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Introduction

Awareness of the importance of renal dysfunction in patients with heart failure has 
been growing steadily over the past two decades. Preserved renal function is es-
sential to maintaining volume and electrolyte homeostasis in the body and requires 
a solid hemodynamic foundation of low venous pressure and sufficient perfusion, 
largely provided by the heart. However, the kidney is nothing if not adaptable, 
capable of maintaining normal function over a wide range of blood pressures by 
regulating flow and filtration. It can do so thanks to various hormone systems and 
the sympathetic nervous system. Many of these systems are also strongly involved 
in cardiovascular diseases – in heart failure itself, and in causal or co-morbid condi-
tions in heart failure patients, such as hypertension, diabetes, atrial fibrillation and 
coronary artery disease. Considering how closely intertwined heart and kidney are, 
it is unsurprising that renal impairment and worsening renal function are signifi-
cant problems in heart failure, with a high prevalence and poor prognosis in both 
acute and chronic settings. 

Heart failure is not a disease with a simple, singular cause, but a heterogeneous 
syndrome with diverse aetiologies in which abnormal structure or function of the 
heart results in an inability to provide the body with the oxygen and nutrients it 
requires. The specific features and degree of renal involvement vary from patient to 
patient. Both reduced forward flow and increased congestion – caused by the inabil-
ity of the heart to manage the returning blood and/or venous pooling – cause the 
typical signs and symptoms of the condition: oedema, elevated venous and intrac-
ardiac pressures, rales, breathlessness and fatigue. This hemodynamic impairment 
is also accompanied by activation of the neurohormonal systems that play a part in 
regulating renal function, resulting in sodium and water retention and progressive 
congestion; dysfunction in either organ system can thus exacerbate failure in the 
other. Heart failure therapies – such as diuretics and Renin-Angiotensin-Aldoste-
rone System (RAAS) blockers – have the potential to improve, but also further com-
plicate matters by interfering with various aspects of renal autoregulation.

Heart failure is increasingly a disease of the elderly, and is reaching epidemic pro-
portions as the general population ages, treatment improves and life expectancy 
increases. In addition to its health-economic importance as the leading cause of 
hospitalization in the developed world, heart failure has a major impact on pa-
tients’ lives; it is associated with higher mortality rates and worse quality of life 
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than most forms of cancer. While treatment of co-morbid and underlying diseases 
in heart failure is certainly important, modern heart failure therapy is based on a 
broad range of effective, evidence-based medical and device interventions. The in-
troduction of RAAS blockers, beta blockers, mineralocorticoid receptor antagonists 
(MRA), internal automatic cardiac defibrillators (ICD) and cardiac resynchronization 
therapy (CRT) have each led to significant reductions in morbidity and mortality in 
patients with chronic heart failure (CHF). 

Unfortunately, the same cannot be said for patients with acute heart failure (AHF) 
– those hospitalized with worsening chronic or new-onset signs and symptoms of 
heart failure. Mortality and rehospitalization rates are high – approaching 40 per-
cent during the 6 months post-admission – and therapies with a proven positive 
effect on outcomes are non-existent. Despite numerous recent large-scale trials 
with initially promising novel drugs, a convincingly effective treatment has yet to 
be established for this severely ill, high-risk patient population. 

Treatment of AHF consists primarily of relieving symptoms of congestion, reduc-
ing volume overload and hemodynamic stabilization. Renal dysfunction is com-
mon in AHF and can contribute to reduced effectiveness of loop diuretics, which 
remain the cornerstone of therapy despite lacking evidence on optimal posolo-
gy and administration, and no evidence for survival benefit. Further worsening 
of renal function is also frequently observed during hospitalisation. While gen-
erally a risk factor for poor outcome, there are indications that decline in renal 
function within the context of good response to (diuretic) therapy may not nec-
essarily be harmful. However, impaired response to diuretic therapy – called di-
uretic resistance – is a very common and significant problem faced by clinicians 
who treat patients with AHF. Despite this, most definitions of diuretic resistance 
are qualitative and not readily applicable, and thus little is known about its true  
incidence, predictors or the best strategies to address it in heart failure patients. A 
workable definition for diuretic resistance and early identification of patients at risk 
for poor diuretic response may pave the road towards better-designed trials and 
personalized therapies for patients with this serious disease.

Aims of the thesis

Part I of the thesis examines the impact, measurement and modulation of renal 
dysfunction in chronic and acute heart failure. Renal impairment is an established 
risk factor and clinical problem in both chronic and acute heart failure, and the 
pathophysiologic pathways involved in both organ dysfunctions are closely inter-
twined. There is a strong and growing interest in using renal and cardiovascu-
lar biomarkers to help elucidate these interactions and pathways, to improve risk 
stratification, and as potential targets for (guiding) therapy. Established heart fail-
ure therapies – particularly drugs that act on the RAAS - affect the kidney, and 
several novel candidate therapies for acute heart failure have renal effects or even 
directly target renal function.
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Chapter 1 presents the results of a systematic meta-analysis of renal impairment 
and worsening renal function in patients with both acute and chronic heart failure. 
Chapter 2 sets out to validate the Chronic Kidney Disease Epidemiology Collabo-
ration (CKD-EPI) equation for estimating glomerular filtration rate (GFR) in chronic 
heart failure, comparing it with a gold-standard GFR measurement and several oth-
er biomarker-based GFR estimates. Chapter 3 presents an overview of the utility of 
novel and established urinary biomarkers in heart failure, and Chapter 4 examines 
the cardiorenal effects of various intravenous vasodilators used in the management 
of (acute) heart failure.

Part II focuses on diuretic therapy and worsening renal function in acute heart 
failure. Loop diuretics play a key role in the management of volume status in pa-
tients with AHF, yet strong evidence for optimal use is lacking despite decades of 
clinical experience. Resistance to diuretics is a common complication in AHF, and 
the potential mechanisms involved are legion; reduced cardiac output, congestion, 
renal dysfunction, azotemia, poor nutritional status and neurohormonal activation 
can all contribute. However, methods for quantifying response to diuretics – and 
thus diuretic resistance – have not been adequately defined or investigated in heart 
failure. Chapters 5 and 7 are post-hoc analyses of the PROTECT trial, a random-
ized, controlled trial with neutral results that examined the effects of rolofylline, 
an adenosine A-1 antagonist, in patients with acute decompensated heart failure. 

Chapter 5 proposes a novel metric for diuretic response, defined as weight change 
per unit of loop diuretic, and investigates associations with clinical characteris-
tics and outcomes. Chapter 6 is an accompanying editorial on the importance of 
quantifying diuretic response in acute heart failure, written by Professor Emeri-
tus Eugene Braunwald. Chapter 7 describes patterns in and investigates the value 
of serial serum Neutrophil Gelatinase-Associated Lipocalin (NGAL, a novel tubular 
marker) measurements for predicting worsening renal function, and improving risk 
stratification in patients with AHF who develop worsening renal function. Chapter 
8 reviews the mechanisms and metrics of diuretic response and resistance, and 
outlines potential therapies to address the latter. Finally, the findings and relevance 
of this thesis and avenues for future research are discussed in the Summary and 
future perspectives.
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Abstract

Aims Chronic kidney disease (CKD) and worsening renal function (WRF) have been 
associated with poor outcome in heart failure (HF). 

Methods and results Articles were identified by literature search of MEDLINE (from 
inception to 1 July 2012) and Cochrane. We included studies on HF patients and 
mortality risk with CKD and/or WRF. In a secondary analysis, we selected studies 
investigating predictors of WRF. We retrieved 57 studies (1 076 104 patients) that 
investigated CKD and 28 studies (49 890 patients) that investigated WRF. The prev-
alence of CKD was 32% and associated with all-cause mortality: odds ratio (OR) 
2.34, 95% confidence interval (CI) 2.20–2.50, P < 0.001). Worsening renal function 
was present in 23% and associated with unfavourable outcome (OR 1.81, 95% CI 
1.55–2.12, P < 0.001). In multivariate analysis, moderate renal impairment: hazard 
ratio (HR) 1.59, 95% CI 1.49–1.69, P < 0.001, severe renal impairment, HR 2.17, 
95% CI 1.95–2.40, P < 0.001, and WRF, HR 1.95, 95% CI 1.45–2.62, P < 0.001 were 
all independent predictors of mortality. Across studies, baseline CKD, history of 
hypertension and diabetes, age, and diuretic use were significant predictors for the 
occurrence of WRF. 

Conclusion Across all subgroups of patients with HF, CKD, and WRF are prevalent 
and associated with a strongly increased mortality risk, especially CKD. Specific 
conditions may predict the occurrence of WRF and thereby poor prognosis. 
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Introduction

Despite modern heart failure (HF) therapy, the prognosis of patients with HF re-
mains poor.1 Risk estimation in this heterogeneous patient population has shown 
that HF patients frequently suffer from comorbidities. These comorbidities are not 
only prevalent, but also pose excess mortality risk.2,3 As it plays a crucial role in 
the pathophysiology of HF, the most important comorbidity is renal impairment.4 
Defined as baseline reduction in glomerular filtration, or a worsening of renal func-
tion (WRF) over time, renal impairment has been associated with reduced survival 
in patients with HF over the past two decades.5–7 In 2006, some six years after the 
first report on renal dysfunction and outcome in HF, a first meta-analysis showed a 
greatly increased mortality risk associated with renal impairment. In 2007, WRF was 
consistently found to increase mortality risk in HF.8,9 However, these meta-analyses 
predominantly included patients recruited many years ago. Numerous new studies 
have since investigated the relationship between renal dysfunction and outcome, 
including patient populations that more closely resemble the modern HF popula-
tions. In the present analysis, we performed an updated meta-analysis of the rela-
tionship between baseline renal impairment, worsening renal function (WRF), and 
outcome, as well as an analysis of the clinical predictors of WRF in HF. 

Methods

Literature search

MEDLINE was searched to identify eligible studies using search tools provided by 
PubMed (http://www.ncbi.nlm.nih.gov/pubmed/clinical) and via OVID (from in-
ception to 1 July 2012). We used keywords including renal function, renal fail-
ure, chronic kidney disease, CKD, glomerular filtration rate, creatinine, cystatin 
C, blood urea nitrogen, GFR, heart failure, cardiac failure, CHF, AHF, ADHF, and 
combinations thereof. Inclusion was limited to papers published in the English 
language. Furthermore, we searched our own files, reviewed reference lists from 
eligible studies, used the ‘see related articles’ feature in PubMed, consulted the 
Cochrane Library, and searched the ISI Web of Knowledge (http://scientific.thom-
son.com/webofknowledge) to identify key publications. Abstracts and manuscripts 
were reviewed independently by two authors (K.D. and M.A.E.V.). Disagreements 
were solved by consensus. The corresponding author was contacted as needed to 
obtain data not included in the published report. 

Study selection

Our primary analyses encompassed the following studies: (i) studies investigating 
the relationship between baseline renal function and outcome in HF and (ii) studies 
investigating the relationship between WRF and outcome in HF. For both primary 
analyses, articles were excluded if: (i) no crude mortality data for the study groups 
were available even after contact with the authors, (ii) data were only published 
in abstract form, and (iii) no definition for HF was given. For the baseline renal 
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function analysis, all studies investigating chronic kidney disease (CKD) as defined 
by the individual studies were included. Chronic kidney disease in the individual 
studies had to be defined in one of the following ways: according to K/DOQI crite-
ria [estimated glomerular filtration rate (GFR) <60 mL/min/1.73 m2], other cut-offs 
for estimated GFR, creatinine, blood urea nitrogen or cystatin C or a combination 
thereof, or appropriate International Classification of Diseases (ICD) codes. For the 
WRF analysis, only studies that provided detailed description of the definition of 
WRF were included–either a decrease in estimated GFR, or an increase in serum 
creatinine or cystatin C over time. The primary outcome measure was defined as 
all-cause mortality at any time during hospitalization, shortly after hospitalization, 
or long-term outhospital mortality. Mean or median follow-up times from individ-
ual studies were used, and follow-up time for studies only reporting inhospital 
follow-up was set to 10 days. 

Study quality

The quality of the individual studies was assessed on 11 criteria: (1) sufficiently 
specified inclusion and exclusion criteria; (2) sufficient explanation of sample se-
lection; (3) specification of clinical and demographic variables; (4) representative-
ness of the study sample for the mentioned patient population; (5) specification 
of outcome measures; (6) definition of renal insufficiency/WRF; (7) assessment of 
a ‘dose–response’ relationship between the extent of renal dysfunction/WRF and 
outcome; (8) adjustment for possible confounders in the analysis; (9) reporting 
of loss to follow-up rates; (10) study design; and (11) duration of follow-up. Two 
independent authors assessed study quality (K.D. and M.A.E.V.). The mean of both 
scores was used for final grading of study quality. Grading was as follows; good 
quality: 8–11 criteria, fair quality: 5–7 criteria, and poor quality: <5 criteria. 

Statistical analysis

Meta-analysis was performed using a random effects model to determine risk as-
sociated with the presence of either baseline CKD/WRF and all-cause mortality, 
as measured by combined crude mortality rates. In the secondary analysis, multi-
variate adjusted hazard ratios were pooled using inverse variance random effects 
models for either CKD or severe renal insufficiency. Severe renal insufficiency was 
defined as presented in the individual studies: depending on published subgroup 
data, lowest estimated GFR, or highest creatinine/cystatin C group/quartiles were 
used. Inter-study heterogeneity of risk estimates was examined using a standard 
Ȥ2 test and I2 statistic for heterogeneity. I2 is the percentage of variance that is due 
to inter-study variance. Reasons for diversity in study results were explored using 
random effects meta-regression analysis. Variables investigated in meta-regression 
were: year of publication, total number of patients, acute vs. chronic HF, gender, 
mean age, race, mean follow-up time, left-ventricular ejection fraction (LVEF), mean 
baseline blood pressure, ischaemic aetiology, history of hypertension, diabetes or 
atrial fibrillation, renin–angiotensin system inhibitor use, diuretic use, beta-blocker 
use, aldosterone receptor antagonist use, baseline GFR, prevalence of CKD, base-
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line creatinine, study design, and baseline haemoglobin levels, all if available. In 
secondary analysis, random effects meta-analysis for predictors of WRF was carried 
out with WRF as the outcome variable. For this analysis, baseline CKD, age, diuretic 
use, and a history of hypertension or diabetes were modelled separately in random 
effects models. A funnel plot was constructed to visually investigate possible con-
founding in published studies. The Metatrim command, which uses the imputation 
method by Duval and Tweedie10 to account for the asymmetry of the funnel plot, 
was used to address significant publication bias where present. Results are pre-
sented as odds ratios (ORs) or hazard ratios (HRs) with 95% confidence intervals 
(CIs) and P-values. All reported probability values are two-tailed, and a P-value of 
<0.05 was considered statistically significant. Statistical analyses were performed 
using Stata 10.0, College Station, TX, USA and Revman 5.1.11

Results

Our initial search identified a total of 68 studies that investigated baseline CKD or 
WRF and prognosis in HF. After contact with individual authors, another 17 stud-
ies with crude mortality rates were identified, resulting in 57 studies investigat-
ing baseline CKD and outcome, and 28 studies investigating WRF and outcome in 
HF.5–7,12–90 In total, 55 of the 82 unique studies were of good study quality, 23 stud-
ies were of fair quality, and four studies were of poor quality. 1 076 104 patients 
with HF were included in the individual studies used for the CKD analyses, while a 
total of 49 890 HF patients were included in those for the WRF analyses. Design, 
number of included patients and baseline characteristics per study are presented 
in Tables 1 and 2. The QUOROM diagrams in Figure 1 show the inclusion and ex-
clusion of identified studies. Notably, the MAGGIC individual patient meta-analysis 
was excluded in the primary analysis because of a large overlap with included 
studies, and introduced as a replacement for these studies in secondary analysis. 
Furthermore, we included the study by Testani et al.79 from the ESCAPE trial instead 
of the study by Nohria et al.91, since the latter did not report crude mortality rates. 
For the WRF substudy of the SOLVD studies, we included the study by Khan et al.88 
instead of Testani et al.92 for similar reasons. Mean age among all studies was 69 
± 7 years, 62% male. Among studies with published ejections fractions (n = 53), 
mean LVEF was 34 ± 8%, while LVEF was preserved (with cut-off for preserved LVEF 
being different across studies) in 34% (range 8–100) of patients in 27 studies. Mean 
estimated GFR was 62 ± 9 mL/min/1.73 m2, with a mean serum creatinine of 120 
µmol/L (1.36 ± 0.20 mg/dL). 

Baseline chronic kidney disease and all-cause mortality

Of 1 076 104 patients, in total, 32% had CKD as defined in the individual studies. 
Excluding the registries by Kao and Herzog et al., which reported significantly lower 
figures, overall CKD prevalence was 49%, with higher prevalence in studies in acute 
HF (53%) vs. chronic HF (42%). After a mean follow-up of 681 ± 704 days (acute HF: 
361 ± 333 days, chronic HF: 942 ± 802 days), the crude mortality rates for patients 
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with and without CKD at baseline were 16 and 11%, respectively. This resulted in a 
combined unadjusted odds ratio (OR) for mortality of 2.34, 95% CI 2.20–2.50, P < 
0.001 (Figure 2). This effect was slightly greater in acute (OR = 2.39, 95% CI 2.25–
2.54, P < 0.001) vs. chronic HF (OR = 2.26, 95% CI 2.08–2.47, P < 0.001). Excluding 
studies with only inhospital mortality data, the effect in acute HF was even more 
pronounced (OR = 2.50, 95% CI 2.28–2.75, P < 0.001). The effect of CKD in studies 
that used a cut-off of eGFR < 60 mL/min was similar (OR = 2.28, 95% CI 2.10–2.47, 
P < 0.001). For the overall effect, the Funnel plot showed no evidence of publication 
bias (Figure 3). A total of 44 studies assessed the multivariate adjusted mortality 
risk associated with moderate CKD, while 22 studies assessed adjusted mortality 
risk associated with severe renal impairment. Moderate CKD showed consistent 
association with poor outcome with an adjusted HR of 1.59, 95% CI 1.49–1.69, P < 
0.001, while severe renal impairment was strongly associated with poor outcome 
in adjusted analysis: HR 2.17, 95% CI 1.95–2.40, P < 0.001. Significant heteroge-
neity was present in the main study analysis (I2 = 91%, P < 0.001), similar to the 
heterogeneity in the adjusted analyses. In meta-regression analysis, higher LVEF, 
diuretic use, and shorter follow-up duration were associated with the effect of CKD 
on outcome. The presence of CKD was of greater prognostic importance in patients 

Figure 1 (A) Quality of Reporting of Meta-Analyses (QUOROM) flow diagram for study selec-
tion for the CKD analysis. CKD, chronic kidney disease. (B) Quality of Reporting of Meta-Anal-
yses (QUOROM) flow diagram for study selection for the WRF analysis. WRF, worsening renal 
function.
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with more preserved LVEF, more frequent diuretic use, and with shorter follow-up. 
Figure 4 shows the different effect estimates of the presence of CKD, dependent on 
mean LVEF in the individual studies. Study quality was not associated with changes 
in the effect estimate. In a sensitivity analysis, excluding the study by Kao et al.37 
which was exceptionally large but of poor quality, the results were consistent: OR 
2.34, 95% CI 2.20–2.50, P < 0.001. The results remained consistent in a second 
sensitivity analysis, excluding another four studies (NHCP, ANCHOR, ADHERE, and 
the study by Herzog), comprising 79% of the remaining study population: OR 2.37, 
95% CI 2.21–2.54, P < 0.001.14,46,48,93 Finally, including data from the MAGGIC in-
dividual patient data meta-analysis, and excluding studies examined in this me-
ta-analysis to prevent duplicate cases,5,32,42,50, the results remained consistent: OR 
2.35, 95% CI 2.20–2.50, P < 0.001.

Worsening renal function and all-cause mortality

Of 49 890 patients, a total of 11 476 (23%) had WRF as defined in the individual 
studies. The definitions used for WRF are shown in Table 2. Prevalence of WRF was 
slightly lower in studies in acute HF (23%) vs. chronic HF (25%). After a mean fol-
low-up of 448 ± 569 (range 10–2555) days (acute HF: 418 ± 594 days, chronic HF: 
584 ± 476 days), the crude mortality rates for patients with and without WRF were 
36 and 32%, respectively. This resulted in a combined unadjusted OR for mortality 
of 1.81, 95% CI 1.55–2.12, P < 0.001 (Figure 5). This effect was less pronounced 
in acute (OR = 1.75, 95% CI 1.47–2.08, P < 0.001) vs. chronic HF (OR = 1.96, 95% 
CI 1.48–2.61, P < 0.001). Excluding studies that assessed only inhospital mortali-
ty, the total effect of WRF was less pronounced (OR = 1.67, 95% CI 1.43–1.95, P < 
0.001). The effect of WRF in studies that investigated the most generally used defi-
nition of >26.5 µmol/L (0.3 mg/dL) increase in serum creatinine was slightly lower 
compared to the overall effect (OR = 1.54, 95% CI 1.29–1.85, P < 0.001). 

The Funnel plot is asymmetric for the overall effect (Figure 6). Larger effects are 
observed with greater standard errors, which suggests the possibility of publica-
tion bias. Metatrim indicated that 12 studies with positive/neutral effects of WRF 
were missing. Adding these studies into the random pooled analysis resulted in a 
significant effect of WRF on outcome: OR 1.34, 95% CI 1.14–1.56, P < 0.001. Sig-
nificant heterogeneity was also present (I2 = 83%, P < 0.001). In meta-regression 
analysis, only study size and haemoglobin levels showed a trend towards affecting 
the relationship between WRF and outcome. The risk associated with the presence 
of WRF was smaller in larger studies and studies with lower haemoglobin levels. 
Study quality was not associated with changes in the effect estimate. In a sensitivity 
analysis, excluding Kociol et al.74 which comprises 40% of the study population, the 
results remained consistent: OR 1.84, 95% CI 1.59–2.14, P < 0.001. In 10 studies 
assessing the multivariate adjusted association between the occurrence of WRF and 
mortality, WRF was associated with a significantly increased mortality risk: HR 1.95, 
95% CI 1.45–2.62, P < 0.001. A total of 29 studies investigated the predictors of 
WRF in patients with HF.12,13,35,60,66,68–71,73–77,79–88,94–99 Table 3 shows the predictors of 
WRF in the individual studies. 
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Figure 2 Forest plot of combined all-cause mortality for CKD vs. no CKD, stratified by 
acute and chronic heart failure. CKD, chronic kidney disease.
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Figure 3  Funnel plot of the main Chronic Kidney Disease (CKD) analysis. 

In almost every study, lower baseline estimated GFR/higher creatinine was a sig-
nificant predictor of the occurrence of WRF, while other prominent predictors were 
age, diabetes, hypertension, anaemia, and the use of diuretics. Pooling indepen-
dent risk estimates of predictors of WRF in different studies identified baseline 
CKD, a history of hypertension and diabetes, age, and diuretic use as significant 
predictors of the occurrence of WRF in meta-analysis (Table 4). 

Discussion

Baseline renal impairment and WRF are common in patients with acute and chronic 
HF. When present, both entities are associated with strongly reduced survival rates, 
although the presence of CKD shows more consistent effects on mortality. Worsen-
ing renal function during or following hospitalization showed a strong relationship 
with long-term outcome. Across included studies, important patient characteristics 
were identified that may predict the occurrence of WRF. 

Baseline chronic kidney disease and mortality in heart failure

Although the importance and pathophysiologic involvement of renal failure in HF 
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Figure 4 Forest plot of combined all-cause mortality for CKD vs. no CKD, stratified by 
mean LVEF of included studies. CKD, chronic kidney disease; LVEF, left-ventricular ejection 
fraction.
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Figure 5 Forest plot of combined all-cause mortality for WRF vs. no WRF, stratified by acute 
and chronic heart failure. WRF, worsening renal function.
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has been recognized for over a century, the prognostic significance of a reduction 
in GFR has only been studied for little over a decade. In the first studies, retrospec-
tive analyses of the SOLVD studies and PRIME II study, impaired renal function was 
associated with strongly reduced survival rates, independently of left-ventricular 
function and severity of HF.6,7 In subsequent years, 15 studies on renal impairment 
and outcome in HF were published, resulting in the meta-analysis by Smith et al. in 
2006.9 Over 80 000 HF patients were included in this meta analysis, which found 
that any degree of renal impairment was associated with a 56% increase in relative 
mortality risk. Our current meta-analysis further extends this observation. Impor-
tantly, our analysis included over 10 times the number of patients with HF, and 
found a strikingly similar association between any degree/moderate CKD and prog-
nosis. Some important differences should be acknowledged, however. Our present 
study also included HF patients with a preserved ejection fraction (HFPEF). Although 
a minority across included studies, the mortality risk associated with CKD showed 
dependency on LVEF, suggesting CKD may be an even more powerful predictor 
of outcome in patients with HFPEF. This observation contrasts with findings from 
the MAGGIC individual patient data meta-analysis, which recently found reduced 
eGFR to be a stronger predictor of outcome in patients with reduced versus pre-
served LVEF.100 It must be acknowledged, however, that our current meta-analysis 
included limited number of patients with a truly preserved ejection fraction, which–
along with the differences in analytical approach, included studies and continuous  

Figure 6 Funnel plot of the main worsening renal function analysis.
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Table 4 Predictors of the occurrence of worsening renal function in meta-analysis 

across studies

WƌĞĚŝĐƚŽr No. of studies EŽ͘�ŽĨ�ƉĂƟĞŶƚƐ �ĚũƵƐƚĞĚ�,Z�;ϵϱй��/Ϳ WͲǀĂůƵĞ
Baseline CKD

a
9 5,477 Ϯ͘ϭϳ�;ϭ͘ϳϵʹϮ͘ϲϯͿ <0.001

,ǇƉĞƌƚĞŶƐŝŽŶ 5 11,611 ϭ͘ϯϲ�;ϭ͘Ϭϴʹϭ͘ϳϭͿ 0.009

Diabetes 5 11,081 ϭ͘Ϯϯ�;ϭ͘ϭϮʹϭ͘ϯϲͿ <0.001

�ŐĞ�;ƉĞƌ�ϭϬ�ǇĞĂƌƐͿ 5 9,993 ϭ͘ϯϴ�;ϭ͘ϭϰʹϭ͘ϲϴͿ 0.001

�ŝƵƌĞƟĐ�ƵƐĞb
5 13,502 ϭ͘ϱϮ�;ϭ͘ϬϳʹϮ͘ϭϱͿ 0.02

 
CI, confidence interval; CKD, chronic kidney disease; H, hazard ratio.  
aExcluding Khan et al.88 who only reported predictors of very rapid decline in glomerular filtration rate 
(>15 mL/min/1.73m2/year).  
bLoop diuretic therapy. 

versus dichotomous classification of estimated GFR–may partly explain these. Pos-
sible explanations for the observation that CKD is related to a higher mortality risk 
in HFPEF include underlying disease, such as hypertension and diabetes, both of 
which are associated with impaired eGFR and worse outcome. In general, patients 
with a relatively preserved ejection fraction present with a different clinical and 
biochemical profile, and possibly a different reason for a lower eGFR, all of which 
could explain the observed effect. Future research, especially in HFPEF, is needed 
to examine these relationships. 

Other important differences compared with the meta-analysis by Smith et al. in-
clude the number of studies investigated, 35 of which were published after the 
meta-analysis by Smith et al., and the unlimited follow-up duration in our analysis. 
The results of these two meta-analyses and another meta-analysis by Tonelli et 

al.101 represent robust evidence for the association between CKD and mortality in 
HF. This effect seems to be present irrespective of the setting; in both acute and 
chronic HF, baseline renal impairment was associated with poor outcome, with 
a greater effect in the acute setting. Baseline CKD in each setting may represent 
different pathophysiologic mechanisms, as CKD in the chronic setting may be the 
result of steadily decreasing GFR, while the increasingly congestive state in the 
acute setting may lead to a more pronounced decrease in GFR in a much shorter 
timespan. It is clear that any degree of renal impairment should be considered a 
strong and important risk stratifier in patients with HF. 

Worsening renal function and mortality in heart failure

Of even greater importance for treatment guidance, and possibly as a marker for 
treatment effect, dynamics changes in renal function are frequently observed in 
patients with HF. In a previous meta-analysis in over 18 000 patients with HF, we 
found that about 25% developed some degree of WRF during follow-up.8 In our 
present study, which extended the analyses to over 45 000 patients, we found a 
similar prevalence of WRF, independently of the setting of HF. In agreement with 
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findings in CKD, the mortality risk observed for WRF in our current meta-analysis 
was at least as large as in our previous analysis. This association persisted after 
adjustment for confounders in the individual studies, although further correction 
for publication bias slightly weakened the association. While it is important to real-
ize that patients with WRF are at increased risk for impaired outcome, it may be far 
more interesting to identify patients at risk for WRF in the first place. We found that 
individual studies assessing this clinically relevant question consistently identified 
baseline renal impairment as the most important risk factor for the development 
of WRF, even after adjustment for confounders. In part, this implies baseline renal 
failure leads to impaired survival via WRF, and that WRF is a reflection of reduced 
GFR. Another reason for this relationship lies in the definition of WRF. In most stud-
ies, WRF is defined as an absolute increase in serum creatinine. This indirectly im-
plies that similar absolute changes in serum creatinine represent a smaller decline 
in GFR for patients with lower baseline GFR compared with patients with higher 
baseline GFR. It also means that the effect of this smaller decrease translated into 
a similar mortality risk suggesting that patients with lower baseline eGFR may be 
more susceptible to a WRF-induced mortality risk. However, the observed effect 
of WRF on mortality was not dependent on baseline GFR. Interestingly, we found 
that when WRF was defined as a reduction in eGFR, as was the case in two studies, 
higher baseline GFR was associated with more frequent WRF.88,98 This is probably a 
reflection of an improper or different definition of WRF and statistical confounding, 
which is supported by the finding in 26 other studies that impaired baseline GFR 
is associated with WRF. Other important predictors of WRF include age and the 
presence of diabetes, hypertension, and anaemia-entities also linked to CKD and 
progression of CKD in various patient populations. Diuretic use and higher diuretic 
doses were also associated with a higher incidence of WRF, although the precise 
pathophysiology underlying this link is unclear. On the one hand, diuretics should 
reduce congestion, thereby improving renal perfusion and intrarenal pressures in 
some patients; on the other hand, diuretics may have direct detrimental effects on 
glomerular filtration.4,102

Multiple studies suggest the underlying reason for the occurrence of WRF may be 
an important mediator of the effect of WRF on outcome. In acute HF, a degree of 
transient WRF would appear to be tolerable, as this was not associated with poor 
outcome in the DOSE trial.103 On the other hand, when WRF is associated with 
decreases in systolic blood pressure in acute HF, it is strongly related to poor out-
come.79,84,98,104 However, WRF or change in serum creatinine were not associated 
with changes in haemodynamic parameters in the ESCAPE study.91 The clinical sit-
uation in which WRF develops may be important, as at least one study showed that 
WRF in the context of persistent signs and symptoms of congestion was related to 
poor outcome, while WRF in the presence of favourable changes in clinical signs 
was not.105 In chronic HF, WRF occurring without intervention is strongly related 
to poor outcome, while WRF ocurring in the setting of uptitration of angioten-
sin-converting enzyme inhibitors is not.88,92 Finally, various studies have shown 
relationships between persistent WRF, transient WRF, or even any change (increase 
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or decrease) in serum creatinine and poor outcome.13,79,94 These findings suggest 
that clinical setting, the cause of WRF (during treatment, initiation of therapy, long-
term follow-up), and associated haemodynamic changes are of major importance 
for evaluating the significance of WRF, further emphasizing the heterogeneity of 
the HF population and its response to WRF. 

Finally, our meta-analysis highlights that increases in serum creatinine and related 
changes in GFR are associated with increased mortality. However, this does not 
directly imply that survival improves if serum creatinine decreases. Only in one 
study in chronic HF was improvement in serum creatinine associated with improved 
survival.86 Most importantly, no study to date has evaluated whether therapy tar-
geting improvement or preservation of renal function leads to improved surviv-
al. Although the PROTECT trial aimed to improve renal function using Rolofylline 
therapy, the investigational drug actually significantly increased serum creatinine 
levels, suggesting that either the treatment failed to improve renal function, or 
that serum creatinine is a poor marker for renal function in the acute stages of 
treatment.96 To provide an answer to this important clinical question, studies are 
needed that identify individual patients at risk for WRF, adequately define or calcu-
late (changes in) renal function, and are focused on preservation or improvement 
of renal function over time. 

Limitations

We found possible evidence of publication bias in the analysis on WRF and out-
come. This suggests that studies reporting higher mortality risk with WRF are pub-
lished more often, which meaning the observed increased mortality risk with WRF 
in our analysis may be an overestimation of true risk. This is further strengthened 
by our observation that mortality risk associated with WRF was higher in small-
er studies. Furthermore, although we tried to gather all information available, we 
could not acquire crude data for all studies, which included at least one study that 
showed a limited effect of WRF on mortality, and two important clinical trials in 
acute HF.96,99,103 Other inherent limitations of meta-analysis include significant het-
erogeneity among studies, which was the reason for using a random effect model. 
However, this will never fully account for intrinsic differences between included 
studies. Importantly, we found significant heterogeneity in all analyses, suggesting 
that the observed risk associated with both WRF and CKD may not be applicable to 
all patient populations in HF. Reasons for diversity among studies include the dif-
fering inclusion criteria, selection bias, different cut-off for both WRF and CKD, and 
the shift in the type of HF patients from reduced to more preserved ejection frac-
tion seen in recent years. The patient cohorts included were also relatively younger 
than observed in a general HF population, which may lead to some underestimation 
of the prevalence of both CKD and WRF. We have tried to account for some degree 
of heterogeneity via meta-regression, but as not all studies published important 
covariates, meta-regression could only be performed using a limited number of 
studies and variables. Furthermore, we used mean values for variables reported 
by included studies, which does not account for in-study variance. Individual pa-
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tient-level data would be needed to confirm our results. Importantly, we could not 
establish whether there are specific patients or patient groups that have a different 
response to renal impairment or WRF. These observations highlight limitations to 
the generalizability of our findings. Finally, we did not include a meta-analysis of 
continuous data, as studies reporting such data were limited and used divergent 
cut-off points. Use of continuous data could potentially have shown better accura-
cy. 

Conclusions

Baseline renal impairment and WRF over time are frequently observed in patients 
with acute and chronic HF. When present, both entities relate to strongly impaired 
survival, with the presence of CKD showing a more consistent relationship with 
poor outcome. Across studies, baseline CKD, a history of hypertension and diabe-
tes, age, and diuretic use are associated with the occurrence of WRF. 
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Abstract

Aims The Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula 
estimates glomerular filtration rate (GFR) better than the simplified Modification of 
Diet in Renal Disease (sMDRD) formula in numerous populations. It has not previ-
ously been validated in heart failure patients.

Methods and results The GFR was measured in 120 patients with chronic systolic 
heart failure (CHF) using [125I]iothalamate clearance (GFR

IOTH
) and estimated using 

the sMDRD and CKD-EPI equations. Accuracy, bias, and prognostic performance 
were compared. Cockcroft–Gault, CKD-EPI serum cystatin C, and CKD-EPI creati-
nine–serum cystatin C equations were compared in secondary analyses. Mean age 
was 59 ± 12 years, 80% were male. Mean LVEF was 29 ± 10%. Mean GFR

IOTH
 was 74 ± 

27 mL/min/1.73 m2, and mean estimated GFR was 66 ± 23 mL/min/1.73 m2 (CKD-
EPI) and 63 ± 21 mL/min/1.73m2 (sMDRD). CKD-EPI showed less bias than sMDRD 
(–8 ± 15 vs. –11 ± 16 mL/min/1.73 m2, P < 0.001). Both equations underestimate 
at higher and overestimate at lower GFR

IOTH
. Eleven patients (9%) were accurately re-

classified into lower CKD classes with CKD-EPI. Cockcroft–Gault showed lower bias 
(–3 ± 16 mL/min/1.73 m2) but worse precision and accuracy. Cystatin C-based es-
timation showed the lowest bias (–3 ± 14 mL/min/1.73 m2) and the best precision 
and accuracy. Prognostic value did not differ between all GFR estimates

Conclusion The CKD-EPI equation more accurately estimates measured GFR than 
the sMDRD equation in CHF patients, with less bias and greater accuracy and preci-
sion. The prognostic power of all GFR assessments was equivalent. Based on better 
performance and equal risk prediction, we believe the CKI-EPI equation should be 
the preferred creatinine-based GFR estimation method in heart failure patients, 
particularly those with preserved or moderately impaired renal function.

Abbreviations 

GFR  Glomerular Filtration Rate
GFR

IOTH
  GFR measured using Iothalamate clearance

GFR
CKD-EPI

  GFR estimated with CKD-EPI equation
GFR

SMDRD
  GFR estimated with simplified MDRD equation

GFR
CG

  Cockcroft-Gault creatinine clearance
GFR

CYS
  GFR estimated with CKD-EPI cystatin C equation

GFR
CYSCR

  GFR estimated with CKD-EPI cystatin C/creatinine equation
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Introduction

Impaired renal function, defined as decreased glomerular filtration rate (GFR), is 
common in chronic heart failure (CHF) and has consistently been associated with 
strongly reduced survival.1-4 As the gold standard measurement of GFR using in-
ulin or iothalamate clearance is not feasible for every patient, simpler methods 
have been developed to estimate GFR. The most commonly used creatinine-based 
equation was developed in the Modification of Diet in Renal Disease (MDRD) study 
in patients with chronic kidney disease (CKD), and has been validated in CHF.5, 

6 However, the MDRD equation strongly underestimates GFR at levels higher than 
60 mL/min/1.73 m2in patients with renal disease and patients with CHF.5, 7 A new 
equation—the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equa-
tion—was developed that shows considerably less bias, particularly in patients with 
higher GFR.7, 8 Accurate estimation of GFR in CHF patients is important for risk strat-
ification, titration of treatment, and prognosis. Recent publications suggest that 
the CKD-EPI equation provides better risk stratification than the MDRD equation 
in patients with CHF; however, no study has validated the CKD-EPI equation in the 
CHF population.9, 10 In this study, we validate the CKD-EPI equation in patients with 
CHF and examine its prognostic value compared with the MDRD equation, and in 
secondary analyses compare it with creatinine clearance using the Cockcroft–Gault 
equation and GFR estimates using cystatin C-based equations.

Methods

The main study design has been published previously.11 The present study is an ex-
tension of the main study. In brief, 120 clinically stable CHF patients with an LVEF 
<45%, included between 2003 and 2010, underwent renal function testing using 
[125I]iothalamate clearance measurement at the University Medical Center Gronin-
gen, The Netherlands. Medication had to be stable for at least 1 month and all pa-
tients had to be on renin–angiotensin system (RAS) inhibition. All subjects gave in-
formed consent for study participation. The study was approved by the institutional 
ethics board and conducted in accordance with Declaration of Helsinki guidelines.

Renal function measurement using iothalamate clearance

The glomerular filtration rate (GFR
IOTH

) was measured via constant infusion of a 
radiolabelled tracer, [125I]iothalamate. This method has a day-to-day variation co-
efficient of 2.5% for GFR

IOTH
.12 GFR

IOTH 
and GFR

CG 
were normalized per 1.73 m2 of 

body surface area (BSA), which was calculated as follows: 0.007184 × weight0.425 × 
height0.725.13 A description of the protocol has been published previously.5, 14

Laboratory methods

A venous blood sample was collected 2 h after the beginning of renal function 
measurements. Serum creatinine level was measured in all patients, using Jaffe 
alkaline picrate assays prior to 1 March 2006 and Roche Modular enzymatic assays 
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after 1 March 2006. Both methods were calibrated to the Cleveland Clinic Labora-
tory standard, traceable to isotope dilution mass spectrophotometry, as proposed 
by Coresh et al.15 Details of the calibration equations used for our laboratory have 
been published recently.16 Serum cystatin C levels were measured in 101 patients 
by nephelometry (BN-II N, Dade Behring Diagnostic) and calibrated to international 
reference standard ERM®-DA471/IFCC. All GFR estimates were calculated using cal-
ibrated creatinine and cystatin C values.

Estimated glomerular filtration rate

The CKD-EPI formula expressed as a single equation is:

GFR
CKD-EPI

 = 141 x min(Scr/ț, 1)Į x max(Scr/ț, 1)-1.209 x 0.993Age  
x 1.018 [if female] x 1.159 [if black]

where Scr is serum creatinine, ț is 0.7 for females and 0.9 for males, Į is –0.329 
for females and –0.411 for males, min indicates the minimum of Scr/ț or 1, and 
max indicates the maximum of Scr/ț or 1. We compared the CKD-EPI equation with 
the most commonly used equation in clinical practice, the simplified MDRD, re-ex-
pressed for standardized serum creatinine values.17

GFR
SMDRD

 = 175 x (Scr)-1.154 x (age)-0.203 x 0.742 [if female]  
 x 1.212 [if black]

Creatinine clearance using the Cockcroft–Gault formula[18] normalized for BSA ex-
pressed as a single equation is:

GFR
CG

 = ((140-Age) x Weight) / (72 x Scr) x 0.85 [if female] x (1.73/BSA)

Estimated GFR based on serum cystatin C was calculated using the recently pub-
lished CKD-EPI equations for use with standardized cystatin C and creatinine val-
ues.19 Expressed as a single equation, the serum cystatin C-based formula is:

GFR
CYS

 = 133 x min(Scys/0.8, 1)-0.499 x max(Scys 0.8, 1)-1.328 x 0.996Age  
x 0.932 [if female]

where Scys is serum cystatin C. 

Estimated GFR using the CKD-EPI combined creatinine–cystatin C formula expressed 
as a single equation is:

GFR
CYSCR

 = 135 × min(Scr/ț, 1)Į × max(Scr/ț, 1)-0.601  
× min(Scys/0.8, 1)-0.375 × max(Scys/0.8, 1)-0.711 × 0.995Age  
× 0.969 [if female] × 1.08 [if black]

where Scr is serum creatinine, ț is 0.7 for females and 0.9 for males, Į is –0.248 
for females and –0.207 for males, min indicates the minimum of Scr/ț or 1, max 
indicates the maximum of Scr/ț or 1, and Scys is serum cystatin C.
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Follow-up

Follow-up data for all patients were obtained at 36 months after renal function 
measurement via chart review by two independent investigators. Median follow-up 
was 36 months (interquartile range 32–36). All patients were followed up at our 
cardiology outpatient clinic. There was no loss to follow-up. A combined endpoint 
of death due to any cause, heart transplantation, or first hospitalization for wors-
ening heart failure was used.

Statistical analysis

Data are presented as mean ±standard deviation when normally distributed, as 
median with interquartile range for skewed distribution, and as frequencies with 
percentages for categorical variables. Student’s t-test was used to compare normal-
ly distributed continuous variables. The precision, accuracy, and bias of CKD-EPI, 
sMDRD, Cockcroft–Gault, and CKD-EPI cystatin C and creatinine–cystatin C equa-
tions in predicting GFR

IOTH 
were evaluated. Precision was determined by assessing 

the degree of correlation between estimated and measured GFR using linear re-
gression. r2 statistics were used to provide an indication of the model’s overall fit. 
The accuracy of each equation, or how well it reflects measured GFR, was assessed 
by comparing estimated GFR with the gold standard (GFR

IOTH
). We used the follow-

ing equation: [predicted value – measured value (GFR
IOTH

)] × 100/GFR
IOTH

. For each 
equation, the number of subjects with predicted GFR values within 15% or 30% of 
the GFR

IOTH 
was counted.

