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Aims Insufficient diuretic response frequently occurs in patients admitted for acute heart failure (HF) and is associated with
worse clinical outcomes. Recent studies have shown that measuring natriuresis early after hospital admission could
reliably identify patients with a poor diuretic response during hospitalization who might require enhanced diuretic
treatment. This study will test the hypothesis that natriuresis-guided therapy in patients with acute HF improves
natriuresis and clinical outcomes.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods The Pragmatic Urinary Sodium-based treatment algoritHm in Acute Heart Failure (PUSH-AHF) is a pragmatic,
single-centre, randomized, controlled, open-label study, aiming to recruit 310 acute HF patients requiring treatment
with intravenous loop diuretics. Patients will be randomized to natriuresis-guided therapy or standard of care.
Natriuresis will be determined at set time points after initiation of intravenous loop diuretics, and treatment will
be adjusted based on the urinary sodium levels in the natriuresis-guided group using a pre-specified stepwise
approach of increasing doses of loop diuretics and the initiation of combination diuretic therapy. The co-primary
endpoint is 24-h urinary sodium excretion after start of loop diuretic therapy and a combined endpoint of
all-cause mortality or first HF rehospitalization at 6 months. Secondary endpoints include 48- and 72-h sodium
excretion, length of hospital stay, and percentage change in N-terminal pro brain natriuretic peptide at 48
and 72 h.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Conclusion The PUSH-AHF study will investigate whether natriuresis-guided therapy, using a pre-specified stepwise diuretic
treatment approach, improves natriuresis and clinical outcomes in patients with acute HF.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Introduction
Acute heart failure (HF) is one of the leading causes of hospi-
talization in the world, is associated with significant morbidity
and mortality, and as such responsible for a large proportion of
health care expenses.1,2 Treatment of congestion in acute HF
remains the Achilles’ heel of contemporary HF management
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.. and is mostly limited to the administration of loop diuretics.

A large number of acute HF patients display an insufficient diuretic
response, which is associated with residual congestion and an
increased risk of mortality and HF rehospitalization.3–5 It is there-
fore important to identify patients with a poor diuretic response
early after hospital admission. Given the mode of action of loop
diuretics, natriuresis might be a sensitive, objective, quantifiable,

© 2021 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 1 In patients with acute heart failure, loop diuretics are the first and only recommended choice of treatment aimed at relieving
congestion by increasing diuresis and natriuresis. Actively assessing natriuresis and using this to optimize diuretic treatment could improve
decongestion and clinical outcomes. This figure was created with images adapted from Servier Medical Art licensed under a Creative Commons
Attribution 3.0.

and reliable marker to assess response. Recently, a small number
of studies have shown that insufficient natriuretic response in
acute HF patients was associated with an increased risk of poor
outcome.6–10 Furthermore, even early assessment of natriuresis
(1–2 h after initiation of loop diuretics) in acute HF patients
has been shown to be an accurate marker of insufficient diuretic
response during hospitalization.11 Based on these observational
findings, it has been hypothesized that interventions aimed at
improving decongestion using a stepwise intensified diuretic
treatment approach based on natriuresis, has the potential to
significantly improve effectiveness of decongestion, speed up
in-hospital treatment, and prevent readmissions for HF. The Heart
Failure Association (HFA) of the European Society of Cardiology
(ESC) has already incorporated early measurement of urinary
sodium as a marker of diuretic response and as guidance of
diuretic treatment in acute HF patients in a recent position paper,
and this has furthermore recently been endorsed and included in
the 2021 ESC HF guidelines.12,13 However, to date, no prospective
randomized natriuresis-guided studies have been performed in
patients with acute HF. The Pragmatic Urinary Sodium-based treat-
ment algoritHm in Acute Heart Failure (PUSH-AHF) study has
been designed to evaluate the hypothesis that natriuresis-guided
therapy in patients with acute HF improves natriuresis and clinical
outcomes compared with standard of care.

