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AnemiA And response to erythropoietin in the 
cArdiorenAl syndrome

In this thesis, three different aspects of anemia and response to erythropoietin (EPO) 
in patients with (cardio) renal failure will be discussed, e.g. response to endogenous/
exogenous EPO, the concept of Hb variability, and the role of circadian body functions. 
This first chapter provides background information on these different aspects. 

the cArdiorenAl syndrome

Chronic kidney disease (CKD) is a major public health problem, of which the incidence 
and prevalence are still increasing.1 According to the Third National Health and Nutrition 
Examination Survey (NHANES III), up to 11% of the adult US population has some degree 
of CKD.2 In Europe, the prevalence of CKD is similar to that in the US.3 CKD is associated 
with a high risk of cardiovascular disease and death. Importantly, the association between 
high risk of cardiovascular disease and death also holds for patients with mild to moderate 
CKD.4

Whereas cardiovascular disease is common in CKD, patients with cardiac failure 
often have renal dysfunction. In chronic heart failure (CHF), around 50% of patients 
has some impairment in kidney function.5 The presence of renal failure in these patients 
is independently associated with an increased risk for all-cause mortality, cardiovascular 
death and hospitalization.6,7 

The combination of kidney disease and heart failure is currently known as the 
cardiorenal syndrome (CRS). We proposed a model for the pathogenesis of the cardiorenal 
syndrome, in which cardiac and renal dysfunction mutually amplify progressive failure of 
both organs.8 Inflammation, the balance between nitric oxide (NO) and reactive oxygen 
species (ROS), the sympathetic nervous system and the renin-angiotensin system were 
proposed as the ‘cardiorenal connectors’; key components in the pathophysiology of the 
CRS. Increased activity results in a vicious circle, leading to progressive loss of cardiac and 
renal function (Figure 1).

 In 2008, Ronco et al. presented a classification of the CRS with 5 subtypes.9 This 
classification focuses on two aspects of the process: duration (acute onset versus chronic 
disease), and the sequence of events (kidney failure first versus heart failure first). In 
response to this classification, we published a comment (see appendix 1, page 155) in 
which we argue the relevance of the distinction between CRS type 2 (CHF leading to 
progressive CKD) and CRS type 4 (CKD leading to CHF). According to the model published 
by Bongartz et al., similar pathophysiological interactions explain ‘heart-kidney’ as well as 
‘kidney-heart’ failure.8 Therefore, in this thesis, CRS is defined as the combination of CKD 
and CHF, i.e. CRS type 2 and 4 according to the classification by Ronco et al. 
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Figure 1 The pathophysiology of the cardiorenal syndrome.8

AnemiA And erythropoietin treAtment in the cArdiorenAl 
syndrome

Anemia is common in CKD. The main causative factor is deficient production of 
erythropoietin (EPO), with serum levels of EPO being disproportionately low for the 
degree of anemia (‘renal anemia’).10 In addition, ‘anemia of chronic disease’  (i.e. the 
anemia that occurs in acute or chronic inflammation, caused by an inadequate bone 
marrow response to endogenous and/or exogenous EPO) has an important role in CKD.11 
Anemia is also a common problem in CHF, and as in CKD, ‘anemia of chronic’ disease is an 
important contributor.12 In addition, approximately 50% of CHF patients has some degree 
of CKD, implying that ‘renal anemia’ also has an important role in CHF.13 All together, it is 
not surprising that anemia is common in patients with CRS (Figure 2). The combination 
of CKD, CHF and anemia is known as the cardiorenal-anemia syndrome.14 
 Observational data indicate that hemoglobin (Hb) levels are correlated with 
hospitalization and mortality in dialysis patients and in CHF patients.15,16 The role of 
treatment of anemia with recombinant human EPO has been the subject of many studies 
in the last decade. Small interventional studies showed that treatment of anemia with EPO 
has positive effects on quality of life17 and improves exercise capacity18 and left ventricular 
function.19 Experimental studies showed that, in addition to its well known hematopoietic 
effects, EPO promotes vascular reparative processes in both CKD20 and CHF21, and exerts 
anti-apoptotic effects.22,23 Moreover, EPO has anti-inflammatory properties and possibly 
also beneficial effects on the renin-angiotensin system and the NO-ROS balance, thereby 
interrupting the vicious circle underlying the CRS.24 
 In response to these findings, large-scale clinical trials were conducted to investigate 
whether treatment of anemia with recombinant human EPO reduces the risk of 
cardiovascular events in CKD patients. Surprisingly, none of these trials could demonstrate 
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a beneficial effect of EPO when targeting normalization of Hb in CKD patients.25-27 
Secondary analysis of the Correction of Hemoglobin and Outcomes in Renal Insufficiency 
(CHOIR) study revealed several possible explanations for these paradoxical results. It 
was shown that in the patients who were allocated to the high Hb group, the inability 
to achieve the target Hb was associated with increased risk of death and cardiovascular 
events, while achieving the target Hb was not. Furthermore, the use of high-dose EPO 
was associated with an increased risk.28 In other words, the presence of EPO resistance 
(an inadequate bone marrow response to endogenous as well as exogenous EPO) appears 
to have a central role; patient factors causing EPO resistance as well as escalating dosages of 
EPO, being the consequence of EPO resistance, are associated with worse outcomes.16,28,29 
 The association between high dosages of EPO and negative outcomes can be explained 
by the fact that EPO exerts several dose-dependent non-hematopoietic effects. For example, 
both experimental and clinical data show that EPO has dose-dependent thrombogenic 
effects.30,31 In addition, EPO has been shown to stimulate angiogenesis, thereby exerting 
pro-carcinogenic effects.32,33 Unwanted effects of high dosages of EPO have not only been 
demonstrated in CKD patients, but also in cancer-associated anemia34 and in critically ill 
patients.35 In response to the trial by Corwin et al.35 we published a comment in which 
we emphasize the consequences of high EPO dosages (see appendix 2, page 159).
 Following the findings of the recent studies that failed to show a beneficial effect 
of (targeting for) normalization of Hb levels25-27, the Anemia Working Group of ERBP 
maintains its view that ‘Hemoglobin values of 11-12 g/dL should be generally sought in 
the CKD population without intentionally exceeding 13 g/dL’ and that the doses of EPO 
therapy to achieve the target hemoglobin should also be considered.36 It appears that EPO 
treatment should be tailored to the individual patient. However, no evidence is available as 
to which patients will encounter benefits or complications from EPO.

Anemia of chronic disease

cardiorenal anemia

anemia in 
heart failure

anemia in 
renal failure

Figure 2 Anemia in the cardiorenal syndrome. Causes of anemia in renal failure and in heart failure partially 

overlap, with a main role for anemia of chronic disease.
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hemoGloBin VAriABility in cKd pAtients

As mentioned above, the Anemia Working Group of ERBP recommends a target Hb level 
of 11-12 g/dL and advises against Hb levels above 13 g/dL.36 This is in agreement with 
the most recent National Kidney Foundation’s Kidney Disease Outcomes Quality Initiative 
(NKF-K/DOQI) guideline.37 However, maintaining Hb levels within this target range is 
more difficult than anticipated. For example in a large sample of US hemodialysis patients, 
considerable variability was shown, with only 10% of patients maintaining stable Hb levels 
over time.38 Also in predialysis patients, including patients not receiving EPO treatment, 
Hb levels fluctuate.39 
 The oscillations or fluctuations of an individual patient’s Hb over time are referred to as 
‘Hb variability’. With regard to the concept of Hb variability, two issues are of importance: 
the identification of factors that cause variation, and the clinical consequences. There are 
several factors that could have a role in the development of Hb variability. Some data 
suggest that prescribing patterns of EPO and the type of EPO affect variability.40-42 Also 
patient factors, e.g. hospitalization and infections, influence Hb variability.43

 The clinical consequences of Hb variability are still a matter of debate. Several 
observational studies have shown that Hb variability is associated with increased 
mortality.39,44,45 A recent study by Eckardt et al., however, demonstrated that Hb variability 
does not predict mortality.46  In this respect it should be noted that different measures 
to define the degree of Hb variability were used in these studies and that different CKD 
populations were studied. 
 Up until now, no randomized trials have been performed with regard to the concept 
of Hb variability. Therefore, it is not possible to determine cause and-effect relationships. 

AnemiA And circAdiAn Body FUnctions in cKd pAtients

Circadian rhythms are fluctuations in body functions within a period of around 24 h. 
They are driven by the biological ‘clock’ located in the hypothalamic suprachiasmatic 
nucleus. Circadian misalignment can have important consequences on the pathology of 
cardiovascular disease and sleep-wake disturbances.47,48 Patients with CKD exhibit a variety 
of disrupted circadian body functions. For example, the diurnal blood pressure rhythm is 
disturbed in renal patients, showing a nocturnal non-dipping profile49, which is associated 
with increased cardiovascular mortality.50 Furthermore, the nocturnal endogenous 
melatonin rise, which is associated with the onset of nocturnal sleep propensity, is absent 
in hemodialysis patients.51,52 In addition to a role in sleep-wake rhythm, other effects 
of endogenous melatonin have been shown. For example, endogenous melatonin was 
found to have anti-oxidative effects53,54, as well as anti-inflammatory effects.55,56 Therefore, 
in addition to being a consequence, it could also be that dysregulation of melatonin 
secretion has a causative role in (cardio)renal failure, 

With respect to the pathophysiology of anemia in cardiorenal failure, circadian 
misalignment of pro-and anti-erythropoietic factors could have a role. As mentioned 
earlier, anemia in CKD is frequently caused by an inadequate bone marrow response to 
endogenous and/or exogenous EPO. Pro-inflammatory cytokines, e.g. IL-6 and TNF, are 
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associated with an inadequate response to exogenous EPO in CKD.57 These cytokines are 
regulated in a circadian fashion in healthy individuals.58 In patients with insomnia, this 
circadian rhythm is absent.58 Whether this also accounts for patients with CKD is unknown. 
A circadian rhythm of EPO itself could also have a role, as the time of administration of 
exogenous EPO modulates its therapeutic effect in hemodialysis patients.59 Furthermore, 
it has been shown that exogenous administration of EPO can recover the defective 
melatonin rhythm in dialysis patients.60,61 It can be hypothesized that endogenous EPO, in 
concordance with melatonin, is regulated in a circadian rhythm under normal conditions 
and that this rhythm is absent in CKD. However, little data on circadian body functions in 
CKD are available. 

oUtline

This thesis focuses on several aspects of anemia and response to erythropoietin in patients 
with heart and renal failure. In part I, the role of endogenous as well as exogenous EPO 
in the cardiorenal syndrome will be discussed. Anemia is common in patients with 
combined cardiac and renal failure, and there is an association between anemia and 
progression of both diseases.62,63 EPO has been used for over a decade to treat anemia in 
patients with CKD. However, up to 10% of patients receiving EPO are hyporesponsive to 
therapy and require large doses of the agent.64 As resistance to EPO is associated with an 
increased risk of death,16,28,65 it is important to understand how cardiorenal failure affects 
EPO production and function. Chapter 2 reviews mechanisms underlying endogenous as 
well as exogenous EPO resistance in patients with CRS. 

The exogenous effects of EPO were investigated in the EPOCARES (‘Erythropoietin in 
the CardioRenal Syndrome’) study. This is a randomized trial that was designed to discern 
hematopoietic from non-hematopoietic effects of EPO. The objectives and design of the 
EPOCARES study are described in chapter 3. 

Hepcidin is an acute-phase protein that is  upregulated by a number of stimuli, 
e.g. anemia and inflammation. Hepcidin thus integrates input from erythropoietic and 
inflammatory pathways, suggesting it could play a central role in the development of EPO 
resistance.66 In CRS patients from the EPOCARES study we investigated whether and to 
what extent EPO treatment influences hepcidin levels, thereby assessing a potential role of 
hepcidin in EPO resistance. Chapter 4 shows the results of this study. 

Red cell distribution width (RDW), a measure of anisocytosis, is associated with 
adverse outcomes in patients with CHF.67,68 It has been hypothesized that EPO resistance 
could explain the association between RDW and outcome.69 Inflammation and disordered 
iron metabolism are factors that can cause EPO resistance and indeed, recent studies have 
shown that inflammatory markers, EPO levels and decreased functional iron availability 
correlate with RDW.69,70 However, no direct data are available as to the association between 
RDW and EPO resistance. In chapter 5, we study the relation between RDW and EPO 
response in CRS patients from the EPOCARES study. 

The cardiorenal syndrome is associated with dysregulation of erythropoietin levels 
and inflammation. Both have been associated with the development of cancer.71,72 We 
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hypothesized that the incidence of cancer is increased in patients with CRS. Chapter 6 
shows the results of a retrospective case-control study in which we examined the incidence 
of cancer in CRS patients. 

Part II focuses on various aspects of the concept of hemoglobin variability in CKD patients. 
The guidelines for managing anemia in CKD patients recommend a target hemoglobin 
level between 11-12 g/dL, up to a maximum of 13 g/dL. However, several studies have 
shown that in CKD patients, Hb levels fluctuate over time and are often not maintained 
within this (narrow) range.38,40 This is the case for both patients with and without EPO 
treatment.39 This in clinically important, as many,39,44,45 but not all46 studies show that 
Hb variability is associated with increased mortality. With exception of several recent 
studies39,42,73, until now most studies on Hb variability have focused on hemodialysis 
patients. In chapter 7, we describe a retrospective pilot study that was carried out in 
a single center to describe patterns of Hb variability and investigate factors associated 
with Hb variability comparing four different patient groups: hemodialysis and peritoneal 
patients treated with EPO, predialysis patients treated with EPO and predialysis patients 
not treated with EPO. In chapter 8 we aim to identify patient-related, treatment-related as 
well as dialysis center-related factors associated with hemoglobin variability using several 
different measures of Hb variability. For this purpose, we used data from 20 centers in the 
Netherlands to construct multivariate regression models. 

In part III, we present and discuss the results of the CREAM (Circadian Rhythm of 
Erythropoietin and Melatonin in CKD)-study. Patients with chronic kidney disease exhibit a 
variety of disrupted circadian body functions, which can have important consequences on 
the pathology of cardiovascular disease and sleep-wake disturbances.47 The pineal hormone 
melatonin, which is normally only secreted during the night, is an important marker 
of the circadian timing system.74 In hemodialysis patients, the nocturnal endogenous 
melatonin rise is absent.51 In chapter 9, we tested whether melatonin secretion is also 
dysregulated in CKD patients with eGFR 30-80 ml/min. 

It has been shown that the defective melatonin rhythm in dialysis patients can be 
restored by exogenous administration of EPO.60,61 Therefore, we hypothesized that a 
relationship exists between melatonin rhythm and endogenous erythropoietin levels. 
In chapter 10, we investigate this hypothesis. Furthermore, we studied the circadian 
(mis) alignment of Insulin-like Growth Factor-1 (IGF-1, co-factor in erythropoiesis) and 
inflammatory markers (related to EPO resistance).

In chapter 11, the studies described in this thesis are summarized and discussed. 
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sUmmAry

Anemia is common in patients who have both heart failure and chronic kidney disease, and 
there is an association between anemia and progression of both diseases. The main causes 
of anemia are deficient production of erythropoietin (EPO), iron deficiency and chronic 
disease with endogenous EPO resistance. EPO has been successfully used for over a decade 
to treat anemia in patients with chronic kidney disease. Less obvious are the safety and 
efficacy of EPO treatment in patients with both heart failure and renal disease. Up to 10% 
of patients receiving EPO are hyporesponsive to therapy and require large doses of the 
agent. Several mechanisms could explain resistance to endogenous and exogenous EPO. 
Proinflammatory cytokines antagonize the action of EPO by exerting an inhibitory effect 
on erythroid progenitor cells and by disrupting iron metabolism (a process in which 
hepcidin has a central role). EPO resistance might also be caused by inflammation, which 
has a negative effect on EPO receptors. Furthermore, neocytolysis could have a role. As 
resistance to exogenous EPO is associated with an increased risk of death, it is important 
to understand how cardiorenal failure affects EPO production and function.
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introdUction

Anemia is common in patients with both heart failure and chronic kidney disease (CKD) 
and is associated with a negative outcome. Whether treatment with erythropoietin (EPO) 
is of benefit is the subject of several ongoing studies. Treatment with EPO does not 
increase hemoglobin levels in a considerable proportion of patients. This fact is clinically 
important because resistance to EPO is associated with an increased risk of death in 
people with CKD. In this review, we address these issues with a focus on mechanisms that 
modulate the response to EPO. First, we briefly discuss the pathogenesis of the cardiorenal 
syndrome, and explore the causes and consequences of anemia in CKD, heart failure and 
the combination of the two. Thereafter, we elucidate the physiological role of EPO and 
discuss the mechanisms that might underlie the variability in sensitivity to endogenous, 
as well as exogenous, EPO. 

erythropoietin And the cArdiorenAl syndrome

We recently proposed a model of the pathogenesis of the cardiorenal syndrome, in 
which cardiac and renal dysfunction mutually amplify progressive failure of both 
systems.1 Inflammation, the balance between nitric oxide and reactive oxygen species, the 
sympathetic nervous system and the renin-angiotensin system (RAS), are the ‘cardiorenal 
connectors’, cornerstones in the pathophysiology of the cardiorenal syndrome (Figure 
1).1 More recently, we have expanded the model and explored the hypothesis that EPO 
could dampen the cardiorenal connectors.2 In this review, we address the means by which 
the cardiorenal connectors influence the function of EPO. In acknowledgement of its 
pivotal role, we will specifically focus on the mechanism by which inflammation affects 
the physiological function of EPO. The other cardiorenal connectors are only discussed 
when relevant to this mechanism.

AnemiA in cKd, heArt FAilUre And the cArdiorenAl 
syndrome

causes
Anemia associated with CKD has several causes. The main factor is inappropriate synthesis 
of EPO, with serum levels of EPO being disproportionately  low for the degree of anemia 
(i.e.‘renal anemia’).3 The ‘anemia of chronic disease’ also has an important role in CKD.4 
Several pathophysiological mechanisms underlie this condition, including limited 
availability of iron for erythropoiesis, impaired proliferation of erythroid precursor 
cells, reduced expression of EPO and EPO receptors, and, possibly, perturbed EPO signal 
transduction.5 These mechanisms will be discussed in detail later in this article. Other 
causes of anemia in patients with CKD  are infection and absolute iron deficiency.6 Blood 
loss is a common cause of anemia in patients with renal failure. This blood loss includes 
occult gastrointestinal blood loss, blood being retained in extracorporeal circuits during 
dialysis, and withdrawal of blood for laboratory tests. Hemolysis, vitamin B

12
 or folate 
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figure 1 The pathophysiology of the cardiorenal syndrome and its effect on 
erythropoietin. The cardiorenal syndrome is characterized by an imbalance 
between nitric oxide and reactive oxygen species, by increased inflammation, 
by increased activity of the renin–angiotensin system, and by increased activity 
of the sympathetic nervous system. Together, these ‘cardiorenal connectors’ 
decrease sensitivity to EPO. Abbreviations: EPO, erythropoietin; NO, nitric 
oxide; RAS, renin–angiotensin system; ROS, reactive oxygen species; SNS, 
sympathetic nervous system.

Figure 1  The pathophysiology of the cardiorenal syndrome and its effect on erythropoietin. The cardiorenal 
syndrome is characterized by an imbalance between nitric oxide and reactive oxygen species, by increased 
inflammation, by increased activity of the renin-angiotensin system, and by increased activity of the sympathetic 
nervous system. Together, these ‘cardiorenal connectors’ decrease sensitivity to EPO. 
Abbreviations: EPO, erythropoietin; NO, nitric oxide; RAS, renin-angiotensin system; ROS, reactive oxygen 
species; SNS, sympathetic nervous system.

deficiency, hyperparathyroidism, hemoglobinopathies and malignancies can also cause 
anemia in patients with CKD.6-8 The consequences of concomitant angiotensin-converting-
enzyme (ACE) inhibitor therapy are complex and might contribute to suppression of 
erythropoiesis.9,10 

Anemia is a common problem in chronic heart failure (CHF). Ezekowitz et al. reported 
that 17% of 12.065 patients with CHF were anemic.11 Anemia in CHF develops in response 
to several factors. The most important form is anemia of chronic disease.12 In addition, 
the creatinine clearance rates are less than 60 ml/min in approximately 25% to 50% 
of patients with CHF,13 which could contribute to the development of anemia in these 
individuals. Other causes of anemia in patients with CHF are iron deficiency, and vitamin 
B

12
 or folate deficiency.8,12 
ACE-inhibitors are part of the standard treatment regimens for CHF and, as mentioned 

above, whether their use contributes to the development of anemia is uncertain. Angiotensin 
II enhances EPO secretion and might also directly stimulate erythroid precursor cells.14 
ACE catalyzes the breakdown of N-acetyl-seryl-aspartyl-lysyl-proline, an inhibitor of 
erythropoiesis.15,16 Accordingly, inhibition of the RAS would reduce hemoglobin levels. 
This effect has been confirmed in clinical trials in which pharmacological inhibition of 
the RAS was associated with a small but statistically significant reduction in hemoglobin 
levels.17-19 By contrast, Androne et al. assert that activation of the RAS reduces hemoglobin 
concentration in patients with CHF, by hemodilution.20 It seems, therefore, that the effects 
of ACE inhibition on hematocrit are complex, and available data are conflicting.

It is not surprising that anemia is a common feature of patients with both CKD and 
CHF. de Silva et al. found that, of 955 patients with systolic heart failure, 32% had anemia 
and 54% had renal insufficiency8. Furthermore, 41% of patients with kidney disease and 
22% of patients without kidney disease had anemia. Silverberg et al. called the triad of 
anemia, CKD and CHF the ‘cardiorenal-anemia syndrome’.21 In this syndrome, the three 
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components form a vicious circle, with each constituent capable of causing or worsening 
the other two.

consequences
Renal anemia has serious clinical consequences. In addition to reducing patient physical 
capacity and quality of life, anemia induces adaptive cardiovascular mechanisms that 
increase the risk of cardiovascular disease and death.22-25 Observational studies have shown 
that a decreased level of hemoglobin in patients with CKD is associated with an increased 
risk of hospitalization and of death.26-29 Small interventional trials have shown that 
treatment of anemia with EPO in CKD patients improves quality of life.30 Some studies,31,32 
but not all,25 have detected an association between treatment with EPO and regression of 
left ventricular hypertrophy. Thus, treating of anemia is important in patients with CKD, 
but much controversy exists about the optimum hemoglobin target concentration. Several 
studies have been performed to address this issue. In 1998, Besarab et al. suggested that 
treating patients with end-stage renal disease to a target hematocrit of 42% could be 
harmful.33 The Cardiovascular Risk Reduction by Early Anemia Treatment with Epoetin 
Beta (CREATE) study detected no significant effect on cardiovascular events of achieving 
a target hemoglobin level of 13-15 g/dl in patients with CKD.34 The Correction of 
Hemoglobin and Outcomes in Renal Insufficiency (CHOIR) study was terminated when 
an increased risk of death and cardiovascular hospitalization was detected in patients with 
CKD treated to achieve a target hemoglobin level of 13.5 g/dl.35 In conclusion, no data 
are currently available to support the normalization of hemoglobin concentrations in 
patients with CKD, and large prospective trials are needed to determine an optimum target 
level. Until such evidence becomes available, the National Kidney Foundation Kidney 
Disease Outcomes Quality Initiative (NKF K/DOQI) guidelines recommend a target 
hemoglobin level of 11-12 g/dL.36 The European best practice guidelines recommend a 
target hemoglobin level of above 11 g/dL, with a maximum of 12 g/dL for patients with 
concomitant cardiovascular disease or diabetes.37

A low hemoglobin concentration in patients with CHF is associated with more-severe 
disease, greater left ventricular mass index, and higher hospitalization and mortality 
rates.11,38,39 The Anemia in Chronic Heart Failure: Outcomes and Resource Utilization 
(ANCHOR) study, however,  showed that a very high hemoglobin level (>17 g/dL) is also 
predictive of an increased risk of death and hospitalization in patients with CHF.39 Several 
small controlled trials have been performed to assess the effect of treatment with EPO on 
anemic patients with CHF. EPO treatment improved exercise capacity and left ventricular 
function, and reduced hospitalization rate.40-43 In the Studies of Anemia in Heart Failure 
Trial (STAMINA-HeFT), 319 patients with CHF were randomly assigned to receive either 
darbepoietin alfa or placebo44. No significant differences were observed between the 
two groups in exercise duration, NYHA class or hospitalization, after 27 weeks. Available 
evidence is, therefore, contradictory, and further studies are needed to determine whether, 
and to what extent, correction of anemia with EPO is beneficial in patients with CHF. 
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erythropoietin, erythropoiesis And Beyond

EPO acts as an erythropoietic protein; it is produced in the kidneys by peritubular cells and 
can also be produced in the liver.45 The primary stimulus for production of EPO is hypoxia. 
A deficiency in tissue oxygen levels increases the activity of hypoxia-inducible factor 2α, 
which binds to hypoxia responsive elements located in the enhancer region of the EPO 
gene in order to activate transcription.46,47 Other transcription factors, such as GATA2 
and nuclear factor kappa B (NFκB), can modulate EPO expression; evidence indicates that 
both factors inhibit transcription of the EPO gene.48,49 The transcription factor Sox6 has 
been shown in mice to be an important enhancer of erythropoiesis at multiple levels.50 In 
the bone marrow, EPO acts synergistically with stem cell factor, granulocyte-macrophage 
colony-stimulating factor, interleukin (IL)-3, IL-4, IL-9 and insulin-like growth factor 1 
on erythroid progenitor cells to prevent their programmed cell death, thereby stimulating 
proliferation and maturation of erythroid progenitors through the normoblast stage 
into reticulocytes and mature erythrocytes.51 The EPO receptor is expressed primarily 
on erythroid cells that are between the colony-forming-unit erythroid stage and the 
pronormoblast stage of development. The number of EPO receptors per cell gradually 
decreases during erythroid differentiation.52 

In addition to acting as an erythropoietic factor, EPO has been shown to have an 
important role in tissues outside of the erythropoietic system. Expression of EPO receptors 
and a biological response to EPO have been observed in endothelial, neural, cardiac, and 
other cell types.53-55 One non-hematopoietic effect of EPO is its stimulation of dose-
dependent proliferation and chemotaxis of endothelial progenitor cells in vitro, which 
promotes vascular reparative processes and neoangiogenesis.56 This process has also been 
shown to occur in patients with CKD 57 and in patients with CHF.58 EPO can also induce nitric 
oxide production by endothelial cells, which might exert anti-apoptotic effects.2,59 EPO 
protects cardiomyocytes against ischemic injury by inhibiting apoptosis.60 Administration 
of EPO to ischemic renal cells reduced apoptosis and enhanced regeneration in a study by 
Vesey and colleagues.61 Thus, local binding of EPO to endothelial cells, cardiac cells and 
renal cells exerts cytoprotective and proliferative effects. 

Erythropoietic agents were introduced in about 1990 for the treatment of anemia 
associated with CKD. Nowadays, EPO is also registered for use in patients with nonmyeloid 
malignancies treated with chemotherapy, in AIDS patients with anemia due to treatment 
with zidovudine, and in the perioperative stage for surgical patients. Several studies that 
aim to define the role of EPO treatment in CHF, the combination of CHF and CKD, and in 
acute myocardial infarction, are underway. 

erythropoietin resistAnce

In 1979, Caro et al. measured endogenous EPO levels in healthy people with or without 
anemia and compared these with levels in CKD patients with anemia.62 It seemed that 
EPO levels were higher in patients with CKD than in those without CKD, but were 
inappropriately low for the degree of anemia. Serum levels of EPO in normal individuals 
range between 1 and 27 mU/ml (mean 6.2 ± 4.3 mU/ml), whereas those in patients 
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with CKD are between 4.2 and 102 mU/ml (mean 29.5 + 4.0 mU/ml); 63 anemia persists 
in patients with CKD despite average EPO levels being approximately five times higher 
than those in healthy individuals. This disparity indicates that, in addition to relative EPO 
deficiency, bone marrow response to endogenous EPO is suppressed in people with CKD. 
Erythropoietic agents have been used since the 1990s to treat patients with CKD, in an 
effort to overcome the relative EPO deficiency. Up to 10% of patients, however, have an 
inadequate response to therapy.64 This finding is clinically important, because resistance to 
EPO is associated with an increased risk of death in patients with CKD. This effect persists 
after adjustment for the generally decreased hematocrit in these patients.29

EPO levels have also been measured in people with CHF, and have been found to be 
high.65-67 Analogous to the situation in patients with CKD, the high EPO levels in patients 
with CHF are inappropriately low for the degree of anemia.68 These data indicate that 
in CHF, as well as in CKD, there is a relative EPO deficiency as well as resistance of bone 
marrow to endogenous EPO. 
 Several mechanisms for resistance to endogenous, as well as exogenous, EPO have been 
proposed. The processes that cause anemia of chronic disease have a role. The primary 
hypothesis is that proinflammatory cytokines antagonize the action of endogenous and 
exogenous EPO by directly inhibiting erythroid progenitor cells and by disrupting iron 
metabolism. Interaction between EPO and its receptor, and intracellular EPO signaling, 
could also have a role. Little is known about the putative contribution of neocytolysis 
(selective hemolysis of young circulating red blood cells) to EPO resistance. These possible 
causes of EPO resistance are discussed in the following section.

mechAnisms oF erythropoietin resistAnce

cytokines and erythropoiesis
CKD involves a chronic inflammatory state. Patients with CKD have increased levels 
of markers of inflammation, such as C-reactive protein and the cytokines IL-1, IL-6, 
interferon (IFN)-γ and tumor necrosis factor (TNF).69,70 Increased levels of TNF and IL-6 
have also been measured in patients with CHF.71-73 These cytokines inhibit the growth of 
erythroid precursor cells in vitro, an effect that is probably brought about through cytokine-
mediated induction of apoptosis.74,75 Taniguchi et al. showed that IFN-γ downregulates 
messenger RNA for EPO receptor expression, indicating that the number of EPO receptors 
can influence apoptosis of erythroid precursor cells.76 In addition, IL-1 and TNF have 
been shown to inhibit EPO production, another mechanism by which cytokines induce 
apoptosis of precursor cells.77 Moreover, cytokines have a direct toxic effect on progenitor 
cells, which is generated at least in part by inducing the labile free radical nitric oxide, 
produced by inducible nitric oxide synthase.78

In addition to their direct inhibitory effect on erythroid progenitor cells, cytokines 
can cause EPO resistance by disrupting iron metabolism (Figure 2). Iron is essential for 
the production of hemoglobin. Iron homeostasis involves three sources that supply the 
plasma compartment: iron absorption from the diet; recycled iron from red blood cells; 
and iron moved from storage sites in the liver. As most of the body’s iron is contained in 
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red blood cells, nearly all of the iron for erythropoiesis is supplied by the recycling of 
iron from senescent red cells. Macrophages phagocytize erythrocytes, and iron is released 
from hemoglobin in the phagolysosome. From the macrophage, iron is transferred to 
the circulation by the carrier protein ferroportin.79 Iron is transported in the plasma by 
transferrin, which donates iron to cells through its interaction with a specific membrane 
receptor, the transferrin receptor.80 

review
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figure 2 The role of cytokines in erythropoietin 
resistance. Proinflammatory cytokines induce EPO 
resistance by exerting both direct inhibitory effects 
on erythroid progenitor cells, and indirect inhibitory 
effects by upregulating hepcidin. Cytokines 
also induce EPO resistance by disrupting iron 
metabolism. This effect occurs via upregulation of 
hepcidin and via a direct effect of proinflammatory 
cytokines on iron homeostasis. Abbreviation: EPO, 
erythropoietin.

Figure 2  The role of cytokines in erythropoietin resistance. Proinflammatory cytokines induce EPO resistance 
by exerting both direct inhibitory effects on erythroid progenitor cells, and indirect inhibitory effects by 
upregulating hepcidin. Cytokines also induce EPO resistance by disrupting iron metabolism. This effect occurs 
via upregulation of hepcidin and via a direct effect of proinflammatory cytokines on iron homeostasis. 

Abbreviation: EPO, erythropoietin.

Pro-inflammatory cytokines, mainly IL-6, affect iron metabolism by stimulating the 
synthesis of hepcidin. Hepcidin is a type II acute-phase protein produced in the liver that 
has been proposed to be the central regulator of iron metabolism (Figure 3).81 Hepcidin is 
thought to control the efflux of iron into plasma transferrin by downregulating ferroportin, 
the efflux channel for iron in macrophages and enterocytes. It has also been suggested that 
hepcidin negatively regulates the expression of the apical divalent metal transporter 1 in 
the enterocyte.82  These actions lead to a decreased iron concentration in the circulation. 
In addition to its effect on iron metabolism, hepcidin may contribute to EPO resistance 
by directly inhibiting erythroid-progenitor proliferation and survival (Figure 2).83  In 
accordance with these findings, it has been shown that levels of hepcidin, as well as 
pro-hepcidin (the precursor of hepcidin), are negatively correlated with hematocrit in 
hemodialysis patients.84,85

Proinflammatory cytokines also have a direct effect on iron homeostasis (Figure 2). TNF, 
IL-1 and IL-6 upregulate the expression of divalent metal transporter 1 in macrophages, 
induce ferritin expression, and downregulate ferroportin. In addition, cytokines 
stimulate an increase in transferrin-receptor-mediated uptake of transferrin-bound 
iron into macrophages. TNF and IL-1 damage erythrocyte membranes and stimulate 
erythrophagocytosis. Together, these processes promote intracellular iron storage and 
decrease the plasma concentration of iron.5
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To sum up, the chronic inflammatory state of CKD plus CHF limits the availability of 
iron for erythropoiesis, thereby leading to EPO resistance via upregulation of hepcidin 
and the direct effect of cytokines on iron homeostasis.
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the enterocyte and macrophage, and the expression of DMT1 in the enterocyte, leading to decreased plasma 
iron availability. Abbreviations: DMT1, divalent metal transporter 1; TfR, transferrin receptor.
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Figure 3 Iron homeostasis and the role of hepcidin. Fe3+ is reduced to Fe2+ and moves into the enterocyte via 
DMT1. In the enterocyte, iron can either be stored as ferritin or can be transported out by ferroportin. In plasma, 
Fe2+is oxidized to Fe3+, which can bind to transferrin. Macrophages take up iron by phagocytosis of erythrocytes, 
as Fe2+ via DMT1, and from transferrin via the transferrin receptor. In the macrophage, iron is stored as ferritin 
or is transported to the circulation via ferroportin. Hepcidin negatively regulates ferroportin in the enterocyte 
and macrophage, and the expression of DMT1 in the enterocyte, leading to decreased plasma iron availability. 
Abbreviation: DMT1, divalent metal transporter 1.

receptor interactions
Binding of EPO to the EPO receptor is essential for the production of mature red blood cells. 
The EPO receptor is a type 1 transmembrane protein that belongs to the hematopoietic 
cytokine receptor superfamily. The EPO-bound receptor is a dimer; however, there has 
been debate about whether, in the absence of ligand, the EPO receptor is a monomer or 
oligomer. One model proposes that two monomeric receptors become a dimer after the 
binding of EPO, resulting in signal transduction.86 Another model describes a process 
whereby the EPO receptor appears at the cell surface as a preformed dimer. In this now 
generally accepted scheme, binding of ligand shifts the receptor from an inactive to 
an active conformation (Figure 4).87,88 Activation of the EPO receptor is transient; it is 
rapidly deactivated by downregulating mechanisms, including receptor internalization 
and degradation. 

