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Abbreviations

ASDNN Average of the standard deviations of normal RR  
intervals

BV Whole blood viscosity 
CESG Canadian Erythropoietin Study Group 
CHF Congestive heart failure 
CI Cardiac index 
CKD Chronic kidney disease 
CO Cardiac output 
CVD Cardiovascular disease 
DOPPS Dialysis Outcomes and Practice Patterns Study 
EBPG European Best Practice Guidelines 
ECG Electrocardiogram 
GFR Glomerular filtration rate 
Hb Hemoglobin 
HD Hemodialysis 
HF High frequency power spectrum 
HRV Heart rate variability 
ICSH International Committee for Standardization in  

Haematology
KDQ Kidney Disease Questionnaire 
LF Low frequency power spectrum 
LVH Left ventricular hypertrophy 
LVMI Left ventricular mass index 
NCDS National Cooperative Dialysis Study 
N-Hb Normal hemoglobin  
NKF-K/DOQI National Kidney Foundation-Kidney 

Disease Outcomes Quality Initiative 
PD Peritoneal dialysis 
PV Plasma viscosity 
QoL Quality of Life 
SAE Serious adverse events 
SD Standard deviation 
SDANN Standard deviation of the average normal RR intervals 
SDNN Standard deviation of all normal RR intervals 
SEM Standard deviation of the mean 
SF-36 Medical outcomes study short form 



S-Hb Subnormal hemoglobin 
SV Stroke volume 
TPRI Total peripheral resistance index 
TVE Thrombovascular events 
URR Urea reduction ratio 
VAT Vascular access thrombosis 
VLF Very low frequency power spectrum 
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Introduction

Recombinant human erythropoietin was tested in clinical trials in 1985 
[Winearls et al, 1986] and became available for treatment of renal anemia in 
1989. It immediately became apparent that it was a powerful and effective 
drug, capable of relieving patients with chronic kidney disease (CKD) from 
the symptoms of pronounced anemia [Eschbach et al, 1990]. The target he-
moglobin (Hb) concentration with epoetin treatment was initially set at a 
subnormal level, in that already a correction of Hb from previously common 
levels of 60-70 g/l to a subnormal level of 100 g/l resulted in substantial 
subjective improvement of Quality of Life (QoL) and exercise capacity 
[Erslev and Besarab 1997]. Initial reports of hypertensive and thromboem-
bolic complications also contributed to the establishment of a subnormal Hb 
target level [Macdougall 2001b]. The observational studies indicating an 
association between anemia level and QoL [Moreno et al, 1996b, Valderra-
bano et al, 2001], as well as mortality [Ma et al, 1999], spurred investiga-
tions to establish if the optimal Hb level should be aimed at normal instead 
of subnormal levels. At the same time, concern exists about potential adverse 
effects that are caused by a higher Hb level, such as thromboembolic com-
plications.

The aim of this study is to examine different effects of Hb normalization 
with epoetin on safety, QoL and cardiac function in CKD patients.  
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Background

Anemia in chronic kidney disease 
The relationship between anemia and renal failure has been known for a long 
time and already in the beginning of the nineteenth century, Paul Carnot 
suggested that “hemopoietine” was a humoral factor that influenced red cell 
production [Carnot and De Flandre 1906]. It was shown in 1953 that this 
factor stimulated erythropoiesis [Erslev 1953] and it was soon named 
erythropoietin. In 1957, Jacobson et al demonstrated that removal of the 
kidneys resulted in near total abolishment of erythropoietin production 
[Jacobson et al, 1957]. Peritubular fibroblasts in the renal cortex produce 
almost all erythropoietin (90%), whereas hepatocytes and perisinusoidal 
cells of the liver account for 10% of erythropoietin synthesis [Eckardt 1996]. 
Erythropoietin is a glycoprotein hormone of 34 000 Daltons made up of 165 
amino acids and 4 carbohydrate chains [Lai et al, 1986]. Erythropoietin is 
secreted in response to hypoxia and stimulates the erythroid progenitor cells 
to proliferate and differentiate in the bone marrow [Stephenson et al, 1971]. 
These first cells of the erythroid cell line, the burst-forming unit erythroid 
(BFU-E) and the colony-forming unit erythroid (CFU-E) [Krantz 1991], will 
evolve to proerythroblasts and finally to mature erythrocytes. Erythropoietin 
production is decreased in CKD, which leads to a suboptimal and inefficient 
response to hypoxia, resulting in hypoproliferative anemia [Adamson et al, 
1968]. Approximately 60% of patients with an estimated glomerular filtra-
tion rate (GFR) of less than 20 mL/min have a Hb level below 110 g/l 
[Jungers et al, 2002]. The degree of anemia is aggravated as renal function 
decreases [McGonigle et al, 1984].  

Several other factors than the relative deficiency of erythropoietin con-
tribute to the development of anemia in CKD patients. These include abso-
lute or functional iron deficiency that is caused by repeated blood loss during 
the hemodialysis (HD) procedure, periodic blood sampling for laboratory 
tests, occult gastrointestinal blood loss together with platelet dysfunction, 
folic acid deficiency, hyperparathyreoidism with myelofibrosis and alumin-
ium toxicity. Furthermore, suppression of erythropoiesis by “uremic toxins” 
has been shown at least in vitro and it has been suggested that polyamines, 
parathyroid hormone and various cytokines (TNF- , interleukin-1, inter-
feron- ) could be involved in this process [Macdougall 2001a]. Furthermore, 
there is a mild decrease in red cell survival and mild hemolysis in CKD pa-
tients [Joske et al, 1956].  
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Clinical consequences of renal anemia 
Quality of Life 
When renal function declines, the patients usually develop increasing symp-
toms of anemia [Levin 1992], of which fatigue is a major symptom. Ano-
rexia, insomnia and depression are also common and cognitive functions 
may decline [Lundin 1989], all of which affect the QoL in CKD [Evans et al, 
1985]. It is important to evaluate QoL, because this can be used as an out-
come measure of health status and interventions in medical care. Health has 
a large influence on QoL and health-related QoL can be used as a measure 
describing a patient’s well being, functioning and general health perception. 
This is particularly true in patients with chronic conditions. In patients with 
advanced CKD and in dialysis patients the general health is usually mark-
edly decreased, especially when extensive comorbidity exists. Furthermore, 
the treatment itself may cause changes in QoL in positive or negative direc-
tions. An important reason for regular assessments of QoL is the close corre-
lation between QoL, morbidity and mortality. The concept of QoL is very 
complex because different definitions have been used and because each pa-
tients perception of QoL in a specific condition is highly individual. Health-
related QoL is usually divided into three domains: A physical domain de-
scribes functional and work capacity; a psychological domain includes satis-
faction, well being, self-esteem, anxiety and depression; a social domain 
deals with labor rehabilitation, pastimes and familial and social interaction 
[Valderrabano et al, 2001].  

Different factors influence QoL in CKD patients. Anemia and comorbid-
ity are two factors that probably exert a major negative influence on QoL. 
Female sex, depression, low serum albumin, poor nutrional status, unem-
ployment, low GFR in pre-dialysis patients and late nephrology referral are 
other factors associated with a decrease in QoL. A successful renal trans-
plantation, but also higher income, educational level, home dialysis as op-
posed to institutional dialysis and more frequent dialysis are all factors asso-
ciated with better QoL. The influence of age on QoL is somewhat difficult to 
evaluate, especially in that physical ability declines with age and comorbid 
conditions and because the patients acceptance of his or her own limitations 
change with increasing age [Valderrabano et al, 2001].     

Questionnaires evaluating QoL must be easy to understand and use. These 
instruments should have an adequate reliability, validity, responsiveness and 
sensitivity. A recent review of QoL instruments used in CKD found 53 in-
struments, of which only 32% actually defined QoL [Cagney et al, 2000]. 
These instruments can be divided into generic (applicable to a general popu-
lation) or disease-specific. It was concluded that few instrument were rec-
ommended on the grounds of reliability, validity, responsiveness and sensi-
tivity. Of the generic instruments, the Sickness Impact Profile (SIP) [Bergner 
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et al, 1976] and the Medical Outcomes Study Short Form (SF-36) [Merkus et 
al, 1997] were found to be most adequate. Of the disease-specific instru-
ments, the Kidney Disease Questionnaire (KDQ) was recommended 
[Laupacis et al, 1992].  

Cardiovascular effects 
The prevalence of cardiovascular disease (CVD) in the CKD population is 
greatly increased compared with the general population [Churchill et al, 
1992, Foley et al, 1998, USRDS 2003]. In fact, at the initiation of dialysis 
therapy approximately 40% of the patients have coronary artery disease 
[Foley et al, 1998, Baigent et al, 2000] and at least 75% have left ventricular 
hypertrophy (LVH) [Foley et al, 1995], a well known determinant for mor-
bidity and mortality [Levey et al, 1990, Parfrey et al, 1996]. CVD is the 
leading cause of death in the CKD population [Sarnak and Levey 2000, 
USRDS 2003], as well as in renal transplant patients [Lindholm et al, 1995], 
and CVD mortality is estimated to be between 10 and 20 times higher in 
dialysis patients than in the general population, even after correction for age, 
gender, race and diabetes [Foley et al, 1998]. Especially alarming is the 
markedly increased risk in the younger dialysis population. Cardiac mortal-
ity in dialysis patients younger than 45 years is increased more than 100 
times [Foley et al, 1998]. Several risk factors for CVD in the CKD popula-
tion have been identified or suspected [Locatelli et al, 2003], including ane-
mia [Foley et al, 1996a, Levin et al, 1999], hypertension [Charra et al, 1996, 
Foley et al, 1996b], extracellular volume overload [McMahon 2003], diabe-
tes [Foley et al, 2005], dyslipidemia [Cressman et al, 1992, Tschope et al, 
1993, Weiner and Sarnak 2004], a proinflammatory state [Kimmel et al, 
1998, Yeun et al, 2000, Yao et al, 2004, Stenvinkel et al, 2005], hyperhomo-
cysteinemia [Bostom and Culleton 1999], oxidative stress [Boaz et al, 1999] 
and disturbed calcium-phosphate balance [Amann et al, 1999].  

Anemia is one of the most obvious risk factors in CVD and a condition 
for which there exists an effective therapy. However, the degree of anemia 
correction by epoetin is a concern for ongoing debate and investigations 
[Besarab et al, 1998, Macdougall and Ritz 1998, Besarab and Aslam 2001, 
Macdougall 2001b, Collins 2002, Horl 2002, Berns 2005]. Anemia is an 
independent risk factor for CVD in the general population, even when renal 
function is normal [Sarnak and Levey 2000]. Patients with congestive heart 
failure (CHF)  have a higher morbidity and mortality when anemia is present 
[Horwich et al, 2002] and these outcome measures worsen in the presence of 
CKD [Foley et al, 2005].  

Cardiac disease in CKD patients can be manifested in LVH or ischemic 
heart disease or both [Parfrey 1993, Levin 2003]. The pathogenesis of LVH 
stems from either volume overload or pressure overload or both [Eckardt 
1999]. Volume overload can be caused by anemia, expansion of the extracel-
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lular volume or increased flow in AV fistulas. Pressure overload is created 
by hypertension. Adaptive mechanisms in response to anemia include in-
creased oxygen extraction to maintain normal oxygen supply to tissue me-
tabolism, increased sympathetic activity, reduced peripheral vascular resis-
tance and an elevated heart rate and stroke volume, leading to increased car-
diac output. This volume overload leads to left ventricular dilatation which 
secondarily leads to increased wall thickening and LVH. Pressure overload 
that is caused by hypertension creates wall thickening and concentric LVH 
[McMahon 2003]. The degree of anemia is of importance because a correla-
tion between decreasing Hb levels and increasing left ventricular dilatation, 
CHF and mortality have been observed [Kosiborod et al, 2003]. In pre-
dialysis patients there is also a correlation between rising LVM and increas-
ing severity of CKD, anemia and hypertension [Levin et al, 1999, Locatelli 
et al, 2003]. Of late, interest has also been given to the coexistence between 
CHF and CKD, two conditions that may interact in a vicious circle 
[Silverberg et al, 2004]. 

