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Abstract

Background: Sodium retention drives volume overload, with fluid retention largely a passive,
secondary phenomenon. However, parameters (urine output, body weight) used to monitor therapy
in acute decompensated heart failure (ADHF) measure fluid rather than sodium balance. Thus, the
accuracy of fluid-based metrics hinges on the contested assumption that urinary sodium content is
consistent.

Objectives: We sought to better describe sodium excretion in ADHF and to evaluate the
prognostic ability of urinary sodium and fluid-based metrics.

Methods: Patients enrolled in the Renal Optimization Strategies Evaluation-Acute Heart Failure
(ROSE-AHF) with 24-hour sodium excretion available were studied (n=316). Patients received
protocol-driven high-dose loop diuretic therapy.

Results: Sodium excretion through the first 24 hours was highly variable (Range: 0.12-19.8g,
median: 3.63g, IQR 1.85-6.02g) and was not correlated with diuretic dose (r=0.06, p=0.27).
Greater sodium excretion was associated with reduced mortality in a univariate model (HR = 0.80
per doubling of sodium excretion, 95% CI 0.66 — 0.95, p=0.01), whereas gross urine output
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(p=0.43), net fluid balance (p=0.87), and weight change (p=0.11) were not. Sodium excretion of
less than the prescribed dietary sodium intake (2g), even in the setting of a negative net fluid
balance, portended a worse prognosis (HR=2.02, 95% CI 1.17-3.46, p=0.01).

Conclusions: In patients hospitalized with ADHF receiving high-dose loop diuretics, sodium
concentration and excretion were highly variable. Sodium excretion was strongly associated with
six-month mortality whereas traditional fluid-based metrics were not. Poor sodium excretion, even
in the context of fluid loss, portends a worse prognosis.

Condensed Abstract:

Sodium retention is the primary process in ADHF, while fluid retention is largely a secondary,
passive phenomenon. However, parameters used to assess therapy (weight loss, net fluid balance)
measure the latter. The ROSE-AHF trial enrolled a cohort of patients with ADHF receiving high-
dose loop diuretics with 24h sodium excretion data (N=316). Urinary sodium concentration was
highly variable. Sodium excretion was associated with improved survival, whereas weight and net
fluid balance were not. Furthermore, patients with net fluid loss but net sodium gain exhibited
worse survival than patients with net sodium loss. Sodium excretion is a promising therapeutic
parameter in ADHF.
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Introduction

Dysregulation of sodium homeostasis is central to the pathophysiology of heart failure and
leads to a positive sodium balance (1-3). Sodium is the primary osmolyte in the extracellular
fluid compartment, and the active renal regulation of total body sodium content is utilized by
the kidney to passively regulate total body fluid content. Importantly, the downstream effects
of sodium retention include fluid retention, which in turn results in the traditional congestive
symptoms associated with acute decompensated heart failure (ADHF) (4-7). Loop diuretics,
the cornerstone of ADHF therapy, exert their effect by antagonizing renal sodium
transporters to increase sodium excretion (8) along with the passive loss of fluid.

Current practice guidelines related to therapeutic monitoring focus on fluid balance and
changes in weight (5,6), which serve only as a proxy for sodium excretion. These metrics
correlate poorly with each other (7,9), are often difficult to accurately assess, and have not
consistently been linked to meaningful outcomes despite their frequent use as endpoints in
major clinical trials (10-12). In addition to the fact that fluid and weight loss only indirectly
query the physiology of interest (sodium excretion), there is inherent difficulty in obtaining
accurate fluid intake and output, even under idealized study conditions (13,14). Furthermore,
there is a common assumption that urinary sodium concentration is predictably hypotonic in
patients taking a loop diuretic, sometimes compared to the sodium content of “half-normal
saline” (15,16). There is an accumulating body of literature challenging the supposition that
urinary sodium concentration remains constant throughout the course of a hospitalized
patient receiving diuretics (17-19).
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Given the central role of sodium in both the pathophysiology and therapy of congestion in
ADHF, as well as the known limitations of urine output and weight, we sought to further
explore urinary sodium as a potential metric to monitor ADHF treatment. We hypothesized
that sodium excretion would be highly variable among patients receiving loop diuretic
therapy, making any assumption of a consistent urine sodium concentration, such as “half-
normal saline”, unreliable. Next, we hypothesized that higher degrees of sodium excretion,
but not weight loss or negative fluid balance, would be associated with improved survival.

