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Abbreviations

AIIRA Angiotensin-II receptor blocker 
ACE Angiotensin-converting enzyme 
ADMA Asymmetric dimethylarginine 
AIx Augmentation index 
ALERT Assessment of Lescol in Renal Transplantation 
AP Augmentation pressure 
ApoA1 Apolipoprotein A1 
ApoB Apolipoprotein B 
ARIC Atherosclerosis Risk in Communities Study 
BMI Body mass index 
BP Blood pressure 
CASTEL Cardiovascular Study in the Elderly 
CD Conjugated dienes 
CHS Cardiovascular Health Study 
CI Confidence interval 
CKD Chronic kidney disease 
CRP C-reactive protein 
CVD Cardiovascular disease 
DDAH Dimethylarginine dimethylaminohydrolase 
EDTA Ethylenediaminetetraacetic acid 
EDV Endothelium dependent vasodilation 
EIA Enzyme immunoassay 
EIDV Endothelium independent vasodilation 
ELISA Enzyme linked immunosorbent assay 
ESRD End stage renal disease 
FHS Framingham Heart Study 
GFR Glomerular filtration rate 
GSH Reduced glutathione 
GSSG Oxidized glutathione 
GSSG/GSH Glutathione redox ratio 
HD Haemodialysis 
HDL High density lipoprotein 
HLA-DR Human leukocyte antigen-DR locus 
HR Heart rate 
ICD International Classification of Diseases 
Kt/V Dialysis adequacy 



LDL Low density lipoprotein 
LOOH Lipid hydroperoxide 
LP Lipid peroxidation 
LVH Left ventricular hypertrophy 
MACE Major Adverse Cardiac Event 
MDRD Modification of Diet in Renal Disease 
MI Myocardial infarction 
NF B Nuclear factor B
NHANES National Health and Nutrition Examination Study 
NO Nitric oxide 
NOS Nitric oxide synthase 
OxLDL Oxidized LDL 
PP Pulse pressure 
PWA Pulse wave analysis 
RR Relative risk 
RTR Renal transplant recipients 
SD Standard deviation 
SPACE Secondary Prevention with Antioxidants of Cardiovas-

cular disease in End stage renal disease 
SVI Subendocardial viability index 
TG Triglycerides 
TGSH Total glutathione 
ULSAM Uppsala Longitudinal Study of Adult Men 
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Introduction

Around 10% of population has chronic kidney disease (CKD) with diabetic 
and hypertensive nephropathy being the leading underlying aetiologies 
[Lameire, et al. 2005]. Kidney failure requiring dialysis or transplantation is 
the most visible outcome of CKD, but also associated cardiovascular disease 
(CVD) constitutes a serious societal burden. Indeed, patients with CKD are 
more likely to die of CVD than to develop end stage renal disease (ESRD) 
[Keith, et al. 2004]. 

At the end of 2003, the dialysis population worldwide consisted of 1.3 
million patients and the number is increasing five times faster than the world 
population [Lameire, et al. 2005]. The growth is driven by an aging popula-
tion, increased incidence of diseases involving renal failure, particularly 
diabetes mellitus and hypertension, improved technology and better access 
to treatment. In Europe, dialysis alone takes up about 2% of health care 
budgets, with only small proportion of the population needing treatment [De 
Vecchi, et al. 1999]. At the end of 2003, over 300 800 people in the world 
were living with kidney transplants [Lameire, et al. 2005]. 

In the 1970s it became evident that haemodialysis (HD) patients have in-
creased mortality due to CVD [Lindner, et al. 1974]. Several studies in 
mainly high-risk populations have ever since demonstrated worse outcome 
in people with impaired renal function or with kidney damage [Gerstein, et 
al. 2001, Anavekar, et al. 2004, Jernberg, et al. 2004, Vanholder, et al. 
2005]. Despite that, renal dysfunction still remains underappreciated as CVD 
risk factor. This may be due to the complex and partly unknown mechanisms 
by which impaired renal function has impact on CVD risk. 

This thesis aimed to study the CVD and mortality risks associated with 
renal dysfunction in apparently healthy people as well as in renal transplant 
recipients (RTR). The aim was also to look into potential mechanisms con-
tributing to the risk increase. 
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Background

Epidemiology - Renal Dysfunction and Cardiovascular 
Disease

General Population 
After it had been established that dialysis patients are prone to atherosclero-
sis, it has been suggested more recently that the cardiovascular system be-
comes affected in renal dysfunction well before the stage of dialysis is 
reached [Lindner, et al. 1974, Shoji, et al. 2002]. Staging of CKD is pre-
sented in Table 1. Based on data collected in the United States, approxi-
mately 5% of the overall population has glomerular filtration rate (GFR) 
below 60 mL/min/1.73m2 that corresponds to deterioration of kidney func-
tion by 50% [Coresh, et al. 2003]. The vast majority of them have GFR 
between 60 and 30 mL/min/1.73m2 and 90% of them are non-diabetic 
[Coresh, et al. 2003]. Even if the number of patients would be substantially 
lower in Europe, which is unlikely, the group size of potentially affected 
individuals is not much different from those attributed to diabetes mellitus 
[Harris, et al. 1998, Lameire, et al. 2005]. The problem of cardiovascular 
risk associated with kidney dysfunction, hence, may affect a larger section of 
general population than until recently suspected, and preventive measures, in 
order to be effective, need to be undertaken already at early stages of CKD 
[Sarnak, et al. 2003, Go, et al. 2004, Shlipak, et al. 2005, Vanholder, et al. 
2005]. 

Table 1. Stages of CKD according to National Kidney Foundation. 

Stage Description GFR (mL/min/1.73m2)

1 Kidney damage with normal or increased GFR 90
2 Kidney damage with mildly decreased GFR 60-89 
3 Moderate kidney disease 30-59 
4 Severe kidney disease 15-29 
5 Kidney failure <15 or dialysis 
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Vanholder et al, reviewing 24 studies conducted mainly in high-risk patients, 
proposed the GFR threshold for increased mortality risk to be at 75 mL/min 
[Vanholder, et al. 2005]. However, in high-risk patients, renal dysfunction 
may be reflecting the severity of CVD that is already present. Therefore the 
association between renal dysfunction and CVD risk also needs to be studied 
in low-risk populations. 

Several attempts have been made to study the association between renal 
dysfunction and CVD in community [Wannamethee, et al. 1997, Culleton, et 
al. 1999, Garg, et al. 2002, Henry, et al. 2002, Muntner, et al. 2002, Abram-
son, et al. 2003, Fried, et al. 2003, Jurkovitz, et al. 2003, Manjunath, et al. 
2003, Go, et al. 2004, Mazza, et al. 2005, Shlipak, et al. 2005]. All these 
studies included persons with diabetes mellitus, which is an important under-
lying cause for both CKD and CVD. The Hoorn study, The Cardiovascular 
Study in the Elderly (CASTEL), National Health and Nutrition Examination 
Study (NHANES) I and II studied solely mortality endpoints and may have 
underestimated the influence of CKD on cardiovascular morbidity [Garg, et 
al. 2002, Henry, et al. 2002, Muntner, et al. 2002, Mazza, et al. 2005]. In 
addition, Cardiovascular Health Study (CHS) and CASTEL studied people 
aged 65 or older [Fried, et al. 2003, Mazza, et al. 2005, Shlipak, et al. 2005]. 

With few exceptions, all the studies found an association between renal 
dysfunction and CVD or mortality risk. The smallest impairment in renal 
function associated with a significant increase in CVD risk has been shown 
to be GFR of 90 mL/min/1.73m2 [Manjunath, et al. 2003]. Only in NHANES 
I, the association between renal dysfunction and mortality risk lost signifi-
cance after adjustment [Garg, et al. 2002]. Since renal dysfunction per se
enhances certain traditional risk factors such as hypertension and dyslipi-
daemia, adjusted relative risks (RR) may overcorrect for these factors and 
underestimate a true relationship. The pooled analysis of Framingham Heart 
Study (FHS), CHS and Atherosclerosis Risk in Communities (ARIC) study 
demonstrated that unlike the risk of all-cause mortality, the risk for myocar-
dial infarction (MI) and fatal coronary heart disease was not increased in 
Caucasian subjects with GFR below 60 mL/min/1.73m2, whereas the risk 
was prominent in African Americans with CKD [Weiner, et al. 2004]. In the 
FHS, renal dysfunction was associated with all-cause mortality in men (but 
not women), but no association with CVD events was found [Culleton, et al. 
1999]. Interestingly, in older age, CVD events were associated with dipstick 
positive proteinuria, indicating kidney damage, in women but not in men in 
the FHS [Culleton, et al. 2000]. 

Presence of proteinuria, in addition to predicting loss of renal function, 
has been associated with CVD and mortality risk in population-based studies 
[Locatelli, et al. 1996, Borch-Johnsen, et al. 1999, Culleton, et al. 2000, Hil-
lege, et al. 2002, Muntner, et al. 2002, de Jong, et al. 2003, Romundstad, et 
al. 2003, Klausen, et al. 2004, Yuyun, et al. 2004, Ärnlöv, et al. 2005]. Pres-
ence of even minimal albuminuria may reflect generalized endothelial dys-
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function in capillaries (e.g. glomeruli) and arteries or abnormalities in the 
fibrinolytic and coagulation pathways, it may be a marker of inflammatory 
status, denote the greater severity of end-organ damage or mark the deple-
tion of certain antioxidants [Deckert, et al. 1989, Jensen 1995, Clausen, et al. 
1999, Festa, et al. 2000, Clausen, et al. 2001, Paisley, et al. 2003, Stuveling, 
et al. 2004, Ford, et al. 2005]. However, renal dysfunction has been shown to 
predict CVD risk independent of proteinuria. Moreover, in high-risk patients 
the risk associated with renal insufficiency and the risk associated with al-
buminuria has been shown to be additive [Mann, et al. 2001, Henry, et al. 
2002]. 

Renal dysfunction is associated with CVD risk factors such as hyperten-
sion, dyslipidaemia and diabetes mellitus [Sarnak, et al. 2003, Verhave, et al. 
2005]. The prevalence of left ventricular hypertrophy (LVH) has been in-
versely related to the level of GFR [Foley, et al. 1998]. Traditional CVD risk 
factors have also been associated with the risk in patients with CKD 
[Shlipak, et al. 2005]. Of interest, however, hypertension and hyperlipidae-
mia have been found to be less common in stage 2-4 CKD patients who die 
before advancing to ESRD than in survivors [Keith, et al. 2004]. In addition, 
studies have shown that the associations between renal dysfunction with 
CVD and mortality risks are independent of other known risk factors. 

Apart from the possibility that reduced GFR is a marker of undiagnosed 
vascular disease or a marker of the severity of vascular disease, it is also 
associated with non-traditional CVD risk factors such as oxidative stress, 
chronic inflammation, malnutrition, hyperhomocysteinaemia, altered nitric 
oxide (NO) balance, thrombogenic factors, anaemia, abnormal calcium-
phosphate metabolism, electrolyte imbalance, sympathetic overactivity and 
extracellular fluid overload [Witko-Sarsat, et al. 1998, Stenvinkel, et al. 
1999, Baigent, et al. 2000, Sarnak, et al. 2000, Annuk, et al. 2001, Bolton, et 
al. 2001, Mezzano, et al. 2001, Shlipak, et al. 2003, Wheeler, et al. 2003, 
Muntner, et al. 2004, Oberg, et al. 2004]. Also, patients with reduced GFR 
may have more severe hypertension or dyslipidaemia and have therefore 
suffered more vascular damage. In addition, patients with reduced GFR have 
been shown to be less likely to receive therapies of proven benefit such as 
angiotensin-converting enzyme (ACE) -inhibitors, -blockers, aspirin, trom-
bolytics or percutaneous intervention than patients with preserved renal 
function [Tonelli, et al. 2001, Shlipak, et al. 2002, Reddan, et al. 2003]. The 
ethiopathogenesis of vascular disease in renal dysfunction is likely to result 
of a complex combination of factors, yet to be elucidated. Before Study 1 of 
the current thesis was conducted, there was no information on how reduced 
GFR influenced CVD and mortality risk in a healthy middle-aged popula-
tion.
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Patients in Dialysis 

“… there is every indication that hemodialysis can support life for an indefi-
nite number of years if the etiologic factors involved in accelerated vascular 
disease can be properly controlled as a result of future investigation.” 

Conclusion of the seminal paper “Accelerated Atherosclerosis in Prolonged 
Maintenance Hemodialysis” [Lindner, et al. 1974]. 

The “future investigations” Lindner, et al. referred to in 1974 have not been 
as successful as one would have hoped. Prognosis of patients with ESRD is 
still poor, with life expectancy at the start of dialysis being comparable, if 
not worse than, that of many cancers at the time of their diagnosis [Dhingra, 
et al. 2003]. Most deaths in dialysis patients result from CVD and cardiovas-
cular mortality rate is 10- to 20-fold higher in dialysis patients than in the 
general population [Foley, et al. 1998, Cheung, et al. 2004]. 