Cardiac autonomic function 
Alterations in the autonomic nervous system may contribute to cardiovascular 
mortality by causing lethal arrhythmias and sudden death [Billman et al, 1982, 
Ewing 1991]. This system regulates the heart rate via sympathetic and para-
sympathetic nervous impulses [Cole et al, 2002] balancing each other. Overac-
tivation of the sympathetic nervous system promotes malignant ventricular 
arrhythmias, while the parasympathetic nervous system counterbalances these 
effects, acting as a protector against sudden death. The autonomic nervous 
system can be assessed by the RR interval variability, baroreflex sensitivity 
[La Rovere et al, 1998] or heart rate changes during and after exercise [Arai et 
al, 1989, Nishime et al, 2000]. There is a natural variability in health in the 
normal RR interval (the difference between adjacent QRS complexes) in an 
electrocardiogram (ECG). This natural variability is termed heart rate variabil-
ity (HRV) and it can be measured by an ambulatory ECG recording, usually 
over a 24-hour period. A decrease in HRV is an independent predictor of death 
after myocardial infarction. Dialysis patients have an abnormally low HRV 
[Hathaway et al, 1998, Steinberg et al, 1998, Kurata et al, 2000], which might 
contribute to an increased risk for sudden death [Dougherty and Burr 1992, 
Algra et al, 1993, Hayano et al, 1999, Fukuta et al, 2003]. Uremic neuropathy 
may cause the disturbance in autonomic function leading to a decrease in HRV 
[Hathaway et al, 1998, Kurata et al, 2000, Neumann et al, 2004]. It is also well 
known that diabetics with neuropathy have an abnormally low HRV even 
without the presence of renal failure [Navarro et al, 1990]. The presence or 
severity of cardiac autonomic dysfunction in non-diabetic pre-dialysis patients 
has not been examined. In the search for risk factors anemia has been reported 
as one of several independent determinants for a reduced HRV in HD patients 
[Tamura et al, 1998].  
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Holter ECG recording for 24 hours is an easy and non-invasive method to 
measure HRV [Heart rate variability 1996]. Previously, tape recorders were 
used, but the common practice today is the use of digital recorders. The im-
pact of anemia correction or epoetin treatment on HRV has not yet been 
examined in CKD, or in any other condition. HRV has, however, improved 
by renal transplantation [Yildiz et al, 1998, Kurata et al, 2004] and by more 
intensive dialysis [Chan et al, 2004]. Physical exercise can also improve 
HRV [Deligiannis et al, 1999]. 

Hemorheology and hemodynamics 
CKD patients have alterations in their blood flow properties that may result 
in an increase in whole blood viscosity (BV), which implies impending com-
plications such as hypertension and thrombo-embolism. BV is mainly de-
termined by the hematocrit [Lowe 1987]. Increased plasma viscosity (PV) 
[Schaefer et al, 1988] and erythrocyte aggregation [Hein et al, 1987], as well 
as a decrease in erythrocyte deformability [Duchesne-Gueguen et al, 1988] 
in uremia may result in increased BV. The increased levels of serum fibrino-
gen in CKD patients [Schaefer et al, 1988, Koppensteiner et al, 1990] might 
be an explanation to these changes. The BV may, however, affect the flow 
resistance differently depending on the size of the vessels. Because of the 
increasing shear rate in smaller vessels, BV is lowest in the microcirculation 
[Schmid-Schönbein et al, 1980]. The low hematocrit in renal anemia, the 
fact that hematocrit is lower in capillaries than larger vessels [Lipowsky et 
al, 1980] and the Fårhaeus-Lindquist effect [Fåhraeus and Lindqvist 1931] 
are other factors that may favor microcirculation [Linde et al, 1992a]. 
Anemia is accompanied by a decrease in the oxygen content of the blood, 
which leads to a compensatory increase in the stroke volume of the heart.  
The total peripheral resistance index (TPRI) is determined by BV and the 
vascular tone. In anemic patients with CKD, TPRI may be low because of 
low BV and hypoxic vasodilation. 

Recombinant human erythropoietin 
After purification of the hormone [Miyake et al, 1977], the erythropoietin gene 
was isolated [Lin et al, 1985] and located on chromosome 7 [Powell et al, 
1986], cloned and duplicated [Jacobs et al, 1985]. When the recombinant  
hormone became available, the first clinical trials [Winearls et al, 1986, 
Eschbach et al, 1987] demonstrated that epoetin is highly efficient in treating 
anemia in CKD patients, both on dialysis [Eschbach et al, 1989a] and before 
dialysis had been instituted [Eschbach et al, 1989b]. The use of epoetin soon 
became widespread as the well being of the patients increased markedly and 
the previously frequent blood transfusions became obsolete [Eschbach et al, 
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1989a]. Consequently, more than 90% of dialysis patients presently receive 
epoetin, their mean hemoglobin (Hb) level being 117 g/l [USRDS 2003]. 
However, the same data also show that less than 35% of CKD patients not yet 
on dialysis are treated with epoetin, resulting in a Hb level below 110 g/l for 
75% of the patients at initiation of dialysis, which is below the recommended 
US target range of 110-120g/l [NKF-K/DOQI 2001a]. A survey including 
more than 14 000 dialysis patients from 14 European countries [Jacobs et al, 
2000] found that the Hb level at the start of epoetin treatment was 87 g/l and 
that only 26% of the patients were treated with epoetin at the initiation of di-
alysis. The target Hb level, according to European guidelines, of > 110 g/l for 
more than 85% of the patients [EBPG 1999, EBPG 2004] was reached by 
53%. In the Dialysis Outcomes and Practice Patterns Study (DOPPS), describ-
ing anemia management in 11 000 HD patients in 12 countries in Europe, 
North America and Japan, demonstrated great variability in epoetin use be-
tween countries [Pisoni et al, 2004]. At the initiation of dialysis in which the 
Hb level was between 83g/l and 102 g/l, between 27 and 65% of the patients 
were treated with epoetin. For those who had been dialyzed for at least 6 
months, epoetin was used by between 83 and 94%, reaching a mean Hb level 
greater than 110 g/l in between 23 and 77% of the patients. 

Effects of epoetin treatment in chronic kidney disease
Quality of Life 
Ever since the introduction of epoetin in the treatment armory for CKD pa-
tients, numerous studies on the impact of QoL have been undertaken. These 
investigations have almost consistently found an improvement in QoL when 
epoetin treatment has been instituted. Improved KDQ and SIP in HD pa-
tients were found in a randomized trial in Canada [CESG 1990]. Moreno et 
al. noted in a prospective study using SIP and the Karnofsky index 
[Karnofsky and Burchenal 1949] that QoL improved in HD patients when 
hematocrit was increased from 21 to 29% with epoetin treatment [Moreno et 
al, 1996a]. Using the Karnofsky index and SIP, a Spanish multicenter study 
comprising 1 000 HD and peritoneal dialysis (PD) patients showed that ane-
mia had a substantial influence on QoL [Moreno et al, 1996b]. By using SF-
36, Beusterien et al demonstrated that vitality, physical function and mental 
health were improved when hematocrit was raised to 30% with epoetin. The 
study evaluated approximately 500 HD and PD patients who began epoetin 
treatment as compared with dialysis patients already on epoetin with hema-
tocrit around 30% [Beusterien et al, 1996]. Several other investigators 
[Eschbach et al, 1989a, Auer et al, 1992, Muirhead et al, 1992, Barany et al, 
1993] have also reported improved QoL when Hb has been increased to sub-
normal levels. 
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One meta-analysis reviewed the impact of hematocrit level on health-
related QoL when CKD patients were treated with epoetin [Ross et al, 2003]. 
Data from 16 prospective studies until the year 2001 comprising 2 200 pa-
tients were pooled. Validated QoL instruments of both generic and disease- 
specific type had been used. Hematocrit was increased from 24 to 32% and 
meta-analysis showed significant improvement for overall QoL when epo-
etin treatment had been instituted. There was also a significant positive cor-
relation between hematocrit and change in QoL. One weakness of this meta-
analysis is that it also included uncontrolled studies. Likewise, another re-
cently published meta-analysis included 11 uncontrolled and 5 controlled 
prospective studies in CKD patients being treated with epoetin alfa until the 
year 2000. Hb level increased from approximately 75 g/l to 105 g/l after 
epoetin intervention. Validated QoL instruments (Karnofsky scale, SIP and 
KDQ) had been used. The Karnofsky scale and KDQ increased and SIP de-
creased significantly, meaning that QoL improved when epoetin alfa was 
used [Jones et al, 2004]. A meta-analysis undertaken by the Cochrane Renal 
Group, evaluating the effect of different Hb targets in anemia treatment in 
CKD patients, included only randomized, controlled trials [Strippoli et al, 
2004]. QoL was one of a number of different outcome measures included in 
the analysis. In the investigators opinion QoL could not be evaluated ade-
quately because of the use of non-validated QoL instruments or the wide 
variability in outcome assessment.   

Cardiovascular effects 
Soon after the introduction of epoetin treatment in CKD patients, researchers 
began to investigate cardiac function. Most studies have been undertaken in 
HD patients; moreover, the majority of these studies have been observa-
tional. Studies assessing cardiovascular effects of epoetin treatment usually 
include echocardiography. Already in 1989 a reduction in left ventricular 
mass index (LVMI) was reported in 9 HD patients when Hb was raised from 
68 g/l to 106 g/l [London et al, 1989]. As expected, cardiac output decreased 
and the TPRI increased. Another early study in 10 HD patients observed a 
30% decrease in left ventricular mass (LVM), whereas Hb was increased 
again, from very low levels (68 g/l) to 108 g/l [Macdougall et al, 1990]. Por-
toles et al observed 11 pre-dialysis patients who were treated with epoetin, 
increasing Hb from 90 g/l to 117 g/l [Portoles et al, 1997]. Cardiac output 
(CO) decreased, whereas TPRI increased. LVMI decreased significantly 
from 178 g/m2 to 147 g/m2. Residual renal function did not deteriorate dur-
ing the study though blood pressure increased.  

The increasing interest regarding the connection between anemia and 
CHF, frequently coupled to CKD, has resulted in several observational stud-
ies indicating that anemia is very common in severe CHF and that CKD may 
be underdiagnosed in CHF [Silverberg et al, 2001, Silverberg et al, 2003]. 
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The correction of anemia with epoetin reduces the symptoms and hospitali-
zations that are caused by CHF, while there is a trend of attenuated or at 
least stable renal function. These promising results deserve close attention in 
larger randomized trials.  

Epoetin treatment preceding renal transplantation 
Patients receiving a renal graft before the introduction of epoetin were in 
general very anemic. This was at first believed to be beneficial for graft 
function, because of hemodilution [Jacobsson et al, 1989] and protection 
against ischemic damage to the tubular cells [Rajagopalan et al, 1983, Hell-
berg et al, 1990] caused by erythrocyte trapping on reperfusion [Mason 
1986]. In fact, delayed onset of graft function had also been observed 
[Schmidt et al, 1993] and the risk of graft thrombosis was suggested 
[Wahlberg et al, 1988, Zaoui et al, 1988] by epoetin treatment. Furthermore, 
the erythropoietin-mediated improvement in platelet function [Tang et al, 
1998] and immune function [Imiela et al, 1993, Gafter et al, 1994] could be 
factors predisposing to thromboembolic events and graft rejection. On the 
other hand, negative effects on graft function by pre-transplant epoetin 
treatment aiming at subnormal Hb levels could not be found in other studies 
[Paganini et al, 1989, Sundal et al, 1991, Linde et al, 1992b]. Hb normaliza-
tion in patients awaiting renal transplantation has not been evaluated earlier. 
Because epoetin treatment aiming at normal Hb levels in CKD patients could 
be beneficial, it is of crucial importance to examine potentially negative ef-
fects on graft function by this intervention. 

Hemodialysis adequacy
Morbidity and mortality in HD patients remain very high [USRDS 2003]. 
The dialysis dose is one of several factors that contribute to this. Inadequate 
dialysis is associated with increased morbidity and mortality [Collins et al, 
1994, Parker et al, 1994], but how much dialysis that is adequate is a matter 
of debate [Eknoyan et al, 2002].  