Bias is any systematic, non-random deviation resulting in a prediction error, and 
was calculated as the difference between GFR

IOTH 
and estimated GFR using individ-

ual equations. Logistic regression analysis was performed to determine area under 
the receiver operating characteristic (ROC) curve (AUC) for the relationship between 
various GFR estimates for different GFR

IOTH 
cut-off values. These ROC curves were 

compared to analyse the performance of different renal function estimates. Bland–
Altman analyses were performed to determine agreement between GFR

IOTH, 
GFR

SM-

DRD
, and GFR

CKD-EPI
. The prognostic performances of GFR

IOTH
, GFR

CKD-EPI
, GFR

SMDRD
, 

GFR
CG

, GFR
CYS

, and GFR
CYSCR 

for the combined endpoint were evaluated using logistic 
regression. ROC curves were used to compare the predictive ability of the six re-
nal function measures. All reported probability values are two-tailed, and a P-value 
<0.05 was considered statistically significant. Statistical analyses were performed 
using STATA (College Station, TX, USA), version 11.0.
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Results

The mean age of the study population was 59 ±12 years, and 80% were male (Ta-

ble 1). One patient was Asian; all others were Caucasian. Most were in NYHA class 
II and III [56 (47%) and 35 (29%) patients, respectively]. All renal function mea-
surements showed mild impairment of GFR, with a mean GFR

IOTH 
of 74 ±27 mL/

min/1.73 m2. The CKD-EPI (66 ±23 mL/min/1.73 m2), sMDRD (63 ±21 mL/min/1.73 
m2), Cockcroft–Gault (70 ±25 mL/min/1.73 m2), and CKD-EPI cystatin C (72 ±26 
mL/min/1.73 m2) equations underestimated mean measured GFR

IOTH 
(P-value for 

all comparisons <0.001). The CKD-EPI creatinine–cystatin C equation (86 ±20 mL/
min/1.73 m2) overestimated mean measured GFR

IOTH 
(P-value for all comparisons 

<0.05).

Glomerular filtration rate estimates relative to measurement of glo-
merular filtration rate determined using iothalamate clearance

Figure 1 shows the difference between estimated GFR using sMDRD and CKD-EPI 
equations and GFR

IOTH 
relative to GFR

IOTH
. Both equations considerably underesti-

mated measured GFR at higher values and slightly overestimated measured GFR at 
lower values. Figures S1 and S2 in the Supplementary material show the Bland–Al-
tman plots for CKD-EPI and sMDRD equations compared with GFR

IOTH
. There was a 

strong correlation between GFR
CKD-EPI 

and GFR
SMDRD 

(Figure 2, r2 = 0.97, P < 0.001). 

Bias, accuracy, and precision for all five GFR estimation equations are presented 
in Table 2. Both GFR

CKD-EPI 
and GFR

SMDRD 
more accurately estimated measured GFR for 

lower GFR values (bias –8 ±15 and –11 ±16 mL/min/1.73 m2, respectively), while 
*)5�ZDV�PRUH�VWURQJO\�XQGHUHVWLPDWHG�LQ�SDWLHQWV�ZLWK�D�*)5�����P/�PLQ������
m2. GFR

CG 
and GFR

CYS 
showed negative bias (–3 ±16 and –3 ±14 mL/min/1.73 m2, 

respectively), performing better in patients with impaired vs. more preserved re-
nal function. GFR

CYSCR 
overestimated measured GFR, showing better performance in 

SDWLHQWV�ZLWK�*)5�����P/�PLQ������P2 and much wider variation at GFR below 60 
mL/min/1.73 m2. Of the creatinine-only based equations, GFR

CKD-EPI 
outperformed 

GFR
SMDRD 

and GFR
CG 

with respect to precision and overall accuracy. 

While GFR
CG 

displayed less bias and slightly better accuracy at the 15% cut-off, 
though worse at the 30% cut-off, the variation was greater and precision lower 
than for GFR

CKD-EPI 
and GFR

SMDRD
. The cystatin C-based equations yielded lower bias 

and greater accuracy and precision (Table 2, all P < 0.05) than the creatinine-based 
equations. 

Bias stratified by equation-related characteristics is presented in Table 3 for GFR
CKD-

EPI 
and GFR

SMDRD
. GFR

CKD-EPI 
showed less bias across most patient characteristics—

particularly in younger and middle-aged patients, for both sexes, at all levels of 
creatinine, in patients with no albuminuria or microalbuminuria (all P <0.05), but 
no difference in patients with overt macroalbuminuria. Table S1 in the Supplemen-
tary material presents bias stratified by various patient characteristics for all GFR 
estimation equations. GFR

CG 
showed less bias in women, younger patients, and 
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Table 1 Baseline Characteristics 

Patient Characteristics Total Population (n = 120)

Age (years) 59 ± 12

Sex (n, % male) 96 (80)

Race (n, % Caucasian) 119 (99)

NYHA class I / II / III / IV (n) 19 / 56 / 35 / 10

LVEF (%) 29 ± 10

Ischemic etiology (n, %) 60 (50)

Physical examination

  Systolic BP (mm Hg) 119 ± 20

  Diastolic BP (mm Hg) 69 ± 12

  Weight (kg) 86 ± 15

  BMI (kg/m2) 27 ± 4

  NT-proBNP (pg/mL) 634 [267 – 1856]

Renal Function

  Serum creatinine (mg/dL) 1.3 [1.0 – 1.4]

  Serum cystatin C (mg/L) 0.95 [.082 – 1.19]

  GFR
IOTH

 (mL/min/1.73m2) 74 ± 27

  GFR
CKD-EPI

 (mL/min/1.73m2) 66 ± 23

  GFR
SMDRD

 (mL/min/1.73m2) 63 ± 21

  GFR
CG

 (mL/min/1.73m2) 70 ± 25

  GFR
CYS

 (mL/min/1.73m2) 72 ± 26

  GFR
CYSCR

 (mL/min/1.73m2) 86 ± 20

  Urinary Albumin Excretion (mg/24h) 9 [6 – 18]

Medication use (N (%))

  RAS-inhibition 120 (100)

  Beta-blocker 101 (84)

  Mineralocorticoid receptor antagonist 37 (31)

  Diuretics 81 (68)
 
Abbreviations: BMI, body mass index; BP, blood pressure; GFRCKD-EPI, estimated Glomerular Filtration Rate 
using Chronic Kidney Disease Epidemiology Collaboration equation; GFRIOTH, Glomerular Filtration Rate 
using Iothalamate clearance; GFRSMDRD��HVWLPDWHG�*ORPHUXODU�)LOWUDWLRQ�5DWH�XVLQJ�VLPSOLۋHG�PRGLۋFDWLRQ�
of diet in renal disease equation; GFRCG, Cockcroft-Gault creatinine clearance; GFRCYS, estimated Glomerular 
Filtration Rate using cystatin C equation; GFRCYSCR, estimated Glomerular Filtration Rate using Chronic Kid-
ney Disease Epidemiology Collaboration cystatin C and creatinine equation; LVEF, left ventricular ejection 
fraction; NYHA, New York Heart Association; BP: blood pressure; BMI: Body Mass Index; NT-proBNP: N-type 
pro Brain Natriuretic Peptide; RAS, Renin Angiotensin System.
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Figure 1 Comparative performance of CKD-EPI and MDRD equations versus GFR
IOTH

Figure 2 Correlation between GFR
CKD-EPI 

and GFR
SMDRD
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patients with high body mass index, lower 
systolic blood pressure, and higher creatinine 
levels, albeit with generally larger standard 
deviations than the other equations. GFR-

CYS 
most accurately assessed measured GFR 

across patient characteristics, while GFR
CY-

SCR 
displayed greater variability. 

Using GFR
IOTH 

FXW�RIIV� RI� ���� DQG� ���� P/�
min/1.73 m2, there were strong correlations 
and almost no significant differences between 
the areas under the ROC curves for GFR

CKD-EPI
, 

GFR
SMDRD

, GFR
CG

, GFR
CYS

, and GFR
CYSCR 

(Table 4); 
DW�����P/�PLQ������P2, GFR

CG 
showed worse 

performance than the other equations (P = 
0.03), while the other four equations were 
comparable [P = non-significant (NS)]. In re-
classification analysis, 15 (12.5%) patients 
were reclassified into different KDOQI (Kidney 
Disease Outcomes Quality Initiative) stages 
using the CKD-EPI vs. the sMDRD equation, all 
into less severe CKD classes (Table 5). Com-
pared with GFR

IOTH
, 11 (9%) of these patients 

were accurately reclassified using GFR
CKD-EPI

, 
while the remaining 4 patients were accurate-
ly classified using GFR

SMDRD
.

Glomerular filtration rate estimates 
and prognosis

After 3 years, 33 patients had experienced 
an event: there were 7 deaths, 21 heart fail-
ure hospitalizations, and 5 heart transplan-
tations. Figure 3 shows the ROC curves for 
logistic regression analyses of the combined 
endpoint vs. GFR

IOTH
, GFR

SMDRD
, and GFR

CKD-EPI
; 

GFR
IOTH 

showed the best predictive ability, 
with an AUC of 0.77, while both CKD-EPI and 
GFR

SMDRD 
showed similar performance (AUC = 

0.76, P = NS). Comparing all six measures (n = 
101), all showed similar performance, with all 
AUCs between 0.76 and 0.78 (P = NS). There 
were no statistically significant differences 
between predictive abilities on the combined 
endpoint or any of its individual components 
for any of the measures.
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Table 3 Bias of GFR
CKD-EPI

 and GFR
SMDRD

 equations stratified by equation variables and 

clinical characteristics

'&Z�<�Ͳ�W/ '&Z
SMDRD

n DĞĂŶ�ϵϱй��/ DĞĂŶ�ϵϱй��/�

�ŐĞ�ǇĞĂƌƐa

  < 56 
b

44 Ͳϵ�Ͳϭϰ�ʹ�Ͳϰ Ͳϭϲ�ͲϮϭ�ʹ�ͲϭϬ

��ϱϲ�ʹ�ϲϯ�b 36 Ͳϳ�ͲϭϮ�ʹ�Ͳϯ ͲϭϬ�Ͳϭϱ�ʹ�Ͳϱ
  > 63 40 Ͳϳ�Ͳϭϭ�ʹ�Ͳϯ Ͳϳ�Ͳϭϭ�ʹ�Ͳϯ

Sex 

  Male 
b

96 Ͳϴ�Ͳϭϭ�ʹ�Ͳϲ ͲϭϮ�Ͳϭϱ�ʹ�Ͳϵ
��&ĞŵĂůĞ�b 24 Ͳϰ�ͲϭϬ�ʹ�ϯ Ͳϵ�Ͳϭϲ�ʹ�ͲϮ

�ƌĞĂƟŶŝŶĞ�ŵŐͬĚ> a

��Ϭ͘ϲϵ�ʹ�ϭ͘Ϭϯ�b 41 Ͳϱ�ͲϭϬ�ʹ�Ϭ ͲϭϬ�Ͳϭϲ�ʹ�Ͳϰ

��ϭ͘Ϭϰ�ʹ�ϭ͘ϯϮ�b 40 Ͳϭϯ�Ͳϭϴ�ʹ�Ͳϵ Ͳϭϴ�ͲϮϯ�ʹ�Ͳϭϯ
��ϭ͘ϯϰ�ʹ�ϯ͘ϴϳ�b 39 Ͳϰ�Ͳϵ�ʹ�ϭ Ͳϱ�Ͳϵ�ʹ�Ͳϭ

hƌŝŶĂƌǇ�ĂůďƵŵŝŶ�ĞǆĐƌĞƟŽŶ�ŵŐͬϮϰŚ
��EŽŶĞ�;ϬͲϮϵͿ�b 93 Ͳϴ�ͲϭϮ�ʹ�Ͳϲ Ͳϭϯ�Ͳϭϲ�ʹ�ͲϭϬ

��DŝĐƌŽĂůďƵŵŝŶƵƌŝĂ�;ϯϬͲϯϬϬͿ�b 19 Ͳϴ�Ͳϭϰ�ʹ�ϭ ͲϵͲϭϴ�ʹ�Ͳϭ
��DĂĐƌŽĂůďƵŵŝŶƵƌŝĂ�;хϯϬϬͿ 8 ϱ�Ͳϯ�ʹ�ϭϮ ϰ�Ͳϴ�ʹ�ϭϲ

EdͲƉƌŽ�EW�ƉŐͬŵů�a 

��Ϯϴ�ʹ�ϯϰϰ�b 40 ͲϭϬ�Ͳϭϱ�ʹ�Ͳϱ Ͳϭϰ�ͲϮϬ�ʹ�Ͳϵ

��ϯϲϬ�ʹ�ϭϮϯϬ�b 40 ͲϭϮ�Ͳϭϳ�ʹ�Ͳϲ Ͳϭϱ�ͲϮϭ�ʹ�ͲϭϬ
��ϭϮϳϮ�ʹ�ϮϱϮϮϰ�b 40 Ͳϭ�Ͳϱ�ʹ�ϯ Ͳϰ�Ͳϳ�ʹ�Ϭ

Ez,���ůĂƐƐ
��/Ͳ// b 75 Ͳϭϭ�Ͳϭϰ�ʹ�Ͳϳ Ͳϭϰ�Ͳϭϴ�ʹ�Ͳϭϭ
��///Ͳ/s�b 45 Ͳϯ�Ͳϲ�ʹ�ϭ Ͳϲ�Ͳϵ�ʹ�ͲϮ

>s�&�йa

  < 25 
b

40 Ͳϱ�Ͳϵ�ʹ�Ͳϭ Ͳϵ�Ͳϭϯ�ʹ�Ͳϱ

��Ϯϱ�ʹ�ϯϯ�b 40 ϴ�Ͳϭϯ�ʹ�Ͳϯ Ͳϭϭ�Ͳϭϲ�ʹ�Ͳϲ
  > 33 

b
40 ͲϭϬ�Ͳϭϱ�ʹ�Ͳϱ Ͳϭϰ�ͲϮϬ�ʹ�Ͳϴ

/ƐĐŚĞŵŝĐ�ĞƟŽůŽŐǇ�
  No 

b
60 Ͳϳ�ͲϭϬ�ʹ�Ͳϯ Ͳϭϭ�Ͳϭϱ�ʹ�Ͳϲ

  Yes 
b

60 Ͳϵ�ͲϭϮ�ʹ�Ͳϱ ͲϭϮ�Ͳϭϲ�ʹ�Ͳϳ

^ǇƐƚŽůŝĐ��W�ŵŵ�,Ő�a

  < 111 
b

44 Ͳϰ�Ͳϴ�ʹ�Ͳϭ Ͳϴ�ͲϭϮ�ʹ�Ͳϰ

��ϭϭϭ�ʹ�ϭϮϱ�b 37 Ͳϵ�Ͳϭϰ�ʹ�Ͳϰ Ͳϭϰ�Ͳϭϵ�ʹ�Ͳϵ
  > 125 

b
39 ͲϭϬ�Ͳϭϱ�ʹ�Ͳϱ ͲϭϮ�Ͳϭϴ�ʹ�Ͳϲ

�ŝĂƐƚŽůŝĐ��W�ŵŵ�,Ő�a

  < 64 
b

41 Ͳϲ�ͲϭϬ�ʹ�ͲϮ Ͳϵ�Ͳϭϯ�ʹ�Ͳϰ

��ϲϰ�ʹ�ϳϰ�b 40 Ͳϲ�ͲϭϬ�ʹ�ͲϮ ͲϭϬ�Ͳϭϱ�ʹ�Ͳϱ
  > 74 

b
39 Ͳϭϭ�Ͳϭϳ�ʹ�Ͳϲ Ͳϭϱ�ͲϮϭ�ʹ�Ͳϵ
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'&Z�<�Ͳ�W/ '&Z
SMDRD

n DĞĂŶ�ϵϱй��/ DĞĂŶ�ϵϱй��/�

�D/�ŬŐͬŵ2�a

  <26 
b

40 Ͳϯ�Ͳϵ�ʹ�Ϯ Ͳϲ�Ͳϭϯ�ʹ�ͲϬ

��Ϯϲ�ʹ�Ϯϵ�b 40 Ͳϴ�Ͳϭϭ�ʹ�Ͳϰ Ͳϭϭ�Ͳϭϱ�ʹ�Ͳϳ
  >29 

b
40 ͲϭϮ�Ͳϭϳ�ʹ�Ͳϳ Ͳϭϲ�ͲϮϭ�ʹ�Ͳϭϭ

Beta blocker

  No 
b

19 Ͳϯ�Ͳϭϭ�ʹ�ϱ Ͳϳ�Ͳϭϱ�ʹ�Ϯ
  Yes 

b
101 Ͳϴ�Ͳϭϭ�ʹ�Ͳϲ ͲϭϮ�Ͳϭϱ�ʹ�Ͳϵ

MRA

  No 
b

83 ͲϭϬ�Ͳϭϯ�ʹ�Ͳϳ Ͳϭϰ�Ͳϭϳ�ʹ�ͲϭϬ
  Yes 

b
37 ͲϮ�Ͳϳ�ʹ�ϯ Ͳϲ�ͲϭϬ�ʹ�Ͳϭ

�ŝƵƌĞƟĐ�ƵƐĞ
  No 

b
39 ͲϭϬ�Ͳϭϲ�ʹ�Ͳϲ Ͳϭϱ�ͲϮϬ�ʹ�ͲϭϬ

  Yes 
b

81 Ͳϲ�Ͳϵ�ʹ�Ͳϯ Ͳϵ�Ͳϭϯ�ʹ�Ͳϲ

a divided in tertiles; b�S���������$EEUHYLDWLRQV��1<+$��1HZ�<RUN�+HDUW�$VVRFLDWLRQ�FODVVLۋFDWLRQ��/9()��/HIW�
Ventricular Ejection Fraction; BP: blood pressure; BMI: Body Mass Index; UAE: Urinary Albumin Excretion; 
MRA: Mineralocorticoid receptor antagonist; NT-proBNP: N-type pro Brain Natriuretic Peptide

Table 4 ROC analysis for different GFR cut-offs

'&Z/Kd,�ĐƵƚͲŽī �ƋƵĂƟŽŶ �h��;ϵϱй��/Ϳ WͲǀĂůƵĞ

ш�ϯϬ�ŵ>ͬŵŝŶͬϭ͘ϳϯŵ2 '&Z�<�Ͳ�W/ Ϭ͘ϵϴ�;Ϭ͘ϵϱ�ʹ�ϭ͘ϬϬͿ

'&Z
SMDRD

Ϭ͘ϵϴ�;Ϭ͘ϵϱ�ʹ�ϭ͘ϬϬͿ

'&Z
CG

Ϭ͘ϵϲ�;Ϭ͘ϵϯ�ʹ�ϭ͘ϬϬͿ

'&Z
CYS

Ϭ͘ϵϴ�;Ϭ͘ϵϱ�ʹ�ϭ͘ϬϬͿ

'&Z
CYSCR

Ϭ͘ϵϳ�;Ϭ͘ϵϰ�ʹ�ϭ͘ϬϬͿ 0.55

ш�ϲϬ�ŵ>ͬŵŝŶͬϭ͘ϳϯŵ2 '&Z�<�Ͳ�W/ Ϭ͘ϵϳ�;Ϭ͘ϵϱ�ʹ�ϭ͘ϬϬͿ

'&Z
SMDRD

Ϭ͘ϵϳ�;Ϭ͘ϵϱ�ʹ�ϭ͘ϬϬͿ

'&Z
CG

Ϭ͘ϵϳ�;Ϭ͘ϵϯ�ʹ�ϭ͘ϬϬͿ

'&Z
CYS

Ϭ͘ϵϴ�;Ϭ͘ϵϲ�ʹ�ϭ͘ϬϬͿ

'&Z
CYSCR

Ϭ͘ϵϴ�;Ϭ͘ϵϲ�ʹ�ϭ͘ϬϬͿ 0.36

ш�ϵϬ�ŵ>ͬŵŝŶͬϭ͘ϳϯŵ2 '&Z�<�Ͳ�W/ Ϭ͘ϴϱ�;Ϭ͘ϳϴ�ʹ�Ϭ͘ϵϮͿ

'&Z
SMDRD

Ϭ͘ϴϱ�;Ϭ͘ϳϴ�ʹ�Ϭ͘ϵϮͿ

'&Z
CG

Ϭ͘ϴϯ�;Ϭ͘ϳϱ�ʹ�Ϭ͘ϵϭͿ

'&Z
CYS

Ϭ͘ϴϴ�;Ϭ͘ϴϮ�ʹ�Ϭ͘ϵϱͿ

'&Z
CYSCR

Ϭ͘ϴϵ�;Ϭ͘ϴϯ�ʹ�Ϭ͘ϵϱͿ 0.03

Abbreviations: AUC: Area under the receiver-operator characteristics curve; CI: confidence interval.
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Discussion

In the present study, we found that the CKD-EPI equation more accurately estimated 
measured GFR compared with the sMDRD equation in patients with chronic systolic 
heart failure. Use of the CKD-EPI equation resulted in the accurate reclassification of 9% 
of patients into less severe CKD classes. In secondary analysis, confirming earlier find-
ings,[5] the Cockcroft–Gault equations showed the worst performance among the cre-

Table 5. 5HFODVVLۋFDWLRQ�RI�SDWLHQWV�LQWR�GLIIHUHQW�.'24,�FODVVHV�E\�*)5CKD-EPI

GFRSMDRD ;ŵ>ͬŵŝŶͬϭ͘ϳϯŵ2Ϳ

GFRCKD-EPI  
;ŵ>ͬŵŝŶͬϭ͘ϳϯŵ2Ϳ

^ƚĂŐĞ�/s� 
;ф�ϯϬͿ

^ƚĂŐĞ�///ď� 
;ϯϬ�ʹ�ϰϰͿ

^ƚĂŐĞ�///Ă� 
;ϰϱ�ʹ�ϱϵͿ

^ƚĂŐĞ�//� 
;ϲϬ�ʹ�ϵϬͿ

^ƚĂŐĞ�/� 
;х�ϵϬͿ

^ƚĂŐĞ�/s�;ф�ϯϬͿ 7 0 0 0 0

^ƚĂŐĞ�///ď�;ϯϬ�ʹ�ϰϰͿ 0 17 0 0 0

^ƚĂŐĞ�///Ă�;ϰϱ�ʹ�ϱϵͿ 0 2 23 0 0

^ƚĂŐĞ�//�;ϲϬ�ʹ�ϵϬͿ 0 0 6 47 0

^ƚĂŐĞ�/�;х�ϵϬͿ 0 0 0 7 11

Figure 3 Receiver operating characterisitic curves for combined endpoint at 3 years. 

AUC: area under the receiver-operator characteristics curve



CKD-EPI outperforms sMDRD for estimating GFR in CHF

57

atinine-based GFR estimation equations. The best overall performance was found for  
GFR

CYS
, with the lowest bias, good precision, and the greatest accuracy, while  

GFR
CYSCR 

had the best precision but greater variability.

Estimating the glomerular filtration rate in patients with chronic 
heart failure

Accurate assessment of glomerular filtration is important in all populations, includ-
ing patients with CKD, hypertension, cardiovascular disease, and heart failure, as a 
reduced GFR is related to increased mortality and morbidity in all of these groups.2, 

20, 21 Creatinine-based equations remain the cornerstone of GFR estimation, but de-
spite validation studies and calibration of serum creatinine, substantial biases re-
main.22 For patients with heart failure, the six-variable simplified MDRD equation 
showed the best prognostic value but still overestimated GFR in patients with low 
GFR, while underestimating GFR in patients with preserved GFR.5 Similar underesti-
mation of GFR at higher GFR values was also observed in large nephrologic studies, 
which led to the development of the new CKD-EPI equation. In a population of 8254 
patients, this more complex equation was able to decrease the observed mean 
bias to +2.5 mL/min/1.73 m2, compared with +5.5 mL/min/1.73 m2 for the sMDRD 
equation.7 %LDV�ZDV� UHGXFHG�PRVW� LQ� SDWLHQWV�ZLWK� D� *)5� ����P/�PLQ������P2, 
where bias was reduced from +10.6 to +3.5 mL/min/1.73 m2. The reduced bias for 
&.'�(3,�LQ�SDWLHQWV�ZLWK�D�*)5�����P/�PLQ������P2 was confirmed by Stevens et 

al.[8] Although these differences between measured GFR and estimated GFR seem 
small, they can significantly affect risk stratification, as even 5 mL/min/1.73 m2 of 
deterioration in renal function has been associated with strongly increased risk for 
mortality.23 The CKD-EPI equation has been validated in various patient subgroups, 
with mixed results. In patients with type II diabetes, for example, CKD-EPI still sig-
nificantly underestimated GFR and was outperformed by the sMDRD equation,24, 

25 while use of the CKD-EPI equation led to a lower prevalence of CKD in another 
study.26 In the present study, we found that the CKD-EPI equation better estimated 
GFR

IOTH 
compared with the simplified MDRD equation. Both equations underesti-

mated GFR for higher GFR
IOTH 

levels, and slightly overestimated values for lower 
GFR

IOTH 
levels. Though our results reflect those found in other populations, the ab-

solute bias was greater than reported in other studies.7, 8 The reason for this greater 
bias is unclear. Using the CKD-EPI rather than the sMDRD equation resulted in the 
reclassification of 12.5% of patients into better KDOQI CKD stages in this particular 
cohort. In our present analysis in patients with CHF, the CKD-EPI equation provides 
improved accuracy, bias, and precision in almost all patients. The exception in our 
cohort are patients over the age of 60 years and patients with macroalbuminuria, 
in whom CKD-EPI and sMDRD equations showed similar bias. As heart failure is pri-
marily a disease of the elderly, it is speculated that while use of the CKD-EPI equa-
tion may not lead to better risk stratification in HF populations, its performance is 
certainly no worse. Our secondary analyses showed that the Cockcroft–Gault equa-
tion demonstrated relatively minimal bias, though precision was lower and varia-
tion greater than for the CKD-EPI and sMDRD equations. Our analyses also clearly 
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demonstrated the superiority of cystatin C in estimating GFR, confirming previous 
analyses.19,27,28 However, as routine cystatin C measurements have thus far failed 
to enter daily practice, and are only recommended in specific subsets of patients 
screened using creatinine-based equations,29 we believe identifying and validating 
the best creatinine-based GFR estimation equation remains clinically relevant.

Risk prediction using the CKD-EPI vs. the simplified MDRD equation

Estimation of GFR is not only important for the assessment of renal function, it also 
serves as a strong (mortality) risk indicator in patients with heart failure.2,30 Smil-
de et al. showed that equations estimating GFR may be less powerful predictors 
of outcome compared with GFR

IOTH
.5 This inferiority is probably a reflection of de-

creased accuracy in determining GFR. The prognostic importance of CKD-EPI has 
been evaluated in different settings. In one study in patients with myocardial in-
farction, CKD-EPI was inferior to the Cockcroft–Gault equation in predicting mor-
tality,31 but was a powerful predictor of in-hospital events in a study of patients 
with acute coronary syndrome.32 In a large population of acute myocardial infarc-
tion patients with impaired systolic function or signs of heart failure, use of the 
CKD-EPI equation improved risk stratification compared with sMDRD.33 A recent 
study by Zamora et al. comparing the prognostic performance of CKD-EPI, sMDRD, 
and Cockcroft–Gault equations in a heart failure cohort found the latter to be the 
best predictor for mortality, with CKD-EPI and sMDRD equations showing similar 
performance.9 In contrast, a meta-analysis by McAlister et al. evaluating the per-
formance of sMDRD and CKD-EPI for mortality risk stratification in heart failure 
patients found that CKD-EPI outperformed sMDRD.10 Matsushita et al., in a large 
pooled meta-analysis of >1.1 million patients with diverse backgrounds, including 
general and cardiovascular disease populations, found that the CKD-EPI equation 
classified fewer individuals as having CKD and provided more accurate risk strati-
fication for mortality and end-stage renal disease.34 Our results show that the CKD-
EPI and sMDRD equations have numerically similar prognostic capacity compared 
with the gold standard, with no indication of any improvement in risk classification 
for either equation, despite accurate reclassification into less severe CKD classes 
by CKD-EPI. We also saw no differences in our secondary analyses. However, our 
study population is small, with a relatively low number of events. We elected to 
use a composite endpoint that included hospitalization, which—along with sample 
size—may explain the lack of effect on outcome despite significant KDOQI CKD 
reclassification.

Clinical implications

Our data show that the CKD-EPI equation more accurately reflects measured GFR in 
CHF patients, with more accurate classification into KDOQI classes, and no signifi-
cant differences in predicting risk. Accuracy and precision were better for CKD-EPI 
than for sMDRD and Cockcroft–Gault estimates, while bias was lower for GFR

CG
, 

though with greater error margins. Although cystatin C-based estimates do per-
form better, there is still a place for creatinine-based GFR estimates in daily clini-
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cal practice. In large meta-analyses in a broad spectrum of populations, including 
heart failure patients, CKD-EPI has been found to improve mortality and renal out-
come risk stratification.10,34 Considering these findings, we believe that the CKD-EPI 
equation should be the preferred creatinine-based method for estimating the GFR 
in heart failure patients, particularly those with preserved or moderately impaired 
renal function.

Limitations and strengths

Our study has several important limitations. First, our cohort of patients with heart 
failure was relatively young with only mild renal impairment. Furthermore, we only 
included patients with reduced EF. Our cohort also consists almost exclusively of 
Caucasians. While this does not invalidate the analyses, the conclusions cannot 
simply be applied to a general heart failure population. The sample size is also lim-
ited due to the relatively cumbersome study design. Combined with a low number 
of events, this limits the study’s statistical power for evaluating risk stratification 
improvement for CKD-EPI vs. sMDRD equations. Nonetheless, this is the largest 
cohort of heart failure patients with iothalamate clearances available. 

Conclusion

In patients with chronic systolic heart failure, the CKD-EPI equation more accurately 
estimates GFR compared with the sMDRD equation, with less bias, greater accuracy, 
and improved precision. The Cockcroft–Gault equation, while providing lower mean 
bias, shows greater variance and worse precision and accuracy. Although cystatin 
C-based equations provided more accurate estimates of measured GFR, cystatin C 
has yet to establish itself in routine clinical practice. The prognostic power of all 
creatinine-based GFR assessments was equivalent in our population, although evi-
dence from meta-analyses indicates that the CKD-EPI equation provides better risk 
stratification. Based on a better performance and equal to better risk prediction, we 
believe the CKI-EPI equation should be the preferred method for creatinine-based 
GFR estimation in heart failure patients, particularly for patients with preserved or 
moderately impaired renal function. 
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Table S1 Bias of eGFR stratified by equation variables and clinical characteristics

'&Z�<�Ͳ�W/ '&Z
SMDRD

'&Z
CG

'&Z
CYS

'&Z
CYSCR

n Mean ± SD Mean ± SD Mean ± SD n Mean ± SD Mean ± SD

�ŐĞ�ǇĞĂƌƐa

  < 56 44 Ͳϵ�ц�ϭϴ Ͳϭϲ�ц�ϭϴ 1 ± 21 38 Ͳϱ�ц�ϭϲ 11 ± 14

��ϱϲ�ʹ�ϲϯ� 36 Ͳϳ�ц�ϭϰ ͲϭϬ�ц�ϭϲ Ͳϯ�ц�ϭϯ 33 ͲϮ�ц�ϭϰ 9 ± 13

  > 63 40 Ͳϳ�ц�ϭϯ Ͳϳ�ц�ϭϯ Ͳϴ�ц�ϭϯ 30 ͲϮ�ц�ϭϮ 12 ± 14

Sex 

  Male 96 Ͳϴ�ц�ϭϱ ͲϭϮ�ц�ϭϲ Ͳϱ�ц�ϭϲ 77 Ͳϯ�ц�ϭϰ 9 ± 13

��&ĞŵĂůĞ� 24 Ͳϰ�ц�ϭϲ Ͳϵ�ц�ϭϳ 2 ± 16 24 Ͳϱ�ц�ϭϱ 17 ± 13

�ŽĚǇ�DĂƐƐ�/ŶĚĞǆ�ŬŐͬŵ2�a
  <26 40 Ͳϯ�ц�ϭϲ Ͳϲ�ц�ϭϵ Ͳϱ�ц�ϭϳ 33 1 ± 16 15 ± 14

��Ϯϲ�ʹ�Ϯϵ� 40 Ͳϴ�ц�ϭϮ Ͳϭϭ�ц�ϭϮ Ͳϰ�ц�ϭϯ 35 Ͳϰ�ц�ϭϮ 10 ± 13

  >29 40 ͲϭϮ�ц�ϭϱ Ͳϭϲ�ц�ϭϱ Ͳϭ�ц�ϭϵ 33 Ͳϳ�ц�ϭϰ 7 ± 13

^ǇƐƚŽůŝĐ��W�ŵŵ�,Ő�a
  < 111 44 Ͳϰ�ц�ϭϮ Ͳϴ�ц�ϭϰ 1 ± 12 34 ͲϮ�ц�ϭϭ 16 ± 11

��ϭϭϭ�ʹ�ϭϮϱ� 37 Ͳϵ�ц�ϭϲ Ͳϭϰ�ц�ϭϲ Ͳϱ�ц�ϭϴ 35 ͲϮ�ц�ϭϱ 8 ± 14

  > 125 39 ͲϭϬ�ц�ϭϳ ͲϭϮ�ц�ϭϴ Ͳϴ�ц�ϭϵ 32 Ͳϰ�ц�ϭϳ 8 ± 14

�ŝĂƐƚŽůŝĐ��W�ŵŵ�,Ő�a
  < 64 41 Ͳϲ�ц�ϭϯ Ͳϵ�ц�ϭϰ ͲϮ�ц�ϭϯ 39 Ͳϰ�ц�ϭϮ 15 ± 13

��ϲϰ�ʹ�ϳϰ� 40 Ͳϲ�ц�ϭϰ ͲϭϬ�ц�ϭϱ Ͳϯ�ц�ϭϱ 36 Ͳϭ�ц�ϭϰ 10 ± 14

  > 74 39 Ͳϭϭ�ц�ϭϳ Ͳϭϱ�ц�ϭϵ Ͳϲ�ц�Ϯϭ 34 Ͳϱ�ц�ϭϳ 7 ± 14

Ez,���ůĂƐƐ
��/Ͳ// 75 Ͳϭϭ�ц�ϭϲ Ͳϭϰ�ц�ϭϳ Ͳϳ�ц�ϭϳ 61 Ͳϱ�ц�ϭϲ 6 ± 12

��///Ͳ/s� 45 Ͳϯ�ц�ϭϮ Ͳϲ�ц�ϭϯ Ͳϯ�ц�ϭϯ 40 Ͳϭ�ц�ϭϮ 18 ± 13

>s�&�йa

  < 25 40 Ͳϱ�ц�ϭϮ Ͳϵ�ц�ϭϮ 1 ± 14 36 Ͳϭ�ц�ϭϯ 15 ± 11

��Ϯϱ�ʹ�ϯϯ� 40 8 ± 16 Ͳϭϭ�ц�ϭϲ Ͳϱ�ц�ϭϳ 36 ͲϮ�ц�ϭϱ 10 ± 15

  > 33 40 ͲϭϬ�ц�ϭϲ Ͳϭϰ�ц�ϭϵ Ͳϲ�ц�ϭϳ 29 Ͳϳ�ц�ϭϲ 6 ± 14

/ƐĐŚĞŵŝĐ�ĞƟŽůŽŐǇ�
  No 60 Ͳϳ�ц�ϭϱ Ͳϭϭ�ц�ϭϲ ͲϮ�ц�ϭϴ 54 ͲϮ�ц�ϭϱ 12 ± 14

  Yes 60 Ͳϵ�ц�ϭϰ ͲϭϮ�ц�ϭϲ Ͳϱ�ц�ϭϱ 47 Ͳϱ�ц�ϭϰ 9 ± 14

�ƌĞĂƟŶŝŶĞ�ŵŐͬĚ> a

��Ϭ͘ϲϵ�ʹ�ϭ͘Ϭϯ� 40 Ͳϱ�ц�ϭϲ ͲϭϬ�ц�ϭϴ ͲϮ�ц�ϮϬ 36 3 ± 15 8 ± 13

��ϭ͘Ϭϰ�ʹ�ϭ͘ϯϮ� 42 Ͳϭϯ�ц�ϭϱ Ͳϭϴ�ц�ϭϱ Ͳϳ�ц�ϭϲ 36 Ͳϵ�ц�ϭϯ 6 ± 13

��ϭ͘ϯϯ�ʹ�ϯ͘ϴϳ� 38 Ͳϰ�ц�ϭϭ Ͳϱ�ц�ϭϮ Ͳϭ�ц�ϭϭ 29 Ͳϰ�ц�ϭϮ 19 ± 12

h���ŵŐͬϮϰŚ
��EŽŶĞ�;ϬͲϮϵͿ� 93 Ͳϴ�ц�ϭϱ Ͳϭϯ�ц�ϭϱ Ͳϱ�ц�ϭϲ 79 Ͳϰ�ц�ϭϱ 10 ± 13

��DŝĐƌŽĂůďƵŵŝŶƵƌŝĂ�;ϯϬͲϯϬϬͿ� 19 Ͳϴ�ц�ϭϱ ͲϭϬ�ц�ϭϳ 1 ± 18 17 Ͳϱ�ц�ϭϰ 12 ± 15

��DĂĐƌŽĂůďƵŵŝŶƵƌŝĂ�;хϯϬϬͿ 8 5 ± 9 4 ± 14 11 ± 10 4 4 ± 13 21 ± 8

Beta blocker

  No 19 Ͳϯ�ц�ϭϳ Ͳϳ�ц�ϭϳ 0 ± 19 16 0 ± 15 12 ± 12

  Yes 101 Ͳϴ�ц�ϭϱ ͲϭϮ�ц�ϭϲ Ͳϰ�ц�ϭϲ 85 Ͳϰ�ц�ϭϰ 11 ± 14

MRA

  No 83 ͲϭϬ�ц�ϭϱ Ͳϭϰ�ц�ϭϳ Ͳϲ�ц�ϭϳ 64 Ͳϱ�ц�ϭϱ 7 ± 12

  Yes 37 ͲϮ�ц�ϭϯ Ͳϲ�ц�ϭϯ 3 ± 14 37 0 ± 13 18 ± 13

�ŝƵƌĞƟĐ�ƵƐĞ
  No 39 ͲϭϬ�ц�ϭϱ Ͳϭϱ�ц�ϭϲ Ͳϵ�ц�ϭϳ 31 Ͳϰ�ц�ϭϰ 5 ± 12

  Yes 81 Ͳϲ�ц�ϭϱ Ͳϵ�ц�ϭϲ Ͳϭ�ц�ϭϲ 70 Ͳϯ�ц�ϭϱ 13 ± 14

<�KY/��<��ĐůĂƐƐ�'&Z
��^ƚĂŐĞ�/�;х�ϵϬͿ 36 Ͳϭϵ�ц�ϭϱ ͲϮϰ�ц�ϭϱ Ͳϭϯ�ц�ϭϴ 33 Ͳϵ�ц�ϭϲ 0 ± 12

��^ƚĂŐĞ�//�;ϲϬ�ʹ�ϵϬͿ 44 Ͳϱ�ц�ϭϰ Ͳϵ�ц�ϭϰ 0 ± 16 37 Ͳϭ�ц�ϭϱ 10 ± 10

��^ƚĂŐĞ�///Ă�;ϰϱ�ʹ�ϱϵͿ 19 Ͳϰ�ц�ϵ Ͳϲ�ц�ϴ Ͳϭ�ц�ϭϮ 15 ͲϮ�ц�ϭϭ 19 ± 7

��^ƚĂŐĞ�///ď�;ϯϬ�ʹ�ϰϰͿ 13 0 ± 8 0 ± 8 1 ± 7 8 0 ± 8 22 ± 6

��^ƚĂŐĞ�/s�;ф�ϯϬͿ 8 7 ± 7 6 ± 7 11 ± 7 8 6 ± 8 32 ± 8

a divided in tertiles. abbreviations: see table 3
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Summary 

Renal insufficiency is common in patients with heart failure (HF), with both acute 
kidney injury and worsening renal function being associated with poor prognosis. 
The interplay between cardiac and renal failure has been termed the cardiorenal 
syndrome and is currently the subject of intense investigation. Urinary biochem-
istry has several advantages over blood or serum analyses, including lower costs, 
better patient comfort, and higher sensitivity to renal injury. However, urinalysis is 
currently not part of routine daily practice in cardiology. Recent advances in pro-
teomics have allowed identification of numerous novel urinary biomarkers, many 
of which show promise in HF populations. In this review, we aim to provide an 
overview of both traditional and novel urinary biomarkers, examining evidence for 
diagnostic and prognostic value in HF as well as potential clinical utility. 

 
Abbreviations

AHF Acute Heart Failure

AKI Acute kidney injury

ARB Angiotensin Receptor Blocker

BNP Brain natriuretic peptide

CHF Chronic Heart Failure

CKD Chronic kidney disease

ET-1 Endothelin 1

FABP Fatty acid-binding protein

FENa Fractional excretion of sodium

FEU Fractional extraction of urea

GFR Glomerular filtration rate

HF Heart failure

IL-18 Interleukin 18

KIM-1 Kidney injury molecule 1

NAG N-acetyl-beta-D-glucosaminidase

NGAL Neutrophil Gelatinase Associated Lipocalin

NTproBNP N-terminal pro-brain natriuretic peptide

NYHA New York Heart Association

UACR Urinary albumin-to-creatinine ratio

WRF Worsening renal function
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Introduction

Renal insufficiency is common in patients with heart failure (HF), with both worsen-
ing renal function (WRF) and acute kidney injury (AKI) being associated with poor 
prognosis.1-6 This mutual association has been called the cardiorenal syndrome. 
Five subtypes are identified,7 although the mechanisms underlying these interac-
tions are complex and not yet fully elucidated; systemic and intrarenal hemody-
namic changes, neurohormonal changes, inflammatory processes, disruption of 
tubular and glomerular feedback mechanisms, and the congestive state all con-
tribute to the functional decline of both organ systems. The proposed syndrome, 
with specific subtypes of cardiorenal and renocardiac interaction, does not take 
into account dynamic interplay between the heart and the kidney, where acute and 
chronic changes in both renal and cardiac function usually coexist. Differentiating 
between specific subtypes in daily practice is, therefore, unfeasible and currently 
has little clinical value. In cardiologic daily practice, evaluation of renal function 
is generally limited to assessing urine production to evaluate diuretic response 
and monitoring glomerular filtration rate (GFR) using serum creatinine–based equa-
tions. At the present time, urinalysis does not hold a prominent place in clinical 
practice. Recent technological advances in proteomics have allowed a wide-scope 
analysis of protein patterns in bodily fluids, allowing the identification of numer-
ous promising protein markers in various conditions. Urine is an ideal biological 
fluid for proteomic analysis; it is easily collected in large amounts in a noninvasive 
manner.8 In addition to “traditional” proteinuria, focusing primarily on albumin ex-
cretion, a number of candidate biomarker proteins have been identified using pro-
teomics methods. Research to determine prognostic and diagnostic value as well 
as clinical utility in various disease states is ongoing. In this review, we will provide 
an overview of both traditional and novel urinary biomarkers in patients with HF. 
Underlying postulated mechanisms, diagnostic and prognostic value and clinical 
utility will be examined.