Methods
Study design
PUSH-AHF is a pragmatic, single-centre, randomized, controlled,
open-label trial to evaluate the effect of natriuresis-guided therapy
compared with standard of care on diuretic response, deconges-
tion and clinical outcomes in patients with acute HF (Figure 1). The
trial is approved by the ethics committee of the University Medi-
cal Centre Groningen, the Netherlands, and is conducted in accor-
dance with the Declaration of Helsinki and the International Con-
ference of Harmonization Guidelines for Good Clinical Practice. All
participants provide written informed consent. The trial is regis-
tered at ClinicalTrials.gov (NCT04606927). Enrolment has started in
February 2021 and is expected to be completed in September 2023
(www.pushahf.nl). ..
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.. Table 1 Eligibility criteria for the PUSH-AHF trial

Inclusion criteria

1. Male or female ≥18 years of age
2. Primary diagnosis of acute/decompensated heart failure as

assessed by treating physician
a. Acute heart failure can be either de novo or an exacerbation

of known heart failure
b. Diagnosis is based on criteria in the ESC heart failure

guidelines
3. Requirement of intravenous loop diuretic use

Exclusion criteria

1. Dyspnoea primary due to non-cardiac causes
2. Patients with severe renal impairment receiving dialysis or

requiring ultrafiltration
3. Inability to follow instructions
4. Previous participation in this study
5. Any other medical conditions that may put the patient at risk

or influence study results in the investigator’s opinion, or that
the investigator deems unsuitable for the study

ESC, European Society of Cardiology.

Study participants
The study population consists of male and female patients (≥18 years
old) presenting with acute HF requiring intravenous loop diuretics
(Table 1). The diagnosis of acute HF will be assessed by the treating
physician based on the current ESC HF guidelines and can be both de
novo or an exacerbation of known HF.14 Patients will be enrolled as
soon as the diagnosis of acute HF is made and the first in-hospital
dose of intravenous loop diuretic is administered. Key exclusion
criteria include dyspnoea primarily due to non-cardiac causes or severe
renal impairment requiring dialysis or ultrafiltration (Table 1). The
inclusion and exclusion criteria were intentionally left broad to include
a generalizable, real-life, contemporary acute HF cohort.

Consent procedure
Patients will be enrolled as soon as possible after the initial diagnosis of
acute HF. Because of the acute situation and the (low-risk) nature of the
study and intervention, the ethics committee of the University Medical

© 2021 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 2 Overview of the PUSH-AHF study protocol. HF, heart
failure; iv, intravenous; LD, loop diuretic; NT-proBNP, N-terminal
pro brain natriuretic peptide.

Centre Groningen, the Netherlands, approved the study for deferred
consent in order to allow immediate randomization after diagnosis.
Study participation and procedures will therefore start immediately
after diagnosis of acute HF. Patients will receive information about the
study within the first 4 days of hospitalization and will have a maximum
of 24 h to consider his/her participation. During this time, written
informed consent will be obtained. If patients do not provide written
informed consent, they will be considered screen failures and all study
data will be destroyed.

Study intervention
Patients presenting with acute HF will be identified at the emergency
department and randomized to natriuresis-guided therapy or standard
of care. Patients in the standard of care group will be treated as pre-
sented in Figure 2, according to common clinical practice. Patients
randomized to the natriuresis-guided treatment arm will be treated
as presented in Figure 3. In the natriuresis-guided arm, deconges-
tive treatment will be adjusted using a stepwise intensified diuretic ..
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.. treatment approach (further specified below and in Figure 3) based on
the spot urinary sodium values assessed at set time points up until
36 h. The urine collection protocol, both of spot and 24-h collection
urine samples are described in more detail in online supplementary
Methods S1.

Baseline loop diuretic dose

Baseline loop diuretic dose (the first in-hospital dose of loop diuret-
ics administered at the emergency department, irrespective of loop
diuretic administration in the pre-hospital setting) in both groups
will be determined based on the estimated glomerular filtration rate
(eGFR) of the patient at presentation and his/her outpatient loop
diuretic dose (Table 2). A maximum bolus dose of 5 mg of bumetanide
will be used. The bolus dose will be continued in twice daily dos-
ing (every 12 h). Use of continuous administration of loop diuretics is
actively discouraged. In the standard of care group this is not adjusted
according to protocol, yet can be altered by the treating physician if
clinically indicated, for instance based on congestion status or fluid bal-
ance according to best practice consensus. The urinary sodium values
(of all spot and timed urine collections) in the standard of care group
will be blinded till the end of the study.

Natriuresis-guided treatment protocol

Based on the spot urinary sodium values obtained from 2 h onwards
in the natriuresis-guided group, decongestive therapy will be adjusted
using the PUSH-AHF treatment algorithm (Figure 3). In brief, if spot
urinary sodium is <70 mmol/L and/or diuresis <150 ml/h, patients will
be eligible (if still congested) for an additional bolus of loop diuretic,
which is double the previous dose with a maximum bolus of 5 mg
bumetanide. If a patient has received two doses of 5 mg of bumetanide
at the two previous time points and has insufficient natriuresis or
diuresis at two consecutive time points, the initiation of combination
diuretic therapy is indicated (Figure 3A). More details are provided in
online supplementary Methods S1. The above protocol will be repeated
at 12, 18, 24, and 36 h (Figure 3B). At every time point physicians will
first assess the congestion status before administering additional doses
of diuretics. After 48 h, adjustment of the decongestive therapy is left
at the discretion of the treating physician.