Patient Population

The Renal Optimization Strategies Evaluation in Acute Heart Failure (ROSE-AHF) trial
dataset has been previously described (20-22). The data, analytic methods, and study
materials are available via the Biologic Specimen and Data Repository Information
Coordinating Center (BioLINCC). The original trial consisted of 360 hospitalized ADHF
patients with baseline renal dysfunction (estimated glomerular filtration rates (eGFRs) 15-60
mL/min/1.73m?2). All patients received open-label, intravenous (V) loop diuretic treatment.
The recommended total daily dose was equal to 2.5 times the total daily oral outpatient
furosemide (or equivalent) dose at 7 days prior to admission. The study found no difference
in the primary endpoints of cumulative urine output or change in cystatin-C through 72
hours between the intervention groups (low-dose dopamine or low dose nesiritide) and the
pooled placebo group (21).

All patients received high-dose loop diuretics as defined above and were placed on a
standard 2g/day sodium and 2L/day fluid restriction. Sodium excretion was measured during
the three intervention days using 24-hour urine collections, and patients were followed for
clinical outcomes through six months after randomization. Our main analysis focuses on the
316 patients with complete data for the first 24 hours (day 1) of sodium excretion. Day 1
sodium excretion was compared to day 2, day 3 (when available), and cumulative 72-hour
sodium excretion to assess within patient variability. We focused on data from the first 24
hours (day 1) of the 72-hour intervention period because the first 24 hours after meeting
ROSE-AHF inclusion/exclusion criteria was a time when aggressive fluid and sodium
removal was a universal therapeutic goal. All patients were by definition volume overloaded
at this point since they just met criteria for congestion. We would only expect fluid/sodium
balance to track with outcomes if physicians were attempting to achieve a negative sodium
or fluid balance. Notably, in the DOSE trial (13) 31% of patients in the high dose arm (same
dosing as ROSE-AHF) were switched to oral therapy after 48 hours. In addition, day 1
offered the lowest number of missing data.

Definitions and Calculations

Patients were classified as having a positive sodium balance if their measured sodium
excretion on day 1 was less than the amount in the prescribed diet (2g = 87mmol). If they
excreted between 2g and 4g (87 — 174mmol) they were considered intermediate responders,
and excretion of >4g (174mmol) was deemed to be an excellent response.
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The definitions for fluid and weight response were similar to the definitions for sodium. Net
fluid balance was calculated from recorded fluid intake and urine output. Patients had a
positive fluid balance on day 1 if their fluid intake exceeded their urine output. Intermediate
responders for fluid had a negative fluid balance between OL and 2L negative, and
intermediate responders for weight lost between Okg and 2kg. A net negative fluid balance
of 2L or greater was considered excellent, as was a weight loss of greater than 2kg.

To test the assumption that urinary sodium concentration is consistent, such as “half-normal
saline”, we defined estimated sodium excretion as a product of total urine output multiplied
by the sodium concentration of half-normal saline (77 mmol/L = 1.77 g/L).

Statistical Analyses

The primary outcomes of interest were 1) the variability in 24-hour sodium excretion and 2)
six—-month all-cause mortality. Categorical variables were compared using the Chi-square
test, and continuous variables using student’s T-test, ANOVA, Wilcoxon signed ranks,
Mann-Whitney, or Kruskal-Wallis tests based on examination of the distribution.
Correlations are reported as Spearman’s rho. The Bland and Altman Method was used to
analyze the differences between the measured sodium excretion and estimated sodium
excretion using the “half-normal saline” assumption. As the current reference standard,
measured sodium excretion was used for the x-axis. However, the bias, or mean of the
differences, allowed for an artificially deflated measure of the actual bias at the individual
level, so we also calculated the absolute value of the difference between estimated and
measured sodium excretion.

Associations between the metrics of diuretic response and six-month all-cause mortality
were examined in univariate and multiple regression Cox proportional hazards modeling and
through Kaplan-Meier analysis. Multiple regression analyses adjusted for the following
baseline characteristics: age, sex, race, heart rate, blood pressure, left ventricular ejection
fraction (LVEF), log baseline N-terminal pro-B natriuretic peptide (NT-proBNP), estimated
glomerular filtration rate (eGFR), angiotensin-converting enzyme inhibitor (ACEi)/
angiotensin-receptor blocker (ARB) use, beta blocker use, and aldosterone antagonist use.
Candidate covariates entered in the model were baseline characteristics with univariate all-
cause mortality associations with p <0.1. Covariates that had a p > 0.1 but a theoretical basis
for potential confounding were forced into the model. Models were built using backward
elimination (likelihood ratio test) where all covariates with a p < 0.1 were retained.