Urinary markers may be categorized in a number of ways; from a basic physiologic 
perspective, all substances that are filtered through the glomerular membrane and 
appear in urine may be used as markers. Because of this dependency on filtration, 
they may reflect GFR to some degree. However, active secretion, reabsorption, and 
tubular degradation all impact urine concentrations of different markers. An under-
standing of filtration and reabsorption characteristics as well as marker origins is 
therefore important. Markers may also be classified based on biological function—
neurohormonal modulators and inflammatory markers—or by the structural injury 
they represent, such as glomerular membrane injury or tubulointerstitial damage. 
In this review, we first examine traditional markers familiar to clinicians and subse-
quently review promising novel urinary biomarkers.
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Traditional markers

Creatinine

Creatinine is a breakdown product of creatine phosphate, which appears in the 
blood at a constant rate based on skeletal muscle turnover. Creatinine is freely 
filtered through the glomerulus and enters the urine at a steady rate, dependent 
on glomerular filtration. In clinical practice, serum creatinine is used as an accurate 
marker for GFR as an absolute parameter or as part of serum creatinine–based 
estimations of GFR. Because of active tubular secretion, serum creatinine usually 
overestimates GFR, especially when GFR is impaired.9 

In urine, creatinine can be used in 2 ways. First, urinary creatinine can be used 
to adjust urinary protein concentrations for urine dilution/concentration, allowing 
a degree of standardization. Second, the balance between the delivery of serum 
creatinine to the glomerulus and the amount of creatinine in the urine has been 
used as an easy measure of renal function for decades. This creatinine clearance (a 
reflection of glomerular filtration) is most commonly used in the nephrologic com-
munity, but it can also be used in the acute setting, where serum creatinine alone 
is notoriously biased and inaccurate in estimating renal function. 24-hour urine 
collection should be performed for adequate and accurate determination of creati-
nine clearance, a test with well-known reliability issues, particularly due to voiding 
errors. Two consecutive 24-hour collections may be used to overcome this bias.10 
Where accurate creatinine clearance values can be obtained, they show moderate 
correlation with the gold standard for renal function measurement (iothalamate 
clearance) in chronic HF (CHF).11 Serum creatinine–based formulas also outperform 
urine creatinine clearance as prognostic markers.11 Therefore, only in selected clin-
ical situations where adequate urine sampling can be achieved and serum creati-
nine–based formulas are deemed inaccurate can and should creatinine clearance be 
used to assess renal function.

Proteinuria

Proteinuria—the presence of (serum) proteins in urine—is a well-established 
risk factor for cardiovascular morbidity and mortality.12-15 Usually, proteinuria is 
thought synonymous with albuminuria, the amount of albumin in urine. Endothelial 
dysfunction, neurohormonal activation, increased glomerular pressure, and athero-
sclerosis, leading to increased glomerular permeability, are considered key etiolog-
ic mechanisms.16 Excess serum protein levels and tubular reabsorption dysfunction 
may contribute but are less common. There are also indications that albuminuria 
in HF may be related to reduced renal perfusion and increased venous congestion, 
2 important pathophysiologic mechanisms that also drive reduced GFR in HF.17-21

Routine testing for albuminuria involves determination of the albumin-to-creati-
nine ratio in spot urine or 24-hour urine as a surrogate marker for daily albumin 
excretion. The full spectrum of albuminuria, ranging from elevated urinary albu-
min-to-creatinine ratio (UACR) to overt microalbuminuria (30-299 mg/g creatinine) 
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er in numerous populations, including patients with CHF.12,13,22-24 Microalbumin-
uria (30%) and macroalbuminuria (10%) were both strongly prevalent in GISSI-HF 
(Gruppo Italiano per lo Studio della Sopravvivenza nell’Insufficienza Cardiaca–Heart 
Failure) and CHARM (Candesartan in Heart Failure: Assessment of Reduction in 
Mortality and morbidity) studies (Fig 1).12,13 In both diabetic patients and the gen-
eral population, increased UACR has been associated with higher levels of incident 
HF.25-27 Data from the Aliskiren Observation of Heart Failure Treatment (ALOFT) 
study showed independent associations between increased UACR and hemoglo-
bin A1c and Nterminal pro–brain natriuretic peptide (NTproBNP) levels in patients 
with both diabetic and non-diabetic HF.28 Other studies have found associations 
between inflammatory markers and elevated UACR, indicating glomerular damage 
alone may not be the only mechanism responsible for albumin leakage.29 In general 
population studies, overt albuminuria is strongly associated with traditional cardio-
vascular risk factors including hypertension and diabetes and, as such, may merely 
reflect damage caused by these comorbid conditions.30 However, it is also an inde-
pendent predictor of incident CHF in diabetic patients31 and the community32-34; the 
question remains whether albuminuria should be seen as an early or late sign of 
renal injury, and whether mechanisms besides glomerular leakage are also in play.

Qualitative dipstick testing is a less accurate measure of proteinuria, but posi-
tive tests also correlate strongly with negative outcome,35,36 making it a potentially 
useful population screening tool due to ease of use and cost. Although albumin-
uria is an established therapy target in patients with chronic kidney disease (CKD), 
evidence for efficacy is lacking. Reduction of urinary albumin excretion using an 
angiotensin receptor blocker or statin therapy has shown survival benefit in hyper-
tensive37 and diabetic38,39 populations. In HF cohorts, both CHARM and GISSI-HF 
studies failed to show significant reduction in albuminuria with angiotensin recep-
tor blocker and statin therapy, respectively, although both found a strong correla-
tion between albuminuria and negative outcome.12,13

The advantages of proteinuria as a marker—including low cost—are evident, de-
spite the lack of specificity due to a broad spectrum of potential and incompletely 
understood underlying mechanisms. This, along with the fact that correlations be-
tween albuminuria and mortality in HF populations were only recently described 
for the first time,14 may explain why proteinuria/albuminuria currently does not 
hold a prominent place in HF guidelines. It may serve as a prognostic marker in 
patients with HF and as a predictor of HF in patients with preserved cardiac func-
tion independently of GFR, but the clinical applicability for monitoring or guidance 
of treatment in HF is still limited. A possible reason for the lack of clinical use of 
albuminuria may be the lack of evidence that lowering proteinuria in patients with 
HF improves prognosis. 
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Fractional excretion of sodium and urea

Sodium is the most important electrolyte in extracellular volume homeostasis. Un-
der normal circumstances, sodium is freely filtered in the glomerulus. In the loop 
of Henle, active and passive water and sodium transport result in either dilution 
or concentration of preurine, depending on volume status. Further reabsorption of 
sodium may follow in the final part of the nephron, regulated by various neurohor-

Figure 1 Albuminuria and outcome in CHARM study population

Reprinted with permission from Elsevier12
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monal mechanisms. However, in HF, extracellular volume is increased and effective 
circulating volume is decreased, resulting in a strong increase in sodium reabsorp-
tion. This imbalance means that despite a congestive state, increasing amounts of 
sodium are reabsorbed, resulting in even greater water retention, leading to further 
congestion. Sodium retention and the counteraction of diuretic therapy are there-
fore a key aspect of the pathophysiology of congestion in HF. 

Urinary fractional excretion of sodium (FENa), expressed as a percentage of serum 
values, reflects sodium and water extraction from the glomerular filtrate. It may be 
used to differentiate between prerenal and renal causes of AKI and acute tubular 
necrosis, although it may be unreliable in a number of conditions including chronic 
low-flow status such as HF, renal artery stenosis, acute glomerulonephritis, acute 
interstitial nephritis, and a number of etiologies of tubular necrosis where sodium 
reabsorption is increased.40 Evidence-based therapy in HF, such as renin angio-
tensin system blockers, mineral corticoid inhibitors (spironolactone, eplerenone), 
and ˚-blockers, all impact sodium reabsorption at different places in the nephron. 
Most importantly, loop diuretics and thiazides strongly influence FENa because 
they inhibit tubular sodium reabsorption. Absolute sodium excretion is therefore 
increased in patients on diuretic therapy. This strongly limits the applicability of 
sodium excretion as clinical decision-making tool in HF, although low fractional 
sodium excretion in the presence of diuretic therapy could still be of some value for 
the differential diagnosis of the cause of renal failure in selected patients.

Unlike FENa, fractional excretion of urea is not affected by diuretic use.40 Urea is 
normally reabsorbed in the proximal convoluted tubules and the medullary collect-
ing ducts. Because urea handling is thought to be independent of diuretic therapy, 
fractional excretion of urea (FEU) may be an alternative to FENa in distinguishing 
between prerenal and intrinsic AKI. A prospective study in patients diagnosed with 
AKI found no significant correlation between FENa and FEU and prognosis, while 
demonstrating strong correlations with neutrophil gelatinase-associated lipocalin 
(NGAL), kidney injury molecule 1 (KIM-1), and interleukin 18 (IL-18),41 suggesting 
a relationship between FEU and tubular damage in these patients. A prospective 
study in patients admitted with acute HF (AHF), however, found a strong correlation 
between elevated FENa after a dose of diuretics and a complicated clinical course 
with a higher incidence of renal insufficiency.42 Further data in chronic and acute 
HF are limited, and additional investigations are warranted to determine the clinical 
utility of FENa and FEU in routine practice.

Novel markers

Tubular markers: NAG

N-acetyl-˚-D-glucosaminidase is a lysosomal enzyme found in cells of the proximal 
tubule and is involved in the degradation of mucopolysaccharides and glycopro-
teins. Elevated urinary concentrations are thought to be a marker for proximal 
tubular damage and have been studied extensively in a number of patient popu-
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lations, including patients with CKD, patients with diabetic nephropathy, and pa-
tients undergoing cardiopulmonary bypass.43-45 Nacetyl-˚-D-glucosaminidase is an 
early marker for AKI and WRF in a number of populations.46,47 As a general marker 
for tubular injury, NAG levels are not specific to HF, are high in a number of other 
conditions such as urinary tract infections,48 and are also elevated in CKD in the 
absence of HF. In HF, reduced renal blood flow shows a strong relationship with 
elevated urinary NAG, suggesting a link with reduced renal perfusion and renal 
hypoxia as a result of lower cardiac output.47

N-acetyl-˚-D-glucosaminidase levels in CHF are elevated compared with age- and 
sex-matched controls and correlate with worse clinical outcome independently of 
GFR.47,49 In the GISSI-HF trial, urinary NAG levels were strongly increased in patients 
with CHF.13 Independently of GFR and albuminuria, NAG levels were strongly relat-
ed to impaired outcome, including mortality and HF hospitalizations (Fig 2).50 In 
a much smaller proof-of-concept study, NAG levels varied with the initiation and 
withdrawal of diuretic therapy, suggesting that NAG may be used to monitor re-
sponse to diuretic treatment in CHF.51 In summary, NAG levels correlate with renal 
hypoperfusion, are related to poor clinical outcome, and are susceptible to diuret-
ic-induced alterations in volume status. Usefulness for monitoring acute changes in 
renal function and guiding therapy has yet to be determined.

Tubular markers: KIM-1

Kidney injury molecule 1 is a transmembrane protein that is undetectable in healthy 
kidney tissue or urine under normal circumstances. It is an immunoglobulin cell 
surface protein that is highly up-regulated after hypoxic tubular injury, which leads 
to expression of high levels of KIM-1 in proximal tubule epithelium, primarily in ar-
eas exhibiting signs of early fibrosis.52,53 Kidney injury molecule 1 is thought to be 
involved in postinjury apoptosis and phagocytic repair processes.54 Urinary levels 
have been found to accurately reflect KIM-1 renal tissue expression in animal stud-
ies, making KIM-1 a candidate for monitoring response to renal damage.55

In a pediatric cardiosurgical population, KIM-1 was found to be superior to NAG 
in predicting AKI. Both KIM-1 and NAG were detectable almost 24 hours before a 
rise in serum creatinine.56 Furthermore, in patients with hypertension, reduction in 
blood pressure was associated with a reduction of KIM-1 levels and proteinuria.57 
Elevated KIM-1 levels are also present in CKD52 and are associated with graft loss 
in patients with renal transplant.58 Elevated levels of KIM-1 have also been found in 
nondiabetic proteinuretic patients with CKD, with urinary levels decreasing in re-
sponse to treatment targeting proteinuria.57 In one animal study, KIM-1 correlated 
better with renal tubular histopathology than serum creatinine, blood urea nitro-
gen, or NAG levels.59 Thus, both KIM-1 and NAG may be involved in both chronic 
and acute tubulointerstitial damage and could potentially be used to identify at-risk 
patients.

Urinary KIM-1 levels are strongly elevated in HF.47,49,50 Possible mechanisms include 
ischemic damage due to reduced renal perfusion, hypertensive renal damage, or 
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direct tubular toxicity of elevated urinary albumin levels also commonly seen in 
patients with HF, as discussed earlier. In a small study of 100 patients with CHF 
and moderate renal impairment, urinary KIM-1 levels were elevated compared with 
age- and sex-matched controls.47 Importantly, KIM-1 levels were strong predictors 
for outcome independently of GFR. Jungbauer et al49 also found strong correla-
tions between KIM-1 levels, reduced left ventricular function, and New York Heart 
Association (NYHA) class in patients with CHF, and found KIM-1 and NAG to be 
predictors for both allcause mortality and the combined endpoint of mortality and 
HF hospitalization. Urinary KIM-1 levels were also susceptible to diuretic-induced 
volume changes, similar to the effect seen with NAG.51 Finally, in the GISSI-HF study 
population, KIM-1 showed only a moderate relationship with outcome and did not 
independently relate to outcome.50 The clinical applicability of KIM-1 in HF has yet 
to be determined.

Tubular markers: neutrophil gelatinase–associated lipocalin

Neutrophil gelatinase–associated lipocalin (NGAL) is a small protein normally found 
in serum and secreted by a number of organs.60 It is thought to possess bacterio-
static properties, thanks to its iron-scavenging properties.61 Serum NGAL levels 
are elevated in sepsis, inflammation, and malignant disease.60 Importantly, urinary 
levels of NGAL seem to be unaffected by a rise in serum levels; normally, plasma 
NGAL is freely filtered by the glomerulus, but completely reabsorbed by the tu-
bules. In AKI, however, NGAL is produced and secreted from within the kidney.60,61 
Most NGAL production is located in the distal nephron (loop of Henle and collecting 
ducts), although elevated levels have also been seen in proximal tubular injury.60-62 
The rise in urinary NGAL levels after AKI is rapid and extreme, with up to 1000-fold 
increases compared with baseline values.60-62 Importantly, serum NGAL levels are 
affected by strongly elevated urinary/renal concentrations, resulting in a parallel 
increase in serum concentrations. The massive potential of NGAL foridentifying pa-
tients at risk for the development of AKI has been investigated in numerous studies 
and a variety of populations. Mishra and colleagues62 found that both urinary and 
serum NGAL levels were strongly elevated in children who underwent cardiopulmo-
nary bypass grafting and developed AKI, 2 days before any rise in serum creatinine. 
Parikh et al63 found associations between urinary NGAL levels and poor outcome in 
pediatric post–cardiac surgery populations, and between both urinary and plasma 
NGAL and poor outcome in adult post–cardiac surgery populations. In a recent me-
ta-analysis,65 urinary NGAL levels were strongly associated with the occurrence of 
AKI, an effect that was more pronounced in patients with reduced baseline kidney 
function.

In CHF, urinary NGAL levels were found to be significantly elevated compared with 
matched controls, although unlike NAG and KIM-1, there was no correlation with 
mortality, left ventricular function, or severity of HF.47,49 In addition, neither urinary 
nor serum NGAL levels were susceptible to diuretic-induced volume changes in a 
small study of patients with CHF.51 In the GISSI-HF study, urinary NGAL levels were 
elevated compared with normal values and had independent prognostic value in 
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addition to estimated GFR, urinary albumin excretion, and established risk fac-
tors.50 Interestingly, NGAL levels predicted mortality but not HF hospitalizations. 
This suggests that NGAL is a strong marker of disease severity and outcome in CHF 
but is not a suitable predictor of worsening HF requiring hospitalization and inter-
vention. To date, no study has assessed the ability of urinary NGAL levels to predict 
WRF or AKI. Studies of plasma NGAL have found associations between increased 
NGAL levels, WRF, and early mortality,66 although the largest analysis from the 
Controlled Rosuvastatin Multinational Trial in Heart Failure (CORONA) study sug-
gested no additive prognostic value in patients with ischemic HF.67 Several studies 
are currently underway to assess the prognostic and predictive value of urinary and 
plasma NGAL levels in clinical practice in AHF and CHF.

Interleukin 18

Interleukin 18 is a proinflammatory cytokine found in macrophages as well as other 
cell lines and involved in the activation of cell-mediated immunity in response to in-
fection.68 It plays a role in numerous inflammatory disorders.69-74 It is also released 
by epithelial cells in the proximal tubule in response to AKI. Interleukin 18 levels 
rise before serum creatinine, albeit later than NGAL. Like other cytokines, IL-18 is 
also elevated in a variety of other inflammatory conditions and, as such, has low 
specificity. 

In pediatric populations undergoing cardiac surgery, a rise in urinary IL-18 levels 
was a good predictor of AKI.63 Several studies have identified IL-18 as an early 
marker of post–cardiac surgery AKI in adults.75-77 In a large, prospective study in 
post–cardiac surgery adults, in addition to predicting AKI, IL-18 levels correlated 
with risk of death, renal replacement therapy, and prolonged intensive care unit 
(ICU) and hospital admission.64 In another study in adult post–cardiac surgery pa-
tients, urinary IL-18 levels at the time of first diagnosis of early AKI were found to 
strongly predict AKI severity.78 Other studies in patients admitted with AKI found 
a strong correlation between IL-18 levels and worse clinical outcome.41 In a popu-
lation of patients undergoing elective coronary angiography, higher urinary IL-18 
levels were not only associated with the occurrence of contrastinduced nephropa-
thy, but also predictors of cardiac events during follow-up.79 

In HF, IL-18 concentrations were found to be elevated in myocardial tissue and 
plasma, which could suggest a possible direct pathophysiologic role in HF. Plasma 
levels also predict outcome in ischemic heart disease and, consequently, incident 
HF.80 Studies investigating the role of urinary IL-18 in CHF or AHF are currently 
lacking, and further research to elucidate various pathophysiologic roles and utility 
in management of cardiorenal syndrome is required.

Fatty acid–binding proteins

Fatty acid–binding proteins (FABPs) are a class of proteins that bind selectively with 
free fatty acids and are found in a variety of organs including the heart (FABP-1) and 
liver (FABP-3).81 Several of these proteins are thought to play a role in energy metab-
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Figure 2 Relationship of urinary markers of tubular damage, albuminuria, chronic kidney 
disease with outcome in the GISSI-HF study

Reprinted with permission from Oxford University Press50  
Abbreviations: CKD: Chronic Kidney Disease, KIM-1: Kidney Injury Molecule 1, NAG: N-acetyl-beta-D-glu-
cosaminidase, NGAL: Neutrophil Gelatinase Associated Lipocalin

olism in renal tubules: FABP-1 (liver FABP) in the proximal and FABP-3 (heart FABP) 
in the distal tubules.82 Both have been associated with impaired renal function.83

In (chronic) HF, renal perfusion is strongly reduced, which is an important patho-
physiologic mechanism for the occurrence of hypoxic tubular injury. Elevated levels 
of FABPs are shed into urine in response to ischemic tubular injury and are sensitive 
and specific early markers for AKI. There are indications that FABP-1 may outper-
form both NGAL and KIM-1 as an early predictor for AKI.84

Urinary FABP-1 levels decrease in response to additive renin angiotensin system 
inhibition in patients with CKD, an effect associated with a reduction in protein-
uria.85 The combination of urinary NAG and FABP-1 outperforms either single mea-
surement for predicting AKI after cardiac surgery,86 although at least one study 
suggests a single measurement of FABP-1 could also be of clinical use.87 Further-
more, elevated urinary FABP-1 levels are associated with impaired peritubular capil-
lary blood flow, which further underlines an association between increased urinary 
FABP concentrations and decreased renal perfusion, as present in HF.82 Data on 
urinary levels of FABPs in HF are currently scarce. Serum FABP-3 levels have been 
correlated with worse outcome in CHF.88 However, no study has shown correlations 
between urinary FABP-1 or FABP-3 levels and outcome in HF populations, nor has 
its value in predicting AKI/WRF been assessed.
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Cystatin C

Cystatin C is a proteinase inhibitor produced by all nucleated cells, and serum 
concentration has swiftly established itself as a solid marker for GFR.89 Data on 
reliability of serum concentrations are mixed, with some studies indicating inflam-
matory status may affect concentrations, but others finding no bias.90-92 Cystatin C 
has been shown to outperform creatinine-based estimates of GFR and better pre-
dict outcome in a variety of populations including diabetic patients, patients with 
coronary artery disease, and the elderly.24,90,93 Data on the value of cystatin C serum 
levels in HF populations are scarce but promising, with 2 studies in CHF and 1 in 
AHF showing correlations with outcome.93-96

Under normal circumstances, cystatin C is freely filtered by the glomerulus and 
fully metabolized in the proximal tubules.97 Elevated urinary levels are therefore 
reliable markers of tubular dysfunction and, thus, may be of value for patients with 
HF with or at risk for cardiorenal syndrome. Studies in patients with cardiopulmo-
nary bypass found serum98-101 and urinary102 cystatin C levels to be good predictors 
of AKI. In an unselected ICU population, urinary cystatin C levels correlated with 
AKI, sepsis, and increased mortality at 30 days.103 Although studies assessing the 
value of urinary cystatin C levels in HF populations are currently lacking, low assay 
costs and solid pathophysiologic foundations could stimulate future research into 
clinical applicability.

Urinary natriuretic peptides

Plasma levels of brain natriuretic peptide and NTproBNP hold a prominent position 
in the serologic diagnosis of HF and may aid in assessing prognosis in patients 
with AHF and CHF.104-107 Both peptides are highly sensitive markers for ventricular 
dysfunction and/or hypertrophy. These small natriuretic peptides, released by the 
myocardium in response to ventricular wall stress, hypertrophy, or volume over-
load, are part of the complex neurohormonal processes activated in HF, counter-
acting various vasoconstrictors and antinatriuretic peptides.104-107

In 2004, Ng et al108 were the first to show a correlation between elevated urinary na-
triuretic peptide levels and HF. Urinary NTproBNP levels showed similar diagnostic 
accuracy compared with plasma NTproBNP in a small study of patients with AHF.108 
Other studies have shown similar109,110 or contradictory results.111 In subsequent 
studies, urinary NTproBNP correlated reasonably well with plasma levels, severity 
of CHF, and predicted cardiac events in patients with stable CHF.112-114 Because of 
itsparticularly small size, NTproBNP is thought to be completely filtered by the 
glomerulus. This means that with more severe HF, exponentially large amounts 
are filtered through the glomerular membrane because of very high plasma levels 
in very severe HF. Although this is partly counteracted by a reduction in GFR and, 
thus, reduction in glomerular filtration of the molecule, the strong relative increase 
in NTproBNP should result in large amounts of the protein appearing in urine. How-
ever, Linssen and colleagues114 found lower amounts of NTproBNP in 24-hour urine 
of patients with HF compared with age-and sex-matched controls. Although this 
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finding is incompletely understood, it may indicate either degradation of NTproBNP 
in the tubules or active reabsorption into the circulation, which would, in part, ex-
plain elevated serum concentrations in HF. More recent studies demonstrated sim-
ilar excretion of BNP and NTproBNP independently of GFR.113,115 To date, only small 
observational studies have investigated the diagnostic and prognostic capabilities 
of urinary NTproBNP in HF. Larger, prospective studies are needed to establish the 
clinical utility of urinary NTproBNP in patients with (suspected) HF.

Endothelin 1

Endothelin 1 (ET-1) is an endothelial peptide that plays a key role in vascular ho-
meostasis, with strong vasopressive and vasoconstrictive properties. Elevated plas-
ma levels have been found in patients with HF116 and correlate with mortality and 
hemodynamic status. In addition, treatment with endothelin pathway inhibitors has 
been shown to improve survival in animal models for HF,117 although results from 
human trials have thus far been disappointing. Renal formation of ET-1 results in 
elevated urinary levels and appears to be unaffected by circulating ET-1 concentra-
tions.118-120 In patients with renovascular hypertension, elevated urinary, not plasma 
concentrations of ET-1, were found and decreased after renal artery angioplasty.121

In a prospective cohort study, ET-1 was found to correlate with NYHA class in pa-
tients with HF, with increased ET-1 values already present in patients with NYHA II 
HF.122 Endothelin 1 was also a strong predictor for increased FENa in patients not 
receiving diuretics.122 This indicates that urinary ET-1 rises earlier than plasma lev-
els in patients with HF and may be a target for therapy, although further research 
is needed to confirm and expand on these findings.

Conclusions

Urinalysis is an easy, noninvasive, and therefore patient-friendly way to identify 
and characterize patients at risk for WRF, AKI, and impaired clinical outcome. Tra-
ditional markers including proteinuria and albuminuria are particularly interesting 
tools for risk stratification in chronic populations, and as screening tools for iden-
tifying individuals at risk for developing HF. Novel markers such as KIM-1, NGAL, 
NAG, cystatin C, and IL-18 are of particular interest in AHF populations and may 
contribute to the early identification of patients at risk for AKI and poor prognosis 
(Table 1). Currently, there is an evidence gap to support the implementation of any 
novel urinary biomarker in daily clinical cardiologic practice. Further observational 
and subsequent interventional studies in various cardiologic populations are re-
quired—and are currently underway—to determine the diagnostic and prognostic 
utility of a multitude of urinary markers. Given the rapid response many of these 
markers exhibit, some are interesting candidates for monitoring intervention ef-
fect, whereas others may be treatment targets themselves, both areas that merit 
further research. 
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Summary

Vasodilator therapy is common in acute heart failure (AHF) patients, although evi-
dence for morbidity and mortality benefits is limited for many of these drugs. AHF 
is frequently accompanied by renal dysfunction, which is a strong, independent 
predictor for poor prognosis. Several hemodynamic and neurohormonal effects of 
vasodilators – including preload and afterload reduction, activation or inhibition of 
neurohormonal and inflammatory cascades – have the potential to modulate car-
diorenal interaction and impact renal function. However, the effect of vasodilators 
on renal function in acute heart failure is often poorly described. In this review, we 
provide an overview of the known cardiorenal effects of traditional and novel vaso-
dilators in patients with acute heart failure.
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Introduction

Acute heart failure (AHF) is a heterogeneous collection of syndromes with variable 
aetiologies and clinical profiles. Despite this, initial management is relatively uni-
form – albeit with regional variation – and focused on hemodynamic stabilization 
and symptom control. Diuretics for decongestion, supportive therapy with oxygen, 
and treatment with opiates, vasodilators and inotropics in selected patients are the 
foundation of AHF management - a paradigm that has not changed significantly in 
decades. The evidence for survival benefits of many vasodilators in acute heart fail-
ure is limited. According to the 2012 European Society of Cardiology heart failure 
guidelines, vasodilators ‘may’ or ‘should’ be considered in AHF patients presenting 
with normal or elevated blood pressure in the absence of valvular disease (class IIa 
and IIb recommendations, level of evidence B or C).1

Chronic kidney disease is common in AHF, with reported rates of up to 30% in 
registry studies2 and 37% in randomised trials.3 Renal function is a strong, indepen-
dent predictor for outcome in AHF, including increased risk of death and higher 
rehospitalization rates.4 In addition to renal impairment caused by AHF directly, 
therapies such as diuretics and vasodilators may affect renal function. The effects 
of vasodilators on renal function are important, but unfortunately often remain 
unexamined. This review will focus on what is known about the renal effects of 
vasodilator treatment in AHF.

Defining renal function

Creatinine has a long history as a marker for renal function. Serum creatinine and 
glomerular filtration rate (GFR) estimated using creatinine-based formulas – Cock-
roft-Gault, Modification of Diet in Renal Disease (MDRD) and more recently, Chronic 
Kidney Disease Epidemiology Collaboration (CKD-EPI) formulas – are the measures 
most commonly used in both research and clinical settings to monitor renal func-
tion, and are strongly correlated with each other and with clinical outcome.5,6 In 
recent years, interest in and evidence for the prognostic value of other markers 
for renal function has grown– including cystatin C, Blood Urea Nitrogen (BUN) and 
a host of novel serum and urinary markers.7-10 Although a number of these novel 
markers outperform creatinine-based equations for risk stratification and provide 
insight into aspects of renal function other than GFR – particularly tubular function 
– the majority of the literature is based on creatinine-derived measures for renal 

function.7,11,12

Cardiorenal interaction and vasodilators

Cardiorenal interaction in acute heart failure – collectively referred to as type 1 
cardiorenal syndrome – is common, occurring in over 30% of hospitalized pa-
tients.13,14 Although poor renal function is consistently associated with poor prog-
nosis, the data on worsening renal function during hospitalization for AHF is 
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mixed.4,15-17 There are indications that transient worsening of renal function may 
even be beneficial.16 Such transient changes may reflect good treatment response 
rather than lasting injury.

The mechanisms responsible for the high prevalence of renal dysfunction in heart 
failure populations are complex.18 Chronic comorbid conditions endemic in heart 
failure populations, such as hypertension, diabetes mellitus and atherosclerosis, 
result in chronic kidney disease. The direct hemodynamic consequences of AHF 
play key roles in acute injury, and can ultimately lead to lasting renal damage: 
forward failure and backward failure. A reduction in cardiac output (forward fail-
ure) triggers renal vasoconstriction and a drop in renal blood flow. Compensatory 
angiotensin II release and efferent arteriolar vasoconstriction increase the filtra-
tion fraction (GFR to renal blood flow ratio), preserving GFR for a relatively long 
time.19,20 In patients on renin-angiotensin-aldosterone system (RAAS) blockers – 
guideline therapy for heart failure - the kidney’s ability to increase the filtration 
fraction is blunted, making the kidney critically dependent on renal blood flow to 
maintain GFR.21 The rise in venous pressures in AHF (backward failure) reduces 
venous compliance, while congestion and rising intra-abdominal pressures con-
tribute to a further drop in renal blood flow.20,22 

Beyond the response to hemodynamic changes, the complex network of patho-
physiological processes present in heart failure – including myocardial injury, 
inflammation, response to fluid retention, arrhythmias, RAAS and sympathetic 
nervous system activation – can exacerbate renal impairment (Figure 1).13 Region-
al vasoconstriction can limit renal blood flow independently of blood pressure, 
leading to impaired renal function even if cardiac output is preserved.21 Various 
other neurohormonal processes, including endothelial activation and adenosine 
release can cause tubular injury and nephron loss. Persistent low flow states, neu-
rohormonal activation and inflammation can ultimately lead to nephrosclerosis 
and fibrosis, with permanent renal injury and dysfunction as a result.23 Diuretic 
treatment also leads to decreased renal blood flow and glomerular filtration via 
tubuloglomerular feedback. This mechanism is regulated by adenosine-mediated 
vasoconstriction and results in compensatory tubular sodium retention.24 

Renal effects of vasodilators in AHF

Given the key role vascular tone plays in preserving renal function, vasodilating 
therapies that improve or protect renal perfusion may be of value in AHF. Vasodila-
tors are a double-edged sword where renal function is concerned – while counter-
acting regional vasoconstriction may improve renal perfusion, the potential drop 
in blood pressure may have negative effects. The balance between these effects 
will depend on the individual patient’s hemodynamic profile, congestive state and 
the specific pharmacological properties of individual vasodilators. Careful selec-
tion and (hemodynamic) monitoring of patients is required in order to achieve the 
positive effects - preload and afterload reduction - without the negative - decreased 
perfusion due to a drop in blood pressure, shock and rebound neurohormonal 
activation.
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Renal effects of specific vasodilators

Nitrates

Nitrates – nitroprusside and nitroglycerine – have a long history in the management 
of AHF. Nitroglycerine is a potent venodilator with mild arterial vasodilating effects. 
Its primary effects are achieved by decreasing venous preload, alleviating filling 
pressures, wall stress and thus myocardial oxygen consumption, as well as reduc-
ing systemic vascular resistance. Cardiac output generally remains stable or rises.25 
Small studies have shown some effects on symptom relief and short-term outcome, 
but solid evidence for survival benefit is lacking.26,27 Effects on renal function have 
not been studied.

Nitroprusside is a balanced venous and arterial vasodilator that acts on smooth 
muscle cells, reducing preload and afterload. One small, observational study found 
an association between nitroprusside therapy and improved renal and hemody-
namic outcomes, despite worse hemodynamic profiles at baseline.28 Both nitro-
glycerine and nitroprusside therapy have been associated with rebound neurohor-
monal activation, which may negate some of the potentially beneficial effects of  
vasodilation on renal blood flow. 

Figure 1 Mechanisms of renal dysfunction in heart failure.
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Milrinone

Milrinone is a selective phosphodiesterase-3 inhibitor which improves cardiac con-
tractility by preventing degradation of cyclic AMP in cardiomyocytes. Though often 
used for its positive inotropic effects, it also has peripheral vasodilating properties 
that contribute to afterload reduction. Although short-term hemodynamic improve-
ment has been described for milrinone, long-term oral use has been associated 
with increased mortality.29,30 Common side-effects include – as with all vasodilators 
– hypotension. It should be used with caution in patients with pre-existing renal 
dysfunction, as it is cleared primarily via the glomerulus.31

Results from the Outcomes of a Prospective Trial of Intravenous Milrinone for Exac-
erbations of Chronic Heart Failure (OPTIME-CHF) trial showed slight improvement in 
renal function with Milrinone treatment, without any mortality impact.32 However, 
renal function was not a predefined outcome parameter. Based on its mechanism 
of action, Milrinone has to potential to help preserve renal function as long as  

adequate renal blood flow is maintained.

Endothelin antagonists

Endothelin-1 (ET-1) is a powerful vasoconstrictor with a variety of pro-inflammato-
ry, mitogenic and pro-fibrotic properties, and is a potential treatment target in AHF. 
Elevated levels have been observed in AHF patients, and are associated with in-
creased morbidity and mortality, which led to the development and study of various 
endothelin antagonists, including Tezosentan, Darusentan, Sitaxsentan and Bosen-
tan.33,34 Tezosentan has been studied most extensively in AHF. Treatment results 
in lower pulmonary wedge pressure and higher cardiac index. Despite a safe clin-
ical profile in high-risk AHF patients, multiple large-scale studies with Tezosentan 
failed to show clinical benefit, with some terminated early due to lack of effect.3,35-37

ET-1 plays a key role in the kidney, modulating renal blood flow, GFR, sodium ex-
change and acid-base balance. Receptors are present throughout various kidney 
compartments. In addition to regulating blood pressure via vasoconstriction, ET-1 
both directly and indirectly regulates sodium and water retention, with elevated 
levels triggering natriuresis and diuresis in the healthy kidney.34 In kidney disease, 
ET-1 has been associated with increased inflammatory and fibrotic response, play-
ing a key role in proteinuria-mediated injury and in nephron loss.38 Blockade of ET-1 
receptors in the kidney may counteract vasoconstriction and inhibit inflammation 
and remodeling cascades. In heart failure, renal ET-1 levels rise before plasma lev-
els correlate with worse New York Heart Association (NYHA) functional class and 
outcome.34 Although there is evidence from animal models that ET-1 blockade can 
prevent renal injury and the theoretical pathophysiological framework for use of 
ET-1 antagonists to preserve renal function appears sound, evidence from human 
trials in AHF is extremely limited and inconclusive.



Renal effects of vasodilators in acute heart failure

91

Guanylate Cyclase System Activators - Natriuretic peptides

Recombinant natriuretic peptides have been investigated for the treatment of 
acute heart failure, with early studies showing favourable hemodynamic effects.39-42 
These substances, released in response to myocardial stretch (B-type), atrial stretch 
(A-type) and by the vascular endothelium (C-type), activiate the particulate gua-
nylate cyclase system and initiate a cascade resulting in increased diuresis, vasodi-
lation and lower blood pressure.43

Nesiritide is a recombinant form of B-type Natriuretic Peptide with vasodilator and 
natriuretic properties, authorized for AHF treatment in the USA but not Europe. Al-
though there is evidence for effective symptom relief, some studies also indicated 
higher re-admission and mortality rates as well as more renal damage.39,40,44-46 The 
prospective Acute Study of Clinical Effectiveness of Nesiritide in Decompensated 
Heart Failure (ASCEND-HF) trial, however, found no survival benefit for nesiritide 
treatment in a population of over 7000 patients with severe acute heart failure, nor 
was a higher incidence of worsening renal function observed.47 Although nesiritide 
treatment appears to be safe, benefits in terms of outcome and renal function are 
not apparent.

Other novel investigational natriuretic peptides include ularitide and CD-NP. Ulariti-
de is a recombinant form of A-type natriuretic peptide that acts on the renal tubule 
and plays a role in sodium and water excretion, with early hemodynamic studies 
reporting improved symptoms, hemodynamics and diuresis.41,48 One small study in 
AHF patients found ularitide preserves short-term renal function, possibly by main-
taining cardiac output and preserving the pressure gradient between mean arterial 
and renal arterial pressures.49 Data on long-term renal outcomes are not available. 

CD-NP is a fusion product of C-type and D-type natriuretic peptides, with natri-
uretic promoting, GFR-enhancing, renin-inhibiting and decongestive effects, with 
a lower risk of hypotension and greater preservation of GFR compared with B-type 
peptides.42,50,51 Current data is limited to animal studies, with human trials still 
underway.52

Natriuretic peptides are released by various tissues in response to volume over-
load, and their natriuretic and vasodilator effects may improve renal perfusion and 
increase water and salt excretion. The current evidence in AHF does not suggest 
any specific benefit, though data on ularitide and CD-NP appear promising.

Guanylate Cyclase System Activators - BAY 58-2667 / Cinaciguat

Natriuretic peptides exert their effect by activating particulate guanylate cyclase in 
various tissues. An analogous enzyme, soluble guanylate cyclase (sGC), is present 
in the vascular endothelium and activated by nitric oxide (NO). The endothelial 
dysfunction common in heart failure can result in impaired NO formation and re-
sponsiveness,53 which led to the development of novel methods for sGC system 
activation. 
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BAY 58-2667, or Cinaciguat, is a potent, NO-independent sGC activator.54 Adminis-
tration to HF patients in a dose-finding study and a phase IIb study showed signif-
icant reduction of filling pressures, blood pressure and both systemic and pulmo-
nary vascular resistance, accompanied by elevated heart rate, cardiac output and 
improvement in dyspnea.55,56 

Infusion increases norepinephrin and plasma renin activity, and symptomatic hy-
potension is common.56 Results from a series of phase IIb studies in AHF patients 
showed similar results, but the studies were terminated early due to excess hypo-
tension in the cinaciguat arms.57 The early termination of these studies makes it 
unlikely this drug has a future in the treatment of AHF, and though its renal effects 
are unknown, the potential for harm due to hypoperfusion and RAAS activation 
would seem to outweigh the theoretical unloading benefits for the kidney.

Vasopressin antagonists

Arginine vasopressin is a hormone released by the pituitary gland with antidiuretic 
and vasoconstrictor effects. Low blood pressure present in HF trigger release, and 
stimulation of V1 and V2 receptors causes, among other effects, vasoconstriction 
and changes in the renal collecting tubules, leading to reduced diuresis and hy-
ponatermia. Antagonism of vasopressin receptors in AHF aims to increase water 
clearance while retaining sodium and preventing RAAS activation.58

Tolvaptan is a selective oral V2 receptor antagonist that showed promise in phase II 
trials in HF patients, improving hyponatremia, increasing weight loss and reducing 
oedema without significant adverse effects.59-61 The Efficacy of Vasopressin Antag-
onism in Heart Failure Outcome Study with Tolvaptan (EVEREST) trial confirmed 
some of these positive results, showing improved dyspnea relief without negative 
effects on long-term mortality or HF morbidity.[62, 63] Available data does not 
show any negative effects on renal function.

Conivaptan is an intravenous non-selective vasopressin antagonist. Despite non-se-
lective vasodilating properties, early results suggest its safety and efficacy is simi-
lar to that of tolvaptan.64,65 There are indications that conivaptan may have a more 
beneficial cardiorenal profile, with data from animal studies showing a reduction 
in afterload, compared with an increase for tolvaptan.66 One small-scale study in 
chronic heart failure patients found a significant improvement in diuresis and natri-
uresis following conivaptan administration, without negative effects on glomerular 
filtration rate, renal blood flow or neurohormonal activation.67 Overall, there is no 
suggestion that vasopressin antagonists negatively affect renal function, and there 

are indications of positive effects.

Adenosine A-1 receptor antagonists

Elevated adenosine levels, commonly present in patients with AHF, can cause af-
ferent arterial vasoconstriction result in decreased renal blood flow and, ultimate-
ly, renal damage. Adenosine A-1 receptor antagonists prevent reduction of renal 
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blood flow and GFR, caused by adenosine release triggered by tubuloglomerular 
response to sodium overload in the distal tubule.24 

Rolofylline, an intravenous selective A-1 receptor antagonist, has been studied in 
heart failure patients. Early results showed that administration of rolofylline sig-
nificantly increases renal blood flow and glomerular filtration.68,69 However, the 
prospective PROTECT Placebo-Controlled Randomized Study of the Selective A-1 
Adenosine Receptor Antagonist Rolofylline for Patients Hospitalized with Acute De-
compensated Heart Failure and Volume Overload to Assess Treatment Effect on 
Congestion and Renal Function) study found no significant impact of rolofylline 
administration on outcome, renal function or dyspnea relief.16,70 Tonapofylline, an 
oral and intravenous A-1 receptor antagonist, showed similar promise in early tri-
als, showing positive effects on diuresis while preserving GFR.71,72 However, the 
results of the unpublished and prematurely terminated Treatment with intravenous 
BG9928 for Patients with Acutely Decompensated Heart Failure and Renal Insuf-
ficiency (TRIDENT-1) trial showed results consistent with those of PROTECT – no 
impact on outcome, weight loss or renal function.

Levosimendan

Levosimendan is a phosphodiesterase inhibitor that improves cardiomyocyte con-
tractility by increasing calcium sensitivity, improving both systolic and diastolic 
function.73-75 It also has vasodilator effects achieved by binding to adenosine tri-
phosphate-sensitive potassium channels in vascular smooth muscle.76,77 These 
mechanisms result in improved cardiac output with both preload and afterload 
reduction.

The REVIVE trials showed symptom relief with levosimendan, but incidence of ar-
rhythmias, hypotension and early mortality was also higher.78 The SURVIVE study 
failed to reach the primary endpoint of all-cause mortality reduction or any of the 
secondary endpoints other than reduction of BNP levels.79 The RUSLAN and LIDO 
trials, though underpowered for mortality, did show survival benefit for levosimen-
dan treatment.80,81

A number of studies have reported positive effects of Levosimendan treatment 
on renal function.81-84 The explanation likely lies with levosimendan’s vasodilator 
activity, with stronger venous compared to arterial vasodilation along with its pos-
itive inotropic effects.85 As elevated central venous pressures and congestion are 
associated strongly with reduced GFR,21 Levosimendan treatment will benefit highly 
congested patients with AHF, as long as cardiac output and blood pressure provide 
adequate renal perfusion. The balance for patients with low blood pressure may 
remain neutral or even turn negative.

