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Structured Abstract

Background—Effective decongestion of heart failure patients predicts improved outcomes, but 

high dose loop diuretics (HDLD) used to achieve diuresis predict adverse outcomes. In the DOSE 

trial, randomization to a HDLD intensification strategy (HDLD-strategy) improved diuresis but 

not outcomes. Our objective was to determine if potential beneficial effects of more aggressive 

decongestion may have been offset by adverse effects of the HDLD used to achieve diuresis.

Methods and Results—A post hoc analysis of the DOSE trial (n=308) was conducted to 

determine the influence of post-randomization diuretic dose and fluid output on the rate of death, 

rehospitalization or emergency department visitation associated with the HDLD-strategy. Net fluid 

output was used as a surrogate for beneficial decongestive effects and cumulative loop diuretic 

dose for the dose-related adverse effects of the HDLD-strategy.

Randomization to the HDLD-strategy resulted in increased fluid output, even after adjusting for 

cumulative diuretic dose (p=0.006). Unadjusted, the HDLD-strategy did not improve outcomes 

(p=0.28). However, following adjustment for cumulative diuretic dose, significant benefit emerged 
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(HR=0.64, 95% CI 0.43–0.95, p=0.028). Adjusting for net fluid balance eliminated the benefit 

(HR=0.95, 95% CI 0.67–1.4, p=0.79).

Conclusions—A clinically meaningful benefit from a randomized aggressive decongestion 

strategy became apparent after accounting for the quantity of loop diuretic administered. Adjusting 

for the diuresis resulting from this strategy eliminated the benefit. These hypothesis-generating 

observations may suggest a role for aggressive decongestion in improved outcomes.
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Introduction

Acute decompensated heart failure (ADHF) is the most common hospital discharge 

diagnosis among Medicare beneficiaries and accounts for a substantial percentage of all 

heart failure related expenditures.1–3 The vast majority of these admissions appears 

primarily driven by symptoms of congestion rather than low cardiac output.4–7 Importantly, 

there are substantial theoretical grounds and a modest amount of evidence to suggest that 

inadequate decongestion directly contributes to heart failure disease progression and poor 

outcomes.4, 5, 8–11 As a result, loop diuretics have become the cornerstone of 

pharmacotherapy for ADHF treatment. This is problematic in that loop diuretics directly 

worsen neurohormonal activation independent of their effects on volume, and in the majority 

of studies, high doses are associated with significantly worsened outcomes.12–16 However, it 

remains unclear whether the incremental benefit afforded by aggressive decongestion 

outweighs any potential direct toxicity of loop diuretic therapy in humans with heart failure.

In observational studies, it is impossible to fully account for the fact that “sicker” patients 

are usually prescribed more diuretic and “healthier” patients tend to respond better to 

diuretics at any given dose. The Diuretic Optimization Strategies (DOSE) trial was the most 

rigorous attempt to date to answer the question of whether more aggressive decongestion 

can improve outcomes. Importantly, in this trial, patients were randomized to a high vs. low 

loop diuretic dose intensification strategy but the actual dose of loop diuretic used to 

implement this strategy was not fixed. The findings with respect to post-discharge outcomes 

in the DOSE trial were neutral. However, in any trial the observed effect represents the sum 

of the potential harms and benefits of the intervention. As such, it is possible that a clinically 

meaningful benefit from the more aggressive decongestion strategy was present, but was 

nullified by a similar magnitude of harm from high-dose loop diuretics.

The purpose of the current analysis was to determine if important competing effects were 

present between the potential toxicity of high dose loop diuretics and the benefits of the 

additional decongestion provided by their use. To accomplish this, we employed the 

approach of mediation analysis, whereby statistical adjustment for factors which are thought 

to be in the causal pathway of benefit or harm (i.e., mediators) was undertaken. This analytic 

approach is well established in the medical and statistical literature and has been applied to 

cardiovascular randomized trials to better understand how the interventions were either 

effective or ineffective at improving outcomes.17–22 Since precise measures of diuretic 
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toxicity and decongestion were not available in the DOSE dataset, we adjusted for surrogate 

measures of these effects as total loop diuretic received (toxicity) and fluid loss 

(decongestion). Our hypothesis was that there would be important competing effects of high 

dose loop diuretics with both benefit in the form of additional decongestion and harm from 

toxicity of the high dose diuretics, and thus we would see significant changes in the 

outcomes associated with randomization to the high dose strategy after adjustment for the 

potential mediators.