The high mortality rate is likely due to both a high case fatality rate and a 
high prevalence of CVD [Cheung, et al. 2004]. Owing to CVD development 
at earlier stages of CKD, approximately 40% of the incident HD patients 
have clinical evidence of coronary artery disease or heart failure and 75% 
have LVH [Foley, et al. 1995]. Mortality 1 and 2 years after MI is 59% and 
73%, respectively, in dialysis patients, which is much higher than in the gen-
eral population, even in subjects with diabetes [Donahue, et al. 1993, 
Herzog, et al. 1998]. 

Traditional CVD risk factors such as hypertension, diabetes mellitus, 
dyslipidaemia and LVH, that are highly prevalent in dialysis patients, ex-
plain only a part of the increased mortality risk [Sarnak, et al. 2000, Longe-
necker, et al. 2002]. Not all observational data link high blood pressure (BP), 
hyperlipidaemia, obesity and hyperhomocysteinaemia in ESRD with worse 
survival. On the contrary, opposite has been noted [Kalantar-Zadeh, et al. 
2003, Kalantar-Zadeh, et al. 2005]. This reverse epidemiology can be due to 
conditions like malnutrition, inflammation and heart failure; or due to the 
fact that in ESRD, CVD has different characteristics compared to the general 
population. 

Indeed, cardiac mortality pattern in renal patients differs from the general 
population with the predominance of sudden cardiac death explained by the 
high prevalence of uraemic cardiomyopathy, and the resultant predisposition 
to spontaneous arrhythmia [Foley, et al. 1995, Stewart, et al. 2005, Wanner, 
et al. 2005]. Coronary arteries in patients with ESRD are characterized by 
increased media thickness and plaques are markedly calcified compared to 
mainly fibroatheromatous lesions in non-uraemic patients [Schwarz, et al. 
2000]. Factors related to uraemic environment such as oxidative stress, in-
flammation, calcium-phosphate and lipoprotein imbalances, malnutrition, 
endothelial dysfunction and anaemia contribute to the development of CVD 
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and have been identified in patients with ESRD [Joannides, et al. 1997, 
Arici, et al. 2001, Spittle, et al. 2001, Himmelfarb, et al. 2002, Martola, et al. 
2003]. Uraemia is generally characterized by impaired immune response. 
However, T-helper balance shift towards type 1 has also been described 
[Sester, et al. 2000]. T-helper type 1 rather than type 2 pathway has been 
implicated in atherosclerosis [Hansson 2005, Stenvinkel, et al. 2005]. 

Renal replacement therapy, to the extent it can be provided without incit-
ing further inflammatory and oxidative stimuli, will temporarily relieve the 
uraemic state and improve the redox balance [Ward, et al. 2003]. However, 
dialysis access can become a source of inflammation and less than ultrapure 
dialyzate or dialysis membrane bioincompatibility may further aggravate 
non-traditional risk factor profile [Morena, et al. 2005, Yang, et al. 2006].

Beneficial effects on cardiovascular endpoints with vitamin E and N-
acetylcysteine treatments have been observed in ESRD patients [Boaz, et al. 
2000, Tepel, et al. 2003]. This contrasts with the general population and 
CKD patients [Vivekananthan, et al. 2003, Mann, et al. 2004]. Recently, the 
4D trial demonstrated no benefit of treatment with atorvastatin in type-2 
diabetics on dialysis, stressing the importance of the early initiation of risk-
factor treatment, but also suggesting the presence of additional pathogenic 
pathways in CVD in this population [Wanner, et al. 2005]. 

Renal Transplant Recipients 
Approximately one third of patients with ESRD are considered for transplan-
tation. Renal transplantation, in addition to being cost-effective and improv-
ing the quality of life for patients with ESRD, is associated with significantly 
improved survival compared to dialysis [Sarnak, et al. 2003]. The most 
likely reasons for risk reduction compared to dialysis are selection bias for 
those undergoing transplantation, permanent removal of haemodynamic and 
uraemic abnormalities and risk factors associated with dialysis [Wolfe, et al. 
1999]. Improvement of endothelial function, reduction of oxidative stress 
and decrease in inflammatory markers and homocysteine have been ob-
served after renal transplantation [van Guldener, et al. 1998, Cueto-
Manzano, et al. 2005, Simmons, et al. 2005, Yilmaz, et al. 2005]. However, 
after an initial decrease, an increase in pro-inflammatory cytokine levels has 
been observed at 12 months after transplantation [Cueto-Manzano, et al. 
2005].

Compared to the general population, RTR are still at higher mortality risk 
[Sarnak, et al. 2003]. Even when being highly susceptible to malignancies 
and inflammation, RTR mainly die of premature CVD [Lindholm, et al. 
1995, Ojo, et al. 2000]. In RTR, the incidence of CVD is three to five times 
and CVD mortality rate at least twice that of the general population [Sarnak, 
et al. 2003]. Mortality 1 and 2 years after MI is 24% and 30%, respectively, 
in RTR, which is lower compared to dialysis patients, but comparable with 
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the mortality of diabetic patients after MI [Donahue, et al. 1993, Herzog, et 
al. 1998]. 

The prevalence of CVD risk factors is high in RTR. Up to 70% have 
LVH, and clinical evidence of ischaemic heart disease has been found to be 
present in 15% of RTR [Sarnak, et al. 2003]. Prior to transplantation, the 
patients have mostly been exposed to uraemia-specific non-traditional risk 
factors for CVD such as increased oxidative stress, chronic inflammation, 
hyperhomocysteinaemia, anaemia, malnutrition, calcium-phosphate imbal-
ance and volume overload. The duration of dialysis therapy prior to trans-
plantation has been shown to have negative influence on patient survival 
[Meier-Kriesche, et al. 2000].

Renal transplantation adds on to the unfavorable metabolic and haemody-
namic conditions the patients have been exposed to prior to the transplanta-
tion [Horl, et al. 1989]. The onset or aggravation of diabetes mellitus, 
dyslipidaemia or hypertension often occurs and can be partly associated to 
the immunosuppressive regimen [Fellström 2000, Jindal, et al. 2000, Midt-
vedt, et al. 2000, Fellström 2001, Jardine, et al. 2001]. 

It has been recently shown, that Framingham risk model underestimates 
CVD risk in RTR [Kasiske, et al. 2000, Ducloux, et al. 2004]. This is due to 
the quantitatively different effect of the traditional Framingham risk factors 
such as diabetes, smoking and age, and due to non-traditional CVD risk fac-
tors in RTR. High CRP and homocysteine have been shown to be associated 
with increased coronary heart disease risk in RTR [Ducloux, et al. 2004]. To 
predict patient outcome after renal transplantation, age, cholesterol, proteinu-
ria, hypertension and LVH have been used [Roodnat, et al. 2000, Roodnat, et 
al. 2001, Hernandez, et al. 2005, Tutone, et al. 2005]. Diabetes mellitus as 
pre-existing disease or post-transplant complication has a negative impact on 
patient and renal graft survival [Revanur, et al. 2001, Cosio, et al. 2002, 
Gonzalez-Posada, et al. 2004]. Renal graft failure is associated with in-
creased cardiac and all-cause mortality [Kaplan, et al. 2002]. After a graft 
loss the advantages of a functioning allograft over dialysis therapy disappear, 
which adds to the disadvantageous effects of immunosuppression, resulting 
in poor patient survival [Meier-Kriesche, et al. 2001]. 

It is known about renal transplant dysfunction, that it increases risk for 
graft loss [Hariharan, et al. 2002, Fellström, et al. 2005, Tutone, et al. 2005]. 
The risk factors for graft loss have been described previously, some of which 
are also CVD risk factors [Fellström, et al. 2005]. In addition, immunosup-
pressive therapy constitutes a prevailing toxic burden on the kidney trans-
plant, and in patients who undergo other organ transplantation impairment of 
native healthy kidney function has been observed during calcineurin-
inhibitor-based immunosuppression [Bennett, et al. 1996, Ojo, et al. 2003]. 
Woo, et al. have reported the best survival in RTR with serum creatinine less 
than 200 mol/L at three months after transplantation [Woo, et al. 1999]. 
Renal dysfunction 1 year post-transplantation has been shown to be associ-
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ated with cardiovascular death in a previous registry study [Meier-Kriesche, 
et al. 2003]. Also, an association between renal transplant dysfunction and 
CVD morbidity has been observed [Abbott, et al. 2003]. Study 2 of this the-
sis investigated renal transplant dysfunction as CVD and mortality risk fac-
tor in a defined and closely monitored population with long follow-up. Fur-
thermore, a comparison of increased serum creatinine with established CVD 
risk factors was provided. 

Mechanisms of Disease 

Arterial Stiffness 
Arteries in renal patients have been found to be stiff and endothelial function 
is impaired [London, et al. 1992, Joannides, et al. 1997, Annuk, et al. 2001]. 
Peripheral pulse pressure (PP) obtained from the brachial artery using con-
ventional sphygmomanometry has been used as an indirect measure of arte-
rial stiffness. This is based on the assumption that peripheral BP is an accu-
rate surrogate for central BP and therefore represents the workload seen by 
the heart. Whereas diastolic and mean BP remain relatively constant 
throughout the arterial tree, systolic BP and PP do not, and therefore periph-
eral BP may not accurately reflect the actual aortic PP and hence cardiovas-
cular risk [Rowell, et al. 1968, Wilkinson, et al. 2004]. Also, measurement of 
systolic and diastolic BP alone gives no information on changes in pressure 
in relation to time within each cardiac cycle. 

Healthy arteries are compliant structures, capable of buffering the pres-
sure changes that occur during the cardiac cycle. Energy is absorbed during 
systole and released during diastole, resulting in smooth peripheral blood 
flow. Antegrade arterial pressure waves are reflected back from the periph-
ery to boost myocardial perfusion. As arteries stiffen, pulse wave velocity 
increases, resulting in earlier wave reflection, thus adding to the central pres-
sure wave to produce an augmented central systolic pressure and increasing 
left ventricular workload. This increased afterload will promote the devel-
opment of LVH which is seen in up to 75% of incident dialysis patients, and 
is a powerful predictor of mortality [Foley, et al. 1995]. The systolic part of 
the central arterial pressure waveform is characterized by two pressure peaks 
(Figure 1). The first peak is caused by left ventricular ejection, whereas the 
second peak is a result of wave reflection [O'Rourke, et al. 1996]. The dif-
ference between the second and first pressure peak is called augmentation 
pressure (AP) and it is influenced by pulse wave velocity through large arter-
ies as well as the reflective properties of the entire arterial system. 

Traditionally, structural components within the arterial wall, together with 
mean arterial pressure, were thought to be the major determinants of vessel 
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stiffness. However, arterial stiffness is a dynamic parameter that depends, in 
part, on smooth muscle tone that is actively regulated by circulating and 
local vasoactive mediators, including nitric oxide (NO) [O'Rourke, et al. 
2002, Wilkinson, et al. 2004]. Also, peripheral reflectance can be influenced 
by the endothelium-mediated vasomotor tone as well as structural alterations 
of smaller arteries. The shape of the central arterial pressure waveform there-
fore provides a measure of arterial stiffness and can be assessed noninva-
sively by the use of pulse wave analysis (PWA). Early pulse wave reflection 
has been found to correlate with mortality in HD patients [London, et al. 
2001]. In addition, a HD session has been shown to improve central pressure 
waveform [Covic, et al. 2000, Mardare, et al. 2005]. Study 3 of this thesis 
investigated the effect of a HD session on pulse wave reflections in parallel 
with NO synthesis inhibitor levels. 

Figure 1. Central arterial pressure waveform. The systolic part of the waveform 
is characterized by two pressure peaks. The first peak is caused by left ventricular 
ejection, while the second peak is the result of antegrade wave reflection. AP is the 
difference between the second and first systolic pressure peak. Augmentation index 
(AIx) is augmentation pressure expressed as percentage of central PP. Subendocar-
dial viability index (SVI) is the ratio between diastolic pressure time integral (DPTI) 
and systolic pressure time integral (SPTI), and depicts the adequacy of subendocar-
dial muscle perfusion in response to myocardial oxygen demand. TR is time to wave 
reflection. 

PP (mmHg) 

     AP 
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Endothelial Dysfunction 
The smooth muscle tone that participates in regulating arterial stiffness is 
determined by the endothelial release of vasoactive substances such as NO, 
prostacyclin and endothelium-derived hyperpolarizing factor which cause 
dilation; and thromboxane A2, prostaglandin H2 and endothelin-1 that induce 
vasoconstriction. Disturbed balance between these factors results in endothe-
lial dysfunction and is characterized by impaired vascular dilation, but also 
disturbed coagulation control, impaired fibrinolysis and immune response, as 
well as increased leukocyte adhesion to the endothelium and vascular 
smooth muscle cell growth [Davignon, et al. 2004]. 