The dialysis dose is defined as the amount of urea removed during one di-
alysis session. Urea, which is a small molecular weight solute of 60 D, is 
easily removed by diffusion and convection through the dialysis filter. This 
urea clearance is commonly reported either as the urea reduction ratio (URR) 
or Kt/V. The URR formula is simple to use but has several limitations: it 
does not account for urea generation during dialysis, for the convective ef-
fect of ultrafiltration or for rebound of urea from the tissues.  

The concept of Kt/V was developed 1985 after publication of the NCDS 
study [Lowrie et al, 1981], where a correlation between dialysis dose and mor-
tality was found. K is the urea clearance (ml/min), t is the duration of dialysis 
(min) and V is the distribution volume of urea [Gotch and Sargent 1985]. 
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Different formulas have been created in an effort to avoid the cumber-
some procedure of collecting all spent dialysate for urea measurement. Two 
formulas are currently recommended [Eknoyan and Levin 2001]. In the sin-
gle pool Kt/V [Daugirdas 1993] urea is presumed to be contained in one 
compartment, a vascular pool. Equilibrated Kt/V [Daugirdas et al, 1997] 
assumes that urea is harbored in two compartments, one vascular and one 
tissue-bound, leading to a rebound of urea postdialysis from the tissue com-
partment. According to current guidelines, URR should be at least 65%. 
Recommended spKt/V is at least 1.2 and recommended eKt/V at least 1.00-
1.05 [Eknoyan and Levin 2001]. 

In order to change the dialysis dose, changes can be made in dialysis time, 
type and size of dialysis filter, blood pump flow or dialysate flow. Other 
factors that can influence Kt/V are access recirculation and cardiopulmonary 
recirculation of AV-fistulas, as well as lower blood pump flow or less dialy-
sis time than prescribed. 

When epoetin was introduced, there was some fear that dialysis adequacy 
would decrease and that the rising hematocrit in conjunction with ultrafiltra-
tion and postdialysis hypotension could cause thromboembolic disasters and 
access complications [Shinaberger et al, 1988]. In addition, there has been 
concern about reduced clearance not only of urea, but particularly potassium 
and phosphate. The equilibration rate from the increased number of red 
blood cells to plasma is slow for both solutes and a rise in serum potassium 
and serum phosphate may ensue. Most of the small observational studies that 
were performed indicated a lower dialyzer clearance when epoetin treatment 
was instituted [Buur and Lundberg 1990, Lim et al, 1990, van Geelen et al, 
1991, Nand et al, 1996], although not all studies [Delano et al, 1990, Kaupke 
et al, 1990]. The effect of Hb normalization on HD adequacy has not been 
examined. 

Hemorheology 
Epoetin treatment in CKD patients does not lead to changes in plasma vis-
cosity [Koppensteiner et al, 1990, Brown et al, 1991, Macdougall et al, 1991, 
Linde et al, 1992a] or erythrocyte aggregation tendency [Barbas et al, 1989, 
Lerche et al, 1989]. However, the BV, being mainly determined by the he-
matocrit, is increased [Schaefer et al, 1988, Macdougall et al, 1991, Linde et 
al, 1992a]. Changes in erythrocyte deformability have been inconsistent, 
where impairment [Linde et al, 1992a], improvement [Meier W et al, 1991, 
Schmidt et al, 1991] and no change [Macdougall et al, 1991, Biesma et al, 
1994] have been observed. A decrease in erythrocyte deformability could be 
explained by epoetin effects on the calcium homeostasis of the red blood cell 
[Murakami et al, 1986], which also is related to hypertension [Linde et al, 
1994]. The effects of hemoglobin normalization with epoetin on hemorheol-
ogy have not been examined. 
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Effects of epoetin treatment in chronic kidney disease 
aiming at hemoglobin normalization
Quality of Life 
When the effect of epoetin on QoL was first investigated, target Hb was in 
the subnormal range, most often below 110 g/l. This treatment goal was 
probably adopted because the first epoetin trials [Winearls et al, 1986, 
Eschbach et al, 1987] were aimed at subnormal Hb levels and because there 
were initial reports of side effects, such as hypertension, seizures and in-
creased frequency of vascular access thrombosis. The considerable cost of 
the drug and the remarkable effects on QoL reported already when Hb was 
raised from very low to subnormal levels, may have been contributory 
causes. However, a logical conclusion is to test the hypothesis that normali-
zation of Hb further improves QoL.  

The effect of Hb normalization on QoL variables had first been tested al-
ready in 1993 in a small uncontrolled study evaluating only 10 patients in 
which hematocrit levels were raised to 42% with epoetin and QoL was im-
proved [Eschbach et al, 1993]. The large, randomized US normal hematocrit 
trial in HD patients with significant cardiac disease, a study not included in 
the recent QoL meta-analyses [Ross et al, 2003, Jones et al, 2004], included 
QoL evaluation using SF-36. The investigators found an improvement in the 
physical function score by 0.6 points for every percentage point increase in 
hematocrit [Besarab et al, 1998]. A smaller, randomized cross-over study in 
14 HD patients resulted in a better QoL (lower SIP total score) for patients in 
the group with Hb 140 g/l than for patients in the group with Hb 100 g/l 
[McMahon et al, 2000]. Foley et al. investigated QoL in a randomized study 
of 146 patients, aiming at Hb levels of  either 100 g/l or 135 g/l [Foley et al, 
2000]. Significant improvements were found in KDQ regarding fatigue, 
depression and relations with others, but the SF-36 and Health Utility Index 
[Feeny et al, 1992] did not change. In a Spanish prospective, uncontrolled 
study in 156 HD patients without a significant cardiovascular risk profile Hb 
was raised from 102 g/l to 125 g/l [Moreno et al, 2000]. The total SIP score 
became lower and the Karnofsky scale score increased, indicating an im-
provement in QoL. Recently, Parfrey et al. reported in abstract form a ran-
domized study investigating QoL in almost 600 HD patients without symp-
tomatic cardiac disease [Parfrey et al, 2004]. The treatment arm achieved a 
Hb level of 131 g/l, which resulted in a transient increase of the SF-36 score, 
whereas the SF-36 score decreased in the control arm with a subnormal Hb 
level.
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Cardiovascular effects 
Studies on the cardiovascular effects of complete Hb normalization with 
epoetin have yilded somewhat mixed results. A couple of smaller, observa-
tional studies in HD patients resulted in a clear decrease in LVMI [Berweck 
et al, 2000, Frank et al, 2004], such that LVH was no longer present when 
Hb had been normalized. Another small, randomized cross-over study gave 
the same result [McMahon et al, 2000], as did an observational study in nine 
pre-dialysis patients [Hayashi et al, 2000]. No large, randomized study has 
demonstrated a clear positive effect, such as regression of LVH. At present, 
the largest randomized study, including echocardiography, investigated the 
effect of Hb normalization in 146 HD patients with asymptomatic cardio-
myopathy [Foley et al, 2000]. Hb was either 100 g/l or 135 g/l. It could be 
concluded that already existing concentric LVH or LV dilatation was not 
improved. However, the results indicated that the development of LV dilata-
tion might be prevented. The by far largest randomized Hb normalization 
trial did not include echocardiographic evaluation, although severe heart 
disease was an inclusion criteria [Besarab et al, 1998]. There was a trend 
towards higher mortality in the normal Hb group, which, however, could not 
be confirmed statistically. The study was terminated prematurely because of 
this trend and because it seemed highly unlikely that any positive effects 
regarding mortality could be achieved. Both of these studies included pa-
tients with significant cardiac pathology, raising the question of whether  
complete anemia correction is unable to reverse already existing LVH and/or 
LV dilatation, i.e. if treatment is instituted too late. Subsequently, 155 pre-
dialysis patients with echocardiographically normal LVMI were randomized 
to keep Hb at an almost normal level or a subnormal level [Roger et al, 
2004]. The achieved Hb turned out to be 121 g/l and 108 g/l for normal and 
subnormal levels, respectively. No change was seen in LVMI at follow-up. 
These results are hampered by the small Hb difference between the groups, 
although a per protocol analysis reportedly showed an increase of LVMI in 
the low Hb group. Obviously, there is a need for further investigation of a 
possible preventive effect on the development of LVH by Hb normalization. 
It appears that this preventive measure, together with other interventions, 
may be necessary in earlier stages of CKD. 
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Aims of the study 

The overall aim of this study was to investigate potentially positive or nega-
tive effects of Hb normalization with epoetin in patients with CKD. The 
specific aims included in this thesis are: 

to evaluate different effects of Hb normalization with epoetin alfa 
in both pre-dialysis and dialysis patients, with special emphasis on 
QoL and safety; 

to examine if pretransplant epoetin treatment aiming at a normal 
Hb concentration had any deleterious effects on renal graft func-
tion;

to analyze if normalization of Hb with epoetin affected the HD ade-
quacy as measured by Kt/V; 

to explore how complete normalization of Hb affects hemor-
heological and hemodynamic variables in pre-dialysis patients; and 

to investigate cardiac autonomic function in pre-dialysis patients 
and if Hb normalization would attenuate HRV. 
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Material and methods 

Patients
The main trial (Paper I) 
Sixty-two Scandinavian hospital centers in Sweden (48), Norway (8), 
Finland (5) and Iceland (1) participated in this multicenter, randomized, 
open-label trial in 416 patients with CKD and renal anemia. Enrollment took 
place between 1995 and 1996. The patients were stratified into three groups: 
pre-dialysis (n=72), HD (n=293) and PD (n=46) patients. The pre-dialysis 
patients had to have serum creatinine above 300 µmol/L or creatinine clear-
ance below 20 mL/min and they were not expected to become dialysis-
dependent within 1 year. All patients had to have Hb values in the subnormal 
range (90-120 g/L) for at least 3 months before entering the study.  

As a result of the premature termination of the American normal hema-
tocrit trial [Besarab et al, 1999], this study was temporarily stopped in 1996 
for an interim safety analysis. An amendment to the protocol was made that 
added new exclusion criteria: angina pectoris and/or CHF corresponding to 
New York Heart Association classes III and IV; history of coronary-artery 
by-pass grafting and/or percutaneous transluminal coronary angioplasty <2 
years ago; history of transmural myocardial infarction <3 years ago; and 
permanent atrial fibrillation or uncontrolled arterial hypertension. In total, 33 
patients were excluded for this reason 

Renal transplantation outcome (Paper II) 
Fifty-six dialysis patients participating in the main trial received a renal graft 
at six transplant units during the observation time. They were subsequently 
excluded from the main trial and entered this substudy. Eight patients (14%) 
had PD while the rest had HD. 
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Hemodialysis adequacy (Paper III) 
Thirty-three HD patients participating in the main trial were recruited con-
secutively from seven HD units in Sweden and one in Finland to this 
substudy.  

Hemorheology and hemodynamics in pre-dialysis patients
(Paper IV) 
From the main trial, 12 pre-dialysis patients at one hospital center (with re-
sources for hemorheological measurements) were recruited consecutively. 
Only patients that had been randomized to the normal Hb group were inves-
tigated. The hemorheological variables were compared with those from 12 
apparently healthy volunteers from the medical staff that were matched ac-
cording to age and gender.  

