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dependent Cox regression analyses with repeated ERI mea-
sures.  Results:  Patients had a mean age of 66 ± 8.2 years; 
53% were male. During follow-up, a total of 495 patients 
died, of whom 136 died of sudden death and 102 of infec-
tious death. The adjusted and time-dependent risk for sud-
den death was increased by 19% per 5-unit increase in the 
ERI (hazard ratio, HR = 1.19, 95% confidence interval, CI = 
1.07–1.33). Similarly, mortality increased by 25% (HR = 1.25, 
95% CI = 1.18–1.32) and infectious death increased by 27% 
(HR = 1.27, 95% CI = 1.13–1.42). Further analysis revealed 
that lower 25-hydroxyvitamin D levels were associated 
with lower ESA responsiveness (p = 0.046).  Conclusions:  In 
diabetic dialysis patients, we observed that time-varying 
erythropoietin resistance is associated with sudden death, 
infectious complications and all-cause mortality. Low 
25-hydroxyvitamin D levels may contribute to a lower ESA 
responsiveness.  © 2014 S. Karger AG, Basel 
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 Abstract 

  Background:  Dose requirements of erythropoietin-stimu-
lating agents (ESAs) can vary considerably over time and 
may be associated with cardiovascular outcomes. We 
aimed to longitudinally assess ESA responsiveness over 
time and to investigate its association with specific clinical 
end points in a time-dependent approach.  Methods:  The 
German Diabetes and Dialysis study (4D study) included 
1,255 diabetic dialysis patients, of whom 1,161 were receiv-
ing ESA treatment. In those patients, the erythropoietin re-
sistance index (ERI) was assessed every 6 months during a 
median follow-up of 4 years. The association between the 
ERI and cardiovascular end points was analyzed by time-
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 Introduction 

 Recently, there has been intense discussion on the safe-
ty of erythropoietin treatment in patients with chronic 
kidney disease (CKD). Specifically, resistance to erythro-
poietin-stimulating agents (ESAs) has been associated 
with increased mortality. A cross-sectional study based 
on 94,569 prevalent hemodialysis patients found that 
ESA dose requirement was an independent predictor of 
all-cause death  [1] . A similar conclusion was reached in 
the secondary analysis of the CHOIR study, where high-
dose ESA usage was significantly associated with cardio-
vascular events  [2] .

  In particular, the TREAT study in type 2 diabetic pa-
tients with CKD found significantly higher rates of stroke 
and cardiac revascularization procedures in ESA nonre-
sponders  [3] . In recent years, it has become increasingly 
apparent that death in advanced CKD is often due to sud-
den cardiac death, which accounts for a quarter of all 
deaths in dialysis patients. Apart from cardiac comorbid-
ities, vitamin D deficiency and other suspected contribut-
ing factors, ESA resistance may play a particular role. No 
data exist, however, about the impact of ESA responsive-
ness on the occurrence of sudden cardiac death.

  Importantly, ESA doses may vary considerably over 
time. Longitudinal changes in hemoglobin concentration 
in dialysis patients have been reported, potentially lead-
ing to dose adjustments in ESA use  [4, 5] . This, in turn, 
points to the need to evaluate longitudinal assessments of 
ESA requirements in the association with specific clinical 
events.

  This prompted us to investigate the association of 
time-varying ESA responsiveness with sudden death and 
other cardiovascular outcomes in dialysis patients using 
a time-dependent approach. We used data from the Ger-
man Diabetes and Dialysis study (4D study)  [6] , which 
consists of a well-defined cohort of 1,255 type 2 diabetic 
patients undergoing hemodialysis treatment.

  Methods 

 Design of the 4D Study 
 The 4D study design, main outcome findings and baseline data 

have been described previously  [6] . In short, the 4D study was a 
prospective randomized controlled trial recruiting 1,255 hemodi-
alysis patients with type 2 diabetes mellitus aged 18–80 years from 
178 German dialysis centers. Eligible patients were randomly as-
signed to receive either 20 mg of atorvastatin daily or matching 
placebo. The mean length of follow-up was 4.0 years. The prima-
ry end point of the 4D study was defined as a composite of death 
from cardiac causes, stroke and myocardial infarction (MI). Death 

from cardiac causes comprised fatal MI (death within 28 days af-
ter a diagnosis of MI), sudden death, death due to congestive heart 
failure, death due to coronary heart disease during or within 28 
days after an intervention, and all other deaths ascribed to coro-
nary heart disease. Patients who died unexpectedly and did not 
present with a potassium level <7.5 mmol/l before the start of the 
three most recent sessions of hemodialysis were considered to 
have had sudden death from cardiac causes. All events were re-
viewed and adjudicated by a critical end point committee blinded 
to treatment allocation  [6] . For the present analysis, sudden car-
diac death, MI, stroke, the combined cardiovascular end point 
(CVE), all-cause death, heart failure death, and infectious death 
were chosen to be separate outcome measures and were based on 
the primary judgment of the end point committee during the 4D 
study.