Endothelial dysfunction is an early step in the development of atheroscle-
rosis and it is evident already before vascular lesions can be detected 
[Egashira, et al. 1995]. Also, endothelial dysfunction has been observed in 
persons with CVD risk factors [Vita, et al. 1990, Johnstone, et al. 1993, 
Anderson, et al. 1995, Egashira, et al. 1995]. In addition, endothelial func-
tion has been shown to predict CVD prognosis [Valgimigli, et al. 2003]. 

Of the vasodilators, NO is the most potent one. Shear stress or vascular 
endothelium receptor activation by bradykinin, methacholine or acetylcho-
line results in an influx of calcium. The consequent increase in intracellular 
calcium stimulates the endothelial isoform of nitric oxide synthase (NOS). 
The NO formed from L-arginine by this enzyme diffuses to nearby smooth-
muscle cells, in which it stimulates soluble guanylate cyclase, resulting in 
enhanced synthesis of cyclic guanosine monophosphate from guanosine 
triphosphate. This increase in cyclic guanosine monophosphate in the 
smooth muscle cells leads to their relaxation [Moncada, et al. 1993]. 

Vasomotor function of endothelium can be assessed as endothelium de-
pendent vasodilation (EDV) measured by venous occlusion plethysmogra-
phy (see also Methods section). This method, mostly used in the forearm, 
provides information about blood flow in the resistance vessels of skeletal 
muscle. Methacholine increases NO release through muscarinergic receptors 
and can be used to induce EDV in experimental settings. Sodium nitroprus-
side is used to donate NO to vascular smooth muscle cells and thereby in-
duce endothelium independent vasodilation (EIDV). The drugs are adminis-
tered locally without systemic effects and arteries can be studied in their 
natural environment under the influence of humoral and neuronal forces. 
EDV measured by this method in the forearm and coronaries correlate 
[Monnink, et al. 2002]. 

It has recently been shown that EDV is impaired in moderate CKD, and 
in dialysis patients [Joannides, et al. 1997, Thambyrajah, et al. 2000, Annuk, 
et al. 2001]. The impaired EDV in renal disease cannot, however, be ex-
plained by the presence of traditional CVD risk factors [Thambyrajah, et al. 
2000, Annuk, et al. 2001]. On the other hand, EDV in CKD is associated 
with oxidative stress [Annuk, et al. 2001]. Inflammation has also been 
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shown to affect EDV [Bhagat, et al. 1996, Bolton, et al. 2001, Fichtlscherer, 
et al. 2004]. Study 4 of the current thesis investigated the associations be-
tween EDV and non-traditional CVD risk factors, inflammation and oxida-
tive stress, in patients with stage 3-5 CKD. 

Asymmetric Dimethylarginine 
Impaired vascular NO production, assessed by reduced EDV, indicates an 
increased cardiovascular risk [Valgimigli, et al. 2003]. In addition to induc-
ing vasodilation, NO inhibits the adhesion and aggregation of platelets, 
thereby contributing to the antithrombotic properties of the intact vascular 
wall [Radomski, et al. 1987, Wolf, et al. 1997]. NO also inhibits the adhe-
sion of monocytes and leukocytes to the endothelium and vascular smooth 
muscle cell proliferation and acts as an inhibitor of low density lipoprotein 
(LDL) oxidation [Garg, et al. 1989, Kubes, et al. 1991, Högg, et al. 1993, 
Tsao, et al. 1994, Böger, et al. 1998]. The substrate for NO synthesis, L-
arginine, reduces the vascular production of superoxide radicals [Böger, et 
al. 1995]. 

Guanidino-substituted analogues of L-arginine which competitively block 
the NOS active site, i.e. endogenous NOS inhibitors such as asymmetric 
dimethylarginine (ADMA) reduce NO generation [Cooke 2004]. ADMA is 
released in endothelial cells after methylation of arginine residues in a vari-
ety of proteins. The enzyme protein-arginine methyltransferase type I pro-
duces ADMA while protein-arginine methyltransferase type II produces 
symmetric dimethylarginine, which has no inhibitory effect on NOS 
[MacAllister, et al. 1994, Cooke 2004]. Proteolysis of proteins containing 
these residues releases free methylarginines (Figure 2). 

ADMA is excreted by the kidneys, but the key elimination route is degra-
dation by dimethylarginine dimethylaminohydrolase (DDAH), which hydro-
lyses ADMA to dimethylamine and L-citrulline [Leiper, et al. 1999, Murray-
Rust, et al. 2001, Böger, et al. 2003, Cooke 2004, Fliser 2005]. Vallance, et
al. were the first to report increased concentrations of methylarginines in HD 
patients [Vallance, et al. 1992]. In ESRD, increased plasma ADMA concen-
tration is related to the severity of carotid atherosclerosis and left ventricular 
dysfunction and, in addition, is the strongest predictor after age of all-cause 
mortality and cardiovascular events [Zoccali, et al. 2001, Zoccali, et al. 
2002, Zoccali, et al. 2002]. HD has been shown to reduce plasma ADMA 
levels [Vallance, et al. 1992, MacAllister, et al. 1996, Anderstam, et al. 
1997, Kielstein, et al. 1999, Cross, et al. 2001]. Study 3 of this thesis investi-
gated the influences of HD session on plasma ADMA levels and the impact 
of ADMA on arterial wave reflections. 
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Figure 2. Pathways related to ADMA. ADMA is formed by methylating arginine 
residues in proteins through the activity of protein-N-methyltransferase type 1 which 
uses S-adenosylmethionine, an intermediate of homocysteine metabolism, as a 
methyl group donor. Proteinases involved in physiological protein turnover release 
ADMA to plasma. More important than urinary excretion of ADMA, is degradation 
by the enzyme DDAH. Homocysteine, oxidative stress, inflammatory cytokines and 
hyperglycaemia can inhibit DDAH activity. Accumulation of ADMA inhibits NOS 
by competing with L-arginine. Modified from [Böger, et al. 2003]. 

Homocysteine 
Homocysteine is an intermediate of methionine metabolism that, at elevated 
levels impairs vascular function and is a risk factor for CVD [Wald, et al. 
2002, Perna, et al. 2003]. Through the formation of disulfides and the gen-
eration of hydrogen peroxide and superoxide anions, homocysteine promotes 
the oxidative degradation of NO [Upchurch, et al. 1997, Perna, et al. 2003]. 
Homocysteine can also inhibit DDAH activity, cause ADMA accumulation 
and thereby inhibit NO synthesis [Stuhlinger, et al. 2001]. There exists 
strong inverse relationship between homocysteine levels and renal function 
[Brattström, et al. 1994, Arnadottir, et al. 1996, Bostom, et al. 1999, Wolle-
sen, et al. 1999]. The underlying cause of hyperhomocysteinaemia in renal 
disease is not entirely understood, but it seems to be related to reduced clear-
ance and metabolism of plasma homocysteine [Guttormsen, et al. 1997, 
Friedman, et al. 2001]. Total homocysteine concentration falls after renal 
transplantation [van Guldener, et al. 1998]. 

However, a recent study conducted in non-diabetic patients with stage 3-4 
CKD found no association between homocysteine with all-cause and cardio-

inflammation 
oxidative stress 
hyperglycaemia 
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vascular mortality when adjusting for renal function [Menon, et al. 2006]. In 
HD, the role of homocysteine as a risk factor for CVD is also controversial 
with some studies showing low homocysteine levels as survival disadvan-
tage, probably reflecting malnutrition, a strong risk factor for mortality in 
dialysis patients [Suliman, et al. 2005]. HD has been shown to lower homo-
cysteine levels and treatment with an antioxidant N-acetylcysteine increases 
homocysteine removal in dialysis [Arnadottir, et al. 1999, Scholze, et al. 
2004]. Study 3 of this thesis investigated influences of HD session on plasma 
homocysteine levels and the impact of homocysteine on arterial wave reflec-
tions.

Inflammation
Atherosclerosis is an inflammatory disease and elevated C-reactive protein 
(CRP), an acute phase reactant, has been shown to predict CVD and mortal-
ity risk in healthy people, patients with established vascular disease and in 
dialysis patients [Ridker, et al. 1997, Ross 1999, Arici, et al. 2001, Bassuk, 
et al. 2004, Hansson 2005]. Kidney patients have elevated CRP levels com-
pared to healthy people [Arici, et al. 2001, Bolton, et al. 2001, Muntner, et 
al. 2004, Oberg, et al. 2004]. In CKD patients not requiring dialysis, higher 
CRP has been associated with incident cardiovascular events, higher hospi-
talization rate, carotid plaques and worse nutritional status [Stenvinkel, et al. 
1999, Ortega, et al. 2002, Descamps-Latscha, et al. 2005]. 

Whether CRP is just a marker of (vascular) inflammation or also a direct 
participant in atherosclerosis remains to be established. CRP has been shown 
to possess proatherogenic properties, such as enhancement of LDL uptake by 
the macrophages, activation of endothelial cells to express adhesion mole-
cules, induction of interleukin-1 and endothelin-1 secretion and reduction of 
endothelial NOS bioavailability [Yeh, et al. 2003, Bassuk, et al. 2004]. In 
addition, inflammation has been implicated in vascular calcification 
[Stenvinkel, et al. 2005]. 

Several pro-inflammatory cytokines are known mediators of acute phase 
response. Tumour necrosis factor  and interleukin-1 can stimulate the ex-
pression of interleukin-6, which further provokes the expression of the CRP 
gene in the liver [Hansson 2005]. However, it is not quite clear, what stimu-
lates endothelial cells to secrete these interleukins. Induction of various cy-
tokine genes is known to occur through the activation of the transcription 
factor nuclear factor B (NF B). Oxidative metabolites can up-regulate the 
NF B pathway and it has even been suggested that elevated CRP might be a 
marker of oxidant stress [Himmelfarb, et al. 2002]. On the other hand, acute 
phase proteins themselves can modulate the production of oxidative agents, 
generating a vicious circle [Stocker, et al. 2004]. Study 4 of this thesis inves-
tigated associations between CRP, oxidative stress markers and endothelial 
function in stage 3-5 CKD patients. 



24

Oxidative Stress 
In humans, approximately 5% of molecular oxygen is converted into reactive 
species [Halliwell, et al. 1999]. For instance, as a by-product of electron 
flow through the mitochondrial transport chain, 1-2% of the molecular oxy-
gen consumed may be converted to reactive oxygen species. In response to 
this problem, mammalian cells have evolved numerous antioxidant systems 
including enzymes, water soluble and fat soluble free radical scavengers that 
can eliminate these accidental reactive oxygen species before they damage 
cells. Phagocytes, on the other hand, deliberately produce reactive species as 
defence against pathogens. These reactive species, however, can also cause 
damage to host cells. 

Oxidative stress has been defined as “imbalance between oxidants and an-
tioxidants in favor of the oxidants, potentially leading to damage” [Sies 
1991]. In addition to reactive oxygen species, reactive nitrogen species can 
cause damage to cells and there is close interplay between these reactive 
species. Also, in addition to the “free radicals”, non-radical reactive species 
such as hydrogen peroxide, hypochloric acid and peroxynitrit are implicated 
in cellular damage. Reactive species, in addition to being highly reactive, are 
produced only in small quantities and are therefore difficult to measure. The 
lipids, proteins, carbohydrates and DNA that have been damaged by the 
reactive species, on the other hand, are stable and can serve as markers of 
oxidative stress. 

When polyunsaturated fatty acids are attacked by reactive species, conju-
gated dienes (CD) are initially formed, followed by the conversion of CD 
into lipid hydroperoxide (LOOH) and LOOH breakdown to alkanes and 
aldehydes. These can further oxidize the protein core of the LDL particle, 
yielding oxidized LDL (OxLDL) that is avidly taken up by the macrophages 
via the “scavenger receptor”. Alternatively, the protein core of the LDL par-
ticle can directly be oxidized by non-radical reactive species. Oxidative 
modification of atherosclerosis hypothesis proposes that this oxidation of 
LDL leads to foam cell formation and loss of endothelial integrity thereby 
initiating the process of atherosclerosis [Steinberg, et al. 1989]. Another 
emerging paradigm in vascular disease involves the balance between cellular 
signals, such as NF B, mediated by reactive oxygen species and NO, deem-
phasizing the role of LDL oxidation and lipid peroxidation (LP) [Stocker, et 
al. 2004]. 