Laboratory values from the Heart Failure Network (HFN) core lab were preferentially used
and when missing, local site laboratory values were substituted. Glomerular filtration rate
was estimated by the Modification of Diet in Renal Disease equation (23), as specified by
the ROSE-AHF protocol. Statistical analysis was performed with IBM SPSS Statistics
version 24 (IBM Corp., Armonk, NY), and statistical significance was defined as 2-tailed p
< 0.05 for all analyses.
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Baseline characteristics for the 316 patients included in this analysis are presented in Table 1
and mirrored the overall ROSE-AHF population: patients tended to be white males with
ischemic cardiomyopathy, multiple co-morbid conditions, and a high prevalence of physical
exam findings consistent with volume overload. Given there were no significant differences
in sodium excretion across the treatment groups in the ROSE-AHF trial (p = 0.75 for low-
dose dopamine vs placebo; p = 0.52 for low-dose nesiritide vs placebo), we elected to
analyze the groups together. The median eGFR for these patients was 43.7 mL/min/1.73m?
(IQR 32.5 — 55.4 mL/min/1.73m2). When stratified by natriuretic response, those with a
positive sodium balance (who excreted less than the 2g) tended to have higher baseline NT-
proBNP levels and a lower eGFR (Table 1). A considerable percentage of patients (28.5%)
exhibited positive sodium balance through 24 hours (Table 1, Central Illustration), and this
percentage was similar on Day 2 (29.7%) and Day 3 (32.4%). However, net positive fluid
balance (n = 26, 8.2%) and weight gain (n = 50, 15.8%) occurred less commonly, and only
seven (2.2%) participants exhibited both net fluid and weight gain. There was only a modest
correlation between sodium excretion and weight loss (r = 0.53) and between sodium
excretion and net fluid loss (r = 0.67) (Online Table 1).

Variability in Sodium Excretion with Diuresis

Sodium excretion through 24 hours was highly variable across patients (Figures 1A & 1B)
despite aggressive diuretic dosing (median dose on day 1 = 200mg IV furosemide
equivalents, IQR 100 — 280 mg). There was no overall correlation between sodium excretion
and diuretic dose (r = 0.06, p = 0.27) and there was no difference in diuretic dose among
those with positive sodium balance, intermediate response, and excellent response (p =
0.68). This lack of correlation between diuretic dose and sodium output persisted after
controlling for eGFR (p =0.33). Within-patient analysis confirmed considerable variability in
sodium excretion between hospital days with a modest correlation between day 1 and day 2
sodium excretion (r = 0.44, p < 0.001), but a weaker correlation between day 1 and day 3 (r
=0.18, p = 0.002, Online Table 2).

Measured Sodium Excretion and the Assumption of a Consistent Urine Sodium
Concentration

When the total urine output was multiplied by the concentration of half-normal saline,
sodium excretion was overestimated in 69.9% of patients, and there were large under and
overestimations at the individual level. The assumption overestimated by >1g in 47.1% of
patients and by >2g in 24.3%, and it underestimated by >1g in 17.7% of patients and by >2g
in 8.2% (Central Illustration). Figure 1C presents a Bland and Altman plot of estimated and
measured absolute sodium excretion. Notably, the 95% limits of agreement were wide
(-155.1 — 226.5 mmol or —3.6 — 5.2 g). The bias, or mean of the differences, indicated that
the assumption overestimated by 35.7mmaol (800mg), while the mean of the absolute value
of the differences (Figure 1D) was considerably larger 78.2mmol (1.8g). Similarly, when
comparing the estimated sodium concentration to the 77 mmol/L half-normal saline
assumption there was poor agreement (Figure 1B).
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Prognostic Value of the Various Metrics of Diuretic Response

Sodium excretion was significantly associated with six-month all-cause mortality. For each
doubling of sodium excretion, the odds of death were reduced by 20% in both univariate
(HR = 0.80 per doubling of sodium excretion, 95% CI 0.66 — 0.95, p = 0.01) and multiple
regression (HR = 0.80, 95% CI 0.65 — 0.97, p = 0.02) modeling. As sensitivity analyses
(Online Table 3), the results using cumulative sodium excretion over the first 48 and 72
hours, respectively, were similar in both magnitude and direction (HR = 0.75, 95% ClI
0.57-0.98, p = 0.04 for 48h excretion and HR = 0.74, 95% CI = 0.51-0.94, p = 0.02 for 72h
excretion). However, total urine output (adjusted HR per L =0.93,95% CI 0.77 - 1.11,p =
0.43), net fluid balance (adjusted HR per L = 0.98, 95% C1 0.83 - 1.17, p = 0.87), and
weight loss (adjusted HR per kg = 0.94, 95% CI 0.85 — 1.04, p = 0.25) were not significantly
associated with survival. Positive sodium balance was associated with significantly
decreased survival in Kaplan-Meier analysis (Central Illustration / Figure 2A), while net
positive fluid balance (p = 0.57) and weight gain (p = 0.44) were not significantly associated
with survival.