  The study adhered to the International Conference on Harmo-
nization guidelines for Good Clinical Practice and was conducted 
in accordance with the Declaration of Helsinki. The protocol was 
approved by the Ethics Committee at the University of Würzburg. 
All participants provided written informed consent.

  Data Collection 
 Information on demographic characteristics such as age and 

smoking status were obtained through patient interviews. Comor-
bidities including the presence of coronary artery disease and con-
gestive heart failure, as well as the duration of diabetes mellitus and 
dialysis treatment, were reported by the patients’ nephrologists. 
Blood pressure was measured in a sitting position. Body mass in-
dex was calculated as weight (kilograms) divided by height (meters 
squared). Data on hemoglobin (grams/deciliter) and ESA dose 
(IU/kilogram/week) were collected every 6 months. From these 
values we calculated the erythropoietin resistance index (ERI; 
weekly weight-adjusted ESA dose/hemoglobin). The median ERI 
measurement was 4 (2–7), with a minimum of 1 and a maximum 
of 11.

  Vitamin D Measurements 
 Levels of 25-hydroxyvitamin D [25(OH)D] were measured in 

serum samples taken at baseline and stored without repeated 
freeze-thaw cycles at –80    °    C. Determinations in serum were 
performed by means of a chemiluminescence assay: IDS-iSYS 
25(OH)D (Immunodiagnostic Systems Ltd., Boldon, UK) on an 
IDS-iSYS multidiscipline automated analyzer. Within-day and in-
ter-day coefficients of variation were 5.5–12.1% and 8.9–16.9%, 
respectively. All blood samples were taken before the start of di-
alysis sessions and administration of drugs.

  Statistical Analyses 
 Continuous variables were expressed as the mean with stan-

dard deviation (SD) or median with interquartile range, as appro-
priate. Categorical variables were expressed as percentages. We 
performed a time-dependent Cox regression analysis to take into 
account ERI as a time-varying risk factor on the prespecified out-
comes. For that purpose, we used the ‘last observation carried for-
ward’ method to minimize the number of missing ERI values. ERI 
was considered as a continuous variable, which was measured ev-
ery 6 months.

  Furthermore, we investigated visit-to-visit ERI variability (i.e. 
standard deviation of the ERI calculated according to the available 
ERI values from all visits of each individual) on single end points. 

http://dx.doi.org/10.1159%2F000367975


 ESA Resistance and Specific Clinical 
Outcomes 

Nephron Clin Pract 2014;128:147–152
DOI: 10.1159/000367975

149

All analyses were adjusted for the confounders age, sex, allocation 
to atorvastatin or placebo and 25(OH)D.

  In additional analyses, we investigated the association between 
ERI and vitamin D status. Therefore, we formed four groups ac-
cording to their 25(OH)D status at baseline. In line with widely 
used cut-off values, the patients were grouped as follows: (1) se-
verely vitamin D deficient ( ≤ 25 nmol/l), (2) moderately vitamin D 
deficient (>25 and  ≤ 50 nmol/l), (3) vitamin D borderline (>50 and 
 ≤ 75 nmol/l) and (4) vitamin D sufficient (>75 nmol/l; to convert 
nanomolars to nanograms per milliliter, divide by 2.496).

  We used ANOVA to compare ERI values across vitamin D cat-
egories. Patients with sufficient 25(OH)D levels were used as the 
reference group.

  All p values reported are two-sided, and a p value <0.05 was 
considered statistically significant.

  Results 

 Patient Characteristics 
 Altogether, 1,255 patients were included in the 4D 

study. The mean follow-up period was 4.0 years for the 
atorvastatin group (median = 4.0 years) and 3.9 years for 
those on placebo (median = 4.08 years). A total of 92.5% 
of the patients (n = 1,161) received erythropoietin and 
had a hemoglobin measurement to calculate the ERI. 
During follow-up, 495 patients died; 136 of these died of 
sudden cardiac death. A total of 376 patients had CVEs, 
with MI and stroke occurring in 153 and 86 patients, re-
spectively. Furthermore, 102 patients died because of in-
fections and 32 died due to congestive heart failure.