Serelaxin

Relaxin is an endogenous hormone that regulates maternal adaptations to preg-
nancy, with numerous potentially interesting effects for the treatment of heart fail-
ure.86 Serelaxin is a recombinant form of this hormone. Activation of relaxin recep-
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tors in the heart, kidney and cardiovascular system leads to increased endothelial 
activity and increased nitric oxide synthase activity, resulting in greater arterial 
compliance, increased cardiac output, and higher renal blood flow.87,88 In AHF, the 
Pre-RELAX-AHF and RELAX-AHF trials showed improvement in dyspnea relief and 
reduced 180 day mortality, but no effects on readmission rates. Hypotension was 
equally common in both treatment groups.89 In terms of renal effects, patients re-
ceiving serelaxin showed a lower incidence of events related to renal impairment. 
Subsequent biomarker analysis showed indications that short-term serelaxin ad-
ministration in AHF patients may improve organ protection – including renal pro-
tection – resulting in better 6 month mortality outcomes.90

Discussion

Data on the effects of vasodilators on renal function in AHF is limited. While tri-
als investigating novel drugs increasingly include renal outcomes as primary end-
points, the effects of the most commonly used vasodilators – nitrates – on the 
kidney are largely unknown. Theoretically, the variable local and systemic effects 
of vasodilators will determine their impact on renal function - both preload and 
afterload reduction may be beneficial, provided compensatory neurohormonal ac-
tivation and blood pressure drops are kept in check. Maintaining hemodynamic 
stability while improving local blood flow is key, so careful patient selection, mon-
itoring and treatment titration remains essential.

While numerous vasodilators have been studied in AHF, most have failed to deliv-
er on the promise suggested by preclinical and pilot studies. Nitrates are still in 
common use, and while effective for symptom relief and acute reduction of filling 
pressures, data on their renal effects is practically non-existent. This evidence gap 
is most glaring for vasodilators introduced over 10 years ago; identification of renal 
function as a key prognostic indicator in HF is relatively recent, and understanding 
of its importance has grown steadily over time. This understanding is exemplified 
by rolofylline – and the PROTECT hypothesis that improving renal blood flow and 
function could improve outcome in AHF – despite the neutral results of the PRO-
TECT study.16 Levosimendan has demonstrated renoprotective effects, albeit with 
inconclusive survival effects, further supporting the hypothesis that vasodilators 
can benefit renal function in AHF.84,91

Serelaxin is, without a doubt, the most interesting novel vasodilator in terms of re-
nal function. In addition to reducing renal events, serelaxin also improved mortality 
outcomes. This unexpected finding makes it the first therapy for acute heart failure 
to show survival benefit. Furthermore, it underlines the importance of renal func-
tion in AHF. Studies investigating existing or novel treatments for AHF should con-
tinue to focus on renal outcomes in addition to the more traditional mortality and 
hospitalization endpoints. There is also a strong case to be made for considering 
renal function measures that go beyond traditional creatinine-based assessments, 
and encompass tubular function as well as glomerular filtration. Novel urine and 
serum biomarkers may have an important role to play.
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Abstract

Aim Diminished diuretic response is common in patients with acute heart failure, 
although a clinically useful definition is lacking. Our aim was to investigate a prac-
tical, workable metric for diuretic response, examine associated patient character-
istics and relationships with outcome. 

Methods and results�:H�H[DPLQHG�GLXUHWLF�UHVSRQVH��GHILQHG�DV�¨�ZHLJKW�NJ����
mg furosemide) in 1745 hospitalized acute heart failure patients from the PROTECT 
trial. Day 4 response was used to allow maximum differentiation in responsiveness 
and tailoring of diuretic doses to clinical response, following sensitivity analyses. 
We investigated predictors of diuretic response and relationships with outcome. 
The median diuretic response was -0.38 (-0.80 to -0.13) kg/40 mg furosemide. 
Poor diuretic response was independently associated with low systolic blood pres-
sure, high blood urea nitrogen, diabetes, and atherosclerotic disease (all P < 0.05). 
Worse diuretic response independently predicted 180-day mortality (HR: 1.42; 95% 
CI: 1.11–1.81, P = 0.005), 60-day death or renal or cardiovascular rehospitaliza-
tion (HR: 1.34; 95% CI: 1.14–1.59, P < 0.001) and 60-day HF rehospitalization (HR: 
1.57; 95% CI: 1.24–2.01, P < 0.001) in multivariable models. The proposed metric—
weight loss indexed to diuretic dose—better captures a dose–response relation-
ship. Model diagnostics showed diuretic response provided essentially the same 
or slightly better prognostic information compared with its individual components 
(weight loss and diuretic dose) in this population, while providing a less biased, 
more easily interpreted signal. 

Conclusions Worse diuretic response was associated with more advanced heart 
failure, renal impairment, diabetes, atherosclerotic disease and in-hospital worsen-
ing heart failure, and predicts mortality and heart failure rehospitalization in this 
post hoc, hypothesis-generating study. 
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Introduction

Heart failure (HF) is a growing public health problem and the leading cause of  
hospitalization in Europe and the USA.1,2 Loop diuretics are a cornerstone of 
acute heart failure (AHF) therapy—administered to up to 90% of hospitalized pa-
tients1,3,4—and while some observational data suggest higher doses are associated 
with worse outcomes,5–7 others found no difference after case matching.8 The ques-
tion of whether diuretics cause poor outcome or merely reflect disease severity re-
mains unanswered;9,10 data on optimal posology and administration are conflicting 
at best,11–14 although the prospective Diuretic Optimization Strategies Evaluation 
(DOSE) trial suggests that safety concerns associated with high-dose diuretics may 
be unfounded.15

A frequently mentioned complication of diuretic therapy in AHF is diuretic resis-
tance, which is associated with worsening renal function (WRF) and cardiorenal 
syndromes.16 Existing definitions of resistance—which include congestion refrac-
tory to ‘standard’ diuretic therapy, reduced diuresis and natriuresis upon repeated 
GRVLQJ�� DQG� SHUVLVWHQW� FRQJHVWLRQ� GHVSLWH� LQFUHDVLQJ� �����PJ� RUDO� IXURVHPLGH��
daily diuretic doses17,18—are of limited use. Despite the clinical importance of the 
issue, few studies have explicitly examined the importance of effective deconges-
tion using diuretics within the setting of AHF. 

Heart failure guidelines recommend using weight loss to monitor volume status,11 
and correlations between weight loss and outcomes have been reported. However, 
post-discharge changes in body weight only predicted rehospitalization and were 
unrelated to mortality in one study,19 highlighting the limitations of examining 
body weight alone, while others found diuretic dose did not predict weight loss.5,20 
This is perhaps unsurprising, considering both the non-linear dose–response rela-
tionship and the diuretic resistance commonly seen in HF.21 A simple, continuous, 
quantitative measure for diuretic response—combining decongestive effect and di-
uretic dose—may help better unravel diuretic ‘resistance’ and open new avenues 
towards individualized, tailored treatment. The aim of this study was to define a 
clinically applicable measure for diuretic response, characterize the unresponsive 

patient, and determine the prognostic significance of diuretic response. 

Methods

Study design and procedures

A total of 2033 adult patients with a history of HF were enrolled in the Place-
bo-controlled Randomized Study of the Selective A1 Adenosine Receptor Antag-
onist Rolofylline for Patients Hospitalized with acute heart failure and Volume 
Overload to Assess Treatment Effect on Congestion and Renal FuncTion (PROTECT) 
trial, a multicentre, randomized, double-blind, placebo-controlled trial with neutral 
results. Study design and main results have been published previously.22,23 The trial 
was conducted in accordance with the Declaration of Helsinki and approved by all 
local Ethics Committees. All the patients provided written informed consent. 
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Heart failure signs and symptoms, serum creatinine, and blood urea nitrogen (BUN) 
were assessed daily until discharge or Day 6, and on Days 7 and 14. Other labora-
tory values were measured at least at baseline and Days 2, 7, and 14. Body weight 
was recorded from baseline through Day 4. Estimated glomerular filtration rate 
(eGFR) was calculated using the simplified modification of diet in renal disease 
equation.24 Total diuretic dose was defined as the i.v. plus 0.5 × oral dose from 
randomization through Day 3, to correct for biological availability.25

Study population

Of the 2033 included patients, subjects with missing data for diuretic response (n 
= 278), >20 kg weight loss (n = 3), or who underwent dialysis through Day 4 (n = 
7) were excluded from analysis, resulting in a primary study population of 1745 
patients. 

Measuring diuretic response

We propose a quantitative measure for diuretic response: weight change on Day 
4 per 40 mg of furosemide administered on Days 1–3 (equivalent doses: bumeta-
nide: 1 mg; torsemide: 20 mg). As diuretic resistance develops over time, weight 
change on Day 4 and loop diuretics administered on Days 1–3 were selected to 
allow time for greater differentiation in responsiveness and for tailoring of diuretic 
doses to clinical response. Our proposed measure for diuretic response—in effect 
an indexed weight change variable—was chosen in part based on available data. 
Sensitivity analyses were performed, examining alternative combinations of weight 
loss (a surrogate for decongestion in the absence of data on diuresis) and diuretic 
dose and administration routes—comparing response on Days 2, 3, and 4, chang-
es in responsiveness over time, and definitions using only i.v. diuretics, within the 
full population and the placebo group. As reduced diuretic responsiveness in AHF 
is primarily a concern in patients with manifest volume overload, we performed 
sensitivity analyses in a subset of patients with objective signs of congestion—any 
oedema and any rales at baseline (n = 1368)—and in the congested subset exclud-
ing patients receiving inotropes or vasodilators on Days 1–4 (n = 1192). 

Endpoints

The primary endpoint was a trichotomous outcome of treatment success (marked 
or moderate dyspnoea improvement at 24 and 48 h), no change, or treatment fail-
ure.23 Secondary endpoints were 180-day mortality, 60-day HF rehospitalization, 
and 60-day death or renal or cardiovascular rehospitalization. 

Statistical analysis

Considering the design of PROTECT, analyses were performed in the inten-
tion-to-treat population, correcting for study treatment. Continuous variables 
are summarized as means ± SD or median (inter-quartile range) as appropriate. 
Student’s t-test or ANOVA (normal distribution) and Wilcoxon or Kruskall–Wallis 
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(skewed distribution) tests were used for group comparisons. Linear trends across 
categories were tested using general linear models for continuous covariates with 
polynomial contrasts, and non-parametric tests for trend for categorical variables. 
No imputations were performed. 

Multivariable regression models were constructed via backward elimination and 
validated using bootstrap re-sampling (Supplementary material, Methods). Kaplan–
Meier survival estimates and Cox proportional hazards models were used to ex-
amine associations with endpoints. Harrell’s C-index (higher is better), Akaike’s 
Information Criterion (AIC, lower is better), and continuous net reclassification 
improvement (NRI) were used to evaluate differences between models including 
diuretic response vs. individual components (Supplementary material, Methods). 
Tests were two-tailed, and an unadjusted P-value of <0.05 was considered statisti-
cally significant. All analyses were performed using R: A Language and Environment 
for Statistical Computing, version 3.0.1 (R Foundation for Statistical Computing, 
Vienna, Austria). 

Results

Baseline characteristics and identifiers of diuretic response

Baseline characteristics of the entire study population are presented in Supplemen-
tary material, Table S1. Patients excluded from analysis had lower blood pressures 
and worse NYHA class, renal function, and outcomes (Supplementary material, Ta-
bles S1-2). Baseline characteristics per quintile of diuretic response are presented 
in Table 1. 

The mean weight change on Day 4 was -2.8 ± 3.0 kg. The median diuretic dose 
through Day 3 was 240 mg (140–400) and 1702 (97%) patients received furosemide. 
The median diuretic response was -0.38 (-0.80 to -0.13) kg/40 mg furosemide. 
Poor responders showed strong differences in baseline characteristics, including 
more frequent renal impairment, diabetes, and ischaemic heart disease, but less 
hypertension and atrial fibrillation (all P < 0.05). Trends were similar in the placebo 
group and the congested subgroups (Supplementary material, Tables S3-5). 

Predictors of diuretic response are presented in Table 2. Low systolic blood pres-
sure, low serum potassium, high BUN, diabetes, and atherosclerotic disease were 
associated with poor diuretic response. Rolofylline treatment independently pre-
dicted good diuretic response (all P < 0.05). Patients on rolofylline showed a better 
diuretic response than those on placebo [-0.39 (-0.82-0.14) vs. -0.38 (-0.75-
0.133) kg/40 mg furosemide, P = 0.018], despite excellent baseline matching (Sup-
plementary material, Table S6). This effect was driven by greater weight loss for 
rolofylline vs. placebo (3.0 ± 2.8 vs. 2.6 ± 2.9 kg, P = 0.019) as diuretic doses 
through Day 3 were similar [240 (140–380) vs. 240 (140–412) mg, P = n.s.] There 
were no interactions between any of the predictors, patient characteristics, study 
treatment or renal function parameters (BUN, eGFR, or serum creatinine). 
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Table 2 Multivariable linear regression model, predictors of diuretic response

ɴ��ŽĞĨĨŝĐŝĞŶƚ ϵϱй��/ T value P

tĞŝŐŚƚ�ĚĂǇ�ϭ�;ƉĞƌ�^�Ϳ ͲϬ͘ϭϭϵ ;ͲϬ͘ϭϲͲͲϬ͘ϬϴͿ Ͳϲ͘Ϭϱϵ <0.001

^ǇƐƚŽůŝĐ��W�;ƉĞƌ�^�Ϳ ͲϬ͘Ϭϴϭ ;ͲϬ͘ϭϮͲͲϬ͘ϬϰͿ Ͳϰ͘ϭϳϴ <0.001

Diabetes Mellitus 0.193 ;Ϭ͘ϭϮͲϬ͘ϮϳͿ 4.858 <0.001

,ǇƉĞƌĐŚŽůĞƐƚĞƌŽůĞŵŝĂ 0.087 ;Ϭ͘ϬϭͲϬ͘ϭϲͿ 2.192 0.029

W�/ 0.102 ;Ϭ͘ϬϭͲϬ͘ϭϵͿ 2.267 0.024

WĂƐƚ�ďĞƚĂ�ďůŽĐŬĞƌ�ƵƐĞ 0.118 ;Ϭ͘ϬϯͲϬ͘ϮϭͿ 2.603 0.009

>ŽŐ��hE�;ƉĞƌ�^�Ϳ 0.106 ;Ϭ͘ϬϳͲϬ͘ϭϱͿ 5.259 <0.001

^ĞƌƵŵ�WŽƚĂƐƐŝƵŵ�;ƉĞƌ�^�Ϳ ͲϬ͘ϭϬϰ ;ͲϬ͘ϭϰͲͲϬ͘ϬϳͿ Ͳϱ͘ϰϮϭ <0.001

ZŽůŽĨǇůůŝŶĞ�ƚƌĞĂƚŵĞŶƚ ͲϬ͘ϭϮϮ ;ͲϬ͘ϮͲͲϬ͘ϬϰͿ Ͳϯ͘Ϭϵϭ 0.002

^ƉŝƌŽŶŽůĂĐƚŽŶĞ�ƵƐĞ ͲϬ͘ϭϮϱ ;ͲϬ͘ϮͲͲϬ͘ϬϱͿ Ͳϯ͘ϭϴϯ 0.001

Metozalone use 0.212 ;Ϭ͘ϬϰͲϬ͘ϯϴͿ 2.464 0.014

 
Abbreviations: SD: standard deviation, BP: Blood Pressure, PCI: Percutaneous Coronary Intervention; BUN: 
Blood Urea Nitrogen.

Figure 1 Distribution of the Primary Composite Endpoint per quintile of diuretic response

P for trend = <0.001. Medians are presented per quintile, see table 1 for interquartile range per quintile.
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Clinical, mortality, and rehospitalization outcomes

Across quintiles, patients with a poor diuretic response had worse outcomes on 
all endpoints (Figure 1 and Table 3). Patterns for the placebo group alone and in 
patients with manifest signs of congestion (with and without inotrope use) were 
similar (Supplementary material, Tables S7-S9). 

In Cox proportional hazards models, worse diuretic response was associated with poor 
outcome (all P < 0.001), and remained independently associated with a poor outcome 
even after multivariable adjustment (Tables 4 and 5, all P < 0.05). There were no interac-
tions between diuretic response and renal function (BUN, eGFR, and serum creatinine), 
study treatment, left ventricular ejection fraction, or other patient characteristics.  
Similar patterns were seen in the placebo and congested subsets (Supplementary 
material, Table S10). 

Figure 2 shows the adjusted Cox hazard function for diuretic response for the 
180-day mortality endpoint, fitted using a penalized spline function. Unadjusted 
Kaplan–Meier survival estimates across quintiles showed consistent survival benefit 
for a better diuretic response (log-rank P < 0.001) (Figure 3). 

Sensitivity analyses

Associations between responsiveness on Days 2 and 3 and measures us-
ing i.v. doses only were examined; all showed consistent, similar patterns 
in baseline characteristics and outcomes, with the chosen definition pre-
senting the largest effect size and smallest P-value in models (data not 
shown). Trends across quintiles of diuretic response were examined sepa-
rately in patients receiving low vs. high dose furosemide (above and below the  
median dose of 240 mg on Days 1–3, i.e. an average of 80 mg furosemide per day), 
which showed improved diuretic response was consistently associated with similar 
differences in baseline characteristics (including low systolic blood pressure, worse 
renal function, diabetes, and atherosclerotic disease, all P < 0.05). The incidence of 
180-day mortality, 60-day heart failure rehospitalization and 60-day death or car-
diovascular or renal rehospitalization was also consistently higher across quintiles 
in both groups (all P for trend < 0.05). Patients on high vs. low diuretic doses did 
have worse 180-day and 60-day outcomes (unadjusted log-rank P < 0.001), though 
these differences did not persist after multivariable correction (covariates form Ta-
bles 4–5) in survival models (all P = n.s.). 

Next, we examined the effect of changes in diuretic response over time. Patients 
were divided into three groups, based on whether they remained in the same quin-
tile of diuretic response or were reclassified between Day 2 and Day 4. In univari-
able Cox models, corrected for baseline (Day 2) diuretic response, patients with 
stable vs. improving diuretic response did not show any statistically significant 
differences in 180-day mortality or the 60-day endpoints. Patients with worsening 
diuretic response, however, were more likely to meet all endpoints (all P < 0.05). 
After multivariable correction, this only held for the 60-day outcomes [corrected for 
covariates in Tables 4 and 5; 60-day HF rehospitalization: hazard ratio (HR) 1.48, 
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95% confidence interval (CI) 1.13–1.93, P = 0.004; 60-day death or renal or cardio-
vascular rehospitalization: HR: 1.49, 95% CI: 1.22–1.81, P < 0.001]. 

Diuretic response vs. weight change and diuretic dose

Analyses were performed to evaluate the added value of introducing diuretic re-
sponse compared with its individual components (weight change and diuretic dose) 
as covariates in Cox proportional hazards models. In univariable models, diuretic 
response showed a greater effect size per SD than weight change and diuretic dose 
alone (Tables 4–5). 

Figure 2 Adjusted hazard ratio for 180-day mortality for diuretic response

Adjusted for model 3 covariates (table 4). Legend: dark blue: hazard function, fitted using a penalized 
spline, light blue: 95% CI; grey: density plot.
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In multivariable 180-day mortality models, inclusion of diuretic response vs. its 
components showed similar performance, with a trend favouring diuretic response; 
in the full-study population, Harrell’s C-index (higher is better) and AIC (lower is 
better)—measures for model performance and fit—were similar for both models 
(0.720 and 3409, respectively, for both), while the continuous NRI—a measure 
for reclassification improvement—slightly favoured diuretic response (0.01, 95% 
CI: -0.26–0.18). In patients with manifest congestion, diuretic response showed 
a slightly stronger trend towards an improved performance for Harrell’s C-index 
(0.717 vs. 0.712), AIC (2464 vs. 2468), and continuous NRI (0.08, 95% CI: -0.16–
0.31). Similar patterns for diuretic response vs. the components were observed 
for 60-day death or renal or cardiovascular rehospitalization in the full population 
(Harrell’s C-index 0.650 vs. 0.647, AIC 6425 vs. 6432, continuous NRI 0.16, 95% CI: 
-0.06–0.28) and the congested subgroup (Harrell’s C-index 0.651 vs. 0.646, AIC 
4643 vs. 4650 continuous NRI 0.23, 95% CI: -0.11–0.37). 

Diuretic response showed a better performance than its components in 60-day 
heart failure rehospitalization models. In the full population, the diuretic response 
model outperformed diuretic dose and weight change individually (C-index 0.692 
vs. 0.686; AIC 3537 vs. 3550; continuous NRI 0.29, 95% CI: 0.04–0.47). These 
effects were also present in patients with manifest congestion (C-index 0.681 vs. 
0.672; AIC 2538 vs. 2554; continuous NRI 0.35, 95% CI: 0.01–0.47). 

Figure 3 Survival per quintile of diuretic response - unadjusted Kaplan-Meier curves
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Table 4 180-day mortality regression analyses for diuretic response

hŶŝǀĂƌŝĂďůĞ�,Z ϵϱй��/ p

tĞŝŐŚƚ�ĐŚĂŶŐĞ�;ƉĞƌ�^�Ϳ 1.26 ϭ͘ϭϯͲϭ͘ϰϯ <0.001

�ŝƵƌĞƟĐ�ĚŽƐĞ�;ƉĞƌ�^�Ϳ 1.22 ϭ͘�ϭϯͲϭ͘ϯϭ <0.001

�ŝƵƌĞƟĐ�ƌĞƐƉŽŶƐĞ�;ƉĞƌ�^�Ϳ 1.52 ϭ͘ϮϵͲϭ͘ϳϴ <0.001

DƵůƟǀĂƌŝĂďůĞ DŽĚĞů�ϭ DŽĚĞů�Ϯ DŽĚĞů�ϯ
,Z ϵϱй��/ p ,Z ϵϱй��/ p ,Z ϵϱй��/ p

�ŝƵƌĞƟĐ�ƌĞƐƉŽŶƐĞ 1.73 ϭ͘ϰϬͲϮ͘ϭϮ <0.001 1.42 ϭ͘ϭϭͲϭ͘ϴϭ 0.005 1.40 ϭ͘ϭϮͲϭ͘ϳϰ 0.003

�ŐĞ 1.02 ϭ͘ϬϭͲϭ͘Ϭϯ <0.001 1.03 ϭ͘ϬϮͲϭ͘Ϭϰ <0.001 1.03 ϭ͘ϬϭͲϭ͘Ϭϰ <0.001

Male Sex 1.40 ϭ͘ϬϳͲϭ͘ϴϯ 0.014 Ͳ Ͳ Ͳ 1.01 Ϭ͘ϳϲͲϭ͘ϯϱ 0.942

ZŽůŽĨǇůůŝŶĞ 1.12 Ϭ͘ϴϴͲϭ͘ϰϰ 0.360 0.99 Ϭ͘ϳϲͲϭ͘ϯϭ 0.972 1.13 Ϭ͘ϴϳͲϭ͘ϰϲ 0.371

^ǇƐƚŽůŝĐ��W 0.99 Ϭ͘ϵϴͲϬ͘ϵϵ <0.001 0.99 Ϭ͘ϵϴͲϬ͘ϵϵ 0.001

Ğ'&Z Ͳ Ͳ Ͳ 1.00 Ϭ͘ϵϵͲϭ͘ϬϮ 0.367

>ŽŐ;�hEͿ 2.78 ϭ͘ϴϯͲϰ͘Ϯϭ <0.001 2.83 ϭ͘ϵϮͲϰ͘ϭϲ <0.001

>ŽŐ;�ƌĞĂƟŶŝŶĞͿ 0.70 Ϭ͘ϰϬͲϭ͘ϮϮ 0.213

Adjustment: Univariable models are adjusted for baseline weight and study treatment.  
Model 1: Age, sex, baseline weight, study treatment.  
Model 2: study treatment, baseline weight, age, log(Creatinine), log(BUN), systolic BP, albumin, sodium, 
bicarbonate, glucose, rales, NYHA class, previous hospitalization (see supplementary methods).  
Model 3: backward elimination model: study treatment, age, sex, baseline weight, systolic blood  
pressure, previous calcium antagonist use, log BUN, sodium, triglycerides, eGFR.  
Abbreviations: BP: blood pressure; eGFR: estimated Glomerular Filtration Rate; BUN: Blood Urea Nitrogen.

Table 5 60-day heart failure rehospitalization and 60-day death or renal or  
cardiovascular rehospitalization regression analyses for diuretic response

ϲϬͲĚĂǇ�ŽƵƚĐŽŵĞƐ ,&�ƌĞŚŽƐƉŝƚĂůŝǌĂƟŽŶ �ĞĂƚŚ͕�ƌĞŶĂů͕��s�ƌĞŚŽƐƉŝƚĂůŝǌĂƟŽŶ
,Z ϵϱй��/ p ,Z ϵϱй��/ p

hŶŝǀĂƌŝĂďůĞ

tĞŝŐŚƚ�ĐŚĂŶŐĞ�;ƉĞƌ�^�Ϳ 1.27 ϭ͘ϭϮͲϭ͘ϰϰ <0.001 1.23 ϭ͘ϭϮͲϭ͘ϯϱ <0.001

�ŝƵƌĞƟĐ�ĚŽƐĞ�;ƉĞƌ�^�Ϳ 1.21 ϭ͘ϭϮͲϭ͘ϯϬ <0.001 1.17 ϭ͘ϭϬͲϭ͘Ϯϱ <0.001

�ŝƵƌĞƟĐ�ƌĞƐƉŽŶƐĞ�;ƉĞƌ�^�Ϳ 1.69 ϭ͘ϰϯͲϮ͘ϬϬ <0.001 1.40 ϭ͘ϮϱͲϭ͘ϱϲ <0.001

DƵůƟǀĂƌŝĂďůĞ 

�ŝƵƌĞƟĐ�ƌĞƐƉŽŶƐĞ 1.58 ϭ͘ϮϰͲϮ͘Ϭϭ <0.001 1.34 ϭ͘ϭϯͲϭ͘ϱϴ <0.001

�ŐĞ 1.01 Ϭ͘ϵϴͲϭ͘Ϭϭ 0.412 1.00 Ϭ͘ϵϵͲϭ͘Ϭϭ 0.618

Male Sex 0.93 Ϭ͘ϲϵͲϭ͘Ϯϰ 0.608 0.90 Ϭ͘ϳϯͲϭ͘ϭϮ 0.351

ZŽůŽĨǇůůŝŶĞ 1.21 Ϭ͘ϵϮͲϭ͘ϱϵ 0.170 1.11 Ϭ͘ϵϭͲϭ͘ϯϱ 0.314

^ǇƐƚŽůŝĐ��W Ͳ Ͳ Ͳ 0.99 Ϭ͘ϵϴͲϬ͘ϵϵ 0.018

Ğ'&Z 1.00 Ϭ͘ϵϵͲϭ͘Ϭϭ 0.728 1.00 Ϭ͘ϵϵͲϭ͘Ϭϭ 0.522

>ŽŐ;�hEͿ 1.93 ϭ͘ϯϭͲϮ͘ϴϱ <0.001 1.82 ϭ͘ϯϱͲϮ͘ϰϰ <0.001

Adjustment: Univariable models are adjusted for baseline weight and study treatment.  
Multivariable 60-day HF rehospitalization model adjusted for: Age, sex, study treatment, edema >2+, 
eGFR, log BUN, serum sodium, and a history of PCI, cardiac resynchronization therapy and hypercholes-
terolemia. Multivariable 60-day death, renal, CV rehospitalization model adjusted for: Age, sex, study 
treatment, edema >2+, eGFR, log BUN, serum sodium, systolic and diastolic blood pressure, history of 
percutaneous coronary intervention (PCI) and hypercholesterolemia



Chapter 5

116

Discussion

We showed that poor diuretic response is associated with more advanced HF, renal 
impairment, diabetes, atherosclerotic disease, and in-hospital worsening HF, and 
independently predicts HF rehospitalization and mortality. 

Current definitions of diuretic resistance are all similar—failure to diurese 
(or decongest) in response to escalating doses of diuretics.18,26 Diuret-
ic absorption and efficacy is reduced in HF patients, and response is blunt-
ed further in AHF.27–29 This is the result of numerous pathophysiological  
processes present in HF, including reduced renal perfusion due to haemodynamic 
impairment, increased congestion, and neurohormonal activation, which contrib-
ute to renal impairment, WRF and cardiorenal syndromes, all highly prevalent in 
AHF.16,30,31 Yet despite a solid pathophysiological understanding of the underlying 
mechanisms, data examining both diuretic dose and effects in HF populations are 
scarce. Most studies have focused on diuretic dosage and outcomes,5,7,8,15 while the 
prognostic significance of effects on body weight or urinary output—as proxies for 
volume status—has not been examined prospectively in HF. Post hoc analyses from 
the DOSE trial indicate weight loss is associated with a better outcome,20 though 
Hasselblad et al.5 found no association between diuretic dose and weight loss in a 
post hoc analysis of the Evaluation Study of Congestive Heart Failure and Pulmo-
nary Artery Catheter Effectiveness (ESCAPE) trial. Van der Meer et al.32 have shown 
that haemoconcentration—a marker for intravascular decongestion—correlates 
with weight loss, lower diuretic doses, and lower mortality.33 In a recent study, 
Testani et al.34 retrospectively investigated what they termed diuretic efficiency in 
two AHF populations—net fluid output indexed to diuretic dose, and dichotomized 
into high and low efficiency. Similarly to our analyses, they found an independent 
prognostic effect on survival. 

The proposed diuretic response metric—weight loss indexed to diuretic dose—re-
flects a ‘dose–response’ effect that can be understood intuitively. On a conceptual 
level, it can limit the bias intrinsic to each individual component; weight loss, for 
example, is not merely a marker for diuretic responsiveness, which may in part 
explain the inconsistent associations between weight loss and outcomes in past 
studies—better in DOSE and PROTECT, no differences in ESCAPE. A sicker patient 
may have accumulated more weight, and thus have the potential to loose more 
weight, but correction for diuretic dose should allow for ‘correct’ classification. 
Similarly, diuretic dose reflects a variety of patient and physician-related factors, 
so examining dose without its effect can lead to bias. While diuretic response does 
not capture an individual patient’s (non-linear) dose–response curve, it does allow 
identification of patients with blunted response. This is supported by the observa-
tions that haemoconcentration was more common in good responders, that thia-
zides—often used to address loop diuretic resistance—were prescribed more often 
to less responsive patients, and that metozalone use independently predicted a 
poor diuretic response. 
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The value on Day 4 was chosen to reflect the fact resistance to diuretics is a  
dynamic process, not a static one, as outlined below. Sensitivity analyses showed 
consistent patterns in baseline characteristics and outcomes irrespective of high 
vs. low diuretic dose. We did note that patients who developed worsening diuretic 
response over time had a greater risk of rehospitalization outcomes in particular; 
while the initial diuretic response after 1 day of treatment is already predictive of 
outcome, responsiveness at a later time provides more accurate prognostic infor-
mation. From a clinical perspective, examination of diuretic response is best suited 
for patients with manifest volume overload rather than those with redistribution 
HF alone. The findings in the congested group bear this out, with higher HRs and 
lower P-values on all endpoints in multivariable models and a slightly better model 
fit. Based on various measures for model performance (Harrell’s C-index, AIC, and 
continuous NRI), diuretic response essentially provided the same prognostic infor-
mation as the component variables in our population, even outperforming them for 
the prediction of HF rehospitalization. We believe this equivalence may be accept-
ed, considering diuretic response provides a ‘cleaner’ signal for the matter under 
investigation. Further research will be necessary to confirm this. 

Determinants of diuretic response

In our study, patients with a poor diuretic response showed signs of more advanced 
HF and worse renal function. Comorbid conditions underlying both HF and renal im-
pairment—including diabetes, atherosclerosis, and low haemoglobin levels—were 
also more common. The complex underlying physiology is reflected in the strong 
overlap with these and other clinical characteristics (Table 1). Most were not inde-
pendently predictive, suggesting strong colinearity with many of these variables; 
diuretic response may therefore merely reflect the confluence of these factors. The 
recent study by Testani et al.34 examining a fluid output-based diuretic efficiency 
metric showed some similarities to our results; diabetes, elevated BUN levels and a 
reduced eGFR were more common in poor responders.34 However, these analyses 
were limited in part by incomplete data on diuretic doses, examination of a dichot-
omized rather than continuous metric, and a lack of analyses examining indepen-
dent predictors of efficiency, making meaningful comparisons difficult. 

Diuretics exert their effects via the kidney, relying on secretion and to a minor 
degree on glomerular filtration to achieve therapeutic concentrations in the tu-
bule. Diabetes and atherosclerosis can both cause glomerular damage and glo-
merulosclerosis, affecting GFR, while the Renin-Angiotensin system activation and 
inflammation common to both conditions likely also contributes to a reduced re-
sponse.35–37 Haemodynamic impairment in HF causes congestion and reduced renal 
perfusion, while feedback mechanisms designed to preserve renal blood flow, GFR, 
and sodium levels lead to WRF and further congestion.35 In untreated HF, short-
term decongestion with diuretics can acutely lower certain neurohormone levels.38 
However, chronic diuretic use may cause structural changes in the tubular epi-
thelium, resulting in sodium retention, worsening congestion, and neurohormonal 
activation, necessitating higher diuretic doses, with the potential for more renal 
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damage.17As a result of these effects, patients with AHF display a steeper dose–re-
sponse curve than healthy controls or HF patients in a compensated state.21

An intriguing finding in our study was the relatively small difference in renal func-
tion between good and poor responders—a difference of only 9 mL/min/1.73 m2 
in estimated GFR, 0.2 mg/dL in creatinine, and 7 mg/dL in BUN between bottom 
and top quintiles of diuretic response. Except BUN, none of these renal function 
parameters independently predicted diuretic response outright, and there were 
no interactions with diuretic response in survival models. This is in contrast with 
the traditional view of diuretic resistance, in which renal function is the primary 
determinant. The explanation may lie in the limitations of creatinine (and creati-
nine-based GFR estimates) as a marker for renal function, as it provides no direct 
information about tubular function or injury. Novel tubular or combined (urinary) 
markers, such as cystatin C, NGAL, NAG, or KIM-1, may provide better insights 
into diuretic resistance phenomena.39 Another interesting finding was the relatively 
high incidence of WRF in the best quintile of diuretic response, despite better long-
term outcomes. This is consistent with findings by Metra et al.40 indicating that 
effective decongestion is more important than (transient) WRF. 

Interestingly, rolofylline independently predicted diuretic response. As this effect 
was driven by weight loss, not diuretic dose, it suggests either a direct diuretic 
effect, or potentiation of diuretics via improved haemodynamics, consistent with 
findings from earlier trials.23,41–43 Metra et al.44 previously noted an association be-
tween improvement in dyspnoea and rolofylline, though it should be noted that 
overall, rolofylline’s effects on clinical outcomes were neutral, which, combined 
with safety concerns,42 resulted in discontinuation of the development programme. 
In PROTECT, patients received diuretics based on clinical assessment, and those 
with a poor diuretic response received higher doses and had worse outcomes. 
Although rolofylline did not prevent WRF,43 there is still a strong need for adjuvant 
therapies that improve diuresis without compromising renal function.

Clinical perspectives

Loop diuretic therapy remains the cornerstone of decongestive treatment in AHF, 
despite a lack of convincing evidence or consensus on optimal dosage,45 and mixed 
evidence on survival impact.5–8,46,47 Alternative decongestive treatments, such as 
ultrafiltration, may be effective, but remain unproven.26,48,49

We feel the simple measure of weight change per unit of diuretic provides better 
insight into patient response to therapy than examining weight loss or diuretic 
dose independently; diuretic dose provides insufficient information, as higher dos-
es with adequate weight loss will be misclassified, while weight loss alone does not 
reflect the degree of resistance. Once validated and investigated further, diuretic 
response could be used in clinical research settings to help identify patients who 
might benefit from alternative or adjuvant decongestive therapies. 
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Limitations

This study is a post hoc analysis of a randomized clinical trial, with all attendant 
limitations. The excluded subpopulation differed significantly from the analysed 
group, with higher incidences of multiple co-morbidities and worse outcomes. Mul-
tivariable modelling alone may not be sufficient to account for the differences, and 
our findings should be considered hypothesis-generating. Furthermore, available 
data did not allow extensive investigation of differences in diuretic responsiveness 
in HF with reduced vs. preserved ejection fraction. The true degree of volume over-
load in the congested subgroup also cannot be ascertained with certainty, as both 
oedema and rales may have other causes or be due to redistribution. Additionally, 
diuretic response as defined in this study is a linear relationship, while the dose–re-
sponse relationship in vivo is S-shaped, and dependent on individual patient char-
acteristics,21 making it difficult to model accurately post hoc. 

Given the focus on diuretic response, data on urinary output and fractional sodium 
excretion would be preferred, although body weight is easily measured and recom-
mended for monitoring volume status.11 The results from Testani et al.34 indicate 
indexed net fluid output contains similar prognostic information, and validation 
and comparison of both metrics in the same populations would be valuable. The 
study protocol did not specify how to assess weight, which could affect data quali-
ty. Serial measurements of these variables should be considered for all future AHF 
trials. 

Conclusion

In this retrospective study, we present a novel measure for diuretic response in 
acute HF—weight loss indexed to diuretic use. This metric yielded at least equiv-
alent prognostic information compared with its component parts, while providing 
a more easily interpreted signal for patient response to diuretics. Further research 
will be needed to confirm our findings. In this study, patients with a poor diuretic 
response had more advanced HF, worse renal function and were more likely to have 
a history of atherosclerosis and diabetes. Poor diuretic response was strongly and 
independently associated with less dyspnoea relief and an increased incidence of 
in-hospital worsening HF, as well as post-discharge mortality and rehospitalization 
for HF. Early identification of subjects with impaired diuretic response may open 
doors towards patient-tailored treatment strategies. 
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Supplemental material
Supplementary methods

Covariates for multivariable regression models were selected through backward 
elimination. First, fractional polynomial transformations were applied to continu-
ous variables in linear, logistic and Cox proportional hazards regression to test for 
non-linearity. Next, a multivariable model containing all variables with a univari-
DEOH�DVVRFLDWLRQ�DW�D�VLJQLILFDQFH�OHYHO�RI�S�����DQG�DQ\�YDULDEOHV�FRQVLGHUHG�OLNHO\�
to contribute was created, corrected for study treatment, age, sex and baseline 
weight. A parsimonious model was obtained via backward hierarchical elimination 
of covariates based on P-value (alpha 0.05), starting with higher order interaction 
terms. Age, sex, study treatment and GFR were forced into all models. Separate 
models were constructed to test individual interactions with patient characteristics, 
renal function parameters – creatinine, BUN and GFR – and study treatment. The 
components of diuretic response (weight change and diuretic dose) were examined 
in separate models, and compared to models with diuretic response as a covariate 
using Harrell’s C-index (higher is better), continuous net reclassification improve-
ment (NRI) and the Akaike information criterion (AIC, lower is better). Adjusted 
Harrell’s C-indices were obtained via internal bootstrap resampling; no confidence 
intervals are reported as these are unreliable without an external dataset for vali-
dation. Continuous NRI confidence intervals were obtained via internal bootstrap 
validation (1,000 iterations). AIC was used as an overall measure for model fit for 
each model pair. 

The internal validity of the regression models was evaluated using the bootstrap 
re-sampling technique. A resampling analysis with 1,000 iterations was performed 
to identify variables that entered into 50% of regression models based on best 
fit using the AIC. A second series of 1,000 iterations was performed using only 
the variables retained in the first iterations in order to assess the robustness of 
the adjusted hazard ratios and confidence intervals in the presented multivariable 
analyses. 