Study endpoints
The primary endpoint of the PUSH-AHF trial is a combined endpoint
of two distinct co-primary endpoints, namely (i) total 24-h natriuresis
and (ii) the first occurrence of the combined endpoint of all-cause mor-
tality or HF rehospitalization at 6 months. Secondary endpoints include
total 48- and 72-h natriuresis, length of hospital stay, and percentage
change in N-terminal pro brain natriuretic peptide (NT-proBNP) at 48
and 72 h. Safety endpoints include doubling of serum creatinine at 24 or
48 h, and occurrence of worsening HF, defined as requiring inotropes
or vasopressors, mechanical ventilation, or palliative care. The end-
point adjudication committee will adjudicate all rehospitalizations to
judge whether a hospitalization is due to HF. The adjudication commit-
tee will be blinded to treatment allocation.

Sample size and power calculation
The PUSH-AHF is powered for its co-primary endpoint of total 24-h
natriuresis and the first occurrence of all-cause mortality or HF

© 2021 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 3 (A) PUSH-AHF treatment protocol in the natriuresis-guided arm during the first 24 h (0–24 h after randomization). (B) PUSH-AHF
treatment protocol in the natriuresis-guided arm during the second 24 h (24–48 h after randomization). eGFR, estimated glomerular filtration
rate; HCT, hydrochlorothiazide; LD, loop diuretic; SGLT2-i, sodium–glucose co-transporter inhibitor.

rehospitalization at 6 months. Based on our previous study in acute
HF patients, the mean 24-h natriuresis was 398± 246 mmol.10 In this
population, 36% of patients had an insufficient natriuretic response
(defined as urinary sodium <90 mmol or urine output <900 ml) 6 h
after initiation of loop diuretic. Assuming a 40% improvement in
these 36% of patients and a conservative 15% improvement in 24-h
natriuresis in the remaining patients because of closer monitoring,
this assumes an overall 24% improvement in 24-h urinary sodium
excretion. Therefore, to obtain a power of at least 80%, at a two-sided
significance level of 0.025 (Bonferroni correction), a sample size of 125
patients in each group would be sufficient for the primary endpoint of
24-h natriuresis. To prevent being underpowered due to dropout or
missing data, which is expected to be higher than average in this patient
population and given the delicate nature of urine collections, enrolment
will be increased by 10%, therefore requiring 140 patients per group.
Based on this sample size, we will have 81% power with a two-sided
significance level of 0.025 to detect a hazard ratio of 0.49 for the other ..
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. co-primary endpoint of all-cause mortality and HF rehospitalization
at 6 months. However, also accounting for 10% missing follow-up
data, we will increase the number of patients to 310 (155 patients
per group).

Randomization and blinding
Subjects will be randomized to natriuresis-guided therapy or standard
of care by use of the electronic health record (EHR) (EPIC, Verona,
WI, USA). Treatment allocation will be maintained as a fixed variable
in the EHR, and a study specific orderset consistent with the treatment
allocation will be ordered upon start of intravenous loop diuretic ther-
apy. To prevent contamination and cross-over between treatment arms,
physicians will be blinded entirely to all urinary sodium measurements
(timed collections as well as spot urinary sodium) in the standard of
care arm. More details on the use of the EHR and blinding can be found
in online supplementary Methods S1.

© 2021 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 3 Continued.

Table 2 Determination of loop diuretic starting dose
in all patients

Loop diuretic
naive

Chronic loop
diuretic usea

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

eGFR≥60 ml/
min/1.73 m2

Bolus of 1 mg of
bumetanide

Bolus equal to total
daily loop diuretic
dose at homeb

eGFR <60 ml/
min/1.73 m2

Bolus of 2 mg of
bumetanide

Bolus double the total
daily loop diuretic
dose at homeb

Maintenance dose is twice daily bolus dose

eGFR, estimated glomerular filtration rate.
a40 mg of furosemide is considered equal to 1 mg of bumetanide.
bMaximum bolus dose is 5 mg of bumetanide.