  In the final study population (n = 1,161), the mean age 
was 66 ± 8.2 years; 53% of the patients were male. The 
mean baseline hemoglobin level was 10.9 ± 1.3 g/dl, with 
no significant difference between the atorvastatin and 
placebo groups. The mean level of 25(OH)D at baseline 
was 45.2 ± 24.7 nmol/l. Baseline characteristics of the pa-
tients are shown in  table 1 .

  Erythropoietin Resistance Status and Risk of Specific 
Clinical Outcomes in a Time-Dependent Approach 
 In a time-dependent Cox regression analysis, ERI sta-

tus was significantly associated with sudden death. The 
adjusted risk of sudden death increased by 19% (hazard 
ratio, HR = 1.19, 95% confidence interval, CI = 1.07–1.33) 
per 5-unit increase in the ERI. Similarly, mortality was 
higher by 25% (HR = 1.25, 95% CI = 1.18–1.32) per 5-unit 
increase in the ERI.

  Furthermore, erythropoietin resistance status was strong-
ly associated with infectious death in a time-dependent ap-
proach. The adjusted risk for infectious death was 27% high-
er (HR = 1.27, 95% CI = 1.13–1.42) per increase of 5 units in 

the ERI. There was also a higher risk of stroke, CVE and 
death due to heart failure by an increase in the ERI.

  In contrast, erythropoietin resistance status was not 
significantly associated with MI in a time-dependent ap-
proach ( table 2 ).

  Visit-to-Visit Variability in Erythropoietin Resistance 
and the Risk of Adverse Clinical Outcome 
 After adjustment for potential confounders, we found 

ERI variability to be independently associated with mor-
tality (HR = 1.07, 95% CI = 1.03–1.10; p < 0.001), fatal 
infections (HR = 1.09, 95% CI = 1.02–1.17; p = 0.007) and 

 Table 1.  Patient characteristics

Characteristics Patients 
without any ERI
(n = 94)

Patients with 
at least 1 ERI
(n = 1,164)

Age, years 66.0 ± 8.9 65.7 ± 8.2
Male gender, % 67 53
Systolic BP, mm Hg 143.0 ± 17.1 146 ± 22
Diastolic BP, mm Hg 77.8 ± 10.2 75.7 ± 11.0
BMI 27.6 ± 4.7 27.5 ± 4.8
Duration of diabetes, years 18.8 ± 10.1 18.1 ± 8.7
Time on dialysis, months 9.1 ± 7.2 8.2 ± 6.9
Arteriovenous fistula, % 76.6 84.2
History of disease, %

CAD 25.5 20.8
CHF 47.9 34.4
PVD 44.7 44.6

Smoker or ex-smoker, % 46.8 39.9
ACE inhibitor use, % 29.8 49.4
Laboratory parameters

LDL cholesterol, mg/dl 131 ± 32 125 ± 30
Hemoglobin, g/dl 11.5 ± 1.4 10.9 ± 1.3
Ferritin, μg/l 396 ± 347 494 ± 431 
Transferrin, μg/l 2.1 ± 0.4 1.9 ± 0.4
Iron saturation, % 10.9 ± 4.6 10.3 ± 4.6
Albumin, g/dl 3.9 ± 0.2 3.8 ± 0.3
Parathyroid hormone, 

pg/ml 131 ± 139 100 ± 117 
C-reactive protein, mg/l 5.3 (2.6 – 10.5) 5.0 (2.3 – 12.5)
Calcium, mmol/l 2.3 ± 0.2 2.3 ± 0.2
Phosphate, mg/dl 5.8 ± 1.7 6.1 ± 1.6
HbA1c, % 7.1 ± 1.3 6.7 ± 1.3
25(OH)D3, nmol/l 16.2 ± 8.0 18.1 ± 9.9

 Values are presented as means ± SD, median with interquartile 
range or percentages, as appropriate. BP = Blood pressure; BMI = 
body mass index; CAD = coronary artery disease; CHF = conges-
tive heart failure; PVD = peripheral vascular disease; LDL = low-
density lipoprotein; HbA1c = glycosylated hemoglobin.
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death due to heart failure (HR = 1.13, 95% CI = 1.01–1.26; 
p = 0.04). Furthermore, there was a borderline significant 
trend with cardiovascular events (HR = 1.03, 95% CI = 
0.99–1.08; p = 0.09). 