Cardiac autonomic function (Paper V) 
 In a separate pilot study 17 non-diabetic patients with severe CKD not yet 
on dialysis were included. They were consecutively recruited from the out-
patient clinic at the renal unit in Uppsala. Inclusion criteria were CKD with 
reduced GFR not expected to become dialysis-dependent within the maxi-
mum study period of 7 months and that the Hb level had to be below 115 g/L 
for at least 3 months before study start without EPO treatment. Diabetics 
were excluded, as well as patients with absence of sinus rhythm on ECG and 
patients with significant cardiac disease. A reference group of 16 persons 
consisting of hospital staff without known impairment of renal function were 
included for baseline comparisons. This group was matched for gender, age 
and the use of antihypertensive medication (ß-receptor blockers or calcium 
channel blockers of non-dihydropyridine type). 
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Study design 
The main trial (Paper I) 
The patients in the three groups (pre-dialysis, HD, PD) were randomized to 
either a normal Hb group (N-Hb) or a subnormal Hb group (S-Hb). The N-
Hb group (n=216) received rhEPO (epoetin alfa) to achieve Hb levels of 
135-150 g/L in females and 145-160 g/L in males. The target Hb level in the 
S-Hb group (n=200) was 90-120 g/L with or without EPO treatment (Figure 
1). The study duration was extended from 48 to 76 weeks in Sweden because 
of a slower rise in Hb concentration than anticipated but, because the with-
drawal rate was high, results at week 48 are presented for most variables. 
Epoetin alfa was administered subcutaneously and the dose adjusted accord-
ing to the response in Hb values and reticulocyte count. Epoetin alfa was 
administered subcutaneously and the dose adjusted according to response in 
Hb values and reticulocyte count. Patients randomized to N-Hb not already 
receiving epoetin, initially received 50 U/kg of epoetin alfa 3 times weekly. 
For patients already receiving epoetin, the initial dose increment was 50%. 
The dose was increased by 25% if reticulocytes had not increased by 75% 
after 2 weeks of treatment. Epoetin alfa was increased by a further 25% if 
the increase in the Hb level was <10 g/l after 4 weeks. The dose was then 
adjusted every 2 weeks, aiming at a monthly increase in Hb of 10-15 g/l, to 
reach the target Hb level within 3 months. All patients in papers I-IV were 
treated with epoetin alfa according to these principles. Patients received iron 
supplementation with oral ferrosulphate or intravenous iron sucrose to keep 
transferrin saturation >20% and serum ferritin levels between 400-800 mg/l 
during the correction phase and >250 mg/l during the maintenance phase. 

Figure 1. Study design of the main trial
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N-Hb (135-160 g/L)
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Renal transplantation outcome (Paper II) 
Thirty-two patients randomized to the N-Hb group and 24 patients random-
ized to the S-Hb group in the main trial received a renal transplant. They 
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were followed for 6 months after transplantation. Immunosuppressive ther-
apy, thrombosis prophylaxis and rejection therapy were given according to 
local protocols. Almost all patients (93%) were treated according to a cyc-
losporine-based immunosuppressive protocol. EPO treatment was discontin-
ued at the time for transplantation.

Hemodialysis adequacy (Paper III) 
Eighteen patients randomized to the N-Hb group and 15 patients randomized 
to the S-Hb group were investigated. 

Hemorheology and hemodynamics in pre-dialysis patients
(Paper IV) 
Hemorheological and hemodynamic investigations were made in 12 patients 
at baseline and after 24 and 48 weeks when Hb had been normalized. This 
was an uncontrolled study. 

Cardiac autonomic function (Paper V) 
The first 14 patients started EPO treatment with epoetin alfa at baseline, 
whereas the last three started with darbepoetin alfa because epoetin alfa was 
contraindicated for subcutaneous use in the year 2002, following reports of 
an association between pure red cell aplasia and subcutaneous administration 
of epoetin alfa in renal patients [Casadevall et al, 2002, Eckardt and Casade-
vall 2003]. After a baseline period of 1 month a 24-hour Holter ECG was 
recorded and an echocardiogram was obtained and epoetin treatment started. 
The starting dose of epoetin alfa was 25-50 U/kg once weekly s.c. and of 
darbepoetin alfa 0.45 µg/kg once weekly s.c. The dose was adjusted accord-
ing to Hb values and reticulocyte counts. The titration phase was estimated 
to be between 3 and 5 months. When the target Hb level of 135-150 g/L had 
been reached there was a maintenance phase of 1 month until the follow-up 
Holter ECG recording was made. Iron supplementation was given with pero-
ral ferrosulphate. Antihypertensive medication was quantified according to 
the recommended daily doses in the product monograph of each drug. Indi-
viduals in the reference group did 24-hour Holter ECG for baseline reference 
and their BMI, blood pressure and possible antihypertensive medication 
were recorded. 
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Evaluations
The main trial (Paper I) 
QoL was assessed in the 253 Swedish dialysis patients at baseline and after 
48 weeks using a Kidney Disease Questionnaire (KDQ part 1 and 2) 
[Laupacis et al, 1992]. In part 1 the patients selected the 6 most troublesome 
physical symptoms at baseline from a predefined list of 30 and made a new 
rating of these symptoms after 48 weeks. In part 2 of the KDQ scales the 
patients made a rating on a scale from 1 (severe problem) to 7 (no problem) 
to assess fatigue, depression, frustration and relationships with others.

Renal function in pre-dialysis patients was estimated by GFR assessment 
at baseline and after 48 weeks by local routine methods: endogenous 
creatinine clearance (24-hour urine collection), iohexol clearance or Cr-
EDTA clearance. 

A number of different safety outcome measures were recorded. Adverse 
events and serious adverse events (SAE), number of days of hospitalization 
and sick leave were regularly monitored. Thrombovascular events (TVE) 
and vascular access thrombosis (VAT) were recorded and categorized cen-
trally by one coordinator based on WHO classification. The doses of heparin 
and low molecular weight heparin at HD were recorded. Blood pressure 
readings were taken and blood specimens drawn from HD patients before 
midweek HD sessions. Blood pressure was measured after >10 minutes rest 
in the supine position at baseline and after 3, 6, 12 and 18 months. Anti-
hypertensive medication was modified as necessary. The amount of anti-
hypertensive medication was estimated using a daily defined dose of an anti-
hypertensive drug according to the dosing guidelines issued by the Medical 
Products Agency of Sweden. The causes of death were registered based on 
clinical diagnosis and/or autopsy (in 24 cases). Cardiovascular causes in-
cluded myocardial infarction, atherosclerotic disease of the coronary arteries, 
aorta and peripheral arteries, CHF, sudden death and cerebrovascular dis-
ease. Non-cardiovascular causes included sepsis/infection, uremia and ma-
lignancy. 

Renal transplantation outcome (Paper II) 
Time on dialysis and time in the main trial before transplantation, cold 
ischemia time, donor age, previous transplants, blood pressure and anti-
hypertensive therapy were recorded. Biochemical variables, the need for 
postoperative blood transfusions, the number of acute rejections and throm-
boembolic complications, the length of hospital stay and mortality were fol-
lowed during 6 months.   
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Hemodialysis dialysis adequacy (Paper III) 
HD adequacy was calculated using: 

1. URR = 100 x (1 – post-dialysis s-urea/pre-dialysis s-urea) 

The second generation logarithmic estimates of single-pool variable volume 
Kt/V [Daugirdas 1993].   

2. Single-pool Kt/V [Daugirdas 1993]: 

spKt/V = - ln (R – 0.008 x t) + (4 – 3.5 x R) x UF/W 

R = post-dialysis s-urea/pre-dialysis s-urea       
0.008 x t = formula to account for urea generation during dialysis 
UF = ultrafiltration (liter) 
W = weight (kg) 
(4 – 3.5 x R) x UF/W = formula to account for urea loss by UF 

3. Equilibrated Kt/V (accounting for urea rebound) [Daugirdas et al, 
1997]: 

eKt/V = spKt/V – 0.6 x (spKt/V)/hours + 0.03 

Measurement of Kt/V was performed twice at baseline and twice at fol-
low-up. Follow-up measurements were made once normalized Hb concentra-
tions had been achieved in the normal Hb group, and after a minimum of 1 
month in the subnormal Hb group.  At the same time as these measurements, 
nutritional status was assessed by measuring the normalized protein cata-
bolic rate (nPCR) according to the formula established by Gotch [Gotch and 
Sargent 1985]. 

The recorded variables were duration of dialysis, time between baseline 
and follow-up HD, number of dialyses per week, type of dialyzer (either 
low-flux or high-flux, defined as an ultrafiltration coefficient below or above 
15 mL/h/mmHg, respectively), blood flow rate, dialysis time, dose of epo-
etin alfa (units/kg/week subcutaneously), dose of dialysis anticoagulation 
drug (heparin or low-molecular weight heparin), ultrafiltration volume, dose 
of potassium-lowering sodiumpolystyrenesulphonate and calcium-containing 
phosphate binding drugs. A change in dialysis time, blood pump flow or 
dialysis filter during the study would lead to study exclusion.  
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Hemorheology and hemodynamics in pre-dialysis patients
(Paper IV) 
For the hemorheological evaluation, blood samples were collected in hepa-
rin-coated tubes and tested within half an hour. BV, PV, erythrocyte fluidity 
and erythrocyte aggregation were assessed at 37°C in a low shear rotational 
viscometer (Contraves AG, Zürich, Switzerland). PV was analyzed at a shear 
rate of 38 s-1 and apparent BV at 100 s-1 at native hematocrit. BV was also 
standardized to hematocrit 45% and PV 1.31 (our reference value) by a for-
mula established earlier in a reference group comprising 48 women and 35 
men [Sandhagen 1989]. This standardized whole blood viscosity (BVST) 
was calculated as follows: 

(4.63 + BV(measured) - (10 0.0122•Hct+0.117))•1.31/PV(measured) 

As suggested by the International Committee for Standardization in Hae-
matology (ICSH) [1986], erythrocyte aggregation tendency was analyzed as 
BV at shear rate 1.00 s-1 (interpolated from measurements at 1.285 and 0.945 
s-1) and corrected for hematocrit and PV. Erythrocyte fluidity, a measure of 
erythrocyte deformability, was, as suggested by the ICSH [1986] and evalu-
ated by Stäubli [Stäubli et al, 1986], measured by bulk viscometry at a low 
shear rate (1.0 s-1, interpolated as above) as the reciprocal apparent viscosity. 
Before measurement the erythrocytes were separated from the plasma by 
centrifugation and resuspended to a hematocrit of 55% in isotonic phos-
phate-buffered saline at pH 7.4.

To make hemodynamic evaluations Doppler echocardiography was per-
formed with a Hewlett-Packard Sonos 1500 cardiac ultrasound unit (Hew-
lett-Packard, Andover, MA, USA). A 2.5 MHz transducer was used for the 
pulsed-wave (PW) Doppler examinations. Left ventricular outflow tract 
(LVOT) diameter was determined from a parasternal long-axis view, while 
the subaortic flow velocity integral (FVI) was determined from the apical 
window, with the sample volume at approximately the same level as the 
diameter measurement. From these two variables, stroke volume (SV) was 
calculated as ( •LVOT²/4)•FVI. CO was calculated as SV•heart rate (HR). 
To adjust for differences in body constitution, CO was divided by body sur-
face area (BSA) to give the cardiac index (CI). TPRI was calculated from the 
mean arterial pressure (MAP) and CI as 80•(MAP-3)/CI. LVMI was meas-
ured in M-mode according to the guidelines of the American Society of 
Echocardiography [Sahn et al, 1978]. LVM was calculated according to a 
formula described by Deveraux et al [Devereux 1987] and normalized to 
BSA. LVH was judged to be present if LVMI exceeded 134 g/m2 in men and 
110 g/m2 in women. 
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Cardiac autonomic function (Paper V) 
Ambulatory ECG recordings for 24 hours were made with a Marquette Se-
ries 8500 Holter recording system (GE Medical Systems, Wisconsin, IL, 
USA). During 2003, these tape recorders were replaced by digital recorders. 
Holter monitoring of subjects in the reference group was subsequently made 
with SEER® light recorder (GE Medical Systems). All recordings were ana-
lyzed using a MARS® version 6.0 (Multiparameter Analysis and Review 
System) on a MARS® PC workstation (GE Medical Systems). An automatic 
analysis was made to classify QRS morphology, to distinguish normal and 
non-normal QRS complexes and to identify normal sinus rhythm in order to 
exclude ectopic beats and arrhythmias that would interfere with HRV analy-
sis. The excluded RR interval quotas were <0.80>1.20 and the excluded RR 
intervals were <150 ms>5000 ms.  

The following time domain analysis of RR variability was calculated: the 
standard deviation of all normal RR intervals in the entire 24-hour electro-
cardiogram (SDNN, ms); the standard deviation of the average normal RR 
intervals in all 5-minute segments in 24 hours (SDANN, ms); the average of 
the standard deviations of normal RR intervals in all 5-minute segments in 
24 hours (ASDNN, ms); the square root of the mean of the squared differ-
ences between adjacent normal RR intervals over the 24-hour recording 
(rMMSD, ms); the percentage of differences between adjacent normal RR 
intervals that are >50 ms computed over the entire 24-hour ECG recording 
(pNN50, %); and the mean normal-to-normal RR intervals in 24 hours 
(mean NN, ms).  

