied as a marker of PLT degranulation. One of PF4′s 

major physiological functions is the neutralization of heparin-like molecules on the 

endothelial surface, thereby inhibiting local antithrombin III activity and promoting 

coagulation. However, based on its high affinity for heparin, PF4 may be released from the 

endothelial surface following the intravenous administration of heparin or LMWH and 

therefore not serve as a proper marker of platelet degranulation in clinical HD.  In order to 

elucidate the origin of the PF4 release during HD, dalteparin was administered 10 minutes 

before the actual start of dialysis.  As PF4 concentrations increased mostly upon the 

administration of dalteparin, i.e. before the start of HD, and only to a small extent after 

pump start, it was concluded that during clinical HD the increase in PF4 originates mainly 

from LMWH-induced detachment from the endothelium and only to a limited extent from 

PLT degranulation.  PF4 was therefore considered to be an inadequate marker of platelet 

degranulation in HD with LMWH anticoagulation. Moreover, as PF4 may contribute to 

oxidative stress and cardiovascular disease in chronic HD patients, LMWH may play a 

major role in the bio-incompatibility of the HD treatment. In chapter V the results of a 

similar study, though analyzing the release of BTG after the administration of dalteparin, 

are described. In this study BTG levels only rose after start of the roller pump and after the 

isolated administration of LMWH. From this two small studies we concluded that the 

alpha-granule product BTG is a proper marker of platelet degranulation during clinical HD, 
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whereas PF4, being mainly released from the endothelium, is not. Moreover, as stated 

above, via the release of PF4 LMWH may contribute to bio-incompatibility. 

The influence of the ECC on the activation of PLTs is described in the chapters IV and V. In 

order to study the individual contribution of each single element of the ECC (see 

introduction 4.1.3) blood samples were taken simultaneously from three strategic points 

in the ECC: 1- the afferent line (before the roller pump), 2- the first bubble trap (after the 

roller pump, before the dialyzer) and 3- the efferent line (after the dialyzer). 

From the data presented in chapter IV it was concluded that platelet activation is induced 

not only within the dialyzer, but across the entire length of the ECC. The contributions of 

the roller pump and deflation chamber were equally important as the dialyzer. In this 

study PLT activation was measured based on the PLT-surface expression of P-selectin and 

the serum concentrations of PF4 and BTG. In the study described in chapter V, besides the 

above-mentioned markers, PLT numbers and a variety of PLT indices were measured. In 

this study,  a sharp drop in PLT numbers was observed shortly after the start of treatment. 

However, in contrast to the well-known leukocyte dip, which is mainly caused by the 

attachment of activated PMNs to the lung vasculature, PLT numbers drop over the ECC, 

most probably due to attachment to the dialyzer membrane. Since the mean PLT volume 

declined gradually over time, it is conceivable that especially younger and larger PLTs are 

activated and lost during treatment. Based on the ongoing activation of PLTs throughout 

the dialysis session we concluded that, in contrast to earlier reports, PLTs are not 

exhausted. 

In chapter VI the results are described of a single-centre side study of the Dutch 

CONvective TRAnsport STudy (CONTRAST). In this analysis PLT activation was measured 

both at baseline during low-flux HD and three months after randomization to HDF. PLT 

activation (P-selectin expression) was more pronounced and more protracted during HDF 

than during HD. Moreover, during HDF PLTs were trapped in larger quantities within the 

ECC, not only after first passage, but also thereafter. The levels of degranulation products 

were however markedly lower during HDF as compared to low-flux HD, which may be 

explained by clearance from the circulation through convective transport. The 

observations during HDF are most likely explained by greater hemoconcentration (about 

40% in this study) and/ or higher TMP (approximately 3 x higher than HD in this study)  in 

HDF on the one hand, and superior convective transport on the other. Whether the 

potential harmful effects of enhanced PLT activation outweigh the possible beneficial 

effects of increased convective transport and hence removal of degranulation products is 

jet unknown. 
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Finally, in chapter VII, based on the results of the present thesis and current literature 

several conclusions are drawn: 

First, PLT activation occurs not only within the dialyzer, but across the entire 

length of the ECC. During HD, PLT activation reaches its peak at t30 and declines 

gradually thereafter. In contrast to earlier reports, PLTs are not exhausted during 

HD. As PF4 and BTG concentrations did not increase in the ECC in HDF, this 

conclusions may not be drawn for HDF. 

The HD-induced increase in the plasma levels of PF4 is mainly due to release from 

the endothelium and only to a limited extent from PLTs. Therefore PF4 is not a 

reliable marker for PLT degranulation in dalteparin HD. In contrast to PF4, BTG 

appears to be a reliable marker for HD-induced PLT degranulation.  

PLT activation is more pronounced and more protracted during HDF than during 

HD. The levels of both PF4 and BTG are markedly lower during HDF as compared 

to low-flux HD, which is most likely explained by clearance from the circulation 

through convective transport. In routine HDF, both BTG and PF4 are 

inappropriate middle molecular weight markers of PLT degranulation.  

Citrate (TSC) represents a form of regional anticoagulation that strongly inhibits 

PLT activation and degranulation during HD. Therefore, the application of TSC 

might be beneficial  with respect to CV disease in dialysis patients. Moreover, it 

prohibits the use of LMWH which detaches PF4 from the endothelium.  

The following implications are summed: 

As the degree of PLT activation by relatively bio-compatible polysulfone dialyzers 

is comparable to that of other elements of the ECC (roller pump, bubble trap), it`s 

doubtful whether further adaptations  to the artificial kidney will improve its bio-

compatibility.  

The application of TSC seems to be a feasible and efficient way to firmly reduce 

HD-induced bio-incompatibility. The use of TSC in HDF needs to be studied. 

Concerning LMWH, which is most often used during dialysis in the Netherlands, 

the results presented in chapter IV raise questions about the bio-compatibility of 

this mode of anticoagulation in chronic HD. 
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 HDF, a dialysis technique proving better clearance, may have an important 

drawback as it elicits more PLT activation. The results of the CONTRAST study 

comparing HDF and HD towards CV morbidity and mortality are awaited.  

Considering other upcoming techniques, such as nocturnal HD and daily HD, in 

which the blood is more frequent and longer exposed to the ECC,  bio-

incompatibility aspect needs to be considered, studied and weighed against their 

supposed beneficial effects. 

 

 

 