Antioxidant enzymes such as catalase, superoxide dismutase and glu-
tathione peroxidase maintain a reducing tone within cells. Glutathione per-
oxidase removes hydrogen peroxide by using the principal cellular antioxi-
dant reduced glutathione (GSH) to reduce hydrogen peroxide to water and 
oxidized glutathione (GSSG). Glutathione peroxidase cooperates with glu-
tathione reductase that catalyzes the rapid reduction of GSSG back to GSH 
at the expense of reduced nicotinamide-adenine dinucleotide phosphate 
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(NADPH). In addition to serving as a co-factor for glutathione peroxidase, 
GSH can directly scavenge oxidants, take part in ascorbate metabolism, 
maintain protein sulphydryl groups and detoxify xenobiotics via glutathione-
S-transferases [Halliwell, et al. 1999]. Intra-arterial GSH infusion has been 
shown to improve EDV in coronary artery [Kugiyama, et al. 1998]. 

As a cause or consequence of increased atherogenesis, evidence of oxida-
tive stress is usually found already in early renal dysfunction [Ceballos-
Picot, et al. 1996, Witko-Sarsat, et al. 1998, Annuk, et al. 2001, Mezzano, et 
al. 2001, Oberg, et al. 2004]. In stage 3-4 CKD patients, advanced oxidation 
protein products have been shown to predict cardiovascular events 
[Descamps-Latscha, et al. 2005]. 

Importantly, major antioxidant trials have observed a neutral effect of vi-
tamin E, a lipid-soluble reactive species scavenger, on cardiovascular out-
comes [Vivekananthan, et al. 2003]. In patients with mild to moderate CKD 
at high cardiovascular risk, vitamin E at dose 400 IU/day has shown no ef-
fect on cardiovascular outcomes [Mann, et al. 2004]. Exceptionally, the Sec-
ondary Prevention with Antioxidants of Cardiovascular disease in ESRD 
(SPACE) trial reported a benefit of 800 IU/day vitamin E on major cardio-
vascular outcomes [Boaz, et al. 2000]. Treatment of HD patients with the 
thiol-containing antioxidant N-acetylcysteine significantly decreased cardio-
vascular events compared with the placebo group [Tepel, et al. 2003]. How-
ever, neither of the studies showed effect of treatment on overall mortality in 
HD patients. Apparently, there is a need to further elucidate the mechanisms 
by which reactive species may lead to vascular injury. Study 4 of this thesis 
investigated the associations between LP markers, intracellular oxidative 
stress markers and EDV in stage 3-5 CKD patients. 
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Aims

Study 1 To investigate whether renal dysfunction is associated with CVD 
and mortality risk in apparently healthy men. 

Study 2
a) To investigate whether renal transplant dysfunction is associated with 
CVD and mortality risk. 
b) To compare the impact of renal transplant dysfunction with traditional 
CVD risk factors on patient mortality and morbidity. 

Study 3 To study changes in ADMA and homocysteine levels in parallel 
with central pressure waveform during a HD session. 

Study 4 To study the associations between EDV, inflammation and oxida-
tive stress in patients with stage 3-5 CKD. 
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Methods

Study 1 

Participants
The Uppsala Longitudinal Study of Adult Men (ULSAM) is an ongoing 
population-based study that aims to identify CVD risk factors. Between 1970 
and 1973, all men born between 1920 and 1924 and resident in the munici-
pality of Uppsala were invited to participate in the health survey. In total, 
2322 of the invited men participated (82%). For the analysis of renal dys-
function as CVD risk factor, men with diabetes mellitus (N=106), history of 
MI, stroke or chronic heart failure (N=8) or missing baseline GFR value 
(N=12) were excluded. In addition, 26 men with calculated GFR above 150 
mL/min/1.73m2 were excluded, because values above this may not be con-
sidered accurate estimates of kidney function. After the exclusions, 2170 
men comprised the study sample. All subjects gave informed consent and the 
Ethics Committee at Uppsala University approved the study. 

Measurements
At age 50, the participants completed a questionnaire about their smoking 
habits and medical history and underwent a physical examination. The BP 
was measured with a mercury sphygmomanometer to the nearest 5 mmHg in 
the supine position after 10 minutes rest. Hypertension was defined as sys-
tolic BP 140 mmHg or diastolic BP 90 mmHg or use of blood pressure 
lowering medication. All blood samples were drawn in the morning after an 
overnight fast. Blood glucose was measured by spectrophotometry using the 
glucose oxidase method. Diabetes mellitus was defined as the use of insulin 
or oral hypoglycemic agents or fasting plasma glucose 7 mmol/L. Determi-
nation of serum cholesterol was performed using enzymatic techniques on a 
Technicon Auto Analyzer type II. Creatinine was measured in serum with 
spectophotometry using Jaffe´s reaction (Technicon, USA). The coefficient 
of variation was 6.1% at the 0.98 mg/dL level. GFR as measure of renal 
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function was calculated using the abbreviated Modification of Diet in Renal 
Disease (MDRD) study equation [Levey, et al. 2000]: 

GFR=186.3 * (serum creatinine level in mg/dL)-1.154 * age-0.203 

Follow-Up
The participants were followed through age 70. Follow-up data concerning 
first hospitalization or death due to MI (ICD 9 code 410), first hospitaliza-
tion or death due to stroke (ICD 9 codes 431, 433-436), and cardiovascular 
death (ICD 9 codes 390-459) were collected from the Swedish national 
cause-of-death and hospital discharge registers. The accuracy of these regis-
ters has been shown to be high [Merlo, et al. 2000]. The occurrence of a first 
hospitalization or death from heart failure (ICD 9 code 428) was confirmed 
through chart review [Ingelsson, et al. 2005]. Single failure per subject was 
accounted for. 

Statistical Analysis 
Initially, univariate analyses were conducted to assess the distributional 
properties of the baseline variables. All continuous variables were normally 
distributed. Because of a non-linear association of GFR with MI risk, a GFR 
threshold was identified by investigating fatal and non-fatal MI rate by dec-
iles of GFR. Thereafter, the risk of MI and other CVD outcomes by GFR 
above vs. below this threshold was investigated, using unadjusted and multi-
variable-adjusted Cox proportional hazards analyses. Covariates considered 
were smoking, hypertension, body mass index (BMI) and total cholesterol. 
Proportionality of hazards was confirmed using Schoenfeld tests, and by 
visually examining Schoenfeld residuals and Nelson-Aalen curves, the latter 
was also used to graphically describe incidence of MI by normal vs. low 
GFR. Between-groups differences in proportions were assessed with 2 and 
differences in means with two-sample t-test. Stata 8.2 (StataCorp, College 
Station, USA) was used for all analyses. P<0.05 was regarded significant. 

Study 2 

Patients
The Assessment of Lescol in Renal Transplantation (ALERT) trial was a 
randomized, double-blind, parallel group study to investigate the effects of 
fluvastatin on cardiac and renal endpoints in RTR [Holdaas, et al. 2001, 
Holdaas, et al. 2003, Fellström, et al. 2004, Holdaas, et al. 2005]. The pa-
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tients had received renal or combined renal and pancreas transplants >6 
months prior to randomization. All patients were on cyclosporine-based im-
munosuppression, but no one received statins prior to inclusion. Total fasting 
cholesterol ranged from 4-9 mmol/L (4-7 mmol/L for those with previous 
cardiovascular event). Patients who had had an acute rejection episode in the 
previous 3 months, or who had a predicted life expectancy of less than 1 year 
were excluded. The patients recruited to the study were of low risk, reflected 
in a low event rate and the use of statins in high-risk patients even in 1996, 
when recruitment began. Follow-up was 5-6 years and the recorded end-
points included cardiac death, non-cardiovascular mortality, all-cause mor-
tality, non-fatal MI, stroke and major adverse cardiac event (MACE) (de-
fined as cardiac death, non-fatal MI or coronary revascularization proce-
dure). All endpoints were adjudicated by the critical events committee con-
sisting of two nephrologists and two cardiologists. Single event per patient 
was accounted for. The present analysis was performed in 1052 patients in 
the placebo arm only, because this was considered the “cleanest” approach 
preferable to including and adjusting for treatment arm. The study adhered to 
the International Conference On Harmonisation Guidelines and for good 
clinical practice and was done in accordance with the Declaration of Hel-
sinki. All participants provided written informed consent, and the ethics 
committee at each participating centre approved the trial. 

Statistical Analysis 
Univariate and multivariate Cox proportional hazards models were used to 
analyze the impact of serum creatinine, LDL, age and the presence of diabe-
tes on predefined endpoints. RR was calculated per 100 mol/L serum 
creatinine increment, per 1 mmol/L increment in LDL and per 1 year incre-
ment in age. Diabetes was accounted for as binary variable. A large number 
of potential risk factors were analyzed for each outcome before stepwise 
selection of variables, using p-values of 0.1 for inclusion, was applied in the 
multivariate model build. The potential risk factors were age, diabetes melli-
tus, previous transplant rejection, smoking, previous coronary heart disease, 
cerebrovascular disease, peripheral vascular disease, LVH, number of trans-
plants, LDL, high density lipoprotein (HDL), polycystic kidney disease, 
serum creatinine, systolic BP, PP, human leukocyte antigen DR locus (HLA-
DR) mismatch, BMI, proteinuria, time on dialysis prior to transplantation, 
and time since transplantation. The multivariate models refer to include only 
variables selected by the stepwise procedure. Between-groups differences 
were assessed with 2. Logistic regression models were used to calculate the 
probabilities of experiencing events at continuous risk factor levels. The 
increments needed to achieve certain risks were calculated using the esti-
mated RR from the univariate model and obtaining the increment needed as 
the value of the independent variable resulting in doubling of RR or in RR 



30

corresponding to diabetes mellitus. All analyses were performed using the 
SAS statistics package (Cary, NC, USA). P<0.05 was regarded significant. 

Study 3 

Patients
In total, 32 chronic HD patients participated in the study. Those who had 
been on dialysis for 3 months or more and had one fistula-free arm were 
invited to participate. The study was carried out in two dialysis centres in 
Uppsala, Sweden. Criteria for exclusion were: unwillingness to participate, 
atrial fibrillation, haemodynamic instability at >5% of dialyses, HIV, C or B-
hepatitis positivity, severe anaemia or aortic valve insufficiency. All partici-
pants provided written informed consent and the ethics committee approved 
the study. 

Pulse Wave Analysis 
Measurements were performed before the initiation of HD and 10 minutes 
after HD. Resting brachial BP was measured in the non-fistula arm using 
Omron automated sphygmomanometer. PWA to assess arterial stiffness and 
central aortic pressure measurement was performed noninvasively with 
SphygmoCor apparatus (AtCor Medical, Sydney, Australia). All measure-
ments were taken at least in duplicate in the radial artery of the non-fistula 
arm using a micromanometer (SPC-301; Millar Instruments, Houston, TX, 
USA) applying the principle of applanation tonometry to flatten the artery by 
gentle pressure. The recording-place on the wrist was marked to guarantee 
the repeated measurement from the same site. The aortic pressure waveform 
was generated from an average radial artery waveform (derived from 20 
sequentially recorded radial artery waveforms) using a validated transfer 
function [O'Rourke, et al. 1996, O'Rourke, et al. 1999]. The software al-
lowed for objectivity of measurements by setting quality control parameters 
on the radial artery waveform recordings. If any of the parameters on a given 
recording were outside the predetermined acceptable limits (<100 mV for 
pulse height, >5% for systolic or diastolic variability), the recording was 
excluded. A single operator performed all measurements. The reproducibil-
ity of the method in renal patients has been previously described [Covic, et 
al. 2000, Savage, et al. 2002]. Computerized analysis of the central wave-
form allows determination of the central BP, AP, AIx (AP expressed as % of 
the central PP), and SVI. AP is an increase in aortic pressure after the peak 
of blood flow and is determined by ventricular ejection, pulse wave velocity 
and reflective properties (muscular tone) of the peripheral vessels [O'Rourke, 
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et al. 2002]. SVI, a sensitive measure of the adequacy of subendocardial 
muscle perfusion in response to myocardial oxygen demand, is the ratio of 
diastolic pressure time integral/ systolic pressure time integral [O'Rourke, et 
al. 1996]. Taking into consideration the influence of HD on HR, the AIx was 
normalized by software to a HR of 75 beats per minute. 

Biochemical Analyses 
Blood was drawn from the arterial line of the dialysis vascular access imme-
diately before and after HD. Pre-HD creatinine, urea, high sensitive CRP, 
albumin, haemoglobin, LDL, HDL, triglycerides (TG), apolipoprotein A1 
(ApoA1), apolipoprotein B (ApoB), calcium and phosphate were measured 
using routine methods in an accredited laboratory. After HD, blood was ana-
lyzed with the same methods for haemoglobin, CRP, calcium and phosphate. 
Homocysteine was measured in plasma using commercially available en-
zyme immunoassay (EIA) kit (Axis-Shield AS, Soltau, Germany). For the 
measurement of ADMA, ethylenediaminetetraacetic acid (EDTA)-blood was 
centrifuged after obtaining (3000 r/min for 10 minutes); plasma separated 
immediately, frozen at -74°C and thawed only for assay. ADMA was meas-
ured with enzyme linked immunosorbent assay (ELISA) technique (DLD 
Diagnostika GmbH, Germany) [Schulze, et al. 2004]. 