Discussion
The primary treatment goal of patients admitted with acute HF
is achieving euvolaemia with the use of loop diuretics. Unfortu-
nately, a large number of patients with acute HF show insufficient
response to diuretics, resulting in residual congestion and poor
outcomes, such as high rates of HF rehospitalizations.5 Natriure-
sis is a sensitive marker of response to loop diuretic therapy and
allows for early identification of patients with insufficient diuretic
response.10,11 Urinary sodium therefore has all the characteris-
tics required for a marker that can be used to actively assess
diuretic response and to consequently guide decongestive treat-
ment, using a stepwise approach. The PUSH-AHF is the first trial
to assess the effect of natriuresis-guided enhanced diuretic ther-
apy compared with standard of care on total natriuresis and clin-
ical outcomes. If the PUSH-AHF is able to show superiority of
natriuresis-guided therapy over standard of care, this will pave ..
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. the way for more individualized diuretic therapy in patients with
acute HF.

Current treatment of patients with acute
heart failure and the rationale for the
enhanced diuretic treatment protocol
Acute HF is characterized by signs and symptoms due to redis-
tribution and excessive fluid retention, for which loop diuretics
are the first and only guideline-recommended treatment.14 Loop
diuretics inhibit the sodium–chloride–potassium co-transporter
in the ascending limb of the loop of Henle, resulting in sodium and
chloride excretion with concomitant water excretion.5,15 Several
mechanisms, such as impaired resorption, neurohormonal activa-
tion and compensatory proximal and distal tubular sodium reab-
sorption, contribute to loop diuretic resistance in patients with
acute HF.12,16–19 Despite it being well known that higher diuretic
doses are required in patients with HF, due to the above described
mechanisms, increasing diuretic doses will over time become less
effective.20 Insufficient response to diuretics is therefore com-
mon and a large number of patients are discharged with residual
congestion after an admission for acute HF. Yet, evidence-based
data on dosing and adjustment of loop diuretics in acute HF are
currently lacking. The Diuretic Optimization Strategies Evaluation
(DOSE) trial failed to show a benefit of high doses of loop diuret-
ics compared with low-dose loop diuretics using a randomized,
double-blind approach.21 A possible explanation of the neutral
results of the DOSE study might be due to the enrolment and ran-
domization of patients with both a good and an insufficient diuretic
response whereas no additional effect of higher doses is expected
in patients with a good diuretic response. In contrast, in patients
with an insufficient diuretic response, intensification of the diuretic
treatment could lead to improved decongestion and consequent
better outcomes.

© 2021 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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The rationale for using urinary sodium
as response variable
In recognition of this problem, several studies have aimed to better
understand and early identify insufficient diuretic response over the
last years. Initially, these studies used either net fluid balance, urine
output or weight loss indexed to administered loop diuretic dose
as surrogates of diuretic response.3,4 However, all of these are, to a
certain extent, unreliable in daily clinical practice. Given the mode
of action of loop diuretics, natriuresis might not only be a sensi-
tive, objective, accurate and quantifiable marker of response, but
also the most reliable marker to assess response.22 To date, multi-
ple studies have demonstrated that impaired natriuretic response
to loop diuretic treatment is associated with markers of persis-
tent congestion, and with higher rates of HF rehospitalization and
mortality.6,8–10 Additionally, even early assessment of natriuresis in
a spot urine sample 1 to 2 h after initiation of intravenous loop
diuretic treatment has been shown to be an accurate marker of
longer term (6 h) natriuretic response.11 This led to the devel-
opment of a natriuretic response prediction equation which was
additionally validated and tested in a prospective study showing that
loop diuretic-guided treatment based on this natriuretic response
predication equation resulted in significant increases in urine out-
put, net fluid loss and weight loss.23 These findings suggest that
natriuresis could be a reliable tool to assess diuretic response,
select non-responders, and consequently titrate diuretic therapy
accordingly. To date, the value of natriuresis-guided therapy and its
effect on decongestion or outcomes, has however not been studied
in a randomized, controlled setting.

The possible value of natriuresis-guided
enhanced diuretic therapy and the
PUSH-AHF study treatment protocol
As illustrated above, natriuresis has all the characteristics required
for a marker that can be used to actively guide decongestive
treatment and move toward a personalized treatment approach
in acute HF. This is important as current treatment is limited,
in many cases insufficient and recent studies investigating novel
therapies in acute HF were neutral. This might in part be due
to patient selection and the timing of initiation of the novel
therapies. In these trials, acute HF patients were not enrolled
immediately at presentation and irrespective of their response
to standard therapy, that is, loop diuretics. In approximately half
of acute HF patients, response to this therapy will however be
adequate, limiting the potential, additional effect of a novel therapy.
Furthermore, we know that early treatment with intravenous loop
diuretics, as well as good diuretic response in the first 24 h are
associated with better outcomes.24,25 By assessing natriuresis early
after initiation of loop diuretic therapy, patients with an insufficient
response (non-responders) will be identified and will receive (early)
intensified therapy. This could furthermore prove to be a set-up for
future acute HF trials where initial non-responders will be eligible
for novel treatment options early after admission.