Methods

The analysis was conducted using data from the NHLBI Heart Failure Network’s DOSE 

trial. The study design and results of this trial have been previously published.23, 24 Briefly, 

DOSE was a multicenter, randomized, double blind, placebo controlled trial of diuretic 

strategies in patients with ADHF. The study used a 2×2 factorial design randomizing 

patients to a strategy of high- vs. low-dose furosemide treatment and continuous infusion vs. 

every-12-hour bolus furosemide administration. High-dose treatment consisted of 2.5 times 

the previous oral diuretic dose and low-dose of 1.0 times the previous oral diuretic dose, 

administered as IV furosemide on a milligram per milligram basis. Eligibility criteria 

included an oral loop diuretic dose 80–240 mg of furosemide equivalents for at least 1 

month, a systolic blood pressure ≥90 mmHg, and a serum creatinine ≤ 3.0 mg/dl. The 

randomized treatment was continued for 72 hours with an option for the treating physician 

to adjust the dose at 48 hours if required while maintaining study treatment concealment.

The 72-hour cumulative dose of diuretic received during the intervention period was 

calculated as the sum of the total open label intravenous loop diuretics and the amount of 

study drug, accounting for change in diuretic strategy such as up/down titration or 

conversion to oral diuretics at 48 hours. Loop diuretic doses were converted to furosemide 

equivalents with 1 mg bumetanide = 20 mg torsemide = 40 mg furosemide and expressed as 

IV furosemide equivalents.25, 26 For oral diuretics a bioavailability of 50% was assumed for 

furosemide, while torsemide and bumetanide were converted 1:1.27 The chronic kidney 

disease epidemiology collaboration equation was used to calculate estimated glomerular 

filtration rate (eGFR).28

Statistical analysis

Values reported are mean ± SD, median (quartile 1 – quartile 3) and percentage. Independent 

Student’s t test or the Wilcoxon Rank Sum test was used to compare continuous variables. 

The chi-square test was used to evaluate associations between categorical variables. 

Correlation coefficients reported are Pearson’s in the case of comparisons of two continuous 

variables and the point biserial coefficient (rpb) when evaluating correlations between 

randomized strategy and a continuous parameter. Linear regression was used to determine if 

an independent association between net fluid output and the randomized dose intensification 

strategy was present after adjusting for the dose of loop diuretic received. Cox proportional 

hazards modeling was used to evaluate time-to-event associations with the composite 

endpoint of death, rehospitalization, or emergency room visitation. To maintain consistency 

with the primary analytic approach of the DOSE trial, survival analyses were adjusted for 
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randomization to continuous infusion vs. bolus administration of loop diuretic therapy. 

Multivariable Cox regression models were constructed to evaluate the effect of 

randomization to the high vs. low dose strategy, with adjustment for either net fluid loss or 

cumulative loop diuretic dose during the 72 hour intervention period. Fluid loss and 

cumulative loop diuretic dose were evaluated as continuous variables with the exception of 

the analysis underlying Figure 3. These models were then adjusted for all baseline 

characteristics with a univariable association with death, rehospitalization or emergency 

department visitation of p ≤0.2 in addition to any parameter which was significantly 

associated with randomized strategy after adjustment for either fluid loss or cumulative 

diuretic dose (Table 1). Of the 21 baseline variables spanning demographics, comorbidities, 

physical examination findings, medications, and laboratory findings tested for the above 

criteria, the following parameters were entered into multivariable models: Age, ejection 

fraction, gout, heart rate, angiotensin converting enzyme inhibitor or receptor blocker use, 

baseline loop diuretic dose, serum sodium, blood urea nitrogen, eGFR, uric acid, blood urea 

nitrogen to creatinine ratio, amino-terminal pro B type natriuretic peptide, and hemoglobin. 