Statistical Analysis 
Data is expressed as mean ±SD for normally distributed values and median 
(range) for data with non-normal distribution. Skewed data was log-
normalized. Fisher’s exact test was used to detect differences in proportions 
and t-test was used to detect differences in means in the subgroups. Two-
tailed paired t-test was used to detect the effects of HD. The correlation be-
tween variables was evaluated using Pearson’s correlation coefficients. 
P<0.05 was regarded significant. 

Study 4 

Patients
The study was conducted on 44 consecutive out-patients at the Renal Unit in 
Uppsala University Hospital, Sweden. The patients were recruited if they 
had plasma creatinine above 150 mol/L and gave their informed consent to 
participate in the study. Exclusion criteria included renal replacement ther-
apy, warfarin treatment, acute infection or haemoglobin below 80 g/L. The 
causes for CKD were glomerulonephritis (N=17), diabetes (N=8), polycystic 
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kidneys (N=5), pyelonephritis (N=4), nephrosclerosis (N=4), hypoplastic 
kidneys (N=2), nephrolithiasis (N=2) and unknown (N=2). The local ethics 
committee approved the study. Blood samples were drawn and EDV meas-
urements performed in the morning after an overnight fast. The values in 
CKD patients were compared to the mean values obtained by the same 
methods in a separate study of 61 Swedish blood donors (mean age 58.5±6.8 
(SD) years, 40 males). 

Oxidative Stress Markers 
Blood samples were obtained from a. brachialis (because the vessel was 
cannulated for the purpose of EDV and EIDV measurements), plasma and 
serum were separated and stored at -70°C until analyzed. All measurements 
of oxidative stress markers were performed in triplicate. LP products were 
measured in serum and samples were treated with antioxidant butylated hy-
droxytoluene twice, immediately after obtaining and before adding the test 
reagents to suppress artefactual changes during handling and assay proce-
dures.

Lipid Peroxidation Markers 
The first stage of LP consists of the molecular rearrangement of the double 
bonds in polyunsaturated fatty acid residues of lipids, which leads to the 
formation of CD and conversion of CD into LOOH [Halliwell, et al. 1999]. 
For measurement of CD levels, the samples were incubated at 37ºC for 25 
min, 0.25% butylated hydroxytoluene was added and lipids were extracted 
by heptane/isopropanol (1:1). Then the samples were acidified with 5 M 
hydrochloric acid and the lipids extracted with cold heptane. After centrifu-
gation and absorbance of the heptane fraction, CD was measured spectro-
photometrically at absorbance maximum between 220 and 250 nm. LOOH 
was measured using commercially available kits (K-assay LPO-CC: Kamiya 
Biomedical Company, Seattle, WA, USA). OxLDL was measured with a 
commercially available sandwich ELISA (Mercodia, Uppsala, Sweden) util-
izing the same specific murine monoclonal antibody, mAb-4E6, as in the 
assay previously described [Holvoet, et al. 1998]. The between-assay varia-
tion (different days) for OxLDL was 7% (r=0.94, N=13), as previously de-
scribed [Hulthe, et al. 2002]. 

Intracellular Oxidative Stress Markers 
The major determinant of the redox status in mammalian cells is glutathione. 
This ubiquitous non-essential sulphydryl amino acid plays a major role in 
maintaining intracellular redox equilibrium and in regulating cellular de-
fences augmented by oxidative stress [Halliwell, et al. 1999]. Glutathione 
was measured using an enzymatic method modified by Griffith, described by 
Bhat, et al. and slightly modified by us [Griffith 1980, Bhat, et al. 1992]. 
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Briefly, 0.3 mL of heparinized whole blood was deproteinated by adding an 
equal volume of a 10% solution of metaphosphoric acid in water, left at 
room temperature and centrifuged (4 C, 1200g, 10 min). The supernatant 
was carefully collected and stored at -70°C until analyzed. The sample was 
divided into 2 parts for measurement of total glutathione (TGSH) and GSSG. 
To assay TGSH or GSSG, the supernatant was mixed with 0.895 mL of 0.2 
M sodium phosphate buffer (pH 7.5) containing 0.01 M EDTA and with 0.5 
mL of the same buffer containing 0.5 U of glutathione-reductase and 0.3 
mM of reduced nicotineamide-adenine dinucleotidephosphate. The reaction 
was initiated by the addition of 0.1 mL of 1 mM 5,5’dithiobis-(2-
nitrobenzoic acid). The change in optical density was measured at 412 nm 
after 10 min and quantified by comparison with a standard curve. The con-
tent of GSH was calculated as the difference between TGSH and GSSG. In 
this assay, red blood cell GSH constitutes 99% of whole blood GSH. 

C-Reactive Protein and Other Laboratory Variables 
ELISA kits were used to measure CRP (Medix Biochemica, Kauniainen, 
Finland). Measurements of plasma creatinine, plasma urea, haemoglobin, 
and plasma albumin were performed at the Clinical Chemistry Laboratory 
using routine methods. GFR was estimated using the MDRD study formula. 
Cholesterol was measured in serum by enzymatic method using the IL Test 
cholesterol method 181618-10 in Monarch apparatus (Instrumentation Labo-
ratories).

Endothelium Dependent and Endothelium Independent 
Vasodilation
EDV was measured by venous occlusion plethysmography [Benjamin, et al. 
1995]. During the blood flow measurements the patients were supine in a 
quiet room maintained at a temperature 21 to 23°C. An arterial cannula was 
inserted into the brachial artery of one arm for regional infusions of meth-
acholine and sodium nitroprusside. A mercury in-silastic strain gauge, con-
nected to a calibrated plethysmograph, was placed at the upper third of the 
forearm, which rested comfortably slightly above the level of the heart. 

Venous occlusion was achieved with BP cuff applied proximal to the el-
bow and inflated to 40 mmHg with rapid cuff inflator. Approximately 4 in-
flations per minute for about 7 seconds each were performed. The resting 
forearm blood flow was measured and after that methacholine (2 and 4 
µg/min) was locally infused. 

To assess vascular smooth muscle response and to control for the me-
chanical properties of the vascular bed in the skeletal muscle, the exogenous 
NO-donor nitroprusside (5 and 10 µg/min) was infused. The vasoactive drug 
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infusions were given during 5 minutes for each dose at a rate of 1 mL/min, 
with a 20-minute wash-out period between the drugs. The order of the vaso-
dilations was randomized. EDV was defined as forearm blood flow obtained 
at the highest dose of methacholine (4 µg/min) minus resting forearm blood 
flow divided by resting forearm blood flow. EIDV was defined as forearm 
blood flow obtained at the highest dose of nitroprusside (10 µg/min) minus 
resting forearm blood flow divided by resting forearm blood flow. The coef-
ficient of variation for the forearm blood flow measurements at rest and dur-
ing methacholine and nitroprusside infusions has been found to be less than 
10% in our hands [Lind, et al. 1998]. 

Statistical Analysis 
Numerical data are presented as mean values ±SD. Data with a skewed dis-
tribution were logarithmically transformed to achieve normality. Differences 
between the means were tested by two sample t-test at 95% confidence. 
Pearson’s correlation coefficient was calculated to assess the correlations 
between variables. The influence of potential confounding variables on EDV 
and CRP was studied using stepwise multiple regression analysis. P<0.05 
was regarded significant. 
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Results

Study 1 
Of the 2170 studied 50-year old men, 51% were current smokers and 42% 
had hypertension. Their mean BMI was 25±3.1 kg/m2, mean total cholesterol 
6.9±1.3 mmol/L and mean calculated GFR 94±15 mL/min/1.73m2.

Risk for Myocardial Infarction 
During the median follow-up time of 20.1 years (range 0.04 to 21.4 years), 
contributing to 39670 person-years, 265 men experienced a first fatal or non-
fatal MI. Subjects were divided into deciles based on their GFR, and the 
rates of MI in these groups were studied (Figure 3). The MI rate per 1000 
person years at risk was 9.2 and 8.8 in the first and second decile, respec-
tively, compared to a MI rate of 6.5 per 1000 person years at risk in the third 
decile. Therefore, the maximum GFR value (84 mL/min/1.73m2) of the 2nd

lowest decile was chosen as threshold for further calculations. 
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Decile N Minimum GFR Maximum GFR 
1 217 22.0991 75.5160 
2 217 75.5169 84.0958 
3 217 84.0962 84.4435 
4 217 84.4445 94.8865 
5 217 94.8871 95.1480 
6 217 95.1544 95.3692 
7 217 95.3698 95.5668 
8 218 95.5712 109.061 
9 217 109.062 109.406 
10 216 109.407 127.761 

Figure 3. Fatal and non-fatal MI from age 50 to 70. Men without diabetes and CVD. 
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Three-hundred and fifty-nine men (16.5%) had a GFR below 84 at baseline. 
By definition, the low GFR group had higher creatinine. The two groups 
were also different with regard to BMI that was higher in the group with 
lower GFR. However, there were significantly more smokers in the group 
with better renal function (Table 2). 

Table 2. Characteristics of the studied men at age 50 a.
GFR 84
N=1811

GFR<84
N=359 p-value 

Smokers 959 (53%) 146 (41%) <0.0001 
Hypertension 738 (41%) 163 (45%) NS 
BMI (kg/m2) 25±3.1 26±3.1 0.0002 
Total Cholesterol (mmol/L) 6.9±1.3 6.9±1.4 NS 
Creatinine ( mol/L) 78±7.9 101±14 <0.0001 
GFR (mL/min/1.73m2) 98±12 73±7 <0.0001 
a Values are mean ±SD or N (%) 

The risk for fatal and non-fatal MI was higher for men with GFR below vs. 
above 84 (RR 1.38 [95% confidence interval 1.02-1.85]) in unadjusted 
analyses. Adjusting for traditional CVD risk factors, the risk for MI re-
mained higher in men in the low GFR-group (Table 3). 

Table 3. The association of GFR<84 mL/min/1.73m2 on risk for MI.

Unadjusted model Adjusted model

GFR<84 (vs. 84) 1.38 (1.02-1.85) 1.37 (1.01-1.85) 
Smoking (vs. not) - 1.84 (1.43-2.36) 
Hypertension (vs. not) - 1.48 (1.15-1.91) 
BMI (per unit) - 1.09 (1.05-1.13) 
Cholesterol (per mmol/L) - 1.19 (1.09-1.29) 
Data are Cox proportional RR (95% CI). All values in rightmost column are adjusted for the 
other four variables in the model. 

The cumulative incidence of fatal and non-fatal MI in the two GFR groups 
during the 20-year follow-up is presented in Figure 4. 
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Figure 4. Fatal and non-fatal MI from age 50 to 70 by GFR above vs below 84. Men 
without diabetes and CVD. 

Risk for Stroke and Heart Failure 
Fatal or non-fatal stroke was diagnosed in 159 men. The men who had GFR 
below 84 did not have increased risk for stroke (Table 4). Heart failure as 
cause for hospitalization or death was diagnosed in 88 men. The men who 
had GFR below 84 did not have increased risk for heart failure (Table 4). 

Table 4. The association of GFR<84 mL/min/1.73m2 on risk stroke and heart fail-
ure.

Unadjusted models Adjusted models

Stroke   
GFR<84 (vs. 84) 0.90 (0.58-1.40) 0.93 (0.60-1.46) 
Smoking (vs. not) - 1.72 (1.24-2.38) 
Hypertension (vs. not) - 1.64 (1.19-2.28) 
BMI (per unit) - 1.02 (0.97-1.08) 
Cholesterol (per mmol/L) - 1.05 (0.94-1.18) 
Heart failure   
GFR<84 (vs. 84) 1.09 (0.62-1.89) 1.02 (0.58-1.79) 
Smoking (vs. not) - 1.56 (1.01-2.39) 
Hypertension (vs. not) - 2.22 (1.40-3.51) 
BMI (per unit) - 1.15 (1.09-1.22) 
Cholesterol (per mmol/L) - 1.12 (0.97-1.30) 
Data are Cox proportional RR (95% CI). All values in rightmost column are adjusted for the 
other four variables in the model. 
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Mortality Risk 
During follow-up, 435 of the 2170 men died, of which 214 (49%) due to 
CVD. A GFR below 84 mL/min/1.73m2 was associated with a higher car-
diovascular mortality risk (RR 1.40 [1.00-1.94]) in unadjusted analyses. 
Cardiovascular mortality risk was significantly higher with renal dysfunction 
also after adjustment for other risk factors (Table 5). A GFR below 84 was 
not associated with an increased risk for all-cause mortality (Table 5). 