For frequency domain analysis, spectral power was quantified by the fast 
Fourier transformation method for the following frequency bands: the very 
low frequency energy in the power spectrum 0.0033-0.0400 Hz (VLF, ms2);
the low frequency energy in the power spectrum 0.0400-0.1500 Hz (LF, 
ms2); the high frequency energy in the power spectrum 0.1500-0.400 Hz 
(HF, ms2); the total power spectrum of 0.0033-1.7070 Hz; and the ratio of 
low to high frequency power (LF/HF ratio) [Heart rate variability 1996]. 

Statistical methods 
The main trial (Paper I) 
It was calculated that 60 patients in each treatment group were needed to 
detect a 30% improvement in exercise test capacity with a power of 90% at a 
significance level of 5%, assuming that SD was ±30% and that 25% would 
become withdrawals. It soon became apparent that many patients were un-
able to perform an exercise test making the evaluation of this variable im-
possible in a controlled trial. Therefore an additional 180 patients were in-
cluded to form a database for safety evaluation of 300 patients. Because of a 



30

high withdrawal rate, slower increase in Hb values than anticipated, and to 
compensate for withdrawals that were caused by the new exclusion criteria 
in the amendment, an additional 116 patients were recruited. In the QoL 
analyses the Wilcoxon rank-sum test adjusted for baseline values was used 
to compare changes from baseline to week 48 between treatment groups. 
Comparison of mortality, TVE and SAE between treatment groups were 
performed using a respective logistic regression analysis model that included 
the following variables: dialysis or pre-dialysis patient, age, gender, CHF, 
ischemic heart disease, peripheral vascular disease, atrial fibrillation, valvu-
lar disease, diabetes, cancer, hypertension, increased blood pressure, albumin 
and platelets. All variables with a p-value below 0.2 in the univariate analy-
ses were tested for inclusion in the final model in a stepwise forward man-
ner. The final model included variables or interactions terms with p-values 
of 0.05 or less. Treatment group was included in the model regardless of p-
value. Odds ratios with 95% confidence intervals were calculated. The esti-
mated cumulative hazard (probability of death) is presented in Kaplan-Meier 
curves. All other efficacy and safety variables were tested by Student’s t-test, 
Wilcoxon rank-sum test or Fisher's exact test as appropriate. The level of 
statistical significance was 5%. All analyses were conducted on an intent-to-
treat basis. In addition, an analysis was made with the “last observation car-
ried forward,” i.e. the last observed value of the withdrawals was used as the 
final value, thereby including all participating patients in the calculations. 
Another analysis evaluated efficacy vs. effectiveness (per protocol) by creat-
ing subsets of patients that had reached the target Hb level in the respective 
group. In all statistical analyses the software SAS® System version 6.12 for 
Windows was used. 

Renal transplantation outcome (Paper II) 
Values are given as means ±SD in the text and tables and as means ±SE in 
the figures. The statistical package StatView (Abacus Concepts, Inc, Berke-
ley, CA, USA) for Macintosh computers was used. Unpaired two-tailed t-
tests, chi-square test and stepwise multiple-regression analysis were used. 
Mean values of non-normally distributed variables were compared by Wil-
coxon signed-rank test. The level of statistical significance was set at 
p<0.05.

Hemodialysis adequacy (Paper III) 
With the exception of C-reactive protein, all data are expressed as means 
±SD. Baseline and follow-up values were compared using a paired Student’s 
t-test with a significance level of 5%.  C-reactive protein concentrations are 
presented as median values and their statistical significance was tested with a 
non-parametric method (Wilcoxon signed-rank test). To calculate the coeffi-
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cient of variation of Kt/V factorial ANOVA was used at baseline and follow-
up. In all statistical analyses the software StatView® 5.0.1 for Windows 
(SAS Institute, Inc.) was used. 

Hemorheology and hemodynamics in pre-dialysis patients
(Paper IV)
Within-patient changes from baseline were tested for statistical significance 
with analysis of variance (ANOVA) for repeated measurements. Data are 
therefore presented for the eight patients that completed all measurements. 
Because of the treatment failures, we made additional analyses by imputa-
tion for the final missing measurements with either the ‘last observation 
carried forward’ or the ‘worst case’ in order to include all 12 patients in the 
calculations. Comparisons between the patient group and the healthy volun-
teers at baseline were made with the unpaired t-test. A p-value below 0.05 
was considered significant. The software StatView® 5.0.1 for Windows 
(SAS Institute, Inc.) was used for the statistical analyses. 

Cardiac autonomic function (Paper V) 
With the exception of C-reactive protein (presented as median and min – 
max values), all data are expressed as means ±SD.  Baseline and follow-up 
values were compared using paired and unpaired Student’s t-test when vari-
ables were normally distributed. Nonparametric tests (unpaired Mann-
Whitney and paired Wilcoxon signed-rank) were applied in case of non-
normally distributed variables. Fisher’s exact p-value was used to compare 
group differences of nominal variables. A p-value below 0.05 was consid-
ered significant. Regression analyses were made to detect any possible corre-
lation between SDNN and age, BMI, LVMI, GFR, plasma urea, systolic and 
diastolic blood pressure, heart rate, Hb and C-reactive protein. In all statisti-
cal analyses the software StatView® 5.0.1 for Windows (SAS Institute, Inc.) 
was used. 

Ethics
The studies were approved by the Ethics Committees at each hospital center 
(papers I-IV) and the Ethics Committee at the University Hospital of Upp-
sala (paper V). All patients gave written informed consent. 
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Results

The main trial (Paper I) 
A total of 416 patients were enrolled (Table 1). Patient characteristics re-
garding age, gender, weight and the prevalence of diabetes and CVD were 
comparable between the randomization groups and within the three stratified 
patient categories (pre-dialysis, HD, PD). Approximately one-fifth of the 
patients had diabetes and one-third had CVD.

Table 1. Number of included patients 
 N-Hb S-Hb 
Pre-dialysis 36 36 
HD 157 136 
PD 23 23 
Total 216 200 
Completed study (at 
either 12 or 18 months) 96 (44%) 114 (57%) 
Discontinuations 
Transplantation 32 24 
Amendment with new 
exclusion criteria 19 14
Patient request 6 6 
Adverse events/ 
investigators decision 34 15
Death 29 27 
Total number of  
withdrawals 120 86

Anemia treatment 
Target Hb level was reached after approximately 5 months in the N-Hb 
group (Figure 2). The mean weekly doses of epoetin alfa after 12 months 
were 198±148 and 104±155 U/kg/week in the N-Hb and S-Hb groups re-
spectively (p<0.05). After 12 months, 68 and 45% of all patients in the N-Hb 
and S-Hb groups, respectively, were treated with intravenous iron sucrose 
(p<0.05) and the mean doses were 74±64 and 48±63 mg/week in the respec-
tive groups (p<0.05). 
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Figure 2. Mean Hb concentration (±SEM) for pre-dialysis, HD and PD pa-
tients in the N-Hb and S-Hb groups during the study. 

Quality of Life 
The change in KDQ between baseline and after 1 year was compared be-
tween the randomized groups (Table 2). In total, 48% of the patients could 
be evaluated at follow-up. Table 2 shows significantly better results for the 
N-Hb group in this comparison regarding physical symptoms, fatigue, de-
pression and frustration. In general, patients in the S-Hb group worsened, 
whereas patients in the N-Hb group stayed the same or improved over time. 
At week 48, each of the KDQ scores was positively correlated with the Hb 
levels in the N-Hb group (r=0.32-0.37; p<0.02). In a per protocol analysis all 
KDQ variables were significantly better for those in the N-Hb group that 
reached target Hb compared with those who did not (between 0.39 and 0.91 
units better). 
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Table 2. Quality of Life in dialysis patients
 N-Hb (n=129) S-Hb (n=124)

KDQ baseline n=115 n=111
   
Physical symp-
toms

3.83 (1.67-7.00) 4.00 (1.00-7.00) 

Fatigue 4.67 (1.17-7.00) 5.00 (1.00-7.00) 
Depression 5.40 (1.40-7.00) 5.60 (1.60-7.00) 
Frustration 6.00 (3.00-7.00) 6.00 (1.00-7.00) 
Relations 5.17 (1.83-6.67) 5.00 (1.17-6.83) 

Change in KDQ from baseline to 1 year 
n=55 n=62 p-value* 

Physical symp-
toms

0.66 (-1.17-3.00) 0.25 (-1.17-2.66) 0.02 

Fatigue 0.16 (-2.50-2.34) -0.33 (-3.17-2.00) 0.05 
Depression 0.00 (-4.00-2.60) -0.40 (-2.40-2.20) 0.01 
Frustration 0.00 (-1.67-2.34) 0.00 (-2.00-2.00) 0.05 
Relations 0.00 (-2.66-2.67) 0.00 (-2.67-2.33) 0.19 
Values are given as median (min.-max.). Values ranges from 1 to 7, where 1 
is a ‘severe problem’ and 7 is ‘no symptoms’. 
*Wilcoxon rank-sum test.
                                                                                                                                                   

Renal function in pre-dialysis patients 
GFR was estimated in 46 pre-dialysis patients at baseline, and was 16±9 
ml/min/1.73m2 (n=24) and 17±6 ml/min/1.73m2 (n=22) in the N-Hb and S-
Hb groups, respectively. At week 48, GFR was 13±10 ml/min/1.73m2

(n=19) in the N-Hb group and 16±7 ml/min/1.73m2 (n=21) in the S-Hb 
group (p=0.43). 

Blood pressure 
Diastolic blood pressure in pre-dialysis patients was higher in the N-Hb 
group than in the S-Hb group after twelve months (147±21/90±6 and 
148±24/83±11 mmHg; p<0.02). The amount of antihypertensive medication 
was comparable between the treatment groups. 

SAE, thromboembolic complications and mortality 
Multivariate regression analyses showed that belonging to the N-Hb group 
entailed no increased risk in SAE, TVE and mortality (Table 3). Independent 
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risk factors were low baseline albumin, older age, atrial fibrillation and dia-
betes for SAE; older age, hypertension, ischemic heart disease and dialysis 
treatment for TVE; and low baseline albumin, older age and valvular disease 
for mortality. A thrombotic complication (VAT) of the HD access occurred 
in seven (5%) patients in the N-Hb group and three (2%) patients in the S-
Hb group (p=ns). There were no differences in the mean dose of heparin or 
low molecular weight heparin given at HD after 12 months. 

Table 3. Multivariate logistic regression analysis of SAE, TVE and mortality 
 Number (%) Odds ratio 95% confidence 

interval
p-value

S-Hb 97 (49.0) 1.0   SAE
N-Hb 110 (51.2) 1.23 0.81-1.86 0.32 

S-Hb 47 (23.5) 1.0   TVE
N-Hb 56 (25.9) 1.24 0.77-2.00 0.37 

S-Hb 27 (13.5) 1.0   Mortality 
N-Hb 29 (13.4) 1.16 0.63-2.11 0.63 

There was no significant difference in mortality between the treatment 
groups when causes of death were divided between cardiovascular and non-
cardiovascular causes. The cumulative mortality for HD patients during 12 
months, as depicted in the Kaplan-Meier curves in Figure 3, did not differ 
between the N-Hb and S-Hb groups by log rank test (p=0.50). 
The cumulative probability of death in the N-Hb group was higher for those 
that did not reach Hb target (<135 g/l) compared with the patients that 
reached the Hb target (p=0.032 by log rank test). The doses of intravenous 
iron sucrose were comparable for survivors and non-survivors in the N-Hb 
and S-Hb groups.  
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Figure 3. Probability of death for HD patients until week 48. 