Mechanisms that might underlie EPO resistance are defective dimerization or defective 
activation of the EPO receptor. It has been shown that the transmembrane domain of the 
EPO receptor has a powerful ligand-independent dimerizing ability.87 Although the role 
of preformed dimers is still unclear, it could be that the dimerizing activity of the EPO 
receptor transmembrane domain sensitizes the EPO receptor such that it functions at low 
EPO concentrations. According to this model, absence of spontaneous dimerization of the 
EPO receptor could lead to EPO resistance.
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Naranda et al. described how the EPO receptor can be activated in the absence of its 
natural ligand by a peptide that binds to a domain that differs from the EPO-binding site.89 
Mimetic peptides that bind to the EPO-binding site also exist, thereby activating the same 
signaling pathways as EPO itself.90,91 EPO resistance could be induced by the presence 
of antagonistic peptides that bind to the EPO receptor. For example, it has been shown 
that cytokine-inducible SH2-containing protein (CIS) binds directly to the cytoplasmatic 
domain of the EPO receptor and inhibits EPO-dependent proliferation.92 CIS production 
is induced by cytokines such as IFN-γ, IL-2 and IL-6. As such, cytokines might cause EPO 
resistance in cardiorenal failure.

Another possible cause of blunted EPO response is a decreased number of EPO receptors. 
IFN-γ inhibits messenger RNA for EPO receptor expression. The number of EPO receptors 
can also drop in response to receptor internalization and degradation, which are poorly 
understood mechanisms of downregulation. Beckman et al. studied the contribution of 
EPO-induced receptor internalization to modulation of EPO intracellular signals.93 They 
showed that neither EPO activation of Janus kinase 2 (JAK2), nor tyrosine phosphorylation 
of the EPO receptor, was required for EPO-induced receptor downregulation. So, in contrast 
to other classes of growth factor receptors,94 internalization of  the EPO receptor seems 
to be regulated independently to EPO signaling. An increase in the rate of internalization 
could decrease the number of EPO receptors and lead to EPO resistance. The means by 
which ligand-occupied EPO receptor internalization is regulated, and whether cytokines 
have a role in this process, is unknown.

After internalization, proteosomes and lysosomes degrade both EPO and the EPO 
receptor, thereby regulating the degree of EPO signaling. In contrast to internalization, 
EPO and EPO receptor degradation has been shown to be dependent on JAK2 activity; 
blocking of JAK2 induced recycling of internalized EPO-EPO receptor-complexes to the 
cell surface, indicating perturbation of degradative processes.95 Enhanced degradation of 
the EPO receptor could be important to the development of EPO resistance as it would 
diminish the rate of EPO-EPO receptor-complex recycling; however, no data are available 
to support this hypothesis.

intracellular signaling
After binding to its receptor, EPO promotes activation of receptor-associated JAK2 
tyrosine kinase and subsequent tyrosine phosphorylation of the EPO receptor96. This 
phosphorylation initiates intracellular signaling. Hemopoietic cell phosphatase (HCP; also 
known as protein tyrosine phosphatase-1 [SHP-1]) is a cytoplasmic protein that negatively 
regulates intracellular signal transduction.97 HCP dephosphorylates JAK2, preventing 
tyrosine phosphorylation of the EPO receptor (Figure 4). Upregulation of HCP could, 
therefore, attenuate the EPO signaling cascade and contribute to EPO hyporesponsiveness. 
Indeed, levels of HCP are increased in hemodialysis patients who are resistant to EPO 
therapy.98 Mechanisms that upregulate the expression of HCP have not been elucidated.
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figure 4 Overview of erythropoietin receptor activation and intracellular pathways. The EPO receptor is a preformed dimer ([1]). 
Binding of EPO leads to activation of JAK2 by transphosphorylation ([2]) and subsequent tyrosine phosphorylation of the cytoplasmic 
domain of the EPO receptor ([3]). This phosphorylation leads to the initiation of intracellular signaling with activation of STAT5, Ras/MAP, 
PI3K and NFκB ([4]). STAT5 induces SOCS/CIS, which attenuates EPO signaling by binding to JAK2 and by inhibiting phosphorylation 
of STAT5 ([5]). EPO signaling is terminated by HCP, which dephosphorylates JAK2 ([6]). The EPO–EPO-receptor complex is internalized 
following dephosphorylation of the receptor ([7]). The receptor is then degraded in the proteosome ([8]) or recycled to the cell surface ([9]).  
Abbreviations: CIS, cytokine-inducible SH2-containing protein; EPO, erythropoietin; HCP, hematopoietic cell phosphatase; JAK2, 
Janus kinase 2; MAP, mitogen-activated protein; NFκB, nuclear factor kappa B; PI3K, phosphatidylinositol 3 kinase; SOCS, suppressor 
of cytokine signaling; STAT5, signal transducer and activator of transcription 5.
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Figure 4  Overview of erythropoietin receptor activation and intracellular pathways. The EPO receptor is a 
preformed dimer (1). Binding of EPO leads to activation of JAK2 by transphosphorylation (2) and subsequent 
tyrosine phosphorylation of the cytoplasmic domain of the EPO receptor (3). This phosphorylation leads to 
the initiation of intracellular signaling with activation of STAT5, Ras/MAP, PI3K and NFκB (4). STAT5 induces 
SOCS/CIS, which attenuates EPO signaling by binding to JAK2 and by inhibiting phosphorylation of STAT5 
(5). EPO signaling is terminated by HCP, which dephosphorylates JAK2 (6). The EPO-EPO receptor-complex is 
internalized following dephosphorylation of the receptor (7). The receptor is then degraded in the proteosome 
(8) or recycled to the cell surface (9). 
Abbreviations: CIS, cytokine-inducible SH2-containing protein; EPO, erythropoietin; HCP, hematopoietic 
cell phosphatase; JAK2, Janus kinase 2; MAP, mitogen-activated protein; NFκB, nuclear factor kappa B; PI3K, 
phosphatidylinositol 3 kinase; SOCS, suppressor of cytokine signaling; STAT5, signal transducer and activator of 
transcription 5.

Several signaling pathways are activated in response to tyrosine phosphorylation of the 
EPO receptor, including those that involve signal transducer and activator of transcription 
5 (STAT5), Ras/mitogen-activated protein (MAP), phosphatidylinositol 3 kinase (PI3-K) 
and NF-κB (Figure 4). Binding of EPO to its receptor induces phosphorylation of 
STAT5, which has  a crucial role in cytokine-induced survival of hematopoietic cells. 
Phosphorylation of STAT5 leads to expression of anti-apoptotic proteins, including Bcl-
x

l 
and Bcl-2.99 Furthermore, STAT5 induces suppressors of cytokine signaling (SOCS), 

including CIS. SOCS and CIS are components of a negative feedback mechanism that 
attenuates EPO signaling by binding to JAK2 or by inhibiting tyrosine phosphorylation of 
STAT5.92,100,101 SOCS and CIS are induced by proinflammatory cytokines. Thus, the presence 
of inflammatory cytokines could cause EPO resistance by affecting intracellular signaling.

The Ras/MAP kinase pathway is activated by EPO and is involved in cell proliferation.102,103 
EPO also activates the PI3-K pathway via phosphorylation, which leads to phosphorylation 
and activation of protein Kinase B (Akt).104,105 Akt can then phosphorylate and inactivate 
proapoptotic molecules. Prevention of Akt phosphorylation would block the cellular 
protection afforded by EPO and could lead to EPO resistance; however, no studies have 
been performed to determine whether Akt is inhibited in cardiorenal failure.

EPO can induce the phosphorylation of inhibitor of NF-κB (I-κB), thereby activating 
NF-κB, which in turn enhances the transcriptional activity of target genes that encode anti-
apoptotic molecules.105 NFκB also inhibits transcription of the EPO gene. NFκB activity is 
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enhanced by IL-1 and TNF, another mechanism by which inflammatory cytokines affect 
intracellular signaling and lead to EPO resistance in cardiorenal failure.49 

neocytolysis 
Red blood cell mass is maintained within a narrow range to optimize tissue oxygenation. 
Among the processes that control this parameter is neocytolysis. This physiological 
process is initiated by a drop in EPO levels, which leads to selective hemolysis of young 
circulating red blood cells (neocytes), and subsequent downregulation of red cell mass 
when it is excessive.106 Two mechanisms could explain neocytolysis. EPO might regulate 
the secretion from endothelial cells of transforming growth factor-beta, which influences 
macrophage-mediated phagocytosis. Alternatively, EPO withdrawal could induce secretion 
of inflammatory mediators from endothelial cells and macrophages, which would expose 
phosphatidylserine on young red cells. Phosphatidylserine is an aminophospholipid that 
is normally localized to the inner leaflet of the red cell membrane; once it is exposed on 
the red cell surface, it marks these non-nucleated cells for destruction.107 Neocytolysis 
could have a role in resistance to exogenous EPO. A small trial found that neocytolysis 
occurred in patients with CKD and anemia from whom EPO therapy was withheld.108 
Although the current information about the relevance of neocytolysis is limited, available 
data indicate that further exploration of this issue is warranted.
  

conclUsions

The pathophysiological basis of the frequently occurring phenomenon of cardiorenal 
anemia is complex, and includes inadequate EPO production as well as EPO resistance.
We propose that inflammation has a key role in EPO resistance. Cardiorenal failure is a 
low-grade inflammatory condition in which pro-inflammatory cytokines antagonize the 
action of EPO by directly inhibiting erythroid progenitor cells and by disrupting iron 
metabolism, in which hepcidin has a central role. EPO resistance could also be caused 
by inflammation-induced changes in EPO receptor properties, assembly and recycling, 
and by interference with the post-receptor signaling routes. This latter subject is largely 
unexplored. Neocytolysis could also have a role in Epo resistance. 

Recombinant human EPO has been registered for more than a decade for the treatment 
of renal anemia in patients with CKD, and has proven to be a safe and beneficial therapy. 
Less clear is whether treatment with EPO in patients with heart failure and kidney disease 
is effective and safe. Resistance to exogenous EPO is associated with an increased risk of 
death in hemodialysis patients. It is, therefore, important to understand more in detail 
how cardiorenal failure affects EPO production and function.
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ABstrAct

Background
Anemia is common in patients with the combination of chronic heart failure and 
chronic kidney disease and is associated with increased mortality. Recent clinical studies 
suggest that recombinant human erythropoietin (EPO) treatment has desirable as well as 
undesirable effects, related to its hematopoietic or nonhematopoietic effects. Therefore a 
translational study is needed to elucidate mechanistic aspects of EPO treatment. 

methods 
In this open-label randomized 12-month trial (the Mechanisms of Erythropoietin Action 
in the Cardiorenal Syndrome [EPOCARES]), patients with the combination of chronic 
heart failure and chronic kidney disease (glomerular filtration rate 20-70 ml/min) and 
mild anemia (hemoglobin 10.3-12.6 g/dL in men, and 10.3-11.9 g/dL in women) are 
being randomized into 3 groups: 1 group (n=25) receives a fixed dose of 50 IU/kg 
per week EPO to increase hemoglobin level to a maximum of 13.7 g/dL for men and 
13.4 g/dL for women; another group (n=25) is treated with 50 IU/kg per week EPO 
maintaining baseline hemoglobin levels for the first 6 months by phlebotomy. The control 
group (n=25) receives standard care without EPO. 

results
Cardiac and renal function as well as a panel of biomarkers and iron parameters are being 
assessed. Furthermore, the effects of EPO on monocyte gene expression profiles and on 
endothelial progenitor cells are being evaluated. 

conclusion
This translational study is designed primarily to discern hematopoietic from 
nonhematopoietic effects of EPO in cardiorenal patients. The study will add insights into 
the mechanisms that could explain the fragile balance between desirable and undesirable 
effects of EPO (Trial registration: ClinicalTrials.gov identifier NCT00356733).
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introdUction

Coexistence of chronic heart failure (CHF) and chronic kidney disease (CKD) has a 
worse prognosis than failure of either organ alone. We recently proposed a model of 
the cardiorenal syndrome in which cardiac and renal dysfunction mutually amplify 
progressive failure of both organs.1 Observational data indicate that hemoglobin (Hb) 
levels are correlated with hospitalization and mortality in dialysis patients and in CHF 
patients,2,3 which led to the belief that recombinant human erythropoietin (EPO) treatment 
of anemia may improve outcome. In addition to well-documented hematopoietic effects, 
EPO can diminish inflammation, reduce renin-angiotensin system and sympathetic 
nervous system activity, and shift the nitric oxide (NO)/reactive oxygen species (ROS) 
balance toward NO. Moreover EPO has been reported to increase progenitor cells which 
may be important, since in CKD and in advanced stages of CHF, the number and function 
of endothelial progenitor cells (EPCs) is decreased.4,5 Based on these experimental data, 
it was hypothesized that EPO treatment exerts beneficial effects in patients with CHF and 
CKD. However, large-scale trials failed to demonstrate a beneficial effect of EPO when 
targeting normalization of Hb in CKD patients.6,7 This could be related to the Hb levels 
attained, or alternatively to unwanted nonhematopoietic effects of (high dosages of) 
EPO such as endothelial dysfunction and/or increased thrombogenicity. Also patient-
related factors may play a role, since it is known that EPO resistance in itself is associated 
with worse outcomes.3,8 The objective of the Mechanisms of Erythropoietin Action in 
the Cardiorenal Syndrome (EPOCARES) study is to investigate hematopoietic as well as 
nonhematopoietic effects of EPO treatment in patients with CKD and CHF. Therefore, the 
study design is not intended to show differences in hard end points but specifically allows 
identification of desirable and undesirable effects of EPO as measured by biomarkers, 
genomics and cell studies.

methods

overall study design
EPOCARES is an open-label randomized trial, including patients with the combination of 
CHF, CKD and anemia. Complete inclusion and exclusion criteria are outlined in Table 1. 
The etiology of both CHF and CKD and the sequence in which the 2 conditions arise is 
not important in the selection of the patients,1 but patients with active systemic disease as 
a cause of CHF or CKD are excluded. The study is being carried out in compliance with 
the Helsinki Declaration, and the protocol has been approved at each participating center 
by its internal review board. In all patients, standard treatment is started, comprising oral 
iron suppletion, aspirin when indicated and maximal tolerated dosages of a β-blocker, 
an angiotensin-converting enzyme (ACE) inhibitor or an angiotensin receptor blocker, 
according to CHF guidelines. Patients are randomized once they have been clinically stable 
on standard treatment for at least 4 weeks. One group receives a fixed dose of 50 IU/
kg per week of EPO (Neorecormon; Roche Pharmaceuticals) to increase the Hb level to 
a maximum of 13.7 g/dL for men and 13.4 g/dL for women. Another group receives 
50 IU/kg per week EPO maintaining baseline Hb for the first 6 months by sequential 
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blood withdrawal up to a maximum of 250 mL per 2 weeks. The third group does not 
receive EPO, but may receive a red blood cell transfusion in the unlikely event that Hb falls 
below 10.3 g/dL. In aggregate, 75 subjects will be enrolled. Randomization is stratified 
for EPO resistance (defined as an observed/predicted log[serum EPO] ratio less than 
0.6), and allocation is performed in blocks of 6 patients (block randomization), using 
a computerized table of random numbers. In addition, for biomarkers, genomics and 
cell studies, 25 healthy, age- and sex-matched controls will be recruited. Hb level will be 
checked at least monthly in all patients. In the second group, Hb level will be measured 
every 2 weeks during the first 6 months of the study to assess the necessity of phlebotomy.

table 1 Inclusion and exclusion critera

Inclusion criteria

 Age >18 years, < 85 years

 Hb between 10.3 and 12.6 g/dL in men and between 10.3 and 11.9 g/dL in women

 Heart Failure (diastolic and systolic)

 GFR by Cockcroft-Gault formula of 20-70 ml/min

Exclusion criteria

 Erythropoietic therapy within 6 months before randomization

 Uncontrolled hypertension (SBP >160 mm Hg, DBP >100 mm Hg)

 Uncontrolled diabetes (HbA1c >8.0%)

 Kidney transplantation

 Proteinuria >3.5 g/L

 Acute renal failure or rapidly progressive glomerulonephritis

 Hyperparathyroidism (PTH >40 pmol/L)

 Hemoglobinopathies, bleeding or hemolysis as a cause of anemia

 Deficiency of iron, folate and/or vitamin B12

 Chronic inflammatory diasease or clinically significant infection

 Hematological malignancy of solid tumor < 3 years ago

 Enrolment in another study

 Alcohol and/or drugs abuse

 Women with child-bearing potential

Abbreviations: GFR, glomerular filtration rate; Hb, hemoglobin; SBP, systolic blood pressure; DBP, diastolic blood 
pressure; HbA1c, glycosylated hemoglobin; PTH, parathyroid hormone

differentiation between hematopoietic effects and nonhematopoietic 
effects of epo
Figure 1 depicts the measurements that are performed throughout the study period. 
Since Hb level does not increase until about 4 weeks after starting EPO treatment, 
nonhematopoietic effects of EPO treatment are assessed 2 weeks after initiation of 
treatment. Moreover, comparing the 2 active groups after 6 months provides an additional 
way to discern hematopoietic and nonhematopoietic effects of EPO. 
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Figure 1 Study design and main time points of measurements during the study period.

Abbreviation: EPO, recombinant human erythropoietin

cardiac and renal function
CHF is defined as New York Heart Association (NYHA) class II or higher, based on 
symptoms, signs and objective evidence of an abnormality in cardiac structure or function 
according to the European Society of Cardiology (ESC) guidelines. Patients with heart 
failure with reduced left ventricular ejection fraction (LVEF) (HFREF) or heart failure with 
normal LVEF (HFNEF) will be included. HFNEF is defined according to the recent ESC 
consensus. Echocardiography will be performed according to the recommendations of the 
American Society of Echocardiography. Diastolic function will be assessed using standard 
methods. Cardiovascular magnetic resonance imaging (CMR) and magnetic resonance 
angiography (MRA) of the renal arteries will be performed on a 1.5-tesla Philips Intera 
(Philips Medical Systems). In a 45-minute protocol, both cardiac function and the renal 
arteries are assessed. The cardiac function analysis will be performed using ECG-triggered 
multiphase, multislice steady-state free precession (SSFP) short axis scans. Volumes and 
ejection fraction will be acquired by manually tracing endocardial and epicardial contours 
on the stack of contiguous short-axis cine-images at end-diastole and endocardial contour 
at end-systole. The left ventricular mass will be calculated by multiplying the summed 
area between the endocardial and epicardial contour by the specific density of myocardial 
tissue. A bolus of 30-ml cyclic gadolinium-based contrast (Dotarem; Geurbet, France) 
will be administered intravenously to obtain delayed enhancement scans of the ventricles 
(inversion recovery T1 pulse) in 4-chamber, short axis and left 2-chamber view. At the 
time of injection, the renal arteries will be examined, while delayed enhancement of 
the heart will be acquired after 15 minutes. Assessment of segmental wall motion and 
late enhancement will be performed by 2 independent investigators. The left ventricle 
(LV) will be divided into 17 segments according to standardized nomenclature. Late 
enhancement will be estimated by using a 5-group classification according to the degree 
of LV wall involvement. Cardiopulmonary exercise performance will be measured up 
to the symptom-limited maximum. Exercise capacity will be evaluated by peak oxygen 
consumption (VO2max). CKD is defined as estimated creatinine clearance (Cockcroft-
Gault formula) 20-70 ml/min. Albuminuria is assessed by 24-hour urinary collection.
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Biomarkers
Blood samples are collected to allow a comprehensive panel of biomarkers to assess 
oxidative status, components of the renin-angiotensin-aldosterone system including 
prorenin, catecholamines and inflammation. In addition to routine iron parameters, 
hepcidin is measured, using surface-enhanced laser desorption/ionization time-of-flight 
mass spectrometry (SELDI-TOF-MS). 

endothelial function/arterial stiffness 
Global endothelial function will be assessed by measuring circulating endothelial 
dysfunction markers. Augmentation index (the difference between early and late pressure 
peaks divided by the pulse pressure amplitude) and aortic pulse wave velocity are 
determined using applanation tonometry (SphygmoCor).

cellular mechanisms
Monocytes are both biosensors of the atherosclerotic environment and mediators of 
vascular damage. Monocyte gene expression profiles are determined by ILLUMINA bead-
arrays with qPCR as confirmation. Circulating type I EPCs, defined as CD34+/KDR+ 
EPCs and CD34+ hematopoietic stem cells, are determined in peripheral blood by flow 
cytometry. Peripheral blood-derived mononuclear cells will be isolated by Ficoll density-
gradient centrifugation. After 7 days of culture in specific medium rich in serum and 
growth factors, the amount of EPC outgrowth will be assessed. Migratory, proliferative, 
adhesive and angiogenic capacity of the EPC outgrowth is determined.

statistics
The study is not powered for hard end points, but for intermediate end points as measured 
by biomarkers, imaging data and cell studies. We intend to study 25 subjects per group 
based on power calculations for several parameters. For instance, for ejection fraction, 
n=20 with 5% as a minimum relevant and measurable change and power = 0.8 (SD 5%; 
alpha=0.05); and for estimated glomerular filtration rate (eGFR), n=20 with a minimum 
relevant and measurable change in GFR per year of 5 ml/min and power = 0.8 (SD 
5%; alpha=0.05). Power analysis of several biomarkers, such as plasma TBARS, has been 
determined in a previous study in our department in patients with CKD, and resulted in 
n=25 with power=0.8 and alpha=0.05. Power calculations for other variables mentioned 
were all around n=20. Similar trials had a comparable numbers of subjects. Validity of 
the statistical analysis will be monitored by the Center of Biostatistics of the University 
of Utrecht.

safety concerns
Safety procedures regarding Hb levels and phlebotomies are described in an appendix of 
the protocol. Hb levels are measured frequently to assure maintenance of the appropriate 
Hb level. When necessary, EPO dose is reduced, but no dose escalation is performed. Blood 
is withdrawn in a way that minimizes the risk of rapid volume shifts. At any time during 
the study, EPO will be withheld for any patient who experiences an adverse event reported 
by the investigator to be related to the study drug.
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discUssion

The efficacy and safety of anemia treatment with EPO in patients with CKD and/or CHF is 
under debate. It is uncertain to what extent the hematopoietic or nonhematopoietic effects 
of EPO are responsible for the unexpected outcomes of recent studies.6,7 The EPOCARES 
study is specifically designed to assess both the hematopoietic and nonhematopoietic 
effects of EPO in a patient group that, on the one hand, may benefit from a higher Hb 
level and, on the other hand, may be vulnerable to unwanted effects of EPO. The study 
will provide more insights into mechanisms that underlie why anemia correction does 
not always lead to reduction of cardiovascular risk. This could help to define appropriate 
EPO doses and Hb targets, and may help us to appreciate the full range of positive and 
negative effects of EPO. 

The study has a specifically devised design that justifies discussion of potential. One 
group receives a fixed low dose of EPO to a maximum Hb of approximately 13.5 g/dL. 
Since the study protocol was devised, 2 large-scale studies in CKD using similar Hb targets 
were published that did not show beneficial effects6 and maybe even harm.7As a result 
the anemia guidelines in most countries were modified to restrict EPO treatment to a 
target of 11.0-12.0 g/dL with a maximum of 13.0 g/dL. Our study however differs from 
these large-scale studies in that a low fixed dose of EPO is used. So, no dose escalation is 
performed if targets are not achieved. In the CHOIR study, to achieve the high Hb targets, 
high doses of EPO were used. Indeed, in the secondary analysis of this trial, the inability 
to achieve a target Hb level and high dosages of EPO were each associated with increased 
risk of cardiovascular events,9 whereas achieving higher Hb levels was not associated with 
worse outcomes. The intervention in the other active group keeps the patients at their 
baseline level of anemia. Since the lower level of inclusion is 10.3 g/dL, all patients will 
remain above the predefined levels of the Kidney Disease Outcomes Quality Initiative 
(KDOQI) guidelines for starting EPO treatment in CKD patients. 

To accurately describe cardiac and renal abnormalities, among others, CMR and 
MRA are performed, which involves intravenous gadolinium. CMR provides accurate 
and reproducible information about cardiac function, structure and etiology of heart 
failure. However, after the study was started, the use of some gadolinium contrast agents 
(predominantly Gadodiamide, Omniscan) in MRA was linked to nephrogenic systemic 
fibrosis/fibrosing dermopathy (NSF/NFD), specifically in patients with advanced CKD. In 
the EPOCARES study the cyclic gadolinium compound gadoterate meglumine Dotarem is 
used, which is more stable. No cases of NSF using Dotarem have been formally reported 
in The Netherlands to the adverse events database. Nonetheless, it was decided to withhold 
MRA studies in patients with an eGFR <30 ml/min. 

In conclusion, EPOCARES is a (small) translational study that is uniquely designed to 
specifically look into hematopoietic and nonhematopoietic effects of EPO in patients with 
combined heart and renal failure at the level of organ function, circulating cellular and 
humoral mediators and markers of cardiorenal disease.



46

C
ha

pt
er

 3

reFerences

1. Bongartz LG, Cramer MJ, Doevendans PA, et al. The severe cardiorenal syndrome: ‘Guyton revisited’. 
Eur Heart J 2005;26:11-17.

2. Foley RN, Parfrey PS, Harnett JD, et al. The impact of anemia on cardiomyopathy, morbidity, and and 
mortality in end-stage renal disease. Am J Kidney Dis 1996;28:53-61.

3. Regidor DL, Kopple JD, Kovesdy CP, et al. Associations between changes in hemoglobin and administered 
erythropoiesis-stimulating agent and survival in hemodialysis patients. J Am Soc Nephrol 2006;17:1181-
1191.

4. de Groot K, Bahlmann FH, Sowa J, et al. Uremia causes endothelial progenitor cell deficiency. Kidney Int 
2004;66:641-646.

5. Valgimigli M, Rigolin GM, Fucili A, et al. CD34+ and endothelial progenitor cells in patients with various 
degrees of congestive heart failure. Circulation 2004;110:1209-1212.

6. Drueke TB, Locatelli F, Clyne N, et al. Normalization of hemoglobin level in patients with chronic kidney 
disease and anemia. N Engl J Med 2006;355:2071-2084.

7. Singh AK, Szczech L, Tang KL, et al. Correction of anemia with epoetin alfa in chronic kidney disease. N 
Engl J Med 2006;355:2085-2098.

8. van der Putten K, Braam B, Jie KE, et al. Mechanisms of Disease: erythropoietin resistance in patients 
with both heart and kidney failure. Nat Clin Pract Nephrol 2008;4:47-57.

9. Szczech LA, Barnhart HX, Inrig JK, et al. Secondary analysis of the CHOIR trial epoetin-alpha dose and 
achieved hemoglobin outcomes. Kidney Int 2008;74:791-798.



4  CHAPTER

Hepcidin-25 is a marker of the response rather than 
resistance to exogenous erythropoietin in chronic kidney 

disease/chronic heart failure patients

Karien van der Putten1,2

Kim E Jie3 
Daan van den Broek4

Rob J Kraaijenhagen5

Coby Laarakkers6 

Dorine W Swinkels6 
Branko Braam7 

Carlo A Gaillard1,8

1Department of Internal Medicine, Meander MC, Amersfoort, The Netherlands
2Department of Cardiology, UMC Utrecht, Utrecht, The Netherlands

3Department of Nephrology and Hypertension, UMC Utrecht, Utrecht, The Netherlands
4Department of Clinical Chemistry, Lange Land Hospital, Zoetermeer, The Netherlands

5Department of Clinical Chemistry, Meander MC, Amersfoort, The Netherlands
6Department of Clinical Chemistry, Radboud University Nijmegen Medical Centre, 

Nijmegen, The Netherlands
7Division of Nephrology and Immunology, Department of Medicine, University of Alberta, 

Edmonton, Canada
8Department of Nephrology, VU University Medical Center, Amsterdam, The Netherlands

Eur J Heart Fail 2010;12:943-950



48

C
ha

pt
er

 4

ABstrAct

Aims 
Erythropoietin (EPO) resistance, an important cause of anemia in patients with heart and 
renal failure, is associated with increased mortality. The hypothesis of the present study 
was that exogenous EPO decreases hepcidin levels and that the decrease in hepcidin levels 
upon EPO treatment is related to the bone marrow response. 

methods 
In the EPOCARES trial, patients with renal failure (glomerular filtration rate 20-70 mL/
min), heart failure, and anemia were randomized to receive 50 IU/kg/week EPO (n=20) 
or not (n=13). Hemoglobin (Hb), hepcidin-25, ferritin, reticulocytes, serum transferrin 
receptor (sTfR), IL-6, and high-sensitivity C-reactive protein were measured at baseline and 
during treatment. Hepcidin-25 was measured by weak cation exchange chromatography/
matrix assisted laser desorption ionization time-of-flight mass spectrometry. 

results
Baseline hepcidin levels were increased compared with a healthy reference population 
and were inversely correlated with Hb (r2=0.18, P=0.02), and positively with ferritin 
(r2=0.51, P< 0.001), but not with renal function, high-sensitivity C-reactive protein or 
IL-6. Erythropoietin treatment increased reticulocytes (P<0.001) and sTfR (P<0.001), 
and decreased hepcidin (P<0.001). Baseline hepcidin levels and the magnitude of the 
decrease in hepcidin correlated with the increase in reticulocytes (r2=0.23, P=0.03) 
and sTfR (r2=0.23, P=0.03) and also with the Hb response after 6 months (r2=0.49, 
P=0.001). 

conclusion 
In this group of patients with combined heart and renal failure and anemia, increased 
hepcidin levels were associated with markers of iron load and not with markers of 
inflammation. The (change in) hepcidin levels predicted early and long-term bone 
marrow response to exogenous EPO. In our group hepcidin seems to reflect iron load and 
response to EPO rather than inflammation and EPO resistance.
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introdUction

Erythropoietin (EPO) resistance, defined as an inadequate bone marrow response to 
exogenous or endogenous EPO, contributes importantly to anemia1 and is associated with 
increased mortality, particularly in patients with heart and/or kidney failure.2-4 Hepcidin 
is a protein closely related to iron homeostasis, and is an acute-phase protein mainly 
produced in the liver. It has been suggested to play a central role in the development of 
EPO resistance.5 

Enhancement of erythropoiesis by EPO requires intact EPO signaling (EPO 
receptor, downstream JAK/STAT signaling and transcriptional response) and effective 
mobilization of iron stores.1 Hepcidin inhibits the efflux of iron into plasma transferrin 
by downregulating ferroportin, the efflux channel for iron in macrophages and in 
enterocytes.6 Enhanced synthesis of hepcidin thus leads to inhibition of iron absorption 
in the small intestine and sequestering of iron in macrophages, resulting in limited iron 
availability for erythropoiesis. In addition to its effect on iron metabolism, hepcidin may 
contribute to EPO resistance through a direct inhibitory effect on erythroid progenitor 
proliferation and survival.7

 In patients with chronic kidney disease (CKD) and in hemodialysis patients, it has 
been shown that hepcidin levels are higher than in healthy controls.8-10 No information on 
hepcidin levels in patients with chronic heart failure (CHF) is available, with the exception 
of one study measuring levels of prohepcidin.11 However, prohepcidin levels do not 
correlate with urinary and serum hepcidin, nor do they respond to relevant physiological 
stimuli.5 

Increased iron stores and inflammation induce hepcidin synthesis in the liver, whereas 
suppression occurs during hypoxia, iron deficiency, and increased erythropoiesis.12 
Hepcidin thus integrates the input from both inflammatory and erythropoietic pathways. 