To further elucidate the relative importance of fluid vs. natriuretic responses, we examined
patients who exhibited discordant responses. The 71 patients who exhibited both positive
sodium balance and net fluid loss still experienced a significantly decreased six-month
survival (Central Illustration / Figure 2B, p = 0.01). This association remained significant
after controlling for baseline covariates and loop diuretic dose (HR = 2.02, 95% CI 1.17 -
3.46, p=0.01).

Discussion

The primary findings of this study are: 1) Urinary sodium excretion during aggressive
diuresis in ADHF patients with renal dysfunction is highly variable both across patients and
within the same patient across different days; 2) As a consequence of such variability, the
assumption of a consistent assumption for the salt content, such as “half-normal saline”, of
loop diuretic induced urine does not accurately predict 24-hour sodium excretion; 3) Sodium
excretion, but not metrics of fluid or weight response, carries significant prognostic value; 4)
Even in the context of high diuretic dosing and documented net fluid loss, a positive sodium
balance is relatively common and associated with significantly worse survival in ADHF
patients. In conjunction with the well-established central pathophysiologic role of sodium in
volume retention and its treatment, the current observations reinforce that sodium excretion
is a critical variable in the treatment of ADHF patients and requires additional study.

Despite recognition of their shortcomings, fluid and weight assessments remain the standard
quantitative metrics guiding treatment for heart failure in clinical practice, as well as
endpoints in clinical trials (10,13,24). Notably, although essentially measuring the same
underlying parameter, net fluid balance and weight loss correlate poorly, even in the setting
of rigorous NIH-funded prospective trials on diuretic therapy (25). This is likely due in part
to the logistical challenges of accounting for every milliliter of a patient’s fluid intake. Even
when providers officially place patients on fluid restriction, nearly every hospital room has a
faucet. Conversely, there is not such a ubiquitous and easily accessible source of sodium in
hospitals.
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Furthermore, it is not clear that change in body weight performs any better than measuring
fluid intake and output. Patients may be weighed using different types of scales (bed,
standing, sling), scales with different calibrations, and at different times of the day relative to
meals, voids, or bowel movements. The variability of bowel movements is of even greater
significance in patients undergoing fluid restriction, which has been linked to constipation
(26). Finally, important nuances such as whether the patient’s telemetry box or shoes were
included in the measurement are often overlooked. Sodium, on the other hand, is not
affected by these factors.

The results of this analysis are consistent with the primacy of sodium in the pathophysiology
of heart failure. Given the predominance of semipermeable membranes which allow water,
but not ions, to move freely, fluid loss is a secondary effect due to sodium excretion. As
highlighted by our analysis, urinary sodium concentration is highly variable, thus
uncoupling fluid excretion from sodium excretion. By measuring only fluid excretion
without urinary sodium or urinary sodium concentration, patients with lower urinary sodium
concentrations are not always assessed as poor responders, as long as their urine output is
deemed adequate. We would argue that there is an important difference between a patient
who produces 2L of urine with a low urinary sodium concentration, and another patient who
produced the identical amount of urine with a higher sodium content. This difference is
captured when measuring total urinary sodium excretion, but not with strictly fluid metrics.
However, it has yet to be demonstrated that routine performance of 24-hour urine collection
to measure sodium excretion is feasible outside of a clinical trial setting.

To address this issue, our group has developed a sodium prediction equation to forecast
sodium excretion following a bolus dose of loop diuretic (27). Much in the way that 24-hour
creatinine collections have largely been supplanted by eGFR derived from an equation and a
spot serum creatinine value, we have developed a formula that can estimate the amount of
sodium excretion from a dose of loop diuretic using a spot urine sodium and creatinine level.
We are currently in the process of validating this equation in a larger cohort
(ClinicalTrials.gov Identifier: NCT02546583). Our current analysis provides justification for
a shift in emphasis away from fluid-based metrics toward sodium-based metrics, and the
forthcoming tool may help to inform therapy for these complex patients. One strategy would
be to titrate loop diuretic dose to measured sodium excretion, instead of solely utilizing fluid
and weight metrics to assess response.