Calculations that are due to the high withdrawal rate 
Analyses with the ‘last observation carried forward’ were made for several 
observations. This type of analysis showed consistency with the findings that 
the Hb level, the epoetin dose and the i.v. iron dose were higher in the N-Hb 
group; that the changes in KDQ variables fatigue and depression persisted; 
and that the increase in diastolic blood pressure in the N-Hb group remained. 
The ‘per protocol’ analysis revealed that all KDQ variables were better for 
those in the N-Hb group that reached target Hb compared with those that did 
not (between 0.39 and 0.91 units); that renal function in pre-dialysis patients 
who reached target Hb was comparable between the treatment groups; and 
that there were no differences in the frequency of TVE and VAT for those 
that reached target Hb.

Renal transplant outcome (Paper II) 
The Hb level remained significantly higher in the N-Hb group compared 
with the S-Hb group during the first 2 weeks after transplantation (Figure 4). 
The need for postoperative blood transfusions was lower in the N-Hb group 
(Table 4). The serum creatinine levels (Figure 5) did not differ at any point 
during the observation time. Approximately 97% of the grafts were function-
ing 6 months after transplantation in both groups. Moreover, there was no 
difference in the frequency of deaths, acute rejections, thromboembolic 
complications and hospital stay between the treatment groups. Finally, the 
donor age was higher in the S-Hb group and was significantly correlated 
with the posttransplant serum creatinine in a regression analysis.  
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Table 4. Characteristics of the transplanted patients and various outcome 
variables after Hb normalization
 N-Hb S-Hb p-value 
Patients (n) 32 24 ns 
Hb (g/L) wk 0 143±17 121±14 0.0001 
Age (yr) 52 (25-68) 51 (27-75) ns 
Dialysis time before tx (mo) 33±46 22±12 ns 
Time in study before tx (wk) 32±18 38±21 ns 
Thrombosis prophylaxis 
postoperative (%) 84 79 ns
Diabetes (%) 13 23 ns 
Blood pressure (mmHg) wk 0 150±19/86±11 149±19/88±11 ns 
Cadaveric donor (%) 94 100 ns 
Donor age (yr) 53 (11-73) 38 (10-76) 0.01 
Cold ischemia time (hr) 16±8 20±8 ns 
Patients requiring
blood transfusions (%) 16 50 0.01
Blood transfusions (U) 0.2 (0-2) 2.14 (0-18) 0.01 
Deaths (%) 9 12 ns 
Acute rejection (%) 38 42 ns 
Thromboembolic complica-
tions (%) 0 8 ns
Hospital stay (days) 26±18 22±13 ns 
Values are given as percentage or means ±SD or range. 
yr=year, wk=week. 
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Figure 4. Mean ±SE of Hb before and at different time points after renal 
transplantation in patients with EPO treatment aimed at reaching normal or 
subnormal Hb before transplantation. Hb was significantly higher in the 
normal Hb group during the first two weeks. 

Figure 5. Mean ±SE of serum creatinine before and at different time points 
after renal transplantation in patients with EPO treatment aimed at reaching 
normal or subnormal Hb before transplantation. No significant differences 
were detected between the two groups. 



39

Hemodialysis adequacy (Paper III) 
Of the initial 18 patients that had been randomized to the N-Hb group, eight 
were excluded from the analysis because of increased dialysis time (5), de-
creased dialysis time (1), change of dialysis filter between measurements (1) 
and missing baseline measurement (1).  In the ‘subnormal’ Hb group one 
patient was excluded out of the initial 15 patients because of change of di-
alysis filter between the two measurements.  The single-pool Kt/V in the 
excluded patients was comparable to that of the study group at baseline 
(1.29±0.19 and 1.26±0.23, respectively, p=ns). Age, body weight, antihyper-
tensive treatment usage, diabetes, CVD, time on HD before study start and 
the use of anticoagulation treatment were comparable between the N-Hb and 
S-Hb groups. Dialysis characteristics, adequacy measurements and selected 
laboratory variables are shown in Table 5. The coefficient of variation for 
Kt/V at baseline was 17.2% and at follow-up 7.9% 

Table 5. Dialysis characteristics, adequacy and laboratory variables
 N-Hb (n=10) S-Hb (n=14) 
 Baseline Follow-up p-value Baseline Follow-up p-value 

Hb (g/L) 110.9±15 142.5±9.5 <0.001 104.5±11 108.5±10.3 ns
Duration
of dialysis 
(min) 

249±42 249±42 ns 233±18 233±18 ns

Blood
flow
(ml/min) 

277±27 274±29 ns 280±53 279±52 ns

UF  (L) 2.38±1.24 2.27±1.43 ns 1.95±0.84 1.98±1.17 ns 
spKt/V 1.25±0.19 1.15±0.13 <0.01 1.26±0.26 1.26±0.28 ns 
eKt/V 1.10±0.17 1.02±0.13 <0.01 1.10±0.23 1.10±0.25 ns 
nPCR
(g/kg/day) 1.03±0.17 1.04±0.39 ns 0.92±0.17 0.92±0.19 ns
Epoetin
(U/kg/wk) 136±133 246±218 <0.05 166±140 185±142 ns
Plasma
potassium 
(mmol/L) 

4.8±0.4 5.0±0.5 ns 4.7±0.6 4.8±0.6 ns

Plasma
phosphate
(mmol/L) 

1.9±0.4 2.0±0.6 ns 1.9±0.6 1.7±0.6 ns

Values are given as means ±SD 
UF=ultrafiltration, spKt/V=single-pool Kt/V, eKt/V=equilibrated Kt/V, 
nPCR=normalized protein catabolic rate 
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Hemorheology and hemodynamics in pre-dialysis patients
(Paper IV) 
Four patients of the initial 12 had to start dialysis after 6 months in the study 
and were thus excluded as treatment failures. The GFR of the eight patients 
that completed the study remained unchanged (31.1±13 mL/min vs
30.8±11.5 mL/min at baseline and after 1 year). In contrast to the reference 
group, the patient group had an impaired hemorheology (Table 6).  

Table 6. Patient characteristics at baseline
 Patient group 

(n=12)
Reference group 

(n=12)
Male/female (n) 8/4 8/4 
Age (years) 58±17 54±7 
Body mass index (kg/m2) 25.7±2.5* 23.5±2.2 
Diabetes n (%) 2 (16%) 0 
Mean arterial pressure (mm Hg) 103.5±9.3** 91.5±7.2 
GFRa (mL/min) 24.4±14.3*** 78.4±12.0 
Hemoglobin (g/L) 115.9±7.8*** 133.3±7.7 
Hematocrit (%) 36.8±3.6*** 41.6±1.7 
Plasma viscosity (mPa•s) 1.34±0.08*** 1.23±0.04 
Whole blood viscosity (mPa•s) 3.79±0.41 4.02±0.27 
Erythrocyte aggregation tendency 1.18±0.15** 1.02±0.08 
Erythrocyte fluidity (1/Pa•s) 95±8* 101±4 
Values are given as means ±SD. 
aGlomerular filtration rate (by the Cockcroft-Gault formula). 
*p<0.05; **p<0.001; ***p<0.0001. 

Hematocrit and BV increased significantly, whereas the other hemorheologi-
cal variables, as well as the standardized BV, remained unchanged when Hb 
was normalized. These results did not change after imputations for the miss-
ing measurements of the terminated patients. Echocardiography revealed that 
58% of the patients had LVH and that there was a decrease in CI and an 
increase in TPRI; however, LVMI remained unchanged (Table 7). 
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Table 7. Hemorheological and hemodynamic variables in the eight patients 
that completed the study
 Week 0 Week 24 Week 48 ANOVA 

p-value
Hemoglobin 
(g/L)

118.3±6.0 147.5±10.1 146.9±8.5 <0.0001 

Hematocrit (%) 37.9±3.0 48.2± 4.0 47.0 ± 3.1 <0.0001
Plasma viscosity 
(mPa•s) 1.35±0.08 1.33±0.08 1.28±0.07 ns
Whole blood 
viscosity (mPa•s) 3.84±0.33 4.85±0.49 4.59±0.40 <0.001
BVSTa (mP•s) 4.60±0.14 4.29±0.33 4.40±0.26 ns 
Erythrocyte ag-
gregation ten-
dency 

1.15±0.12 1.06±0.08 1.10±0.16 ns

Erythrocyte  
fluidity (1/Pa•s) 94±9 88±6 94±9 ns
Epoetin
(U/kg bw/week) 20±46 117±100 95±52 <0.05
CI
(L/min/m2) 2.64±0.57 2.19±0.61 2.19±0.72 <0.05
TPRI
([dyn•s/cm5]•m2) 3270±985 3956±1114 4013±1046 <0.05
LVMI (g/m2) 140.3±24.2 134.8±31.5 133.8±19.1 ns
Mean arterial 
pressure
(mm Hg) 

101.6±8.4 101.5±10.7 100.0±9.9 ns

Values are given as means ±SD. 
aWhole blood viscosity standardized to Hct 45% and plasma viscosity 1.31 
mPa•s. 

The changes in CI and TPRI persisted when imputations for missing meas-
urements were made. The mean number of daily doses of antihypertensive 
medication was found to increase by 30% during the study. 

Cardiac autonomic function (Paper V) 
The patients and the reference group were comparable regarding age, gen-
der, presence of hypertension, use of antihypertensive medication and blood 
pressure (Table 8). Two patients became treatment failures because of start 
of dialysis and were subsequently excluded from the calculations at follow-
up.
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Table 8. Characteristics of the patients at baseline and the reference group at 
baseline
 Patients 

(n=17)
Reference 

group (n=16) 
p-value

Male/female (n) 9/8 9/7 ns 
Age (years) 58.6±20.2 58.4±16.7 ns 
Body mass index (kg/m2) 26.8±4.7 23.4±3.2 <0.05 
Hypertension n(%) 15 (88.2%) 10 (62.5%) ns 
Antihypertensive drugsa

n (%) 
11 (64.5%) 9 (56.3%) ns 

Mean systolic blood 
pressure (mm Hg) 

137.1±24.6 131.8±19.5 ns 

Mean diastolic blood 
pressure (mmHg) 

81.2±12.1 80.9±10.7 ns 

Heart rate/min 73.8±11.1 67.9±7.1 ns 
Values are given as means ±SD.  
aß-receptor blockers or non-dihydropyridine calcium channel blockers. 

Hb was normalized in 17 ± 5 weeks. At follow-up, the epoetin alfa dose was 
81.3±74.5 mg/kg bw/week and the darbepoetin alfa dose was 0.23±0.21 
µg/kg/week. No patient had LVH. Heart rate decreased during the study. 
Further clinical characteristics are shown in Table 9. 
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Table 9. Clinical and laboratory variables and epoetin doses before and after 
hemoglobin normalization
 Baseline 

(n=17)
Follow-up

(n=15)
p-value

Hemoglobin (g/L) 100.7±12.2 142.7±7.0 <0.0001 
Hematocrit (%) 30.7±4.1 43.5±3.0 <0.0001 
Transferrin
saturation (%) 

29.4±9.1 35.6±13.1 ns 

P-ferritin (µg/L) 177.8±114.4 133.0±123.9 ns 
Mean systolic blood 
pressure (mm Hg) 

137.1±24.6 145.9±28.6 ns 

Mean diastolic blood 
pressure (mmHg) 

81.2±12.1 87.8±12.9 ns 

Heart rate/min 73.8±11.1 68.1±10.5 <0.05 
GFRa (mL/min) 24.3±13.9 26.1±18.3 ns 
P-albumin (g/L) 40.0±3.8 39.9±2.0 ns 
C-reactive proteinb

(mg/L) 
10 (5-38) 10 (5-33) ns 

LVMI (g/m2) 101±20.6   
Values are given as means ±SD. 
aGlomerular filtration rate (by the Cockcroft-Gault formula). 
bMedian value (min-max). 