In vitro, it has been demonstrated that EPO decreases hepcidin expression in 
hepatocytes.13 In addition, Ashby et al.14 showed that exogenous EPO decreases hepcidin 
levels in hemodialysis patients, using an immunoassay which measures total hepcidin. 
In the present study, we measured hepcidin-25 levels in CKD patients, using a mass 
spectrometry based assay. Unlike immunoassays, this assay does not measure total 
hepcidin, but quantifies hepcidin-25 and hepcidin-20 separately.15 

We hypothesized that EPO, which is the primary signal that triggers erythropoiesis, 
decreases hepcidin-25 levels in patients with combined heart and renal failure. We tested 
whether, as in CKD patients, hepcidin levels are elevated in iron-replete, EPO naïve patients 
with heart and renal failure and if EPO treatment modulates hepcidin levels. Furthermore, 
we studied whether baseline hepcidin levels determine the bone marrow response to EPO 
and if a change in hepcidin levels upon EPO treatment predicts EPO responsiveness.
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methods

patients
In an open-label, randomized trial, 33 patients with the combination of CHF, CKD, and 
anemia were included. Recently a classification of patients with both heart and renal 
failure was proposed by Ronco et al.16 Using this classification, we studied patient with 
cardiorenal syndrome (CRS) Type 2 and 4. The current study is part of the EPOCARES trial 
of which a detailed protocol description is available (ClinicalTrials.gov NCT 00356733).17 
Ethics approval was obtained and all subjects signed informed consent. All procedures were 
in accordance with the Helsinki Declaration. Complete inclusion and exclusion criteria are 
outlined in Table 1. Anemia was defined as hemoglobin (Hb) between 10.3 and 12.6 g/dL 
in men and between 10.3 and 11.9 g/dL in women, measured after 4 weeks of oral iron 
therapy. Chronic kidney disease was defined as a glomerular filtration rate (GFR) of 20–70 
mL/min according to the Cockcroft–Gault equation. Chronic heart failure was defined 
as NYHA class II or higher, based on symptoms, signs, and objective evidence of an 
abnormality in cardiac structure or function according to echocardiography.18,19 Patients 
with heart failure with reduced ejection fraction (HFREF) or heart failure with normal 
EF (HFNEF) were included. Heart failure with normal EF was defined as an EF>50%, left 
ventricular (LV) end-diastolic volume index <97 mL/m2, and evidence of diastolic LV 
dysfunction.20

table 1  Inclusion and exclusion criteria for the EPOCARES study

Inclusion criteria

 Age >18 years, < 85 years

 Hb between 10.3 and 12.6 g/dL in men and between 10.3 and 11.9 g/dL in women

 Heart Failure (HFNEF and/or HFREF)

 GFR by Cockcroft-Gault formula of 20-70 ml/min

Exclusion criteria

 Erythropoietic therapy within 6 months before randomization

 Uncontrolled hypertension (SBP >160 mm Hg, DBP >100 mm Hg)

 Uncontrolled diabetes (HbA1c >8.0%)

 Kidney transplantation

 Proteinuria >3.5 g/L

 Acute renal failure or rapidly progressive glomerulonephritis

 Hyperparathyroidism (PTH >40 pmol/L)

 Hemoglobinopathies, bleeding or hemolysis as a cause of anemia

 Deficiency of iron, folate and/or vitamin B12

 Chronic inflammatory disease or clinically significant infection

 Hematological malignancy of solid tumor < 3 years ago

Abbreviations: GFR, glomerular filtration rate; HFNEF, heart failure with normal ejection fraction;
HFREF, heart failure with reduced ejection fraction; Hb, hemoglobin; SBP, systolic blood pressure; 
DBP, diastolic blood pressure; HbA1c, glycosylated hemoglobin; PTH, parathyroid hormone
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study design
After written consent was obtained, run-in treatment was started, comprising of oral iron 
supplementation, aspirin when indicated, and maximal tolerated dosages of a ß-blocker, 
an ACE-inhibitor or an angiotensin receptor blocker. Patients were randomized once they 
had been clinically stable on standard treatment for at least 4 weeks. At this point, patients 
were randomized on a 2:1 basis to receive 50 IU/kg/week Epoetin beta (Neorecormon, 
Roche Pharmaceuticals) (n=20) or not (n=13). Measurements were performed at baseline 
and after 2 weeks of EPO therapy. This interval of 2 weeks was specifically chosen, as the 
Hb level does not increase until about 4 weeks after starting erythropoiesis-stimulating 
agent treatment. In addition, Hb measurements were repeated monthly for a period of 6 
months.

measurements
All blood samples were drawn between 8 and 9 a.m. Serum urea nitrogen, creatinine, 
and Hb were assessed using routine methods. High sensitivity C-reactive protein was 
determined by particle-enhanced immunonephelometry using a standard Cardio-Phase 
high-sensitivity C-reactive protein for BNII (Dade Behring Holding GmbH, Liederbach, 
Germany). Plasma IL-6 levels (pg/mL) were measured in duplicate using a commercially 
available high-sensitive ELISA kit (R&D Systems, Minneapolis, USA) according to the 
manufacturer’s instructions. Ferritin was determined using a sandwich immunoassay on 
an Acces 2 immunoanalyser within a Dx automated system from Beckman Coulter (Brea, 
CA, USA). Transferrin saturation (TSAT) was calculated from serum iron and transferrin 
estimates obtained with standard methods on a Beckman Coulter Dx. Serum Transferrin 
Receptor (sTfR) assay was performed with an immunoassay on a BNProSpec nephelometer 
from Siemens (Marburg, Germany). Reticulocyte count and RetHe (reticulocyte Hb 
equivalent) were performed using flow cytometric analysis with Ret-Search (II) dye on 
a Sysmex XE-2100 haematology analyser (Toa Medical, Kobe, Japan). NT-proBNP was 
measured using an electrochemiluminescence immunoassay on a Cobas CA6000 from 
Roche (Mannheim, Germany). Levels of Cystatin-C were measured by means of the 
N-Latex Cystatin-C assay and a PROspec nephelometer (Siemens Healthcare Diagnostics, 
Breda, the Netherlands). Serum EPO levels were measured by a two-site sandwich 
chemiluminescent immunoassay on an IMMULITE 2000 platform (Siemens Healthcare 
Diagnostics, Breda, the Netherlands). To define EPO levels as appropriate or inappropriate 
for a given degree of anemia, we calculated the observed/ predicted log (EPO) ratio (O/P 
ratio). Erythropoietin levels were defined as inappropriate at an O/P ratio<0.80. The O/P 
ratio was calculated as follows: O/P ratio =[log(observed Epo)]/[log(predicted Epo)]. 
To predict EPO levels, we used the regression equation as defined by Opasich et al.21: 
log(Epo)=4.746-(0.275×Hb). 

Serum hepcidin-25 measurements were performed by a combination of weak cation 
exchange chromatography and time-of-flight mass spectrometry (TOF MS). An internal 
standard (synthetic hepcidin-24; Peptide International Inc.) was used for quantification.15 
Peptide spectra were generated on a Microflex LT matrix-enhanced laser desorption/
ionisation TOF MS platform (Bruker Daltonics). Serum hepcidin-25 concentrations were 
expressed as nmol/L. The lower limit of detection of this method was 0.5 nM; average 
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coefficients of variation (CV) were 2.7% (intra-run) and 6.5% (inter-run). The median 
reference level of serum hepcidin-25 as measured at 08.30 a.m. is 2.9 nM, range 0.5–8.2 
nM.22

Definition of hemoglobin response
In the EPOCARES trial the EPO patients were divided into two groups.17 Of the 20 patients 
in the current study who received EPO, 11 patients received EPO to a target Hb level of 
13.7 g/dL for men and 13.4 g/dL for women, while the remaining nine patients received 
EPO to maintain baseline Hb for the first 6 months by sequential blood withdrawal of 250 
mL, with a maximum frequency of once every 2 weeks. For assessment of Hb response, 
the difference in Hb level after 6 months was assessed and subsequently increased by 
adding 0.24 g/dL for each phlebotomy. 

statistical analysis
The study is part of the EPOCARES study. The EPOCARES study is not powered for hard 
endpoints, but for intermediate endpoints as measured by biomarkers, imaging data, and 
cell studies. Power analysis of several biomarkers has been determined in a previous study 
in our department in patients with CKD, and resulted in n=25 with power=0.8 and 
alpha=0.05. Data are expressed as means ± SD or median with interquartile range as 
appropriate. Unpaired data were compared using the Fishers’ Exact test (for categorical 
variables), and the unpaired t-test or Mann-Whitney U test (for continuous variables). 
Paired data were compared with the use of the paired t-test or Wilcoxon rank sum test. 
Correlations were calculated using Pearson’s correlation test. Skewed data were log-
transformed before correlations were calculated. P-values<0.05 were considered to 
represent statistical significance. The Statistical Package for Social Sciences (SPSS, Chicago, 
IL, USA) version 17 was employed for all statistical analysis.

resUlts

overall characteristics of the patients
Baseline characteristics of the EPO treated and non-EPO treated patients are displayed in 
Table 2. The two groups were not different for age, renal function, left ventricular ejection 
fraction (LVEF), and all other measured parameters. Chronic kidney disease is evident 
from the decreased GFR, heart failure from elevated brain natriuretic peptide levels and 
decreased LVEF. The average O/P (observed/predicted, see methods section) ratio was 
just below 0.80 in both groups, indicating that endogenous EPO production was partly 
preserved. As patients with overt inflammation were excluded, high-sensitivity C-reactive 
protein levels are only slightly increased.
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table 2  Baseline characteristics

Characteristic EPO (n=20) No EPO (n=13) P-value

Age (years)

 Median 77 72 0.34

 Interquartile range 70-81 64-67

Male sex, no. (%) 12 (60) 9 (69) 0.72

Diabetes, no. (%) 7 (35) 4 (31) 1.00

Hemoglobin (g/dl) 11.6 ± 1.0 11.9 ± 0.7 0.32

GFR (ml/min) 35 ± 12 39 ± 22 0.44

Plasma creatinine (mg/dl) 2.14 ± 0.90 2.30 ± 0.99 0.64

Urea nitrogen (mg/dl) 45 ± 21 38 ± 17 0.34

Cystatin C (mg/l) 2.22 ± 0.96 2.10 ± 0.69 0.70

NT-proBNP (pg/ml)

 Median 1832 1239 0.25

 Interquartile range 684-3959 501-2207

LVEF (%) 43 ± 14 46 ± 13 0.52

hs-CRP (mg/l)

 Median 5 4 0.69

 Interquartile range 1-19 1-10

O/P ratio 0.72 ± 0.19 0.79 ± 0.24 0.42

Means ± SD are shown, unless otherwise stated. P-values were calculated with the use of the Fishers’ Exact test 
(for categorical variables), and the unpaired t-test or Mann-Whitney U test (for continuous variables). To convert 
the values for urea nitrogen to micromoles per liter, multiply by 0.357. To convert the values for creatinine to 
micromoles per liter, multiply by 88.4. 
Abbreviations: GFR, glomerular filtration rate; NT-ProBNP, N-terminal prohormone brain natriuretic peptide; 
LVEF, left ventricular ejection fraction; hs-CRP, high-sensitivity C-reactive protein; O/P ratio, observed/ predicted 
ratio.

Baseline hepcidin levels

With a median level of 6.3 nM (interquartile range 3.9-8.6), hepcidin levels of the total 
study population at baseline were increased when compared with levels in a healthy 
reference population (median level of 2.9 nM).22 At baseline, hepcidin levels were 
inversely correlated with Hb (r2=0.18, P=0.02; Figure 1A). Furthermore, hepcidin levels 
at baseline were positively correlated with ferritin (r2=0.51, P<0.001; Figure 1B) and TSAT 
(r2=0.14, P=0.03; Figure 1C). There was no significant association between hepcidin and 
GFR (r2=0.01, P=0.64), Cystatin-C (r2=0.03, P=0.25), high-sensitivity C-reactive protein 
(r2=0.00, P=0.90), IL-6 (r2=0.01, P=0.65), O/P ratio (r2=0.03, P=0.38), reticulocytes 
(r2=0.03, P=0.38), sTfR (r2=0.12, P=0.05), or RetHe (r2=0.00, P=0.84).
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Figure 1 The correlation between log-transformed baseline hepcidin levels and baseline levels of hemoglobin, 
log-transformed ferritin, and TSAT in 33 cardiorenal patients. Baseline levels of hepcidin are correlated to 
baseline levels of hemoglobin, ferritin, and TSAT (A, B, and C).

Abbreviations: Hb, hemoglobin; TSAT, transferrin saturation.

response to erythropoietin treatment
In the EPOCARES study patients were stratified on the basis of erythropoietin sensitivity as 
measured by the O/P ratio.21 The actual erythropoietic response in the EPO treated patients 
was measured in two ways. The increase in reticulocyte level at 2 weeks was designated 
‘early response of the bone marrow’ to EPO whereas Hb levels after 6 months were used 
to estimate the ‘long-term effect’ of EPO on the bone marrow. Although factors other than 
the response of the bone marrow to EPO may play a role in the Hb response at 6 months, 
none were identified. For instance, no clinical evidence of blood loss was observed in 
our patients. Furthermore it should be pointed out that in the EPOCARES study the EPO 
treated patients were divided in two groups.17 One group was targeted to maintain their 
baseline Hb level, despite EPO treatment, and underwent periodic withdrawal of 250 mL 
of blood at a maximal frequency of 2 weeks. In these patients, the Hb response to EPO was 
imputed by adding 0.24 g/dL to each phlebotomy.

Acute response to erythropoietin treatment
Table 3 shows the effect of 2 weeks of EPO treatment vs. no EPO treatment on all 
variables. Two weeks of EPO treatment increased reticulocytes (P<0.001; Figure 2B) and 
sTfR (P<0.001), but decreased hepcidin levels (P<0.001; Figure 2A). In addition, TSAT 
(P=0.01) and ferritin levels (P=0.02) decreased in response to EPO treatment. In the EPO 
treated patients, baseline levels of hepcidin correlated with the increase in reticulocytes 
(r2=0.35, P=0.006; Figure 3A). The magnitude of the decrease in hepcidin correlated 
with the increase in reticulocytes (r2=0.23, P=0.03; Figure 3B) and the increase in 
sTfR (r2=0.23, P=0.03). The magnitude of decrease in hepcidin was not correlated to 
baseline levels of IL-6 (r2<0.01, P=0.82), high-sensitivity C-reactive protein (r2<0.01, 
P=0.86), or TSAT (r2=0.02, P=0.54). The magnitude of decrease in hepcidin did correlate 
to baseline ferritin levels (r2= 0.34, P=0.008). There was no correlation between O/P 
ratio at baseline and increase in reticulocyte count (r2<0.01, P=0.99) or sTfR (r2=0.07, 
P=0.25).
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table 3  Effects of 2 weeks erythropoietin vs. no erythropoietin treatment

Variable EPO (n=20) No EPO (n=13)

t=0 t=2 weeks P-value t=0 t=2 weeks P-value

Hb(g/dl) 11.6±1.0 11.9±1.2 0.07 11.9±0.7 11.7±0.9 0.28

Reticulocytes 
(x1012/l)

0.045±0.015 0.069±0.019 <0.001 0.043±0.014 0.044±0.016 0.78

sTfR (mg/l) 1.4±0.5 1.8±0.5 <0.001 1.3±0.4 1.4±0.4 0.13

RetHe (fmol) 1.84±0.13 1.76±0.26 0.22 1.87±0.11 1.82±0.14 0.28

Hepcidin (nM) 9.2±6.6 4.7±4.2 <0.001 5.1±2.3 7.0±6.3 0.35

Erythropoietin 
(IU/l)

12±7 34±20 <0.001 10±6 12±6 0.30

Ferritin (ng/ml) 166±133 141±125 0.02 136±122 157±154 0.12

TSAT (%) 22±10 18±6 0.01 22±8 22±5 0.86

IL-6 (pg/ml) 4.5±3.6 4.5±3.2 0.14 5.0±3.5 4.4±3.1 0.92

Means±SD are shown. P-values were calculated with the use of the paired t-test or Wilcoxon rank sum test. 
Abbreviations: Hb, hemoglobin; sTfR, serum transferrin receptor; RetHe, reticulocyte Hb equivalent; TSAT,
transferrin saturation; IL-6, interleukin-6.

***

*

*

*

*

*

*

*

*

*

Figure 2 Hepcidin levels and reticulocytes after two weeks of EPO treatment. (A) Two weeks of erythropoietin 
treatment decreased log transformed hepcidin levels in cardiorenal patients. (B) The effect of 2 weeks of 

erythropoietin treatment on reticulocyte count. Error bars represent SD; * denotes P< 0.001.

hemoglobin response after 6 months
Age, renal function, baseline Hb, and baseline ferritin were not associated with response 
to EPO. Also, baseline levels of hepcidin did not correlate with Hb response after 6 months 
of EPO treatment (r2=0.07, P=0.27). However, the magnitude of the decrease in hepcidin 
after 2 weeks of EPO correlated with Hb response after 6 months (r2=0.49, P=0.001; 
Figure 4). As expected, after exclusion of the five patients who underwent an EPO dose 
decrease (as necessitated by the safety procedures described in the EPOCARES protocol) 
during the first 6 months, this correlation remained highly significant (r2=0.45, P=0.012). 
The magnitude of the increase in reticulocytes after 2 weeks of EPO also correlated with 
Hb response after 6 months (r2=0.21, P=0.046). There was no correlation between O/P 
ratio at baseline and Hb response after 6 months (r2=0.12, P=0.15).
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Figure 3 Correlations between hepcidin and reticulocyte count. (A) The correlation between log-transformed 
baseline hepcidin levels and reticulocyte increase after 2 weeks of erythropoietin treatment in 20 cardiorenal 
patients. (B) The correlation between log-transformed hepcidin decrease and reticulocyte increase in response 

to 2 weeks of erythropoietin treatment.

Figure 4 The correlation between the log-transformed hepcidin decrease after 2 weeks of erythropoietin and 
hemoglobin response after 6 months of erythropoietin treatment. In five patients the erythropoietin dose was 
decreased during the 6-month period. These patients are marked separately in grey.

discUssion

In the present study, hepcidin levels were increased in patients with cardiorenal failure and 
higher baseline hepcidin levels were associated with an increased rather than decreased 
early bone marrow response, as determined by the increase in reticulocyte level, to EPO. 
A stronger decrease in hepcidin after 2 weeks of EPO treatment was correlated with an 
increased early bone marrow response to EPO and with Hb response after 6 months. 
In our study involving patients with combined heart and renal failure, hepcidin levels 
appeared to reflect systemic iron load rather than inflammation. Importantly, when EPO 
is administered, hepcidin levels predict short- and long-term bone marrow responses in 
patients with cardiorenal failure at an early stage of treatment. 
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Several putative mechanisms may lead to increased hepcidin levels, such as decreased 
renal clearance of hepcidin.9 In addition, the inflammatory state that accompanies CRS 
may increase hepcidin. However, we were not able to demonstrate a correlation between 
hepcidin levels and high-sensitivity C-reactive protein or IL-6, which suggests that in 
our patient group increased hepcidin levels were attributable to other factors. Hepcidin 
levels correlated with Hb, ferritin, and TSAT, which is in accordance with hepcidin being 
regulated by erythropoietic activity, iron stores, and iron availability. This finding is in 
keeping with the contention that hepcidin levels reflect systemic iron load rather than 
inflammatory state or resistance to erythropoietin.23,24 Indeed our, iron-replete, patient 
group had relatively low levels of inflammatory biomarkers, compatible with a relatively 
low inflammatory state. In contrast to our original hypothesis, low levels of hepcidin were 
associated with a decreased response to EPO in our patient group. The question remains 
whether, in accordance with the results of the DRIVE study group, additional (i.v.) iron 
therapy would have improved the response to EPO specifically in this low-hepcidin group, 
or whether another abnormality in the EPO-iron homeostasis axis explains the relative 
absence of a bone marrow response after exogenous EPO administration.25 This may be 
of importance since a recent study reported favourable results of i.v. iron therapy in iron 
deplete heart failure patients.26 

The finding that EPO treatment decreases serum hepcidin levels in patients with 
CRS is in accordance with the fact that increased erythropoiesis leads to suppression 
of hepcidin.12 Pathways via which EPO treatment modulates hepcidin levels are largely 
unknown. Pinto et al.13 suggested that it concerns a direct effect, mediated via a decrease 
of CEBPA binding to the hepcidin promoter after EPO supplementation. Alternatively, 
EPO administration may indirectly lead to suppression of hepcidin via increased levels of 
growth differentiation factor-15, which is secreted by erythroblasts27 or via the molecule 
named twisted gastrulation (TWSG1). TWSG1 is expressed during erythropoiesis and acts 
by inhibiting bone morphogenic protein-induced expression of hepcidin.28 Although we 
studied a relatively small and heterogeneous patient population, our results with respect 
to the hepcidin decrease in response to EPO are unambiguous. It seems that the signaling 
pathway that connects EPO with hepcidin is not markedly influenced by the complex 
systemic disturbances seen in patients with combined heart and kidney failure. 

Our most important observation was that higher baseline hepcidin levels as well as a 
greater decrease in hepcidin upon EPO treatment are associated with an increased early 
bone marrow response to EPO. Moreover, a more pronounced decrease in hepcidin after 
2 weeks of EPO treatment was associated with increased Hb response after 6 months. A 
large proportion of the patients who received EPO underwent periodical withdrawal of 
250 mL of blood at a maximal frequency of every 2 weeks. The Hb response to EPO was 
imputed in this phlebotomy group using a conservative correction factor. The correction 
was necessary due to the design of the EPOCARES study.17 It is important to note that the 
erythropoietic response to EPO was not only measured as the Hb response after 6 months 
but also as the increase in reticulocytes after 2 weeks of EPO treatment and that the 
magnitude of the decrease in hepcidin correlated both with the increase in reticulocytes 
(r2=0.23, P=0.03; Figure 3B) as well as with Hb response after 6 months (r2=0.49, 
P=0.001). 
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The observation that exogenous EPO can depress hepcidin and induce the bone 
marrow response to EPO supports the idea that EPO signaling pathways are intact in the 
CRS. The association between higher baseline hepcidin levels and a better response to EPO 
may seem paradoxical; however, it probably reflects an appropriate response to exogenous 
EPO in the face of an adequate systemic iron load. It is possible that patients without 
increased hepcidin levels who are less responsive to EPO form a group that may benefit 
from additional (i.v.) iron therapy.25 At this point it is important to note that our group was 
stable, carefully selected and in a low inflammatory state. The question remains whether 
under different, high inflammatory conditions, hepcidin levels still reflect iron load rather 
than inflammatory state. Further studies should be directed towards discriminating the 
EPO response in patients with low-hepcidin levels vs. patients with high levels, the latter 
with and without elevated markers of systemic inflammation. 

Our study has several potential clinical implications. First, our study suggests that 
hepcidin levels together with inflammatory markers can help to predict EPO response 
in patients with cardiorenal failure at an early stage of treatment. This is of importance, 
as high doses of EPO can have several non-hematopoietic adverse effects, for example 
increased thrombogenicity29 and possibly also increased carcinogenicity.30 Secondly, as 
iron availability is difficult to assess, hepcidin may have advantages beyond measurement 
of conventional measures of iron load. For this purpose, cheaper and high-throughput 
methods to reliably measure hepcidin are needed. A recently developed quantitative 
RadioImmonoAssay (RIA) might prove useful.8,31 

In conclusion, our study shows that in EPO-naive, iron-replete patients with 
cardiorenal failure, EPO decreased hepcidin levels. Hepcidin levels were associated with 
markers of iron load and not with inflammatory markers, which suggests that in our 
patient group hepcidin reflects iron load. A greater decrease in hepcidin was associated 
with an increased early and long-term bone marrow response to EPO which suggests that 
the signaling pathway that connects EPO with hepcidin is operative and that hepcidin may 
be a marker of response rather than resistance to exogenous EPO.
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ABstrAct

Background
Studies have shown that red cell distribution width (RDW) is related to outcome in 
congestive heart failure (CHF). The pathophysiological process is unknown. We studied the 
relationship between RDW and EPO resistance, and related factors such as erythropoietic 
activity, functional iron availability and hepcidin.

methods and results
In the EPOCARES study, which investigates the role of EPO in 54 iron supplemented 
anemic patients with CHF and chronic kidney disease (CKD) (n=35 treated with 50 IU/
kg/wk Epoetin beta, n=19 control), RDW was not associated with EPO resistance. We 
defined EPO resistance by EPO levels (r=0.12, p=0.42), the observed/predicted log EPO 
ratio (r=0.12, p=0.42), the increase in reticulocytes after 2 weeks EPO treatment (r=-
0.18, p=0.31) and the increase of hemoglobin after 6 months EPO treatment (r=0.26, 
p=0.35). However, RDW was negatively correlated with functional iron availability 
(reticulocyte hemoglobin content, r=-0.48, p<0.001 and transferrin saturation, r=-
0.39, p=0.005) and positively with erythropoietic activity (soluble transferrin receptor, 
r=0.48, p<0.001, immature reticulocyte fraction, r=0.36, p=0.01) and positively with 
interleukin-6 (r=0.48, p<0.001). No correlation existed between hepcidin-25 and RDW.

conclusions
EPO resistance was not associated with RDW. RDW was associated with functional iron 
availability, erythropoietic activity and interleukin-6 in anemic patients with CHF and 
CKD.
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introdUction

Red blood cell distribution width (RDW) is routinely performed as part of a complete 
blood cell count and quantifies the variability in size of circulating red blood cells 
(i.e. anisocytosis), defined as the standard deviation of erythrocyte size divided by the 
mean corpuscular volume (MCV). Recently, researchers have reported an independent 
association between RDW and the risk of adverse outcomes in patients with chronic 
and acute heart failure1-4, in patients with stable coronary artery disease5 and even in 
a community-based cohort.6 The pathophysiological mechanism responsible for the 
association between RDW and adverse outcomes, as reported in these retrospective, cross-
sectional cohort studies, is open to question. Anemia is highly prevalent in chronic heart 
failure (CHF) and is associated with morbidity and mortality.7 Most factors that cause 
anemia through ineffective red cell production or increased red cell destruction could 
cause anisocytosis. Importantly however, RDW remained an independent predictor of 
outcome after adjusting for hemoglobin level.1

 Erythropoietin (EPO) resistance, that is the inadequate bone marrow response to 
endogenous and/or exogenous EPO leading to an impaired red blood cell line, plays an 
important role in anemia of CHF and chronic kidney disease (CKD).8 Resistance to EPO is 
associated with morbidity and mortality.9 Several authors hypothesize that EPO resistance 
could explain the association between RDW and outcome.2,4,10 Inflammation and disordered 
iron metabolism are factors that can cause EPO resistance and indeed, recent studies have 
shown that inflammatory markers, EPO levels and decreased functional iron availability 
correlate with RDW.2,4 However, no direct data are available as to the association between 
RDW and EPO resistance. The EPOCARES study created an opportunity to investigate the 
association between RDW and EPO resistance in iron-supplemented, EPO naive patients 
with CHF and CKD.9 Since a universally accepted definition of EPO resistance does not 
exist, we estimated EPO resistance in three ways using 1. the log observed/predicted ratio 
(O/P), which reflects the EPO level for the degree of anemia11, 2. the extent in increase 
of reticulocyte count, soluble transferrin receptor or immature reticulocyte fraction 
after two weeks of exogenous EPO treatment, and 3. the hemoglobin increase after 6 
months of EPO treatment. In addition, we investigated the role of associated factors, such 
as inflammation, erythropoietic activity (rate of red cell production), functional iron 
availability and hepcidin.

methods

study design and patients
The study design of the EPOCARES study (ClinicalTrials.gov number NCT 00356733) has 
been published elsewhere.12 In short, the EPOCARES study is an open-label, prospective, 
randomized trial, in which patients with CHF, CKD (GFR by Cockroft-Gault equation of 
20-70 ml/min) and mild anemia (hemoglobin 10.3-12.6 g/dL for men and 10.3-11.9 
g/dL for women) are included to test the hematopoietic and non-hematopoietic responses 
to EPO treatment. Exclusion criteria, amongst others, were erythropoietic therapy within 
6 months, bleeding, hemolysis, hemoglobinopathies, chronic inflammatory disease 
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or malignancy. Hemoglobin (Hb) level for inclusion was measured after at least four 
weeks of oral iron supplementation, if tolerated. The diagnostic criteria for CHF were 
those recommended by the European Society of Cardiology guidelines.13 Patients with 
heart failure with reduced left ventricular ejection fraction (HFREF) as well as patients 
with preserved left ventricular ejection fraction (HFPEF) were included.14  The Medical-
Ethical Committee approved the protocol of the study and informed consent was obtained 
from all subjects. Procedures were in accordance with the Helsinki Declaration and all 
patients gave written consent. Patients were randomized on a 1:1:1 basis, after they had 
been clinically stable on maximal tolerated doses of a ß-blocker, an ACE-inhibitor or an 
angiotensin receptor blocker for at least four weeks. One group received 50 IU/kg/wk 
Epoetin beta (Neorecormon®, Roche Pharmaceuticals) and their Hb was kept at baseline 
level by phlebotomies during the first 6 months. One group received 50 IU/kg/wk 
Epoetin beta and their Hb could rise (to a certain safety level). The third group received 
standard treatment. Most biochemical measurements were performed at baseline, after 
two weeks and monthly thereafter. Blood samples were drawn between 8 and 9 am in 
supine position and stored at -80°C until analysis.

Biomarker analysis
High sensitivity C-reactive protein (hs-CRP) was determined by particle enhanced 
immunonephelometry using a standard Cardio-Phase hsCRP for BNII (Dade Behring 
Holding GmbH, Liederbach, Germany). Plasma interleukin-6 (IL6) levels (pg/ml) 
were measured in duplo using a commercially available high sensitive ELISA kit (R&D 
Systems, Minneapolis, USA). As a marker of total iron stores,15 ferritin was determined 
using a sandwich immunoassay on an Acces®2 immunoanalyzer within a Dx automated 
system from Beckman Coulter (Brea, CA). Functional iron availability was determined 
by measuring transferrin saturation (TSAT), soluble transferrin receptor (sTfR) and 
reticulocyte hemoglobin content (RET-He). TSAT was calculated from serum iron and 
transferrin estimates obtained with standard methods on a Beckman Coulter Dx. sTfR 
assay was performed with an immunoassay on a BNProSpec nephelometer from Siemens 
(Marburg, Germany). RET-He was performed using flow cytometric analysis with Ret-
Search (II)® dye on a Sysmex XE-2100 hematology analyzer (Toa Medical, Kobe, Japan). 

erythropoietin levels, erythropoietic activity and epo resistance
Serum EPO levels were measured by a two-site sandwich chemiluminescent immunoassay 
on an IMMULITE 2000 platform (Siemens Healthcare Diagnostics, Breda, the Netherlands). 
As markers of erythropoietic activity, we measured sTfR and assessed the ratio of young 
immature reticulocytes (IRF). Reticulocytes have variable amounts of RNA, which 
correlates with their maturation. The fluorescent intensity of a reticulocyte, measured by 
using a fluorescent polymethine dye, is proportional to the quantity of RNA. Reticulocytes 
are thus divided in the most immature, moderately immature (together comprising IRF) 
and mature reticulocytes. An increase in IRF precedes the increase in reticulocyte count and 
is therefore used as a marker of erythropoietic activity.16,17 EPO resistance was measured 
in multiple ways. Endogenous EPO resistance was determined by defining the EPO levels 
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for the degree of anemia, by calculating the observed/predicted log (EPO) ratio (O/P 
ratio). EPO levels were defined as inappropriate at an O/P ratio <0.80. The O/P ratio can 
be calculated as follows: O/P ratio=[log(observed Epo)]/[log(predicted Epo)]. To predict 
EPO levels, we used the regression equation as defined by Opasich et al: log(Epo)=4.746–
(0.275xHb).11 Patients were stratified by O/P ratio at inclusion. Exogenous EPO response 
was measured as the increase of reticulocyte count, sTfR and IRF after 2 weeks of EPO 
treatment and by assessing the Hb response after 6 months of EPO treatment.

hepcidin-25
Serum hepcidin-25 measurements were performed by a combination of weak cation 
exchange chromatography and time-of-flight mass spectrometry (TOF MS).18 Serum 
hepcidin-25 concentrations were expressed as nmol/l. The lower limit of detection 
(LLOD) of this method was 0.5 nM; average coefficients of variation (CV) were 2.7% 
(intra-run) and 6.5% (inter-run). The median reference level of serum hepcidin-25 as 
measured at 08.30 am is 2.9 nM, range 0.5-8.2 nM.19,20

statistical analysis
Data are presented as medians with inter-quartile ranges (IQR) for non-normally 
distributed variables and means ± standard deviation (SD) for normally distributed 
continuous variables. Unpaired data were compared with the paired t-test or the Mann-
Whitney U test. For paired data we used the paired t-test or Wilcoxon Rank test. Pearson 
correlation coefficient was used to test univariate correlation with RDW in normally 
distributed variables. Skewed variables were log-transformed. Analysis of variance 
(ANOVA) was applied on parametric variables. Differences were considered significant 
when P<0.05. Following univariate correlations, variables with a P value< 0.05, were 
entered into a multivariable linear regression model with stepwise forward selection 
process, to identify independent predictors of RDW. For statistical analyses the Statistical 
Package for Social Sciences (SPSS, Chicago, Illinois, USA) version 17 was used.

resUlts

population characteristics
The original study population of the EPOCARES study comprised of 62 patients. Five 
patients withdrew their informed consent and one patient was excluded due to 
malignancy (diagnosed on routine X-ray). Of two patients, RDW data at baseline could 
not be ascertained. Baseline characteristics of the 54 patients for this study are presented 
in table 1, divided according to tertiles. Univariate linear correlations are listed in table 2. 
In table 3, the multivariable regression analysis is shown. All patients had CKD, CHF and 
anemia, as shown by the decreased MDRD, the higher NT-proBNP, the lower LVEF and the 
lower Hb-levels. Vitamin B12 and folate levels were normal and hemolysis was absent, as 
measured by lactodehydrogenase levels. CRP and hs-CRP levels were only slightly elevated, 
showing that the study involved chronic stable patients without evident inflammation.
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table 2  Univariate correlation coefficients of clinical and biochemistry variables with RDW, n=54

Variable r P-value

Age  0.25 0.08

Hemoglobin -0.05 0.72

Hematocrit  0.09 0.52

MCV -0.08 0.58

eGFR  0.13 0.37

Cystatin C -0.26 0.85

NTproBNP  0.24 0.10

LVEF -0.17 0.22

Serum iron -0.33 0.02

Ferritin -0.21 0.16

Transferrin 0.34 0.012

TSAT -0.39 0.005

Ret-He -0.48 <0.001

Hepcidin -0.25 0.07

sTfR  0.48 <0.001

Erythropoietin  0.12 0.42

O/P ratio  0.11 0.42

Reticulocyte count  0.13 0.36

IRF  0.36 0.01

CRP  0.23 0.11

hs-CRP (n=37)  0.27 0.13

IL-6  0.48 <0.001

Vitamin B12  0.25 0.07

Folate  0.07 0.61

LDH  0.21 0.13

Albumin -0.17 0.23

Total cholesterol -0.27 0.05

All non-parametric variables were considered for analysis after logarithmic transformation.
Abbreviations: MCV, mean corpuscular volume; eGFR, estimated glomerular filtration rate; NTproBNP, 
N-terminal pro-brain natriuretic peptide; LVEF, left ventricular ejection fraction; TSAT, transferrin saturation; 
Ret-He, reticulocyte hemoglobin content; sTfR, serum transferrin receptor; O/P ratio, log observed/predicted 
ratio; IRF, immature reticulocyte fraction; hsCRP, high-sensitivity C-reactive protein; IL-6, interleukin-6; LDH, 
lactate dehydrogenase

rdW
The median RDW value was 14.0% (IQR 13.3-15.1), and 26% of the patients had a level 
above the upper limit (>15%) which corresponds with data from other studies.1-5,21 In 
our normocytic anemic population, a higher RDW was not associated with Hb levels, 
hematocrit or mean corpuscular volume (MCV). RDW showed no correlation with renal 
function, as measured by creatinine, MDRD or cystatin C, nor with cardiac function as 
measured by left ventricular ejection fraction or NTproBNP levels.
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iron metabolism
In these patients on oral iron supplementation without overt inflammation, ferritin at 
baseline was   < 100 ng/ml in 22 of the patients (41%), indicating that some patients may 
have been (relatively) iron deficient despite oral suppletion. Indeed, also TSAT levels were 
low in some patients (< 20% in 26 of the patients or < 15% in 8 patients). However, in the 
35 patients that received EPO, there was no significant decrease in RET-He after two weeks 
of EPO treatment (p=0.32), indicating that there was no iron-restricted erythropoiesis. 
Therefore no direct evidence of decreased functional iron availability in the patients that 
received EPO was observed.22 Total iron store parameters did not correlate with RDW. 
However, functional iron availability was negatively associated with RDW; patients in the 
highest RDW-tertile had both significant lower TSAT levels and RET-He levels (figure 1A). 
Hepcidin-25 showed no significant correlation with RDW.

epo levels, erythropoietic activity and epo resistance
There was a positive correlation between RDW and erythropoietic activity as measured by 
sTfR and IRF (figure 1B and 1C), but this was apparently not related to higher endogenous 
EPO levels. 
 The EPO level was defined for the degree of anemia by the O/P ratio. Given that the 
average O/P ratio was only slightly below 0.80, the endogenous EPO production was 
partly preserved in this population with CKD and CHF. We found no correlation with 
RDW and endogenous EPO resistance as measured by the O/P ratio. 
 Of the 54 patients, 35 patients received EPO treatment. After two weeks of EPO, 
the reticulocyte count significantly increased (p<0.0001) as did sTfR (p<0.0001) and 
IRF (p= 0.027). Also, after 2 weeks of EPO treatment, RDW was significantly increased 
(p<0.001). The magnitude of increase in reticulocyte count however did not correlate 
with the baseline RDW values (figure 2A). Neither did the extent in increase of sTfR and 
IRF after two weeks EPO treatment correlate with baseline RDW (figure 2B and 2C). 
 In 17 of the 35 patients who received EPO treatment, the Hb was increased. After 6 
months of EPO treatment the Hb in these patients was significantly increased compared 
to baseline Hb (p=0.001). The magnitude in increase of Hb after 6 months, showed no 
correlation with RDW at baseline (p=0.35, r= 0.26). Neither was there any correlation 
with baseline RDW and the magnitude of increase in reticulocyte count, sTfR and IRF after 
6 months EPO treatment (resp. p=0.54, p=0.39 and p=0.36). These results show that 
there is neither a correlation between RDW and response to exogenous EPO.