The 180-day mortality outcome was corrected for a model developed in the PROTECT 
study population1 and cross-validated using models constructed using the back-
ward elimination and bootstrap resampling method described above. This 180-day 
mortality model (table 3, model 2) was developed in 25 datasets created using mul-
tiple imputation of missing values. Logarithmic and linear spline transformations 
were applied to candidate continuous variables in one imputed data set to check for  
significant non-linearity. Groups of continuous predictors with strong multi-colin-
earity were identified. One representative variable was chosen from each group 
based on best predictive power. The multivariable Cox proportional hazards model 
was selected through backwards elimination in each imputed dataset, and variables 
retained in at least 20 datasets were kept. The model was validated via forward 
selection and bootstrap re-sampling. Finally, a simplified model using the eight 
best predictor variables readily available during routine patient care was selected.
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The covariates for 180-day mortality models are presented in Table 4. The multi-
variable model for 60-day death or renal or cardiovascular rehospitalization con-
structed via backward elimination and bootstrap validation is adjusted for: age, 
sex, study treatment, edema >2+, GFR, log BUN, serum sodium, systolic and dia-
stolic blood pressure history of percutaneous coronary intervention (PCI) and hy-
percholesterolemia; the 60-day heart failure rehospitalization model is adjusted for 
age, sex, study treatment, edema >2+, log BUN, serum sodium, and a history of 
PCI, cardiac resynchronization therapy and hypercholesterolemia.
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Table S1 Baseline characteristics of analysed and excluded patients

�ŶĂůǇǌĞĚ 
(n=1745)

Excluded 
(n=288) P value

�ĞŵŽŐƌĂƉŚŝĐƐ
^Ğǆ�;й�DĂůĞͿ ϲϳ͘ϭ�;ϭϭϳϭͿ ϲϳ�;ϭϵϯͿ 0.971

�ŐĞ�;ǇĞĂƌƐͿ 70±11.4 71.3±12.2 0.089

�D/�;ŬŐͬŵϮͿ 28.7±6 29.5±6.8 0.084

>s�&�;йͿ 32.3±12.9 32.8±14.5 0.652

^ǇƐƚŽůŝĐ��W�;ŵŵ,ŐͿ 124.6±17.6 122.6±17.8 0.082

�ŝĂƐƚŽůŝĐ��W�;ŵŵ,ŐͿ 74.1±11.7 71.1±12.3 <0.001

,ĞĂƌƚ�ZĂƚĞ�;ďĞĂƚƐͬŵŝŶͿ 80.5±15.7 77.5±13.9 <0.001

ZŽůŽĨǇůůŝŶĞ�;й;ŶͿͿ ϲϲ͘ϴ�;ϭϭϲϲͿ ϲϲ�;ϭϵϬͿ 0.83

�ůŝŶŝĐĂů�WƌŽĮůĞ
KƌƚŚŽƉŶĞĂ�ш�нϮ�;й;ŶͿͿ ϵϲ͘ϰ�;ϭϲϲϲͿ ϵϯ͘ϰ�;ϮϱϰͿ 0.028

ZĂůĞƐ�хϭͬϯ�ůƵŶŐ�ĮĞůĚƐ�;й;ŶͿͿ ϲϭ͘ϳ�;ϭϬϳϰͿ ϱϲ͘ϰ�;ϭϱϴͿ 0.11

�ĚĞŵĂ�ш�нϮ�;й;ŶͿͿ ϲϵ͘Ϯ�;ϭϮϬϳͿ ϲϬ�;ϭϲϴͿ 0.003

:sW�ш�ϭϬ�Đŵ�;й;ŶͿͿ ϰϭ͘ϱ�;ϲϱϮͿ ϯϱ͘ϯ�;ϵϬͿ 0.073

DĞĚŝĐĂů�,ŝƐƚŽƌǇ
,ǇƉĞƌƚĞŶƐŝŽŶ�;й;ŶͿͿ ϴϬ͘Ϯ�;ϭϰϬϬͿ ϳϰ͘ϳ�;ϮϭϱͿ 0.037

�ŝĂďĞƚĞƐ�DĞůůŝƚƵƐ�;й;ŶͿͿ ϰϱ͘ϰ�;ϳϵϭͿ ϰϱ͘ϱ�;ϭϯϭͿ 0.982

,ǇƉĞƌĐŚŽůĞƐƚĞƌŽůĞŵŝĂ�;й;ŶͿͿ ϱϬ͘ϯ�;ϴϳϳͿ ϲϭ͘ϴ�;ϭϳϴͿ <0.001

^ŵŽŬŝŶŐ�;й;ŶͿͿ ϭϵ͘ϰ�;ϯϯϴͿ Ϯϴ͘ϭ�;ϴϭͿ <0.001

/,��;й;ŶͿͿ ϳϬ͘ϰ�;ϭϮϮϲͿ ϲϲ͘ϯ�;ϭϵϭͿ 0.187

DǇŽĐĂƌĚŝĂů�/ŶĨĂƌĐƟŽŶ�;й;ŶͿͿ ϱϬ�;ϴϳϬͿ ϰϱ͘ϲ�;ϭϯϭͿ 0.195

W�/�;й;ŶͿͿ Ϯϰ͘ϴ�;ϰϮϴͿ ϯϯ�;ϵϰͿ 0.004

���'�;й;ŶͿͿ Ϯϭ͘ϭ�;ϯϲϰͿ Ϯϱ�;ϳϮͿ 0.153

WĞƌŝƉŚĞƌĂů�sĂƐĐƵůĂƌ��ŝƐĞĂƐĞ�;й;ŶͿͿ ϭϬ͘ϵ�;ϭϴϵͿ ϭϬ͘ϴ�;ϯϭͿ 0.94

�ƚƌŝĂů�&ŝďƌŝůůĂƟŽŶ�;й;ŶͿͿ ϱϰ͘ϵ�;ϵϱϯͿ ϱϮ͘ϴ�;ϭϱϬͿ 0.55

,ĞĂƌƚ�&ĂŝůƵƌĞ�;й;ŶͿͿ ϵϱ͘ϯ�;ϭϲϲϯͿ ϵϭ͘ϳ�;ϮϲϰͿ 0.015

Ez,���ůĂƐƐ <0.001

��/Ͳ// ϭϲ͘ϱ�;ϮϴϴͿ ϭϵ͘ϰ�;ϱϲͿ
  III ϰϳ͘ϱ�;ϴϮϵͿ ϱϯ͘ϭ�;ϭϱϯͿ
  IV ϯϭ͘Ϯ�;ϱϰϰͿ ϭϵ͘ϭ�;ϱϱͿ

/���ƚŚĞƌĂƉǇ�;й;ŶͿͿ ϭϱ͘ϲ�;ϮϳϮͿ ϭϴ͘ϰ�;ϱϯͿ 0.264

�Zd�ƚŚĞƌĂƉǇ�;й;ŶͿͿ ϵ͘ϲ�;ϭϲϳͿ ϭϰ͘Ϯ�;ϰϭͿ 0.021

^ƚƌŽŬĞ�;й;ŶͿͿ ϵ͘Ϯ�;ϭϲϬͿ ϴ�;ϮϯͿ 0.59

�KW��;й;ŶͿͿ ϭϵ͘ϱ�;ϯϯϵͿ Ϯϭ͘ϵ�;ϲϯͿ 0.385

WƌŝŽƌ�DĞĚŝĐĂƟŽŶ�hƐĞ
���ŝ�Žƌ��Z��;й;ŶͿͿ ϳϱ͘ϴ�;ϭϯϮϮͿ ϳϰ͘ϵ�;ϮϭϮͿ 0.815

�ĞƚĂ�ďůŽĐŬĞƌƐ�;й;ŶͿͿ ϳϲ͘ϰ�;ϭϯϯϯͿ ϳϱ͘ϯ�;ϮϭϯͿ 0.736

DZ�Ɛ�;й;ŶͿͿ ϰϱ͘Ϯ�;ϳϴϵͿ ϯϱ͘ϭ�;ϵϵͿ 0.002

>ĂďŽƌĂƚŽƌǇ�sĂůƵĞƐ
�ƌĞĂƟŶŝŶĞ�;ŵŐͬĚ>Ϳ ϭ͘ϰ�ϭ͘ϭͲϭ͘ϴ ϭ͘ϰ�ϭ͘ϮͲϭ͘ϵ 0.042

Ğ'&Z�;ŵůͬŵŝŶͬϭ͘ϳϯŵϮͿ ϰϵ�ϯϳͲϲϰ ϰϳ�ϯϱͲϲϮ 0.056

�ůŽŽĚ�hƌĞĂ�EŝƚƌŽŐĞŶ�;ŵŐͬĚ>Ϳ Ϯϵ�ϮϮͲϰϬ ϯϭ�ϮϯͲϰϲ 0.005

^ŽĚŝƵŵ�;ŵŵŽůͬ>Ϳ ϭϰϬ�ϭϯϳͲϭϰϮ ϭϯϵ�ϭϯϲͲϭϰϭ 0.002

WŽƚĂƐƐŝƵŵ�;ŵŵŽůͬ>Ϳ ϰ͘ϯ�ϯ͘ϵͲϰ͘ϳ ϰ͘ϭ�ϯ͘ϴͲϰ͘ϱ 0.001

,ĂĞŵŽŐůŽďŝŶ�;ŐͬĚ>Ϳ 12.7±2 12.3±1.9 <0.001

�ŚŽůĞƐƚĞƌŽů�;ŵŵŽůͬ>Ϳ 147.6±44.6 144.4±41.6 0.249

�EW�;ŵŐͬĚ>Ϳ ϭϮϯϳ�ϴϭϴͲϮϮϭϭ ϭϰϱϲ�ϴϮϲͲϮϱϵϵ 0.149

 
Abbreviations: BMI: Body Mass Index; LVEF: Left Ventricular Ejection Fraction; BP: blood pressure; JVP: 
Jugular Venous Pressure; IHD: Ischemic Heart Disease; PCI: Percutaneous Coronary Intervention; CABG: 
Coronary Artery Bypass Graft; PVD: Peripheral vascular disease; NYHA: New York Heart Association; ICD: 
Internal Cardiac Defibrillator; ACEi: Angiotensin Converting Enzyme inhibitor; ARB: Aldosterone Receptor 
Blocker; MRA: Mineralocorticoid Receptor Antagonist; eGFR: estimated Glomerular Filtration Rate; BNP: 
Brain Natriuretic Peptide. Categorical variables are presented as: % (N).



Diuretic response in acute heart failure

127

Table S2 Clinical and out-hospital outcomes of analysed and excluded patients

�ŶĂůǇǌĞĚ 
(n=1746)

Excluded 
(n=288) P-value

tĞŝŐŚƚ�ĐŚĂŶŐĞ�ĚĂǇ�ϭ�Ͳ�ϰ�;ŬŐͿ ͲϮ͘ϴцϯ ͲϮ͘ϱцϭ͘ϭ 0.66

dŽƚĂů�ĚŝƵƌĞƟĐ�ĚŽƐĞ͕�ĚĂǇ�ϭ�Ͳ�ϯ�;ŵŐͿ ϮϰϬ�ϭϰϬͲϰϬϬ ϮϲϬ�ϭϲϬͲϰϲϬ 0.061

dŚŝĂǌŝĚĞ�ĚŝƵƌĞƟĐƐ�ĚƵƌŝŶŐ�ĂĚŵŝƐƐŝŽŶ ϭϵ�;ϯϯϮͿ ϭϮ͘ϱ�;ϯϲͿ 0.008

/ŶŽƚƌŽƉĞƐ�ĚƵƌŝŶŐ�ĂĚŵŝƐƐŝŽŶ�;йͿ ϲ͘ϭ�;ϭϬϳͿ ϭϮ͘ϱ�;ϯϲͿ <0.001

/ŶŽƚƌŽƉĞƐ�Žƌ�ǀĂƐŽĚŝůĂƚŽƌƐ�ĚƵƌŝŶŐ�ĂĚŵŝƐƐŝŽŶ�;йͿ ϭϲ͘ϯ�;ϮϴϰͿ ϭϳ͘ϳ�;ϱϭͿ 0.544

tZ&͕ �ĚĂǇ�ϳ�;й;ŶͿͿ Ϯϭ͘ϲ�;ϯϲϱͿ Ϯϳ͘ϲ�;ϲϳͿ 0.044

tZ&͕ �ĚĂǇ�ϭϰ�;й;ŶͿͿ Ϯϯ͘ϰ�;ϯϵϲͿ Ϯϰ͘ϲ�;ϲϬͿ 0.74

WƌŝŵĂƌǇ��ŶĚƉŽŝŶƚ�;й;ŶͿͿ 0.003

&ĂŝůƵƌĞ ϭϵ͘ϵ�;ϯϰϴͿ Ϯϴ͘ϱ�;ϴϮͿ
EŽ��ŚĂŶŐĞ ϰϱ͘ϰ�;ϳϵϯͿ ϯϳ͘ϴ�;ϭϬϵͿ

Success ϯϰ͘ϲ�;ϲϬϰͿ ϯϯ͘ϳ�;ϵϳͿ
dƌĞĂƚŵĞŶƚ�ĨĂŝůƵƌĞ�ĚƵĞ�ƚŽ��ĞĂƚŚ�;й;ŶͿͿ Ϭ͘ϳ�;ϭϮͿ ϴ͘ϳ�;ϮϱͿ <0.001

dƌĞĂƚŵĞŶƚ�ĨĂŝůƵƌĞ�ĚƵĞ�ƚŽ�tŽƌƐĞŶŝŶŐ�,ĞĂƌƚ�&ĂŝůƵƌĞ�;й;ŶͿͿ ϵ͘ϯ�;ϭϲϮͿ ϭϬ͘ϲ�;ϮϳͿ 0.582

dƌĞĂƚŵĞŶƚ�ĨĂŝůƵƌĞ�ĚƵĞ�ƚŽ�tZ&�;й;ŶͿͿ ϭϮ�;ϮϬϯͿ ϭϴ͘ϲ�;ϰϰͿ 0.006

dƌĞĂƚŵĞŶƚ�&ĂŝůƵƌĞ�ĚƵĞ�ƚŽ�,&�ƌĞŚŽƐƉŝƚĂůŝƐĂƟŽŶ�;й;ŶͿͿ Ϭ͘Ϯ�;ϰͿ ϭ͘ϳ�;ϱͿ 0.002

,ĞŵŽĐŽŶĐĞŶƚƌĂƟŽŶ�ŽŶ�ĚĂǇ�ϰ�;й;ŶͿͿ ϱϵ͘Ϯ�;ϳϳϭͿ ϱϴ͘ϯ�;ϯϱͿ 0.999

ϭϴϬͲĚĂǇ�ŵŽƌƚĂůŝƚǇ�;й;ŶͿͿ 16.3 25.7 <0.001

ϲϬͲĚĂǇ�,ĞĂƌƚ�&ĂŝůƵƌĞ�ZĞŚŽƐƉŝƚĂůŝǌĂƟŽŶ�;й;ŶͿͿ 14.8 16 0.683

ϲϬͲĚĂǇ��ĞĂƚŚ�Žƌ�ZĞŶĂů�Žƌ��ĂƌĚŝŽǀĂƐĐƵůĂƌ�ZĞŚŽƐƉŝƚĂůŝǌĂƟŽŶ�;й;ŶͿͿ 27.3 36.5 0.002

Unadjusted incidence rates are reported 
Abbreviations: WRF: Worsening Renal Function; HF: Heart Failure 
Worsening renal function = 0.3 mg/dL rise in creatinine compared to baseline 
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Table S6 Baseline characteristics in placebo and rolofylline groups

^ƚƵĚǇ�ƚƌĞĂƚŵĞŶƚ WůĂĐĞďŽ 
(n=579)

ZŽůŽĨǇůůŝŶĞ 
(n=1166) P-value

�ĞŵŽŐƌĂƉŚŝĐƐ
^Ğǆ�;й�DĂůĞͿ ϲϳ͘ϳ�;ϯϵϮͿ ϲϲ͘ϴ�;ϳϳϵͿ 0.749

�ŐĞ�;ǇĞĂƌƐͿ 70.1±11.3 69.9±11.5 0.763

�D/�;ŬŐͬŵϮͿ 28.6±6.1 28.8±6 0.654

>s�&�;йͿ 32.5±13.1 32.1±12.8 0.715

^ǇƐƚŽůŝĐ��W�;ŵŵ,ŐͿ 124.9±17.5 124.4±17.6 0.574

�ŝĂƐƚŽůŝĐ��W�;ŵŵ,ŐͿ 74.6±11.7 73.9±11.7 0.206

,ĞĂƌƚ�ZĂƚĞ�;ďĞĂƚƐͬŵŝŶͿ 81±16 80.3±15.5 0.401

�ůŝŶŝĐĂů�WƌŽĮůĞ
KƌƚŚŽƉŶĞĂ�шнϮ�;й;ŶͿͿ ϵϳ͘Ϯ�;ϱϱϳͿ ϵϲ�;ϭϭϬϵͿ 0.265

ZĂůĞƐ�хϭͬϯ�ůƵŶŐ�ĮĞůĚƐ�;й;ŶͿͿ ϱϵ͘ϲ�;ϯϰϰͿ ϲϮ͘ϳ�;ϳϯϬͿ 0.239

�ĚĞŵĂ�шнϮ�;й;ŶͿͿ ϲϴ͘ϳ�;ϯϵϴͿ ϲϵ͘ϰ�;ϴϬϵͿ 0.827

:sW�шϭϬ�Đŵ�;й;ŶͿͿ ϰϭ͘ϯ�;ϮϭϯͿ ϰϭ͘ϲ�;ϰϯϵͿ 0.955

DĞĚŝĐĂů�,ŝƐƚŽƌǇ
,ǇƉĞƌƚĞŶƐŝŽŶ�;й;ŶͿͿ ϳϵ͘ϭ�;ϰϱϴͿ ϴϬ͘ϴ�;ϵϰϮͿ 0.442

�ŝĂďĞƚĞƐ�DĞůůŝƚƵƐ�;й;ŶͿͿ ϰϱ͘ϯ�;ϮϲϮͿ ϰϱ͘ϰ�;ϱϮϵͿ 0.991

,ǇƉĞƌĐŚŽůĞƐƚĞƌŽůĞŵŝĂ�;й;ŶͿͿ ϱϭ͘ϰ�;ϮϵϳͿ ϰϵ͘ϳ�;ϱϴϬͿ 0.552

^ŵŽŬŝŶŐ�;й;ŶͿͿ ϭϳ͘ϯ�;ϭϬϬͿ ϮϬ͘ϱ�;ϮϯϴͿ 0.132

/,��;й;ŶͿͿ ϲϴ͘Ϯ�;ϯϵϰͿ ϳϭ͘ϱ�;ϴϯϮͿ 0.171

DǇŽĐĂƌĚŝĂů�/ŶĨĂƌĐƟŽŶ�;й;ŶͿͿ ϰϳ͘ϭ�;ϮϳϮͿ ϱϭ͘ϰ�;ϱϵϴͿ 0.096

W�/�;й;ŶͿͿ Ϯϰ͘ϯ�;ϭϯϵͿ Ϯϱ�;ϮϴϵͿ 0.797

���'�;й;ŶͿͿ ϮϬ͘ϲ�;ϭϭϴͿ Ϯϭ͘ϯ�;ϮϰϲͿ 0.81

Ws��;й;ŶͿͿ ϴ͘ϴ�;ϱϭͿ ϭϭ͘ϵ�;ϭϯϴͿ 0.068

�ƚƌŝĂů�&ŝďƌŝůůĂƟŽŶ�;й;ŶͿͿ ϱϴ͘ϭ�;ϯϯϯͿ ϱϯ͘ϰ�;ϲϮϬͿ 0.068

Ez,���ůĂƐƐ�;й;ŶͿͿ 0.281

/Ͳ// ϭϴ͘ϱ�;ϭϬϳͿ ϭϱ͘ϱ�;ϭϴϭͿ
III ϰϲ͘ϲ�;ϮϳϬͿ ϰϳ͘ϵ�;ϱϱϵͿ
IV ϯϬ͘ϭ�;ϭϳϰͿ ϯϭ͘ϳ�;ϯϳϬͿ

/���ƚŚĞƌĂƉǇ�;й;ŶͿͿ ϭϱ͘Ϯ�;ϴϴͿ ϭϱ͘ϴ�;ϭϴϰͿ 0.817

�Zd�ƚŚĞƌĂƉǇ�;й;ŶͿͿ ϵ͘ϱ�;ϱϱͿ ϵ͘ϲ�;ϭϭϮͿ 0.97

^ƚƌŽŬĞ�;й;ŶͿͿ ϵ�;ϱϮͿ ϵ͘ϯ�;ϭϬϴͿ 0.917

�KW��;й;ŶͿͿ ϭϵ͘Ϯ�;ϭϭϭͿ ϭϵ͘ϲ�;ϮϮϴͿ 0.913

WƌŝŽƌ�ŵĞĚŝĐĂƟŽŶ�ƵƐĞ
���ŝ�Žƌ��Z��;й;ŶͿͿ ϳϰ͘ϲ�;ϰϯϮͿ ϳϲ͘ϯ�;ϴϵϬͿ 0.466

�ĞƚĂ�ďůŽĐŬĞƌƐ�;й;ŶͿͿ ϳϲ͘Ϯ�;ϰϰϭͿ ϳϲ͘ϱ�;ϴϵϮͿ 0.924

DZ�Ɛ�;й;ŶͿͿ ϰϮ͘ϳ�;ϮϰϳͿ ϰϲ͘ϱ�;ϱϰϮͿ 0.144

>ĂďŽƌĂƚŽƌǇ�sĂůƵĞƐ
�ƌĞĂƟŶŝŶĞ�;ŵŐͬĚ>Ϳ ϭ͘ϯ�ϭ͘ϭͲϭ͘ϳ ϭ͘ϰ�ϭ͘ϭͲϭ͘ϴ 0.268

Ğ'&Z�;ŵůͬŵŝŶͬϭ͘ϳϯŵϮͿ ϰϲ͘ϭ�ϯϲ͘ϮͲϳϬ͘ϰ ϱϱ͘ϱ�ϯϲ͘ϱͲϲϱ͘ϱ 0.619

�ůŽŽĚ�hƌĞĂ�EŝƚƌŽŐĞŶ�;ŵŐͬĚ>Ϳ Ϯϴ�ϮϭͲϰϬ Ϯϵ�ϮϮͲϰϭ 0.321

^ŽĚŝƵŵ�;ŵŵŽůͬ>Ϳ ϭϰϬ�ϭϯϳͲϭϰϮ ϭϰϬ�ϭϯϳͲϭϰϮ 0.393

WŽƚĂƐƐŝƵŵ�;ŵŵŽůͬ>Ϳ ϰ͘ϯ�ϯ͘ϵͲϰ͘ϲ ϰ͘ϯ�ϯ͘ϵͲϰ͘ϳ 0.814

,ĂĞŵŽŐůŽďŝŶ�;ŐͬĚ>Ϳ 12.7±1.9 12.8±2 0.519

�ŚŽůĞƐƚĞƌŽů�;ŵŵŽůͬ>Ϳ 149.1±44.5 146.9±44.7 0.335

�EW�;ŵŐͬĚ>Ϳ ϭϭϵϬ�ϴϯϳͲϮϮϬϯ ϭϮϰϴ�ϴϭϲͲϮϮϭϳ 0.836

Abbreviations: see Table S1
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This editorial refers to to Chapter 5, ‘Diuretic response in acute 

heart failure: clinical characteristics and prognostic significance’, 

by M.A.E. Valente et al. 

Loop diuretics are the most commonly used drugs in the management of pulmo-
nary and systemic congestion in patients with acute decompensated heart failure 
(ADHF), as well as chronic congestive HF. The diuresis results from blockade of the 
Na–K–Cl cotransporter in the ascending limb of the loop of Henle. The pharmaco-
dynamics of loop diuretics are illustrated in Figure 1, and are best described as an 
S-shaped curve.1 The first few i.v. administrations to patients with HF and conges-
tion cause a brisk diuresis with accompanying weight loss. Although loop diuretics 
may be life saving in patients with ADHF and pulmonary oedema, they have not 
been shown definitively to extend survival in patients with chronic HF, although 
they do play a critically important role in the reduction of oedema and dyspnoea.

Figure 1 Dose–response curves for loop diuretics. 

Patients with chronic kidney disease (CKD) exhibit a rightward shift consequent to a reduction in the se-
cretion of the diuretic. Patients with heart failure (HF) who have received multiple doses of a loop diuretic 
exhibit both a rightward shift and depression of the peak (maximal response reduced). Not shown is the 
elevation of the natriuretic threshold which further limits the response to orally administered diuretics. 
Reprinted with permission from Ellison DH. Diuretic therapy and resistance in congestive heart failure. 
Cardiology 2001;96:132–143. S. Karger AG.
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Unfortunately, drug resistance develops frequently with repeated administration of 
loop diuretics2,3 and, as a consequence, fluid retention and congestion recur. Loop 
diuretic resistance is likely to be due to the operation of several counter-regulatory 
processes, which cause fluid retention. These include: (i) activation of the renin–
angiotensin–aldosterone system (RAAS); (ii) activation of the sympathetic nervous 
system (SNS), which reduces renal blood flow and the quantities of Na+ and of the 
diuretic reaching the loop of Henle; and (iiii) hypertrophy of the epithelial cells in 
the distal nephron, causing increased Na+ reabsorption.1 As a consequence, the 
diuretic concentration–Na+ excretion curve is displaced downward and to the right 
(Figure 1), the threshold concentration of drug required to achieve any diuretic 
effect rises, and the maximal diuresis that can be achieved declines. In addition, 
the presence of chronic kidney disease (CKD) contributes to the pathogenesis of 
diuretic resistance (Figure 1). In a meta-analysis including > 1 million patients with 
HF enrolled into 57 trials, Damman et al. found that one-third exhibited CKD during 
hospitalization, and one-fourth exhibited worsening renal function (WRF).4 Both 
CKD and WRF were independent predictors of mortality.4 Other investigators have 
also reported that WRF is an independent predictor of mortality, but only in pa-
tients with persistent congestion.5

It is not clear whether the progression of HF and the accompanying activation of 
the RAAS and SNS combined with the reduction of renal blood flow is responsible 
for diuretic resistance and/or whether diuretic resistance plays a role in the poor 
outcome of patients with advanced HF. Most probably there is a vicious circle, in 
which impaired cardiac function, as well as excessive activation of both the RAAS 
and the SNS, augment Na+ retention. The reduction of renal perfusion, sometimes 
superimposed on CKD, leads to diuretic resistance. The latter, in turn, is respon-
sible for the need for progressively escalating doses of loop diuretic, which cause 
further activation of the neurohormonal axes and of renal dysfunction culminating, 
in some patients, in the development of the cardiorenal syndrome,6 as well as in 
an increasing risk of adverse clinical outcomes. The latter include prolonged hos-
pitalization, and/or rehospitalization for failure to relieve congestion, and short-
ened survival. In this vicious circle it is not clear whether diuretic resistance is only 
a risk marker for future adverse clinical outcomes, or whether it plays a causal 
role. I think that it is likely that diuretic resistance is both a marker and a ‘player’. 
Whatever the pathophysiological mechanisms involved, it has been well established 
that the development of loop diuretic resistance is an ominous prognostic sign in 
patients with HF. 

Increased efforts are underway to measure loop diuretic responsiveness and de-
termine whether it predicts clinical outcome. Hasselblad et al. have reported a 
close correlation between the maximum in-hospital daily dose of loop diuretic and 
subsequent mortality in patients with HF7 (Figure 2). Two recent studies in patients 
hospitalized with HF have measured loop diuretic responsiveness and have related 
it to subsequent clinical outcomes. Testani et al. calculated what they termed ‘loop 
diuretic efficiency’ as the fluid output in ml per 40 mg of furosemide equivalents 
administered. They found, in a post-hoc analysis, that patients whose loop diuretic 
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efficiency was below the median had a significantly higher mortality than those in 
whom it was above the median. Importantly, they then validated this approach in a 
second population.8 

Valente et al., in a post-hoc analysis of HF patients in the PROTECT tri-
DO�� KDYH� QRZ� TXDQWLILHG� WKH� GLXUHWLF� UHVSRQVH� GHILQHG� DV� ¶¨� ZHLJKW� NJ����
mg furosemide’.9 Like Testani et al., they reported that a low diuretic re-
sponse was an independent predictor of mortality and that it was an inde-
pendent predictor of HF rehospitalization as well. A reduced diuretic re-
sponse also correlated significantly with low systolic pressure, high blood urea  
nitrogen (BUN), diabetes, and arteriosclerosis, but surprisingly not with serum cre-
atinine or estimated glomerular filtration rate. In addition, they found that age, 
BUN, and systolic pressure (all simpler to measure than diuretic responsiveness) 
were also independent predictors of mortality. Another recent analysis of the PRO-
TECT trial, by some of the same authors, showed that the risk of mortality and 
hospital readmission could be predicted by renal function, as assessed by both cre-
atinine and BUN 7 days after entry, as well as by the trajectory of plasma creatinine 
concentration during the first 7 days after hospital admission.10

Figure 2 Relationship between maximum daily dose of loop diuretic, expressed in furose-
mide equivalents, and mortality at 180 days in 395 patients admitted to the hospital with 
decompensated heart failure. 

P = 0.003. Reprinted with permission from Hasselblad V, Stough WG, Shah MR, Lokhnygina Y, O’Connor 
CM, Califf RM, Adams KF Jr. Relation between dose of loop diuretics and outcomes in a heart failure popu-
lation: results of the ESCAPE trial. Eur J Heart Fail 2007;9:1064–1069
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The aforementioned efforts to quantify the diuretic response and to relate it to 
clinical outcome are highly commendable, since they may ultimately aid in the 
development of more individualized treatment plans for patients with HF, as more 
therapeutic options, such as device therapy, become available. However, there are 
significant limitations to both metrics, some of which have been recognized by 
the authors:8,9 (i) Both urine output and weight changes, while obviously simple 
markers of diuretic responsiveness, are notoriously difficult to measure precisely 
in hospitalized patients unless very special care is taken by a trained and motivated 
staff. (ii) Sodium intake is an important determinant of diuretic responsiveness, and 
is often difficult to control, even in hospitalized patients. (iii) The co-administration 
of other diuretics such as thiazides and/or mineralocorticoid receptor antagonists 
that are often administered to patients with loop diuretic resistance, as well as 
drugs which affect cardiac performance, such as angiotensin-converting enzyme 
inhibitors, angiotensin receptor blockers, and beta-adrenergic blockers, were not 
controlled. All of these could affect the diuretic response. (iv) The dose–response 
curve to loop diuretics is far from linear, and normally reaches an asymptote with 
increased dosing (Figure 1). This makes changes in weight or urine volume per 40 
mg of furosemide equivalents difficult to interpret. (v) Finally, in the two studies 
mentioned above,8,9 the loop diuretics were administered both intravenously and 
orally. The conversion factor among these routes may differ between patients with 
HF whose intestinal absorption of orally administered drugs may differ. This con-
version factor may also change in any given patient as the severity of HF waxes and 
wanes. 

Given the aforementioned issues, the interpretation of these metrics is challenging 
and they may not yet be of value in the assessment of individual patients. It would 
be interesting to ascertain their reproducibility in the same subjects and under sim-
ilar conditions. However, they may be quite useful in comparing groups of patients 
in assessing the effect of interventions on such groups. For example, the analysis 
by Valente et al., which was carried out in 1745 patients who were randomized 
to rolofylline, an adenosine A1 antagonist, or to placebo, showed a statistically 
significantly better diuretic response in the rolofylline group.9 Despite the current 
limitations, the efforts of these investigators represent the first serious attempts to 
put a number on an important variable in patients with HF—loop diuretic respon-
siveness, a variable that clinicians have previously described only qualitatively. This 
work is the forerunner of future approaches which will provide precise measure-
ment of loop diuretic responsiveness and will thereby permit optimal dosing of 
these important drugs. 
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Abstract

Objectives To examine the value of serum Neutrophil Gelatinise-Associated Li-
pocalin (NGAL) for predicting clinically relevant worsening renal function (WRF) in 
patients with acute heart failure (AHF).

Background WRF is associated with a poorer outcome in patients with AHF. NGAL 
may predict the development of WRF and its subsequent prognosis.  

Methods and results We investigated baseline and short-term changes in serum 
NGAL and creatinine in patients hospitalized for AHF and enrolled in the PROTECT 
study.  Analysis was confined to 1447 patients with available data with serial mea-
VXUHPHQWV� IRU� ��� GD\V��:5)�ZDV� GHILQHG� DV� DQ� LQFUHDVH� LQ� VHUXP� FUHDWLQLQH� RI�
�����PJ�G/�WKURXJK�GD\����:5)�GHYHORSHG�LQ�����SDWLHQWV��������6HUXP�1*$/�GLG�
not rise earlier than creatinine in patients who developed WRF. After multivariable 
adjustment, baseline serum NGAL, but not creatinine, predicted WRF. Overall, WRF 
was associated with a poor clinical outcome. Interactions between baseline NGAL 
and WRF were observed. Patients with WRF and a high baseline serum NGAL had 
a greater risk of death, renal or cardiovascular rehospitalisation by 60 days than 
patients with a low baseline serum NGAL (p = 0.024). A rise in serum NGAL after 
baseline was associated with worse outcome in patients with WRF but not in pa-
tients without (p=0.003).  

Conclusions In patients with AHF, serum NGAL is not an earlier marker for WRF 
than changes in serum creatinine and is only a modest predictor of WRF and overall 
prognosis. However, serum NGAL helps identify those patients with in-hospital WRF 
who subsequently have a poor prognosis.

 



NGAL and prediction of clinically relevant WRF in acute heart failue

151

Introduction

Worsening renal function (WRF) during hospitalization for acute heart failure (AHF) 
is associated with poorer outcome. However, some studies suggest that a tran-
sient decline in renal function during treatment for AHF may not be harmful, and 
may even reflect a better therapeutic response.1-4 We recently showed that patients 
with AHF and a good diuretic response had a higher incidence of WRF but better 
outcomes.5 The reasons for WRF appear important. Early identification of patients 
at risk of WRF, a robust definition and better understanding of its cause and con-
sequences may improve risk stratification. Novel biomarkers may play a role in 
achieving this goal.

Neutrophil Gelatinase Associated Lipocalin (NGAL), a 25 kDa member of the Lipo-
calin family expressed by the renal tubular epithelium, is released into both urine 
and blood in response to tubular injury. Studies in various settings have suggested 
both blood and urinary NGAL levels to be good early markers for acute kidney inju-
ry, with levels increasing hours to days before serum creatinine or cystatin-c.6 Sev-
eral small studies, the largest including only 207 patients, have examined the value 
of serum NGAL for predicting WRF in AHF, with mixed results; some found NGAL to 
be superior to traditional renal markers, while others found no difference or even 
inferior predictive performance.7-13 There are also few reports on the value of short-
term changes in serum NGAL in AHF and they are similarly conflicting.8,9 Higher 
serum NGAL has also been associated with poorer clinical outcomes in AHF,10,14,15 
and a large-scale, prospective, observational study examining associations with 
mortality outcomes is ongoing (AKINESIS, ClinicalTrials.gov ID no. NCT01291836). 
In order to address these issues, we investigated baseline and short-term changes 
in serum NGAL and creatinine during hospitalization for AHF in patients enrolled 
in the PROTECT study.

Methods

Study design and population

This is a post-hoc analysis of the Placebo-controlled Randomized Study of the Se-
lective A1 Adenosine Receptor Antagonist Rolofylline for Patients Hospitalized with 
acute heart failure and Volume Overload to Assess Treatment Effect on Conges-
tion and Renal FuncTion (PROTECT) trial, a randomized, double-blind, placebo-con-
trolled, multi-center study that enrolled 2033 patients admitted for acute decom-
pensated heart failure, randomized 2:1 to rolofylline, with neutral overall results. 
Study design, inclusion and exclusion criteria and main results have been published 
previously.16,17 The trial was approved by all local Ethics Committees and conduct-
ed in accordance with the Declaration of Helsinki. All patients provided written 
informed consent. Of the patients who remained hospitalized for at least 4 days 
(n=1681), those with available NGAL and creatinine values at baseline (n=1470) and 
at least one follow-up measurement for each marker during the first 4 days were in-
cluded in the analysis, resulting in a study population of 1447 patients. To examine 
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the effects of biomarker levels and changes on day 2, the patients who had already 
developed WRF by day 2 (n=101) were excluded from analyses.

Procedures and definitions

Heart failure signs and symptoms, serum creatinine and other hematologic and 
biochemical markers were assessed daily from baseline (day 1) until discharge or 
day 6 and on day 7.16 Serum NGAL levels were measured in frozen serum samples 
collected on the same days and stored at -80°C. Measurements were performed by 
Alere Inc. (San Diego, USA) using sandwich enzyme-linked immunosorbent assays 
(ELISA) on a microtiter plate. Estimated glomerular filtration rate (GFR) was calculat-
ed using the simplified modification of diet in renal disease (MDRD) study equation. 

Endpoints

The focus of this study was WRF occurring during the first 4 days of hospitalization, 
GHILQHG�DV�D�FUHDWLQLQH�LQFUHDVH�RI������PJ�G/�RFFXUULQJ�DQ\�WLPH�EHWZHHQ�GD\���
(baseline) and day 4. Initiation of hemofiltration or dialysis within the first 4 days 
was considered WRF irrespective of creatinine measurements. Considering the lit-
erature describes NGAL as an early marker for WRF, later decline in renal function 
was not considered for these analyses.

Sensitivity analyses were performed with other definitions of WRF occurring during 
the first four days, including: absolute creatinine change as a continuous variable; 
D�UHODWLYH�FUHDWLQLQH�LQFUHDVH�RI�������DQG�D�FRPELQHG�FUHDWLQLQH�LQFUHDVH�RI������
PJ�G/�DQG�������$GGLWLRQDOO\�� WKH�YDOXH�RI�1*$/�ZDV�DOVR�DVVHVVHG� IRU�VHYHUDO�
FXW�RIIV��VHUXP�FUHDWLQLQH�LQFUHDVHV�RI������PJ�G/�������PJ�G/�������DQG��������

The prognostic relevance of (changes in) NGAL within the context of WRF / changes 
in creatinine was examined using two endpoints: 180-day mortality and a compos-
ite of 60-day death or renal or cardiovascular rehospitalization. Both endpoints 
were adjudicated. To examine NGAL patterns in patients with WRF with good and 
poor outcome, patients were classified into groups based on whether they devel-
oped WRF and whether they experienced a clinical endpoint.

Statistical methods

Continuous data are presented as mean ± standard deviation if normally distribut-
ed or median [interquartile range] if not. Group comparisons were performed using 
Student’s T-test, ANOVA, Wilcoxon or Kruskall-Wallis tests, as appropriate. Differ-
ences between relative changes in biomarkers were assessed using paired Wilxocon 
rank sum tests. Correlations between biomarkers were evaluated using Spearman’s 
rank correlation. Trends across categories were assessed using non-parametric 
trend tests for categorical variables, and univariable generalized linear models with 
polynomial contrasts for continuous variables. Missing data were assumed to be 
missing at random, and no imputations were performed.
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Random slope, random intercept linear mixed-effects models were used to exam-
ine changes in serial NGAL and creatinine levels over time, adjusting for study 
treatment. A mixed-effects model is a hierarchical regression model including fixed 
and random (subject-specific) effects, allowing for within-subject correlation be-
tween repeated measurements. Both NGAL and Creatinine were log-transformed 
for modelling. Model selection was based on combined assessment of likelihood 
ratio tests of nested models for selection of random effects, and of Bayesian and 
Akaike’s information criteria (measures for model fit, lower is better) for selection 
of fixed effects. Best fit was obtained using a second order polynomial (quadratic) 
time transformation for creatinine and third order polynomial (cubic) time transfor-
mation for NGAL for both fixed and random effects. 

Receiver Operator Characteristic (ROC) curve analyses and multivariable logistic 
regression were performed evaluate predictors of WRF, and added value was as-
sessed using likelihood ratio tests of nested models. Multivariable models were 
constructed via backward elimination of candidate covariates with a univariable 
association at p<0.1, with a P for retention of 0.05. 

Kaplan Meier survival analyses were performed to examine group associations with 
the mortality and composite endpoints. Outcomes between groups were compared 
with log-rank tests. Cox proportional hazards regression was performed to evalu-
ate univariable and multivariable associations with 180-day mortality and the 60-
day composite, adjusting for covariates from a previously published prognostic 
model – age, creatinine, BUN, systolic blood pressure, edema, previous hospital-
ization for heart failure, serum albumin and serum sodium.18 Multiple fractional 
polynomials were used to check for non-linearity in survival analyses. Interactions 
were investigated graphically. Proportionality of hazards assumptions were evalu-
ated graphically and tested statistically. A two-tailed p-value of 0.05 was consid-
ered statistically significant. All analyses were performed using R: A Language and 
Environment for Statistical Computing, version 3.1.0 (R Foundation for Statistical 
Computing, Vienna, Austria) and Stata, version 11.2 (College Station, TX, USA).

Results

Baseline data for patients with an without WRF and by vital status are presented in 
Table 1; patients who developed WRF during the first four days (n = 325; 22%) had 
a higher left ventricular ejection fraction (LVEF), higher systolic blood pressure, less 
edema, worse baseline renal function, higher NGAL levels, lower haemoglobin and 
more anaemia (all p<0.05). Profiles for survivors at 180 days versus patients who 
died were similar in patients with and without WRF; patients who died had a lower 
ejection fraction, lower blood pressure, worse renal function, reflected by higher 
BUN and serum concentrations of creatinine and NGAL and lower serum cholesterol 
and triglyceride (all p<0.05). Patients without WRF who died had a lower BMI, were 
older, and more likely to be treated with CRT than those without WRF who survived 
(all p<0.05), but this was not the case for patients who developed WRF.
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Supplementary tables S1 and S2 present baseline characteristics by tertile of base-
line serum creatinine and NGAL. Higher biomarker levels were associated with more 
advanced age and more co-morbidity. Serum concentrations of NGAL correlated 
reasonably well with serum creatinine (Spearman’s rho 0.58 at baseline and 0.60 at 
day 4, both p<0.001), estimated GFR (Spearman’s rho -0.60 at baseline and -0.62 
at day 4, both p<0.001) and BUN (Spearman’s rho 0.52 at baseline and 0.54 at day 
4, both p<0.001), and a modestly but significantly with CRP (Spearman’s rho 0.12 
at day 1, 0.13 at day 4, both p<0.001). 

NGAL and WRF

Figure 1 displays changes in serum creatinine and NGAL during the first week after 
admission in patients with and without WRF, adjusted for study treatment. Trajec-
tories for alternative WRF definitions are presented as supplementary figures S1 
and S2 and display similar patterns. The interactions of time and WRF, indicating 
different biomarker trajectories for the two groups, were highly significant in all 
models (all p<0.001), and there were no significant effects of or interactions with 
rolofylline treatment. Figure 2 shows the relative change in creatinine and NGAL 
levels over the first 7 days in patients with and without WRF. In patients who devel-
oped WRF, NGAL levels did not rise significantly sooner than creatinine levels; both 
markers increased in parallel over the first 2 days (P for difference n.s.), with NGAL 
rising further than creatinine over the course of 7 days while displaying greater 
variability (median relative change in NGAL vs. Creatinine: day 3: 23% [-7% to 79%] 
vs. 21.8% [10% to 33.3%], P=0.015; day 4: 33% [-4% to 99%] vs. 25% [17% to 42%], 
P<0.001; day 7: 38% [-8% to 93%] vs. 20% [0% to 36%], P<0.001). Patterns were sim-
ilar for alternative definitions of WRF (Supplementary Figures S3 and S4). 

In ROC curve analyses, baseline NGAL and creatinine values similarly and modestly 
predicted WRF; a non-diagnostic change in creatinine on day 2 was a much stronger 
predictor of WRF than change in NGAL on day 2 (Table 2). The added value of NGAL 
on top of creatinine was modest, but statistically significant for almost all cut-offs 
(Supplementary Table S4). Serum NGAL was independently associated with WRF in 
a multivariable model (Table 3), while serum creatinine was not, and contributed 
significantly to improving model discrimination (AUC 0.648 vs. 0.635 for model 
with vs. without NGAL, P=0.002). Multivariable models for other cut-offs selected 
via backward elimination consistently included NGAL, which consistently improved 
model discrimination (all P<0.05), but not creatinine. 

NGAL and clinically relevant WRF

To investigate the value of NGAL for distinguishing between WRF with good and poor 
outcome, we first examined NGAL and creatinine trajectories in patients who experi-
enced WRF (or not) who had died (or not) by 180 days (Figure 3). Baseline serum NGAL 
was higher and rose further in patients who died compared to survivors and was high-
er in patients with WRF irrespective of outcome. The pattern was similar for patients 
who did or did not reach the 60-day endpoint. WRF with a poor outcome was better  
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predicted by a non-diagnostic increase in creatinine on day 2 than change in NGAL 
(P<0.05, Supplementary Table S5). NGAL did show significant added value when 
added to creatinine, with consistently higher Goodness of Fit in mutually adjusted 
models (Table 4). 

Figure 1 Changes in serum Creatinine and NGAL in patients with and without WF
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NGAL, WRF and clinical outcome

In Cox models, baseline serum creatinine and NGAL were both associated, in uni-
variable analysis, with 180-day mortality (HR per SD: 1.27, 95% CI 1.15-1.41 vs. 
1.16, 95% CI 1.07-1.27, respectively, both p<0.001) and the 60-day composite of 
death or rehospitalization for renal or cardiovascular causes (HR per SD: 1.24, 95% 
CI 1.15-1.35 vs. 1.16, 95% CI 1.08-1.25, respectively, both p<0.001). After correc-
tion for either serum creatinine or eGFR, NGAL was no longer associated with either 
endpoint. WRF was independently associated with both endpoints (multivariable 
HR for 180-day mortality: 1.45, 95% CI 1.12-1.88, p=0.004; multivariable HR for 
the 60-day composite: 1.27, 95% CI 1.01-1.59, p=0.04); sensitivity analyses with 
absolute change in creatinine and other definitions for WRF showed similar results 
(data not shown). 

Figure 4 displays the multivariable hazard ratios for the 60-day composite endpoint 
for the continuous interaction between absolute change in creatinine and base-
line values of creatinine and NGAL, illustrating an incrementally greater relative 
risk of any given absolute creatinine increase in patients with higher NGAL levels 
(P=0.024), but not higher creatinine levels (P=0.464) There were no significant in-
teractions between changes in creatinine and baseline levels of NGAL or creatinine 
for 180-day mortality, although patterns were similar. Study treatment had no ef-
fect on outcomes or interactions with WRF or other covariates in any of the models. 