There were several limitations that should be acknowledged. Importantly, this was a post-
hoc analysis of the ROSE-AHF trial, which was not designed to compare different metrics of
monitoring diuresis. As such, these results should be considered hypothesis-generating. The
ROSE cohort was primarily comprised of mostly white males, and by design, all patients
had an eGFR less than 60 mL/min/1.73m2. As a result, it is unclear how the results will
apply to the broader ADHF population. In addition, although the 24-hour urine collection is
the gold standard to evaluate sodium balance, such a collection is by definition comprised of
all urine produced in a day. This limits inferences made specifically about the composition
urine produced solely as the result of the loop diuretic. Although patients were placed on a
2g sodium diet, individuals may have actually consumed more or less than 2g, limiting the
accuracy of assumptions made regarding sodium balance.
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Conclusion:

In line with the central role of sodium in the pathophysiology of ADHF and its treatment,
sodium excretion was more strongly associated with six-month survival than either net fluid
balance or weight change. However, the sodium content of urine in ADHF patients was
highly variable, indicating that an assumption of a consistent urine sodium concentration is
inadequate, and urine sodium content needs to be determined with each diuretic dose for
each individual patient. Additional research is needed to better understand the role of urine
sodium content in personalizing ADHF therapy.
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Core Clinical Competencies and Translational Outlook Implications

COMPETENCY IN MEDICAL KNOWLEDGE: In patients with ADHF receiving high-
dose loop diuretics, sodium excretion is highly variable. Higher degrees of sodium
excretion are associated with improved survival, while the traditional fluid-based metrics,
such as weight change and net fluid balance, were not. Patients with a positive sodium
balance, even when accompanied by a net negative fluid balance, had worse survival
compared with all patients who had a net negative sodium balance.

TRANSLATIONAL OUTLOOK: Direct measurement of urinary sodium excretion may
provide a viable alternative to urine output and fluid balance to guide diuretic therapy in
ADHF. Additional research is required to better understand how measurement of urinary
sodium content can guide heart failure management.
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Figure 1: Variability in Sodium Excretion
1A. Sodium excretion was highly variable across patients (Range: 0.12 — 19.8g, Median:

3.63g, IQR 1.85 - 6.02 g). Over a quarter of the patients (28.5%) exhibited positive sodium
balance (indicated by the red bar) on the 2g/day diet despite aggressive diuresis. 1B. Urinary
sodium concentration was also highly variable across patients (Range: 0.02 — 4.57g/L,
Median: 0.69g/L, IQR 0.43 — 0.95¢/L). 1C. Bland and Altman plot of differences between
measured sodium excretion and estimated sodium excretion using the “half-normal saline”
assumption. Mean of the differences, also known as the bias (black), and the limits of
agreement (red) are reported. Mean of the differences: 0.8g. Mean of the absolute value of
the differences: 1.89. Lower limit of agreement: —3.6g Upper limit of agreement: 5.2g. 1D.
Histogram of the absolute differences between measured sodium excretion and estimated
sodium excretion using the “half-normal saline” assumption. Mean: 1.8g + 1.6g.
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Figure 2. Natriuretic Response, Fluid Response, and Kaplan-Meier Plots of Cumulative Survival
2A.Cumulative survival of patients stratified by sodium balance. Over a quarter (28.5%) of

patients exhibited poor natriuretic response that would yield positive sodium balance on a
2g/day sodium diet. Kaplan-Meier analysis revealed these patients to have significantly
decreased six-month survival (log rank p = 0.03). 2B. Cumulative survival of patients with
discordant fluid and sodium response. Seventy-one patients experienced a discordant fluid
and sodium response, defined as fluid loss in the setting of positive sodium balance. When
compared against patients with negative sodium balance (< 2g/day), this group with a
discordant response still showed a significantly decreased six-month survival in Kaplan-
Meier analysis (log rank p = 0.01). The group of patients with positive sodium and fluid
balance (N=7) was too small to allow for independent sub-analysis.
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CENTRAL ILLUSTRATION: Positive Sodium Balance with Net Fluid Loss Still Portends Worse Survival
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Central llustration: Positive Sodium Balance with Net Fluid Loss Still Portends Worse Survival

Urine sodium excretion, as metric of diuretic response, carries prognostic value. A

considerable percentage (29%) of participants excreted less sodium than would be consumed
in their diet (positive sodium balance), and these patients experienced decreased six-month
survival (log rank p = 0.03). Even those who exhibited positive sodium balance and net fluid

loss (23%) still experienced decreased survival (log rank p = 0.01).
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