Inflammation
A positive correlation was observed between RDW and IL6, but this was not the case 
with CRP, nor with hs-CRP. There was a negative correlation between IL6 with RET-He 
(resp p=0.03, r= -0.30). As previously described, there was no correlation between both 
IL6 and hs-CRP with hepcidine-25 (resp. p=0.93, r=-0.12 and p=0.27, r=0.20) in our 
population.23 
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multivariable regression model 
After entering all biomarkers with a significant univariate correlation with RDW in a 
multivariable regression model, on a stepwise forward selection, sTfR, IL6, RET-He and 
IRF proved to be independent predictors of RDW (Table 3).

table 3  Stepwise multivariate linear regression for RDW, n=54

Variable Step no. Multiple r² β coefficient P-value

sTfR 1 0.218  0.483 <0.001

IL-6 2 0.356  0.394 <0.001

Ret-He 3 0.434 -0.309 <0.001

IRF 4 0.529  0.278 <0.001

All non-parametric variables were considered for analysis after logarithmic transformation. 
Abbreviations: sTfR, serum transferrin receptor; IL-6, interleukin-6; Ret-He, reticulocyte hemoglobin content; 
IRF, immature reticulocyte fraction

discUssion

A strong independent association exists between RDW, a measure of anisocytosis, and 
adverse outcomes in cardiovascular disease, e.g. CHF. The underlying process that links 
RDW to outcomes is unknown. One of the main findings of this study is that EPO 
resistance as measured by several different methods was not associated with RDW. In 
this stable patient group with both heart and renal failure, RDW was associated with 
functional iron availability and erythropoietic activity. After multivariate analysis, markers 
of functional iron availability, erythropoietic activity and IL6 were independent predictors 
of RDW. However, hepcidin levels were not significantly associated with RDW. This 
underscores earlier findings that, in low inflammatory patient groups, hepcidin levels are 
not associated with markers of inflammation.23,24 

EPO resistance, defined as an inadequate bone marrow response to exogenous or 
endogenous EPO, contributes to anemia9 and is associated with increased mortality in 
patients with heart and/or kidney failure.25,26 Indeed, EPO levels in patients with CKD 
and/or CHF are higher as compared to healthy controls, but inappropriately low for 
the degree of anemia.8,11 This observation indicates a relative EPO deficiency as well as a 
reduced bone marrow response to endogenous EPO.9 Approximately 10% of CKD patients 
treated with exogenous EPO have an inadequate response, which leads to therapy with 
higher doses of exogenous EPO. In several studies, such as the Correction of Hemoglobin 
and Outcomes in Renal Insufficiency (CHOIR) study, the use of high-dose EPO in EPO-
resistant patients was associated with increased morbidity and mortality.25 Subsequently 
it was hypothesized by several authors that a disturbed bone marrow response to 
erythropoietin could explain the association between morphologic changes in the red 
blood cell (RDW) and cardiovascular risk.2,4,10 However, in the current study none of the 
markers of EPO resistance, estimating both the response to endogenous EPO as well as 
the response to exogenous EPO, was  associated with RDW. Furthermore, in our EPO-
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naïve patient group treatment with exogenous EPO induced an increase in RDW. This 
contradicts an association between resistance to EPO and RDW. 

We did find a significant correlation between RDW and markers of erythropoietic 
activity (IRF and sTfR). At this point it is important to note that increased erythropoietic 
activity not necessarily results in increased hemoglobin levels since the level of 
hemoglobin is determined by the red cell production and maturation rate and by the 
rate of red cell destruction. IRF is defined as the ratio of young, immature reticulocytes 
to the total number of reticulocytes. IRF is used to assess the degree of erythropoietic 
activity, e.g. after chemotherapy.16 Circulating reticulocytes shed the soluble transferrin 
receptor during their maturation sequence. This sTfR level correlates more strongly with 
corpuscular indices than with iron parameters and is used as a biomarker of increased 
erythropoietic activity.27 Förhécz et al. also reported a positive correlation between sTfR 
and RDW in a nonanemic cohort of patients with systolic heart failure.2 This concept is 
further strengthened by our results, in which RDW is positively related to erythropoietic 
activity, as measured by both IRF and sTfR, in anemic patients with heart and kidney 
failure. 

RDW is most commonly used in the differential diagnosis of iron deficiency anemia, 
in which MCV is decreased and RDW is increased. Decreased functional iron availability 
plays a role in anemia of CHF and CKD. We demonstrate a negative correlation between 
TSAT, RET-He, sTfR and RDW in our iron-supplemented patients. Reticulocyte hemoglobin 
content (RET-He) is considered to be a very sensitive indicator reflecting iron availability 
for erythropoiesis28 and is an indicator for iron-restricted erythropoiesis in patients 
receiving EPO.22 Compared with the use of ferritin or TSAT, it showed higher sensitivity 
and specificity.15 Therefore, although 41% of our orally iron-suppelemented patients had 
a ferritin level <100ng/ml, indicating possible lower iron stores, the lack of decrease in 
RET-He after EPO therapy suggests that there was no overtly iron-restricted erythropoiesis. 
Since we found no association between ferritin levels and RDW, our data suggest that 
decreased functional iron availability but not iron stores play a role in higher RDW values. 
Our results correspond with recently published results,2,4 describing a positive correlation 
between RDW and TSAT and/or sTfR, in symptomatic heart failure patients. In addition 
to these studies, we determined RET-He, a more sensitive marker of functional iron 
availability, which further substantiated the contention that increased RDW values are 
associated with decreased functional iron availability. 

As mentioned earlier, in our study RDW was associated with markers of both 
erythropoietic activity and functional iron availability. Furthermore, a strong correlation 
was observed between RDW and IL6. It has been hypothesized that the correlation between 
RDW and functional iron availability is mediated by hepcidin.4 Hepcidin is upregulated by 
a number of stimuli, e.g. anemia and inflammation (IL6). Hepcidin thus integrates input 
from erythropoietic and inflammatory pathways.29 In patients with CKD30 it has been 
shown that hepcidin levels are higher compared to healthy controls, but in patients with 
CHF and anemia this was not confirmed.24,31 In our patients with the combination of heart- 
and kidney failure and anemia, hepcidin-25 levels were higher. Thus, hepcidin seems an 
obvious “candidate-linking factor” between inflammation and decreased functional iron 
availability, leading to higher RDW levels. However, our data show no clear correlation 
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between hepcidin-25 and RDW. It should be noted that, since this is a small study and 
the p-value (p=0.07) approached significance, a weak association between RDW and 
hepcidin cannot be ruled out. Also, there was no correlation between hepcidin-25 and 
inflammation in our patient group. This finding was confirmed in another study and is 
in keeping with our earlier finding that in our group of stabile cardiorenal patients, with 
relatively low levels of inflammatory biomarkers, increased hepcidin levels were associated 
with markers of iron load (ferritin) rather than with markers of inflammation.23,24 Thus, 
in our study RDW was associated with IL6 but not with other markers of inflammation. 
Although data exist that IL6 can influence iron absorption during the hypoxic exposure, 
via a mechanism independent of hepcidin32, at this point it is unclear how IL6 is related 
to an increase in RDW. 

RDW is elevated in conditions of increased erythropoiesis/ineffective erythropoiesis 
and in conditions of increased red cell destruction. RDW increases when the relative 
number of larger and/or smaller red blood cells increases. Since RDW is not correlated 
to MCV in our patient group, it can be hypothesized that the changes in RDW are caused 
by both an increase in the relative number of large red cells as well as an increase of 
the relative number of small red cells in the peripheral blood. Indeed, MCV positively 
correlated with both RET-He (r=0.387, p=0.004) as well as with IRF (r=0.245, p=0.08). 
The absence of a correlation between RDW and MCV in our anemic patients thus may be 
due to a balanced net effect of increased erythropoietic activity leading to a higher MCV 
and decreased iron availability, leading to a lower MCV. 

Finally, limitations of the study as result of sample size and selection bias need to be 
acknowledged. The cohort size of the two center EPOCARES study is rather small. Studying 
simple associations and constructing a multivariate model using a relatively small sample 
size is of limited value, although most of the associations we report are robust despite 
the small sample size. However, we cannot fully exclude the possibility that the lack of 
association between some parameters, e.g. hepcidin, and RDW, are due to lack of power. 
This patient group comprised anemic patients with both CHF and CKD, therefore these 
results should be carefully interpreted and cannot be generalized to all patients with CHF, 
especially those patients without renal dysfunction. Also, the EPOCARES patients were 
receiving multiple drugs, including oral iron supplementation, throughout the study, and 
were in a relatively low inflammatory state. This might not fully represent daily clinical 
practice on which data of RDW as biomarker for outcome are based. 

In conclusion, EPO resistance was not associated with RDW in these iron supplemented 
anemic patients with CKD and CHF. However, RDW was associated with erythropoietic 
activity, decreased functional iron availability and IL6. We found no significant correlation 
between hepcidin and RDW. In our view, as also pointed out by Allen et al., the association 
of RDW with outcome may imply that the erythrocyte may be viewed as a “barometer” 
of overall cardiovascular health.4 Therefore mechanisms that cause changes in relative 
distribution of red cell size such as increased erythropoietic activity, increased red cell 
destruction and reduced red cell half life should be investigated.
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ABstrAct

Aims 
The combination of chronic kidney disease (CKD), chronic heart failure (HF), and anemia, 
the so-called cardio-renal anemia syndrome (CRA) is associated with dysregulation of 
erythropoietin levels and inflammation. Both have been associated with the development 
of cancer. This study aimed to determine the cumulative incidence of cancer in patients 
with CRA, as compared with anemic CKD and control patients. 

methods 
Patients aged <80 years who attended the nephrology or cardiology outpatient clinics 
between March 2006 and November 2007 were eligible for inclusion in this retrospective 
case-control study if hemoglobin <8.1 mmol/L (13 g/dL) and serum creatinine >80 
mmol/L (0.90 mg/dL). Medical records dating back to 1996 were reviewed. The 
relationship between cancer and CRA, chronic HF, CKD, and anemia was analyzed using 
logistic regression analysis. 

results
Data from 1087 patients were reviewed. We identified 348 patients with both CKD and 
anemia, of whom 132(38.3%) had CRA. The control group included 264 patients attending 
the hypertension outpatient clinic. Patients with CRA had a 19% cumulative incidence of 
cancer compared with 11% for patients with anemia, CKD and no chronic HF, and 11% 
in the control group. The odds ratio (OR) for cancer was 1.8(95% CI 1.0-3.2) for the CRA 
group compared with the control group. Chronic HF was an independent risk factor for 
cancer after correction for age and gender (adjusted OR 2.0; 95% CI 1.2-3.3, P=0.007). 

conclusion 
The cumulative incidence of cancer among patients with CRA is high compared with 
controls and to anemic CKD patients without chronic HF. Chronic HF was an independent 
risk factor for cancer. These results stress the importance of clarifying the mechanisms 
involved in the development of cancer in CRA.
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introdUction

Chronic kidney disease (CKD) and anemia of chronic disease (ACD) are interrelated and 
common in patients with chronic heart failure (HF). The combination of chronic HF, 
CKD, and ACD is known as the cardio-renal-anemia syndrome (CRA).1 

Several mechanisms have been proposed to explain the strong association between 
chronic HF and CKD. Previously, we described a model in which the renin–angiotensin 
system (RAS), the balance between the nitric oxide (NO) and reactive oxygen species 
(ROS), the sympathetic nervous system and inflammatory mediators, interact. A 
disturbance in one of these connectors may lead to a vicious circle, where failure of the 
heart or kidney eventually leads to progressive failure of both organs.1

 In addition, there is an increasing interest in the effects of erythropoietin (EPO) 
in heart and kidney failure. EPO is a glycoprotein hormone that is well known for its 
erythropoietic effects. EPO also has important non-hematopoietic effects, including 
protection of the heart and kidney in hypoxic conditions.2-4 Observational studies have 
shown that EPO levels are elevated in patients with moderate kidney disease as compared 
with patients with preserved renal function as well as compared with patients with 
severely perturbed renal function.5,6 This observation suggests a compensatory response of 
EPO production in mild CKD, but exhaustion of the response in advanced CKD. In chronic 
HF patients EPO levels tend to be elevated.7 

The most important stimulus for the production of EPO is renal hypoxia via hypoxia-
inducible factor (HIF)-2α.8,9 Other important factors that influence the EPO levels are 
cytokines (IL-1,TNF-α)10 and the RAS.11-13 Despite high levels of EPO, patients with 
chronic HF and CKD are often anemic. This contra-intuitive phenomenon is explained by 
an insufficient elevation of EPO levels in relation to the degree of anemia, as well as the so-
called ‘EPO resistance’ phenomenon. EPO resistance is probably caused by inflammatory 
mediators (i.e. IL-1, IL-6, interferon-γ, TNF-α) which act directly on erythropoiesis by 
down-regulating messenger RNA for EPO receptor expression in erythroid progenitor 
cells and indirectly by disruption of iron metabolism, mainly through stimulation of the 
production of hepcidin.14 

The EPO receptor is also expressed in several non-erythroid tissues, including neural 
tissues, the breast and the gut.3,15 EPO triggers several important signaling cascades 
that inhibit apoptosis, and stimulate cell proliferation and angiogenesis. EPO has been 
associated with cancers of the breast, bladder, kidney, and bowel, as well as hematological 
cancers.3,16,17 In the condition of ‘EPO resistance’, the bone marrow response to EPO is 
decreased. However, since different types of EPO receptors exist in different tissues,18 
these other tissues may not be resistant to EPO, and thus may have a preserved response 
to elevated levels of EPO. Prolonged exposure to high levels of endogenous EPO and 
inflammation, as is the case in CRA, could therefore lead to an increased risk of developing 
cancer.19 Several studies, in support of this hypothesis, have shown a higher incidence of 
cancer in patients with end-stage CKD compared with the general population.20-26 Wong 
et al. found in a population-based cohort an excess risk for malignancies starting at an 
estimated glomerular filtration rate (eGFR)<55 mL/min/1.73 m2 and increasing linearly 
as eGFR declined further.20 We therefore hypothesized that patients with CRA will have a 
higher incidence rate of cancer than patients without CRA. To our knowledge, this is the 
first study of the relationship between CRA and cancer.
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methods

study design
This retrospective case-control study was conducted at the Meander Medical Centre in 
Amersfoort, a large regional teaching hospital in the Netherlands, affiliated with the 
University Medical Centre Utrecht. The investigation conforms to the principles outlined 
in the Declaration of Helsinki. All patients who attended the cardiology and nephrology 
outpatient clinics between March 2006 and November 2007 were screened for hemoglobin 
(Hb) and creatinine levels. Patients aged<80 years, with a Hb <8.1 mmol/L (13 g/dL) 
and creatinine <80 mmol/L (0.9 mg/dL) were eligible for this study and their medical 
history dating back 10 years was reviewed. The diagnoses of chronic HF, CKD, ACD, and 
cancer were established according to the following criteria.

chronic kidney disease
Renal function was calculated using the short ‘Modification of Diet in Renal Disease 
(MDRD) formula’ for the eGFR.27 CKD was defined as a stable eGFR <60 mL/min/1.73 
m2 for at least three consecutive months. Thus, patients with a temporary decrease in eGFR 
(caused by an acute illness) were excluded. 

Anemia of chronic disease 
ACD was defined as a decreased Hb level for more than six consecutive months [women 
<7.8 mmol/L (12 g/dL) and men <8.1 mmol/L (13 g/dL)], without evidence of a 
deficiency of iron, vitamin B12 or folic acid. Patients with anemia due to surgery or an 
acute event or illness were excluded, as were patients who used erythropoiesis stimulating 
agents.

chronic heart failure
The diagnosis of chronic HF was established by two cardiologists according to the criteria 
of the European Society of Cardiology.28 That is, symptoms suggestive of HF (such as 
dyspnoea on exertion, fatigue) with (systolic and/or diastolic) ventricular dysfunction 
at rest, preferably assessed by echocardiography.28 Systolic ventricular dysfunction was 
defined as a left ventricular ejection fraction <45% and diastolic function was assessed 
using standard methods including the E/A ratio, deceleration time, indexed left atrial 
volume, tricuspid flow parameters (S/D), and isovolumetric relaxation time. Since tissue 
Doppler imaging (TDI) measurements were only available in a minority of patients, e’ and 
E/e’ could not be used as a measure of diastolic function. Finally, patients who had been 
diagnosed with chronic HF by their own cardiologist were also classified as such.

cardio-renal-anemia syndrome
Using the classifications described above, patients with CKD, ACD, and chronic HF were 
classified as CRA.
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cancer
Patients with cancer in the 10 years prior to the investigation date were classified as such, 
except for those with basal cell carcinoma and premalignant lesions. All cancers were 
coded according to the organ-system in which they primarily had developed.

control group
A sample of patients from the hypertension outpatient clinic with an eGFR ≥ 60 mL/
min/1.73 m2 and Hb > 8.0 mmol/L (13 g/dL), were used as controls. The control group 
was matched for age and gender with the CRA patients. Age stratified cumulative incidence 
rates of cancer from the general population in the Netherlands were obtained from the 
comprehensive cancer centre (IKC), as an additional external control group.

data analysis
Differences between groups were compared with the χ2 test (categorical variables) and 
Mann-Whitney U test (continuous variables, non-normal distribution). For each group, 
the cumulative incidence of cancer in the prior 10 years was calculated. The period of 
10 years was chosen in concordance with data from the IKCs in the Netherlands, which 
also served as an external validation of our control group. Confidence intervals of the 
cumulative incidence of cancer were calculated using the usual methods for dichotomous 
outcome.29 We applied multivariable logistic regression analysis to calculate the odds 
ratios (OR) of ACD, CKD, and chronic HF, corrected for each other and for age and gender 
differences. Data were analyzed using SPSS 14.0®.

resUlts

patient characteristics
We identified 1087 patients with anemia and eGFR <60 mL/min/1.73 m2. Of these, 29 
patients (1%) were excluded because data on renal function (n=14), or Hb levels (n=15) 
were missing. Another 233 patients (21%) were excluded because conclusive information 
about the presence of HF was missing (Figure 1). Overall 825 patients had reduced Hb 
and creatinine levels; however, only 348 patients met the criteria for both CKD plus ACD. 
Of these, 132 (38.3%) patients had concomitant chronic HF, thus meeting the criteria for 
CRA (Figure 1). 

General characteristics of the study population are shown in Table 1. There was a 
statistically significant difference in age and gender in the CKD/ACD group as compared 
with the CRA and control groups, whereas diabetes was slightly more prevalent in patients 
with CRA as compared with the CKD/ACD and control groups. In the CRA group the 
mean (SD) left ventricular ejection fraction was 37 (±13%) and median (Q1–Q3) BNP 
level was 1670 (767–4016 pg/mL).
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Outpatient clinic cardiology and nephrology
Hb < 13.0 g/dL and creatinine > 0.9 mg/dL

(n=1087)

Anemia?
(n=1087)

Kidney disease?
(n=1087)

Heart Failure?
(n=1087)

Missing
(n=233, 
21%)

Yes
(n=383, 
35%)

Likely
(n=51, 
5%)

Unlikely
(n=105, 
10%)

No
(n=315, 
29%)

Missing
(n=14, 
1%)

CKD
(n=881, 
81%)

Acute
(n=74, 
7%)

No
(n=118, 
11%)

Missing
(n=15, 
1%)

ACD
(n=375, 
35%)

Acute
(n=252, 
23%)

No
(n=445, 
41%)

No CHF
(n=420, 39%)

CHF
(n=434, 40%)

ACD and CKD
(n=348)

ACD and CKD without
CHF

(n=216)

CRS with ACD 
(n=132)

Figure 1 Selection of patients. In total 1087 patients were selected from the outpatient clinics because of 
hemoglobin <8.1 mmol/l (13.0 g/dL) and creatinine >80 mmol/l (0.9 mg/dL). They were all scored for 
chronic heart failure, anemia of chronic disease, and chronic kidney disease. Patients with both chronic kidney 
disease and anemia of chronic disease were subdivided into a group with chronic heart failure, chronic kidney 
disease, and anemia of chronic disease (cardio-renal-anemia syndrome) and a group with chronic kidney 
disease plus anemia of chronic disease, without chronic heart failure.

Abbreviations: ACD, anemia of chronic disease; CKD, chronic kidney disease; CHF, chronic heart failure.

table 1 Characteristics of 348 patients with chronic kidney disease plus anemia of chronic 
disease, divided into those with and without concurrent chronic heart failure compared with 
controls (n=264)

CRA CKD/ACD No CHF Control group

Number of patients 132 216 264

Men 87 (66%) 116 (54%)** 174 (66%)

Age (years) 73.5 (68–77) 71 (62–76)** 74 (68–77)

Hemoglobin (mmol/L) 7.2 (±0.6)** 7.3 (±0.6)** 9.0 (±0.8)

eGFR-MDRD (mL/min/1.73 m2) 39 (±14)** 37 (±14)** 76 (±12)

Diabetes

 Yes 70 (53%)* 98 (45%) 111 (42%)

 No 61 (47%) 116 (54%) 153 (58%)

 Unknown 1 (1%) 2 (1%) 0 (0%)

Smoking

 Yes 24 (18%) 34 (16%) 42 (16%)

 No 81 (51%) 145 (71%) 222 (84%)

 Unknown 27 (21%) 37 (17%) 0 (0%)

On dialysis 6 (4.5%)** 9 (4.5%)** 0 (0%)

Renal transplantation 2 (1.5%)* 6 (2.8%)** 0 (0%)

*P< 0.05 compared with control group.
**P <0.01 compared with control group.
Data are presented as mean (±SD), median (Q1–Q3), or absolute (%).
Abbreviations: CRA, cardio-renal-anemia syndrome; CKD/ACD No CHF, chronic kidney disease and anemia of 
chronic disease, without heart failure.
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Association of chronic heart failure with cancer
Univariate analysis of the 825 patients with reduced Hb and creatinine levels showed 
a significant relation between chronic HF and cancer [OR 1.9 (95% CI 1.3-2.6)]. After 
multivariable logistic regression analysis including renal function, anemia, age, and 
gender, chronic HF remained a significant risk factor with an OR 2.0 (95% CI 1.2-3.3, 
P=0.007; Table 2). 

table 2 Multivariable logistic regression analysis of the correlation with malignancies in 1087 
screened patients

Odds ratio 95.0% CI for odds ratio
Lower                       Upper

Significance

CHF 2.01 1.21 3.33 0.007

CKD 0.48 0.25 0.95 0.03

ACD 1.12 0.70 1.7 0.65

Age 1.04 1.01 1.07 0.03

Gender 1.10 0.67 1.78 0.71

Constant 0.02 0.001

Abbreviations: CHF, chronic heart failure; CKD, chronic kidney disease; ACD, anemia of chronic disease.

The cumulative incidence of malignancies in the CRA group was significantly higher 
than in the hypertensive control group [OR 1.8 (95% CI 1.0-3.2)] and than in the 
CKD/ACD group [OR 1.9 (95% CI 1.0-3.6)]. Patients with CRA had a 19% cumulative 
incidence of cancer during 10 years of follow-up. In the CKD/ACD group, as well as in the 
hypertensive control patients, the cumulative incidence was 11%. There was no significant 
difference in cancer incidence between the CKD/ACD group and the hypertensive control 
group [OR 0.9 (95% CI 0.5-1.7)]. 

The cumulative incidence of cancer for different age strata is listed in Table 3. The 
median (Q1–Q2) year malignancy was diagnosed was 2003 (1998–2006). Age stratified 
cancer incidence data provided by the IKCs in the Netherlands were comparable with data 
from our control group of patients with hypertension. 

Cancer of the digestive tract was the most often detected cancer in patients with CRA, 
accounting for 17-30% of all cancers (Table 4), whereas urinary tract cancer accounted 
for 12-17% of all cancers, cancer of the male reproductive tract for 8–23%, breast for 
<5%, and skin for 0-13%.
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table 3 Cumulative incidence of cancer during 10 years follow-up in 348 patients with chronic 
kidney disease plus anemia of chronic disease, divided into those with and without concurrent 
chronic heart failure compared with controls (n=5264)

CRA CKD/ACD No CHF Controls

Age n
Cumulative incidence
malignancies n

Cumulative incidence
malignancies n

Cumulative incidence
malignancies

<60 6 0 (0%) 45 3 (7%) 12 0 (0%)

60-64 12 2 (17%) 16 2 (13%) 22 2 (9%)

65-69 22 2 (9%) 34 2 (6%) 44 4 (9%)

70-74 34 7 (21%) 51 9 (18%) 67 10 (15%)

75+ 58 14 (24%) 70 7 (10%) 119 14 (12%)

Total 132 25 (19%) 216 23 (11%) 264 30 (11%)

Abbreviatons: CRA, cardio-renal-anemia syndrome; CKD/ACD No CHF, chronic kidney disease and anemia of 
chronic disease, without heart failure.

table 4  Distribution of cancer in 348 patients with chronic kidney disease plus anemia of 
chronic disease, divided into those with and without concurrent chronic heart failure compared 
with controls (n=5264)

Type of cancer CRA CKD plus ACD Controls

Gastrointestinal 5 (20%) 4 (17%) 9 (30%)

Male reproductive 2 (8%) 3 (13%) 7 (23%)

Female reproductive 0 (0%) 1 (4%) 0 (0%)

Breast 0 (0%) 1 (4%) 1 (3%)

Urinary tract 3 (12%) 4 (17%) 4 (13%)

Skin 3 (12%) 0 (0%) 4 (13%)

Kidney 2 (8%) 3 (13%) 0 (0%)

Hematological 1 (4%) 0 (0%) 3 (10%)

Head and neck 0 (0%) 1 (4%) 1 (3%)

Lower airways 4 (16%) 0 (0%) 0 (0%)

Endocrine glands 1(4%) 0 (0%) 0 (0%)

Central nervous system 0 (0%) 1 (4%) 0 (0%)

Multiple 4 (16%) 5 (22%) 1 (3%)

Total 25 (100%) 23 (100%) 30 (100%)

Abbreviations: CRA, cardio-renal-anemia syndrome; CKD/ACD No CHF: chronic kidney disease and anemia of 
chronic disease, without heart failure.
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discUssion

The main finding of our study is that in patients with kidney disease and anemia, HF is 
associated with a higher incidence of cancer (adjusted OR 2.0). Patients with CRA had 
higher cumulative incidence rates of cancer than patients with CKD and ACD without HF 
and control patients from the hypertension outpatient clinic with normal renal function 
and Hb levels. 

To our best knowledge this is the first study that reports the cumulative incidence 
rates of cancer in patients with CRA. Previous studies have shown a higher incidence 
of cancer in patients on dialysis or with end-stage kidney disease compared with the 
general population.20-26 Recently Wong et al. reported in a population-based cohort an 
increased risk for malignancies starting at an eGFR <55 mL/min/1.73 m2.20 We were 
not able to confirm this finding in our study since we failed to show a difference in 
the incidence of cancer in patients with CKD/ACD (without chronic HF) as compared 
with the hypertensive control population. However, the increase in incidence of cancer in 
patients with mild CKD as reported by Wong et al. is relatively small and our study may 
have lacked the power to detect differences in the incidence of malignancies as reported 
in patients with mild CKD. 

Our study does not provide data about the causative relation between cancer and CRA 
nor to putative mechanisms involved in the unexpected increased cancer incidence in the 
CRA group compared with the CKD/ACD (without chronic HF) group. In our view there 
are, however, several plausible pathophysiological mechanisms that may be related to a 
higher risk of cancer in patients with CRA. Putative mechanisms involved are prolonged 
exposure to hypoxia resulting in increased levels of HIF-1α and/or long-term elevation of 
endogenous EPO levels leading to activation of EPO-R on non-erythroid tissues. In addition 
several authors hypothesize that changes commonly reported in CKD and chronic HF such 
as elevated levels of inflammatory mediators and/or ROS may be involved. Regardless of 
the mechanisms involved, our (hypothesis generating) study stresses the importance of 
further research into the relationship between CRA and malignancies, as well as into the 
mechanisms involved. Basic research and prognostic follow-up studies in patients with 
early stages of CRA are urgently needed. If indeed inflammation or EPO play a role in the 
pathophysiological mechanism, intervention studies evaluating the therapeutic effect of 
exogenous EPO may provide important new data and randomized clinical trials that are 
underway, need to be closely monitored for differences in the incidence of malignancies. 
The TREAT study, for example, showed an increased cancer related mortality in patients 
treated with erythropoiesis stimulating agents.30

Since our study had a retrospective design, it is important to point out and discuss the 
limitations of the study in more detail. To minimize the risk of ‘reverse causality’, which 
is present in all retrospective studies, we excluded patients who developed chronic HF, 
CKD, or ACD within 3 months after the diagnosis of cancer and patients in whom chronic 
HF or CKD could be attributed to medication (e.g. adriamycin). Secondly, in the analysis 
of the data we corrected for several confounders, however, unfortunately, we were not 
able to correct for all possible confounders because of incomplete patient records. We did 
not find a significant difference in the prevalence of smoking between the groups. Small 
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differences between groups may exist, due to inaccurate reporting in the electronic patient 
files, but this does not appear sufficient to entirely explain our observations. Although 
the control population was selected from the same hospital, referral, and work-up bias 
between patients with CRA and controls, and thus residual confounding, cannot be fully 
ruled out. To minimize the risk of work-up bias we selected a control group with a similar 
diagnostic work-up (laboratory analysis, chest X-rays etc) as HF and CKD patients. Finally, 
survival bias has to be taken into account. Any retrospective study may underestimate the 
true cumulative incidence of cancer because only survivors are included, especially in 
populations with a short life expectancy. However, survival bias could both weaken and 
strengthen the association between HF and malignancies.

conclUsions

The high cumulative incidence of malignancies in patients with CRA as compared with 
patients with CKD and anemia is remarkable and stresses the importance of diagnosing 
chronic HF in patients with CKD and ACD. Although causality cannot be proven, these 
patients appear to be at a greater risk of developing malignancies, in addition to the 
increased risk of cardiovascular morbidity and mortality. Moreover, since clinical studies 
are now examining the beneficial effects of EPO treatment in patients with chronic HF 
and CKD, the effects of EPO treatment in patients with chronic HF need to be closely 
monitored.
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ABstrAct

Aim 
Hemoglobin cycling has been reported in hemodialysis patients treated with erythropoietic-
stimulating agents (ESA) and is associated with increased mortality. Information on 
hemoglobin cycling in Europe is limited. We investigated hemoglobin variability in the 
Netherlands. Hemodialysis and peritoneal dialysis patients were studied and predialysis 
patients were enrolled. 

methods 
This observational retrospective study was executed in a Dutch dialysis centre. We 
studied 157 patients from 2005 to 2007: 56 hemodialysis, 12 peritoneal dialysis and 29 
predialysis patients, all treated with ESA; and 60 predialysis patients without ESA. Patients 
were divided on the basis of their pattern of hemoglobin fluctuation around a target range 
of 11-12 g/dL. In dialysis patients, the amount of time that hemoglobin remained within 
the target range was calculated. For all patients, the magnitude of hemoglobin fluctuations 
was assessed (i.e. the difference between hemoglobin maximum and minimum) and data 
on ESA dose changes and hospitalizations were collected. 

results
None of the ESA treated patients had stable hemoglobin levels within the target range 
over a one-year period. Predialysis patients without ESA also showed variable hemoglobin 
levels. A stepwise decrease in the magnitudes of hemoglobin fluctuation was observed in 
the hemodialysis patients, peritoneal dialysis patients, predialysis patients using ESA, to 
the predialysis patients without ESA, respectively. 

conclusion
In the Netherlands, hemoglobin variability is common in hemodialysis and peritoneal 
dialysis patients, but also in predialysis patients. The results of this study warrant 
further research into the relationship between hemoglobin variability and clinical 
outcomes.  
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introdUction

Anemia is common in patients with chronic kidney disease (CKD) and is associated with 
poor outcome.1-4 Observational data indicate that hemoglobin (Hb) levels between 11.5 
and 13 g/dL are associated with the greatest survival. Hemoglobin values >13.5 g/dL are 
associated with a trend toward increased death risk, as are Hb levels lower than 11.5 g/dL.1 
In keeping with the upper limit found in this observational study, a recent randomized 
controlled trial in CKD patients showed that targeting to achieve a hemoglobin level of 
13.5 g/dL was associated with increased risk.5

The guidelines for managing anemia in patients with CKD do not agree on the target 
level of Hb. The revised European Best Practice Guideline (EBPG) recommends a target 
Hb concentration of at least 11 g/dL and advices against Hb levels above 12 g/dL for 
patients with severe cardiovascular disease.6 The National Kidney Foundation’s Kidney 
Disease Outcomes Quality Initiative (NKF-K/DOQI) guideline recommends initiation of 
ESA at an Hb level of 10 g/dL and a Hb target of 11-12 g/dL, up to a maximum of 13 g/
dL.7 The EBPG for the Netherlands is currently being revised, but up until now, a similar 
Hb target range of 11-12 g/dL was recommended8, in agreement with previous K/DOQI 
guidelines. 