Figure 2 Relative changes in serum Creatinine and NGAL
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Table 2 Predictive value of NGAL and Creatinine for WRF

�ĂƐĞůŝŶĞ�sĂůƵĞƐ
tZ&�ĚĞĮŶŝƟŽŶ �ƌĞĂƟŶŝŶĞ��h� NGAL AUC P
ш�Ϭ͘ϯ�ŵŐͬĚ>�ŝŶĐƌĞĂƐĞ 0.571 0.569 0.930

ш�Ϭ͘ϲ�ŵŐͬĚ>�ŝŶĐƌĞĂƐĞ 0.637 0.656 0.429

ш�ϭ͘Ϯ�ŵŐͬĚ>�ŝŶĐƌĞĂƐĞ 0.678 0.689 0.753

ш�Ϯϱй�ŝŶĐƌĞĂƐĞ 0.575 0.512 0.077

ш�ϱϬй�ŝŶĐƌĞĂƐĞ 0.515 0.564 0.395

ш�ϭϬϬй�ŝŶĐƌĞĂƐĞ 0.524 0.590 0.083

ш�Ϭ͘ϯ�ŵŐͬĚ>��Θ�ш�Ϯϱй�ŝŶĐƌĞĂƐĞ 0.532 0.545 0.710

�ĂǇ�Ϯ�ǀĂůƵĞƐ
tZ&�ĚĞĮŶŝƟŽŶ �ƌĞĂƟŶŝŶĞ��h� NGAL AUC P
ш�Ϭ͘ϯ�ŵŐͬĚ>�ŝŶĐƌĞĂƐĞ 0.617 0.570 0.097

ш�Ϭ͘ϲ�ŵŐͬĚ>�ŝŶĐƌĞĂƐĞ 0.701 0.637 0.142

ш�ϭ͘Ϯ�ŵŐͬĚ>�ŝŶĐƌĞĂƐĞ 0.758 0.672 0.202

ш�Ϯϱй�ŝŶĐƌĞĂƐĞ 0.517 0.512 0.870

ш�ϱϬй�ŝŶĐƌĞĂƐĞ 0.583 0.564 0.818

ш�ϭϬϬй�ŝŶĐƌĞĂƐĞ 0.659 0.590 0.509

ш�Ϭ͘ϯ�ŵŐͬĚ>��Θ�ш�Ϯϱй�ŝŶĐƌĞĂƐĞ 0.517 0.520 0.939

�ŚĂŶŐĞ�ŽŶ�ĚĂǇ�Ϯ
tZ&�ĚĞĮŶŝƟŽŶ �ƌĞĂƟŶŝŶĞ��h� NGAL AUC P
ш�Ϭ͘ϯ�ŵŐͬĚ>�ŝŶĐƌĞĂƐĞ 0.718 0.491 <0.001

ш�Ϭ͘ϲ�ŵŐͬĚ>�ŝŶĐƌĞĂƐĞ 0.768 0.493 <0.001

ш�ϭ͘Ϯ�ŵŐͬĚ>�ŝŶĐƌĞĂƐĞ 0.818 0.486 <0.001

ш�Ϯϱй�ŝŶĐƌĞĂƐĞ 0.737 0.514 <0.001

ш�ϱϬй�ŝŶĐƌĞĂƐĞ 0.790 0.514 <0.001

ш�ϭϬϬй�ŝŶĐƌĞĂƐĞ 0.759 0.574 0.001

ш�Ϭ͘ϯ�ŵŐͬĚ>��Θ�ш�Ϯϱй�ŝŶĐƌĞĂƐĞ 0.722 0.506 <0.001

Abbreviations: WRF: worsening renal function, defined as diagnostic increase through day 4; AUC: area 
under the receiver-operator characteristics (ROC) curve.

Table 3 Multivariable logistic regression for prediction of worsening renal function

KZ�;ϵϱй��/Ϳ ʖ2 P
�ŚŽůĞƐƚĞƌŽů�;ƉĞƌ�^�Ϳ ϭ͘ϯϯ�;ϭ͘ϭϲͲϭ͘ϱϮͿ 16.26 <0.001

,ĂĞŵŽŐůŽďŝŶ�;ƉĞƌ�^�Ϳ Ϭ͘ϳϳ�;Ϭ͘ϲϳͲϬ͘ϵϬͿ 11.45 0.001

E'�>�;ƉĞƌ�^�Ϳ ϭ͘Ϯϯ�;ϭ͘ϬϴͲϭ͘ϰϬͿ 9.79 0.002

,ŝƐƚŽƌǇ�ŽĨ�^ƚƌŽŬĞ ϭ͘ϴϵ�;ϭ͘ϮϱͲϮ͘ϴϯͿ 9.52 0.002

Male Sex ϭ͘ϰϴ�;ϭ͘ϭϬͲϮ͘ϬϭͿ 6.55 0.010

�ůďƵŵŝŶ�;ƉĞƌ�^�Ϳ ϭ͘ϭϵ�;ϭ͘ϬϯͲϭ͘ϯϴͿ 5.77 0.016

ZŽůŽĨǇůůŝŶĞ�ƚƌĞĂƚŵĞŶƚ ϭ͘ϯϵ�;ϭ͘ϬϰͲϭ͘ϴϳͿ 4.78 0.029

Abbreviations: SD: standard deviation
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Figure 3 Changes in serum Creatinine and NGAL in patients with and without worsening 
renal function by vital status at 180 days
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Table 4 Added value of NGAL over Creatinine for predicting clinically relevant WRF

Ds�DŽĚĞůΎ
tZ&�ĚĞĮŶŝƟŽŶ KZ�;ϵϱй��/Ϳ ʖ2 P AUC WΎΎ
tZ&�ĂŶĚ�ϭϴϬͲĚĂǇ�ŵŽƌƚĂůŝƚǇ�ΎΎΎ
ш�Ϭ͘ϯ�ŵŐͬĚ>�/ŶĐƌĞĂƐĞ
�ƌĞĂƟŶŝŶĞ ϭ͘Ϯϲ�;ϭ͘ϬϮͲϭ͘ϱϱͿ 4.81 0.028 0.670 0.021

NGAL ϭ͘Ϯϱ�;ϭ͘ϬϰͲϭ͘ϰϴͿ 6.52 0.011

ш�Ϯϱй�Θ�ш�Ϭ͘ϯŵŐͬĚ>�/ŶĐƌĞĂƐĞ
�ƌĞĂƟŶŝŶĞ ϭ͘Ϭϯ�;Ϭ͘ϳϴͲϭ͘ϯϯͿ 0.04 0.833 0.637 0.017

NGAL ϭ͘ϯϭ�;ϭ͘ϬϲͲϭ͘ϱϲͿ 7.53 0.006

tZ&�ĂŶĚ�ϲϬͲĚĂǇ�ĞŶĚƉŽŝŶƚ�ΎΎΎ
ш�Ϭ͘ϯ�ŵŐͬĚ>�/ŶĐƌĞĂƐĞ
�ƌĞĂƟŶŝŶĞ ϭ͘Ϯϱ�;ϭ͘ϬϯͲϭ͘ϱͿ 5.36 0.021 0.656 0.001

NGAL ϭ͘ϯϮ�;ϭ͘ϭϮͲϭ͘ϱϱͿ 11.69 0.001

ш�Ϯϱй�Θ�ш�Ϭ͘ϯŵŐͬĚ>�/ŶĐƌĞĂƐĞ
�ƌĞĂƟŶŝŶĞ ϭ͘Ϭϯ�;Ϭ͘ϴϭͲϭ͘ϮϵͿ 0.05 0.821 0.633 0.005

NGAL ϭ͘ϯϭ�;ϭ͘ϬϵͲϭ͘ϱϱͿ 9.57 0.002

* Multivariable logistic model including both creatinine and NGAL, OR presented per standard deviation
** Likelihood ratio test for added value of adding NGAL to a model with creatinine alone
*** Prediction of WRF with poor clinical outcome compared to all other patients
Abbreviations: WRF: worsening renal function, defined as diagnostic increase through day 4; AUC: area 
under the receiver-operator characteristics (ROC) curve. OR: Odds Ratio.

Change in NGAL on day 2 was not multivariably associated with either outcome. 
The clinical value of changes in NGAL within the context of WRF was examined by 
comparing clinical outcomes between patients with and without WRF, and with a 
VLPLODU�ULVH�LQ�1*$/�RQ�GD\����7KLV�ZDV�GHILQHG�DV�DQ�LQFUHDVH�RI����6'�������QJ�
mL), as the SD for change in creatinine by day 4 was about 0.3 mg/dL, resembling 
the definition of WRF. The Kaplan-Meier curve is displayed as Figure 5, showing 
a significantly increased risk of mortality if both markers increased significantly 
�3�YDOXH� IRU�:5)�ZLWK�1*$/� LQFUHDVH������QJ�P/�YHUVXV� WKH�RWKHU� WKUHH�JURXSV�
= 0.007). After multivariable adjustment, compared to patients with no WRF and 
<1 SD NGAL increase, only patients with WRF had an increased risk of mortality, 
irrespective of NGAL levels (HR for WRF with <1 SD NGAL increase: 1.64, 95% CI 
����������� S��������+5� IRU�:5)�ZLWK���� 6'�1*$/� LQFUHDVH�� ������ ����&,� �����
������S ��������2QO\�:5)�DQG����6'�1*$/�LQFUHDVH�ZDV�PXOWLYDULDEO\�SUHGLFWLYH�RI�
the 60-day composite endpoint (HR 1.67, 95% CI 1.03-2.72, P=0.037). Considered 
continuously, there was no significant multivariable interaction for change in creat-
inine and change in NGAL on either endpoint.
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Discussion

We examined the value of NGAL for predicting clinically relevant WRF and outcomes 
in 1447 patients admitted with acute heart failure, to our knowledge the largest 
cohort of AHF patients with available serial serum NGAL measurements. WRF was 
common, occurring in 22% of patients during the first four days of admission. Pa-
tients who developed WRF were more likely to have poor renal function at baseline, 
although only NGAL - but not creatinine - was independently associated with its 
development after multivariable correction. Contrary to many previous reports in 
heart failure and other populations, we found no indication that serum NGAL rises 
earlier than creatinine in patients who develop WRF; both markers rose in tandem 
over the first two days of admission. The ability of both NGAL and creatinine to 
predict WRF was modest at best, with AUCs – individual or combined – below 0.60. 
NGAL showed statistically significant but very modest incremental value when 
added to creatinine for predicting WRF, for all definitions and cut-offs examined. 
Furthermore, while high levels of both NGAL and creatinine at baseline were asso-
ciated with poor outcome, neither was independently predictive after adjustment 
for clinical covariates. However, change in creatinine was a strong, independent 
predictor of outcome (as shown previously in by Givertz et al.,19) both as a continu-
ous variable and dichotomized as WRF, and carried significantly greater prognostic 
significance for short-term outcome in patients with higher NGAL levels.

Figure 5 180-day survival in patients with vs. without WRF, high vs. low change in NGAL
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Prediction of WRF

NGAL has been identified as a powerful early predictor of WRF in a number of 
different clinical settings,6,20-27 although the data in acute heart failure are conflict-
ing.8-14,28 Similarly to Breidthardt et al.,8 we found only very modest predictive ability 
for serum NGAL, which provided only slight improvement on top of creatinine for 
predicting WRF. The clinical value of these minimal increases in discrimination is 
debatable at best. 

One potential issue is the self-fulfilling nature of predicting a rise in creatinine us-
ing creatinine; this is reflected clearly by the much higher AUCs for delta creatinine 
compared to delta NGAL on day 2. Interestingly, however, we found that baseline 
NGAL values – but not baseline creatinine values – predicted WRF in multivariable 
models; other explanatory covariates included male sex, low haemoglobin levels 
and rolofylline treatment itself. Regardless, the hypothesis that NGAL rises earlier 
than creatinine does not hold true in this AHF cohort, as illustrated by the estimat-
ed trajectories corrected for study treatment. 

There are several potential explanations for the lack of prognostic accuracy for WRF 
seen in our and other studies in AHF. First, there are likely multiple mechanisms 
for WRF at play in AHF patients. For example, true acute kidney injury resulting in 
tubular damage, with substantial and rapid loss of function and decreased urine 
output is probably not comparable to the kind of WRF studied extensively AHF. In 
the clinical context of AHF, changes in renal function may be driven more by hemo-
dynamic and neurohormonal (mal)adaptation and drug effects than by the (hypox-
ic) kidney injury common in intensive care or post-surgical settings; Dupont et al. 
showed that despite a relatively high incidence of AKI defined based on creatinine 
increases, tubular injury was relatively uncommon in a small, prospective study of 
141 AHF patients.28 Second, in contrast with studies in post-surgical or post-inter-
vention patients,20-22,26,27,29 the timing of renal injury is often unclear in AHF, and its 
preclinical course may vary significantly and could include preclinical WRF. Pre-ad-
mission worsening congestion and intensification of diuretic therapy may have al-
ready triggered progressive renal impairment in the patients in our study – all of 
whom had at least a brief history of heart failure. Thus, the lack of an early rise in 
NGAL may simply reflect the fact damage had already occurred prior to admission. 
Third, there is some debate on the best measure for renal function and injury; 
definition of WRF based on a more ‘pure’ marker, such as cystatin C or measured 
GFR, may have yielded different results. Fourth, serum NGAL is more than merely 
a tubular marker, and strongly related to glomerular filtration rate - as reflected by 
its correlation with GFR and creatinine - and also involved in iron scavenging and 
immune response, as indicated by the correlation with markers such as CRP and 
markers of anaemia.30,31 Shrestha et al noted strong correlations between urinary 
NGAL and measures for natriuresis and response to diuretics, while serum NGAL 
only correlated well with GFR, though both were predictive of WRF.(12) Importantly, 
our additional analysis of clinically relevant WRF (that is, WRF associated with poor 
clinical outcome), showed patients with WRF and an adverse outcome had much 
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higher NGAL levels overall. Additionally, NGAL showed a greater independent pre-
dictive value for WRF than creatinine, as shown in Table 3.

NGAL, creatinine and outcome

Impaired and worsening renal function are established risk markers in heart fail-
ure.32 Data on the prognostic value of NGAL is mixed, with many10,14,15,33-36 – but not 
all37 - studies in both chronic and acute heart failure reporting prognostic value, 
though the degree of correction for potential confounders varies greatly. Givertz 
et al. previously reported on the prognostic value of various renal markers in PRO-
TECT during the first seven days of admission, concluding that change in creatinine 
and baseline BUN were strong predictors of outcome.19 Overall, we found no inde-
pendent predictive value of NGAL for either outcome. However, our analyses show 
that NGAL modulates the risk of outcome when examined together with worsening 
renal function, conferring a greater relative risk to patients with higher NGAL levels 
with a creatinine increase, but not in patients without. This effect is independent 
of baseline creatinine. Thus, while serum NGAL levels appear to largely reflect GFR 
(and thus creatinine) and are not independently prognostic, they do have some 
incremental value for assessing the risk associated with WRF, and can help discrim-
inate between higher and lower risk WRF.

Clinical perspectives

Identifying patients at high risk of developing cardiorenal syndromes and poor 
outcomes remains a challenge in AHF. Coupled with a lack of effective therapeutic 
options, this poses a problem for both clinicians and the development of target-
ed therapies. Biomarkers such as NGAL can be used as diagnostic or prognostic 
tools, though their application requires careful and thorough evaluation. Despite 
the extensive, but conflicting literature on (serum) NGAL, our analyses in this very 
large group of well-characterized AHF patients indicate poor to modest accuracy 
for predicting WRF. While our results indicate patients with high baseline levels of 
NGAL and WRF have a statistically significant greater risk of poor outcome com-
pared to patients with similarly elevated levels of baseline creatinine and WRF, the 
clinical relevance of these findings – given the lack of independent prognostic value 
for NGAL – remains to be established. Ultimately, the results of large, prospective, 
adequately powered trials will hopefully help resolve the uncertainties surrounding 
the clinical utility of NGAL.

Limitations

Due to the retrospective nature of this study, our results should be considered 
hypothesis-generating and interpreted cautiously. Nevertheless, this is currently 
the largest cohort of acute heart failure patients with available serial NGAL and 
creatinine measurements. Furthermore, NGAL was measured in frozen samples, 
which may have affected data quality. No urine was collected, so the performance 
of urinary NGAL could not be compared that of serum NGAL, and may have shown 
very different patterns and results. 
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Conclusion

In this study in 1447 acute heart failure patients, we showed that NGAL levels 
did not rise earlier than creatinine in patients who developed WRF. Additionally, 
both NGAL and creatinine were similarly poor to modest predictors of WRF during 
the first four days of hospitalization. NGAL had limited incremental discriminative 
value when added to creatinine, but only NGAL – not creatinine – remained inde-
pendently predictive of WRF after multivariable adjustment. Baseline NGAL levels 
provided some incremental risk information for predicting 60-day death or renal or 
cardiovascular rehospitalization in patients who developed worsening renal func-
tion, though it was not itself independently predictive of outcome. Our results 
suggest that serial serum NGAL levels provide some additional information for the 
prediction of clinically significant WRF in patients with AHF.
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^ƵƉƉůĞŵĞŶƚĂƌǇ�ŵĂƚĞƌŝĂůƐ�ʹ�E'�>�ĂŶĚ�tZ&
Table S1  Baseline characteristics across creatinine tertiles

�ƌĞĂƟŶŝŶĞ�ƚĞƌƟůĞƐ ϭ�Ϭ͘ϵͲϭ͘Ϯ ϭ͘ϰ�ϭ͘ϯͲϭ͘ϱ Ϯ�ϭ͘ϴͲϮ͘ϰ WͲůŝŶ
(n=559) (n=445) (n=443)  

�ĞŵŽŐƌĂƉŚŝĐƐ
^Ğǆ�;й�DĂůĞͿ ϱϯ͘ϳ�;ϯϬϬͿ ϲϳ͘Ϯ�;ϮϵϵͿ ϴϬ͘ϭ�;ϯϱϱͿ <0.001

�ŐĞ�;ǇĞĂƌƐͿ 69.2±12 70.9±11 71.1±10.3 0.008

�D/�;ŬŐͬŵϮͿ 28.2±6.5 28.9±5.8 29.1±5.3 0.019

>s�&�;й�;ŶͿͿ 33.7±13.1 32.9±13.5 30.9±12 0.021

^ǇƐƚŽůŝĐ��ůŽŽĚ�WƌĞƐƐƵƌĞ�;ŵŵ,ŐͿ 125.5±17.1 125.2±17.4 124.1±18 0.187

�ŝĂƐƚŽůŝĐ��ůŽŽĚ�WƌĞƐƐƵƌĞ�;ŵŵ,ŐͿ 75.2±11.4 75.1±11.7 72.8±11.6 0.001

,ĞĂƌƚ�ZĂƚĞ�;ďĞĂƚƐͬŵŝŶͿ 83±16.1 81.3±15.9 78.4±15.3 <0.001

ZŽůŽĨǇůůŝŶĞ�ĂĚŵŝŶŝƐƚƌĂƟŽŶ�;й�;ŶͿͿ ϲϯ͘ϳ�;ϯϱϲͿ ϲϴ͘ϱ�;ϯϬϱͿ ϲϵ͘ϱ�;ϯϬϴͿ 0.045

�ůŝŶŝĐĂů�WƌŽĮůĞ
KƌƚŚŽƉŶĞĂ�;й�;ŶͿͿ ϵϲ͘Ϯ�;ϱϯϮͿ ϵϲ͘ϴ�;ϰϮϴͿ ϵϱ͘ϳ�;ϰϮϮͿ 0.711

ZĂůĞƐ�;й�;ŶͿͿ ϲϲ�;ϯϲϵͿ ϲϰ͘ϳ�;ϮϴϴͿ ϱϵ͘ϯ�;ϮϲϮͿ 0.031

�ĚĞŵĂ�;й�;ŶͿͿ ϲϴ�;ϯϴϬͿ ϳϭ�;ϯϭϲͿ ϲϵ͘ϭ�;ϯϬϲͿ 0.663

:ƵŐƵůĂƌ�ǀĞŶŽƵƐ�ƉƌĞƐƐƵƌĞ�;й�;ŶͿͿ ϯϵ͘ϳ�;ϮϬϬͿ ϰϯ͘ϲ�;ϭϳϬͿ ϰϰ͘ϭ�;ϭϳϯͿ 0.168

DĞĚŝĐĂů�,ŝƐƚŽƌǇ
,ǇƉĞƌƚĞŶƐŝŽŶ�;й�;ŶͿͿ ϳϴ͘ϰ�;ϰϯϴͿ ϴϭ͘ϭ�;ϯϲϭͿ ϳϵ͘ϳ�;ϯϱϯͿ 0.563

�ŝĂďĞƚĞƐ�DĞůůŝƚƵƐ�;й�;ŶͿͿ ϯϴ͘ϲ�;ϮϭϲͿ ϰϯ͘ϴ�;ϭϵϱͿ ϱϯ͘ϰ�;ϮϯϲͿ <0.001

,ǇƉĞƌĐŚŽůĞƐƚĞƌŽůĞŵŝĂ�;й�;ŶͿͿ ϯϲ͘ϳ�;ϮϬϱͿ ϱϬ͘Ϯ�;ϮϮϯͿ ϱϰ͘ϵ�;ϮϰϯͿ <0.001

^ŵŽŬŝŶŐ�;й�;ŶͿͿ ϭϱ͘ϵ�;ϴϵͿ ϭϴ͘ϱ�;ϴϮͿ ϮϬ͘ϰ�;ϵϬͿ 0.070

/ƐĐŚĞŵŝĐ�,ĞĂƌƚ��ŝƐĞĂƐĞ�;й�;ŶͿͿ ϲϳ͘ϵ�;ϯϳϴͿ ϲϳ͘ϲ�;ϯϬϭͿ ϳϱ͘ϲ�;ϯϯϱͿ 0.010

DǇŽĐĂƌĚŝĂů�/ŶĨĂƌĐƟŽŶ�;й�;ŶͿͿ ϰϲ�;ϮϱϲͿ ϰϲ͘ϲ�;ϮϬϳͿ ϱϳ͘ϲ�;ϮϱϱͿ <0.001

W�/�;й�;ŶͿͿ ϭϵ͘ϳ�;ϭϬϵͿ ϮϬ͘ϴ�;ϵϮͿ Ϯϴ͘ϰ�;ϭϮϰͿ 0.002

���'�;й�;ŶͿͿ ϭϭ͘ϵ�;ϲϲͿ ϮϬ͘ϴ�;ϵϮͿ Ϯϵ͘Ϯ�;ϭϮϴͿ <0.001

WĞƌŝƉŚĞƌĂů�sĂƐĐƵůĂƌ��ŝƐĞĂƐĞ�;й�;ŶͿͿ ϴ͘ϲ�;ϰϴͿ ϭϭ͘ϳ�;ϱϮͿ ϭϯ͘ϴ�;ϲϭͿ 0.009

�ƚƌŝĂů�&ŝďƌŝůůĂƟŽŶ�;й�;ŶͿͿ ϱϯ͘ϵ�;ϯϬϬͿ ϱϵ͘ϯ�;ϮϲϮͿ ϱϯ͘ϱ�;ϮϯϳͿ 0.992

Ez,���ůĂƐƐ <0.001

/Ͳ// ϭϱ͘ϳ�;ϴϴͿ ϭϲ͘Ϯ�;ϳϮͿ ϭϳ͘ϰ�;ϳϳͿ
III ϰϮ�;ϮϯϱͿ ϰϳ͘ϲ�;ϮϭϮͿ ϱϬ͘ϲ�;ϮϮϰͿ
IV ϯϳ͘ϲ�;ϮϭϬͿ ϯϬ͘ϯ�;ϭϯϱͿ Ϯϳ͘ϭ�;ϭϮϬͿ

/���ƚŚĞƌĂƉǇ�;й�;ŶͿͿ ϳ͘ϱ�;ϰϮͿ ϭϰ͘ϲ�;ϲϱͿ ϮϬ͘ϭ�;ϴϵͿ <0.001

�Zd�ƚŚĞƌĂƉǇ�;й�;ŶͿͿ ϰ͘ϴ�;ϮϳͿ ϭϬ͘ϲ�;ϰϳͿ ϭϮ͘Ϯ�;ϱϰͿ <0.001

^ƚƌŽŬĞ�;й�;ŶͿͿ ϳ͘Ϯ�;ϰϬͿ ϭϭ͘Ϯ�;ϱϬͿ ϭϭ͘ϱ�;ϱϭͿ 0.017

�KW��;й�;ŶͿͿ ϭϵ�;ϭϬϲͿ ϭϳ͘ϴ�;ϳϵͿ ϮϮ͘ϰ�;ϵϵͿ 0.201

WƌŝŽƌ�DĞĚŝĐĂƟŽŶ�hƐĞ
����ŝŶŚŝďŝƚŽƌƐ�Žƌ��Z��;й�;ŶͿͿ ϳϲ͘Ϯ�;ϰϮϲͿ ϳϳ͘ϱ�;ϯϰϱͿ ϳϮ�;ϯϭϵͿ 0.149

�ĞƚĂ�ďůŽĐŬĞƌƐ�;й�;ŶͿͿ ϲϵ͘ϴ�;ϯϵϬͿ ϳϲ͘Ϯ�;ϯϯϵͿ ϳϴ͘ϯ�;ϯϰϳͿ 0.002

DZ�Ɛ�;й�;ŶͿͿ ϰϳ͘ϴ�;ϮϲϳͿ ϰϴ͘ϯ�;ϮϭϱͿ ϰϱ͘ϭ�;ϮϬϬͿ 0.433

�ĂůĐŝƵŵ��ŶƚĂŐŽŶŝƐƚƐ�;й�;ŶͿͿ ϭϭ͘ϯ�;ϲϯͿ ϭϯ͘ϯ�;ϱϵͿ ϭϲ͘ϱ�;ϳϯͿ 0.017

EŝƚƌĂƚĞƐ�;й�;ŶͿͿ Ϯϯ͘ϯ�;ϭϯϬͿ Ϯϲ͘ϱ�;ϭϭϴͿ ϯϮ͘ϳ�;ϭϰϱͿ 0.001

�ŝŐŽǆŝŶ�;й�;ŶͿͿ ϯϲ͘ϱ�;ϮϬϰͿ ϯϬ͘ϴ�;ϭϯϳͿ Ϯϯ͘ϯ�;ϭϬϯͿ <0.001

>ĂďŽƌĂƚŽƌǇ�sĂůƵĞƐ
Ğ'&Z�;ŵ>ͬŵŝŶͬϭ͘ϳϯŵϮͿ ϲϴ�ϲϭͲϳϴ ϰϴ͘ϲ�ϰϮͲϱϱ ϯϮ�ϮϳͲϯϵ <0.001

E'�>�;ŶŐͬŵůͿ ϱϳ�ϰϭͲϴϰ ϴϭ�ϱϴͲϭϮϳ ϭϯϳ�ϵϱͲϮϬϰ <0.001

�ůŽŽĚ�hƌĞĂ�EŝƚƌŽŐĞŶ�;ŵŐͬĚ>Ϳ ϮϮ�ϭϴͲϮϲ ϯϬ�ϮϱͲϯϴ ϰϱ�ϯϲͲϱϵ <0.001

^ŽĚŝƵŵ�;ŵŵŽůͬ>Ϳ ϭϰϬ�ϭϯϴͲϭϰϯ ϭϰϬ�ϭϯϳͲϭϰϯ ϭϰϬ�ϭϯϳͲϭϰϮ <0.001

WŽƚĂƐƐŝƵŵ�;ŵŵŽůͬ>Ϳ ϰ͘Ϯ�ϯ͘ϵͲϰ͘ϲ ϰ͘ϯ�ϯ͘ϵͲϰ͘ϲ ϰ͘ϰ�ϯ͘ϵͲϰ͘ϴ <0.001

,ĞŵŽŐůŽďŝŶ�;ŐͬĚ>Ϳ 13.1±1.9 12.8±1.9 12.3±2 <0.001

�ŶĞŵŝĂ�;й�;ŶͿͿ Ϯϴ͘ϭ�;ϭϯϵͿ ϰϬ͘ϲ�;ϭϲϮͿ ϱϴ͘ϱ�;ϮϮϰͿ <0.001

dŽƚĂů��ŚŽůĞƐƚĞƌŽů�;ŵŵŽůͬ>Ϳ 155±42 146±46 143±45 <0.001

dƌŝŐůǇĐĞƌŝĚĞƐ�;ŵŵŽůͬ>Ϳ 99±52 98±53 104±60 0.105

�EW�;ŵŐͬĚ>Ϳ ϭϭϳϮ�ϳϳϱͲϮϮϯϮ ϭϯϬϮ�ϵϭϲͲϮϭϱϮ ϭϯϲϮ�ϴϭϭͲϮϳϳϯ 0.180

Abbreviations: see Chapter 7, table 1
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Table S2 Baseline characteristics across NGAL tertiles

E'�>�dĞƌƟůĞƐ ϰϰ�ϯϱͲϱϯ ϴϯ�ϳϮͲϵϰ ϭϲϲ�ϭϯϮͲϮϮϯ WͲůŝŶ
(n=478) (n=477) (n=492)  

�ĞŵŽŐƌĂƉŚŝĐƐ
^Ğǆ�;й�DĂůĞͿ ϲϰ͘ϲ�;ϯϬϵͿ ϲϲ͘ϵ�;ϯϭϵͿ ϲϲ͘ϯ�;ϯϮϲͿ 0.599

�ŐĞ�;ǇĞĂƌƐͿ 67.5±12 70.7±11.1 72.7±9.9 <0.001

�D/�;ŬŐͬŵϮͿ 28.5±6.6 28.6±5.8 29±5.5 0.238

>s�&�;й�;ŶͿͿ 31.9±12.3 31.7±12.9 33.9±13.4 0.101

^ǇƐƚŽůŝĐ��ůŽŽĚ�WƌĞƐƐƵƌĞ�;ŵŵ,ŐͿ 124.9±17 124.4±17.5 125.6±17.8 0.521

�ŝĂƐƚŽůŝĐ��ůŽŽĚ�WƌĞƐƐƵƌĞ�;ŵŵ,ŐͿ 75.8±11.3 74.6±11.7 73±11.7 <0.001

,ĞĂƌƚ�ZĂƚĞ�;ďĞĂƚƐͬŵŝŶͿ 83.8±16.4 80.8±16.1 78.7±14.9 <0.001

ZŽůŽĨǇůůŝŶĞ�ĂĚŵŝŶŝƐƚƌĂƟŽŶ�;й�;ŶͿͿ ϲϴ�;ϯϮϱͿ ϲϱ͘ϰ�;ϯϭϮͿ ϲϳ͘ϱ�;ϯϯϮͿ 0.871

�ůŝŶŝĐĂů�WƌŽĮůĞ
KƌƚŚŽƉŶĞĂ�;й�;ŶͿͿ ϵϲ͘Ϯ�;ϰϱϲͿ ϵϲ�;ϰϱϯͿ ϵϲ͘ϱ�;ϰϳϯͿ 0.786

ZĂůĞƐ�;й�;ŶͿͿ ϲϳ͘Ϯ�;ϯϮϭͿ ϲϬ͘ϳ�;ϮϴϵͿ ϲϮ͘ϴ�;ϯϬϵͿ 0.163

�ĚĞŵĂ�;й�;ŶͿͿ ϲϵ�;ϯϯϬͿ ϳϬ�;ϯϯϰͿ ϲϴ͘ϳ�;ϯϯϴͿ 0.906

:ƵŐƵůĂƌ�ǀĞŶŽƵƐ�ƉƌĞƐƐƵƌĞ�;й�;ŶͿͿ ϰϯ͘ϲ�;ϭϴϱͿ ϯϵ͘ϲ�;ϭϲϴͿ ϰϯ͘ϰ�;ϭϵϬͿ 0.950

DĞĚŝĐĂů�,ŝƐƚŽƌǇ
,ǇƉĞƌƚĞŶƐŝŽŶ�;й�;ŶͿͿ ϳϳ͘ϰ�;ϯϳϬͿ ϳϴ͘ϲ�;ϯϳϱͿ ϴϮ͘ϳ�;ϰϬϳͿ 0.039

�ŝĂďĞƚĞƐ�DĞůůŝƚƵƐ�;й�;ŶͿͿ ϯϱ͘ϴ�;ϭϳϭͿ ϰϱ͘ϳ�;ϮϭϴͿ ϱϮ͘ϱ�;ϮϱϴͿ <0.001

,ǇƉĞƌĐŚŽůĞƐƚĞƌŽůĞŵŝĂ�;й�;ŶͿͿ ϰϭ͘Ϯ�;ϭϵϳͿ ϰϱ͘ϰ�;ϮϭϲͿ ϱϮ͘ϰ�;ϮϱϴͿ <0.001

^ŵŽŬŝŶŐ�;й�;ŶͿͿ ϭϴ͘ϰ�;ϴϴͿ ϭϱ͘ϴ�;ϳϱͿ ϮϬ�;ϵϴͿ 0.533

/ƐĐŚĞŵŝĐ�,ĞĂƌƚ��ŝƐĞĂƐĞ�;й�;ŶͿͿ ϲϳ͘ϯ�;ϯϮϭͿ ϲϵ͘ϴ�;ϯϯϯͿ ϳϯ͘ϯ�;ϯϲϬͿ 0.040

DǇŽĐĂƌĚŝĂů�/ŶĨĂƌĐƟŽŶ�;й�;ŶͿͿ ϰϳ͘ϵ�;ϮϮϴͿ ϰϴ͘ϳ�;ϮϯϮͿ ϱϮ͘ϱ�;ϮϱϴͿ 0.147

W�/�;й�;ŶͿͿ ϭϵ�;ϵϬͿ Ϯϯ͘ϴ�;ϭϭϯͿ Ϯϱ͘Ϯ�;ϭϮϮͿ 0.024

���'�;й�;ŶͿͿ ϭϰ͘Ϯ�;ϲϳͿ ϮϬ͘ϭ�;ϵϱͿ Ϯϱ͘ϰ�;ϭϮϰͿ <0.001

WĞƌŝƉŚĞƌĂů�sĂƐĐƵůĂƌ��ŝƐĞĂƐĞ�;й�;ŶͿͿ ϵ͘Ϯ�;ϰϰͿ ϭϬ͘ϱ�;ϱϬͿ ϭϯ͘ϳ�;ϲϳͿ 0.027

�ƚƌŝĂů�&ŝďƌŝůůĂƟŽŶ�;й�;ŶͿͿ ϱϰ͘ϭ�;ϮϱϲͿ ϱϱ͘ϲ�;ϮϲϱͿ ϱϲ͘ϱ�;ϮϳϴͿ 0.457

Ez,���ůĂƐƐ 0.081

/Ͳ// ϭϱ͘ϯ�;ϳϯͿ ϭϱ͘ϱ�;ϳϰͿ ϭϴ͘ϯ�;ϵϬͿ
III ϰϯ͘ϱ�;ϮϬϴͿ ϰϲ͘ϴ�;ϮϮϯͿ ϰϴ͘ϴ�;ϮϰϬͿ
IV ϯϲ͘Ϯ�;ϭϳϯͿ ϯϯ͘ϱ�;ϭϲϬͿ Ϯϲ͘ϴ�;ϭϯϮͿ

/���ƚŚĞƌĂƉǇ�;й�;ŶͿͿ ϭϬ͘ϵ�;ϱϮͿ ϭϰ�;ϲϳͿ ϭϱ͘ϳ�;ϳϳͿ 0.031

�Zd�ƚŚĞƌĂƉǇ�;й�;ŶͿͿ ϴ͘ϲ�;ϰϭͿ ϵ͘Ϯ�;ϰϰͿ ϴ͘ϴ�;ϰϯͿ 0.931

^ƚƌŽŬĞ�;й�;ŶͿͿ ϵ͘ϲ�;ϰϲͿ ϳ͘ϱ�;ϯϲͿ ϭϮ�;ϱϵͿ 0.208

�KW��;й�;ŶͿͿ ϭϴ͘ϰ�;ϴϴͿ ϮϬ͘ϱ�;ϵϴͿ ϮϬ�;ϵϴͿ 0.558

WƌŝŽƌ�DĞĚŝĐĂƟŽŶ�hƐĞ
����ŝŶŚŝďŝƚŽƌƐ�Žƌ��Z��;й�;ŶͿͿ ϳϳ͘ϰ�;ϯϳϬͿ ϳϱ͘ϵ�;ϯϲϮͿ ϳϮ͘ϴ�;ϯϱϴͿ 0.093

�ĞƚĂ�ďůŽĐŬĞƌƐ�;й�;ŶͿͿ ϳϮ͘ϴ�;ϯϰϴͿ ϳϰ͘ϰ�;ϯϱϱͿ ϳϱ͘ϴ�;ϯϳϯͿ 0.283

DZ�Ɛ�;й�;ŶͿͿ ϱϬ͘Ϯ�;ϮϰϬͿ ϰϳ͘ϰ�;ϮϮϲͿ ϰϯ͘ϵ�;ϮϭϲͿ 0.049

�ĂůĐŝƵŵ��ŶƚĂŐŽŶŝƐƚƐ�;й�;ŶͿͿ ϵ�;ϰϯͿ ϭϭ͘ϵ�;ϱϳͿ ϭϵ͘ϯ�;ϵϱͿ <0.001

EŝƚƌĂƚĞƐ�;й�;ŶͿͿ Ϯϯ͘ϴ�;ϭϭϰͿ Ϯϲ͘ϴ�;ϭϮϴͿ ϯϬ͘ϳ�;ϭϱϭͿ 0.017

�ŝŐŽǆŝŶ�;й�;ŶͿͿ ϯϱ͘ϭ�;ϭϲϴͿ ϯϭ͘Ϯ�;ϭϰϵͿ Ϯϱ͘ϴ�;ϭϮϳͿ 0.002

>ĂďŽƌĂƚŽƌǇ�sĂůƵĞƐ
�ƌĞĂƟŶŝŶĞ�;ŵŐͬĚ>Ϳ ϭ͘ϭ�Ϭ͘ϵͲϭ͘ϯ ϭ͘ϰ�ϭ͘ϭͲϭ͘ϳ ϭ͘ϴ�ϭ͘ϰͲϮ͘ϯ <0.001

Ğ'&Z�;ŵ>ͬŵŝŶͬϭ͘ϳϯŵϮͿ ϲϰ�ϱϮͲϳϱ ϱϬ�ϰϬͲϲϯ ϯϳ�ϮϵͲϰϲ <0.001

�ůŽŽĚ�hƌĞĂ�EŝƚƌŽŐĞŶ�;ŵŐͬĚ>Ϳ Ϯϯ�ϭϴͲϯϬ Ϯϵ�ϮϮͲϯϴ ϰϬ�ϯϬͲϱϰ <0.001

^ŽĚŝƵŵ�;ŵŵŽůͬ>Ϳ ϭϰϬ�ϭϯϳͲϭϰϯ ϭϰϬ�ϭϯϳͲϭϰϯ ϭϰϬ�ϭϯϳͲϭϰϮ 0.043

WŽƚĂƐƐŝƵŵ�;ŵŵŽůͬ>Ϳ ϰ͘Ϯ�ϯ͘ϴͲϰ͘ϱ ϰ͘Ϯ�ϯ͘ϵͲϰ͘ϲ ϰ͘ϰ�ϰͲϰ͘ϴ <0.001

,ĞŵŽŐůŽďŝŶ�;ŐͬĚ>Ϳ 13.4±1.9 12.7±1.9 12.2±1.9 <0.001

�ŶĞŵŝĂ�;й�;ŶͿͿ ϯϬ͘ϱ�;ϭϮϵͿ ϰϭ͘ϯ�;ϭϳϯͿ ϱϭ͘ϰ�;ϮϮϯͿ <0.001

dŽƚĂů��ŚŽůĞƐƚĞƌŽů�;ŵŵŽůͬ>Ϳ 153±43 146±47 146±44 0.015

dƌŝŐůǇĐĞƌŝĚĞƐ�;ŵŵŽůͬ>Ϳ 97±51 99±56 105±57 0.015

�EW�;ŵŐͬĚ>Ϳ ϭϮϲϱ�ϳϵϰͲϮϮϳϲ ϭϮϭϲ�ϴϲϴͲϮϮϯϴ ϭϯϰϬ�ϴϲϰͲϮϯϯϲ 0.605

 

Abbreviations: see Chapter 7, table 1
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Table S3 Added value of NGAL on top of Creatinine for predicting WRF

Ds�DŽĚĞůΎ
tZ&�ĚĞĮŶŝƟŽŶ KZ�;ϵϱй��/Ϳ ʖ2 P AUC WΎΎ
ш�Ϭ͘ϯ�ŵŐͬĚů�ŝŶĐƌĞĂƐĞ
�ƌĞĂƟŶŝŶĞ ϭ͘ϭϮ�;Ϭ͘ϵϴͲϭ͘ϮϵͿ 2.87 0.090 0.580 0.013

NGAL ϭ͘ϭϴ�;ϭ͘ϬϰͲϭ͘ϯϱͿ 6.21 0.013

ш�Ϭ͘ϲ�ŵŐͬĚů�ŝŶĐƌĞĂƐĞ
�ƌĞĂƟŶŝŶĞ ϭ͘ϯϯ�;ϭ͘ϭϭͲϭ͘ϱϵͿ 9.67 0.002 0.663 0.005

NGAL ϭ͘Ϯϳ�;ϭ͘ϬϴͲϭ͘ϰϴͿ 8.86 0.003

ш�ϭ͘Ϯ�ŵŐͬĚů�ŝŶĐƌĞĂƐĞ
�ƌĞĂƟŶŝŶĞ ϭ͘ϰϵ�;ϭ͘ϭϱͲϭ͘ϵϮͿ 9.65 0.002 0.705 0.022

NGAL ϭ͘ϯϭ�;ϭ͘ϬϱͲϭ͘ϱϵͿ 7.16 0.007

ш�Ϯϱй�ŝŶĐƌĞĂƐĞ
�ƌĞĂƟŶŝŶĞ Ϭ͘ϲϵ�;Ϭ͘ϱϴͲϬ͘ϴϮͿ 16.47 0.000 0.595 0.009

NGAL ϭ͘Ϯϭ�;ϭ͘ϬϱͲϭ͘ϰͿ 7.03 0.008

ш�ϱϬй�ŝŶĐƌĞĂƐĞ
�ƌĞĂƟŶŝŶĞ Ϭ͘ϴϰ�;Ϭ͘ϲϱͲϭ͘ϬϳͿ 1.83 0.176 0.603 0.013

NGAL ϭ͘Ϯϳ�;ϭ͘ϬϲͲϭ͘ϱϭͿ 7.51 0.006

ш�ϭϬϬй�ŝŶĐƌĞĂƐĞ
�ƌĞĂƟŶŝŶĞ ϭ͘Ϭϭ�;Ϭ͘ϲϳͲϭ͘ϰϰͿ 0.00 0.953 0.603 0.058

NGAL ϭ͘ϯϭ�;Ϭ͘ϵϵͲϭ͘ϲϭͿ 5.34 0.021

ш�Ϭ͘ϯ�ŵŐͬĚ>��Θ�ш�Ϯϱй�ŝŶĐƌĞĂƐĞ
�ƌĞĂƟŶŝŶĞ Ϭ͘ϴ�;Ϭ͘ϲϳͲϬ͘ϵϰͿ 6.66 0.010 0.576 0.007

NGAL ϭ͘ϮϮ�;ϭ͘ϬϲͲϭ͘ϰϮͿ 7.69 0.006

* Mutually adjusted 
** P value for likelihood ratio test versus creatinine alone, indicating the added value of NGAL on top of 
creatinine

Table S4 Prediction of clinically relevant WRF

tZ&�ĂŶĚ�ϭϴϬͲĚĂǇ�ŵŽƌƚĂůŝƚǇ �ƌĞĂƟŶŝŶĞ��h� NGAL AUC P-value
tZ&�ĚĞĮŶŝƟŽŶ �ĂƐĞůŝŶĞ�sĂůƵĞƐ
ш�Ϭ͘ϯ�ŵŐͬĚ>�ŝŶĐƌĞĂƐĞ 0.647 0.649 0.954

ш�Ϯϱй�ŝŶĐƌĞĂƐĞ 0.539 0.623 0.012

ш�Ϭ͘ϯ�ŵŐͬĚ>�ĂŶĚ�ш�Ϯϱй�ŝŶĐƌĞĂƐĞ 0.573 0.647 0.034

�ĂǇ�Ϯ�ǀĂůƵĞƐ
ш�Ϭ͘ϯ�ŵŐͬĚ>�ŝŶĐƌĞĂƐĞ 0.715 0.653 0.184

ш�Ϯϱй�ŝŶĐƌĞĂƐĞ 0.595 0.593 0.979

ш�Ϭ͘ϯ�ŵŐͬĚ>�ĂŶĚ�ш�Ϯϱй�ŝŶĐƌĞĂƐĞ 0.637 0.671 0.524

�ŚĂŶŐĞ�ŽŶ�ĚĂǇ�Ϯ
ш�Ϭ͘ϯ�ŵŐͬĚ>�ŝŶĐƌĞĂƐĞ 0.625 0.487 0.007

ш�Ϯϱй�ŝŶĐƌĞĂƐĞ 0.640 0.503 0.015

ш�Ϭ͘ϯ�ŵŐͬĚ>�ĂŶĚ�ш�Ϯϱй�ŝŶĐƌĞĂƐĞ 0.624 0.589 0.603

tZ&�ĂŶĚ�ϲϬͲĚĂǇ�ĚĞĂƚŚ͕�ƌĞŶĂů�Žƌ��s�ƌĞŚŽƐƉŝƚĂůŝǌĂƟŽŶ �ƌĞĂƟŶŝŶĞ��h� NGAL AUC P-value
tZ&�ĚĞĮŶŝƟŽŶ �ĂƐĞůŝŶĞ�sĂůƵĞƐ
ш�Ϭ͘ϯ�ŵŐͬĚ>�ŝŶĐƌĞĂƐĞ 0.635 0.639 0.901

ш�Ϯϱй�ŝŶĐƌĞĂƐĞ 0.539 0.610 0.020

ш�Ϭ͘ϯ�ŵŐͬĚ>�ĂŶĚ�ш�Ϯϱй�ŝŶĐƌĞĂƐĞ 0.565 0.633 0.035

�ĂǇ�Ϯ�ǀĂůƵĞƐ
ш�Ϭ͘ϯ�ŵŐͬĚ>�ŝŶĐƌĞĂƐĞ 0.680 0.633 0.330

ш�Ϯϱй�ŝŶĐƌĞĂƐĞ 0.603 0.576 0.646

ш�Ϭ͘ϯ�ŵŐͬĚ>�ĂŶĚ�ш�Ϯϱй�ŝŶĐƌĞĂƐĞ 0.624 0.633 0.871

�ŚĂŶŐĞ�ŽŶ�ĚĂǇ�Ϯ
ш�Ϭ͘ϯ�ŵŐͬĚ>�ŝŶĐƌĞĂƐĞ 0.712 0.469 0.000

ш�Ϯϱй�ŝŶĐƌĞĂƐĞ 0.711 0.481 0.000

ш�Ϭ͘ϯ�ŵŐͬĚ>�ĂŶĚ�ш�Ϯϱй�ŝŶĐƌĞĂƐĞ 0.708 0.551 0.004
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Figure S1 Changes in serum Creatinine and NGAL in patients with and without WRF, 
GHILQHG�DV�D�FUHDWLQLQH�LQFUHDVH�RI�������
Least square means with 95% confidence intervals. WRF: worsening renal function, defined as 
FUHDWLQLQH�ULVH�������E\�GD\��
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Figure S2 Changes in serum Creatinine and NGAL in patients with and without 
:5)��GHILQHG�DV�D�FRPELQHG�FUHDWLQLQH�LQFUHDVH�RI������PJ�G/�DQG�������
Least square means with 95% confidence intervals over time, WRF: worsening renal function, 
GHILQHG�DV�FRPELQHG�FUHDWLQLQH�LQFUHDVH�RI�������PJ�G/�DQG������E\�GD\��
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Figure S3 Relative changes in serum Creatinine and NGAL in patients with WRF, 
GHILQHG�DV�D�FUHDWLQLQH�LQFUHDVH�RI������
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Figure S3 Relative changes in serum Creatinine and NGAL in patients with WRF, 
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Summary 

Administration of loop diuretics to achieve decongestion is the cornerstone of acute 
heart failure therapy. Unfortunately, impaired response to diuretics is common and 
associated with adverse outcomes. Diuretic resistance is thought to result from a 
complex interplay between cardiac and renal dysfunction and specific renal adapta-
tion and escape mechanisms. However, our understanding of diuretic response in 
acute heart failure is still limited and a uniform definition is lacking. Several strat-
egies have been proposed to overcome diuretic resistance, including combination 
therapy and ultrafiltration, but prospective studies in truly unresponsive patients 
are lacking. A better understanding of diuretic response should ultimately lead to a 
better, individualized approach to treating patients with acute heart failure.