Models were built using backward elimination (likelihood ratio test) where all covariates 

with a p≤0.2 were retained.29 Given that fluid loss is not an ideal surrogate for decongestion 

and cumulative diuretic dose is not an ideal surrogate for diuretic-related toxicity, formal 

quantification of the direct and indirect mediation effects was intentionally not attempted. 

The relationship between the composite endpoint and randomized dose intensification 

strategy is visualized in Figure 2. Panel A depicts the Kaplan-Meier estimated survivor 

functions of the high and low dose intensification groups. Panels B and C depict estimated 

survival functions from Cox models, stratified on dose intensification strategy, with 

adjustment for cumulative loop diuretic received or net fluid output as covariates.

In addition to our primary survival analyses, we assessed the competing effects of 

decongestion and diuretic toxicity using the more proximate endpoints of length of stay (via 

linear regression) and worsening heart failure at 72 hours (via logistic regression). Both 

models were adjusted for route of administration in order to maintain consistency with the 

original analytic approach of the DOSE trial.

Statistical analysis was performed with IBM SPSS Statistics version 23 (IBM Corp., 

Armonk, NY) and Stata version 13.1 (StataCorp, College Station, TX). Statistical 

significance was defined as 2-tailed p<0.05 for all analyses except for tests for interaction, 

where p<0.1 was considered significant.

Results

Baseline characteristics of the DOSE trial (n=308) have previously been published.23 In the 

overall population, the median cumulative dose of IV loop diuretic received over the 72 hour 

intervention period was 544 mg (335 to 821 mg). Despite the overall higher dose received 

with the high dose intensification strategy (a median of 773 mg in the high-dose group 

versus 358 in the low-dose group), there was substantial overlap between groups with 

respect to the absolute dose of diuretic any individual patient received (Figure 1). The 

correlation between the randomized dose intensification strategy and the cumulative diuretic 

received over the 72-hour period was rpb=0.54, p<0.001. The correlation between the 
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randomized intensification strategy and net fluid output was rpb=0.22 (p<0.001), and the 

correlation between net fluid output and cumulative diuretic received over the 72-hour 

period was r=0.16 (p=0.009). The randomized intensification strategy appeared to be 

significantly more important than the dose of diuretic in determining net fluid output, as the 

intensification strategy remained highly significantly associated with fluid output 

(beta=0.20, p=0.006) whereas the cumulative diuretic dose was not (beta=0.03, p=0.68) in a 

multivariable model containing both parameters.

Association of outcomes, study arm and individual metrics of decongestion or toxicity

Over a median follow up of 50 days (21 to 61 days), 141 (45.8%) patients experienced the 

primary composite endpoint of death, rehospitalization, or an emergency room visit. The 

cumulative amount of intravenous loop diuretic received during the 72-hour intervention 

period was not associated with the composite endpoint (HR=1.0 per 100 mg furosemide 

equivalents, 95% CI 0.99–1.1, p=0.14). This lack of association with the composite outcome 

was similar in both the high- and low-intensification groups (p interaction= 0.51). Similarly, 

the total fluid output during the first 72 hours had only a small and borderline significant 

association with outcomes (HR=0.97 per 500 cc, 95% CI 0.94–1.0, p=0.056) which was 

similar between the high- and low-intensification strategies (p interaction=0.26). As 

previously reported, randomization to the high-dose strategy was not associated with a 

statistically significant improvement in death, rehospitalization or emergency room visitation 

in univariable analysis (HR=0.83, 95% CI 0.60–1.2, p=0.28, Figure 2A; Supplementary 

Table 1, model 1). This was unchanged after adjusting for baseline characteristics including 

the baseline loop diuretic dose (p=0.24).