Maintaining a patient’s Hb at such a narrow target window is challenging. It has been 
observed that hemodialysis patients receiving ESA frequently show fluctuations in their 
Hb level over time.9-13 Fishbane et al. call this phenomenon cycling, defined as repeated, 
cyclical, up and down movements of absolute Hb levels during ESA treatment.14 Yang et al. 
define Hb variability by measuring the residual standard deviation of Hb.15 Many factors are 
associated with the variability of Hb levels, including ESA dose adjustments, intravenous 
iron dose adjustments, hospitalizations, infections11, route of ESA administration16, 
variation of hydration status17, blood loss, and dialysis adequacy.18 The exact mechanism is 
not fully understood, however, and is likely to be multifactorial. Variability of Hb over time 
is associated with increased mortality in dialysis patients.15,19,20 Yang et al. demonstrated 
that for each 1 g/dL increase in Hb variability, the adjusted rate of death was increased by 
33%.15 However, the observational nature of these studies does not allow the conclusion 
of a causal relationship between Hb cycling and increased mortality risk. 

Up until now, most studies on Hb cycling focused on US dialysis patients9-13. In 
view of the difference between the US and Europe regarding the reimbursement and 
organizational structure of dialysis centers, the question whether cycling also occurs in 
Western Europe is of importance. Furthermore, since changes in ESA dose were found to be 
associated with Hb cycling11, predialysis patients receiving ESA are expected to experience 
Hb cycling as well. Therefore, information about Hb variability in predialysis patients may 
aid in determining whether Hb variability depends on individual responsiveness to ESA, 
intensity of the therapeutic intervention or events related to the dialysis treatment.21-23 The 
aim of this retrospective study is to investigate the phenomenon of Hb cycling in CKD 
patients (dialysis, PD and predialysis) in the Netherlands and to study factors associated 
with Hb cycling. 
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methods

study population
This single-centre, retrospective study in patients with CKD, was conducted in the 
Meander Medical Dialysis Centre in Amersfoort, the Netherlands. Four different patient 
groups were studied: (1) chronic intermittent hemodialysis (HD) patients treated with 
ESA; (2) continuous ambulatory and cycler assisted peritoneal dialysis (CAPD and CCPD) 
patients treated with ESA; (3) predialysis patients treated with ESA; and (4) predialysis 
patients not treated with ESA. All patients who started treatment with HD, CAPD or CCPD 
and were treated with ESA were included. Predialysis patients were included if estimated 
GFR was 40 ml/min/1.73m2 or less, using the MDRD (Modified Diet in Renal Disease) 
formula. The first four months of ESA treatment were not included, since this period is 
generally required to reach target Hb concentrations.8

data collection
Data were collected during the arbitrarily selected period between January 1, 2005 to 
January 1, 2007. Hb levels were obtained from the Labosys® laboratory system (Philips 
Healthcare, Best, Netherlands). For dialysis patients, records of ESA doses were obtained 
from hospital pharmacy records. For the predialysis patients, the required data on ESA doses 
were obtained from the patient files. Information about hospitalizations was obtained 
from electronic patient files, as were the patient characteristics, including gender, age, 
weight, co-morbidity, medication use, MDRD and cause of CKD. 

Assessment of hemoglobin cycling and time in target 
We determined the number of patients maintaining Hb levels below, within and above a 
target range of 11-12 g/dL over a period of 6,12 and 24 months. It must be noted that at 
the time of the study, this range of 11-12 g/dL was not perceived as the predefined target 
range in all the patient groups. 

According to the classification described by Ebben et al13, patients were divided on the 
basis of their pattern of Hb fluctuation: SL = stable low (Hb levels below target range); 
SI = stable within the target range (Hb levels within target range); SH = stable high (Hb 
levels above target range); LAL = low amplitude swing with low Hb levels (Hb levels both 
within and below target range); LAH = low amplitude swing with high Hb levels (Hb 
levels both within and above target range); HA = high amplitude swing (Hb levels below, 
within and above target range).

To divide the patients in one of the 6 cycle groups, all available Hb levels over a period 
of 6, 12 or 24 months were used. To calculate the amount of time that Hb levels remained 
within the target range, moving averages of the Hb levels were used. The moving average 
was calculated over a 6-week period, moving in 3-week steps:

week period, moving in 3‐week steps: 
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Applying this method, small fluctuations are removed. The time in target could not be 
assessed in predialysis patients, due to a shortage of Hb measurements per year in this 
group. For each patient, the maximum and minimum Hb values, based on all available Hb 
measurements, were determined to calculate the Hb variability. 

data analysis
Data are presented as means ± standard deviation. Within the cycle groups, the distribution 
of the variables ‘time in target’, ‘ESA dose changes’ and ‘hospitalizations’ is non-parametric, 
therefore the cycle groups were compared using the Kruskal Wallis test. 

resUlts

Data were calculated over a period of 6, 12 and 24 months. For clarity reasons, mainly the 
results over a 12-month period are shown. The characteristics of the study population are 
displayed in Table 1. 

table 1  Patient characteristics

Characteristic HD PD Predialysis 
with ESA

Predialysis 
no ESA

Total  (nr) 56 12 29 60

Age  (yr) 74 [32 – 89] 53 [34 – 86] 75 [24 – 89] 73 [33 – 92]

Gender (male: female) (%) 61 : 39 33 : 67 48 : 52 73 : 27

Weight  (kg) 74.3 ± 16.1 73.3 ± 22.0 69.6 ± 11.4 83.4 ± 16.6

Diabetes mellitus (%) 28.6 16.7 41.3 40.0

Hypertension (%) 71.4 83.3 65.5 73.3

ESA treatment (%) 100.0 (i.v.) 100.0 (s.c.) 100.0 (s.c.) 0.0

Iron treatment (%) 100.0 (i.v.) 66.7 (oral) 72.4 (oral) 28.3 (oral)

Cause of CKD (%)

 Vascular 60.7 33.3 75.9 70.0

 Glomerular 7.1 25.0 3.5 6.7

 Interstitial 3.6 0.0 3.5 6.7

 Hereditary 7.1 0.0 6.9 3.3

 Urological 7.1 8.3 3.5 3.3

 Other 0.0 0.0 3.5 3.3

 Unknown 14.3 33.3 3.5 6.7

The variable ‘age’ is presented as median with the total range, the variable ‘weight’ is presented as mean with 
standard deviation. The categorical variables are presented as percentages of the total. 
Abbreviations: i.v., intravenous; s.c., subcutaneous.
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hemodialysis patients
In Figure 1, the effect of time on the distribution of HD patients among the cycling 
groups is shown.  When analyzed over a 6-month period, 39.1% of the HD patients 
show a high amplitude swing, whereas analysis over a 2-year period resulted in 93.1% 
of the patients in the high amplitude group. Over a 1-year period, on average 29±16 
Hb measurements were available per patient. Over this period, 78.6% of the HD patients 
experienced a high amplitude swing and no patients remained stable, either inside or 
outside target range (Figure 2). The average amplitude of the Hb variability of the total 
HD population was 4.0±1.0 g/dL. Among the cycle groups, Hb levels were in target a 
comparable amount of time. In the LAH cycle group, Hb levels were within the target 
range 29±10% of time. The LAL group remained within target 20±12% of time and the 
HA group 28±15% of time. The same was the case for the number of ESA dose changes. 
In the HD population, 2.0±1.7 ESA dose changes per year per patient were observed. 
ESA dose was changed 2.1±1.6 times per year in the HA cycle group, 1.3±1.3 times 
in the LAH cycle group, and the LAL cycle group had 1.5±1.8 ESA dose changes per 
year. The number of hospitalizations was significantly different amongst the cycle groups 
(p=0.02). The HD patients in the LAL cycle group experienced most hospitalizations per 
patient year: 2.8±3.6. The LAH group experienced 0.3±0.5 hospitalizations and the HA 
group 1.8±1.8 hospitalizations per patient per year.
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Figure 1 Hemodialysis population, classified according to Ebben’s principle13, analyzed over a period of 6 
months, 1 year and 2 years. 
Abbreviations: HD, hemodialysis; SI, stable within the target range; LAH, low amplitude swing with high Hb 
levels; SH, stable high; LAL, low amplitude swing with low Hb levels; HA, high amplitude swing; SL, stable low

peritoneal dialysis patients
On average, 14±6 Hb measurements were available per patient over the 1-yr period. 
All cycle groups were represented, except the SI group, and 33.3% of the PD patients 
(n=4) experienced a high amplitude swing (Figure 2). The average amplitude of the Hb 
variability of the PD population was 3.1±0.3 g/dL. In the LAH cycle group, Hb levels 
were within the target range 43±35% of time. The LAH patients remained within target 
15±9% of time and the HA patients 27±6% of time. The 3 patients experiencing stable 
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Figure 2  Average Hb variability over a 1-year period, classified according to Ebben’s principle.13

Abbreviations: HD, hemodialysis; PD, peritoneal dialysis; ESA, erythropoietic-stimulating agent; SI, stable within 
the target range; LAH, low amplitude swing with high Hb levels; SH, stable high; LAL, low amplitude swing with 
low Hb levels; HA, high amplitude swing; SL, stable low

Hb levels outside the target range (SH and SL) did not remain between 11 and 12 g/dL at 
any time. In the PD population, on average 1.0±1.0 ESA dose changes per patient per year 
were observed. The HA cycle group experienced 1.8±1.0 ESA dose changes per patient 
per year, the LAH group had 0.3±0.6 dose changes, the LAL patients had 1.0±1.4 dose 
changes and the SL patients had 1.0±1.4 ESA dose changes per patient per year. The ESA 
dose for the patient with stable high Hb levels was not changed over the 1 yr period.  The 
small number of patients in this group does not allow statistical testing with respect to 
hospitalization according to cycle groups. As an alternative, the number of hospitalizations 
per cycle group is reported. The two patients in the LAL cycle group experienced most 
hospitalizations per patient year: 2.0±2.8. The LAH patients experienced on average 
0.3±0.6 hospitalizations per year, the single SH patient was not admitted in the hospital 
during the year of analysis, the HA patients experienced 1.8±0.9 hospitalizations and the 
two SL patients had 0.5±0.7 hospitalizations per year. 

predialysis patients with esA treatment
On average, 11±8 Hb measurements were available per patient over the 1-yr period. No 
patients remained stable in or below target range and 44.8% of the patients experienced 
a high amplitude swing (Figure 2). The average amplitude of the Hb variability of the 
predialysis population with ESA treatment was 2.4±0.5 g/dL. In this population, on 
average 1.1±1.1 ESA dose changes per year per patient were observed. The LAH cycle 
group had 0.7±0.6 ESA dose changes per year, the LAL cycle group had 1.0±1.0 ESA dose 
changes and the HA cycle group experienced 1.8±1.3 ESA dose changes. Interestingly, the 
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SH cycle group had very few ESA dose changes per patient per year: 0.2±0.3 (p=0.03). 
However, it should be pointed out that the most recent KDOQI guidelines were updated 
in September 2007 based on studies published in late 2006.7 The Dutch guideline during 
this retrospective study was based on the revised EBPG 2004.6,8 In this guideline the upper 
limit received less emphasis than in the most recent KDOQI guidelines. The patients in 
the LAL cycle group experienced on average 1.3±1.5 hospitalizations per year, the HA 
group 0.7±0.9 hospitalizations, and the SH group 0.6±1.3. No patients in the LAH cycle 
group were admitted to the hospital over the 1 yr period. These values show no significant 
difference (p=0.20).  

predialysis patients without esA treatment
On average, 8±3 Hb measurements were available per patient over the 1-yr period. In 
this group, 36.7% experienced Hb levels that were stable above 12 g/dL and no patients 
remained stable below 11 g/dL (Figure 2). The average amplitude of the Hb variability 
of the predialysis patients without ESA treatment was 1.6±0.3g/dL. The patients in the 
HA cycle group experienced on average 0.6±0.8 hospitalizations per year, the LAL group 
0.3±0.7 hospitalizations, the LAH group 0.3±0.6 and the SH group 0.2±0.4. The two 
patients in the SI cycle group were not admitted in the hospital over the 1- year period. 
These values show no significant difference (p=0.28).

discUssion

The main finding of this study is that Hb cycling occurs in the Netherlands in dialysis 
patients as well as in predialysis patients. Over a 1-year period, no CKD patients using 
ESA had Hb levels stable within a target range of 11-12 g/dL. The HD population showed 
overall Hb variability over the largest range: Hb values varied on average 4.0±1.1g/dL. 
Comparing the four patient groups, there was a stepwise decrease in the magnitude of 
Hb fluctuation starting, respectively, from the HD patients, the PD patients, the predialysis 
patients using ESA, to the predialysis patients not using ESA. 

The finding that patients receiving ESA had greater variability than patients not 
receiving ESA is in keeping with recent studies and points to the current practice of 
prescribing ESA as one of the causes of Hb variability.21,22,24 

Several measures exist to define magnitude, frequency and duration of variability.25 
The within patient standard deviation (SD) and residual variation from least-squares 
regression lines (residual SD) are accurate measures of variability, but do not reflect 
patterns of Hb variability.15 The classification described by Ebben does provide patterns 
of variability but statistical analysis is limited since it does not provide a quantitative 
measure of Hb variability.13 For the purpose of the analysis of our small pilot study, the 
classification described by Ebben was used.

With regard to the concept of hemoglobin variability, there are two other issues of great 
importance: the identification of factors causing variation; and the clinical consequences 
of variation. For instance, most19,20,24 but not all studies26 report that variability is associated 
with mortality, however, there are not data to support the concept that variability is the 
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cause of increased mortality.
There are several possible factors that could play a role in the development of Hb 

cycling. One of those factors is adjustment of ESA dose. Fishbane et al. found that in 
hemodialysis patients, 84% of up-excursions were associated with an ESA dose increase 
and 62% of down-excursions were related to dose reduction.11 We could not confirm 
this in the HD patients in our study, as the number of ESA dose changes was comparable 
between the different cycle groups. In the predialysis patients treated with ESA, the HA 
cycle group had significantly more ESA dose changes than the other cycle groups.  

Another key factor that is associated with cycling is hospitalization. In the current 
study, among the ESA-treated patient populations, patients in the LAL cycle group 
experienced most hospitalizations and patients in the LAH cycle group experienced least 
hospitalizations. This is in accordance with the results found by Ebben et al, who showed 
that patients in the SL, HA and LAL groups had a higher percentage of hospital admission 
than patients in the LAH, SI and SL groups.13

This study has limitations that should be considered. The data were collected 
retrospectively in one dialysis centre. The obtained database therefore reflects only a small 
sample of the entire Dutch dialysis and predialysis population. Nonetheless, the findings 
of this study are consistent with those in other publications.9,11,13

In conclusion, this study shows that in the Netherlands, Hb variability is common 
in HD and PD patients, but also in predialysis patients. The magnitude of Hb fluctuation 
seems to decrease stepwise starting, respectively, from the HD patients, PD patients, the 
predialysis patients treated with ESA, to the predialysis patients not treated with ESA. 
It was observed that over a 1-year period, no CKD patients using ESA had Hb levels 
stable within the target range as recommended by the most recent guidelines. This 
reflects the difficulty of maintaining Hb levels within a narrow range as recommended 
by the most recent guidelines. This is probably caused by provider practices, such as 
frequent ESA adjustments, in combination with patient factors, such as co-morbidity and 
hospitalization. The question is whether adaptation of treatment policies can contribute 
to decrease cycling, and whether this could influence outcome. To answer this question, 
further studies are needed to clarify the relationship between provider practices and Hb 
variability and mortality. 
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ABstrAct

Background and objectives
Patients with CKD exhibit a significant variation in intra-individual hemoglobin (Hb) 
levels, which are often outside the target range. In this study we investigated to what 
degree CKD patients maintain Hb levels within the recommended target range, which 
factors are associated with Hb variability and which differences exist between CKD 
treatment modalities.

design, setting, participants, & measurements
This retrospective study was executed in 20 Dutch dialysis centres. We studied 898 
hemodialysis (HD), 184 peritoneal dialysis (PD) and 115 predialysis patients, all treated 
with erythropoiesis stimulating agents (ESA), and 198 predialysis patients without ESA. 
Hb amplitude, residual SD and the pattern of Hb fluctuation (the classification as described 
by Ebben) were used as measures of Hb variability.

results
Over a 1-year period, 1.7% of ESA-treated patients had stable Hb levels within the target 
range of 11-12 g/dl. In HD and PD patients, Hb levels remained within the target range for 
respectively 25 and 22% of time. A stepwise decrease in Hb fluctuation was observed from 
respectively the HD patients, PD patients, predialysis patients using ESA, to the predialysis 
patients without ESA. Frequent Hb sampling and ESA dose adjustments, average ESA dose 
and hospitalizations were the main predictors of Hb variability.   

conclusions
Maintaining Hb within targets according to the guidelines is rarely achieved in daily 
practice, which can be attributed to the narrow target range and to provider practices. It 
may be hypothesized that adaptation of the guideline as well as ESA prescribing protocols 
contribute to decrease Hb variability. 
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introdUction

In CKD patients anemia is common and  associated with increased morbidity and 
mortality.1-4 No trials that accurately define the optimal and safe goal for treatment of 
anemia with erythopoiesis stimulating agents (ESA) are available. Following recent studies 
that failed to show a beneficial effect of (targeting for) normalization of hemoglobin (Hb) 
levels5,6, the Anaemia Working Group of ERBP maintains its view that “Hemoglobin values 
of 11–12 g/dL should be generally sought in the CKD population without intentionally 
exceeding 13 g/dL” and that the doses of ESA therapy to achieve the target hemoglobin 
should also be considered.7,8 

How these guidelines should be interpreted and implemented is matter of debate.9 
There are no data that show that implementing treatment strategies to actively reach 
and maintain the Hb target is beneficial. Furthermore the target Hb levels are in a 
narrow range. Hemodialysis patients treated with ESA show variable Hb levels that are 
often not maintained within the target.10-14 Also in CKD patients not treated with ESA, a 
‘background’ Hb variability exists.15,16 Moreover, in healthy subjects, an intra-individual 
physiological day-to-day variation in Hb levels is seen with a coefficient of variation of 
4.5%.17 Therefore, the feasibility of maintaining a patient’s Hb levels in the recommended 
range can be questioned.

The aim of this retrospective multicentre study was to investigate to what degree 
CKD patients maintain Hb levels within the recommended target range, which factors 
predict Hb variability and which differences exist between CKD treatment modalities. 
We studied patients on HD, PD, and not on renal replacement therapy (RRT). In these 
treatment groups we aimed to identify patient-related, treatment-related as well as dialysis 
center-related factors associated with Hb variability using several different measures of 
Hb variability. Within patient standard deviation (SD) and residual variation from least-
squares regression lines (residual SD) are accurate measures of variability but do not reflect 
patterns of Hb variability.18 The classification described by Ebben does provide patterns of 
variability but statistical analysis is limited since it does not provide a quantitative measure 
of Hb variability.13 Therefore, for the purpose of this study, we compared Hb amplitude, 
residual SD and the classification as described by Ebben.

mAteriAls And methods

study population
This multicentre retrospective study in patients with CKD was conducted in 20 dialysis 
centers (3 university medical centers and 17 regional hospitals) in the Netherlands. 
Four patient groups were studied: (1) hemodialysis (HD) patients treated with ESA, (2) 
peritoneal dialysis (PD) patients treated with ESA, (3) predialysis patients treated with ESA 
and (4) predialysis patients not treated with ESA. All ESA treated patients who received HD 
or PD for at least 6 successive months were included. Predialysis patients were included 
when treated at an outpatient clinic designated for predialysis patients for a period of at 
least 12 successive months. The first four months of ESA treatment were not included in 
the analysis, since this period is generally required to reach target Hb concentrations. 
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data collection
Data were collected from January 1st 2005 to January 1st 2007. For all predialysis patients 
the estimated Glomerular Filtration Rate (eGFR) according to the modification of diet in 
renal disease (MDRD) formula was calculated. Furthermore, we collected Hb, ferritin, 
parathyroid hormone (PTH) and C-reactive protein (CRP) levels. For dialysis patients, 
records of ESA and iron doses were obtained from hospital pharmacy records. For the 
predialysis patients, the required data on ESA and iron doses were obtained from the 
patient files. Information about hospitalizations, surgeries and blood transfusions was 
obtained from electronic patient files, as were the patient characteristics.

Assessment of hemoglobin variability and time in target 
The degree of Hb variability was assessed using four different methods. First, we used Hb 
amplitude as a measure of Hb variability. For each patient, the maximum and minimum 
Hb value, based on all available Hb measurements over a 1-year period, was determined 
to calculate the Hb amplitude. Secondly, in HD and PD patients, we determined residual 
variation from least-squares regression lines (residual SD), an accurate measure of 
variability although it does not reflect patterns of Hb variability.18 Therefore, we also 
determined the number of patients maintaining Hb levels below, within and above a 
target range of 11-12 g/dl over a period of 12 months. According to the classification 
described by Ebben et al13, patients were divided on the basis of their pattern of Hb 
fluctuation: stable low (Hb levels below target range), stable within the target range (Hb 
levels within target range), stable high (Hb levels above target range), low amplitude with 
low Hb levels (Hb levels both within and below target range), low amplitude with high 
Hb levels (Hb levels both within and above target range) and high amplitude (Hb levels 
below, within and above target range). To allocate the patients to one of the 6 groups, all 
available Hb levels over a period of 12 months were used. Only ESA-treated patients were 
classified according to this method, since the target range of 11–12 g/dl does apply to 
these patients only. 

Finally, we calculated the amount of time that Hb levels remained within the target 
range. For these calculations, moving averages of Hb levels were used.10 The moving average 
was calculated over a 6-week period, moving in 3-week steps. In predialysis patients the 
number of Hb measurements did not allow assessment of time in target. Average Hb levels 
were determined for each patient, based on all available Hb measurements.

Definition of variables
Renal function, ferritin and PTH were calculated by averaging respectively all eGFR values 
and ferritin- and PTH-levels over 1 year. The number of blood transfusions per patient was 
low; therefore the dichotomised variable ‘transfusion’ was used. ‘Infection’ was defined 
as the number of 2-week episodes with a mean CRP level above 15 mg/l over a 1-year 
period. ‘Hospitalization’ was defined as a stay at the hospital of minimally one night. 
ESA doses were calculated only for the patients who did not switch ESA’s over the 1-year 
period. ‘ESA dose’ was defined as the mean dose per week (Darbepoetin alfa doses (µg/
week) were converted to Epoetin alpha or beta doses in IU/week using a factor 200). 
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data analysis 
Data are presented as means ± standard deviation or medians with interquartile range 
as appropriate. The 4 patient groups were compared using ANOVA or Kruskal Wallis test 
for continuous variables, depending on the distribution of the data. Categorical variables 
were compared using the Chi Square test. To determine univariate associations between 
continuous variables and Hb amplitude, Pearson’s correlations were used after evaluation of 
scatterplots. Univariate associations between categorical variables and Hb amplitude were 
examined using ANOVA. To characterize the independent contribution of the variables 
to Hb amplitude, multivariate analysis was performed using forward linear regression 
analysis. P-values <0.05 were considered to represent statistical significance. Conditional 
imputation was used for the missing data in BMI (12.4% missing), since data were 
expected to be missing completely at random. In other cases of missing data, complete 
case analysis was performed. The Statistical Package for Social Sciences (SPSS, Chicago, IL, 
USA) version 17 was employed for all statistical analysis. Validity of the statistical analysis 
was monitored by the Center of Biostatistics of the University of Utrecht.

resUlts

A total of 898 HD patients, 184 PD patients, 115 predialysis patients using ESA and 
of 198 predialysis patients not using ESA were included in the analysis. In table 1, the 
characteristics of the study population are shown. The PD patients had a lower median 
age than the other 3 patient groups whereas the HD patients had the lowest BMI of the 
four groups. The subdivision of the types of ESA that were used is different across the 4 
patient groups, as are the ESA doses. Also, as expected, iron treatment differed between 
the groups.

hb variability characteristics 

Table 2 shows the Hb variability characteristics of the 4 patient groups. The number 
of Hb measurements differed significantly among the groups, with exception of the 2 
predialysis patient groups, who had a comparable number of Hb measurements. Average 
Hb levels were significantly lower in both dialysis patient groups when compared with the 
patients without RRT (p<0.01). Hb amplitude was significantly different in the 4 groups 
(p<0.01). In both HD patients and PD patients, a strong correlation was found between 
Hb amplitude and residual SD (r=0.63, p<0.001 and r=0.82, p<0.001 respectively). The 
Hb levels of HD and PD patients were found to be within the target range for a comparable 
amount of time (respectively 25 and 22%).
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Univariate analysis
To determine a possible association between various (patient and treatment) factors and 
the degree of Hb variability, correlations were calculated between these factors and Hb 
amplitude. The results for continuous variables are displayed in table 3. Considering the 
categorical variables, HD patients receiving 1 or more blood transfusions over a 1-year 
period had a significantly higher Hb amplitude than HD patients not receiving a blood 
transfusion (5.2±1.6 vs 3.5±1.5 g/dl, p<0.001). This was also the case for PD patients 
(4.3±1.5 vs 2.9±1.6 g/dl, p=0.001) and the predialysis patients using ESA (4.0±1.8 vs 
2.2±1.3 g/dl, p<0.001). In the predialysis patients not using ESA, the incidence of blood 
transfusions was too low for calculations. Gender, the presence of diabetes mellitus and 
hypertension were not associated with Hb amplitude in any of the 4 patient groups. The 
type of ESA was associated with Hb amplitude only in the HD patients. Patients using 
Epoetin alpha had the lowest Hb amplitude (mean 3.3 g/dl, p=0.011), while patients 
using Epoetin beta and Darbepoetin alpha had comparable Hb amplitudes (mean 3.8 vs 
3.9 g/dl respectively). 

multivariate analysis
To further characterize the independent as well as cumulative association of the variables 
with Hb variability, we constructed multiple linear regression models for each of the four 
patient groups. For the two dialysis patient groups, regression models were constructed 
for both Hb amplitude and residual SD. The results of these analyses are displayed in 
tables 4a, b, c and d. Combinations involving the significant factors associated with Hb 
amplitude predicted 38% of the variance in Hb amplitude in HD patients, 48% in PD 
patients, 58% in predialysis patients using ESA and 31% in predialysis patients not using 
ESA. The regression models for residual SD predicted 15% of residual SD in HD patients 
and 32% in PD patients. 
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table 4a Final multiple linear regression model for Hb amplitude and Residual SD in hemodialysis 
patients 

Hb amplitude (g/dL) Residual SD (g/dL)

Variable Standardized β p-value Standardized β p-value

Age (yr) -0.10 0.001

BMI (kg/m2) -0.10 0.003

Ferritin (µg/L) 0.11 <0.001 0.16 <0.001

Hb meas. (no.) 0.17 <0.001

ESA dose change (no.) 0.30 <0.001 0.36 <0.001

Iron dose change (no.) -0.08 0.01 -0.09 0.02

Transfusion (y/n) 0.20 <0.001

Infection (no.) 0.09 0.02

Hospitalization (no.) 0.25 <0.001 0.13 <0.001

Intercept 3.70 0.31

R2 0.38 0.15

Abbrevations: BMI, Body Mass Index; ESA, erythropoiesis-stimulating agent; Hb, hemoglobin

table 4b  Final multiple linear regression model for Hb amplitude and Residual SD in peritoneal 
dialysis patients 

Hb amplitude (g/dL) Residual SD (g/dL)

Variable Standardized β p-value Standardized β p-value

Age (yr) -0.13 0.04 -0.16 0.03

Ferritin (µg/L) 0.13 0.04

Average Hb (g/dL) 0.17 0.02

ESA dose (IU/wk) 0.25 <0.001 0.30 <0.001

ESA dose change (no.) 0.29 <0.001 0.40 <0.001

Infection (no.) 0.33 <0.001

Surgery (no.) 0.23 <0.001 0.20 0.005

Intercept 2.15 -0.02

R2 0.48 0.32

The number of Hb measurements was not entered into the model to prevent multicollinearity. 
Abbrevations: ESA, erythropoiesis-stimulating agent; Hb, hemoglobin
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table 4c  Final multiple linear regression model for Hb amplitude in predialysis patients with ESA

Variable Standardized β p-value

BMI (kg/m2) -0.30 <0.001

ESA dose (IU/wk) 0.30 <0.001

ESA dose change (no.) 0.27 0.004

Iron dose change (no.) 0.31 0.001

Hospitalization (no.) 0.37 0.001

Intercept 3.77

R2 0.58

The number of Hb measurements was not entered into  the model to prevent multicollinearity. 
Abbrevations: BMI, Body Mass Index; ESA, erythropoiesis-stimulating agent; Hb, hemoglobin

table 4d  Final multiple linear regression model for Hb amplitude in predialysis patients without 
ESA

Variable Standardized β p-value

Hb meas. (no.) 0.38 <0.001

Average Hb (g/dL) -0.19 0.01

Hospitalization (no.) 0.20 0.02

Intercept 3.52

R2 0.31

Abbrevation: Hb, hemoglobin

comparison of dialysis centers
A total of 19 dialysis centers was compared to determine whether center-related factors 
could predict Hb amplitude in HD patients. There was no relation between Hb amplitude 
and the size of the dialysis centers. HD patients treated in university medical centers 
showed a higher Hb amplitude when compared to patients treated in regional hospitals 
(4.1 vs 3.7 g/dL, p=0.02).  The number of Hb measurements was comparable between 
university vs. regional clinics. However, HD patients in university medical centers had 
more ESA dose adjustments (p<0.001) and blood transfusions (p=0.002) than patients 
in regional hospitals.

A substantial variation was found in the number of Hb measurements in HD patients 
between all 19 centers (figure 1). When divided in tertiles according to Hb amplitude, 
the centers in the lowest tertile had less Hb measurements than the centers in the upper 
tertile (p=0.04). No relation was found between prescribed ESA dose or the number of 
ESA dose changes and Hb amplitude across the centers. 



112

C
ha

pt
er

 8

32
Hb measurements, no. per year

30

32
Hb measurements, no. per year

30

32
Hb measurements, no. per year

ESA dose changes, no. per year

28

30

32
Hb measurements, no. per year

ESA dose changes, no. per year

26

28

30

32
Hb measurements, no. per year

ESA dose changes, no. per year

ESA dose, IU x10e3

26

28

30

32
Hb measurements, no. per year

ESA dose changes, no. per year

ESA dose, IU x10e3

24

26

28

30

32
Hb measurements, no. per year

ESA dose changes, no. per year

ESA dose, IU x10e3

24

26

28

30

32
Hb measurements, no. per year

ESA dose changes, no. per year

ESA dose, IU x10e3

22

24

26

28

30

32
Hb measurements, no. per year

ESA dose changes, no. per year

ESA dose, IU x10e3

20

22

24

26

28

30

32
Hb measurements, no. per year

ESA dose changes, no. per year

ESA dose, IU x10e3

20

22

24

26

28

30

32
Hb measurements, no. per year

ESA dose changes, no. per year

ESA dose, IU x10e3

18

20

22

24

26

28

30

32
Hb measurements, no. per year

ESA dose changes, no. per year

ESA dose, IU x10e3

16

18

20

22

24

26

28

30

32
Hb measurements, no. per year

ESA dose changes, no. per year

ESA dose, IU x10e3

16

18

20

22

24

26

28

30

32
Hb measurements, no. per year

ESA dose changes, no. per year

ESA dose, IU x10e3

14

16

18

20

22

24

26

28

30

32
Hb measurements, no. per year

ESA dose changes, no. per year

ESA dose, IU x10e3

14

16

18

20

22

24

26

28

30

32
Hb measurements, no. per year

ESA dose changes, no. per year

ESA dose, IU x10e3

12

14

16

18

20

22

24

26

28

30

32
Hb measurements, no. per year

ESA dose changes, no. per year

ESA dose, IU x10e3

10

12

14

16

18

20

22

24

26

28

30

32
Hb measurements, no. per year

ESA dose changes, no. per year

ESA dose, IU x10e3

10

12

14

16

18

20

22

24

26

28

30

32
Hb measurements, no. per year

ESA dose changes, no. per year

ESA dose, IU x10e3

8

10

12

14

16

18

20

22

24

26

28

30

32
Hb measurements, no. per year

ESA dose changes, no. per year

ESA dose, IU x10e3

8

10

12

14

16

18

20

22

24

26

28

30

32
Hb measurements, no. per year

ESA dose changes, no. per year

ESA dose, IU x10e3

6

8

10

12

14

16

18

20

22

24

26

28

30

32
Hb measurements, no. per year

ESA dose changes, no. per year

ESA dose, IU x10e3

6

8

10

12

14

16

18

20

22

24

26

28

30

32
Hb measurements, no. per year

ESA dose changes, no. per year

ESA dose, IU x10e3

4

6

8

10

12

14

16

18

20

22

24

26

28

30

32
Hb measurements, no. per year

ESA dose changes, no. per year

ESA dose, IU x10e3

4

6

8

10

12

14

16

18

20

22

24

26

28

30

32
Hb measurements, no. per year

ESA dose changes, no. per year

ESA dose, IU x10e3

2

4

6

8

10

12

14

16

18

20

22

24

26

28

30

32
Hb measurements, no. per year

ESA dose changes, no. per year

ESA dose, IU x10e3

0

2

4

6

8

10

12

14

16

18

20

22

24

26

28

30

32
Hb measurements, no. per year

ESA dose changes, no. per year

ESA dose, IU x10e3

0

2

4

6

8

10

12

14

16

18

20

22

24

26

28

30

32

center with lowest Hb amplitude center with highest Hb amplitude

Hb measurements, no. per year

ESA dose changes, no. per year

ESA dose, IU x10e3

0

2

4

6

8

10

12

14

16

18

20

22

24

26

28

30

32

center with lowest Hb amplitude center with highest Hb amplitude

Hb measurements, no. per year

ESA dose changes, no. per year

ESA dose, IU x10e3

Figure 1 Variation in the number of Hb measurements, the number of ESA dose changes and ESA 
dose between the centers. 

discUssion

In this study, which was performed in the Netherlands, Hb variability was a common 
phenomenon. There was a significant difference in magnitude of Hb variability between 
the HD patients, the PD patients, the predialysis patients with ESA, and the predialysis 
patients not using ESA (p<0.01). In the predialysis patients not using ESA, the mean 
Hb amplitude over a 1-year period was 1.7 g/dl. Thus, in a patient group not treated 
with ESA, and, generally speaking, with less co-morbidity, the level of ‘background’ Hb 
variability is considerable. The residual SD values of 0.77 and 0.73 g/dL for respectively 
HD and PD patients are comparable with levels reported from U.S. as well as European HD 
databases.19,20 Furthermore our data confirmed that over a 1-year period, according to the 
Ebben classification, only a very small percentage of patients had stable Hb levels within the 
target range of 11-12 g/dl. Together with the fact that the HD and PD patients in our study 
had Hb levels within the target range for respectively 25 and 22% of time, this illustrates 
the difficulty of maintaining Hb levels within the narrow range as recommended by the 
most recent guidelines.7,8,21 

We found a stepwise decrease in the magnitude of hemoglobin variation from 
respectively the HD patients, the PD patients, the predialysis patients with ESA, to the 
predialysis patients not using ESA (table 2). This is in agreement with our earlier work.22 
Although our study was designed to study the predictive value of several variables, 
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we hypothesize that (some of) these variables may have a causal role, explaining the 
difference in Hb variability between the CKD treatment modalities. First, the number 
of Hb measurements could play a role. In both HD and PD patient groups, Hb levels 
were measured more often than in predialysis patients. Also, in multivariate analysis 
for all patients, the number of Hb measurements was an independent predictor for Hb 
amplitude (data not shown). This appears to be in contrast with data suggesting that 
frequent Hb monitoring would prevent unnecessary ESA dose adjustments, thereby 
reducing Hb variability.23 Frequent Hb sampling directly leads to increased detection of 
changes in Hb amplitude. Therefore, an association between number of Hb measurements 
and variability may seem self-explanatory. On the other hand, increased Hb sampling 
may lead to an increased number of ESA dose adjustments. Indeed, there was a significant 
correlation between the number of Hb measurements and the number of ESA dose 
changes in all patients using ESA (p<0.001). Also the number of ESA dose changes 
was a main independent predictor of Hb amplitude in all EPO treated patient groups, 
as determined by multivariate testing (table 4a, b, c). ESA dosing could also be a factor 
that could contribute to the stepwise decrease in Hb amplitude between the three ESA-
treated patient groups, as the average ESA dose was different among the groups (P<0.001) 
and was correlated with Hb amplitude (p<0.001). Again however, we can only speculate 
about causality. Patient factors -in particular hospitalizations- are also clearly associated 
with increased Hb variability. This was shown in univariate as well as multivariate analysis.