Abbreviations

ADH Anti-Diuretic Hormone, arginine vasopressin

AHF Acute Heart Failure

BUN Blood Urea Nitrogen

ECV Extracellular Volume 

GFR Glomerular Filtration Rate

MRA Mineralocorticoid Receptor Antagonist 

OAT Organic Anion Transporter

RAAS Renin-Angiotensin-Aldosterone System
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Introduction

Acute heart failure (AHF) is one of the leading causes of hospital admission world-
wide, and is associated with high morbidity, mortality and high rehospitalization 
rates.1, 2 Most of the symptoms associated with acute heart failure are the result of 
excessive fluid retention, and loop diuretics are the treatment of choice to com-
bat them. Loop diuretics are administered in up to 90% of patients hospitalized 
for acute heart failure, despite the lack of evidence for outcome benefit.2, 3 Poor 
response to diuretics -  persistent signs and symptoms despite adequate diuretic 
therapy, called diuretic resistance – frequently occurs during hospitalization for 
acute heart failure. In two recent studies, a poor response to diuretics was more 
frequently found in patients with diabetes, lower glomerular filtration rate (GFR), 
higher blood urea nitrogen (BUN) levels and a lower systolic blood pressure. Im-
portantly, a poor diuretic response was independently associated with  less symp-
tom relief and a higher risk of in-hospital worsening heart failure, and  increased 
post-discharge mortality and three times higher rehospitalization rates.4, 5 In an 
accompanying editorial, Braunwald stressed the importance of diuretic resistance 
and called upon better definition and quantification of diuretic response to loop di-
uretics.6 However, the pathophysiology behind diuretic resistance is not completely 
understood, but is thought to result from the complex interplay between cardiac 
and renal dysfunction and specific renal adaptation and escape mechanisms. This 
review will address the pathophysiologic background of diuretic resistance, the 
evaluation and definition of diuretic response, and current and future strategies 
aimed at improving diuretic response.  

Pathophysiology 

Cardiorenal interplay

Heart and kidney act in concert, regulating circulatory homeostasis through sev-
eral mechanisms and feedback loops. In healthy individuals, glomerular filtration 
remains stable despite changes in volume and blood pressure. When triggered by 
sodium and volume overload, a rise in atrial pressure and release of natriuretic 
peptides facilitates renal sodium excretion via direct tubular effects and an in-
crease in glomerular filtration rate.7-9 Concomitant suppression of the renin-angio-
tensin-aldosterone system (RAAS) contributes to stable blood pressure via systemic 
vasodilation and renal sodium excretion by inhibiting the tubular effects of angio-
tensin II and aldosterone.10 In contrast, in a volume depleted state, increased RAAS 
activity contributes to maintenance of blood pressure and renal sodium retention. 
Furthermore, angiotensin II induces renal efferent vasoconstriction, helping main-
tain renal filtration pressure and filtration rate despite decreasing arterial pressure. 
Sympathetic nervous system activation mirrors that of the RAAS. Moreover, the 
cardiorenal interaction affects osmoregulation via effects on water diuresis. Under 
physiological conditions, the release of arginine vasopressin (antidiuretic hormone, 
ADH) is stimulated by a high plasma osmolarity.11 The ensuing renal water reten-
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tion restores normal osmolarity. However, during pronounced volume disturbanc-
es, responses to volume depletion or overload can overrule the osmotic triggers, 
contributing to restoration of volume status at the expense of osmoregulation. 

In acute heart failure, a decrease in cardiac function causes reduced cardiac out-
put and arterial underfilling, leading to decreased activation of arterial stretch re-
ceptors, resulting in compensatory systemic and intrarenal vasoconstriction.12 De-
creased stretch of the glomerular afferent arteriole stimulates renin release, which 
leads to angiotensin II production. Angiotensin II causes afferent and efferent va-
soconstriction, stimulates sodium retention in the proximal tubule and aldoste-
rone release.13 In turn, aldosterone increases sodium reabsorption in the collecting 
duct, resulting in extracellular fluid expansion and systemic congestion.14 Normal, 
healthy subjects display an aldosterone escape mechanism, with sodium delivery 
to distal renal tubules caused by increased vascular volume overcoming the so-
dium retaining effect of aldosterone; this mechanism is impaired in heart failure 
patients, where reduced renal blood flow forces continued sodium retention in 
response to aldosterone.12, 15 

Heart failure also causes baroreceptor-mediated sympathetic nervous system acti-
vation that promotes vasoconstriction and contributes to further RAAS activation 
and renal sodium and water retention.16 ADH release exacerbates these effects.17 
Additionally, the protective effect of natriuretic peptides is diminished in AHF due 
to renal vasoconstriction, reduced sodium delivery, less active forms of natriuretic 
peptides and down-regulation of their receptors.18, 19 The combination of the path-
ways described above creates a vicious circle that causes congestion and worsen-
ing heart failure.

A major symptom of heart failure is decreased organ perfusion. The kidney can 
compensate for a drop in renal blood flow by increasing the filtration fraction via 
the abovementioned angiotensin II-mediated efferent vasoconstriction, thus pre-
serving GFR.20 The combination of pump failure, neurohormonal activation and 
heart failure therapies – particularly angiotensin-converting enzyme inhibitors and 
angiotensin receptor blockers – can eventually overcome the kidney’s ability to 
compensate for reduced perfusion.21, 22 Additionally, increased venous filling and 
abdominal pressures caused by ascites can increase renal afterload and intrare-
nal pressure, reducing the transrenal perfusion gradient (and thus renal perfusion 
pressure), increasing renal interstitial pressure (directly opposing filtration pres-
sure) and contributing further to renal insufficiency.23-25 

Mechanisms of diuretic resistance

Diuretics are the first-line therapy for volume overload resulting from these mech-
anisms, and aim to establish a negative sodium and thus fluid balance. Poor re-
sponse to diuretics is an important clinical problem in patients with acute heart 
failure and its underlying pathophysiologic mechanisms are diverse.2, 26  
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Regulation of renal sodium excretion involves several sequential transport mech-
anisms in the renal tubule.  Diuretics act on specific transport mechanisms, and 
are classified based on their tubular site of action (Figure 1). Acetazolamide and 
mannitol act on the proximal tubule, where up to two-thirds of the sodium load 
is filtered under physiologic conditions. Acetazolamide produces alkaline diuresis 
via bicarbonate excretion with sodium and potassium by inhibiting carbonic anhy-
drase in the proximal tubule.27 Mannitol is an osmotic diuretic that acts primarily 
on the loop of Henle and the proximal tubule by increasing the osmotic pressure 
of glomerular filtrate, thus inhibiting tubular reabsorption.28 Loop diuretics inhibit 
the Na+/2Cl-/K+ co-transporter in the thick ascending limb of the loop of Henle, 
causing decreased sodium and chloride reabsorption from the urine.29 Thiazide 
diuretics act on the distal convoluted tubule by blocking the sodium chloride trans-
porter in the distal tubule. Metolazone is a thiazide-like diuretic that exhibits its 
effect in the distal tubule by inhibiting the reabsorption of sodium and chloride 
ions.30 Aldosterone antagonists (mineralocorticoid receptor antagonists) act on the 
collecting duct by competitively antagonizing the aldosterone receptor, thereby 
reducing sodium reabsorption. 

Delivery of diuretics to the site of action relies on several mechanisms (Figure 2). 
First, orally administered diuretics first have to be absorbed in the gut to enter 
the bloodstream. In the presence of gastro-intestinal edema or gut hypoperfusion, 
absorption of orally administered diuretics is impaired, and may differ significantly 
between diuretics.31 For example, bumetanide absorption is likely better than that 
of furosemide under these circumstances. Intravenous administration can over-
come impaired absorption of orally administered diuretics. In patients with renal 
insufficiency and heart failure, a higher diuretic dose is required to achieve the 
same effects, and increasing diuretic doses will be less effective.26

Second, most loop diuretics (though interestingly not bumetanide), thiazide diuret-
ics, metolazone and acetazolamide are bound to plasma albumin and act on their 
molecular target from the luminal side, meaning that they must be filtered by the 
glomerulus and actively secreted into the tubular lumen by the proximal tubule’s 
organic anion transporter (OAT) in order to function.32, 33 Hypoalbuminaemia, com-
mon in heart failure patients, impairs uptake and secretion of active furosemide 
and enhances conversion to its inactive form.34, 35 Additionally, albumin lost into 
the tubule may bind furosemide and prevent it from acting on the Na+/2Cl-/K+ 
co-transporter.36, 37 Co-administration of albumin and furosemide improves diuretic 
response in patients with cirrhosis, nephrotic syndrome or chronic kidney disease, 
but no data are available in heart failure.38-40 

Third, patients with heart failure and chronic renal dysfunction have elevated lev-
els of circulating organic acids, like BUN, which competitively inhibit the OAT and 
further reduce diuretic availability at the site of action.41, 42 RAAS and sympathetic 
nervous system activation cause flow-dependent passive resorption of urea in the 
distal tubule;  a concentration gradient created by increased sodium and water 
resorption in the proximal tubule results in diminished distal flow and increased 
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reabsorption.43, 44 High circulating BUN levels therefore not only contribute directly 
to diuretic resistance, but also reflect a kidney actively working to retain sodium 
and water. Thus, in patients with heart failure, impaired absorption, decreased re-
nal blood flow, azotemia, hypoalbuminemia and proteinuria – resulting in reduced 
levels of active diuretics in the tubular lumen - may affect diuretic effectiveness. 

At the onset of diuretic treatment, the natriuretic effect results in the intended neg-
ative sodium balance. The resulting decrease in extracellular volume (ECV) triggers 
a homeostatic response, mediated by activation of the RAAS and the sympathetic 
nervous system, leading to increased sodium retention at tubular sites not targeted 
by the specific diuretic.45, 46 After several days, this homeostatic response counter-
balances the diuretic effect of the drug, balancing sodium excretion and intake, 
and creating a new steady state with a lower ECV. This “braking phenomenon” is 
an appropriate homeostatic response that prevents excessive volume depletion 
during continued diuretic therapy. However, in conditions with pre-existent sec-
ondary hyperaldosteronism, such as heart failure, this phenomenon can be very 
pronounced and contribute to diuretic resistance.47 Furthermore, persistent deliv-
ery of sodium or diuretics to the distal tubule causes hypertrophy of the distal 
tubular cells.48 This bypasses the proximal effect of the loop diuretic and leads to 
enhanced sodium retention. Other non-cardiac mechanisms causing a diminished 
response to diuretics, including reduced renal blood flow caused by renal artery 
stenosis or drug-drug interactions, should also be considered.29

Figure 1  Sites of action for diuretic and alternative therapies
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Table 1 Definitions of diuretic resistance

WĞƌƐŝƐƚĞŶƚ�ĐŽŶŐĞƐƟŽŶ�ĚĞƐƉŝƚĞ�ĂĚĞƋƵĂƚĞ�ĂŶĚ�ĞƐĐĂůĂƟŶŐ�ĚŽƐĞƐ�ŽĨ�ĚŝƵƌĞƟĐ�
;хϴϬ�ŵŐ�ĨƵƌŽƐĞŵŝĚĞͬĚĂǇͿ� EĞƵďĞƌŐ�Ğƚ�Ăů͘89
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ŽĨ�ĮůƚĞƌĞĚ�ůŽĂĚͿ�ŽĨ�фϬ͘Ϯй Knauf et al.

90 
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Valente et al. investigated a quantitative measure of diuret-
ic response, combining decongestive effect and diuretic dose.4 Di-
uretic response was defined as weight loss per 40 mg furosemide (or 
equivalent). A poor diuretic response independently predicted heart failure rehos-
pitalization and mortality. This metric was recently investigated in RELAX-AHF,  
confirming these findings.49 Using weight change per unit of furosemide may  
provide an applicable metric to confirm the clinician’s impression that a patient 
is resistant to diuretics. Testani et al. used similar metric to define diuretic re-
sponse, termed diuretic efficiency, defined as net fluid loss per mg of loop diuretic  
(40 mg of furosemide or equivalent) during hospitalization for acute heart failure, 
dichotomizing above and below the median.5 Consistently with results by Valente 
et al, low diuretic efficiency was associated with worse long-term outcomes. In both 
studies, poor diuretic response or efficiency was associated with renal impairment 
and higher BUN levels. However, diuretic response is not only a reflection of renal 
impairment; poor diuretic response was also associated with more advanced heart 
failure, diabetes and atherosclerotic disease. 

More recently, Singh et al examined a ratio of urinary sodium to urinary furose-
mide, measured in spot urine samples. A poor response (< 2 mmol/mg) was asso-
ciated with impaired clinical outcome, independently of renal function.50 Hemocon-
centration has also been suggested as a practical and readily applicable strategy 
to assess diuretic response.51 Ultimately, following more extensive validation and 
investigation, use of such diuretic response metrics could be used to help identi-
fy patients who might benefit from alternative decongestive therapies and guide 
treatment selection.   

How to evaluate diuretic response and resistance?

There is no single accepted definition of diuretic resistance. Several have been pro-
posed, the most frequently mentioned being “failure to decongest despite adequate 
and escalating doses of diuretics.” Less clinically applicable definitions have also 
been suggested (Table 1). In clinical practice, unresponsiveness to diuretics lead-
ing to persistent signs and symptoms of congestion is usually considered diuretic 
resistance. Three objective methods to evaluate diuretic response have recently 
been introduced (Table 2). These measures suggest diuretic response should be 
determined based on the effect of diuretic dose administered. 
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Table 2 metrics of diuretic response
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Valente et al.
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49
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Treatment of diuretic resistant patients

Several strategies have been proposed to overcome diuretic resistance (Figure 3). 
First, non-compliance should be ruled out by verifying mediation intake and so-
dium restriction.26 Second, non-steroidal inflammatory drugs (NSAIDs) should be 
discontinued, because they potentially cause diuretic resistance by inhibiting cy-
clo-oxygenase and thus interfering with prostaglandin synthesis, which antago-
nizes the natriuretic response to loop diuretics.52 Third, switching loop diuretics 
may be useful. Bumetanide and torsamide, for example, have higher biological 
absorption compared to furosemide in CHF patients.31, 47 In the TOrasemide In 
Congestive heart failure (TORIC) study in outpatients with CHF, torasemide treat-
ment was associated with a lower mortality and a significant improvement in NYHA 
class compared to furosemide or other diuretics.53 A recent small meta-analysis 
confirmed these findings, suggesting a trend toward improvement in NYHA class 
and mortality with torsamide treatment.54 Fourth, efficacy of diuretic therapy can 
be improved by switching from oral to intravenous administration to circumvent 
impaired enteral drug uptake in congested patients. Several smaller studies have 
suggested that continuous infusion improves diuresis, renal function and leads to 
fewer adverse events compared to bolus injections.55-57 However, the Diuretic Opti-
mization Strategies Evaluation (DOSE) trial found no differences in either treatment 
response or outcome in patients randomized to bolus versus continuous infusion, 
although diuretic doses and the incidence of worsening renal function were higher 
in the bolus group.58

Combined diuretic therapy

If escalating (intravenous) doses of loop diuretics are insufficient, combination 
therapy with two classes of diuretic drugs may improve diuretic efficacy. The ad-
dition of a thiazide diuretic enhances sodium excretion via several mechanisms, 
including inhibition of distal sodium reabsorption.59 As thiazides have a longer 
half-life, they prevent post-diuretic sodium retention after cessation of loop diuretic 
activity.29 Potential dangers of combination therapy include hypokalaemia, hypona-
traemia, dehydration, worsening renal function and metabolic acidosis; therefore, 
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careful monitoring is required.60 Addition of metozalone to a loop diuretic results 
in marked diuresis and is especially useful in patients with renal failure, since me-
tozalone is able to produce diuresis despite a low GFR.61, 62 

Since a large amount of sodium is reabsorbed in the proximal tubule, adding a 
proximally acting diuretic may be beneficial. In healthy volunteers, addition of ac-
etazolamide to furosemide showed a minor additive effect.63 Khan et al reported 
an additional effect of acetazolamide in terms of correcting metabolic acidosis and 
increased diuresis when used intermittently in combination with furosemide and 
spironolactone therapy in congestive heart failure.64 As acetazolamide is cleared 
renally, caution is recommended in patients with advanced renal failure due to the 
risk of concentration-dependent side-effects. Another option is mannitol; Turag-
am et al reported effective diuresis in 80.3% of acute heart failure patients treat-
ed with furosemide-mannitol infusion, though the study had no control group.65 
To date, studies evaluating combination therapy in (diuretic resistant) heart fail-
ure patients are scarce and evidence remains inconclusive. Two trials (DIURE-
SIS-CHF, clinicaltirals.gov no. NCT01973335 and CLOROTIC, clinicaltrials.gov no. 
NTCT01647932) investigating combination therapy are respectively ongoing and 
planned. Neither study explicitly defines diuretic resistance as a inclusion criterion.  
Adding a natriuretic dose of mineralocorticoid receptor antagonist (MRA) to diuret-
ics may also help overcome diuretic resistance by blocking the aldosterone recep-
tor and thus preventing excess sodium reabsorption in the collecting duct caused 
by secondary hyperaldosteronism.66 MRAs at low doses are guideline-recommend-
ed therapy in heart failure and significantly improve survival.1, 67, 68 The randomized 
aldactone evaluation study (RALES) dose-finding study revealed that higher doses 
of spironolactone (50-75 mg daily) had natriuretic effects.69 In two relatively small, 
single centre studies, addition of high dose spironolactone was associated with 
increased diuresis or earlier resolution of symptoms and signs of congestion.70, 71 
A common side-effect of high dose MRAs is hyperkalaemia; new MRAs with a lower 
potential for causing electrolyte disturbances are currently being investigated.72, 73

Dopamine

Addition of low dose dopamine to diuretic therapy has been suggested as a way to 
improve renal blood flow and thus preserve renal function and improve diuresis.74 
The Renal Optimization Strategies Evaluation (ROSE) trial tested two independent 
hypotheses – that addition of low dose dopamine or low dose nesiritide, compared 
with placebo, to diuretic therapy will enhance decongestion and preserve renal 
function in patients with acute heart failure and renal dysfunction.75 However, nei-
ther dopamine nor nesiritide had a significant effect on urine volume or change 
in Cystatin C, suggesting no added benefit to diuretic therapy. More recently, the 
prematurely discontinued, small-scale Dopamine in Acute Decompensated Heart 
Failure II (DAD-HF II) trial confirmed these findings, despite promising results in 
DAD-HF I.76, 77 The results of these studies suggest dopamine does not improve 
diuretic response in acute heart failure. 
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Ultrafiltration 

Ultrafiltration is an effective method for fluid removal that filters plasma water di-
rectly across a semipermeable membrane using a pressure gradient.78 This yields 
an ultrafiltrate that is iso-osmotic compared to plasma. Several studies compar-
ing the efficacy and safety of ultrafiltration to diuretics in heart failure have been 
conducted in recent years. Two randomized controlled trials comparing diuretic 
therapy to ultrafiltration, the Relief for Acutely Decompensated Congestive Heart 
Failure (RAPID-CHF) and the Ultrafiltration versus Intravenous Diuretics for Patients 
Hospitalized for Acute Decompensated Heart Failure (UNLOAD) found greater fluid 
removal in the ultrafiltration group, though weight loss after 24 hours did not dif-
fer in the former and dyspnea scores were similar in the latter.79, 80  Interestingly, 
ultrafiltration was associated with significant reductions in heart failure rehospital-
ization and fewer unscheduled visits. The Cardiorenal Rescue Study in Acute De-
compensated Heart Failure (CARRESS-HF) examined the use of ultrafiltration in AHF 
patients with cardiorenal syndrome.81 Patients were randomized to stepped diuret-
ic therapy or fixed-rate ultrafiltration. Ultrafiltration was inferior to pharmacologi-
cal therapy, primarily due to an increase in the creatinine level in the ultrafiltration 
group, along with more adverse events. It must be noted that not all patients in 
the ultrafiltration group received ultrafiltration therapy, and that the rate of fluid 
removal in the ultrafiltration arm has been questioned. So far, ultrafiltration has not 
been studied specifically in diuretic resistant patients. Multiple studies on ultrafil-
tration in heart failure are ongoing, while a recent phase III outcome trial (AVOID-
HF, clinicaltrials.gov NCT01474200) was terminated due to recruitment problems. 
Unfortunately, none of the ongoing studies explicitly address diuretic resistance. 

Alternative therapies

Various intravenous agents have been investigated in acute heart failure, and al-
though none have shown convincing survival benefits to date, several have mech-
anisms of action that may be helpful in overcoming diuretic resistance. Tolvaptan 
(a vasopressin V

2
 receptor blocker) is effective in increasing sodium concentrations 

in patients with hyponatremia, increases urine output in patients with symptomatic 
heart failure and may therefore have additive value in diuretic resistant patients.82, 

83 

Several synthetic natriuretic peptides have been developed and investigat-
ed in heart failure. Nesiritide, a synthetic B-type natriuretic peptide approved 
for symptom relief by the FDA, but not by European regulators due to lack of 
efficacy, did not increase urine output in patients with acute heart failure, and 
is therefore unlikely to have additive value in patients with diuretic resistance.84 
Ularitide is a synthetic form of urodilatin, a human endogenous natriuretic pep-
tide that is expressed in the kidney and induces natriuresis and diuresis by 
binding to specific natriuretic peptide receptors.85 It may have therapeutic ad-
vantages in acute heart failure and specifically in diuretic resistant patients. 
The Efficacy and Safety of Ularitide for the Treatment of Acute Decompensated 
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Heart Failure trial (TRUE-AFH; clinicaltrials.gov no. NCT01661634) is ongoing. 
Levosimendan is a phosphodiesterase inhibitor with vasodilator and positive ino-
tropic properties that provides rapid and durable symptom relief and has positive 
effects on renal function, and could therefore help treat symptoms in diuretic re-
sistant patients.86 

A small study suggests that addition of prednisone in patients with diuretic resis-
tance results in marked diuresis and improved renal function.87 Further studies are 
needed to confirm these findings. 

As shown by Valente et al, treatment with the adenosine A-1 antagonist rolofylline 
was a significant predictor of diuretic response due to greater weight loss, possibly 
due to improved renal perfusion or direct diuretic effects.4 In a specific subset of 
patients, adenosine A-1 inhibition may help overcome diuretic resistance, although 

Figure 3  Strategies for overcoming diuretic resistance
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the side-effect profile of rolofylline, in addition to lack of efficacy, led to discon-
tinuation of its development. Serelaxin is a human recombinant of the vasodilator 
relaxin-2, with systemic and renal effects. Though no significant effect of serelaxin 
on diuretic response was observed, it may be that its beneficial effects are related 
to prevention of organ damage.49, 88

Conclusions and future perspectives

Impaired diuretic response is a common problem in patients with acute heart failure 
and strongly associated with poor in-hospital and post-discharge clinical outcomes. 
Recently, quantitative measures for diuretic response were proposed but need to 
be validated in other acute heart failure populations. In addition to establishing the 
value of diuretic response metrics as prognostic markers, early identification of 
patients at risk of a poor response may allow initiation of therapies aimed at mod-
ifying response. Prospective studies using a validated diuretic response metric to 
identify diuretic resistant patients are a necessary first step towards identifying the 
best strategies for overcoming diuretic resistance, and determining whether this 
leads to improved outcomes. This could ultimately result in a better, individualized 
approach to treating the acutely decompensated heart failure patient, for whom no 
evidence based therapies exist. 
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In recent years, cardiologists have developed a renewed appreciation for the patho-
physiologic involvement of the kidney in heart failure, and an understanding that 
the two organs cannot be viewed in isolation. Renal function is not merely a strong, 
independent prognostic marker in heart failure; the organ plays a central role in vol-
ume homeostasis and is involved in pathways targeted by multiple evidence-based 
therapies for the syndrome, including RAAS inhibitors and diuretics of all types. 
Biomarkers for renal function – both measured directly in bodily fluids and derived 
estimates and metrics – have the potential to increase our understanding of these 
interactions, improve risk stratification, and aid the development of tailored ther-
apies for patients with heart failure, either as treatment targets or for monitoring 
therapy.

Aims of the thesis

The primary aims of this thesis are:

• To examine the prognostic importance of renal impairment and  
worsening renal function in patients with acute and chronic  
heart failure.

• To assess the value of biomarkers for risk stratification and provide 
insight into the cardiorenal pathways involved in heart failure.

• To develop and investigate a quantitative measure for diuretic  
response to better understand the phenomenon of diuretic resistance 
in acute heart failure.

The first part of the thesis focuses on the impact, measurement and modulation of 
renal function in both chronic and acute heart failure, while the second examines 
the evaluation of diuretic response and worsening renal function in acute heart fail-
ure. The principal findings are outlined per chapter below, and the thesis concludes 
with an overview of potential avenues for future investigation.

Part I: Renal function in heart failure

Impact of renal function

An understanding of the true importance of renal function is  relatively recent de-
velopment in cardiology. Following the publication of key papers around the turn 
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of the century, which showed renal function to be strong predictor of outcome in 
heart failure, the number of studies examining associations between renal function 
and prognosis in heart failure populations grew exponentially (Figure 1). 
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Figure 1 Number of PubMed results for search: heart failure AND renal function AND prog-
nosis. Adjusted R2 for quadratic fit = 0.88, P<0.0001. P for quadratic vs. linear fit = 0.0002

Chapter 1 presents the results of our meta-analysis of studies including over one 
million heart failure patients, underlining the crucial importance of renal dysfunc-
tion for outcome in both chronic and acute heart failure. Using a systematic search 
strategy, we identified 57 studies with data on prevalent chronic kidney disease 
(CKD) and 28 studies with information on worsening renal function (WRF). CKD was 
highly prevalent in both acute and chronic heart failure, affecting about one-third 
of patients, and was independently associated with poor outcomes even after ad-
justment for potential confounders. Worsening renal function was also common, 
presenting in about one-quarter of the heart failure patients studied, and also inde-
pendently associated with increased mortality.

In a secondary analysis, we examined predictors of worsening renal function, con-
cluding that baseline renal impairment (CKD), age, and a history of hypertension, 
diabetes and diuretic use were all predictors of the development of worsening 
renal function. Though the results concerning the mortality risks of both CKD and 
WRF were convincing and consistent, there were indications of publication bias in 
studies reporting on the deleterious impact of WRF. Additionally, the definition of 
WRF remains contentious, with little consensus on which measure is best. Further-
more, numerous studies suggest that the cause of WRF may significantly affect its 
prognostic importance, and that WRF in the presence of good response to therapy 
and hemodynamic stability may be acceptable. The predictors of WRF - older age, 
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more co-morbidity and worse baseline renal function – suggest that it may be, to a 
degree, a surrogate marker of vulnerability due to frailty or renal reserve. 

In conclusion, while both CKD and WRF are independently associated with increased 
mortality in a wide range of heart failure populations, CKD shows a more consistent 
relationship with poor outcome. Further investigation of the definition, causes and 
context for WRF in various heart failure settings will be necessary to better under-
stand the significance of the phenomenon.

Measurement of renal function

Renal function is traditionally assessed using creatinine-based estimates, including 
Cockcroft-Gault’s creatinine clearance and the more recent Modification of Diet 
in Renal Disease (MDRD) study equation, which has been validated in numerous 
populations including heart failure. Despite the fact other, better markers exist 
for estimating renal function – such as cystatin-C – serum creatinine remains in 
widespread use due to low cost, physician familiarity with the marker and at least 
adequate performance in most settings. Though existing formulae are generally 
adequate, they still tend to provide unreliable estimates in both upper and lower 
ranges of GFR, making new equations a welcome addition, and may not perform 
equally well for all purposes or in all populations.

In Chapter 2, we examined the value of more recent creatinine-based and cysta-
tin-C-based equations for estimating glomerular filtration rate (GFR) developed by 
the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI). These new equa-
tions improve estimation of GFR in chronic kidney disease patients and many other 
populations, but had yet to be validated against a gold standard measured GFR in 
chronic heart failure patients.

We measured GFR in 120 chronic heart failure patients using [125I]iothalamate clear-
ance – the gold standard method – and compared the performance of the simplified 
MDRD (sMDRD) and CKD-EPI creatinine equations in terms of accuracy, bias and 
prognostic performance. Three additional estimation equations – Cockcroft-Gault 
creatinine clearance and CKD-EPI equations based on cystatin-C alone and cysta-
tin-C combined with creatinine – were also examined in secondary analyses. We 
found that the CKD-EPI equation was the best of the creatinine-based equations 
where estimation of GFR was concerned, predicting accurate classification better 
than sMDRD and Cockroft-Gault equations, with equivalent prognostic perfor-
mance. The cystatin-C equations did show better performance than those relying 
on creatinine alone, but given current clinical realities, there is still a place for 
equations based on creatinine alone.

In addition to serum markers, urine markers have great potential for assessing re-
nal function. Urine – the production of which is the kidney’s most visible function 
– is an easily collected, readily available biofluid. It provides a wealth of information 
that may help elucidate other aspects of renal pathopysiology – such tubular injury 
– complementing or even improving on serum markers. In Chapter 3, we present 
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an extensive overview of both traditional – creatinine clearance, urinary sodium and 
albumin excretion – and novel markers that have potential value in heart failure. 
The traditional markers are relatively well-established and some are recommended 
for risk stratification, while the value of novel markers currently lies in improving 
understanding of pathphysiologic processes rather than immediate clinical utility. 
Promising markers that may help elucidate pathways involved in heart failure in-
clude inflammatory markers (Inteleukin-18), vascular markers (Endothelin-1) and 
markers of myocardial stretch (urinary natriuretic peptides). Of particular interest 
are markers of tubular injury – including Kidney-Injury Molecule 1 (KIM-1), Neutro-
phil Gelatinase-Associated Lipocalin (NGAL), N-acetyl-ȕ-D-glucosaminidase (NAG) 
and Fatty Acid-Binding Proteins (FABP). Tubular injury is a potential pathway to-
wards renal function decline, a key risk factor in heart failure as shown in Chapter 
1, and early detection may allow targeted prevention to be developed. As these 
markers are shed directly by the tubules, urine is the ideal biofluid in which to 
examine these processes. Tubular markers are the most promising candidates for 
clinical implementation, as they may be able to help guide heart failure therapies 
– such as diuretics - and improve early renal risk stratification following further 
validation. The diagnostic and prognostic utility of novel markers will require ex-
tensive further study before effective use in routine patient care is possible.

Modulation of renal function

Vasodilators are guideline-recommended therapy for patients with acute heart fail-
ure and high blood pressure, despite lacking evidence for survival benefit. Various 
agents with vasodilating properties have been studied in acute heart failure, almost 
all designed to improve hemodynamics via afterload reduction. Considering the 
key role hemodynamic regulation plays in preserving renal function, it should be 
no surprise that many of these agents have effects on the kidney. For example, the 
investigational drug rolofylline – an adenosine A-1 antagonist – was expected to 
improve outcomes in acute heart failure via effects on kidney perfusion and preser-
vation of renal function rather than via direct cardiac effects. Sadly, this drug failed 
to live up to this promise. 

In Chapter 4, we present an overview of the renal effects of established and inves-
tigational therapies for acute heart failure with vasodilating properties. Renal va-
soconstriction – triggered by a variety of pathways activated in the setting of acute 
heart failure, is an important mechanism that may contribute to renal damage and, 
ultimately, lasting impairment. Several established and novel vasodilators used and 
investigated in heart failure not only lead to general vasodilation, but have specific 
effects on renal afferent and/or efferent arteries, and some modulate neurohor-
monal pathways that play a role in renal regulation. 

As mentioned, the evidence for efficacy of these agents in AHF is limited at best, 
and the data available on renal effects is even more limited. A few agents show 
promising effects on the kidney and may be useful in specific settings – such as 
milrinone, levosimendan and the vasopressin antagonists, and of particular inter-
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est serelaxin, a recombinant form of human relaxin, which has positive hemody-
namic effects and appears to improve multiple organ functions, including renal 
function. Strikingly, no data are available on renal effects of the most commonly 
used vasodilator in clinical practice, nitroglycerine. In summary, while the pharma-
cological effects and sites of action for many of these vasodilators may protect or 
improve renal function – so long as adequate perfusion is maintained – their use 
requires close monitoring, careful patient selection and more extensive research 
before routine clinical implementation can be recommended without reservations.

Part II: Diuretic response and worsening renal function in 
acute heart failure

The effects of loop diuretics – the cornerstone of fluid management and symptom 
control in acute heart failure – are incompletely understood despite decades of 
clinical experience. Though their use is supported by strong guideline recommen-
dations on the grounds of clinical experience and common sense, the evidence for 
optimal posology, administration and effects on outcome is limited and conflicting. 

One clinical problem faced daily by doctors treating patients with acute heart  
failure is diuretic resistance - refractory signs or symptoms of congestion despite 
increasing doses of diuretics - a critical feature of so-called cardiorenal syndromes 
that is associated with high rates of death and rehospitalization. Its causes are 
manifold: reduced perfusion, congestion, renal dysfunction, neurohormonal  
activation, azotemia and poor nutritional status are all potential contributors. And 
yet, a quantitative measure to evaluate patient response to diuretics is lacking, 
with existing definitions of resistance generally concerning themselves solely with 
diuretic dosage within the context of persistent congestion, or even merely consid-
ering dose alone.

We attempted to address this urgent unmet need in Chapter 5 by proposing a 
new, quantitative metric for diuretic response – weight change per unit of loop 
diuretic (40mg of furosemide or equivalent). The rationale was to provide a  
relatively easy to calculate ‘dose-response’ metric, bringing together both 
the drug dose and its clinical effect – weight loss. Unfortunately, data on urine  
output – the direct effect of a diuretic – were not available for validation. Weight 
does have several advantages, including ease of measurement, and is a guideline- 
recommended tool for monitoring volume status. Our metric was evaluated in 1745 
patients from the PROTECT trial, a randomized controlled trail of the investigation-
al adenosine A-1 antagonist rolofylline conducted in patients with acute decompen-
sated heart failure, with neutral overall results. We found poor diuretic response 
was associated with an atherosclerotic, sicker patient profile – poor responders 
were older, had lower blood pressure, more vascular comorbidities, were more  
likely to have undergone coronary revascularisation, had more diabetes,  
anaemia and worse renal function, including higher blood urea nitrogen levels. There 
were also indications they had more advanced heart failure, such as more frequent  
device therapy. Good responders had lower rates of death and higher rates of  
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success on the primary endpoint – improvement in dyspnea after 24 and 48 hours. 

Interestingly, use of rolofylline was an independent predictor of good diuretic re-
sponse, possibly due to direct diuretic effects of the drug or potentiation of diuretic 
efficacy via increased renal perfusion. Furthermore, baseline renal function was re-
markably similar between poor and good responders, indicating diuretic response 
is not merely a proxy for GFR. However, worsening renal function (WRF) – generally 
a bad thing, as we showed in Chapter 1 – was relatively common in the best re-
sponders, despite the fact they had the best outcomes. This observation supports 
the theory that the context for WRF is more important than its occurrence per se. 
In multivariable analyses, poor diuretic response independently predicted mortality 
and rehospitalisation, and extensive sensitivity analyses in the placebo group alone 
and in a subset of highly congested patients confirmed the consistency of these 
findings. The strong association with rehospitalisation is striking, considering how 
notoriously difficult this endpoint is to predict.

Chapter 6 is an editorial by Professor Emeritus Eugene Braunwald that accompa-
nied publication of Chapter 5 in the European Heart Journal, underlining the im-
portance of the development of measures for evaluating response to diuretics. The 
editorial also discusses recent work by Testani et al., who proposed a similar metric 
based on net fluid output and showed findings similar to ours. Professor Braunwald 
correctly identifies a number of the weaknesses and potential confounders of these 
simple measures – such as the complexities of accurate weight or fluid balance 
measurement, the lack of information on sodium intake, the effects of co-adminis-
tration of other diuretics, and the fact these metrics fail to truly capture the com-
plexity of diuretic pharmacodynamics. However, the editorial concludes that de-
spite these limitations, the development and validation of quantitative metrics for 
responsiveness to diuretics is an important step towards a better understanding of 
diuretic resistance and optimisation of diuretic treatment in heart failure patients.

In Chapter 7, we described changes in serum Neutrophil Gelatinase-Associated 
Lipocalin (NGAL) levels during hospitalization and the value of NGAL for predicting 
worsening renal function (WRF) and improving risk stratification in a sub-analysis 
of the PROTECT trial. NGAL – a tubular marker – has been suggested as an early, 
sensitive indicator for the development of WRF, and is reported to have good prog-
nostic value. We performed our analyses in 1447 patients hospitalized with acute 
heart failure, representing a significantly larger population than all previous stud-
ies reporting on serum NGAL in acute heart failure combined. 

Contrary to a number of smaller reports, we showed NGAL rise did not precede 
creatinine increases in patients who developed WRF early during hospitalization for 
heart failure. Although NGAL – but not creatinine – was an independent predictor 
of WRF, neither marker had particularly good prognostic performance. Disappoint-
ingly, NGAL was also not independently predictive of either mortality or a 60-day 
composite endpoint of mortality and rehospitalisation. However, in patients with 
WRF – measured continuously as an increase in serum creatinine - the risk of death 
or rehospitalisation for cardiovascular or renal causes by day 60 associated with a 
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given creatinine increase was greater for higher NGAL levels, even after correction 
for baseline creatinine. Thus, NGAL provides some incremental risk information, 
but only in patients with a rise in creatinine.

Why our analysis failed to confirm past findings is not entirely clear; previous small-
er positive studies may indicate some publication bias – which does appear to exist 
where reports on WRF are concerned, as shown in our meta-analysis - or may be 
due to differences in the studied populations. Our cohort is large and well-charac-
terized, but PROTECT did only include patients with at least mild renal dysfunction, 
which may have influenced the results. However, the incidence of WRF in our study 
was similar to what we observed in for general heart failure populations in Chapter 
1. 

The explanation may lie with the nature of WRF in AHF; past studies in acutely ill, 
non-heart failure populations showed strong predictive value for NGAL. In AHF, 
WRF is more likely to be driven by smaller hemodynamic changes, neurohormonal 
changes and drug effects, in sharp contrast with hypoxic or septic injury resulting 
in acute kidney injury (AKI), more commonly seen in post-surgical or intensive care 
settings. Additionally, the exact timing of renal injury or WRF is often unclear in 
AHF, with the potential for undocumented pre-admission renal damage; the early 
NGAL rise seen by others may have already occurred and gone undetected in at 
least some of our patients.

In summary, based on these retrospective data, the clinical value of serum NGAL 
in acute heart failure seems limited. Given the other potential causes of elevated 
serum NGAL – including inflammation and infection – urinary levels may yet prove 
valuable due to their reported greater renal specificity. Hopefully the upcoming 
AKINESIS trial examining sequential urine and plasma levels will provide definitive 
answers.