Competing effects between diuretic-mediated decongestion and toxicity

After adjustment for the cumulative diuretic received over the 72-hour intervention period, a 

significant relationship emerged with improved outcomes in the high-dose intensification 

strategy group (HR=0.64, 95% CI 0.43–0.95, p=0.028; Figure 2B; Supplementary Table 1, 

model 2). This relationship remained stable after adjustment for baseline characteristics 

(HR=0.60, 95% CI 0.38–0.95, p=0.029; Supplementary Table 1, model 3). Further, it did not 

appear to be confounded by a requirement for higher doses among patients with reduced 

renal function, as adjustment for eGFR did not eliminate the effect (HR=0.66, p=0.042, 95% 

CI 0.44–0.99) nor was there any significant interaction between eGFR and cumulative 

diuretic dose (p interaction=0.67). However, adjusting for net fluid output during the 

intervention period moved the point estimate closer to unity (HR=0.95, 95% CI 0.67–1.4, 

p=0.79; Figure 2C; Supplementary Table 1, model 4). After adjustment for multiple metrics 

of decongestion (change in weight, net fluid loss, dyspnea visual analog scale at 72 hours, 

global symptom visual analog scale at 72 hours, congestion status, worsening heart failure, 

early transition to oral diuretics, length of stay), the point estimate further diverged from that 

consistent with benefit (HR=1.1, 95% CI 0.7–1.5, p=0.76; Supplementary Table 1, model 5). 

Adjusting for the cumulative dose of loop diuretic in the above multivariable model did not 

“rescue” the association (HR=0.98, 95% CI 0.61–1.6, p=0.94; Supplementary Table 1, 

model 6) suggesting that the benefit of the high intensification strategy was mediated via 

decongestion. Moreover, these findings did not appear to be the product of identifying 

“super-responders” or diuretic resistant patients since there was no interaction between the 
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cumulative dose of loop diuretic received and the resultant fluid output on the rate of adverse 

outcomes (p interaction=0.70) and outcomes were similar between the four groups 

characterized by high vs. low fluid loss and high vs. low cumulative loop diuretic dose 

(Figure 3).

Proximate outcomes: length of stay and worsening heart failure

To address potential confounding introduced during the 60-day interval between 

randomization and assessment of our primary endpoint, we performed a secondary analysis 

on the more proximate outcomes of length of stay and worsening heart failure. In a linear 

model assessing the influence of high- versus low-intensity dosing and route of 

administration on length of stay, no significant effect was attributable to the high-versus low-

dose arm (beta=−0.01, p=0.80). However, upon adjustment for the cumulative dose of 

diuretic, a significant effect emerged (beta=−0.15, p=0.03). Similar to the primary analysis, 

after adjustment for fluid output, the effect of dose intensification on length of stay was 

minimal (beta=−0.01, p=0.86). In a logistic model with the outcome of worsening heart 

failure at 72 hours, there was a borderline significant protective effect attributable to 

randomization to the high dose strategy (OR=0.55, p=0.049, 95% CI 0.30–0.998). However, 

upon adjustment for total diuretic dose, this effect was significantly strengthened (OR=0.25, 

p=0.001, 95% CI 0.11–0.56). Again, after adjustment for net fluid output, the effect was 

weakened (OR=0.60, p=0.11, 95% CI 0.32–1.13). Thus, similar to what was observed with 

hard clinical outcomes (death, rehospitalization, or ER visit), there appeared to be competing 

effects between dose-mediated toxicity and the beneficial effects of decongestion on short-

term outcomes such as in-hospital worsening heart failure and length of stay.

Discussion

The principal finding from this exploratory analysis is that the outcomes associated with 

randomization to a more aggressive diuretic strategy appear to be mediated by the balance 

between the benefit from more aggressive decongestion and the risk associated with higher 

doses of loop diuretics. Notably, after accounting for the total amount of loop diuretic 

received during the intervention period, a substantial and statistically significant benefit of 

randomization to a more aggressive decongestion strategy emerged. To the contrary, 

adjusting for the degree of decongestion achieved during the intervention period removed 

any trend toward a beneficial effect of the high intensification strategy. These hypothesis-

generating observations provide additional support that aggressive decongestion may be an 

important therapeutic target in patients with ADHF.