  Association of Vitamin D Status with Erythropoietin 
Resistance 
 Patients with lower 25(OH)D levels (<25 nmol/l) had 

higher ESA doses and a higher ERI compared with the 

patients with normal 25(OH)D levels (>75 nmol/l; p = 
0.046). The mean level of ESA dose in patients without 
25(OH)D deficiency was 75 ± 40.53 IU/kg/week. In com-
parison, patients with severe 25(OH)D deficiency re-
quired a mean ESA dose of 85 ± 57.6 IU/kg/week. Ac-
cordingly, the mean values for the ERI were 7.1 ± 4.1 for 
25(OH)D-sufficient patients and 8.1 ± 5.8 for severely 
25(OH)D-deficient patients ( fig. 1 ).

  Discussion 

 In the present study we found that the longitudinal as-
sessment of ESA hyporesponsiveness was an independent 
risk factor for mortality, sudden death, stroke, death due 
to heart failure, combined cardiovascular events, and 
death due to infection in diabetic hemodialysis patients. 
Furthermore, ESA hyporesponsiveness was also associ-
ated with lower 25(OH)D levels.

  With regard to all-cause mortality, our data confirm 
the principal observation of the TREAT study  [7]  in di-
abetic patients with advanced CKD (not requiring renal 
replacement therapy). Our study is, to the best of our 

 Table 2.  Erythropoietin resistance status and risk of specific clini-
cal outcomes in a time-dependent approach

Outcome HR per 5 units of ERI p value

Sudden death
Crude
Adjusted1

Adjusted2

Adjusted3

1.20 (1.08 – 1.33)
1.18 (1.06 – 1.31)
1.18 (1.06 – 1.31)
1.19 (1.07 – 1.33)

<0.001
0.0019
0.0020
0.0019

Mortality
Crude
Adjusted1

Adjusted2

Adjusted3

1.25 (1.19 – 1.31)
1.24 (1.18 – 1.30)
1.24 (1.18 – 1.30)
1.25 (1.18 – 1.32)

<0.001
<0.001
<0.001
<0.001

Infectious death
Crude
Adjusted1

Adjusted2

Adjusted3

1.27 (1.15 – 1.40)
1.27 (1.15 – 1.41)
1.27 (1.15 – 1.41)
1.27 (1.13 – 1.42)

<0.001
<0.001
<0.001
<0.001

Heart failure death
Crude
Adjusted1

Adjusted2

Adjusted3

1.21 (0.99 – 1.49)
1.25 (1.02 – 1.54)
1.25 (1.01 – 1.54)
1.29 (1.04 – 1.60)

0.06
0.03
0.04
0.02

MI
Crude
Adjusted1

Adjusted2

Adjusted3

1.04 (0.92 – 1.16)
1.04 (0.92 – 1.17)
1.03 (0.92 – 1.16)
1.01 (0.99 – 1.04)

0.56
0.56
0.59
0.37

Stroke
Crude
Adjusted1

Adjusted2

Adjusted3

1.16 (1.01 – 1.33)
1.11 (0.97 – 1.28)
1.12 (0.97 – 1.28)
1.16 (1.01 – 1.34)

0.04
0.13
0.13
0.04

CVE
Crude
Adjusted1

Adjusted2

Adjusted3

1.12 (1.05 – 1.20)
1.11 (1.04 – 1.19)
1.11 (1.04 – 1.19)
1.14 (1.06 – 1.23)