Additionally, PUSH-AHF will implement a treatment protocol
that includes combination diuretic therapy in patients with an ..
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.. insufficient natriuretic response. This treatment protocol is an
adaptation of the proposed algorithm in the position statement
from the HFA of the ESC on the use of diuretics in HF with
congestion, which has also been incorporated in the recently
published 2021 ESC HF guidelines.12,13 Post hoc analyses from the
Cardiorenal Rescue Study in Acute Decompensated Heart Failure
(CARRESS-HF) suggest that such a stepped pharmacological care
approach in acute HF patients with persistent congestion may
result in greater decongestion without negative effects on renal
function.26 The PUSH-AHF will provide additional information on
the effects of combination diuretic therapy in increasing natriuretic
response and possible side-effects such as electrolyte disturbances
or decreases in renal function, which will be closely monitored
throughout the trial. If positive, this could become a validated
framework for the intensified treatment of acute HF patients with
an initial insufficient response.

Pragmatic trial design
As incorporated in the acronym, the PUSH-AHF is considered a
pragmatic study for several reasons. First, the trial is incorporated
in the clinical care of acute HF patients at our hospital. The study
protocol starts at the moment of the start of loop diuretic ther-
apy at admission at the emergency department, where patients are
automatically randomized to one of the two treatment groups by
the EHR. This is performed using an automated random number
generator, as has been used before in a multicentre, randomized
clinical trial and is currently being used in a large pragmatic HF
trial.27,28 When the diagnosis of acute HF is made at the emergency
department and intravenous diuretics are prescribed, the assess-
ments (and orders) associated with the allocated treatment group
are automatically activated. This incorporation in the EHR results
in effective and accurate uptake of the study assessments and the
treatment protocol in clinical care. Second, the PUSH-AHF trial
has intentionally been designed to enrol a generalizable acute HF
population. In traditional randomized clinical trials, highly selected
patient populations are enrolled to ensure ‘perfect’ conditions.
However, this not only leads to non-generalizable trial results, it
also limits patient enrolment. With the PUSH-AHF we strive to
enrol a generalizable acute HF patient population hopefully result-
ing in high enrolment rates and results that can be extended to
almost all acute HF patients. Third, the use of deferred consent
allows us to enrol and randomize patients immediately at the start
of diagnosis and treatment of acute HF, thereby enabling uncom-
promised research in this very early phase that is usually excluded
from randomized clinical acute HF trials. Fourth, as all in-hospital
assessments are part of clinical care, this results in a reduced bur-
den of trial participation for both the study staff, as well as the
patients. Additionally, the final follow-up visit will be executed by
telephone call further reducing the burden of trial participation
for these patients. Using the Pragmatic Explanatory Continuum
Indicator Summary 2 (PRECIS-2) tool, which is designed to help
trialists make informed decisions on pragmatic trial design con-
sistent with the intended purpose of the trial, the PUSH-AHF
study scores a 35 out of a maximum of 40 points (where a
higher score indicates a more pragmatic trial) (Figure 4).29 Although
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Figure 4 PRECIS-2 wheel diagram for the PUSH-AHF study.PRECIS-2, Pragmatic Explanatory Continuum Indicator Summary 2; PUSH-AHF,
Pragmatic Urinary Sodium-based treatment algoritHm in Acute Heart Failure.

pragmatic trials have a great number of advantages, they also have
inherent limitations. For the PUSH-AHF the potential risks are
non-adherence to the treatment protocol despite incorporation in
the EHR and extensive training of the clinical care staff (including
physicians, and nurses at the emergency department, cardiac care
unit and the cardiology wards), as well as missing data. Given the
number of ongoing pragmatic trials, this decade may provide the
answer whether pragmatic trials might indeed be the best of both
worlds.30

Conclusions
Insufficient diuretic response is one of the main reasons for high
rehospitalization rates and poor clinical outcomes in patients with
acute HF and therefore optimized and individualized treatment of
these patients is warranted. Natriuresis might be a sensitive, objec-
tive, quantifiable and reliable marker to assess diuretic response
and to subsequently guide diuretic treatment in acute HF patients.
The PUSH-AHF is a pragmatic, randomized, controlled, open-label
study designed to study the value of natriuresis-guided therapy in
improving natriuresis and clinical outcomes in acute HF patients. ..
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Additional supporting information may be found online in the
Supporting Information section at the end of the article.
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