Table 5. The association of GFR<84 mL/min/1.73m2 on mortality risk. 

Unadjusted models Adjusted models

Cardiovascular death   
GFR<84 (vs. 84) 1.40 (1.00-1.94) 1.45 (1.04-1.85) 
Smoking (vs. not) - 2.27 (1.70-3.03) 
Hypertension (vs. not) - 2.31 (1.73-3.08) 
BMI (per unit) - 1.06 (1.02-1.10) 
Cholesterol (per mmol/L) - 1.10 (1.00-1.21) 
All-cause mortality   
GFR<84 (vs. 84) 1.09 (0.85-1.40) 1.15 (0.90-1.48) 
Smoking (vs. not) - 2.13 (1.75-2.61) 
Hypertension (vs. not) - 1.66 (1.37-2.03) 
BMI (per unit) - 1.05 (1.02-1.08) 
Cholesterol (per mmol/L) - 1.04 (0.97-1.12) 
Data are Cox proportional RR (95% CI). All values in rightmost column are adjusted for the 
other four variables in the model. 

Study 2 
Altogether, 2102 RTR were recruited to the ALERT trial, of whom, 1052 
were randomly assigned to the placebo arm and followed for 5-6 years. Dur-
ing that time there was a “drop-in” rate of 14% for statin use in that arm 
compared with 7% in the active treatment (fluvastatin 40-80mg) arm, mainly 
occurring late in the study. Mean age of the placebo group was 50±11 (SD) 
years, mean BMI was 25.8±4.6 (SD) kg/m2, 65.2% of the patients were 
male, 17.6% were current smokers, 73.9% had hypertension, and 19% were 
diabetic. Concomitant immunosuppression was prednisolone in 81% and 
azathioprine in 65%, and 95% were on cardiovascular medication. The pa-
tients in the placebo arm of the ALERT study experienced 54 cardiac deaths. 
In addition, there were 66 patients with definite MI and 65 patients died of 
non-cardiovascular causes. 

Renal Transplant Dysfunction 
Each 100 mol/L increase in baseline serum creatinine was associated with 
increased risks for cardiac death, non-cardiovascular death, all-cause mortal-
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ity and MACE. The risk remained significant in the multivariable adjusted 
models (Table 6). Also, in the fluvastatin arm, renal transplant dysfunction 
was associated with the risk for cardiac death (p=0.0025), all-cause mortality 
(p=0.0095) and MACE (p<0.0001) in univariate analyses, and cardiac death 
(p=0.0342), all-cause mortality (p=0.0160), MACE (p=0.0003) and non-fatal 
MI (p=0.0410) in multivariate analyses. 

Table 6. Univariate and multivariate RR (95% CI) per 100 mol/L increase in 
baseline serum creatinine in the placebo arm. 

Univariate model Multivariate model 

MACE 1.63 (1.23-2.17) 1.89 (1.42-2.55) 
Cardiac death 2.29 (1.58-3.32) 2.94 (2.01-4.31) 
Non-fatal MI 1.12 (0.69-1.82) - 
Stroke 1.30 (0.75-2.25) - 
Non-cardiovascular death 1.95 (1.34-2.83) 2.30 (1.54-3.43) 
All-cause mortality 2.12 (1.66-2.70) 2.50 (1.90-3.29) 

The probabilities of reaching endpoints in relation to baseline creatinine 
levels are depicted in Figure 5. 
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Figure 5. Endpoint probabilities at baseline creatinine levels. All p-values have been 
calculated by univariate Cox regression. 

The increases in cardiac death, all-cause mortality and MACE were most 
obvious at serum creatinine levels above 200 mol/L. This cut-off was used 
to divide the placebo group into two. In the high creatinine group (N=106), 
the incidences of cardiac death, non-cardiovascular death, all-cause mortality 
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and MACE were clearly increased compared to RTR with serum creatinine 
below 200 mol/L. The cardiac death rate was 4% in those with a serum 
creatinine below 200 mol/L and 13.2% in those with a serum creatinine 
above 200 mol/L (p<0.0001). The corresponding values for non-
cardiovascular death were 4.7% and 16% (p<0.0001), for all-cause mortality, 
10.1% and 34.9% (p<0.0001) and for MACE, 11.5% and 18.9% (p<0.0001), 
respectively. 

Renal Graft Loss 
Renal transplant dysfunction has strong association with graft failure 
[Fellström, et al. 2005]. In the ALERT trial placebo group, 137 patients ex-
perienced renal graft loss during follow-up. Graft loss increased the risk for 
non-cardiovascular death, all-cause mortality, non-fatal MI and MACE. The 
incidence of non-cardiovascular death was 5.5% in patients with a function-
ing graft and 10.9% in graft failure (p=0.0128) during the 5-year follow-up. 
Correspondingly, the all-cause mortality rate was 11.8% and 21.9% 
(p=0.0010), the non-fatal MI rate 5.4% and 12.4% (p=0.0014), and the 
MACE rate 11.5% and 20.4% (p=0.0032) in patients with a functioning graft 
and patients with graft loss, respectively (Figure 6). 

Figure 6. Incidences for recorded endpoints in RTR with functioning graft (N=915) 
and with graft loss (N=137) during follow-up. *p<0.02; **p<0.005; ***p<0.001. 
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Age and Low Density Lipoprotein 
Every 1 year increase in age resulted in RR increments for cardiac death 
(p=0.0001), non-cardiovascular death (p<0.0001), all-cause mortality 
(p<0.0001), MACE (p<0.0001), non-fatal MI (p=0.0351), and stroke 
(p=0.0002). Multivariable analyses confirmed the independency of age as 
risk factor for these endpoints (Table 7). 

Table 7. Univariate and multivariate RR (95% CI) per 1 year increase in age at 
baseline. 

Univariate model Multivariate model 

MACE 1.03 (1.02-1.05) 1.03 (1.01-1.05) 
Cardiac death 1.05 (1.02-1.08) 1.06 (1.03-1.09) 
Non-fatal MI 1.02 (1.00-1.05) 1.03 (1.00-1.05) 
Stroke 1.05 (1.02-1.08) 1.05 (1.02-1.09) 
Non-cardiovascular death 1.07 (1.04-1.10) 1.08 (1.05-1.12) 
All-cause mortality 1.06 (1.04-1.08) 1.08 (1.06-1.10) 

Every 1 mmol/L increase in baseline LDL was associated with increments in 
MACE (p<0.0001) and non-fatal MI (p=0.0038) risks in univariate and mul-
tivariable models (Table 8). 

Table 8. Univariate and multivariate RR (95% CI) per 1 mmol/L increases in base-
line LDL. 

Univariate model Multivariate model 

MACE 1.41 (1.20-1.66) 1.35 (1.14-1.60) 
Cardiac death 1.28 (0.99-1.65) - 
Non-fatal MI 1.41 (1.12-1.77) 1.36 (1.06-1.74) 
Stroke 1.12 (0.83-1.51) - 
Non-cardiovascular death 0.99 (0.77-1.27) - 
All-cause mortality 1.10 (0.93-1.30) - 
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Diabetes Mellitus 
Diabetes mellitus was a significant risk factor for cardiac death (p=0.0002), 
all-cause mortality (p<0.0001), MACE (p=0.0007), non-fatal MI (p=0.0008), 
and stroke (p<0.0001), both in univariate and multivariate models (Table 9). 

Table 9. Presence of diabetes mellitus and RR (95% CI) for the endpoints. 

Univariate model Multivariate model 

MACE 1.93 (1.32-2.81) 1.96 (1.31-2.93) 
Cardiac death 2.82 (1.62-4.91) 2.97 (1.65-5.36) 
Non-fatal MI 2.41 (1.44-4.02) 2.17 (1.25-3.79) 
Stroke 5.43 (3.02-9.76) 4.75 (2.63-8.61) 
Non-cardiovascular death 1.53 (0.87-2.70) - 
All-cause mortality 2.61 (1.84-3.70) 2.40 (1.58-3.66) 

Comparing diabetic and non-diabetic RTR, it was found that non-diabetic 
patients had a cardiac death rate of 4% and diabetic patients 10.1% 
(p=0.0004) during the 5-year follow-up. The all-cause mortality rate was 
10.4% for non-diabetic patients and 24.6% for diabetic patients (p<0.0001). 
Non-fatal MI rate was 5.3% for non-diabetic and 11.1% for diabetic RTR 
(p=0.0026), the stroke rate was 2.5% for non-diabetic patients, while it was 
12.1% for diabetic patients (p<0.0001). The corresponding figures for 
MACE were 11.3% and 19.1% respectively (p=0.0028). 

Diabetes vs. Other Risk Factors 
The estimated increments needed in risk factors that are continuous variables 
to correspond to the risk associated with diabetes mellitus for different end-
points were also calculated. It was revealed that in order to correspond to 
risk for cardiac death in diabetic RTR (RR=2.82), an estimated 125 mol/L 
increase in serum creatinine or 21 years increase in age would be needed. 
The all-cause mortality risk in diabetes mellitus (RR=2.61) corresponded to 
a baseline serum creatinine increase by 128 mol/L or an age increase by 16 
years in a non-diabetic RTR. To equal the RR of diabetic patients for non-
fatal MI (RR=2.41), an estimated increase in age by 30 years or increase in 
LDL by 2.6 mmol/L was needed. A diabetic RTR had a stroke risk 
(RR=5.43) which corresponded to that of a 35 year older non-diabetic RTR. 
The MACE risk of the diabetic RTR (RR=1.93) was achieved if a non-
diabetic RTR had baseline serum creatinine increase of 135 mol/L, was 22 
years older or had LDL increased by 1.9 mmol/L. 
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Doubling of Risk 
The estimated increments needed in serum creatinine, age and LDL to dou-
ble the RR for predefined endpoints were calculated. The risk of cardiac 
death was doubled if serum creatinine increased by 84 mol/L, or age in-
creased by 14 years. The risk of non-cardiovascular death was doubled with 
104 mol/L increase in serum creatinine, or with every 10 years increase in 
age. All-cause mortality risk doubled with either 92 mol/L increment in 
baseline serum creatinine, or with increase by 12 years in age. An estimated 
age increment by 23 years, LDL increment by 2 mmol/L or 141 mol/L 
increment in serum creatinine was associated with doubling the risk for 
MACE. To double the RR for non-fatal MI in RTR, 23 years increment in 
age or 2 mmol/L increment in LDL was needed. The risk of stroke was dou-
bled with 14 years increment in age (Table 10). 

Table 10. Increments needed in risk factors to double the risk in RTR. 

Cardiac 
death 

Non-
cardiovascular

death 

All-cause 
mortality MACE Non-

fatal MI Stroke 

Creatinine ( mol/L) 84 104 92 141 - - 
Age (years) 14 10 12 23 35 14 
LDL (mmol/L) - - - 2 2 - 

Study 3 
In total, 32 chronic HD patients were studied. Seven patients were dialyzed 
with high-flux membranes. Dialysis bath buffer was bicarbonate, dialyzate 
calcium range 1.25-1.5 mmol/L, potassium range 1-3 mmol/L. During the 
dialysis session, five patients received erythropoietin, five patients received 
vitamin D, four patients received intravenous iron and one patient received 
ceftazidim. One patient took paracetamol. 

Full set of pre- and post-HD PWA could be obtained from 22 patients 
only, because 10 patients presented with arrhythmias during measurement. 
The two groups were similar, except for the parathyroid hormone levels, that 
was higher in the subgroup with PWA (p=0.02). Demographic and clinical 
characteristics of the study population are presented in Table 11. 
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Table 11. Baseline demographic and clinical characteristics of the studied HD pa-
tients (mean±SD or N (%)). 