It is well described in animals and in humans that loop diuretics have direct and potentially 

harmful effects.15, 30–37 Much of this may be secondary to interaction with the sodium 

potassium 2-chloride cotransporter (NKCC), the primary pharmacologic target of the loop 

diuretics responsible for their diuretic effect. However, this cotransporter also functions to 

deliver chloride to the cells of the macula densa, allowing the kidney to sense tubular 

delivery of sodium chloride.38 When this channel is blocked, the kidney perceives reduced 

salt delivery, and increases renin secretion and sympathetic nervous system activity 

accordingly.38 These effects have been demonstrated to have clinically measurable effects on 
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hemodynamics in humans with decompensated heart failure, resulting in a decrease in stroke 

volume, increase in wedge pressure, and increase in systemic vascular resistance, all of 

which occur prior to meaningful natriuresis.15 Notably, in an animal model of 

experimentally induced heart failure, randomization to furosemide significantly accelerates 

the development of left ventricular systolic dysfunction.37 These mechanisms have been 

entertained as a possible causal explanation for the strong, dose-dependent association 

between loop diuretic dose and outcomes commonly observed in observational populations. 

However, higher doses of loop diuretics also likely lead to improved decongestion, which 

likely provides benefit that could offset the above toxic effects.

The randomized intervention in the DOSE trial provides a unique opportunity to investigate 

the competing risks and benefits from high dose loop diuretics. First, the confounding by 

indication that limits observational studies of diuretic use was eliminated by randomization. 

Additionally, disassociation of the intensity of decongestion (i.e., additional fluid loss) from 

the absolute dose of diuretic (i.e., the dose related adverse effects) was possible since the 

randomized high- vs. low-dose intervention was relative (to the baseline diuretic dose) rather 

than absolute, as shown by the overlap in absolute loop diuretic doses received between 

randomized groups. Further, randomization to the high dose intensification strategy was a 

much more important determinant of net fluid output than was the absolute loop diuretic 

dose administered. It should be emphasized that future randomized trials will be required to 

truly prove causality with respect to the importance of aggressive decongestion vs. dose-

related adverse effects. However, the current results provide optimism that additional 

optimization of the risk/benefit ratio of our decongestive therapies will improve outcomes.

In addition to accounting for possible adverse effects of high doses of loop diuretics, this 

analysis also helps to account for the fact that some patients in the high-dose group did not 

receive low doses of diuretics compared to the overall study population, and some in the 

low-dose group received high doses compared to the study population. In the DOSE trial, 

the use of off-protocol loop diuretics or early discontinuation of study therapy prior to 72 

hours was not uncommon. Furthermore, per protocol, dose adjustment was permitted at 48 

hours and the rate of dose adjustment was not the same between randomized groups. 

Perhaps more importantly, the diuretic dose used to carry out the high vs. low dose strategy 

intervention was calculated from the home diuretic dose. Given that outpatient diuretic doses 

are largely empirically determined, in many cases the patient may have received a multiplier 

of the “wrong” outpatient dose as the study intervention. Of course, many of these factors 

were not avoidable in a real world clinical trial; however, they would lead to dilution of the 

actual intensity of diuretic therapy in each group, biasing the results toward the null. 

Adjusting for the cumulative amount of diuretic actually prescribed reduces these influences 

and, in some ways, provides an “on treatment” analysis focusing on the strategy of more 

versus less aggressive decongestion. It is not possible to determine to what degree the 

positive findings from the current analysis were driven by correcting for dose related loop 

diuretic toxicity or from correcting for dilution/crossover between randomized groups. 

However, in either case, the current results suggest that additional strategies that go beyond a 

non-selective relative increase in the dose of loop diuretic should be investigated.
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Limitations

Given the post hoc-post randomization nature of this study, the limitations of retrospective 

analyses apply, residual confounding cannot be excluded, and causality is impossible to 

determine. First, it should be stressed that while the DOSE trial is the highest-quality trial of 

loop diuretic dosing ever conducted, there remain multiple limitations: 1) it was a small trial, 

not powered for outcomes, 2) the actual dose of diuretics was individualized based on pre-

admission diuretic dose, 3) significant on- and off- protocol crossover between groups 

occurred, 4) enrolled participants were not selected to be in need of an aggressive diuretic 

dosing strategy, and 5) the number of mortality events was low and follow-up short. 