HRV was decreased in the patients compared with the reference group (Ta-
ble 10). When Hb was normalized in the patients, there was an improvement 
in the frequency domain analyses of HRV. There was no correlation between 
SDNN and age, BMI, LVMI, GFR, plasma urea, blood pressure and heart 
rate. There was, however, a tendency that a higher Hb level and a lower C-
reactive protein level were associated with an increased SDNN, but the cor-
relation did not reach statistical significance (p-values 0.0945 and 0.0834, 
respectively). 
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Table 10. Heart rate variability of  the reference group and in anemic 
preuremic patients before and after hemoglobin normalization with epoetin

Reference 
group
(n=16)

Patients
baseline
(n=17)

Patients
follow-up

(n=15)

Time domain measurements 
SDNN ms 147.5±27.2 114.1±39.0* 118.7±33.6 
SDANN ms 128.2±25.2 98.9±37.2* 102.9±33.3 
ASDNN ms 62.7±15.9 48.4±16.6* 52.3±17.4 
rMSSD ms 35.5±13.0 32.7±17.0 34.9±13.9 
pNN50% 12.7±10.2 10.4±10.2 12.1±8.5 
Mean NN ms 891.4±92.8 846.2±115.1 855.5±162.8 

Frequency domain measurements 
VLF ms2 1207.2±594.7 764.4±520.4 926.2±589.7 
LF ms2 717.3±484.5 348.9±347.8* 466.5±432.4 ** 
HF ms2 263.1±327.1 150.5±144.4 201.9±177.1 
Total power ms2 2228.3±1142.4 1301.3±963.6* 1636.4±1087.0** 
LF/HF ratio 3.6±1.8 2.4±1.7* 2.7±2,3 
Values are given as means ±SD. 
*p-value <0.05 for difference between reference group and patients at base-
line (Mann-Whitney test).  
**p-value <0.05 for difference between baseline and follow-up variables in 
the patient group (Wilcoxon signed-rank test). 
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Discussion

The main trial (Paper I)
Several different effects of Hb normalization were investigated in both HD 
and PD patients, as well as CKD patients not yet on dialysis. It appears that 
the positive effect on QoL, which has been described in other studies aiming 
at subnormal Hb concentrations [Beusterien et al, 1996], may be enhanced 
when Hb is increased to normal levels, at least in HD patients. This finding 
is in accord with recent studies regarding Hb normalization [Foley et al, 
2000, McMahon et al, 2000, Moreno et al, 2000]. It also seems that QoL is 
further attenuated when the effectiveness in reaching target Hb is evaluated. 
Another important finding in the present study concerns the safety aspect. 
Because there has been concerns and reports of higher blood pressure [1990, 
Raine and Roger 1991, Vaziri 1999], more frequent VAT [1990, Besarab et 
al, 1998] and possibly increased mortality rate [Besarab et al, 1998], we 
performed a number of analyses in order to examine if normalization of Hb 
exerted any negative or harmful effects. We could not  find any clear nega-
tive effects in that there were no deterioration of residual renal function in 
pre-dialysis patients, no increase in VAT for HD patients and no increase in 
SAE, TVE, morbidity and mortality or probability of mortality for all pa-
tients when Hb was normalized. A substudy of this main trial investigating 
pro-thrombotic effects of Hb normalization could not demonstrate a negative 
effect on blood hemostasis [Christensson et al, 2001]. Neither could we find 
any support for a correlation between serious infections or mortality and 
higher doses of intravenous iron sucrose. There are mechanisms including 
changes in vasopressor activity and vascular remodeling that may promote 
hypertension [Vaziri 1999]. In the present study blood pressure was in-
creased in the pre-dialysis subgroup and it should be concluded that Hb 
normalization may result in the need for intensified antihypertensive therapy, 
although the amount of antihypertensive medication was not increased in the 
N-Hb group.  

Whether the requirement for higher epoetin doses is justified has to be 
balanced against the increase in QoL. Other measures that can optimize epo-
etin treatment, such as parenteral iron supplementation, may be of benefit in 
this context [Besarab et al, 2000]. A cost-benefit analysis was, however, not 
in the scope of the present study but may be an issue for further studies.  

A limitation of this study is the large number of withdrawals. One of the 
reasons to the high withdrawal rate is probably that the patient population 
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with CKD has a very high morbidity and mortality [USRDS 2003], although 
other explanations may not be excluded. The withdrawal rate was higher in 
the N-Hb group, either because of adverse events or to the investigators’ 
decision. This is not necessarily caused by effects of Hb normalization as 
adverse events may be more frequently reported and that action on part of 
the investigator is more common in the treatment arm of an open study. An-
other limitation is that a statistical analysis comparing cardiovascular and 
non-cardiovascular causes of death between the treatment groups cannot be 
made with sufficient power because of the small sample size. The additional 
statistical analyses ‘last observation carried forward’ and ‘per protocol’, 
which were made because of the high withdrawal rate could be regarded as 
complementary analyses to the intention-to-treat model. These analyses did 
not alter our results or conclusions regarding QoL, residual renal function in 
the pre-dialysis patients, SAE, TVE and VAT. In a post-hoc analysis of mor-
tality it appears that a higher Hb may lead to a lower mortality risk because 
the patients in the N-Hb group that actually reached a high target Hb level of 
at least 135 g/l had a significantly lower mortality risk than the patients that 
did not reach this Hb level. A comparable finding was also observed in the 
larger American normal hematocrit trial [Besarab et al, 1998]. Although it 
looks like this striking observation supports higher Hb levels, it does not 
prove that it results in lower mortality rates. Other factors, such as different 
concomitant diseases, may alter the response to epoetin treatment and cause 
this association. Apart from that, the population in the present study may not 
be quite comparable to the one of the American trial in which a larger pro-
portion of patients with cardiovascular disease and diabetes was included. 
This could explain the higher overall mortality rate in that study. 

In summary, normalization of Hb with epoetin alfa in patients with renal 
anemia improved QoL in the subgroup of dialysis patients. On the basis of 
this study and because safety analysis could not demonstrate any major 
negative effects, we conclude that normalization of Hb may be considered in 
many patients with CKD.  

Renal transplantation outcome (Paper II)
The Hb levels immediately after renal transplantation differed significantly 
between the normal and subnormal Hb groups and there was a markedly 
increased need for postoperative blood transfusions in the subnormal Hb 
group compared with the normal Hb group. The proportion of functioning 
grafts, the number of acute rejections and thromboembolic complications 
were comparable between the two Hb groups. Nonrandomized studies have 
only evaluated outcomes of renal transplantation and epoetin treatment 
aimed at considerably lower, subnormal Hb levels, also without finding any 
negative effect on outcome [Paganini et al, 1989, Sundal et al, 1991, Linde et 
al, 1992b].  
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Regarding the effects on the immune system by epoetin [Imiela et al, 
1993], an improved immune response would be expected in this study. How-
ever, the number of acute rejections was not higher in the normal Hb group. 
Because of previous reports regarding the risk for graft thrombosis when 
hematocrit is high [Wahlberg et al, 1988, Zaoui et al, 1988], there was a 
concern about potential thromboembolic complications. In the present study 
there were no such complications at all in the normal Hb group, although the 
great majority of patients in both groups had thrombosis prophylaxis. This 
observation is in concordance with Bakir [Bakir et al, 1996], who were un-
able to find a relation between pretransplant epoetin treatment and graft 
thrombosis.  
We conclude that we were not able to find any deleterious effects on renal 
graft function during the first 6 months after Hb normalization in CKD pa-
tients. The clear reduction in the number of blood transfusions postopera-
tively and the decreased exposure to allogeneic blood may be an advantage 
of normalizing the Hb level. 

 Hemodialysis adequacy (Paper III) 
In comparison with the patient group that was randomized to maintain a 
subnormal Hb level, normalization of Hb with epoetin alfa resulted in a sig-
nificant reduction of 0.1 Kt/V units in HD adequacy. Both single-pool Kt/V 
and equilibrated Kt/V (taking urea rebound into account) were significantly 
reduced. This finding is in accordance with studies that have shown a nega-
tive correlation between Hb level and dialysis adequacy [Lim et al, 1990, 
Movilli et al, 1990, Nand et al, 1996, Schaefer and Schaefer 1996], although 
this is the first study with the same observation after complete Hb normaliza-
tion. It should be noted that the two treatment groups kept the same ultrafil-
tration volume and dose of anticoagulation at both baseline and follow-up 
measurements, which, together with the prerequisite of unchanged blood 
pump flow, filter type and dialysis time, reduce factors other than the hemo-
globin concentration influencing the urea clearance. Although the nPCR is 
relatively low in both groups, it did not change during the study, making it 
less likely that it should have influenced the results. 

The reduction in spKt/V could make a difference in reaching the recom-
mended adequacy target of Kt/V at least 1.2 [NKF-K/DOQI 2001b], mean-
ing that it may be of clinical importance. The relatively high number of with-
drawals limits the power of this study. Still, the fact that almost all with-
drawals were excluded from the normal Hb group because of increased di-
alysis time lends support to the conclusion that Hb normalization exerts a 
negative effect on HD adequacy. The levels of potassium and phosphate, as 
well as the amount of potassium and phosphate lowering medication, re-
mained unchanged. As potassium and phosphate have a low red blood cell to 
plasma diffusion rate [Lim et al, 1990], a reduced clearance of these uremic 
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solutes might have been expected. Again, a larger study population might 
have been able to detect changes in these uremic solutes. 

It is concluded that the reduction in Kt/V in HD patients after Hb nor-
malization may call for an increase in dialysis dose to maintain the same 
dialysis adequacy. 

Hemorheology and hemodynamics in pre-dialysis patients
(Paper IV) 
The hemorheological variables investigated after full correction of renal 
anemia with epoetin alfa demonstrated an increase in BV, which was en-
tirely due to an increase in hematocrit, as BV corrected for changes in hema-
tocrit and PV remained unchanged. No changes were observed in PV, eryth-
rocyte aggregation tendency or erythrocyte deformability. Hemodynami-
cally, there was a reduction in CI and an increase in TPRI, contributing to an 
increase in antihypertensive therapy to keep the blood pressure constant. 
Until now, no one has investigated hemorheological effects of Hb normaliza-
tion and because it is possible that more pre-dialysis patients in the future 
may be treated with epoetin, this is indeed an important safety concern. Al-
though this investigation is of limited size, the results here are still in con-
cordance with other studies showing an increased BV [Macdougall et al, 
1991, Linde et al, 1992a], but no other consistent hemorheological changes 
[Macdougall et al, 1991, Biesma et al, 1994]. The number of treatment fail-
ures could be a source of bias, but by imputation for missing measurements 
we still reached the same results. After 6 months, however, there was a tran-
sient reduction of erythrocyte fluidity.  

Our findings show similar alterations in hemorheological variables as 
those seen in essential hypertension [Linde et al, 1993]. We also noted that 
those patients with severe CKD and who were not yet on dialysis had im-
pairments in their hemorheology at baseline. The normalization of Hb did, 
however, not cause any further deterioration of these variables.  

The mechanism underlying higher blood pressure, or the need for in-
creased doses of antihypertensive medication, may be that the rise in hema-
tocrit causes an increase in TPRI [Pickering 1936]. Other mechanisms, such 
as epoetin effects on vasopressor activity and vascular remodeling [Vaziri 
1999], are also plausible. Another aspect of this potentially negative effect of 
epoetin on the cardiovascular system is that Hb normalization, by decreasing 
CI, may act as a counterweight to this [Macdougall et al, 1990, Pascual et al, 
1992]. The reduction of CI in the present study was not accompanied by a 
decrease in LVH; nonetheless, one could speculate that a lower CI might 
prevent the development of LVH, counterbalancing the increase in TPRI. 
Apparently, treatment strategies aimed at preventing or reducing LVH 
should be focused on the pre-dialysis population. 
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In conclusion, an increase in hematocrit causes an elevation of BV, but no 
other hemorheological changes. The change in BV may be one of the expla-
nations to increased blood pressure when Hb is normalized. However, the 
hemodynamic changes causing a reduction of CI may exert positive effects 
on the development of LVH. 

Cardiac autonomic function (Paper V) 
The most important finding is that the non-diabetic CKD patients with a 
severe reduction of GFR (CKD stage 4) [Levey 2002] had a significantly 
reduced HRV when compared with the reference group without a decrease 
of GFR. This finding indicates that non-diabetic patients with CKD have a 
compromised cardiac autonomic function already before dialysis or renal 
transplantation is instituted. The effect of Hb normalization was accompa-
nied by an improvement in HRV frequency domain variables, pointing to a 
possible reduction of cardiac risk. However, normalization of Hb could not 
fully normalize HRV, in that, compared with the reference group, a signifi-
cant impairment of HRV remained. 