When analyzing the association between dialysis center-related factors and Hb 
amplitude, we found that Hb amplitude was significantly higher in university hospitals 
as compared to regional clinics (p=0.02). One may hypothesize that a combination of 
treatment factors (frequent ESA dose adjustments) and patient factors (blood transfusions) 
have a role here. 

Combining all significant factors associated with Hb amplitude, we were able to predict 
38% of Hb amplitude in the HD patients, 48% in the PD patients, 58% in the predialysis 
patients using ESA and 31% in the predialysis patients not using ESA. The percentage 
in the last group is the lowest, possibly caused by the contribution of ESA treatment 
on Hb amplitude in the other 3 groups. When comparing the multivariate models for 
Hb amplitude and residual SD, the predictive value differs remarkably. An earlier study 
reported similar low predictive values in multivariate analysis when using residual SD.15

All together, the current practice of blood sampling and ESA prescribing, in 
combination with patient factors, were the main predictors for Hb variability. This is 
in accordance with several recent studies.12-14,24-26 The question is whether adaptation 
of treatment policies can contribute to decrease Hb variability, and whether this could 
influence outcome. Several15,18,27 but not all20 studies report that variability is associated 
with mortality. However, it is unknown whether Hb variability is the cause of increased 
mortality. Recently it has been put forward that the number of months with hemoglobin 
values below the target range rather than hemoglobin variability itself is the primary 
driving force of the increased risk20,28, fueling not only the discussion whether cycling 
has a causative relation with mortality but also questioning whether any association exists. 
Indeed studies using Ebben’s classification invariably reported an increase in mortality in 
the stable low hemoglobin groups.15,20,28 However, even if Hb variability is not associated 
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with mortality, it is of clinical importance since the phenomenon has a marked influence 
on the ability of the care provider to reach and maintain treatment guidelines.

In summary, this study shows that in CKD patients in the Netherlands, Hb variability 
is common and is mainly associated with an increased number of Hb measurements, 
frequent ESA dose adjustments, and patient factors. The magnitude of Hb fluctuation 
decreased stepwise from the HD patients, to the PD patients, to the predialysis patients 
using ESA, with the lowest -but considerable- degree of Hb fluctuation in the predialysis 
patients not using ESA. The time that Hb levels remained within the target range as 
recommend by the guidelines was low in both the HD and PD patients. Although it is 
unknown whether hemoglobin variability is causally related to mortality, the results of 
this study raise two important questions. First, what are optimal anemia treatment (and 
target) strategies? A large body of evidence suggests that reaching and maintaining the 
hemoglobin targets in the current guidelines is not feasible. Should we continue to define 
hemoglobin targets? Secondly, would adaptation of ESA prescribing as well as blood 
sampling protocols decrease Hb variability? 
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ABstrAct

Background
The nocturnal endogenous melatonin rise, which is associated with the onset of sleep 
propensity, is absent in hemodialysis patients. Information on melatonin rhythms in 
chronic kidney disease (CKD) is limited. Clear relationships exist between melatonin, core 
body temperature and cortisol in healthy subjects. In CKD, no data are available on these 
relationships. The objective of the study was to characterize the rhythms of melatonin, 
cortisol and temperature in relation to renal function in patients with CKD. 

methods
From 28 patients (mean age 71 years) with various degrees of renal function, over a 24-h 
period, blood samples were collected every 2 h. An intestinal telemetric sensor was used to 
measure core temperature. The presence of diurnal rhythms was examined for melatonin, 
temperature and cortisol. Correlation analysis was performed between Cockcroft–Gault 
GFR (GFR), melatonin, cortisol and temperature parameters. 

results 
The mean GFR was 57±30 ml/min. The subjects exhibited melatonin (n=24) and 
cortisol (n=2) rhythms. GFR was significantly correlated to melatonin amplitude (r=0.59, 
P=0.003) and total melatonin production (r=0.51, P=0.01), but not to temperature 
or cortisol rhythms. Interestingly, no associations were found between the rhythms of 
temperature, melatonin and cortisol. 

conclusions
As melatonin amplitude and melatonin rhythm decreased with advancing renal 
dysfunction, follow-up research into circadian rhythms in patients with CKD is warranted.
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introdUction

Chronic kidney disease (CKD) is associated with circadian rhythm disturbances, such 
as sleep-wake problems, that have a major influence on quality of life and morbidity.1,2 
Circadian rhythms are fluctuations in body functions within a period of around 24 h. 
They are driven by the biological ‘clock’ located in the hypothalamic suprachiasmatic 
nucleus. Circadian rhythms are described as having a ‘mean’, a ‘period’, an ‘amplitude’ 
(the difference between the maximum and the mean of the curve of the rhythm), an 
‘acrophase’ (time of the peak level) and a ‘bathyphase’ (time of the trough level).3 
Individual peripheral tissue specific oscillators, which are under the influence of the 
master circadian pacemaker in the suprachiasmatic nucleus, might be disturbed in CKD 
due to impaired partial oxygen pressure and blood flow in the kidney.3-5 Indeed, CKD 
patients often exhibit a deregulated circadian blood pressure rhythm, such as nocturnal 
non-dipping profile,6 which is a risk factor for cardiovascular disease. 

The pineal hormone melatonin, which is normally only secreted during the night, is 
an important marker of the circadian timing system.7 Melatonin levels are usually nearly 
undetectable during daytime. The onset of the evening rise of endogenous melatonin is 
called the dim light melatonin onset (DLMO) and can be calculated as the first interpolated 
point >10 pg/ml after which the serum concentration continues to rise.8 This rise is 
associated with the onset of sleep propensity in healthy subjects.9 In addition, endogenous 
melatonin reinforces the nocturnal decrease of central temperature, facilitated by increases 
in skin blood flow,10 an event that facilitates sleep propensity.11  Furthermore, it has been 
suggested that melatonin can affect the production of cortisol in primates.12 The nocturnal 
endogenous melatonin rise is absent in hemodialysis (HD) patients.13,14 Information on 
melatonin rhythm in CKD patients is limited. 

The main objective of this study was to investigate the relationship between melatonin 
rhythm and renal function in CKD patients. If indeed melatonin rhythm is impaired in 
these patients, follow-up research on exogenous melatonin might be warranted to restore 
the melatonin rhythm and improve sleep, as was demonstrated in HD patients.15 The 
secondary objective was to investigate the circadian rhythms of cortisol and core body 
temperature and their synchronization with melatonin rhythm in CKD patients.

sUBJects And methods

The study population consisted of patients with various degrees of renal function (n = 
32) admitted to our hospital. The patients were stable, not acutely ill and were awaiting 
a procedure, such as an elective surgical procedure. The inclusion and exclusion criteria 
are outlined in Table 1. The medical ethical committee approved the protocol of the study 
(ClinicalTrials. gov: NCT00698360), and informed consent was obtained from all subjects.



122

C
ha

pt
er

 9

table 1  Inclusion and exclusion criteria 

Inclusion Criteria

 Age >18 years, <85 years

 GFR-Cockcroft-Gault >10 ml/min

Exclusion Criteria

 Acute renal failure ( Δ GFR-Cockroft >10 ml/min in 2 proceeding weeks)

 Instable Angina Pectoris 

 Heart failure NYHA class IV

 Hypoxia (SO
2
 < 95%)

 Treatment with erythropoietin, melatonin or hypnotics

 Deficiency of iron, folate and/or vitamin B12 

 Hemoglobinopathies, bleeding or haemolysis as a cause of anaemia

 Chronic inflammatory disease or clinically significant infection

 Alcohol and/or drug abuse 

Abbreviations: GFR, glomerular filtration rate; NYHA, New York heart association;
SO2, oxygen saturation.

study protocol
All subjects followed a semi-constant routine protocol and stayed in a dimly lit room. 
Normal sleep and wake times were observed. The patients were admitted to our hospital 
and were free to move during the study. From 6 pm till 8 am the intensity of the ambient 
light was <20 lux and from 8 am till 6 pm the intensity of the ambient light was 
<200 lux.16 Over a 24-h period, blood samples were collected every 2–3 h (access via 
a permanent peripheral intravenous cannula) in 6-ml serum tubes and allowed to clot 
for 10 min at room temperature. Thereafter, samples were immediately centrifuged and 
separated in 1-ml aliquots and stored at −70°C until assay. Core body temperature was 
continuously measured using telemetry.

Analysis of laboratory parameters
Melatonin levels in serum were measured by the commercially available RIA kit (Bühlmann 
Laboratories, Allschwill, Switzerland). Aliquots of 400 µl of a serum sample were added 
directly in assay tubes having an inter-assay CV of 17.8% at 20.1 ng/l. The detection limit 
was 0.5 pg/ml. All samples originating from one subject were analyzed in the same run. 
Cortisol levels were measured by a competitive chemiluminescent enzyme immunoassay 
on an IMMULITE 2000 platform (Siemens Healthcare Diagnostics, Breda, the Netherlands) 
having an inter-assay CV of 9.6% at 0.43 µmol/l. Aliquots of 200 µl of a serum sample were 
added directly in assay tubes. The detection limit was 0.03 µmol/l. Furthermore, standard 
laboratory parameters were measured. Because we included patients with a glomerular 
filtration rate (GFR) >60 ml/min, we estimated GFR by means of the Cockcroft–Gault 
method, as MDRD estimated GFR is not validated for GFR > 60 ml/min.
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core body temperature
Core body temperature was continuously measured by means of a Jonah capsule® 
(Respironics, Bend, OR, USA). This capsule is a disposable ingestible core body temperature 
sensor that telemetrically transmits information to a monitor, which has to stay <0.5 m 
from the ingested capsule. Transmissions begin around 1 min after activation and are 
repeated approximately every 15 s thereafter. Due to individual variation of gastrointestinal 
motility, the first 2 h of data collection were deleted, as only intestinal positioning of the 
capsule provides valid data.17

statistical analysis
The presence of a 24-h rhythm time series was set to be examined by fitting of a dual 
harmonic cosine function for temperature, a baseline cosine function for melatonin and 
a skewed cosine function for cortisol. 18-21 The functions that parsimoniously and robustly 
capture the specific 24-h profiles of melatonin and cortisol cannot be linearized18 and 
therefore we applied non-linearizable functions. The characteristics of the individual 
curves were obtained from individual fits for each subject, resulting in a number of 
parameters for each subject. Group differences on these parameters were evaluated with 
ordinary statistical methods. In the case of non-symmetrically distributed parameters, 
the data were log-transformed before correlations were calculated. This was the case for 
total melatonin production. Pearson’s correlation analysis was performed to quantify the 
associations between the descriptive parameters for the whole range of renal function 
and the rhythms in melatonin, cortisol and core body temperature. P-values <0.05 were 
considered to represent statistical significance. The Statistical Package for Social Sciences 
(SPSS, Chicago, IL, USA) version 17 was employed for all statistical analyses.

resUlts

The 24-h study period was completed by only 28 patients, as 4 patients were excluded due 
to hospital discharge (n=3) and problems with blood flow (n=1) through the cannula. 
The general characteristics of the patients are displayed in Table 2. The mean age was 71, 
and 8 female patients were included. The causes of CKD are described in Table 2. Diabetes 
mellitus was reported in 29% of the population, which is comparable to the prevalence of 
diabetes mellitus in the general Dutch CKD population. Furthermore, Table 2 reveals that 
antihypertensive medication was frequently used.

melatonin
Figure 1 shows the discrete mean melatonin concentrations and the standard deviations 
of the raw data at different time points in different renal function groups of all patients 
(n=28). The patients with the worst renal function (GFR<30 ml/min) had the lowest mean 
melatonin concentrations and patients with the best renal function (GFR>80 ml/min) had 
the highest melatonin concentrations. In the group with the worst renal function, the 
DLMO concentration of 10 pg/ml was reached. However, the normal rise above this value 
was not observed in this patient group, as can be seen in Figure 1. The melatonin rhythm 
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parameters are presented in Table 3. The goodness of fit for the melatonin curve (R2) was 
0.95±0.02 (mean ± SEM). In our patient group, 24 patients expressed a melatonin rhythm. 
The individual eGFRs of the patients without a melatonin rhythm varied considerably 
(eGFR range 17-79 ml/min). In the patients with a melatonin rhythm (n=24), the 
amplitude of the melatonin rhythm was correlated with GFR (r=0.59, P=0.003), as 
shown in Figure 2. Correction for age and gender did not change the outcomes. The 
log-transformed total 24-h melatonin production (area under the curve, AUC) was also 
correlated with GFR (r=0.51, P=0.01). As the use of beta blockers was equally divided 
across the different levels of renal function, it is unlikely that the association of renal 
dysfunction with melatonin levels results from beta-blocker use (F=4.23, P=0.18).

table 2  Baseline characteristics (n = 28)

Characteristic

Age (years) 71.3 ± 6.8

Gender (M:F) 20:8

BMI (kg/m2)

 Median 25.8

 Interquartile range 24.3-28.1

Diabetes (%) 29

Smoking (%) 14

Antihypertensive treatment (%) 86

Cause of CKD in GFR<60 (14 patients)

 Vascular 3

 Diabetes Mellitus 4

 Nephrosclerosis 6

 Hypertension 1

Hemoglobin (g/dl) 13.3 ± 1.4

GFR-Cockcroft (ml/min/1.73m2) 61 ± 34.9

Systolic blood pressure (mmHg) 125 ± 20

Diastolic blood pressure (mmHg) 73 ± 14

Plus-minus values are means ± SD.
Abbreviations: BMI, body mass index; GFR, glomerular filtration rate.

cortisol
The cortisol rhythm parameters are shown in Table 3. The goodness of fit for the cortisol 
curve (R2) was 0.72±0.02 (mean±SEM). Most patients (n=22), as expected, exhibited 
a cortisol rhythm. The patients with an absent cortisol rhythm were different than the 
patients with an absent melatonin rhythm. No correlations between cortisol amplitude 
and GFR (P=0.52) and between melatonin amplitude and cortisol amplitude (P=0.53) 
were found in the patients with a cortisol rhythm. In addition, no associations between 
melatonin acrophase and cortisol acrophase (P=0.11) and between melatonin acrophase 
and cortisol bathyphase (P=0.24) were found.
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Figure 1 Discrete mean melatonin concentrations (of the raw data) in four groups with increasingly affected 
renal functions (n = 28). The error bars reflect the standard deviations of the raw data. The horizontal axis 
reflects the time of day (hours). The vertical axis reflects the mean melatonin concentration (in pg/ml).

Abbrevation: eGFR, estimated glomerular filtration rate

Figure 2 Scatter plot of melatonin amplitude versus GFR in the patients with a melatonin rhythm (n = 24). The 
horizontal axis reflects the estimated GFR (ml/min/1.73 m2). The vertical axis reflects the melatonin amplitude 
(pg/ml).
Abbrevation: eGFR, estimated glomerular filtration rate



126

C
ha

pt
er

 9

table 3  Rhythm characteristics of melatonin, cortisol and core body temperature

Melatonin (n=24, no detectable rhythm in 4 patients) Median (IQR)

 Acrophase (hours) 03:16 (2:49–3:56)

 Time above baseline (min) 294 (18–393)

 Amplitude (pg/ml) 28 (17-74)

 Production (area under the curve -pg/ml*minute) 646 (536-756)

 Correlation between amplitude and mean R=0.978 (P<0.001)

Cortisol (n=22, no detectable rhythm in 6 patients)

  Acrophase (hours) 07:22 (6:10–8:46)

 Maximum (µmol/L) 0.43 (0.38–0.52)

 Bathyphase (hours) 0:30 (22:59–1:44)

 Minimum (µmol/L) 0.09 (0.0–0.16)

 Amplitude (µmol/L) 0.31 (0.24–0.42)

Core body temperature (n=28)

 Minimum (°C) 36.9 (36.4–37.0)

 Bathyphase (hours) 04:42 (03:11–05:49)

Values are expressed as median and interquartile range (IQR).

core body temperature
Due to instabilities of the temperature curves and missing data during daytime 
(unfortunately often observed in these temperature studies16), the temperature amplitude 
could not be determined and only the timing and the level of the nocturnal minimum 
were established after smoothing (centered rectangular 15 min moving average). The 
temperature data are shown in Table 3. Correlations between temperature minimum 
(P=0.26) and GFR or temperature bathyphase (P=0.07) and GFR were not to be 
established. Furthermore, no correlations, in contrast to normal observations, were found 
between the temperature bathyphase and the cortisol bathyphase (P=0.201) or between 
the temperature bathyphase and melatonin acrophase (P=0.24).

discUssion

The main finding of our study is that renal function is associated with melatonin amplitude 
as well as total melatonin production. Renal function was not associated with cortisol or 
body temperature rhythm parameters. Interestingly, no association between the phases of 
the rhythms of melatonin, cortisol and core body temperature could be detected.

melatonin
To our knowledge, this is the first study that shows a direct association between a decrease 
in renal function and decreases in melatonin rhythm and melatonin production. Patients 
with the worst renal function, shown in Figure 1, still expressed a DLMO concentration 



127

C
ha

pt
er

 9

of 10 pg/ml. However, a normal rise above this value was not to be established. Recently, 
we have found an abolished nocturnal melatonin rise in daytime HD patients.15 After 
administration of exogenous melatonin in HD patients, the absent endogenous melatonin 
rise was recovered and an improvement in objective as well as subjective sleep was 
measured. In the present study, we found the presence of a melatonin rhythm in the 
majority of patients (n=24). We demonstrated, however, a decrease in melatonin amplitude 
and total melatonin production with advancing renal dysfunction. 

Sleep measurements were not performed in our study, which need to be incorporated 
in follow-up research on circadian rhythm and CKD. In addition to a role in sleep-wake 
rhythm, other effects of endogenous melatonin in CKD need further investigation. For 
example, endogenous melatonin was found to have a stimulating and protective effect 
on activity and quantity of anti-oxidative stress enzymes.22,23 This property can be of 
interesting value in this patient group as oxidative stress is often seen in CKD patients. 
A primed state of polymorphonuclear cells, responsible for oxidative stress in HD 
patients, was associated with lower nocturnal plasma melatonin levels.24 In addition, 
melatonin has also been associated with the immune response, impairing the mounting 
of an inflammatory response, while melatonin produced at the site of the injury by 
immunocompetent cells exerts anti-inflammatory effects.25 Exogenous melatonin has also 
been useful in restoring the dipping profile in male patients with essential hypertension.26 
More research on endogenous en exogenous melatonin is needed to further establish the 
role of melatonin in CKD patients. 

Earlier studies in HD patients found an absence of nocturnal melatonin rise.13,14 When 
comparing CKD stage 4 patients and HD patients, the concentration at night was found to 
be even lower in HD patients, which suggests an additional effect of the dialysis process 
on the melatonin rhythm,14 which is—as we here demonstrate—already compromised 
in CKD patients. 

Several factors affect the production of melatonin in CKD. Firstly, a decline in melatonin 
levels has been reported to be the result of impairment in beta-adrenoreceptor mediated 
responsiveness in renal insufficiency.27 The adrenergic system plays an important role 
in the synthesis of serotonin N-acetyltransferase (NAT), the key enzyme in melatonin 
biosynthesis.28 Although suppression of NAT was observed in rats rendered uremic 
by partial nephrectomy,29 research on NAT concentrations has not been performed in 
humans with CKD. Secondly, metabolic acidosis and reduction of airway muscle tone due 
to accumulation of uremic toxins result in an increased prevalence of sleep apnea in CKD, 
which is associated with increased melatonin levels during the afternoon.30 However, 
as we did not investigate the prevalence of sleep apnea in our population, we cannot 
confirm this. Considering the characteristics, medical history and BMI of the included 
patients, it seems unlikely that the prevalence of sleep apnea would be increased in these 
patients. Thirdly, uremia has been associated with daytime sleepiness.31 Daytime sleepiness 
may impair the regulation of the sleep-wake rhythm. This dysregulation might negatively 
affect the melatonin rhythm. Melatonin can also be deregulated due to erythropoietin 
deficiency anemia as often found in CKD patients.5 The fact that exogenous erythropoietin 
treatment can restore the circadian rhythm of melatonin in CKD5,32 could suggest that a 
relationship exists between melatonin rhythm and endogenous erythropoietin levels. We 
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investigated this relationship in the other part of the submitted CREAM study.33 Finally, 
medication can impair the melatonin production. Beta blockers and benzodiazepines, 
often used in the CKD population, can flatten the normal nocturnal rise.28 Benzodiazepines 
were not used during our study, but beta blockers were still taken (n=23). As the use of 
beta blockers was equally divided across the different levels of renal function, it is unlikely 
that the association of renal dysfunction with melatonin levels results from beta blocker 
use. Overall, antihypertensive treatment was frequently used, which could be the reason 
for the adequate blood pressure control. 

The duration of our study period was 24 h. As we know from other studies diurnal 
melatonin measurements are a fingerprint for the melatonin rhythm of a subject, and 
therefore, longer study periods are not needed.28 The mathematical model for the 
description of melatonin rhythms was developed by means of 24-h measurements.18 As 
we used the same constant routine measurements in all patients, and excluded other 
influences, 24 h is a normal observation period. Other possible influences on melatonin 
production are corrected (beta blockers), excluded (bright light, hypnotics) or minimized 
using a standard protocol. As all female patients were post menopausal, a difference in 
gender was not suspected. Correction for gender was performed to exclude a possible 
gender effect. The distribution of male and female patients was not equal (Table 2). 
Research with more patients might be needed to confirm the absence of a gender effect.

core body temperature
In healthy persons, core body temperature variations over time follow an asymmetric 
sinusoidal rhythm with the temperature minimum normally occurring between 4 am 
and 6 am. Sleep propensity is closely linked to core body temperature, probably most 
specifically to the temperature of the skin.34 Abnormalities in the rhythms in core and 
skin temperature have been reported in some patients with insomnia.35 Dialysis patients 
show impaired nerve conduction, possibly due to uremia.36 Patients with proteinuria 
exhibit impaired vascular endothelial function, which can result in impairment in 
blood flow response to heating in the skin,37 which leads to less thermal conductivity.38 
These observations led us to investigate whether CKD patients have an abnormal core 
body temperature. We failed to find an association between CKD severity and core body 
temperature, however. Additional studies are needed to confirm the absence of such a 
relationship, as well as to investigate possible alterations in skin temperature regulation, 
which are associated with sleep problems in dialysis patients.39 

Melatonin has been proposed to be an endogenous synchronizer, able to stabilize 
circadian rhythms under normal circumstances.28 The effect of melatonin on the 
temperature rhythms, under normal circumstances, meets this hypothesis.10,11 In our 
patient group, the timing of the core body temperature minimum was not associated 
with the timing of the melatonin peak. Autonomic deregulation, which might dissociate 
circadian rhythms, may be involved.40 It is also possible that the normal synchronization 
aspects of endogenous melatonin disappear when melatonin rhythm is impaired, which 
might result in a dissociation of melatonin and temperature rhythm. Further research on 
this theory is needed.
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cortisol
Cortisol is synthesized in the adrenal gland under influence of ACTH. Under normal 
circumstances it exhibits a circadian rhythm. Normal levels of cortisol can be found in the 
range of 0.15-0.70 µmol/l during daytime and <0.20 µmol/l at nighttime. As the kidney 
contributes to the excretion of cortisol, the serum half-life of cortisol becomes prolonged 
in advanced CKD.41 Both normal and elevated levels of serum cortisol have been reported 
in CKD.42,43 We found cortisol levels in CKD not to be markedly different to reported 
normal values. The cortisol levels were also not related to renal function. 

Furthermore, we did not find any association between cortisol rhythm parameters 
and renal function. Most patients exhibited a normal cortisol rhythm, which has also 
been shown in children with CKD.44 Besides this paper from 1975, there is a paucity 
of research on cortisol and circadian rhythm in CKD. Due to frequently observed sleep-
wake disturbances in CKD patients, affected cortisol rhythms might have been expected.45 
For example, Knutson et al. reported that  partial sleep deprivation resulted in changes 
in cortisol.46 As patients in our study were admitted to the hospital, it should be noted 
that the environment in which cortisol is assessed affects its diurnal profile; for example, 
humans measured in a hospital setting showed elevated levels respective to their home-
assessed levels, especially in the evening.47 

Experimental studies have suggested melatonin to affect cortisol and sleep-wake 
rhythms.7,13 However, in patients with abnormal melatonin profiles, ACTH and cortisol 
levels were not changed.48 Normal nocturnal melatonin levels have also been found 
in patients with steroid production disorders.49 In our study, we also did not find a 
relationship between melatonin and cortisol.

In conclusion, we have demonstrated that melatonin production is increasingly 
compromised with advancing renal dysfunction and that CKD patients may have 
compromised coupling of melatonin, cortisol and temperature rhythms. Our findings 
suggest the need for placebo-controlled studies into the application of exogenous 
melatonin to mimic the endogenous melatonin rhythm aiming to reinforce the coherence 
between rhythms and improving sleep disturbances in patients with CKD.
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ABstrAct

objective 
Chronic inflammation plays a pivotal role in the development of renal disease. Circadian 
sleep-wake rhythm is disturbed in renal disease. Awareness of other disturbed rhythms, 
such as inflammation processes, can affect the treatment of patients with renal disease. 
Knowledge of possibly related circadian misalignment of the cytokines erythropoietin 
(EPO), Insulin Growth Factor-1 (IGF-1) and interleukins (IL) however is limited.  We 
therefore performed an observational study. The objective of this study was to characterize 
levels of EPO, IGF-1 and inflammation markers IL-6 and TNF-α, related to renal function. 

methods
The study population consisted of patients with various degrees of renal function, 
admitted to our hospital. During 24 hours, blood of 28 subjects with various degrees of 
renal function was collected every 2 hours. The patients were stable, not acutely ill and 
they were waiting for a procedure, such as elective surgery. Circadian parameters of EPO, 
IGF-1, IL-6 and TNF-α were measured in serum and were correlated with glomerular 
filtration rate (GFR) and Hb, using Pearson correlations.

results
Although diurnal variations in EPO level were found in 15 out of 28 patients, the curves 
did not show a consistent phase. The presence of an EPO rhythm was not related to GFR. 
No diurnal rhythm could be detected for IGF-1, IL-6 and TNF-α. Mean levels of IGF-
1 were correlated inversely to mean levels of EPO (p=0.03). When divided based on 
GFR and Hb subjects with GFR 0-30 ml/min and lower Hb had the highest IGF-1 levels 
(p=0.02).  A relationship between IL-6, TNF-α, EPO and GFR was not found. 

conclusion
The existence of a circadian (mis)alignment of EPO, IGF-1, IL-6 and TNF-α was not 
found. The association between high IGF-1 and low Hb suggests that EPO and IGF-1 have 
an alternating role, dependent on GFR, in stimulating erythropoiesis. These results could 
have consequences for the treatment of anemia.
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introdUction

Patients with chronic kidney disease exhibit markedly disrupted circadian body functions. 
For example, the diurnal blood pressure rhythm is disturbed in patients with chronic 
kidney disease (CKD), showing a nocturnal non-dipping profile1, which is associated 
with increased cardiovascular mortality.2 The nocturnal endogenous melatonin rise, 
which is associated with the onset of nocturnal sleep propensity, is decreased in patients 
with reduced GFR and completely absent in hemodialysis patients.3-5 Melatonin secretion 
is governed by the suprachiasmatic nucleus (SCN) in the hypothalamus. Importantly, in 
addition to the central endogenous timing system, in peripheral cells oscillators share a 
similar core clock based on transcriptional activators (such as Clock), and of feedback 
repressors (such as Cry1, Cry2). Thus, circadian oscillations of the core clock entrain 
circadian rhythms in expression of output genes in peripheral cells, which are, in turn, 
translating these transcriptional oscillations into tissue-specific functional rhythms.6  
Recently it was shown that Clock deficient mice and (Cry1,Cry2) double knockout mice 
had marked, “clinically important”, disturbances in water or sodium homeostasis.

Renal disease is, in addition to loss of melatonin rhythm, associated with anemia, 
erythropoietin (EPO) deficiency, and with inflammation, endothelial dysfunction and 
EPO resistance. The endothelium is an important non-hematological target of EPO7 and 
both anemia and EPO resistance are important predictors of cardiovascular complications 
and mortality in CKD. It is unknown whether changes in circadian rhythms and loss of 
melatonin secretion in CKD are associated with changes in EPO effect and/or rhythm. 
Associations between melatonin and erythropoietin rhythm have been published8 and EPO 
response in the treatment of anemia in CKD is influenced by the time of administration.9 
There are several additional reasons that support the existence of a circadian rhythm of 
EPO and other cytokines. The primary stimulus for EPO production is (lack of) oxygen 
availability. The fact that during the night the metabolic requirement for oxygen is lower, 
could lead to decreased levels of EPO during nighttime.   