Characteristics Whole study population
N=32

Subgroup with PWA 
N=22

Age, years 69.3±11.6 68.9±11.1 
Male 20 (62.5%) 13 (59.0%) 
Height, cm 169.8±8.6 170.1±9.1 
Diabetes mellitus 8 (25%) 4 (18%) 
History of CVD 15 (46.9%) 12 (54.5%) 
Current smoker 5 (15.6%) 4 (18.0%) 
Functioning arteriovenous fistula 19 (59.4%) 12 (54.5%) 
LDL, mmol/L 2.2±0.7 2.1±0.7 
HDL, mmol/L 1.4±0.5 1.4±0.5 
TG, mmol/L 1.8±1.1 1.8±0.9 
ApoA1, g/L 1.1±0.3 1.2±0.3 
ApoB, g/L 0.8±0.2 0.7±0.2 
Creatinine, mol/L 662±174 669±194 
Urea, mmol/L 21.4±4.0 22.0±3.9 
Albumin, g/L 36±3.2 36±3.7 
Ferritin, g/L 229±156 219±158 
Parathyroid hormone, pmol/L 21.7±17.5 26.5±18.5 
Time on dialysis, months* 17 (3-146) 15 (3-104) 
Dialysis duration min/week 751±99 740±88 
Kt/V 1.5±0.3 1.5±0.3 
Erythropoietin dose, U/week* 10 000 (4 000-60 000) 10 000 (4 000-60 000) 
Ultrafiltration per HD session, L 2.1±1.1 2.2±1.2 
HF or HDF 5 (15.6%) 3 (13.6%) 
Concomitant cardiovascular medication: 
Any cardiovascular medication 
Acetylsalicylic acid 

-blockers 
Calcium antagonists 
ACE-inhibitors
ATIIRA
Furosemide

-blockers 
Nitrates 
Statins

31 (96.9%) 
13 (40.6%) 
25 (78.1%) 
15 (46.9%) 
12 (37.5%) 
6 (18.8%) 
18 (56.3%) 
4 (12.5%) 
10 (31.3%) 
14 (43.8%) 

21 (95.5%) 
8 (36.4%) 

19 (86.4%) 
12 (54.5%) 
10 (45.5%) 
5 (22.7%) 

13 (59.0%) 
4 (18.2%) 
6 (27.3%) 

12 (54.5%) 
* median (range) ATIIRA=Angiotensin-II receptor blocker, Kt/V=dialysis adequacy, 
HF=haemofiltration, HDF=haemodiafiltration 

In the entire study population, HD resulted in reductions in body weight, 
peripheral systolic BP, mean arterial pressure, peripheral PP, plasma phos-
phate, homocysteine and ADMA. HD increased HR, haemoglobin, plasma 
calcium and CRP. In the subgroup of 22 patients, HD also reduced central 
systolic BP and central PP, AP, AIx, ejection duration and increased SVI. 
Significant reductions in mean arterial pressure and increase in HR and 
plasma calcium were not observed in that subgroup (Table 12). 
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Table 12. Changes in measured variables (mean±SD or median (range)) in the sub-
group with PWA (N=22). 

Variable Before HD After HD P-value 

Weight, kg 75.3±11.4 73.7±10.9 <0.001 
Brachial diastolic BP, mmHg 79±12 79±14 NS 
Brachial systolic BP, mmHg 157±25 145±27 0.02 
Mean arterial pressure, mmHg 105±15 100±17 NS 
Peripheral PP, mmHg 78±24 66±21 0.01 
Central diastolic BP, mmHg 80±13 80±15 NS 
Central systolic BP, mmHg 143±25 130±25 0.011 
Central PP, mmHg 63±24 50±19 0.005 
AP, mmHg 19.8±12 12±8.2 0.003 
SVI 134±23 157±31 0.001 
Ejection duration, ms 317±30 286±33 <0.001 
HR, bpm 70±11 72±11 NS 
Calcium, mmol/L 2.4±0.2 2.5±0.2 NS 
Phosphate, mmol/L 1.88± 0.6 0.85±0.25 <0.001 
Haemoglobin, g/L 119±16 127±17 <0.001 
Homocysteine, mol/L 23.1±8.6 15.7±5.1 <0.001 
CRP, mg/L 7.4 (0.2-89) 8.1 (0.2-111) 0.01 

HD session reduced AIx in 18 patients and increased this index of arterial 
stiffness in 4 patients. Mean AIx pre-HD was 26.9±8.9% (SD) and it was 
reduced by 19% to 20.8±7.9% after the HD session (Figure 7). 
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Figure 7. Reduction in AIx during HD. t=3.37; p=0.003.
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HD resulted in plasma ADMA level reduction in 27 patients and an increase 
in 4 patients (1 sample was haemolyzed). Mean pre-HD ADMA was 
0.97±0.26 mol/L and it was reduced to 0.72±0.1 mol/L post HD (Figure 
8).
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Figure 8. Reduction in ADMA during HD in the whole study population. t=5.03; 
p<0.001. The asterisks indicate outliers. 

The magnitude of change, expressed as percentage of the baseline value, in 
AIx correlated positively with the magnitude of change in ADMA levels 
(Figure 9). 
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Change in AIx did not correlate with changes in CRP, homocysteine, cal-
cium-phosphate product or ultrafiltration volume. Before HD, there was a 
trend for correlation between ADMA and AIx (r=0.36; p=0.075) and a posi-
tive correlation between ADMA and AP (r=0.42; p=0.038). Reductions in 
ADMA and AIx were similar irrespective of whether high or low flux mem-
branes were used. Homocysteine was not related to ADMA. 

Study 4 

Patient Characteristics 
Mean age of the patients was 64.6±14.3 (SD) years and 31 were male. The 
range of estimated GFR was 7-43 mL/min (mean 20.8 mL/min, SD±10), 
mean urea was 19±7.7 mmol/L. Mean total cholesterol concentration was 
5.58±1.45 mmol/L, haemoglobin 127±15 g/L and albumin 41±5 g/L. Mark-
ers of oxidative stress could not be measured form the entire cohort. This 
was due to sample misplacement. No intentional selection of patients oc-
curred. Extracellular LP characterized by LOOH, and intracellular oxidative 
stress characterized by glutathione redox ratio (GSSG/GSH) were increased 
in renal patients compared to controls, CRP was above the laboratory refer-
ence value (Table 13). GFR did not correlate with OxLDL, CD, LOOH or 
GSH.

Table 13. Measured variables in patients with stage 3-5 CKD. 

Parameter Mean±SD 95% CI Control-value p-value 

CRP (mg/L) 3.51 (0.16-58.82)1 -  2 <0.05 
LOOH (nmol/mL) 1.50±0.90 1.17–1.83 0.89±0.76 0.003 
GSSG ( g/mL) 62.18±31.9 50.57–73.79 33.9±13.8 <0.0001 
GSH ( g/mL) 210±39 195.8–224.2 241.9±33.9 0.0004 
GSSG/GSH 0.33±0.24 0.24–0.42 0.14±0.05 0.0001
CD (µmol/mL) 37.9±11.2 33.68–42.12 38.6±8.0 NS 
OxLDL ( g/mL) 81.2±27.9 72.86–89.54 69 <0.05 
EDV (%) 223±85 197.6–248.4 - - 
1Median (range) 
Control values obtained on following basis: CRP – reference value provided by clinical chem-
istry laboratory; LOOH, GSSG, GSH, CD – mean values (±SD) of previously studied 61 
healthy Swedish blood donors; OxLDL – manufacturer-provided upper limit of the third 
quartile of 149 randomly selected healthy people. 
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C-Reactive Protein 
Renal patients with higher CRP had higher extracellular oxidative stress 
markers LOOH and CD (Figure 10). 

Figure 10. Correlations between CRP, LOOH and CD. 

In univariate analyses, CRP was negatively correlated with albumin 
(r=-0.444, p=0.0159) and GFR (r=-0.552, p=0.0028). OxLDL and intracellu-
lar oxidative stress assessed by GSH did not correlate with CRP. In stepwise 
multiple regression analysis, CRP was independently related to CD (t=3.9; 
p=0.002) and LOOH (t=2.9; p=0.013). Albumin, GFR and LDL were not 
independently associated with CRP levels in patients with stage 3-5 CKD. 

Endothelial Function 
An impaired EDV was observed in patients with decreased intracellular an-
tioxidative capacity assessed by GSH levels (Figure 11) and higher urea 
(r=-0.476, p=0.0104). LP markers CD and LOOH did not correlate with 
EDV. In stepwise multiple regression analysis, GSH (t=3.6; p=0.004) and 
urea (t=-2.6; p=0.022) were significantly associated to EDV. Albumin, GFR 
and LDL were not independently associated to EDV in patients with stage 
3-5 CKD. EIDV correlated negatively with CD only (r=-0.386, p=0.0424). 
The association lost its significance in the multivariate model. OxLDL, 
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which is considered to be the most atherogenic LDL fraction, did not corre-
late with EDV. Neither did OxLDL correlate with any of the other measured 
oxidative stress markers. 

Figure 11. Correlation between EDV and GSH. 

C-Reactive Protein and Endothelial Function 
No correlation was found between CRP levels and EDV in renal patients 
(Figure 12). In patients with CKD stage 3-5, EIDV did not correlate with 
CRP levels. 

Figure 12. Lack of correlation between EDV and CRP. 
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Discussion

Renal Dysfunction and Cardiovascular Risk 
Renal dysfunction associated with increased CVD risk was prevalent (~16%) 
in the studied non-diabetic middle-aged male population, compared to diabe-
tes mellitus prevalence of less than 5% in the total ULSAM cohort (Study 1). 
The overall impact of a risk factor on the population depends on its preva-
lence. In population terms, a rare exposure with a high associated RR may be 
less serious in total number of deaths or disease it will cause than a very 
common exposure with a lower RR. Renal dysfunction needs to be acknowl-
edged as a CVD risk factor due to the large proportion of individuals af-
fected. It can be argued that, analogous to what has been postulated for dia-
betes, renal dysfunction should be considered a CVD risk factor of the first 
order. Correspondingly, prevention targets should be set to those of secon-
dary prevention. 

In most previous population-based studies, GFR below 60 
mL/min/1.73m2 has been associated with increased risk [Go, et al. 2004, 
Weiner, et al. 2004]. In our healthy sample, there was only a small number 
of participants (N=15) with GFR below 60 and therefore no meaningful 
analysis could be performed. However, risk for MI and mortality due to car-
diovascular causes was ~40% higher in men with GFR below 84 suggesting 
the importance of very early renal dysfunction in CVD development. This 
threshold is also in agreement with the ARIC study where cardiovascular 
event risk was shown to increase when GFR was below 90 [Manjunath, et al. 
2003]. Although the ARIC study included 10% diabetics, the population age 
was comparable to our study [Manjunath, et al. 2003]. 

In Study 1, the possible confounding by age, gender, diabetes mellitus 
and previous CVD was eliminated by study design. Moreover, the low and 
high GFR groups were similar with regard to cholesterol levels and preva-
lence of hypertension, suggesting that renal dysfunction per se was associ-
ated with increased MI and cardiovascular mortality risk. 

The study does not enable to investigate the mechanisms by which renal 
dysfunction increases the risk and explanations remain speculative. Impor-
tantly, renal dysfunction may be the first manifestation of sub-clinical vascu-
lar damage and not causing it. Also, worse renal dysfunction may be associ-
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ated with more severe hypertension and dyslipidaemia and those with worse 
renal function may not receive optimal risk factor modifying medications. In 
addition, a broad spectrum of uraemic toxins may be responsible for acceler-
ated CVD development by inducing oxidative stress, inflammation, endothe-
lial dysfunction, malnutrition, hypercoagulation and other non-traditional 
risk factors [Stenvinkel, et al. 1999, Annuk, et al. 2001, Himmelfarb, et al. 
2002, Vanholder, et al. 2003]. 

It is not (only) dialysis, but renal dysfunction that affects the cardiovascu-
lar system. Renal dysfunction was a risk factor for CVD at very early stage 
of renal impairment (Study 1) and after renal transplantation (Study 2). In 
RTR, the risk by renal dysfunction was independent of established CVD risk 
factors as well as transplantation-specific risk factors such as previous rejec-
tion, number of transplants, HLA-DR mismatch, time on dialysis prior to 
transplantation and time since transplantation. In RTR, diabetes mellitus and 
renal graft loss were associated with increased CVD and mortality risks as 
well. The threshold serum creatinine of 200 mol/L that was associated with 
the increased risk for MACE, cardiac death, non-cardiovascular death and 
all-cause mortality in the ALERT study, was similar to that reported previ-
ously [Woo, et al. 1999]. The prominence of renal dysfunction as a risk fac-
tor in comparison with older age, higher LDL and presence of diabetes mel-
litus, is not to be underrated in RTR. As shown in Study 2b, only moderate 
renal transplant function impairment led to comparable risks. However, be-
cause CVD risk factors occur simultaneously, the assessed total risk should 
be based on their co-existence as well. 

No cardiovascular risk calculators have yet been validated in RTR. How-
ever, the calculators, especially those of the FHS, are being used to estimate 
the cardiovascular risk of RTR and predict the effect of immunosuppressive 
drugs on the risk [Artz, et al. 2004]. This approach needs to be exercised 
cautiously, because the Framingham equation has been shown to underesti-
mate CVD risk in RTR [Kasiske, et al. 2000, Ducloux, et al. 2004]. 

Cardiac mortality pattern in renal patients differs from the general popula-
tion with the predominance of sudden cardiac death due to predisposition to 
spontaneous arrhythmia [Stewart, et al. 2005, Wanner, et al. 2005]. In the 
ALERT trial, LDL was associated with increased risk for MACE and non-
fatal MI, but not for cardiac death. On the other hand, serum creatinine was 
associated with cardiac death and MACE risk, but not with the risk of non-
fatal MI alone. When studying risk modifying therapies in renal patients, the 
use of combined endpoints should therefore be carefully considered. 