The final chapter of this thesis, Chapter 8, is a review of the pathophysiology of 
diuretic resistance in acute heart failure, and examines recently proposed metrics 
for the evaluation of diuretic response. Most publications on the topic of diuretic 
resistance have been based on older, less workable definitions, and none have 
provided a comprehensive evaluation of the potential causes of diuretic resistance 
in heart failure. The recent publication of several potential metrics for evaluating 
response to diuretic therapy – including our own metric of weight change per unit 
of diuretics, a similar metric based on urine output proposed by Testani et al., and 
a ratio of urinary sodium to urinary furosemide – makes this a valuable and timely 
addition to the existing literature.

In the review, we describe several pathophysiologic mechanisms that may be in-
volved in diuretic resistance in acute heart failure – reduced absorption, impaired 
transportation through the bloodstream and across the glomerular barrier into the 
tubule, and lack of availability at the site of action. Gut congestion and poor nutri-
tional status resulting in low albumin (which furosemide and many other diuretics 
must be bound to in order to be transported) can affect the first two. Reduced car-
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diac output and neurohormonal modulation can affect filtration in the kidney, and 
elevated BUN levels can competitively block transportation into the tubule. Once in 
the tubule, albumin may once again bind to the loop diuretic and render it inactive. 
Additionally, the direct effects of diuretics themselves – such as post-diuretic sodi-
um retention following repeated dosing, resulting in renin-angiotensin-aldosterone 
system (RAAS) activation – can also contribute to reduced efficacy.

We also show there is some evidence a stepped approach combining different 
classes of diuretics may be effective in overcoming resistance, and ultrafiltration 
or vasodilator therapies (as outlined in Chapter 4) may be appropriate in selected 
populations. However, it is abundantly clear is that the lack of usable measures for 
diuretic response means no past or current studies have been able to prospectively 
and explicitly examine regimens for overcoming resistance. With new metrics in 
hand, we will hopefully be able to design better trials to optimise diuretic strategies 
in acute heart failure patients with diuretic resistance.

Future perspectives

Cardiorenal research in heart failure is long past its infancy and well into its teens; 
gestated in the late 90’s, born at the turn of the 20th century, its childhood years 
were full of exciting new discoveries: renal function as an essential risk factor, the 
‘cardiorenal syndromes’, countless novel biomarkers and even drugs trials directly 
targeting the kidney in heart failure patients – heady times indeed. The sheer num-
ber of patients available for the updated meta-analysis (Chapter 1), with most data 
published within the past 10 years, speaks volumes.

Yet despite the field’s growing maturity, there is still a strong need for further ex-
ploration, invention, and discovery. 

Acute heart failure treatments

Where treatment is concerned, it is telling that most proven, effective chronic heart 
failure therapies have direct renal effects – true for RAAS blockers of every stripe. 
In contrast, evidence for optimum use and value of one of the oldest and most 
prescribed heart failure drugs – the lowly loop diuretic – is frighteningly thin. The 
same holds true for all recommended treatments for managing that deadly and 
increasingly common cause of hospitalization – Acute Heart Failure (AHF).

Despite numerous flings and flirtations with sexy new AHF drugs, few have lasted 
long, and none have made a permanent mark. Until serelaxin – the latest crush, 
one we are eager to get to know a little better before we commit – none managed 
to improve mortality, and only a few helped patients breath a little easier. Many of 
these vasodilators and (novel) inotropes are used incidentally in clinical practice, 
often in the sickest patients and in the absence of proven alternatives. 

And so, we turn back to the drugs we believe we understand; drugs that alleviate 
the patient’s swelling, resolve breathlessness, and jumble up electrolytes and re-
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nal markers in all kinds of ways – diuretics. They have a number of advantages – 
they are cheap, easily administered, and have known side-effects. When patients 
respond well, we do not worry. When patients do not, there is little evidence to 
guide our next step. Increase the dose? Add another diuretic? Add an inotrope or 
vasodilator? Add steroids? Ultrafiltrate? And what about patients who respond well, 
but develop worsening renal function? Or who (fail to) hemoconcentrate? How im-
portant is resolving congestion? And which of these factors is the most important? 

Complicating matters further, acute heart failure patients are a diverse lot. Isch-
emic or non-ischemic, reduced or preserved ejection fraction, warm and wet vs. 
cold and dry, in every imaginable permutation and combination. And with every 
possible electrolyte imbalance and degree of renal impairment. This may explain 
why many novel AHF therapies have failed to show significant positive effects. The 
net result of a one-size-fits-all approach to treating a heterogenous population may 
be neutral, but identification of potential responders to therapy within these pop-
ulations may present opportunities. In short, are the therapies we have developed 
failures, or have we simply been treating the wrong patients?

A better understanding of the significance of and interactions between admission 
values of multiple biomarkers and dynamic in-hospital changes in response to ther-
apy – including diuretic response, blood pressure, hemoconcentration, (renal) bio-
markers, congestion – requires careful, methodical analysis. Small proof-of-concept 
trials, using patients selected based on diuretic response and treated using a va-
riety of protocol-driven diuretic regimens, mechanical fluid removal or treatments 
aimed at improving diuretic response are needed to truly understand diuretic resis-
tance, and could pave the road towards larger, prospective trials. Ultimately, the re-
sults of such studies may help clinicians better comprehend the relative importance 
of phenomena such as diuretic resistance and worsening renal function, and with 
the aid of biomarkers or risk scores, perhaps distinguish ‘benign’ forms from the 
malignant ones. In addition to guiding in-hospital treatment, post-discharge rehos-
pitalization and mortality risk scores may allow follow-up treatment to be tailored 
to suit an individual patient’s needs. 

Unravelling the information

But it’s not just about treatments. 

The development of better therapies for heart failure is crucially important for clini-
cians and patients alike, yet greater understanding of the processes and pathways 
involved in the intertwined failure of both heart and kidney is equally essential. 
Careful evaluation of novel biomarkers may not only yield improved diagnostic or 
prognostic information, but perhaps more interestingly, can provide insight into 
disease pathways and thus yield novel targets for therapy or tools for monitoring 
treatment response. The failure of multiple, large-scale drug trials to provide clin-
ical benefit following promising early results highlights the need for pre-selection 
of potential responders – personalizing treatment at the trial level - instead of per-
forming large-scale trials in ‘unselected’ patients. Analyses in smaller, well-charac-
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terized populations are a crucial stepping stone along this path. Although pharma-
cogenetic profiling is becoming increasingly common, patient profiling based on 
multimarker risk or response scores is not (yet). Multimarker models to ascertain 
clinical risk and assess drug response may allow the identification of patient pro-
files likely to benefit from a specific intervention, maximizing the yield of clinical 
trials.

Modern computing has given us the ability to tackle these challenges, using tools 
undreamed of a generation ago. Genomics is improving our understanding of the 
stuff we are made of, proteomics yields novel markers, and advanced statistical 
computing provides the means to make sense of these huge quantities of data 
and complex networks. ‘Big Data’ is a hot-button social issue, and becoming a 
reality in medicine and research; proponents correctly point to the tremendous 
potential value, while privacy advocates voice their concerns. However, most health 
care systems are still insufficiently equipped to collect information efficiently - with 
patient care and ease of billing both prioritised over data collection – although 
national systems such as those found in Scandinavian countries provide a glimpse 
of what is possible, and are treasure troves for epidemiologic research. Biobanks, 
well-designed and maintained health care registries and observational studies may 
be expensive undertakings, but have enormous potential for increasing our under-
standing of health and disease.

Traditional statistical analyses will certainly remain a mainstay of medical science 
for the foreseeable future, but more complex approaches such as systems biology, 
structural equation modelling and pathway and network analysis can all help un-
ravel the mysteries hidden in the numbers. In the face of ever-increasing amounts 
of data, the old paradigm of ‘bench to bedside’ is fading, replaced by a contin-
uous cycle of bedside-to-bench-to-bedside and back; epidemiologic, clinical and 
biomarker studies generate hypotheses which are explored and tested statistically, 
and can be taken back into the lab to develop a better understanding of the mech-
anisms involved and generate new hypotheses to test in patients. Ultimately these 
insights can lead to new, better-designed studies or even novel interventions and 
treatments. 

This burgeoning enterprise requires close cooperation between clinicans, basic 
science researchers, clinical trialists, epidemiologists and biostatisticians. The 
complexity of modern science demands sophisticated analyses, and the challenge 
lies in translating this complexity into a clinically meaningful, understandable 
form. The era of the single biomarker is ending, making way for more accurate 
but analytically challenging multimarker approaches, which require transformation 
into validated risk scores before they can be clinically applicable. In this growing 
web of numbers, the medical doctor with a firm grasp of both methodology and  
statistics has a crucial role to play. By providing the clinical perspectives required 
for appropriate and meaningful analysis, a bridge may be built between clinicians 
and statisticians, which will benefit medical knowledge and, ultimately, the people 
we all work so hard to help – patients.
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Cardiologen hebben in de afgelopen jaren hernieuwd respect verkregen voor de 
pathofysiologische rol van de nier bij hartfalen, en begrijpen steeds vaker dat de 
twee organen niet afzonderlijk kunnen worden gezien. Nierfunctie is niet alleen 
een sterke, onafhankelijke prognostische marker bij hartfalen; het orgaan speelt 
ook een sleutelrol bij volume homeostase en is betrokken bij processen die het 
aangrijpingspunt vormen voor multipele evidence-based behandelingen voor het 
syndroom, waaronder Renine-Angiotensine-Aldosteron Systeem (RAAS) blokkers en 
allerlei diuretica. Biomarkers voor nierfunctie – zowel direct gemeten in lichaams-
materiaal als afgeleide maten – hebben de potentie om ons begrip van deze inter-
acties te vergroten en risicostratificatie te verbeteren. Ook zouden ze als therapeu-
tische targets of markers voor effectiviteit kunnen bijdragen aan de ontwikkeling 
van gepersonaliseerde therapieën voor hartfalen.

Doelen van het proefschrift

De voornaamste doelen van dit proefschrift zijn:

• Het bestuderen van de prognostische waarde van verminderde  
nierfunctie en verslechtering van nierfunctie bij patiënten met acuut en 
chronisch hartfalen.

• Het evalueren van de waarde van biomarkers voor risicostratificatie en 
het verschaffen van inzichten in de bij hartfalen betrokken cardiorenale 
pathofysiologische processen.

• Het ontwikkelen en evalueren van een kwantitatieve maat voor diure-
tische respons om zo het fenomeen van diuretica resistentie in acuut 
hartfalen beter te doorgronden.

Het eerste deel van dit proefschrift richt zich op belang van nierfunctie en manieren 
om deze te meten en beïnvloeden bij zowel chronisch als acuut hartfalen. In het 
tweede deel wordt de evaluatie van diuretische response en verslechtering van nier-
functie in acuut hartfalen onderzocht. The primaire uitkomsten worden hieronder 
per hoofdstuk belicht, gevolgd door een overzicht van potentiële richtingen voor 
toekomstig onderzoek.

Dutch Summary
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Deel I: Nierfunctie bij hartfalen

Het belang van nierfunctie

In de moderne cardiologie is bewustwording van het belang van nierfunctie een 
relatief recente ontwikkeling. Na het verschijnen van sleutelpublicaties rond de 
eeuwwisseling, waarbij nierfunctie werd geïdentificeerd als sterke voorspeller van 
uitkomsten bij hartfalen, is het aantal studies naar associaties tussen nierfunctie 
en prognose bij hartfalen exponentieel gegroeid (Figuur 1, Summary and Future 
perspectives, pagina 189). 

In Hoofdstuk 1 worden de resultaten van een meta-analyse bij meer dan 1 miljoen 
patiënten gepresenteerd, waarbij het cruciale belang van nierfunctiestoornissen 
voor het voorspellen van uitkomst bij zowel chronisch als acuut hartfalen wordt 
benadrukt. Door middel van een systematische zoekstrategie werden 57 studies 
over chronisch nierlijden (Chronic Kidney Disease, CKD) en 28 studies over ver-
slechtering van nierfunctie (Worsening Renal Function, WRF) geïdentificeerd. CKD 
kwam vaak voor bij zowel acuut als chronisch hartfalen, namelijk bij ongeveer een 
derde van alle patiënten, en was geassocieerd met slechte uitkomsten, zelfs na cor-
rectie voor potentiële confounders. Ook verslechtering van nierfunctie (WRF) kwam 
vaak voor, bij ongeveer 25% van alle hartfalen patiënten in de studie, en was ook 
geassocieerd met een verhoogde mortaliteit.

In een secundaire analyse hebben wij de voorspellers van WRF onderzocht, waaruit 
bleek dat chronische nierfunctiestoornissen (CKD) op baseline, leeftijd, hyper-
tensie, diabetes en het gebruik van diuretica allemaal het ontwikkelen van WRF 
voorspellen. Hoewel zowel CKD als WRF overtuigend en consistent geassocieerd 
waren met een verhoogde mortaliteit, waren er wel aanwijzingen voor mogelijke 
publicatiebias bij studies over het prognostisch belang van WRF. Daarnaast blijft 
de definitie van WRF een punt van discussie, waarbij consensus nog steeds ont-
breekt. Meerdere studies suggereren ook dat de oorzaak van WRF in belangrijke 
mate de prognostische betekenis daarvan beïnvloedt, en dat WRF bij goede respons 
op therapie en hemodynamische stabiliteit mogelijk geaccepteerd kan worden. De 
voorspellers van WRF – hogere leeftijd, meer co-morbiditeit en slechtere nierfunc-
tie op baseline – suggereren dat WRF een surrogaat marker zou kunnen zijn voor 
kwetsbaarheid of renale reserve. 

Concluderend kan worden gesteld dat, hoewel zowel CKD als WRF onafhankelijk 
geassocieerd zijn met mortaliteit in heterogene hartfalen populaties, CKD meer 
consistent is geassocieerd met slechte uitkomsten. Meer onderzoek naar de defin-
itie, oorzaken en context van WRF in verschillende hartfalen settings zal nodig zijn 
om het belang ervan beter te begrijpen.

Meten van nierfunctie

Nierfunctie wordt van oudsher geschat door middel van formules op basis van cre-
atinine, waaronder creatinineklaring volgens Cockcroft-Gault, en de recentere Mod-
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ification of Diet in Renal Disease (MDRD) formule, welke bij verschillende patiënten-
populaties (waaronder hartfalen) zijn gevalideerd. Ondanks het feit dat er andere, 
wellicht betere biomarkers bestaan voor het schatten van nierfunctie – zoals cysta-
tine-C – wordt serum creatinine nog steeds op grote schaal gebruikt dankzij de lage 
kosten, bekendheid bij artsen en tenminste redelijke prestaties onder de meeste 
omstandigheden. Hoewel bestaande formules grotendeels adequaat zijn, geven 
deze vooral bij hoge en lage glomerulaire filtratie (Glomerular Filtration Rate, GFR) 
waardes onbetrouwbare schattingen van de nierfunctie, waardoor nieuwe formules 
een waardevolle aanvulling kunnen zijn. Tevens is het mogelijk dat bepaalde for-
mules niet voor alle populaties of doeleinden even geschikt zijn.

In Hoofdstuk 2 hebben wij de waarde van recenter ontwikkelde creatinine en cys-
tatine-C formules voor het schatten van glomerulaire filtratie snelheid (Glomerular 
Filtration Rate, GFR) geëvalueerd. Deze formules zijn ontwikkeld door de Chronic 
Kidney Disease Epidemiology Collaboration (CKD-EPI) en verbeteren de schatting 
van GFR bij patiënten met CKD en vele andere patiëntenpopulaties. Een validatie 
ten opzichte van volgens de gouden standaard gemeten GFR bij patiënten met 
chronisch hartfalen ontbrak echter.

Wij hebben bij 120 patiënten met chronisch hartfalen de GFR gemeten middels [125I]
iothalamaat klaring – de gouden standaard – en de prestaties van de geschatte sim-
plified MDRD (sMDRD) en CKD-EPI creatinine formules vergeleken voor wat betreft 
accuracy (nauwkeurigheid), bias en prognostische waarde. Drie andere formules 
voor het schatten van GFR – creatinineklaring volgens Cockcroft-Gault, en cysta-
tine-C en gecombineerde cystatine-C / creatinine formules ontwikkeld door CKD-
EPI – zijn ook geëvalueerd in een secundaire analyse. Van de creatinine formules 
was de CKD-EPI formule de best presterende, en voorspelde beter classificatie in 
CKD klassen dan sMDRD en Cockcroft-Gault formules, met equivalente prognos-
tische waarde. Beide Cystatine-C formules presteerden beter dan die gebaseerd op 
creatinine, maar gezien de huidige klinische praktijk is er nog steeds ruimte voor 
formules die enkel creatinine gebruiken.

Naast bloedmarkers kunnen urinemarkers van onschatbare waarde zijn voor het 
beoordelen van nierfunctie. Urine – het meest zichtbare product van de nier – is 
makkelijk te verzamelen. Er schuilt in urine een grote hoeveelheid aan informatie 
die andere aspecten van renale pathofysiologie – waaronder tubulaire schade – zou 
kunnen helpen ontrafelen en bloedwaardes zou kunnen aanvullen. In Hoofdstuk 
3 geven wij een overzicht van zowel traditionele – creatinineklaring, urine natrium 
en albumine excretie – als nieuwe markers die potentieel van waarde kunnen zijn 
bij hartfalen. De traditionele markers zijn relatief bekend en enkele worden reeds 
aangeraden voor risicostratificatie, terwijl de waarde van nieuwe markers vooral 
ligt in het beter begrijpen van pathofysiologische processen, en niet zozeer in 
directe klinische bruikbaarheid. Veelbelovende markers die zouden kunnen bijdra-
gen aan betere begrip van pathofysiologische processen bij hartfalen zijn onder 
andere inflammatoire markers (Interleukine-18), vasculaire markers (Endotheline-1) 
en markers voor myocardiale rek (urine natriuretische peptides). Van groot belang 
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zijn ook markers van tubulaire schade – waaronder Kidney-Injury Molecule 1 (KIM-
1), Neutrophil Gelatinase-Associated Lipocalin (NGAL), N-acetyl-ȕ-D-glucosamini-
dase (NAG) en Fatty Acid-Binding Proteins (FABP). Tubulaire schade is een poten-
tieel mechanisme voor verslechtering van nierfunctie - een cruciale risicofactor bij 
hartfalen, zie Hoofdstuk 1 - waarbij vroege detectie mogelijk gerichte preventie 
mogelijk zal maken. Aangezien deze markers direct door de tubuli in de urine 
worden uitgescheiden, is urine de ideale vloeistof om deze processen in kaart te 
brengen. Tubulaire markers lijken de meest veelbelovende kandidaten voor klin-
isch gebruik, daar ze mogelijk gebruikt kunnen worden om hartfalentherapieën te 
monitoren – bijvoorbeeld diuretica – en om vroege risicostratificatie mogelijk te 
maken. De diagnostische en prognostische waarde van nieuwe markers zal echter 
uitgebreid moeten worden bestudeerd voordat routinematig en effectief gebruik in 
de patiëntenzorg mogelijk is.

Moduleren van nierfunctie

Verschillende richtlijnen bevelen het gebruik van vaatverwijders bij patiënten met 
acuut hartfalen en adequate bloeddruk aan, ondanks gebrek aan bewijs voor een 
betere overleving. Verschillende vaatverwijdende stoffen zijn bestudeerd bij pa-
tiënten met hartfalen. Bijna al deze middelen hebben als doel om de hemody-
namiek te verbeteren middels reductie van de afterload. Gezien de centrale rol van 
hemodynamische regulatie bij het behoud van nierfunctie, is het niet verassend 
dat veel van deze middelen effecten hebben op de nier. Met het experimentele 
middel rolofylline – een adenosine A-1 antagonist – was bijvoorbeeld de gedachte 
dat verbetering van uitkomsten bij acuut hartfalen via verbetering van nierperfusie 
en behoud van nierfunctie, en niet via directe cardiale effecten zou kunnen worden 
bewerkstelligd. Helaas is dit voor rolofylline niet het geval gebleken. 

In Hoofdstuk 4 geven wij een overzicht van de renale effecten van bestaande en 
experimentele vaatverwijdende therapieën voor acuut hartfalen. Renale vasocon-
strictie – wat aangezet wordt door activatie van verschillende pathofysiologische 
processen bij acuut hartfalen – is een belangrijk mechanisme dat kan bijdragen aan 
nierschade en uiteindelijk blijvende nierinsufficiëntie. Meerdere bekende en nieuwe 
vaatverwijders die worden gebruikt en bestudeerd in hartfalen hebben niet alleen 
algemeen/systemisch  vaatverwijdende effecten, maar ook specifieke effecten in de 
afferente en/of efferente niervaten, en enkele middelen grijpen aan op neurohor-
monale assen die een rol spelen bij nierfunctieregulatie. 

Zoals hierboven vermeld is het bewijs voor de effectiviteit van deze middelen 
bij acuut hartfalen (AHF) beperkt, en gegevens over effecten op nierfunctie nog 
schaarser. Enkele middelen hebben potentieel interessante effecten op de nier en 
zijn mogelijk zinvol in bepaalde situaties – waaronder milrinone, levosimendan en 
vasopressine-antagonisten, maar vooral ook serelaxine, een recombinante vorm 
van humaan relaxine. Serelaxine heeft positieve hemodynamische effecten en lijkt 
bij te dragen aan verbetering van meerdere orgaanfuncties, waaronder nierfunc-
tie. Opvallend genoeg zijn er geen data beschikbaar over de renale effecten van 
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de meest gebruikte vaatverwijdende stof in de klinische praktijk, nitroglycerine. 
Samengevat hebben meerdere vaatverwijders potentieel beschermende effecten op 
de nierfunctie – bij handhaving van adequate persfusie – maar is naast nauwkeurige 
selectie en continue bewaking van patiënten nog veel verder onderzoek vereist 
voordat routinematig gebruik kan worden aanbevolen.

Deel II: Diuretische respons en verslechtering van nierfunc-
tie in acuut hartfalen

De effecten van lisdiuretica – de hoeksteen van vochtregulatie en symptoombe-
strijding bij acuut hartfalen – worden onvolledig begrepen ondanks decennia van 
klinische ervaring. Hoewel het gebruik van deze middelen wordt ondersteund door 
sterke aanbevelingen in de behandelrichtlijnen op basis van klinische ervaring en 
gezond verstand, is het bewijs voor optimaal gebruik, en voor positieve effecten op 
uitkomsten, beperkt en soms zelfs tegenstrijdig. 

Een van de problemen waar cardiologen bij de behandeling van patiënten met ac-
uut hartfalen dagelijks mee te maken krijgen is diuretica resistentie – refractaire 
symptomen of tekenen van congestie ondanks verhoging van diureticadoseringen. 
Dit fenomeen is een essentieel onderdeel van zogeheten ‘cardiorenale syndromen’, 
en is geassocieerd met hoge mortaliteit en frequente ziekenhuisopname. Diureti-
ca resistentie heeft velerlei oorzaken: verminderde persfusie, congestie, nierfunc-
tiestoornissen, neurohormonale activatie, azotemie en een slechte voedingsstatus 
zijn allemaal potentieel bijdragend. Desondanks zijn er geen geschikte manieren 
om respons op diuretische therapie te meten, waarbij bestaande definities voor 
resistentie vooral gericht zijn op diuretica dosering bij persisterende congestie, of 
enkel naar dosering kijken.

In Hoofdstuk 5 presenteren wij een mogelijke oplossing voor dit probleem in de 
vorm van een nieuwe, kwantitatieve maat voor diuretische respons – gewichtsveran-
dering per eenheid lisdiureticum (40 mg furosemide of equivalente dosering). De 
achterliggende gedachte was om een relatief simpele maat te ontwikkelen die een 
‘dosis-respons’ verhouding tussen het medicijn en het klinisch effect kon weer-
geven. Helaas waren data over urineproductie – het directe effect van diuretica 
- niet voorhanden ter validatie. Gewicht heeft echter wel enkele voordelen, waar-
onder gemak, en wordt in de richtlijn aanbevolen voor het controleren van vol-
umestatus bij hartfalen. 

Wij hebben deze nieuwe maat onderzocht bij 1745 patiënten uit de PROTECT 
studie, een gerandomiseerde, placebogecontroleerde trial met de experimentele 
adenosine A-1 antagonist rolofylline bij patiënten met gedecompenseerd acuut 
hartfalen met neutrale resultaten. Slechte respons op diuretica was geassocieerd 
hogere leeftijd, lagere bloeddrukken, meer vaatlijden, vaker coronaire revascular-
isatie, meer diabetes, anemie en slechtere nierfunctie, waaronder verhoogd ure-
um. In deze groep waren ook vaker aanwijzingen voor vergevorderd hartfalen, 
waaronder frequentere devicetherapie. Patiënten met een goede respons hadden 
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een lagere mortaliteit en behaalden vaker het primaire eindpunt van de studie –  
verbetering van dyspnoe na 24 en 48 uur.

Opvallend genoeg was rolofyllinegebruik een onafhankelijke voorspeller van goede 
diuretische respons, mogelijk door directe diuretische effecten van het medicijn 
of versterking van diuretische effectiviteit via verbeterde nierperfusie. Ook was de 
nierfunctie van patiënten met goede en slechte diuretische respons niet enorm 
verschillend, wat impliceert dat diuretische respons niet alleen een weerspiegeling 
is van GFR. Verslechtering van nierfunctie (WRF) – in het algemeen een slecht tek-
en, zoals te lezen is in Hoofdstuk 1 – kwam echter relatief vaak voor bij patiënten 
met een goede respons, ondanks de relatief beste uitkomsten voor deze groep. Dit 
ondersteunt de theorie dat de context voor WRF belangrijker is dan puur het ontsta-
an daarvan. In multivariate analyses was slechte diuretische respons onafhankelijk 
geassocieerd met mortaliteit en rehospitalisatie. Uitgebreide sensitiviteitsanalyses 
bevestigen de consistentie van deze bevindingen. Vooral de sterke associatie met 
rehospitalisatie is interessant, aangezien dit een moeilijk te voorspellen eindpunt 
blijft.

Hoofdstuk 6 is een editorial door Professor Emeritus Eugene Braunwald, samen 
met Hoofdstuk 5 gepubliceerd in het European Heart Journal, waarin het belang 
van nieuwe maten voor respons op diuretica wordt onderstreept. Het editorial 
bespreekt ook een recente studie gepubliceerd door Testani et al., waarin een  
soortgelijke maat gebaseerd op netto vochtbalans werd geïntroduceerd, met 
vergelijkbare resultaten als gepresenteerd in hoofdstuk 5. Professor Braunwald 
benoemt terecht enkele potentiële nadelen van deze simpele maten – waaronder 
de complexiteit van accuraat meten van gewicht of vochtbalans, het gebrek aan 
informatie over zoutintake, de effecten van gecombineerde behandeling met an-
dere diuretica, en het feit dat deze maten de farmacodynamische complexiteit van  
diuretische behandeling niet accuraat kunnen weergeven. Zijn conclusie is echter 
dat ondanks deze beperkingen, het ontwikkelen en valideren van kwantitatieve 
maten voor respons op diuretica een cruciale stap is richting beter begrip van  
diuretica resistentie en optimalisatie van diuretische therapie bij hartfalen  
patiënten.

In Hoofdstuk 7 worden veranderingen in serum Neutrophil Gelatinase-Associated 
Lipocalin (NGAL) tijdens hospitalisatie beschreven, alsmede de waarde van NGAL 
voor het voorspellen van verslechtering van nierfunctie (WRF) en verbeteren van 
risicostratificatie in een subanalyse van de PROTECT studie. NGAL – een tubulaire 
marker – zou mogelijk een vroege, gevoelige marker zijn voor het ontwikkelen van 
WRF, en er zijn aanwijzingen dat het een goede prognostische waarde zou hebben. 
Onze studie is verricht in 1447 patiënten opgenomen met acuut hartfalen, een  
significant grotere populatie dan alle voorgaande studies over serum NGAL bij  
acuut hartfalen bij elkaar opgeteld. 

In tegenstelling tot meerdere kleinere studies zagen wij dat NGAL niet eerder dan 
creatinine stijgt bij patiënten die WRF ontwikkelen in de eerste dagen na zieken-
huisopname voor hartfalen. Hoewel NGAL wel en creatinine geen onafhankelijke  
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voorspeller was van WRF, had geen van beide markers bijzonder goede voorspellen-
de waarde. NGAL was ook niet voorspellend voor mortaliteit of een samengesteld 
eindpunt van 60-dagen mortaliteit en/of rehospitalisatie. Echter, in patiënten met 
WRF – uitgedrukt als stijging in creatinine tijdens de eerste vier dagen – was het  
risico op dood of rehospitalisatie bij eenzelfde creatininestijging groter voor hogere 
NGAL waardes dan voor lagere NGAL waardes, ook na correctie voor baseline  
creatinine. NGAL heeft derhalve enige additionele waarde, maar enkel bij patiënten 
die een stijging van creatinine laten zien.

Waarom onze studie eerdere resultaten lijkt tegen te spreken is niet helemaal 
duidelijk; de positieve resultaten van kleine voorgaande studies zijn mogelijk een 
uiting van publicatiebias – onze meta-analyse heeft aangetoond dat dit mogeli-
jk voorkomt bij studies over WRF – maar wordt mogelijk ook veroorzaakt door  
verschillen in de bestudeerde populaties. Ons cohort is groot en goed beschreven, 
maar PROTECT heeft enkel patiënten met tenminste milde nierfunctiestoornis-
sen geïncludeerd, wat mogelijk de resultaten kan hebben beïnvloed. Er moet wel 
worden opgemerkt dat de incidentie van WRF in onze studie ongeveer overeenkomt 
met de getallen voor algemene hartfalenpopulaties die we in Hoofdstuk 1 hebben 
gezien.

Een mogelijke verklaring ligt bij de aard van WRF bij AHF; eerdere studies in acuut 
zieke niet-hartfalen populaties hebben een sterke voorspellende waarde laten zien 
voor NGAL. In AHF wordt WRF vaker gedreven door kleine hemodynamische ve-
randeringen, neurohormonale verandering en medicatie effecten, in tegenstelling 
tot de hypoxische of septische schade leidend tot acute nierschade (AKI) die vaker 
bij post-chirurgische of intensive care patiënten wordt gezien. Verder is de timing 
van nierschade of WRF bij AHF vaak onduidelijk, waarbij er mogelijk reeds voor 
opname ongedocumenteerde schade is ontstaan; de vroege NGAL piek die door 
anderen wordt gezien kan bij een aantal van onze patiënten dus onopgemerkt zijn 
gebleven.

Op basis van deze retrospectieve data lijkt de klinisch waarde van serum NGAL in 
acuut hartfalen beperkt. Mede gezien de andere potentiële oorzaken van verhoogd 
serum NGAL – waaronder inflammatie en infectie – zijn urinewaardes mogelijk be-
trouwbaarder dankzij de verhoogde renale specificiteit. Hopelijk zal de AKINESIS 
trial naar urine en bloed NGAL in hartfalen die binnenkort wordt afgerond definitief 
antwoord geven op deze vragen.

Het laatste hoofdstuk van dit proefschrift, Hoofdstuk 8, beschrijft de pathofysiolo-
gie van diuretica resistentie in acuut hartfalen, en neemt recent voorgestelde mat-
en voor diuretische respons onder de loep. De meeste artikelen over diuretica resis-
tentie zijn gebaseerd op oudere, minder werkbare definities, en geen enkel artikel 
heeft een grondig overzicht van de potentiële oorzaken voor diuretica resistentie 
bij hartfalen gegeven. De recente publicatie van meerdere mogelijke manieren om 
respons op diuretische therapie te evalueren – waaronder onze eigen maat van 
gewichtsverandering per eenheid diureticum, een soortgelijke maat op basis van 
urine output en de verhouding tussen natrium en furosemide in de urine – maken 
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deze review tot een waardevolle toevoeging aan de bestaande literatuur.

In het artikel worden meerdere pathofysiologische mechanismes beschreven die 
potentieel betrokken zijn bij diuretica resistentie in acuut hartfalen – verminderde 
opname, verstoord transport in de bloedbaan en door de glomerulus naar de  
tubulus, en een gebrek aan beschikbaarheid op de transporter. Intestinaal oe-
deem en slechte voedingstoestand resulterend in hypoalbuminemie (nodig voor 
transport van furosemide en vele andere diuretica) kunnen de eerste twee fac-
toren beïnvloeden. Verlaagde cardiac output en neurohormonale modulatie kun-
nen nierfiltratie beïnvloeden, en een verhoogd ureum kan competitief het transport 
naar de tubulus blokkeren. Eenmaal aangekomen in de tubulus kan albumine zich 
wederom binden aan het lisdiureticum en het zo inactiveren. Ook kunnen de di-
recte effecten van diuretica zelf – waaronder post-diuretische natrium retentie na 
herhaalde dosering met als gevolg RAAS activatie – bijdragen aan verminderde 
diuretische effectiviteit.

Wij laten ook zien dat er enig bewijs is voor een stapsgewijze aanpak met  
verschillende types diuretica om resistentie te overwinnen, en dat ultrafiltratie of 
vaatverwijdende therapie (zoals beschreven in Hoofdstuk 4) mogelijk geschikt 
kunnen zijn bij specifieke patiënten. Wat vooral duidelijk wordt, is dat het gebrek 
aan bruikbare maten voor diuretische respons betekent dat er geen studies – in 
het heden of verleden – expliciet prospectief deze mogelijkheden om diuretica  
resistentie te overwinnen hebben getest. Deze nieuwe maten zullen in de toekomst 
hopelijk leiden tot nieuwe trials om diuretische strategieën bij resistente patiënten 
met acuut hartfalen te optimaliseren.

Toekomstperspectief

Cardiorenaal onderzoek bij hartfalen is al lang de kinderschoenen ontgroeid; ver-
wekt eind jaren negentig en geboren rond de eeuwwisseling, waren de kinderjaren 
vol spannende ontdekkingen: nierfunctie als essentiële risicofactor, de ‘cardiore-
nale syndromen’, ontelbaar veel nieuwe biomarkers en zelfs experimentele medici-
jnen die primair de nier behandelden bij patiënten met hartfalen. Het enorme aan-
tal patiënten die voor de geüpdate meta-analyse (Hoofdstuk 1) beschikbaar waren 
zegt al genoeg, waarbij de meeste data in de afgelopen 10 jaar zijn gepubliceerd.

Echter, ondanks de volwassenheid van het veld blijft verkenning, innovatie en  
ontdekking van cruciaal belang. 

Behandelingen voor acuut hartfalen

Als we spreken over therapie, is het opvallend dat de meeste bewezen effectieve 
behandelingen voor chronisch hartfalen direct effect hebben op de nier – waar-
onder alle vormen van RAAS blokkade. Echter het bewijs voor optimaal gebruik en 
de waarde van een van de oudste en meest voorgeschreven hartfalen medicijnen – 
het simpele lisdiureticum – is schrikbarend mager. Dit is helaas ook het geval voor 
alle behandelingen gericht op een dodelijke en steeds vaker optredende oorzaak 
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voor ziekenhuisopname – acuut hartfalen.

Ondanks verschillende affaires met nieuwe, spannende AHF medicijnen hebben 
maar weinig het lang volgehouden, en geen enkele heeft een blijvende indruk ach-
tergelaten. Tot serelaxine – de nieuwste vlam die we beter willen leren kennen voor-
dat we ons binden – slaagde geen enkele therapie in het verbeteren van overleving, 
en slechts een enkele gaf patiënten iets meer lucht. Veel van deze vaatverwijders en 
(nieuwe) inotropica worden in de klinische praktijk nog incidenteel gebruik, vaak 
bij de ziekste patiënten bij gebrek aan bewezen alternatieven.

En dus keren we terug naar de medicijnen die wij denken te begrijpen; medicijnen 
die zwelling en kortademigheid verminderen en elektrolyten en niermarkers over-
hoop gooien – diuretica. Ze hebben genoeg voordelen – goedkoop, makkelijk in 
gebruik, met bekende bijwerkingen. Als patiënten goed reageren is er niets aan de 
hand. Zo niet, dan is het bewijs voor wat we dan moeten doen flinterdun. Dosis ver-
hogen? Een ander (type) diureticum gebruiken? Vaatverwijders of inotropica geven? 
Steroïden? Ultrafilteren? En hoe zit het met patiënten die wel goed reageren, maar 
bij wie de nierfunctie achteruit gaat? Of die (niet) hemoconcentreren? Hoe belangri-
jk is het om overvulling volledig te herstellen? En welke van deze factoren is nou 
het meest belangrijke?

Om de zaken nog complexer te maken zijn patiënten met acuut hartfalen een div-
ers gezelschap. Ischemisch of non-ischemisch, met verminderde of behouden ejec-
tiefractie, ‘warm en nat’ of ‘koud en droog’, en alle mogelijke combinaties van dien. 
Met elke denkbare elektrolytstoornis en nierfunctie. Dit verklaart mogelijk waarom 
veel nieuwe AHF therapieën geen overtuigend positief effect hebben getoond. Het 
netto resultaat van een ‘one-size-fits-all’ behandeling voor een heterogeen ziekte-
beeld kan neutraal zijn – maar het identificeren van potentiële responders biedt 
mogelijkheden. De vraag blijft of de therapieën die wij hebben echt hebben ge-
faald, of dat we simpelweg de verkeerde patiënten hebben behandeld.

Beter inzicht in het belang van en in de interacties tussen biomarkers bij opname 
en dynamische verandering in respons op therapie tijdens opname – waaronder 
diuretische respons, bloeddruk, hemoconcentratie, (renale) biomarkers, congestie 
– vergt gedetailleerde analyse. Kleine proof-of-concept studies in patiënten ge-
selecteerd op basis van diuretische respons en behandeld volgens verschillende, 
protocol-gedreven diuretica schema’s, mechanische vochtverwijdering of behan-
delingen met als doel diuretica respons te vergroten zijn essentieel om diuretische 
resistentie te doorgronden, en kunnen de weg vrijmaken voor grotere, prospecti-
eve trials.

Uiteindelijk kunnen zulke studies clinici helpen om het belang van fenomenen 
zoals diuretica resistentie en verslechtering van nierfunctie te doorgronden, en om 
met behulp van biomarkers of risicoscores de ‘benigne’ van de ‘maligne’ varianten 
te onderscheiden. Naast het sturen van behandeling tijdens opname, zouden risi-
coscores voor heropname en mortaliteit een gepersonaliseerde follow-up voor de 
individuele patiënt mogelijk kunnen maken. 
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De data ontrafelen

Het onderzoek naar behandelingen is echter slechts een deel van het verhaal.

De ontwikkeling van betere hartfalentherapieën is van cruciaal belang voor  
zowel clinici als patiënten, maar beter begrip van de processen en mechanismen 
die betrokken zijn bij het gecombineerd falen van hart en nier zijn dat evenzeer. 
Naast het verschaffen van betere diagnostische en prognostische informatie, kan  
gedegen evaluatie van nieuwe biomarkers ook leiden tot fascinerende inzicht-
en in ziekteprocessen en dus tot nieuwe targets voor therapie of mogelijkheden 
om het effect van therapie te monitoren. Het falen van meerdere grootschalige  
geneesmiddelenstudies na veelbelovende vroege resultaten onderstreept het 
belang van preselectie van potentiële responders – gepersonaliseerde behandeling 
op trial niveau. Analyses in kleinere, goed beschreven populaties zijn een cruciale 
stap op deze weg. Hoewel farmacogenetische selectie steeds vaker gebeurt, is  
selectie op basis van multimarker risico- of responsmodellen (nog) geen  
gemeengoed. Multimarker modellen om klinisch risico te beoordelen en respons op  
therapie te evalueren kunnen mogelijk leiden tot selectie van patiënten die een 
hoge kans hebben om goed te reageren op een interventie, en dus tot betere trials.

Moderne computertechnologie geeft ons de mogelijkheden om deze uitdagingen 
aan te gaan. Genomics vergroot onze kennis over de bouwstenen van de mens, 
proteomics geeft ons nieuwe markers, en geavanceerde statistische pakketten 
maken het mogelijk om deze massale hoeveelheden data en complexe netwerken 
te verwerken. ‘Big Data’ is een heikele maatschappelijke kwestie geworden, en 
wordt steeds meer realiteit in de geneeskunde en het onderzoek; voorstanders 
wijzen terecht op de enorme potentiële voordelen, terwijl privacy waakhonden hun  
zorgen uiten. De meeste zorgsystemen zijn momenteel onvoldoende ingericht om  
efficiënt informatie te verzamelen, zowel patiëntenzorg en factureringsgemak  
hebben prioriteit boven dataverzameling. Echter, nationale systemen naar  
Scandinavisch model laten zien wat er mogelijk is, het zijn ware schatkamers 
voor epidemiologisch onderzoek. Biobanken, goed opgezette zorg databases en  
observationele studies vergen veel geld en inspanning, maar zijn van onschatbare 
waarden om ons begrip van ziekte en gezondheid te vergroten.

Traditionele statistische analyses zullen ongetwijfeld een centrale rol blijven 
vervullen in de geneeskunde, maar complexere technieken waaronder systems  
biology, structural equation modelling, en pathway en netwerk analyses kunnen allen  
bijdragen aan het ontrafelen van de geheim die in de getallen verborgen liggen. 
De alsmaar groter wordende hoeveelheden data breken het oude ‘bench-to-bed-
side’ paradigma open, en maken plaats voor een continue cyclus van ‘bedside-
to-bench-to-bedside’ en weer terug; epidemiologische, klinische en biomarker  
studies genereren hypotheses die statistisch worden onderzocht en getoetst, en 
dan in het lab kunnen leiden tot nieuwe inzichten in de betrokken mechanismes, om  
vervolgens nieuwe hypotheses te genereren die dan bij patiënten kunnen worden 
getest. Uiteindelijk leiden deze inzichten tot nieuwe, betere studies of zelfs  
innovatieve interventies of behandelingen. 
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Deze grote veranderingen vergen nauwe samenwerking tussen clinici, basale weten-
schappers, klinisch onderzoekers, epidemiologen en biostatistici. De complexiteit 
van de moderne wetenschap vergt geraffineerde analyses, en de uitdaging ligt in 
het vertalen hiervan naar een klinisch relevante en begrijpelijke vorm. Het tijdperk 
van de enkele biomarker komt tot een einde. De nauwkeurigere maar analytisch 
uitdagendere multimarker benaderingen beginnen op te komen, maar moeten  
getransformeerd worden naar gevalideerde risicomodellen voordat ze klinisch 
bruikbaar worden. In dit groeiende web van getallen is er een belangrijke rol  
weggelegd voor de arts met een gedegen begrip van zowel methodologie en 
 statistiek. Door de klinische blik die essentieel is voor relevante en adequate  
analyses kan een brug geslagen worden tussen clinici en statistici, om zo medische 
kennis te vergroten en uiteindelijk diegene te helpen waar het uiteindelijk om  
draait – de patiënt.
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nen de onderzoeksgroep waren inspirerend, en ik hoop nog lang bij te kunnen 
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Dan mijn co-promotor, dr. Kevin Damman – Kevin, je bent altijd verfrissend direct, 
enorm kundig en altijd bereid om jouw tijd, kennis en onderzoek te delen. Vooral 
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I wish to thank the members of the assessment committee – Professor John Cle-
land, Professor Ygal Pinto and Professor Gerjan Navis for taking the time to review 
my thesis. 

Acknowledgements



217

Beste Gerjan, ik wil je ook bedanken voor de gesprekken over diuretica re-
sistentie en de uitleg over de technische kanten van GFR schattingen, die mijn  
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