To our knowledge, no information is available on whether IGF-1 exhibits a circadian 
rhythm. IGF-1 is produced mainly in the liver under the influence of growth hormone 
(GH), which is, however, secreted pulsatile in a circadian fashion.10 An increase in IL-6 
and TNF-α has been associated with an increased need in exogenous EPO.11 In healthy 
volunteers the concentration of Il-6 is regulated in a circadian fashion with peak levels in 
the early morning and early evening and through levels later in the morning and at night. 
TNF-α has shown to have peak levels at night.12 
 We therefore asked the question whether changes in circadian rhythms and loss of 
melatonin secretion in CKD are associated with changes related to EPO and modulators of 
its erythropoietic effect. In the present study we examined the circadian (mis) alignment 
of the cytokines EPO, IGF-1, co-factor in erythropoiesis13 and inflammatory markers 
(related to EPO resistance14), in comparison to changes in melatonin rhythm, in CKD.  
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mAteriAl And methods

subjects
The study population consisted of patients with various degrees of renal function (n=32, 
age 71±7, 29% female), admitted to our hospital. The patients were stable, not acutely 
ill and they were waiting for a procedure, such as elective surgery. The inclusion and 
exclusion criteria are outlined in Table I. The Medical-Ethical Committee approved the 
protocol of the study (ClinicalTrials.gov: NCT00698360), and informed consent was 
obtained from all subjects. 

table 1 Inclusion and exclusion criteria

Inclusion Criteria

 Age >18 years, <85 years

 GFR-Cockcroft-Gault >10 ml/min

Exclusion Criteria

 Acute renal failure ( Δ GFR-Cockroft >10 ml/min in 2 proceeding weeks)

 Instable Angina Pectoris 

 Heart failure NYHA class IV

 Hypoxia (SO
2
 < 95%)

 Treatment with erythropoietin, melatonin or hypnotics

 Deficiency of iron, folate and/or vitamin B12 

 Hemoglobinopathies, bleeding or hemolysis as a cause of anemia

 Chronic inflammatory disease or clinically significant infection

 Alcohol and/or drug abuse 

Abbreviations: GFR, glomerular filtration rate; NYHA, New York heart association;
SO2, oxygen saturation.

study protocol
Over a 24-hour period, blood samples for measurement of serum EPO, total IGF-1, TNF-α 
and IL-6 were collected every 2-3 hours (access via a permanent peripheral intravenous 
cannula) in 6-ml serum tubes and allowed to clot for 10 minutes at room temperature. 
Thereafter, samples were immediately centrifuged and separated in 1 ml-aliquots and 
stored at -70°C until assay. In addition, blood was withdrawn in a 3-ml EDTA tube for 
measurement of hemoglobin (Hb) in supine position after 0, 12 and 24 hours.  

measurements
Medical history and medication use were recorded and blood pressure was measured in all 
participants. Serum EPO levels were measured by a two-site sandwich chemiluminescent 
immunoassay on an IMMULITE 2000 platform (Siemens Healthcare Diagnostics, Breda, 
the Netherlands) having an inter-assay CV of  7.2% at 16 IU/l.  Total IGF-1 levels were 
measured using an enzyme-labeled chemiluminescent immunometric assay on an 
IMMULITE 2000 platform (Siemens Healthcare Diagnostics, Breda, the Netherlands) with 
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an inter-assay CV of 6.9 % at 128 ng/ml. Levels of Cystatin-C were measured once at the 
start of the study, by means of the N-Latex Cystatin-C assay and a PROspec nephelometer 
(Siemens Healthcare Diagnostics, Breda, the Netherlands) having an inter-assay CV of 2.2 
% at 0.90 mg/l. All samples originating from one subject were analyzed in the same run.
IL-6 and TNF-α are measured by means of an ELISA kit (enzyme immunoassay, Pelikine ™. 
The sensitivity for IL-6 is 0,3 pg/ml, and no cross-reactivity is observed. The sensitivity for 
TNF-α is 1-3 pg/ml, and no cross-reactivity is observed. Furthermore, standard laboratory 
testing was performed. Glomerular Filtration Rate (GFR) was calculated according to the 
Cockcroft-Gault method.

statistical analysis
The sample size was based on an analysis of statistical power using data of a pilot study 
on the relationship between circadian EPO rhythm and renal disease in pre-terminal 
uremia.9 Given the prior variances and mean difference in EPO amplitude between healthy 
subjects and predialysis patients, a sample of n=32 was chosen to obtain a power of 0.90 
at an alpha of 0.05). For IGF-1 rhythm detection, previous studies that demonstrated 
circadian rhythms used a sample size of n=6.10,15 The existence of a circadian rhythm was 
examined by fitting of a cosine function to time series.16 In case of non-symmetrically 
distributed parameters, the data were log-transformed before correlation calculations 
were performed. This was the case for Cystatin-C, mean EPO levels, EPO amplitude and 
mean IGF-1, IL-6 and TNF-α levels. Continuous variables were compared using unpaired 
t-tests and categorical variables were compared using Fishers’ Exact Test. Data regarding 
EPO and IGF-1, IL-6 and TNF-α rhythm/production were correlated with GFR and 
Hb using Pearson correlations. P-values <0.05 were considered to represent statistical 
significance. The Statistical Package for Social Sciences (SPSS, Chicago, IL, USA) version 17 
was employed for all statistical analysis.  

resUlts

The 24-hour study period was completed by 28 subjects, as hospital discharge and 
problems with blood flow through the cannula resulted in missing a significant amount 
of data in 4 patients. The general characteristics of the subjects are displayed in Table 2.

epo
In 15 out of the 28 subjects, a significant cosine rhythm was present for EPO (Table 3). 
However, the acrophase (time of peak concentration) varied widely among these subjects.  
No determinants for the existence of an EPO rhythm could be identified. The presence 
of an EPO rhythm was not related to GFR (p=0.46) and no correlation was found 
between amplitude of EPO rhythm and GFR (p=0.10). Furthermore, no relation was 
found between the presence of an EPO rhythm and several general characteristics of the 
study population (CKD cause, gender (p=0.69), age (p=0.54), BMI (p=0.85), diabetes 
mellitus (DM) (p=1.00), smoking (p=0.60)). Also, no relation was found between EPO 
rhythm and medication use (beta-blocking agents (p=1.00), ACE-inhibitors (p=0.70), 
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acetylsalicylic acids (p=0.71)). As expected, the mean EPO levels for all 28 subjects were 
correlated to GFR (r=0.52, p=0.005) and to levels of Cystatin-C (r=-0.52, p=0.005). 
Mean levels of EPO for all subjects were not correlated to Hb (p=0.29). 

table 2  Baseline characteristics (n = 28)

Characteristic

Age (years) 71 ± 7

Gender (M:F) 71 : 29

BMI (kg/m2)

 Median 25.8

 Interquartile range 24-28

Diabetes (%) 29

Smoking (%) 14

Systolic blood pressure (mmHg) 125 ± 20

Diastolic blood pressure (mmHg) 73 ± 14

Hemoglobin (g/dL) 13.3 ± 1.4

GFR-Cockcroft (ml/min) 57 ± 30

Cystatin C (mg/l)

 Median 1.01

 Interquartile range 0.79-1.98

Plus-minus values are means ± SD. Conversion factors for units: serum hemoglobin in g/dl to g/L x10; serum 
GFR in mL/min/1.73 m2 to mL/s/1.73 m2 x0.01667. 
Abbreviations: BMI, body mass index; GFR, glomerular filtration rate.

table 3  EPO rhythm characteristics (n=15)

Variable Median [interquartile range]

EPO level (IU/l) 8.9 [7.8-15.7]

Peak EPO level (IU/l) 12.0 [9.4-20.4]

Acrophase (hours after midnight) 14.2 [10.3-22.1]

Amplitude (IU/l) 2.7 [1.5-3.3]

Abbreviation: EPO, erythropoietin

iGF-1
Cosine curve fitting of the IGF-1 time series did not reveal a clear rhythm for IGF-1 in any 
of the subjects. On an individual basis, there was some time-of-day variation in levels of 
IGF-1. However, no systematic peak time range was found. Mean levels of IGF-1 did not 
correlate to GFR (p=0.26) or to Cystatin-C (p=0.08), but interestingly, mean levels of 
IGF-1 did correlate inversely to mean levels of EPO (r=-0.41, p=0.03) (Figure 1). Levels 
of IGF-1 did not correlate to Hb (p=0.68). To determine the relation between IGF-1, Hb 
and GFR, participants were divided into six groups based on the degree of CKD (GFR 
0-30, 30-60, >60) and Hb lower/higher than 12.6 g/dL. Subjects with GFR 0-30 ml/
min and a low Hb had the highest IGF-1 levels (p=0.02, ANOVA) (Figure 2). 
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Figure 1 The correlation between log transformed IGF-levels and log transformed EPO levels (n=28, p=0.03). 

Abbreviation: IGF-1, Insulin-like Growth Factor-1; EPO, erythropoietin
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Figure 2 The relation between IGF-1, Hb and GFR. Subjects with GFR 0-30 ml/min and a low Hb had the 
highest IGF-1 levels (p=0.02).
Abbrevations: IGF-1, Insulin-like Growth Factor-1; Hb, hemoglobin; GFR, glomerular filtration rate
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il-6 and tnF-α
Cosine curve fitting of the Il-6 and TNF-α time series did not reveal a clear circadian 
rhythm in any of the subjects. The mean level of IL-6 was 9.6 pg/ml (normal < 9,7 pg/
ml) and the mean level of TNF-α was 0,8 pg/ml (normal < 2 pg/ml). On an individual 
basis, there was some time-of-day variation in levels of IL-6. However, no systematic peak 
time range was found. Mean levels of Il-6 and TNF-α did not correlate with EPO, IGF-1 
and GFR (all p > 0.1). There seemed to be an association between mean levels of IL-6 and 
Hb (p = 0.1, r = 0. 49). No other relationships were found.

discUssion

The main finding of our study is that circadian (mis)alignment for cytokines EPO, IGF-1 
and inflammation is not a consequence of the degree of CKD, in contrast to melatonin 
rhythm.3 Secondly, circadian rhythms of these parameters or associations between these 
parameters amongst themselves could not be identified. Interestingly, mean levels of IGF-
1 correlated inversely to mean levels of EPO. Subjects with the greatest decrease in renal 
function and the lowest Hb levels had the highest IGF-1 levels.

epo
In the present study we found no clinical significant circadian EPO rhythm. EPO is a 
glycoprotein that acts to prevent the programmed cell death of erythroid progenitor cells 
in the bone marrow, thereby stimulating these cells to proliferate and mature.17 EPO is 
mainly produced in the kidney by peritubular cells18 and the primary stimulus for its 
production is hypoxia.19 In CKD, production of EPO is disrupted, which is one of the main 
reasons for anemia in chronic renal disease patients.14 
 It is unclear whether EPO is regulated in a circadian manner in healthy persons.20,21 
With exception of one small series of 5 uremic patients22, no study has been performed 
on a circadian rhythm of EPO in CKD. In our study, we found diurnal variations for EPO 
in 15 of the 28 subjects. The peak times however varied, and therefore it is unlikely 
that EPO levels are regulated intrinsically in a circadian fashion.  No relation was found 
between the presence of an EPO rhythm and the degree of renal disease. Our search for 
additional factors that could influence EPO levels did not reveal any other determinants 
for the existence of a rhythm for EPO. It thus remains unclear why the 15 subjects in our 
study did demonstrate an EPO rhythm, while the other 13 subjects did not. A possible 
explanation could be that in the subjects with an EPO rhythm, more fluctuations in blood 
pressure were present, as blood pressure is related to EPO levels.23 Unfortunately, the 
frequency of blood pressure measurements that we used was too low to detect such 
fluctuations. Another possible explanation could be the presence of unrecognized sleep 
apnea. In sleep apnea, the diurnal variation in EPO levels is higher than in healthy persons 
due to nocturnal hypoxemia.24 In our study, we did not perform nocturnal oxygen 
measurements. 
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iGF-1
In the present study we have found no significant IGF-1 rhythm. IGF-1 has been shown 
to exhibit EPO-like erythropoietic activity.25 IGF-1 is produced in the liver under the 
influence of GH. In CKD, the release of GH is increased and the metabolic clearance rate 
is decreased, leading to increased circulating levels of GH.26 This would lead to higher 
levels of IGF-1, however in CKD, IGF-1 synthesis in the liver is impaired. Despite ensuing 
normal IGF-1 levels, the effectiveness of IGF-1 is reduced. This is due to decreased levels 
of free bioactive IGF-1, as levels of circulating inhibitory binding proteins are higher.27 
To our knowledge, no information is available on whether IGF-1 exhibits a circadian 
rhythm in healthy adults and in patients with CKD. In our study, we were unable to 
demonstrate a circadian rhythm for IGF-1 in subjects with a decreased GFR. We also found 
no rhythm for IGF-1 in subjects with a normal GFR. Possibly the relatively old age of our 
study population (mean age 71.3 yrs) has influenced our results. At the age of 65 years, 
daily spontaneous GH secretion is reduced by 50–70%, leading to a decline in IGF-1 
levels.28 Theoretically, this could lead to an increased difficulty in detecting a circadian 
rhythm. Another explanation for the absence of an IGF-1 rhythm in our study could be 
the relatively high prevalence (29%) of DM amongst the subjects, as DM is associated with 
lower levels of IGF-1.29 

epo and iGF-1
Mean levels of IGF-1 were correlated inversely to mean levels of EPO. When divided based 
on GFR and Hb, subjects with the lowest GFR (0-30 ml/min) and lowest Hb levels had 
the highest IGF-1 levels. 
 Brox et al. showed that EPO and IGF-1 act synergistically on erythropoiesis in a mouse 
model of CKD13 in inducing a substantial rise in Hb. In addition, several possible feedback 
mechanisms between EPO production and IGF-1 secretion have been suggested.30,31 In 
our study, the fact that mean levels of IGF-1 correlated inversely to mean levels of EPO and 
that subjects with the greatest decrease in CKD and a relatively low Hb had the highest 
IGF-1 levels, suggests that EPO and IGF-1 both have a role on erythropoiesis in CKD. 
Taken together, it is possible to speculate that IGF-1constitutes a synergistic role with 
EPO in erythropoiesis and that when EPO falls a compensatory increase of IGF-1 occurs. 
However, until now the therapeutic application of IGF-1 is limited by the difficulty of 
assessing pituitary functional status in CKD patients, and by the interaction with IGF-
binding proteins that determine its bioavailability. 

il-6 and tnF-α 
In the present study we found no circadian IL-6 and TNF-α rhythm, Inflammation, in this 
study characterized by IL-6 and TNF-α, has been linked to EPO-resistance and renal disease. 
An increase in IL-6 and TNF- α has been associated with an increased need for exogenous 
EPO.11 In healthy volunteers the concentration of Il-6 is regulated in a circadian fashion 
with peak levels in the early morning and early evening and through levels later in the 
morning and at night.12 TNF-α has shown to have peak levels at night. In a study with 60 
patients with CKD IL-6 was significantly increased in comparison to the healthy control 
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group. Information on times of blood collection was not available.32 Knowledge on TNF-α 
levels in renal disease is absent. In our patient group IL-6 levels were raised in contrast to 
TNF-α levels. No circadian rhythm in IL-6 was found, and furthermore no relationship 
was found between inflammation and EPO levels, IGF-1 levels, or GFR. This finding is in 
keeping with another study that showed no association between GFR and IL-6.32  

In conclusion, we could not demonstrate a GFR-dependent circadian regulation for EPO, 
IGF-1 (a co-stimulator for EPO) and/or in the levels of inflammatory markers (inhibitors 
of the action of EPO), which is in contrast to melatonin secretion in CKD. . Furthermore 
we could not identify the main driving factor for rhythmic fluctuations in endogenous 
EPO levels on the basis of the results of this study. Due to the varying peak times, it is 
unlikely that it concerns a circadian (mis)alignment, therefore providing no reason for 
specific timing of administration of exogenous EPO. Also for IGF-1, TNF-α and IL-6 levels, 
we were unable to identify a rhythm in any of the patients. Finally, the correlation between 
IGF-1 and EPO as well as the association between IGF-1, Hb and renal function warrants 
future research on the role of IGF-1 in CKD patients with persistent anemia.



143

C
ha

pt
er

 1
0

reFerences

1. Elung-Jensen T, Strandgaard S, Kamper AL. Longitudinal observations on circadian blood pressure 
variation in chronic kidney disease stages 3-5. Nephrol Dial Transplant 2008;23:2873-2878.

2. Clement DL, De Buyzere ML, De Bacquer DA, et al. Prognostic value of ambulatory blood-pressure 
recordings in patients with treated hypertension. N Engl J Med 2003;348:2407-2415.

3. Koch BC, van der Putten K, Van Someren EJ, et al. Impairment of endogenous melatonin rhythm is 
related to the degree of chronic kidney disease (CREAM study). Nephrol Dial Transplant 2010;25:513-
519.

4. Karasek M, Szuflet A, Chrzanowski W, et al. Decreased melatonin nocturnal concentrations in 
hemodialyzed patients. Neuro Endocrinol Lett 2005;26:653-656.

5. Koch BC, Nagtegaal JE, Hagen EC, et al. The effects of melatonin on sleep-wake rhythm of daytime 
haemodialysis patients: a randomized, placebo-controlled, cross-over study (EMSCAP study). Br J Clin 
Pharmacol 2009;67:68-75.

6. Firsov D, Bonny O. Circadian regulation of renal function. Kidney Int 2010;78:640-645.
7. Congote LF, Sadvakassova G, Dobocan MC, et al. Erythropoietin-dependent endothelial proteins: 

potential use against erythropoietin resistance. Cytokine 2010;51:113-118.
8. Vaziri ND, Oveisi F, Reyes GA, et al. Dysregulation of melatonin metabolism in chronic renal insufficiency: 

role of erythropoietin-deficiency anemia. Kidney Int 1996;50:653-656.
9. Buemi M, Allegra A, Lagana A, et al. Effects of the evening i.v. administration of erythropoietin in 

haemodialyzed patients. Riv Eur Sci Med Farmacol 1993;15:195-197.
10. Stratakis CA, Mastorakos G, Magiakou MA, et al. 24-hour secretion of growth hormone (GH), insulin-

like growth factors-I and -II (IGF-I, -II), prolactin (PRL) and thyrotropin (TSH) in young adults of normal 
and tall stature. Endocr Res 1996;22:261-276.

11. Macdougall IC, Cooper AC. Hyporesponsiveness to erythropoietic therapy due to chronic inflammation. 
Eur J Clin Invest 2005;35 Suppl 3:32-35.

12. Vgontzas AN, Zoumakis M, Papanicolaou DA, et al. Chronic insomnia is associated with a shift of 
interleukin-6 and tumor necrosis factor secretion from nighttime to daytime. Metabolism 2002;51:887-
892.

13. Brox AG, Zhang F, Guyda H, et al. Subtherapeutic erythropoietin and insulin-like growth factor-1 correct 
the anemia of chronic renal failure in the mouse. Kidney Int 1996;50:937-943.

14. van der Putten K, Braam B, Jie KE, et al. Mechanisms of Disease: erythropoietin resistance in patients 
with both heart and kidney failure. Nat Clin Pract Nephrol 2008;4:47-57.

15. Heuck C, Skjaerbaek C, Orskov H, et al. Circadian variation in serum free ultrafiltrable insulin-like 
growth factor I concentrations in healthy children. Pediatr Res 1999;45:733-736.

16. Van Someren EJ, Nagtegaal E. Improving melatonin circadian phase estimates. Sleep Med 2007;8:590-601.
17. Fisher JW, Koury S, Ducey T, et al. Erythropoietin production by interstitial cells of hypoxic monkey 

kidneys. Br J Haematol 1996;95:27-32.
18. Fisher JW. Erythropoietin: physiology and pharmacology update. Exp Biol Med (Maywood) 2003;228:1-14.
19. Scortegagna M, Ding K, Zhang Q, et al. HIF-2alpha regulates murine hematopoietic development in an 

erythropoietin-dependent manner. Blood 2005;105:3133-3140.
20. Roberts D, Smith DJ. Erythropoietin does not demonstrate circadian rhythm in healthy men. J Appl 

Physiol 1996;80:847-851.
21. Klausen T, Dela F, Hippe E, et al. Diurnal variations of serum erythropoietin in trained and untrained 

subjects. Eur J Appl Physiol Occup Physiol 1993;67:545-548.
22. Buemi M, Allegra A, Aloisi C, et al. The circadian rhythm of erythropoietin in subjects with pre-terminal 

uremia. Clin Nephrol 1992;37:159-160.
23. Schmieder RE, Langenfeld MR, Hilgers KF. Endogenous erythropoietin correlates with blood pressure 

in essential hypertension. Am J Kidney Dis 1997;29:376-382.
24. Cahan C, Decker MJ, Arnold JL, et al. Diurnal variations in serum erythropoietin levels in healthy 

subjects and sleep apnea patients. J Appl Physiol 1992;72:2112-2117.



144

C
ha

pt
er

 1
0

25. Correa PN, Axelrad AA. Production of erythropoietic bursts by progenitor cells from adult human 
peripheral blood in an improved serum-free medium: role of insulinlike growth factor 1. Blood 
1991;78:2823-2833.

26. Haffner D, Schaefer F, Girard J, et al. Metabolic clearance of recombinant human growth hormone in 
health and chronic renal failure. J Clin Invest 1994;93:1163-1171.

27. Tonshoff B, Powell DR, Zhao D, et al. Decreased hepatic insulin-like growth factor (IGF)-I and increased 
IGF binding protein-1 and -2 gene expression in experimental uremia. Endocrinology 1997;138:938-946.

28. Lombardi G, Di Somma C, Rota F, et al. Associated hormonal decline in aging: is there a role for GH 
therapy in aging men? J Endocrinol Invest 2005;28:99-108.

29. Colao A, Di Somma C, Cascella T, et al. Relationships between serum IGF1 levels, blood pressure, and 
glucose tolerance: an observational, exploratory study in 404 subjects. Eur J Endocrinol 2008;159:389-
397.

30. Lissoni P, Perego M, Veronese E, et al. Endocrine effects of erythropoietin in cancer patients. Hematology 
2004;9:363-367.

31. Sohmiya M, Kato Y. Human growth hormone and insulin-like growth factor-I inhibit erythropoietin 
secretion from the kidneys of adult rats. J Endocrinol 2005;184:199-207.

32. Oberg BP, McMenamin E, Lucas FL, et al. Increased prevalence of oxidant stress and inflammation in 
patients with moderate to severe chronic kidney disease. Kidney Int 2004;65:1009-1016.



11   CHAPTER

Summary 





147

C
ha

pt
er

 1
1

The prevalence of chronic kidney disease (CKD) as well as chronic heart failure (CHF) is 
increasing worldwide.1,2 The combination of CKD and CHF, i.e. the cardiorenal syndrome 
(CRS), is also an emerging problem, which is accompanied by high morbidity and 
mortality.3,4 This high risk is amplified in the presence of anemia, which frequently occurs 
in CKD and in CHF.5,6 Treatment of anemia with human recombinant erythropoietin (EPO) 
has shown beneficial effects in several small studies7-9, but this could not be confirmed in 
larger randomized trials.10-12 Mechanisms underlying these paradoxical effects of EPO are 
not clear. In this thesis, we aimed to study the role of endogenous as well as exogenous 
EPO in patients with heart and/or renal failure. 

AnemiA And erythropoietin treAtment in the cArdiorenAl 
syndrome

The presence of anemia in cardiorenal failure is mainly caused by defective endogenous 
EPO production, in combination with a decreased bone marrow response to exogenous 
and endogenous EPO (i.e. EPO resistance). Clinically, EPO resistance is an important 
phenomenon, as the need for high dosages of EPO is associated with an increased mortality 
risk.13,14 In part I, we focused on several aspects of EPO resistance in cardiorenal patients. 
In chapter 2, we reviewed mechanisms underlying endogenous as well as exogenous 
EPO resistance in patients with CRS. Inflammation appears to have a central role in EPO 
resistance. In CRS, pro-inflammatory cytokines antagonize the action of EPO by directly 
inhibiting erythroid progenitor cells15-17 and by disrupting iron metabolism, in which 
hepcidin has a central role.18-20 

In addition to its well known hematopoietic function, EPO has been shown to 
exert several non-hematopoietic effects. For example, EPO promotes vascular reparative 
processes in both CKD21 and CHF22, and exerts anti-apoptotic effects23,24. Importantly, it 
could also be that EPO intervenes in the pathophysiology of the CRS by dampening the 
cardiorenal connectors, i.e. inflammation, the balance between nitric oxide (NO) and 
reactive oxygen species (ROS), the sympathetic nervous system and the renin-angiotensin 
system.25,26 
 In chapter 3, the rationale and design of the EPOCARES study (Erythropoietin in 
the CardioRenal Syndrome) were described. In this translational study, we aimed to 
identify pathophysiologic mechanisms of CRS and to elucidate whether EPO indeed 
affects the cardiorenal connectors. Furthermore, the EPOCARES study was uniquely 
designed to distinguish hematopoietic from non-hematopoietic effects of EPO treatment. 
After a 4-week run-in period on standard treatment, patients with CRS and anemia were 
assigned to receive a fixed dose of (50 IU/kg/week) EPO, but were maintained at baseline 
hemoglobin (Hb) levels for the first six months by sequential phlebotomy; a fixed dose 
of EPO to increase Hb levels to a maximum of 13.7 g/dL in men and 13.4 g/dL in 
women; or to receive standard care without EPO. Follow-up was 12 months. With this 
design, acute effects of EPO could be discerned from chronic effects, and Hb effects were 
separated from non-Hb effects of EPO. In this way, this study attempts to explain the 
fragile balance between desirable and undesirable effects of EPO. For this purpose, cardiac 
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and renal function as well as a panel of biomarkers and iron parameters were assessed. 
Furthermore, the effects of EPO on monocyte gene expression profiles and on endothelial 
progenitor cells were evaluated. In this thesis, results of the iron studies in CRS were 
discussed.

As mentioned above, hepcidin has a central role in the pathogenesis of EPO resistance. 
In chapter 4, we show that in CRS patients in the EPOCARES study, hepcidin levels 
are increased compared with a healthy reference population. The levels of hepcidin 
were correlated with markers or iron load (Hb and ferritin), but not with markers of 
inflammation (C-reactive protein and IL-6). Thus, in these CRS patients, hepcidin levels 
reflect iron load rather than inflammatory status. Higher baseline levels of hepcidin 
were associated with an increased rather than decreased early bone marrow response (as 
determined by the increase in reticulocyte level) to EPO. A stronger decrease in hepcidin 
after 2 weeks of EPO treatment was correlated with an increased early bone marrow 
response to EPO and with Hb response after 6 months. This suggests that hepcidin levels 
together with inflammatory markers can help to predict EPO response in patients with 
cardiorenal failure at an early stage of treatment. This is of importance, as high doses of 
EPO can have several non-hematopoietic adverse effects. The results of this study also 
raise the question whether hepcidin could be a target in the treatment of anemia in CKD. 
Indeed, recently, in a mouse model of anemia of inflammation, it has been demonstrated 
that while administration of EPO by itself could not ameliorate anemia, a combination 
of  EPO and  hepcidin-neutralizing  antibody was effective in preventing anemia.27 
Furthermore, it has been shown that hepcidin can be antagonized by blocking pathways 
that regulate its production.28,29 However, the risks and clinical benefits of these therapies 
remain to be evaluated.

Red cell distribution width (RDW), a measure of anisocytosis, is associated with 
adverse outcomes in patients with CHF.30,31 It has been hypothesized that a disturbed bone 
marrow response to EPO could explain the association between morphological changes in 
the red blood cell (RDW) and outcome.32 In chapter 5, we tested this hypothesis in CRS 
patients from the EPOCARES study. EPO resistance was assessed using 3 measures; 1. the 
log observed/predicted ratio (O/P), which reflects the EPO level for the degree of anemia, 
2. the extent in increase of reticulocyte count, serum transferrin receptor or immature 
reticulocyte fraction after two weeks of exogenous EPO treatment, and 3. the hemoglobin 
increase after 6 months of EPO treatment. We found that in our CRS population, RDW was 
not correlated with EPO resistance. Furthermore, treatment with EPO induced an increase 
in RDW, which also contradicts an association between RDW and EPO resistance. RDW 
was correlated with IL-6, but not with hepcidin. In accordance with other studies, there 
was an independent association between RDW and markers of functional iron availability 
and erythropoietic activity. Thus, it seems that the association between RDW and outcome 
is mainly due to the fact that the erythrocyte may be viewed as a ‘barometer’ for overall 
cardiovascular health. Therefore mechanisms that cause changes in relative distribution of 
red cell size such as increased erythropoietic activity, increased red cell destruction and 
reduced red cell half life should be investigated. 

In both CKD and CHF, levels of endogenous EPO are elevated when compared to 
healthy controls.33-35 However, these patients often remain anemic, indicating a disturbed 
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bone marrow response to EPO. Prolonged exposure to high levels of endogenous EPO 
and inflammation, as is the case in CRS, could lead to an increased risk of developing 
cancer.36 Chapter 6 showed the results of a retrospective case-control study in which we 
examined the incidence of cancer in CRS patients. We found that in patients with CKD 
and anemia, the presence of heart failure is associated with a higher incidence of cancer 
(adjusted odds ratio 2.0). Patients with CRS and anemia had higher cumulative incidence 
rates of cancer than patients with CKD and anemia without CHF and control patients. 
Although our (hypothesis generating) study does not provide data about the causative 
relation between CRS and cancer, it stresses the importance of further research into the 
relationship between CRS and malignancies, as well as into the mechanisms involved. 
If indeed inflammation or EPO play a role in the pathophysiological mechanism, this 
could have important therapeutical consequences. Anti-inflammatory agents might prove 
useful in preventing progression of CRS, but also as anti-cancer therapy.37 Furthermore, in 
patients with CRS and/or cancer, exogenous EPO should be used with caution, as the risk 
will possibly outweigh the benefits.12

hemoGloBin VAriABility in cKd pAtients

Until more evidence is available with regard to optimal and safe Hb levels in CKD patients, 
the Anemia Working Group of ERBP as well as the National Kidney Foundation’s Kidney 
Disease Outcomes Quality Initiative (NKF-K/DOQI) guideline recommend a target Hb 
level of 11-12 g/dL and advise against Hb levels above 13 g/dL.38,39 However, several 
studies have shown that in both hemodialysis and predialysis patients, Hb levels are often 
not maintained within this target range.40-42

The oscillations or fluctuations of an individual patient’s Hb over time are referred to 
as ‘Hb variability’. This phenomenon is clinically relevant, as many,41,43,44, but not all45 
studies show that Hb variability is associated with increased mortality. In Part II, the focus 
was on various aspects of the concept of hemoglobin variability in CKD patients. 

In chapter 7, Hb variability was assessed using a pilot study in four patient groups in 
a single Dutch dialysis center: hemodialysis (HD) and peritoneal dialysis (PD) patients 
treated with EPO, predialysis patients using EPO, and predialysis patients not using 
EPO. We showed that Hb variability was very common, with none of the studied CKD 
patients using EPO having Hb levels stable within a target range of 11-12 g/dL over a 
1-year period. Comparing the four patients groups, there was a stepwise decrease in the 
magnitude of Hb fluctuation starting, respectively, from the HD patients, the PD patients, 
the predialysis patients using EPO, to the predialysis patients not using EPO. In chapter 8, 
we tried to explain this finding. 

Chapter 8 showed the results of a retrospective study that was executed in 20 Dutch 
dialysis centers. In 1393 CKD patients, we demonstrated that Hb variability is a common 
phenomenon. We confirmed the stepwise decrease in Hb variability when comparing the 
same four patient groups as in chapter 7. Using multivariate regression models, we found 
that the frequency of Hb testing, EPO prescribing patterns and hospitalization were the 
main predictors for Hb variability. Due to the retrospective design of the study, we could 
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not prove causative relations, however it can be hypothesized that adaptation of treatment 
policies can contribute to decrease Hb variability. A prospective study using EPO dosing 
protocols could answer this question. Furthermore, the HD and PD patients in our study 
had Hb levels within the target range for respectively 28 and 29% of time, which illustrates 
the difficulty of maintaining Hb levels within the narrow range as recommended by the 
most recent guidelines. It seems that Hb targets should be defined on an individual basis, 
and adjusted depending on the clinical context of the patient. In this way, unnecessary and 
possibly hazardous EPO dosing regimens can be prevented. 

AnemiA And circAdiAn Body FUnctions in cKd pAtients

In part III, we presented the results of the CREAM (Circadian Rhythm of Erythropoietin 
and Melatonin in CKD)-study. Circadian rhythms are fluctuations in body functions within 
a period of  around 24 h. Circadian misalignment can have important consequences on the 
pathology of cardiovascular disease and sleep-wake disturbances.46,47 The pineal hormone 
melatonin, which is normally only secreted during the night, is an important marker of 
the circadian timing system. In HD patients, this nocturnal melatonin rise is absent.48 
In chapter 9, we showed that in 28 CKD patients with eGFR 30-80 ml/min, melatonin 
production is increasingly compromised with advancing renal dysfunction. This warrants 
further research into the causes of dysregulated melatonin secretion and into the effect 
of exogenous melatonin suppletion on melatonin rhythm in order to improve sleeping 
disorders in early stages of CKD.  In addition to a role in sleep-wake rhythm, other effects 
of endogenous melatonin have been shown. For example, endogenous melatonin has 
anti-oxidative effects49,50, as well as anti-inflammatory effects.51,52 Therefore, it can be 
hypothesized that dysregulation of melatonin secretion has a role in the pathophysiology 
of (cardio)renal failure. These effects of endogenous melatonin in CKD need further 
investigation. Furthermore, in chapter 9, we did not find a connection between melatonin, 
cortisol and temperature rhythms in CKD patients, while in healthy persons this is the 
case. This supports the hypothesis that melatonin acts as an endogenous synchronizer, able 
to stabilize circadian rhythms.53 

In addition to inducing sleep-wake disturbances and cardiovascular disease, circadian 
misalignment could also be important in the pathophysiology of anemia in cardiorenal 
failure. Based on the findings that the therapeutic effect of exogenous EPO administration 
is dependent on the time of administration54 and that exogenous administration of EPO 
can recover the defective melatonin rhythm in dialysis patients55,56, we hypothesized that  
a relation exists between melatonin rhythm and endogenous EPO levels in patients with 
CKD. In chapter 10, we could not demonstrate a clinical significant rhythm for EPO in 
28 CKD patients. We also studied whether IL-6 and TNF, pro-inflammatory cytokines that 
are associated with an inadequate response to EPO in CKD57, are regulated in an circadian 
manner in CKD. While in healthy persons this is indeed the case58, in CKD no rhythm 
could be demonstrated. IGF-1, which acts as a pro-erythropoietic cytokine, also showed 
no circadian rhythm. Interestingly however, is that levels of IGF-1 were inversely correlated 
to levels of EPO and that subjects with the greatest decrease in CKD and a relatively low 
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Hb had the highest IGF-1 levels. All together, we failed to substantiate our hypothesis that 
the GFR-related decrease in melatonin rhythm is associated with circadian changes in EPO 
levels, in the levels of IGF-1 (a co- stimulator of EPO) and/or in the levels of inflammatory 
markers (inhibitors of the action of EPO). The association between high IGF-1 and low Hb 
suggests that EPO and IGF-1 have an alternating role, dependent on GFR, in stimulating 
erythropoiesis. However, until now the therapeutic application of IGF-1 is limited by the 
difficulty of assessing pituitary functional status in CKD patients, and by the interaction 
with IGF-binding proteins that determine its bioavailability. 