Furthermore, the DOSE trial did not reliably collect data on fluid output or other 

decongestion variables beyond the 72-hour intervention period, in addition to the fact that 

the randomized intervention only applied to the first 72 hours. As a result, the findings of 

this analysis may only apply to the early decongestive period. Additionally, the available 

surrogates used to determine decongestion in this analysis were crude and 

hemoconcentration or right heart catheterization parameters were unavailable. Although 

significant change in the parameter estimate and statistical significance between the 

randomized intervention and outcomes emerged with adjustment for either fluid loss or 

amount of diuretic received, because of the fact that the parameters used for adjustment were 

determined post-randomization, confounding may still be responsible for the effects. It is 

possible that the risks of randomization to a high dose loop diuretic strategy would be 

different after better accounting for the true degree of decongestion. Additionally, recent 

data have introduced equipoise regarding the degree of neurohormonal activation attributable 

to loop diuretic therapy in the modern era of neurohormonal blockade.39 As a result of the 

above limitations, these data should be regarded as hypothesis generating only and serve 

primarily to motivate additional research.

Conclusion

After accounting for the actual dose of loop diuretic administered, a benefit from a 

randomized strategy for more aggressive diuresis became apparent. However, adjusting for 

the diuresis resulting from this strategy completely eliminated this benefit. These 

hypothesis-generating observations suggest that a more aggressive approach toward diuresis 

may directly improve long term outcomes, should steps be taken to limit the dose-related 

adverse effects of loop diuretics. Given the current epidemic of ADHF hospitalizations and 

the poor outcomes in these patients, these findings indicate that additional prospective 

research on diuretic and decongestive strategies is critically needed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Frequency plot of the cumulative dose of intravenous loop diuretic received over the 72-hour 

intervention period demonstrating substantial overlap in absolute dose received between the 

high and low intensification strategies
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Figure 2. 
Survival plots of the risk of death, rehospitalization, or emergency department visit between 

the randomized high or low dose intensification strategies prior to adjustment (A), following 

adjustment for cumulative loop diuretic received (B), and following adjustment for the 

resulting net fluid output (C)
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Figure 3. 
Kaplan-Meier survival plots of the risk of death, rehospitalization, or emergency department 

visit between groups defined by cumulative loop diuretic dose and net fluid output above or 

below the median

Hanberg et al. Page 14

Int J Cardiol. Author manuscript; available in PMC 2018 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hanberg et al. Page 15

Table 1

Baseline characteristics of the DOSE trial population

Variable n=308

Demographics/medical history

 Age 66 ± 14

 Male sex 73.4% (226)

 White race 72.1% (222)

 Ischemic heart disease 57.1% (176)

 Diabetes 51.3% (158)

 Gout 22.4% (69)

Cardiac function

 Ejection fraction (%) 30 (30–50)

Physical examination findings

 Systolic Blood Pressure (mmHg) 119 ± 20

 Heart rate (beats per minute) 78 ± 16

 Jugular venous pressure >12 cm water 58.6% (171)

 Edema 78.9% (243)

 Rales 58.2% (178)

Medications

 ACE or ARB 64.0% (197)

 Beta blocker 83.1% (256)

 Aldosterone antagonist 27.9% (86)

Laboratory parameters

 Sodium (mEq/L) 138 ± 4

 Blood urea nitrogen (mg/dL) 38 ± 23

 eGFR (ml/min/1.73m2) 55 ± 25

 Uric Acid 9.8 ± 2.6

 Hemoglobin (g/dl) 11.7 ± 2.0

 NT-proBNP (pg/mL) 4435 (2466–9882)

ACE: Angiotensin converting enzyme inhibitor. ARB: Angiotensin receptor blocker. eGFR: Estimated glomerular filtration rate. NT-proBNP: 
Amino terminal pro B-type natriuretic peptide. Values presented are mean ± standard deviation, median (quartile 1 – quartile 3) and percentage 
(absolute number).
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