The cardiac autonomic function of CKD patients without diabetes has not 
been studied to our knowledge. It was considered of importance in this study 
to evaluate HRV without the influence of diabetic autonomic neuropathy. A 
possible explanation to the reduced HRV in CKD patients could be the ure-
mic state, where uremic “toxins” cause autonomic neuropathy. In favor of 
such a hypothesis are the results of studies that show a reduced HRV when 
the dialysis dose was increased [Chan et al, 2004] or the Kt/V target was 
raised [Laaksonen et al, 2000]. Apart from that, it is well known that HD 
patients have a worse cardiac autonomic function than pre-dialysis patients 
[Hathaway et al, 1998]. An activated sympathetic nervous system may be 
another cause to decreased HRV [Neumann et al, 2004]. 

The most commonly used HRV variable is the time domain measure 
SDNN, which summarizes all sources of variation in RR intervals over the 
observation period. SDANN measures the slow, long-term variations in RR 
intervals and ASDNN measures the fast, short-term variations in RR inter-
vals. These variables were also those that proved to be significantly different 
when comparing the patient group and the reference group. In comparison 
with the published normal reference value for SDNN of 141±39 ms [Heart 
1996], the SDNN of the patient group in this study (114.1±39.0 ms) is 
clearly lower, although not as low as values reported from patients on HD 
[Hayano et al, 1999, Fukuta et al, 2003] and patients with diabetic neuropa-
thy [Nishimura et al, 2004] or AL amyloidosis [Reyners et al, 2002]. A com-
monly cited level of SDNN is 50 ms, below which it was shown that survival 
was significantly lower after myocardial infarction [Nolan et al, 1998]. It 
seems that the CKD patients in the present study with a severe reduction of 
GFR had a moderately reduced SDNN. 
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The frequency domain measurements of the RR variability in the patient 
group tend to be lower in all frequency ranges, reaching statistical signifi-
cance in LF and total power as well as in the LF/HF ratio comparing patients 
and the reference group. This is not surprising as a high correlation between 
different clusters of HRV variables was shown for SDNN, SDANN and total 
power, as well as VLF and LF power and ASDNN [Bigger et al, 1995]. 
A limitation of this uncontrolled study is the small number of patients. An-
other limitation is that no other tests of autonomic function were done, such 
as a baroreflex sensitivity test and heart rate recovery after exercise, two 
methods that can add information to HRV [Cole et al, 2002]. 

One can speculate about the practical use of adding HRV measurements 
in CKD patients. Apparently, this variable is a strong marker for an in-
creased mortality risk and a low HRV (SDNN for instance) could be a strong 
incitement for aggressively treating well known risk factors for CVD, such 
as anemia, hypertension, hyperlipidemia, calcium-phosphorous derange-
ments in secondary hyperparathyreoidism and maintaining a good dialysis 
adequacy. 

In conclusion, decreased HRV is an independent predictor of sudden car-
diac death after myocardial infarction. In comparison with the reference 
group without decreased GFR, the CKD patients had a moderately reduced 
HRV, indicating impaired autonomic function,. Normalizing Hb in the pa-
tient group with epoetin resulted in an improvement, although not normaliza-
tion, of HRV. The clinical significance of this calls for further investigation. 



51

General Summary 

Anemia has a significant impact on patients with CKD. It reduces QoL and 
contributes to fatigue and decreased physical exercise capacity. It is also 
clear that anemia plays a role in the development and progression of CVD 
and that it may influence the rate of morbidity and mortality. Epoetin treat-
ment results in a big change for CKD patients, who experience a marked 
increase in QoL, without the need for blood transfusions. Nevertheless, the 
optimal Hb level is still a matter of debate. Currently, guidelines recommend 
a Hb level of between 110 and 120 g/l for most patients with CKD, although 
there is some disagreement about an upper limit. This discrepancy stems 
from a lack of large, randomized studies that prove an additional benefit in 
outcome variables, such as increase in QoL or positive effects on cardiac 
function or reduced morbidity and mortality. Safety and cost are additional 
areas of concern. It is noteworthy that the largest randomized trial so far in 
HD patients with advanced cardiac disease  failed to prove any positive ef-
fects on morbidity and mortality by Hb normalization. The present study 
examines the effect of Hb normalization on safety, QoL, graft function when 
receiving a renal transplant, dialysis adequacy, hemorheology and hemody-
namics, as well as cardiac autonomic function in CKD patients. 

In a randomized multicenter study comprising 416 CKD patients without 
severe cardiac disease it was found that Hb reached a normal level by epo-
etin treatment and that QoL improved in HD patients. The mortality risk was 
equal in patients with normal and subnormal Hb levels. There were no in-
creases in thromboembolic events, vascular access related complications or 
SAE. Renal function in the pre-dialysis patients did not deteriorate quicker. 
However, when Hb was normalized, blood pressure seemed to increase in 
pre-dialysis patients. 

CKD patients that were treated to a normal Hb value by epoetin and who 
received a renal transplant experienced no adverse effects on graft function 
or increased risk of rejection during the first 6 months postoperatively. The 
need for blood transfusions was markedly reduced. The diminished exposure 
to allogeneic blood might be an advantage for several reasons. 
In a subgroup of HD patients we observed that HD adequacy decreased in 
the normal Hb group, whereas it remained stable in the subnormal Hb group. 
This event may necessitate an increase in dialysis dose in order to maintain 
the same adequacy. 
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The blood flow properties of pre-dialysis patients were altered. The 
hemorheological investigation showed an increase in PV, erythrocyte aggre-
gation tendency and fibrinogen, whereas BV and erythrocyte deformability 
were decreased, as compared with the reference group. Normalization of Hb 
resulted in an increase in BV and the TPRI in parallel with the increasing 
hematocrit, but no other hemorheological alterations. Blood pressure medi-
cation was increased. Hemodynamically, normalization of Hb resulted in a 
decrease in CI, a factor that could have a preventive effect on LVH. 

Cardiac autonomic function, measured as HRV, was investigated with 24-
hour Holter ECG. It was demonstrated that, in comparison with the reference 
group, HRV was reduced in the group of CKD patients not yet on dialysis. 
Hb normalization improved, but could not fully normalize HRV. 

It appears, on the basis of this study, that normalization of Hb is safe and 
that it may increase QoL. Cardiac autonomic function seems to be compro-
mised in CKD patients already before the start of dialysis, but is improved 
by normalization of Hb. The rheology of the blood does not change after Hb 
normalization, except for the increase in BV that is caused by the rise in 
hematocrit, implying that the rheology of the red blood cell is not altered in a 
way that promotes TVE. It also appears that patients treated to normal Hb 
levels with epoetin and who are waiting for renal transplantation do not have 
to fear any decreased chances of a successful transplantation, but may be 
fortunate to avoid blood transfusions. On the negative side are, apart from 
the economical aspect, that normalization of Hb may increase blood pressure 
and it may be necessary to increase the dialysis dose. 

Deciding on a target Hb level that should be applied to all CKD patients 
is probably not the right way to proceed. With current knowledge, it appears 
that complete normalization of Hb should be avoided in HD patients with 
symptomatic cardiac disease. Caution should also be taken in patients with 
increased risk for thromboembolic disease and in patients with vascular ac-
cess problems. The situation in other groups of patients may be totally dif-
ferent. For instance, anemic CHF patients with an associated decrease in 
renal function may be a patient group that can benefit from epoetin treat-
ment. Furthermore, it seems quite possible that many CKD patients without 
severe cardiac disease can achieve better QoL with Hb normalization, de-
pending on the potential for improvement in each individual patient. This 
means that younger patients in general and patients with an active life or a 
physically strenuous job may benefit more in terms of improved QoL and 
physical capacity. Patients with a short duration of CKD, and especially 
those in the earlier stages of CKD, appear to be the patients that have most to 
gain. Because the prevalence of cardiac abnormalities is so high already at 
the initiation of dialysis, it seems logical that preventive treatment of modifi-
able risk factors would be essential. Several upcoming randomized studies 
investigating the effect of Hb normalization in the earlier stages of CKD will 
give more information on this matter.  
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Conclusions

This study shows that Hb normalization by epoetin had the following effects 
in CKD patients: 

Increased QoL in HD patients while blood pressure appeared to rise 
in predialysis patients; appeared not to cause deterioration of resid-
ual renal function in pre-dialysis patients, resulted in no increase in 
VAT for HD patients and no increase in TVE, SAE, morbidity or 
mortality for all patients as compared with epoetin treatment aimed 
at subnormal Hb levels. We conclude that on the basis of the main 
trial, normalization of Hb can safely be considered in many patients. 

No deleterious effects on renal graft function during the first six 
postoperative months and a reduced the need for blood transfusions. 

May necessitate an increase in dialysis dose in HD patients, in order 
to maintain the same dialysis adequacy, as measured by Kt/V. 

Raised the hematocrit value, resulting in increased BV and TPRI in 
pre-dialysis patients, without other hemorheological changes.  

Reduced CI, which may have a preventive effect on the development 
of LVH. 

Caused a partial improvement in cardiac autonomic function, as 
measured by HRV, in non-diabetic CKD patients. 
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Svensk sammanfattning (Swedish summary) 

Anemi är vanligt förekommande hos patienter med kronisk njursjukdom. 
Denna anemi bidrar till minskad livskvalitet och är också förknippad med 
kardiovaskulär sjukdom, morbiditet och mortalitet. Epoetin ökar hemoglobin 
(Hb) nivån och kan därmed öka livskvaliteten och den fysiska kapaciteten. 
På grund av osäkerhet gällande framförallt tromboemboliska komplikationer 
och ekonomiska aspekter så är behandlingsmålet med dagens epoetinbe-
handling oftast ett subnormalt Hb (110-120 g/l). Vissa data tyder på att nor-
malisering av Hb skulle kunna ha ytterligare positiv effekt med avseende på 
livskvalitet och kardiovaskulär funktion. Denna avhandling undersöker sä-
kerhetsvariabler, livskvalitet, effekt på funktionen av ett nytt njurtransplan-
tat, dialyseffektivitet, hemoreologi, hemodynamik och hjärtats autonoma 
funktion hos kroniskt njursjuka patienter där Hb normaliseras med epoetin. 

I en randomiserad multicenterstudie omfattande 416 predialys- och dia-
lyspatienter sågs efter ett år ingen skillnad mellan patienter som tillhörde 
normal Hb gruppen jämfört med subnormal Hb gruppen med avseende på 
mortalitet, trombovaskulära händelser, allvarliga biverkningar, kärlaccess-
tromboser eller restnjurfunktionen. Livskvaliteten förbättrades i en subgrupp 
hemodialyspatienter. Hos patienter som njurtransplanterades så ledde norma-
lisering av Hb inte till sämre transplantatfunktion under de sex första måna-
derna, däremot till ett minskat blodtransfusionsbehov postoperativt. I en 
subgrupp med hemodialyspatienter minskade dialyseffektiviteten (mätt med 
Kt/V) något när Hb normaliserades. 

En grupp predialyspatienter visade sig ha förändrade blodflödesegenska-
per. När Hb normaliserades hos dessa sågs, med hemoreologisk undersök-
ning, en ökning av blodviskositeten vilken befanns bero på den samtidiga 
hematocritökningen. Övriga hemoreologiska variabler ändrades ej, men där-
emot ökade den totala perifera resistensen samtidigt som cardiac index 
minskade. Hjärtats autonoma funktion (hjärtfrekvensvariabiliteten) under-
söktes med bandspelar-EKG i en separat studie och befanns vara nedsatt hos 
predialyspatienter. En delvis förbättring sågs vid Hb normalisering. 

Sammanfattningsvis visar avhandlingens resultat på att normalisering av 
Hb med epoetin hos kroniskt njursjuka förefaller säkert och att det kan öka 
livskvaliteten hos hemodialyspatienter. Emellertid kan det också medföra en 
något försämrad dialyseffektivitet samt högre blodtryck. Förbättringar vad 
gäller cardiac index och hjärtats autonoma funktion tyder på en positiv in-
verkan på den kardiovaskulära funktionen. 
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