0.001
0.003
0.003

<0.001

 Values in parentheses are 95% CI.
1 Model 1: adjusted for age and sex.
2 Model 2: additional adjustment for atorvastatin.
3 Model 3: additional adjustment for 25(OH)D.
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  Fig. 1.  Association between baseline serum 25(OH)D concentra-
tion and mean ERI level. p = 0.046: p value refers to the comparison 
of the lowest vs. the highest vitamin D quartile. 
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knowledge, the first to highlight the role of ESA resis-
tance and specific cardiovascular events in a time-de-
pendent approach. There is a notable exception in the 
above correlations between ESA resistance and cardio-
vascular events, i.e. the absence of a correlation between 
ESA resistance with MI. The negative finding in MI pa-
tients is less surprising in view of previous animal ex-
periments and clinical observations. ESA was even 
found to be cardioprotective in an animal model of MI 
 [8] , including an MI model in rats with impaired renal 
function  [9] . Moreover, in human observations ESA at-
tenuated the ST elevation in patients with MI, as report-
ed by Ozawa et al.  [10] . Our finding linking ESA resis-
tance to sudden death, stroke, death due to heart failure, 
and CVE is in line with previously reported studies  [7, 
11, 12] . Our study extends the previous findings because 
we used a time-dependent approach. In our time-de-
pendent analyses, ESA requirements were regularly as-
sessed every 6 months and followed by observation pe-
riods between the respective measurements. Therefore, 
our results mainly represent short-term effects consid-
ering potential variability between visits. In this context, 
we prepared additional analyses investigating visit-to-
visit ERI variability on single end points. We found ERI 
variability independently associated with mortality, fa-
tal infections and death due to heart failure. Further-
more, there was a borderline significant association with 
cardiovascular events.

  How can one further explain the relation between ESA 
resistance and specific clinical outcomes observed in the 
present analysis? An important issue is whether ESA re-
sistance is causally linked to cardiovascular events, and 
which role the correlation with markers of inflammation 
plays in this setting. In the present study, ESA hypore-
sponsiveness was associated with an increased risk of
infectious death. This finding is new, yet in line with
several studies showing that an increased inflammation 
status is associated with ESA resistance  [13–17] . Further-
more, in an observational study,   Abe et al.  [18]  have dem-
onstrated that diabetic hemodialysis patients with malnu-
trition inflammation syndrome have a lower response to 
ESA treatment. In addition, the joint occurrence of mal-
nutrition and inflammation in hemodialysis patients is 
consistent with protein energy wasting  [19] , which is also 
associated with sudden cardiac death in these patients 
 [20] .

  Observations potentially pointing to a causal role of 
inflammation in sudden death come from case-control 
studies in individuals with sudden death  [21]  and survi-
vors of ventricular fibrillation  [22] . Mechanisms involved 

include the development of premature atherosclerosis 
and cytokine-induced plaque instability  [23]  or direct ef-
fects of inflammation on the myocardium and electrical 
conduction system  [24] . Cytokines are also involved in 
the modulation of ion channel function and the genera-
tion of arrhythmias  [25, 26] , as well as in the aggravation 
of sympathetic tone, leading to tachycardia and cardiac 
electrical instability.

  In the present study, lower 25(OH)D levels were asso-
ciated with ESA resistance in 893 patients, thus confirm-
ing the results from a small single-center study  [27] . Our 
findings are also consistent with an observational study 
from Goicoechea et al.  [28] , showing a reduction in ESA 
usage and an improvement in hemoglobin values by oral 
vitamin D supplementation. Notably, the effects found by 
Goicoechea et al.  [28]  were independent of parathyroid 
hormone levels. It is thought that in CKD patients vita-
min D deficiency might stimulate immune cells to pro-
duce cytokines. Cytokines, on the other hand, cause func-
tional iron deficiency due to the activation of the reticu-
loendothelial system. They further lead to increased 
hepcidin synthesis  [29] , with the consequences of an im-
paired ESA response and anemia. In summary, it is tempt-
ing to speculate that vitamin D administration could
beneficially affect ESA resistance. Prospective and ran-
domized controlled studies are needed to prove this hy-
pothesis.

  The repeated visits with the assessment of ESA and 
hemoglobin status enabling a time-dependent analysis 
were the major strengths of this study. Further important 
strengths include the stringent characterization of the co-
hort and of the specific clinical outcomes which were an-
alyzed. In this context, the long-term follow-up, adequate 
sample size and high incidence of prespecified and cen-
trally adjudicated end points are also relevant. The major 
limitation of this study was that it was a post hoc analysis; 
furthermore, it was conducted in a selected cohort of Ger-
man patients with type 2 diabetes mellitus on hemodialy-
sis and, therefore, the findings may not be generalizable 
to other patient populations.

  In conclusion, time-varying ESA treatment at higher 
doses was a strong risk factor for sudden death, stroke, 
death due to heart failure, combined cardiovascular 
events, mortality, and death due to infection. Further-
more, ESA hyporesponsiveness was increased in patients 
with a low vitamin D status. The regular assessment and 
monitoring of ESA requirement may be beneficial in the 
prevention of sudden death and infectious complications 
in dialysis patients.
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