AnemiA treAtment in cArdiorenAl FAilUre: FUtUre 
perspectiVes

In this thesis, we found a clear connection between hepcidin levels and response to 
exogenous EPO, suggesting that hepcidin could be a target of anemia treatment. Currently, 
this hypothesis is subject of ongoing research.27-29 Other approaches to stimulate 
erythropoiesis are also under development. Peginesatide (HematideTM) is a synthetic EPO 
mimetic peptide with a chemical structure unrelated to EPO that is being evaluated in 
phase III clinical trials. These trials will reveal whether it provides advantages over the 
current forms of recombinant human EPO with regard to reduced immunogenicity and 
reduced frequency of administration. In addition, clinical trials studying the effects of 
hypoxia-inducible transcription factors (HIF)-stabilizers are being carried out. These 
agents have been shown to increase plasma levels of endogenous EPO59, however, the 
safety of HIF stabilizers requires careful consideration, given the biological potential of 
HIF in mediating hypoxia-driven processes, such carcinogenic effects.60 

In addition to the dose and the type drug to stimulate erythropoiesis, the Hb levels 
that we target for should be considered. As increasing EPO dosages to achieve a certain 
target is associated with an increased mortality risk, it seems more appropriate to adjust 
the target itself. This especially accounts for patients with a history of thrombotic events 
or cancer.  
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The recent publication by Ronco et al.1 provides a thorough description of the 
pathophysiology of the cardiorenal syndrome (CRS) and comes with a proposal for 
a new classification. The innovative classification is based on the putative causative 
pathophysiological mechanism that underlies failure of the heart and kidneys. The 
classification focuses on 2 aspects of the process: duration (acute onset vs. chronic 
disease), and the sequence of events (kidney failure first vs. heart failure first). For clinical 
purposes, the distinction between acute and chronic CRS proposed by the authors seems 
very useful: they propose a clinical syndrome where acute heart failure (HF) leads to acute 
kidney injury (AKI) (type 1) and vice versa (AKI leading to acute HF; type 3). This seems 
relevant, because both conditions have a different pathogenesis and require a different 
clinical approach. However, the distinction between CRS type 2 (chronic HF leading to 
progressive chronic kidney disease [CKD]) and CRS type 4 (CKD leading to chronic HF and 
increased risk of cardiovascular events) is based on the assumption that, also in advanced 
and chronic disease, 2 different pathophysiological mechanisms can be distinguished. In 
the paper by Bongartz et al.,2 we postulate a model of (chronic) cardiorenal interactions, 
with a quite different philosophy. In that model, we have searched for the common 
denominators in heart and renal failure (i.e., for similar pathophysiological interactions 
in “heart-kidney” and “kidney-heart” failure). We have been able to identify 4 cardiorenal 
connectors: inflammation, nitric oxide/reactive oxygen species balance, the sympathetic 
nervous system, and the renin-angiotensin system. In our view these connectors are, 
in addition to the well-known hemodynamic interactions between heart and kidney, 
responsible for the strongly progressive nature of the disease process, because they evoke 
positive feedback mechanisms. Therefore, the sequence in which the 2 conditions arise 
is not important. Furthermore, we question the feasibility of the distinction between 
CRS type 2 and 4 in terms of diagnosis. In addition, both groups are similar in terms 
of management, because they both should receive optimal interventions to block the 
interaction between the cardiorenal connectors, in addition to the specific measures that 
apply to chronic HF and CKD.
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To the Editor: Corwin et al. report both desired and unwanted effects of erythropoietin in 
their trial involving patients in the intensive care unit. Paradoxical effects of erythropoietin 
have been reported in other groups of patients and conditions, and the dose of erythropoietin 
may be important in this respect. The statement that erythropoietin failed to decrease 
red-cell transfusions between days 1 and 29, however, may be based on a false premise, 
since it is generally accepted that in the first 14 days of its administration, this agent does 
not increase hemoglobin and thus should not influence the need for transfusion.1 We 
are concerned about whether iron treatment in the participating patients was adequate 
and similar in the two groups. Among patients with chemotherapy-related anemia who 
receive similar amounts of epoetin, intravenous, but not oral, iron supplementation 
improves the response to epoetin.2 In addition, oral iron supplements fail to maintain 
adequate iron stores in epoetin treated patients undergoing hemodialysis.3 Therefore, it 
is possible that in the study by Corwin et al., patients in the epoetin alfa group received 
more parenteral iron than patients in the placebo group. Parenteral iron, as well as the 
high dose of erythropoietin, might have played a role in the observed, undesired effects 
of erythropoietin.
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In dit proefschrift worden 3 verschillende aspecten van anemie (bloedarmoede) en 
erythropoietine (EPO) behandeling bij patiënten met (hart- en) nierfalen behandeld, 
te weten de respons op endogeen/exogeen EPO, het concept van hemoglobine (Hb) 
variabiliteit, en de rol van circadiane ritmiek. In deze samenvatting zullen deze aspecten 
puntsgewijs worden besproken. 

het cArdiorenAAl syndroom

Chronisch nierfalen is een veel voorkomende aandoening die ieder jaar in frequentie 
toeneemt. Naar schatting 10% van de volwassenen in Europa lijdt in meer of mindere 
mate aan deze ziekte. Patiënten met nierfalen hebben een sterk verhoogd risico om 
vroegtijdig te overlijden. Dit wordt met name veroorzaakt doordat deze patiënten vaker 
hart-en vaatziekten krijgen, zoals een hartinfarct en hartfalen. Omgekeerd krijgen patiënten 
met hartfalen ook vaker te maken met chronisch nierfalen. De combinatie van hart- en 
nierfalen wordt het cardiorenaal syndroom genoemd (CRS). In dit syndroom leidt het 
primaire falen van één van beide organen tot progressieve schade in het andere orgaan. 
Twee mechanismen staan hierbij centraal. Ten eerste veranderingen in de bloeddruk en 
de weerstand van de bloedvaten, en ten tweede de ‘cardiorenale connectoren’: 4 factoren 
die gestoord zijn in patiënten met CRS, te weten de aanwezigheid van ontstekingseiwitten 
(1) en oxidatieve stress (2), en een sterk geactiveerd renine-angiotensine systeem (3) en 
sympathisch zenuwstelsel (4). 

Anemie in het cArdiorenAAl syndroom

Patiënten met CRS hebben frequent anemie, hetgeen gepaard gaat met een verdere toename 
van het risico op overlijden. Deze anemie wordt veroorzaakt doordat de nieren niet meer 
in staat zijn om voldoende EPO aan te maken, en doordat het lichaam een verminderde 
respons heeft op EPO. Sinds enkele decennia worden patiënten met bloedarmoede ten 
gevolge van chronisch nierfalen behandeld met recombinant humaan EPO; een medicijn 
dat de aanmaak van rode bloedcellen stimuleert. Recent is echter aangetoond dat EPO 
behandeling niet de verwachte gunstige effecten heeft, zoals een daling in de sterfte. 
De oorzaak van deze teleurstellende bevinding ligt mogelijk in het feit dat EPO zowel 
erythropoietische (toename van rode bloedcellen) alsook non-erythropoietische (o.a. 
toegenomen vaatproliferatie, verhoogde thromboseneiging en hypertensie) effecten heeft 
waarbij beide effecten zowel gunstig als ongunstig kunnen zijn. Het netto effect bij een 
individuele patiënt is met de huidige kennis moeilijk voorspelbaar en wordt wellicht 
bepaald door de EPO dosis en de karakteristieken van de patiënt.
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deel i: respons op endoGeen/eXoGeen epo in het 
cArdiorenAAl syndroom

Zoals gezegd wordt anemie in CRS voor een belangrijk deel veroorzaakt doordat het 
lichaam verminderd reageert op EPO. Dit verschijnsel wordt ook wel ‘EPO resistentie’ 
genoemd. Klinisch is dit een relevant fenomeen, aangezien het bestaan ervan gepaard gaat 
met een toegenomen sterfte. Hoofdstuk 2 geeft een overzicht van de mechanismen die 
leiden tot het ontstaan van resistentie voor zowel endogeen als exogeen EPO. Het blijkt 
dat de aanwezigheid van ontstekingseiwitten (inflammatie) een centrale rol speelt. Door 
de inflammatie wordt de ontwikkeling van de rode bloedcel geremd, en tevens wordt het 
ijzermetabolisme verstoord, onder andere via hepcidine.
 In hoofdstuk 3 wordt de opzet van de EPOCARES (EPO in het CardioRenaal 
Syndroom)-studie beschreven. Deze studie had als doel om het ontstaansmechanisme van 
het CRS op te helderen, en om erythropoietische van niet-erythropoietische effecten van 
EPO te onderscheiden. Hiertoe werden patiënten met gecombineerd hart-en nierfalen 
en anemie geïncludeerd en ingedeeld in drie behandelgroepen: één groep ontving een 
vaste dosis EPO per week, maar werd de eerste zes maanden op hetzelfde bloedgehalte 
gehouden door middel van aderlating; één groep werd behandeld met dezelfde vaste EPO 
dosis, en mocht stijgen in het bloedgehalte; één groep ontving standaard zorg zonder 
EPO. De patiënten werden een jaar gevolgd. Door middel van deze studieopzet kunnen 
de gunstige en niet-gunstige effecten van EPO worden geëvalueerd. Voor dit doel werden 
diverse metingen verricht: meting van hart- en nierfunctie, bepaling van een set van 
biomarkers en ijzermetabolisme-parameters, genexpressie analyse en meten van het EPO-
effect op endotheel voorloper cellen. 

In hoofdstuk 4 hebben wij de rol van hepcidine in het ontstaan van EPO 
resistentie onderzocht. Hepcidine is een door de lever gevormd acute-fase eiwit dat het 
ijzermetabolisme reguleert. Hepcidine remt het vrijkomen van ijzer uit diverse cellen, 
waardoor er een tekort ontstaat aan ijzer dat gebruikt kan worden voor de aanmaak van 
rode bloedcellen. In de EPOCARES studie hebben we onderzocht of hepcidine verhoogd 
is bij CRS patiënten en of hepcidine een oorzakelijke rol speelt bij het ontstaan van EPO 
resistentie. Inderdaad bleek dat CRS patiënten hogere hepcidine spiegels hadden dan een 
gezonde controle populatie. Hepcidine was gecorreleerd met markers voor ijzervoorraad, 
maar niet met markers voor inflammatie. De verhoogde hepcidine waarden in deze 
(stabiele) CRS patiënten weerspiegelen dus de totale ijzervoorraad, maar niet de mate 
van inflammatie. Behandeling met EPO gedurende twee weken leidde tot een daling in 
hepcidine. De daling in hepcidine correleerde met de mate van stijging van het aantal 
jonge rode bloedcellen en tevens met de mate van stijging in het bloedgehalte na 6 
maanden. Dit suggereert dat hepcidine levels voorspellend zijn voor zowel de vroege 
als de late reactie van het beenmerg op EPO therapie. Deze bevinding heeft mogelijk 
klinische consequenties, omdat deze de mogelijkheid biedt om in een vroeg stadium van 
behandeling de respons op EPO te voorspellen. Hiermee kunnen onnodige hoge EPO 
doseringen worden vermeden, wat de kans op nadelige effecten verkleint. Tevens roept 
deze studie de vraag op of hepcidine zèlf een target zou kunnen zijn in de behandeling 
van anemie. Inderdaad is dit het onderwerp van diverse studies die momenteel worden 
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uitgevoerd, waarbij in dierproeven inmiddels is aangetoond dat hepcidine-antagonisten 
effectief zijn. 
 Hoofdstuk 5 beschrijft of er een verband bestaat tussen red cell distribution width 
(RDW) en EPO resistentie. Recent is aangetoond dat RDW, hetgeen een maat is voor 
de variatie in grootte van rode bloedcellen, een erg sterke voorspeller is voor sterfte 
bij patiënten met hartfalen. Het mechanisme van deze associatie tussen morfologische 
veranderingen in de rode bloedcel en slechte prognose is onduidelijk. Sommige auteurs 
hypothetiseren dat EPO resistentie een causale rol speelt. Hierop hebben wij in de 
EPOCARES studie onderzocht of RDW bepaald wordt door EPO resistentie, danwel door 
andere factoren zoals een verstoord ijzermetabolisme. EPO resistentie werd gemeten 
op verschillende manieren: De endogene EPO resistentie werd uitgedrukt door de 
geobserveerde/voorspelde log EPO ratio, hetgeen endogene EPO levels definieert t.o.v. 
de mate van anemie. De exogene EPO resistentie werd gemeten door 1) de stijging in 
jonge rode bloedcellen en markers voor erythropoietische activiteit na twee weken EPO 
therapie en 2) de stijging in bloedgehalte na 6 maanden EPO therapie. Het bleek dat RDW 
niet gecorreleerd is met EPO resistentie in onze CRS patiënten. RDW was gecorreleerd 
met interleukine-6 (een ontstekingseiwit), maar niet met hepcidine. Tevens was er een 
associatie tussen RDW en markers voor ijzerbeschikbaarheid en erythropoietische activiteit. 
Een verhoogd RDW wordt dus mogelijk bepaald door zowel functioneel ijzergebrek (dit 
geeft kleinere rode bloedcellen) als een verhoogde erythropoietische activiteit (dit geeft 
grotere rode bloedcellen). Verder onderzoek is noodzakelijk om te bepalen waarom dit 
leidt tot een hoger risico. 
 In zowel hart- als nierfalen zijn endogene EPO levels verhoogd in vergelijking tot 
gezonde controles. Desondanks zijn CRS patiënten anemisch, wat duidt op het bestaan van 
EPO resistentie. Mechanistisch beschouwd zou het mogelijk kunnen zijn dat langdurige 
blootstelling aan hoge endogene EPO spiegels en inflammatie, zoals het geval is in CRS, 
een verhoogd risico geeft op kanker. Om die reden hebben wij in hoofdstuk 6 onderzocht 
of kanker vaker voorkomt in patiënten met CRS. Het bleek dat in patiënten met chronisch 
nierfalen en anemie, de aanwezigheid van hartfalen geassocieerd was met een hogere 
incidentie van kanker. Bij patiënten met de trias hartfalen/nierfalen/anemie kwam kanker 
vaker voor dan bij patiënten met chronisch nierfalen en anemie, zonder hartfalen. Ondanks 
het feit dat we met deze resultaten niet kunnen aantonen dat er een oorzakelijk verband 
bestaat tussen CRS en kanker, laat deze studie wel zien dat er nader onderzoek dient te 
geschieden naar het verband tussen CRS en kanker, alsook naar de mechanismen die hierbij 
een rol spelen. Als het namelijk zo blijkt te zijn dat inflammatie of EPO inderdaad een rol 
spelen in het ontstaan van kanker, dan zou dit belangrijke therapeutische consequenties 
met zich meebrengen. Anti-inflammatoire medicijnen zouden kunnen bijdragen aan het 
voorkomen van progressie van CRS, maar ook een therapie kunnen zijn om kanker af te 
remmen. Daarnaast dient men bij het gebruik van exogeen EPO bij patiënten met CRS en/
of kanker voorzichtigheid in acht te nemen, gezien het potentiële carcinogene effect van 
dit middel. 
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deel ii: hemoGloBine VAriABiliteit

Zoals eerder genoemd is in diverse grote studies aangetoond dat behandeling met EPO 
bij patiënten met chronisch nierfalen niet altijd gunstige effecten heeft. Het lijkt zo te zijn 
dat zowel een te laag als een te hoog hemoglobine (Hb – een maat voor het bloedgehalte) 
vaak geassocieerd is met negatieve uitkomsten. Totdat duidelijk is wat precies een optimaal 
en veilig Hb is, wordt in de richtlijnen voor nefrologen een Hb level voorgeschreven van 
11-12 g/dL, tot een maximum van 13 g/dL. Het blijkt echter dat in de dagelijkse praktijk 
de Hb waarde van een patiënt zeer moeizaam binnen de aanbevolen grens is te houden 
is. Dit geldt voor patiënten met chronisch nierfalen die dialyse ondergaan, maar ook voor 
nierpatiënten in het pre-dialyse stadium. De schommelingen in het Hb gehalte bij een 
individuele patiënt worden ook wel ‘Hb variabiliteit’ genoemd. Hierbij zijn twee zaken 
van belang, te weten de factoren die Hb variabiliteit veroorzaken, evenals de klinische 
consequenties. Oorzakelijke factoren zijn waarschijnlijk de wijze waarop behandeling met 
EPO geschiedt, en mogelijk ook het type EPO. Ook factoren binnen de patiënt zelf, zoals 
ziekenhuisopname en infecties, lijken een rol te spelen. Over de klinische consequenties 
verschillen de diverse studies, hoewel de meeste (observationele) studies laten zien dat Hb 
variabiliteit geassocieerd is met een verhoogde kans op overlijden. 

Hoofdstuk 7 laat de resultaten zien van een pilot studie waarin we Hb variabiliteit 
hebben onderzocht bij 4 patiëntgroepen met chronisch nierfalen binnen 1 ziekenhuis: 
hemodialyse (HD) patiënten, peritoneaal dialyse (PD) patiënten, pre-dialyse patiënten 
mét EPO gebruik, en pre-dialyse patiënten zonder EPO gebruik. Over een studieperiode 
van 1 jaar had géén van de patiënten die behandeld werden met EPO, stabiele Hb levels 
binnen de marge van 11-12 g/dL. Ook bleek er een stapsgewijze afname te bestaan in de 
mate van Hb variabiliteit, met de grootste Hb variabiliteit in de HD patiënten, vervolgens 
in de PD patiënten, dan de pre-dialyse patiënten zonder EPO, met de minste variabiliteit 
in pre-dialyse patiënten zonder EPO. 

In hoofdstuk 8 hebben we dit fenomeen nader onderzocht. Dit hoofdstuk laat de 
resultaten zien van een retrospectieve studie die we uitvoerden in 20 Nederlandse dialyse 
centra. In totaal werden 1393 patiënten met chronisch nierfalen onderzocht. Dezelfde 4 
patiëntgroepen als in hoofdstuk 7 werden vergeleken, en het stapsgewijze verschil in Hb 
variabiliteit werd bevestigd. Door middel van multivariate regressie analyse kon worden 
aangetoond dat de wijze van EPO prescriptie, het aantal Hb metingen en ziekenhuisopname 
de belangrijkste voorspellers zijn voor Hb variabiliteit. Omdat het een retrospectieve 
studie betreft kan geen uitspraak worden gedaan over of causaliteit hier een rol speelt. 
Een prospectieve studie waarin gebruik wordt gemaakt van protocollen voor de wijze 
van EPO prescriptie en bloedafnames, zou een antwoord kunnen geven op deze vraag en 
ook duidelijk kunnen maken of aanpassing van behandelingsstrategieën de mate van Hb 
variabiliteit kan doen afnemen. Een andere vraag is of de richtlijn voor Hb targets in de 
huidige vorm wel praktisch haalbaar is. Uit onze studie blijkt dat de Hb levels van HD en 
PD patiënten voor slechts respectievelijk 28 en 29% van de tijd binnen de gestelde marges 
zijn. Mogelijk verdient het de voorkeur om Hb targets te definiëren op een individuele 
basis. Hiermee kunnen onnodige en potentieel gevaarlijke EPO dosisaanpassingen worden 
voorkomen. 
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deel iii: Anemie en circAdiAne ritmieK 

Veel lichaamsfuncties worden gereguleerd volgens een circadiaan ritme, dat wil zeggen 
dat het een ritme betreft met een periode van 24 uur. Een verstoring in dit circadiane 
ritme kan het risico op hart- en vaatziekten vergroten, en ook nadelige effecten hebben 
voor het slaap-waak ritme. In patiënten met chronisch nierfalen is het circadiane ritme 
van diverse lichaamsfuncties verstoord. Zo blijkt dat in hemodialyse patiënten de normale 
nachtelijke stijging van melatonine afwezig is. Dit leidt tot een verstoring in het slaap-
waak ritme, en waarschijnlijk ook tot een toename in oxidatieve stress en inflammatie.  
 In hoofdstuk 9 hebben we onderzocht of de productie van melatonine ook gestoord 
is in patiënten met chronisch nierfalen die (nog) niet behandeld worden met dialyse. 
Hiertoe werden melatonine spiegels gemeten in 28 patiënten met chronisch nierfalen 
over een periode van 24 uur. Het bleek dat de productie van melatonine verslechterde 
bij een toegenomen nierinsufficiëntie. Dit suggereert dat exogeen melatonine toegepast 
zou kunnen worden om het endogene melatonine ritme te herstellen. Mogelijk leidt dit 
vervolgens tot een verbetering van de slaap, en ook tot verlaging van inflammatie en 
oxidatieve stress, hetgeen een remmend effect zou kunnen hebben op de progressie van 
(hart-) en nierfalen. Hiernaar moet echter nog onderzoek worden uitgevoerd. 
 Naast de rol van circadiane ritmiek bij slaapstoornissen en het ontstaan van hart-en 
vaatziekten, onderzochten wij de rol van circadiane ritmes bij het ontstaan van anemie 
bij chronisch nierfalen. Hiervoor hebben we in hoofdstuk 10 gekeken naar factoren die 
de bloedaanmaak remmen, en naar factoren die de bloedaanmaak stimuleren. Zowel 
IL-6 en TNF zijn ontstekingseiwitten waarvan de aanwezigheid geassocieerd is met EPO 
resistentie, en dus met een remmend effect op de erythropoiese. Bij gezonde personen 
worden deze eiwitten gereguleerd in een circadiaan ritme. In hoofdstuk 10 wordt 
aangetoond dat dit bij patiënten met chronisch nierfalen niet het geval is. EPO en IGF-1 
zijn de pro-erythropoietische factoren die werden onderzocht in hoofdstuk 10.  Op basis 
van de bevindingen dat het therapeutisch effect van exogeen EPO afhankelijk is van het 
tijdstip van toediening, en dat exogeen EPO het melatonine ritme in dialysepatiënten kan 
herstellen, veronderstelden wij dat er een verband bestaat tussen melatonine ritme en 
endogene EPO spiegels. Deze hypothese werd niet bevestigd, aangezien er geen significant 
circadiaan EPO ritme werd aangetoond in 28 patiënten met een verschillende mate van 
nierfalen. Datzelfde gold voor IGF-1. Een opmerkelijke bevinding  van dit onderzoek 
was dat de spiegels van IGF-1 negatief gecorreleerd waren aan waardes van EPO en dat 
patiënten met de slechtste nierfunctie en een relatief laag Hb de hoogste IGF-1 levels 
hadden.  Dit suggereert dat EPO en IGF-1 een alternerende rol hebben, afhankelijk van de 
nierfunctie, in het stimuleren van de bloedaanmaak en dat er mogelijk een therapeutische 
rol weggelegd is voor IGF-1 in de behandeling van anemie.

Samenvattend laat dit proefschrift zien dat behandeling van anemie bij (hart- en) nierfalen 
met EPO weloverwogen moet geschieden. Toekomstig onderzoek dient gericht te zijn 
op het ontwikkelen van nieuwe pro-erythropoietische middelen, met een mogelijke 
rol voor hepcidine als target. Naast het type medicament dat wordt gebruikt voor de 
behandeling van anemie, is de dosering van het middel belangrijk. Omdat hoge EPO 
doseringen geassocieerd zijn met een verhoogde kans op overlijden, is het beter om Hb 
targets te definiëren op een individuele basis. Dit geldt in het bijzonder voor patiënten 
met trombose of kanker in het verleden. 
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Zoals alle promovendi ben ook ik blij dat het er op zit. Al moet ik zeggen dat ik met een 
goed gevoel terug kijk op de afgelopen jaren. De afwisseling tussen kliniek en onderzoek 
was een hele goede, omdat te lang van hetzelfde niets voor mij is. Maar toch heb ik al de 
goede herinneringen voornamelijk te danken aan de mensen met wie ik heb gewerkt. Een 
aantal van hen wil ik hieronder in het bijzonder bedanken. 

Allereerst wil ik mijn promotoren en co-promotor bedanken voor de uitstekende 
begeleiding tijdens mijn promotieonderzoek. Pieter, ik waardeer jouw directe manier 
van communiceren enorm. Zowel ‘live’ als via de e-mail.  Op de meeste vragen had ik 
binnen 5 minuten een antwoord, in maximaal 5 woorden. En wat fijn dat jij nooit van 
een mug een olifant hebt gemaakt. Carlo, ik heb enorm veel respect voor jou als dokter, als 
onderzoeker en als coach. De manier waarop je de EPOCARES-studie draaiende hield, en 
zorgde dat iedereen gelijk gestemd was, heeft mede bijgedragen aan de totstandkoming 
van dit boekje. Jouw creatieve manier van denken zorgde ervoor dat ik altijd stof had 
om over na te denken en om te analyseren. Je luisterende oor en peptalks tijdens de 
gebruikelijke promoveer-dipjes hebben me ook enorm geholpen, waarvoor dank! En dan 
nog iets waarover ik me blijf verbazen: hoe kun je op de hoogte zijn van alle medische 
ins en outs, van alle digitale-gadget ins en outs, van alle literaire ins en outs, en ga zo 
maar door. Zitten er bij jou soms 48 uur in 1 dag? Branko, jij had meestal aan een half 
woord genoeg om te begrijpen wat ik bedoelde. Dat maakte de communicatie - meestal 
via e-mail of telefoon in verband met jouw emigratie naar Canada - toch heel efficiënt. 
Ik wil je bedanken voor je enthousiaste instelling van de afgelopen jaren. Jij wist elke 
teleurstelling bij mij om te zetten in iets positiefs.

Graag wil ik de leden van de leescommissie bedanken voor hun bereidheid om dit 
proefschrift te beoordelen: Prof. Dr. Gerard Pasterkamp, Prof. Dr. Ton Rabelink , Prof. Dr. 
Wouter van Solinge, Prof. Dr. Marianne Verhaar en Prof. Dr. Adriaan Voors.

De EPOCARES studie was niet van de grond gekomen zonder een heel team aan 
gemotiveerde en geïnspireerde mensen. Allereerst gaat mijn dank uit naar Adry. Samen 
hebben we van ‘niets’ ‘iets’ gemaakt. En ook nog eens ‘iets’ heel succesvols! Een complexe 
klinische studie als de EPOCARES-studie uitvoeren is niet niks (en dat is zachtjes 
uitgedrukt). Dankzij jou was dit toch mogelijk, omdat je zorgde voor een logistiek plan, 
voor digitale ondersteuning, en ook nog voor uitstekende begeleiding van de patiënten. Je 
bent een nurse-practioner van onschatbare waarde! Kim, al vanaf het eerste moment wist 
ik dat ik aan jou een goede had. Een strakke planning, nooit iets kwijt en altijd alles op 
orde. Je hebt je vol toewijding gestort op het labwerk, of het nou 1e kerstdag was of niet. 
Je mooie proefschrift van een jaar geleden levert hiervan het bewijs. Ik wil je bedanken 
voor de goede samenwerking en veel succes wensen met je opleiding! Mireille, mijn 
‘lotgenoot’. Wat fijn dat onze ups en downs elkaar altijd zo mooi afwisselden. Daardoor 
hoefden we geen van beiden te lang in de put te zitten. Dank voor al je relativerende 
woorden. Al zitten we al een tijdje niet meer naast elkaar in een raamloos mini-hokje 
in de kelder, aarzel niet om te bellen voor een peptalk. Ook jij gaat uiteindelijk gewoon 
promoveren! En je bezit binnenkort een nieuwe titel: die van cardioloog! Karlijn, enorm 



174

C
ha

pt
er

 1
1

bedankt voor het tijdelijk overnemen van de klinische taken in de EPOCARES-studie. Het 
is bewonderenswaardig hoe weinig tekst en uitleg je nodig had om dit als een hele goede 
dokter te doen! Je interesse voor de rode bloedcel werd hierdoor ook weer aangewakkerd, 
waardoor je nu inmiddels je eigen project hebt. Heel veel succes met je promotie-traject 
en je opleiding tot internist! Marloes, bedankt voor alle ritjes van- en naar Amersfoort als 
koerier en voor al je labwerkzaamheden. En last but not least wil ik Birgitta, Lennart, Jaap, 
Maarten-Jan en Marianne bedanken voor de inspirerende en kritische input tijdens de 
3-maandelijkse EPOCARES-meetingen. 

Het EPOCARES onderzoek was niet mogelijk geweest zonder de medewerking van de 
nefrologen en de cardiologen in het UMCU en het Meander MC. In het bijzonder wil ik 
noemen Renate Bosma, Chris Hagen, Bas Hamer, Marcel Landman, Arend Mosterd, Simone 
Roeffel, Jeff Senden, Peter Verheggen, Evelyn de Vreij en Thierry Wildbergh. Bedankt voor 
het trouw reageren op de post-itjes op de statussen van jullie patiënten. 

Frederieke, als niet-medicus kwam je werken aan je afstudeerproject in het Meander 
MC. Ongelofelijk hoe snel jij je aanpaste aan het ziekenhuiswereldje en je de medische 
terminologie eigen maakte. Al kon je na een half jaar de verhalen over bloed nog steeds 
niet echt waarderen…. Je afstudeerproject heeft geresulteerd in meerdere posters en 
publicaties, hetgeen genoeg zegt over jouw kwaliteiten! Dank voor de gezellige en 
efficiënte samenwerking en veel succes gewenst bij je promotietraject.

Nicolas, jij kwam als student naar het Meander MC voor je wetenschappelijke stage. Ik heb 
me vaak verbaasd over je sterke analytische vermogen en je computervaardigheden. Met 
welk programma kun jij niet overweg? Je hebt zonder klagen eindeloos patiëntengegevens 
gescreend en geanalyseerd, bedankt hiervoor! Uiteindelijk is dit terechtgekomen in een 
hele mooie publicatie; dat doen niet veel studenten je na. Je bent nu je wetenschappelijke 
talenten verder aan het ontplooien in Groningen, heel veel succes daarmee.

Birgit, jij hebt mij laten zien hoe je als onderzoeker in de periferie een (heel mooi!) 
proefschrift kan schrijven. Problemen oplossen in plaats van problemen maken, daar ben 
jij heel goed in. Ik vond het heel leuk om met je samen te werken; onze overlegmomenten 
waren efficiënt, en de ritjes van en naar Eus waren altijd gezellig! Elsbeth, dank je wel voor 
je inspirerende bijdrage aan het CREAM onderzoek. Beste Eus, ik weet niet hoe je al die 
modellen precies geprogrammeerd hebt, maar wat ik wel weet is dat je Birgit en mijzelf 
enorm hebt geholpen bij het CREAM onderzoek, bedankt hiervoor! 

Het verkrijgen van een werkplek als arts-onderzoeker is vaak lastig, en dat geldt met name 
in een perifere kliniek. Gelukkig ben ik tijdelijk geadopteerd geweest door de afdeling 
Klinische Chemie, zodat ik beschikte over een kamer met raam. En een kamer met 
gezelschap! Daan, ik vond het super dat jij je spulletjes aan de kant schoof om een plek 
voor mij vrij te maken. Rob Kraaijenhagen en Jos Wielders, bedankt voor het mogelijk 
maken van al mijn onderzoeksprojecten en voor alle brainstormsessies. Dit is ook de plek 
om alle labmedewerkers te bedanken. Voor het keer op keer uitvoeren van de ingewikkelde 
protocollen met al die buisjes, per patiënt, per visit….
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Het screenen van patiënten, de randomisatie-en controle visits, alle telefoontjes van 
patiënten, etc, dit alles werd afgewisseld door een heleboel gezellige momenten met alle 
dames van de poli nierziekten. In het bijzonder wil ik Yvonne en Rianne bedanken.  Voor 
jullie vrolijkheid, kopjes thee, en betrokkenheid. En natuurlijk voor de goede zorg voor de 
patiënten en jullie ondersteunende rol bij de EPOCARES studie. 

Heel erg veel dank aan de staf en de collega’s van de afdeling nefrologie in het LUMC. 
Beste Ton, Hans, Paul, Eelco, Zeynep, Andre, Marlies, Aiko, Joris, Edwin, Hanneke en Karen: 
ondanks dat ik pas een korte staat van dienst heb op de afdeling, hebben jullie me enorm 
gesteund de afgelopen tijd. Dit waardeer ik enorm! Jullie hebben mij de mogelijkheid 
gegeven om mijn proefschrift af te maken, maar zorgen ook voor een hele stimulerende 
omgeving voor het voltooien van mijn opleiding tot nefroloog. Ook wil ik Noeleen, Ruth, 
Jeannet, Arnelle, Eva en Marianne bedanken voor hun steun. Het geeft een goed gevoel te 
weten dat jullie zo betrokken zijn!

Lieve Eli, 15 jaar geleden kwamen we elkaar tegen in de collegebanken en sindsdien 
hebben we al veel meegemaakt samen. Je bent niet alleen een hele lieve vriendin, maar 
ook is het met jou nooit saai, omdat jij je over zo’n beetje alles in het leven kunt verbazen. 
Over bijna elk onderwerp kunnen wij een gesprek hebben, omdat we eindeloos filosoferen 
over ‘hoe het nou zit’.  Ik vind het heel bijzonder dat je mijn paranimf wilt zijn. Ben je 
toch nog een keer ‘getuige’!

Lieve Maris, we zijn o zo verschillend, toch zijn we erg goede vriendinnen. En er zijn toch 
wel een aantal eigenschappen die we delen. Bijvoorbeeld de interesse voor wetenschap. Jouw 
afstudeerscriptie groeide zelfs uit tot een half proefschrift. Gezellige telefoongesprekken 
over multivariate analyse…ik vond het leuk dat er iemand met dezelfde vragen zat als ik! 
Het zou me overigens niets verbazen als jij toch ook nog een keer dr. voor je naam plakt. 
Super dat je bij mijn promotie mijn paranimf bent!

Lieve Suus en Sjoerd, zus & broer. Heerlijk dat ik me bij jullie altijd thuis kan voelen. En 
fijn dat jullie de medische gesprekken aan tafel altijd hebben gedoogd. Ze waren dus toch 
ergens goed voor! Lieve pap en mam, het betekent enorm veel voor mij dat jullie er altijd 
voor mij en mijn gezin zijn. Oneindig veel dank voor alles. 

En dan natuurlijk lieve Falco. Dank je wel voor het aanhoren van al mijn promotie-
perikelen. Voor je 24-uurs-bereikbare-helpdesk functie. Jij bent de grappigste, sportiefste 
en liefste echtgenoot die ik me maar kan wensen. En de beste papa voor Max!
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Karien van der Putten is geboren op 12 april 1978 te Nijmegen. Na gewoond te hebben 
in Malden en  in Groningen, kwam zij uiteindelijk samen met haar ouders, haar zus en 
broertje in Zaanstad terecht. Hier behaalde zij haar VWO diploma. Vervolgens keerde zij in 
1996 terug naar Groningen voor haar studie geneeskunde. Haar wetenschappelijke stage 
liep zij in Sydney en de co-schappen volbracht zij in Enschede en in Ghana. 

Na het behalen van haar arts-examen in 2003, verhuisde zij naar Amsterdam en 
begon met de opleiding tot internist in het Meander MC in Amersfoort. In 2006 startte zij 
onder leiding van prof. Pieter Doevendans, prof. Carlo Gaillard en dr. Branko Braam met 
promotie-onderzoek aan de Universiteit Utrecht, met als onderwerp hart-en nierfalen. 
Het resultaat van dit onderzoek is beschreven in dit proefschrift. Daarnaast voltooide zij 
haar vooropleiding tot internist, en begon in 2010 met het aandachtsgebied nefrologie 
in het LUMC te Leiden. 
 In 2009 trouwde zij en kreeg samen met haar man Falco een zoon, genaamd Max. In 
ditzelfde jaar verhuisde het jonge gezin van Amsterdam naar Heemstede. Vanuit daar reist 
zij nu dagelijks naar het LUMC voor het voltooien van haar opleiding tot nefroloog. 
 