To further establish renal transplant dysfunction as a risk factor for CVD 
and mortality, interventional studies are needed. Immunosuppressive therapy 
with calcineurin inhibitors constitutes a prevailing toxic burden on the kid-
ney transplant [Bennett, et al. 1996, Ojo, et al. 2003]. Although corticoster-
oids are not considered nephrotoxic, they adversely affect CVD risk factors 
such as hypertension, dyslipidaemia and diabetes. Sirolimus is associated 
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with dyslipidaemia while tacrolimus is diabetogenic and can cause hyperten-
sion [Fellström 2001]. In the ALERT trial, hypertension and diabetes melli-
tus were also associated with the risk for renal endpoints [Fellström, et al. 
2005]. There is a need to compare cardiovascular outcomes in patients on 
different immunosuppressive regimens. It could be assumed that the use of a 
less nephrotoxic immunosuppressive regimen led to reduced mortality. Also, 
tailoring immunosuppressive therapy according to patients´ risk factor pro-
file can be a powerful tool in CVD risk reduction in RTR. It needs to be 
taken into account, that benefits on acute rejection rates and graft survival 
also have an impact on patient survival and CVD risk. 

ADMA and Central Arterial Pressure Waveform 
Renal transplantation reduces the risk for CVD, but shortness of donors re-
duces the availability of this therapy and efforts need to be made to improve 
the vascular health of patients on dialysis. Study 3 of the current thesis 
showed that the reduction in ADMA levels after HD was associated with the 
improvement in central arterial pressure waveform, suggesting NO to be 
involved in the regulation of arterial stiffness in HD patients. 

Due to its low molecular weight (202 Da), ADMA should be readily 
cleared by dialysis. This was not the case, however. It has been described 
that approximately 45% of ADMA is protein-bound, which can explain the 
poor clearance [Böger, et al. 2003, Kielstein, et al. 2004]. HD also failed to 
restore a normal (negative or zero) AIx possibly due to permanent vessel 
structure damages in the studied patients. For example, intimal as well as 
medial calcification is prevalent in HD patients [Goodman, et al. 2000].
Controlling circulating calcification inhibitor levels such as fetuin A, that 
also acts as negative acute phase reactant, may help to prevent ecotpic calci-
fication in the future [Ketteler, et al. 2005]. The use of calcium-free phos-
phate binder sevelamer has been shown to limit vascular calcification, re-
duce LDL and CRP levels in HD patients [Chertow, et al. 2002, Yamada, et 
al. 2005]. 

Despite structural changes in arteries, the functional component contrib-
utes to arterial stiffness and can be modified in HD patients. In our study, 
81% of patients experienced an improvement in central arterial pressure 
waveform after HD, and a reduction in ADMA level was present in 87% of 
patients. Results from Study 3 do not provide information on how HD af-
fects AIx and ADMA concentrations in the long run. The return of plasma 
ADMA close to pre-HD levels at 18 hours post-HD has been described 
[Kielstein, et al. 1999]. Also, the return of AIx to pre-dialysis level at 24-48 
hours after HD has been observed [Covic, et al. 2000]. This implies a need to 
control vascular stiffness in between the HD sessions and interventions im-
proving NO balance may help to accomplish that. Some statins have the 
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ability to lower ADMA levels [Lu, et al. 2004]. Also, ACE-inhibitors, 
ATIIRA and rosiglitazone have been suggested as potential ADMA-
lowering drugs [Cooke 2004, Fliser 2005]. In the future, DDAH analogues 
can provide a therapeutic option [Murray-Rust, et al. 2001]. Importantly, 
renal transplantation has been shown to lower ADMA levels and improve 
endothelial function [Yilmaz, et al. 2005]. 

It should also be noted, that in the studied HD patients, ADMA levels 
measured by ELISA method were within the recently suggested normal 
range (0.36-1.17 mol/L) [Schulze, et al. 2005]. However, mean plasma 
ADMA level pre-dialysis was significantly higher in HD patients than the 
mean of 500 healthy subjects in that study. 

Homocysteine
Homocysteine may inactivate DDAH, resulting in ADMA accumulation and 
endothelial dysfunction [Stuhlinger, et al. 2001]. No relationship between 
homocysteine levels and ADMA or AIx in HD patients was found in Study 
3. Homocysteine changes in HD have been previously associated with pe-
ripheral PP reduction [Scholze, et al. 2004]. However, in agreement with our 
results, experimental hyperhomocysteinaemia has recently failed to increase 
AIx or ADMA levels in healthy subjects [Wilkinson, et al. 2001, Doshi, et 
al. 2005]. 

C-Reactive Protein and Endothelial Function 
In Study 4, EDV was not associated with CRP levels in stage 3-5 CKD pa-
tients. The lack of correlation between CRP and endothelial function in our 
study is in agreement with some previous studies. Previously, no association 
was found between CRP and endothelial function in healthy subjects, which 
may indicate that our result is not unique for renal failure [Holmlund, et al. 
2002, Khairy, et al. 2003, Verma, et al. 2004]. No correlations between CRP 
and endothelial function has been found in renal patients or in patients with 
familial hypercholesterolaemia [Bolton, et al. 2001, van Haelst, et al. 2003]. 
In patients with proteinuria, no correlation has been found between CRP and 
macrovascular endothelial function, although a correlation was shown to be 
present between CRP and microvascular endothelial function [Paisley, et al. 
2003]. An explanation to the contradictory result might be that large artery 
or resistant vessel endothelial function in renal patients is not influenced by 
CRP. On the other hand, microvascular endothelium, which is influenced by 
prostanoid or endothelium-derived hyperpolarizing factor dependent proc-
esses rather than NO-dependent processes, may well correlate with CRP. 
Correlations between EDV and CRP have been found in male patients with 
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coronary heart disease [Sinisalo, et al. 2000, Fichtlscherer, et al. 2004]. Pos-
sibly, in patients with established vascular disease, the intracellular defence 
is also more impaired, increasing the vulnerability of the endothelium to 
extracellular factors. Moreover, it was found that high CRP was associated 
with impaired EDV especially when interleukin-10 levels were low, suggest-
ing the importance of balancing factors [Fichtlscherer, et al. 2004]. Study 4 
additionally showed that in CKD stage 3-5, CRP and EDV were related to 
different oxidative stress markers, suggesting that different processes are 
involved. Namely, CRP was related to LP, while EDV was related to intra-
cellular oxidative stress. 

Oxidative Stress and Endothelium Dependent 
Vasodilation
In the presence of superoxide anions, vasodiating NO forms peroxynitrite 
that damages proteins and enzymes, and ineffectively activates the soluble 
isoform of guanylate cyclase. In addition, lipid peroxyl radicals and 2e reac-
tive species such as hypochloric acid and hydrogen peroxide play a role in 
the modification of endothelial function [Stocker, et al. 2004]. In Study 4, 
impaired EDV was associated with lower intracellular antioxidant GSH lev-
els. In agreement with our results showing no relationship between LP mark-
ers and EDV, Ghiadoni, et al. found no correlation between LOOH and en-
dothelial function in patients with stage 3-5 CKD [Ghiadoni, et al. 2004]. 

This may shed light to why in CKD patients not requiring dialysis, treat-
ment with vitamin E, that has the potential to inhibit LP, has shown no bene-
ficial effect on cardiovascular outcomes [Mann, et al. 2004]. It is known that 
LP mainly occurs due to oxidation by 1e species (free radicals). On the other 
hand, thiols such as GSH, mainly scavenge 2e reactive species that have 
been implicated in damage to proteins and endothelial dysfunction [Stocker, 
et al. 2004]. It can be speculated that thiol-containing compounds such as N-
acetylcysteine may be effective in preventing CVD in CKD patients. HD 
further reduces vitamin C levels, and therefore a combination treatment with 
thiols and free radical scavengers may provide additive protection against 
CVD in these patients. Thiol groups in plasma are mostly located on albumin 
that additionally provides antioxidant defence by binding transition metal 
ions that have been implicated in LP. 

However, it remains to be established whether inflammation or oxidative 
stress is the primary process in vascular damage. Recently oxidative re-
sponse to inflammation hypothesis was proposed describing inflammation as 
the process preceding oxidative stress [Stocker, et al. 2004]. 
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Limitations

Studies 1 and 2 
To appreciate the findings, some issues need to be critically addressed. Study 
1 was designed to eliminate the need for statistical adjustment for the influ-
ences of age, gender, ethnicity, diabetes and history of CVD. However, this 
also limits the generalizability of the study results to women and other age- 
and ethnic groups. The observations need to be repeated in other healthy 
samples. In that respect, studying healthy women is especially interesting, 
because the FHS found discrepancies in the mortality risk by renal dysfunc-
tion in men and women [Culleton, et al. 1999]. 

The assessment of renal function in Studies 1 and 2 was based on single 
baseline determination of serum creatinine. That may have been influenced 
by instant factors such as (de)hydration, drug-intake such as non-steroidal 
anti-inflammatory drugs or ACE-inhibitors, recent radiocontrast investiga-
tions, etc. While serum creatinine may be increased by multiple instant fac-
tors, an artefactual decrease is rare and in essence related to spurious cases 
of fluid overload. Categorization (below vs above) of a continuous variable 
(GFR) generally decreases the power to detect a relationship with the out-
come variable. Creatinine values vary across clinical laboratories and esti-
mated GFR using MDRD study formula results in biased estimate if the 
serum creatinine assay is calibrated differently than in the MDRD study 
laboratory. This bias is, however, relatively unimportant within a study, but 
may hamper comparison across studies and may limit the interpretation of 
the specific GFR cut-off point, especially that over 60 mL/min/1.73m2. Al-
together, multiple aspects related to methodological design may have influ-
enced the results in a way that they tend to weaken rather than strengthen the 
relationship between renal dysfunction and risk. That a relationship is never-
theless found only further corroborates the impact of this pathophysiological 
association.

It has recently been shown that the Cockcroft-Gault formula is superior to 
the MDRD study formula in people with normal or preserved kidney func-
tion and age less than 65 [Verhave, et al. 2005]. However, the approach of 
using the MDRD study equation enables comparison with results from pre-
vious studies in general population. 
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In Study 2, GFR was not calculated and serum creatinine was used as meas-
ure of renal function. Even though the MDRD study formula has been shown 
to be superior to the Nankivell and Cockcroft-Gault formulas, no consensus 
has been reached what method to use for GFR calculation in RTR [Gaspari, 
et al. 2004, Poggio, et al. 2006]. Exogenous filtration marker measurements 
are more accurate, but not considered feasible in large cohorts. 

Study 3 
This was a small, hypothesis generating study and results therefore need to 
be interpreted with caution. The association between changes in ADMA 
level and AIx may be due to HD with no causal relationship. However, there 
was trend for association between these variables before HD. This may be 
due to small number of patients studied. Another explanation for the lack of 
association between pre-dialysis AIx and ADMA may be that central PP 
increases as arteries age. This results in the AIx (defined as AP/central PP) 
reaching a plateau at around age 60, despite linearly increasing AP
[McEniery, et al. 2005]. Indeed, we found an association between pre-
dialysis AP and ADMA in our HD patients. Furthermore, homocysteine, that 
has also been shown to impair vascular function, was not associated with 
arterial stiffness parameters despite that its levels decreased during HD. The 
definite causative relationship between ADMA and central arterial pressure 
wave augmentation in HD remains to be confirmed by larger as well as 
interventional studies. 

The weakness of PWA is that it needs 20 consecutive identical peripheral 
pulse waves in order to calculate reliable central pressure parameters. It is 
known that ventricular ectopics and short bursts of tachycardia are common 
in peridialysis period [Stewart, et al. 2005]. These rhythm disturbances, 
mostly occurring after the HD session, were prevalent in our small cohort 
and resulted in the exclusion of 10 patients from reliable PWA. Therefore, 
alternative methods to PWA need to be considered when studying HD pa-
tients.

Study 4 
This was another hypothesis generating study and the associations, but espe-
cially lack of associations should be interpreted cautiously due to small sam-
ple size. In addition, the measurement of CRP on a single occasion may have 
caused bias and does not depict the duration of the inflammatory state. 
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Conclusions

Based on the current thesis, following conclusions can be made: 

Mild reduction of renal function is prevalent in healthy middle-aged men 
and is associated with higher risk for MI and cardiovascular death. 
Renal transplant dysfunction independently increases CVD and mortality 
risk.
The CVD and mortality risk associated with moderate renal transplant 
dysfunction is comparable to the risk associated with diabetes mellitus, 
increased LDL and older age. 
HD reduces ADMA levels and the reduction is associated with improve-
ment in AIx. 
In stage 3-5 CKD, EDV is associated with intracellular oxidative stress, 
while CRP is associated with LP. 
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