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Aims In healthy volunteers, the kidney deploys compensatory post-diuretic sodium reabsorption (CPDSR) following loop
diuretic-induced natriuresis, minimizing sodium excretion and producing a neutral sodium balance. CPDSR is
extrapolated to non-euvolemic populations as a diuretic resistance mechanism; however, its importance in acute
decompensated heart failure (ADHF) is unknown.

Methods Patients with ADHF in the Mechanisms of Diuretic Resistance cohort receiving intravenous loop diuretics (462

and results administrations in 285 patients) underwent supervised urine collections entailing an immediate pre-diuretic spot
urine sample, then 6-h (diuretic-induced natriuresis period) and 18-h (post-diuretic period) urine collections. The
average spot urine sodium concentration immediately prior to diuretic administration [median 15h (13-17) after
last diuretic] was 64 £ 33 mmol/L with only 4% of patients having low (<20 mmol/L) urine sodium consistent with
CPDSR. Paradoxically, greater 6-h diuretic-induced natriuresis was associated with larger 18-h post-diuretic spon-
taneous natriuresis (r=0.7, P <0.001). Higher pre-diuretic urine sodium to creatinine ratio (r=0.37, P<0.001) was
the strongest predictor of post-diuretic spontaneous natriuresis. In a subgroup of patients (n=43) randomized to
protocol-driven intensified diuretic therapies, the mean diuretic-induced natriuresis increased three-fold. In contrast
to the substantial decrease in spontaneous natriuresis predicted by CPDSR, no change in post-diuretic spontaneous
natriuresis was observed (P=0.47).

Conclusion On a population level, CPDSR was not an important driver of diuretic resistance in hypervolemic ADHF. Contrary
to CPDSR, a greater diuretic-induced natriuresis predicted a larger post-diuretic spontaneous natriuresis. Basal
sodium avidity, rather than diuretic-induced CPDSR, appears to be the predominant determinate of both diuretic-
induced and post-diuretic natriuresis in hypervolemic ADHF.
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Graphical Abstract

Healthy Volunteers:
Compensatory Post-Diuretic Sodium
Reabsorption in the hours following
diuretic-induced natriuresis negates
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Introduction

Diuretic resistance in acute decompensated heart failure (ADHF) is
common and associated with worse outcomes.™ Compensatory
post-diuretic sodium reabsorption (CPDSR) is ubiquitously cited as a
cause of diuretic resistance in ADHF."~" More accurately, CPDSR
is a mechanism by which, despite an adequate acute diuretic re-
sponse, patients fail to achieve a negative sodium/fluid balance sec-
ondary to an equal amount of compensatory/rebound sodium
reabsorption in the post-diuretic period."’ After the loop diuretic
concentration decreases below the diuretic threshold, the concept
of CPDSR asserts that the kidneys decrease urinary sodium excretion
to very low levels over the following hours to counterbalance the
diuretic-induced natriuresis (Figure 7). Therefore, an increase in diur-
etic response produces an increased CPDSR response, resulting in a
neutral 24-h sodium balance. This paradigm arose from research in
euvolemic, healthy volunteers and has been extrapolated to patients
with ADHF.">"” However, CPDSR has not been studied in con-
temporary hypervolemic ADHF populations and the failure of thera-
pies such as loop diuretic infusion to improve decongestion raises the
question if this physiology is operative in patients with ADHF.2° Our
primary objective was to better understand the importance of
CPDSR in contemporary hypervolemic ADHF.

Hypervolemic Acute Heart Failure:
Compensatory Post-Diuretic Sodium
Reabsorption is not a significant
mechanism of diuretic resistance on
a population level.
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Methods

Patients admitted with ADHF to the cardiology service at Yale New
Haven Hospital who required treatment with intravenous (IV) loop diu-
retics (furosemide or bumetanide) were screened for inclusion in the
Mechanisms of Diuretic Resistance (MDR) study (NCT02546583). Full
study methods have been published previously.”! Briefly, the MDR study
was designed to investigate mechanisms of diuretic resistance in a pro-
spective cohort hospitalized with ADHF. The relevance of CPDSR as a di-
uretic resistance mechanism was an a priori study question, and study
methods were designed to investigate CPDSR.?" Patients are followed
longitudinally with study visits occurring at several diuretic milestones
within the ADHF hospital episode to investigate early and later IV loop di-
uretic doses. Patients exhibiting diuretic resistance are enrolled in a
randomized sub-study comparing increased loop diuretic doses to com-
bination diuretic therapy with chlorothiazide.

The key inclusion criteria were (i) use of intermittent IV loop diuretic
therapy with projected need of IV diuretics for at least 3 days, (ii) a goal of
significant fluid removal (>1L net fluid loss/day), and (i) at least one ob-
jective sign of volume overload. Key exclusion criteria were significant
bladder dysfunction, urinary incontinence, and inability to comply with
urine collection procedures. We excluded patients for this analysis of the
MDR study cohort that received a thiazide within 24 h of the analysis peri-
ods or did not receive a loop diuretic dose prior to the urine collections
utilized for post-diuretic assessments. Patients received a 3 g (130 mmol)
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Figure 1 Concept of compensatory post-diuretic sodium re-
absorption. The concept of compensatory post-diuretic sodium
reabsorption is illustrated by graphing hypothetical urinary sodium
excretion over a 48-h period divided into 6-h blocks. A 24-h pre-di-
uretic period (blue bars) is followed by a 6-h natriuretic period
from an IV loop diuretic dose in the red bar and subsequent 18-h
post-diuretic period (blue bars). The horizontal dotted black line
denotes the average rate of urinary sodium excretion needed every
6 h (31 mmol/6 h) to achieve a net even 24-h sodium balance, where
dietary sodium intake (130 mmol) equals urinary sodium excretion
(95% of intake = 124 mmol) plus insensible sodium losses (6 mmol).
In the pre-diuretic period, the urinary sodium excretion rate equals
the sodium intake. The diagonally hashed portion of the red LD bar
above the dotted line represents the quantity of natriuresis exceed-
ing the expected rate from dietary intake. In the post-diuretic
period, the diagonally hashed blue space indicates the amount of
post-diuretic sodium reabsorption, where urinary sodium excretion
is depressed following a diuretic period. The concept of compensa-
tory post-diuretic sodium reabsorption asserts the red diagonally hashed
area of excess natriuresis will trigger a compensatory post-diuretic so-
dium reabsorption of equal magnitude, resulting in a net even sodium
balance.

per day sodium restricted diet. IV diuretic dose was determined by the
treating physician. Enrollment could occur at any point during the hospi-
talization provided the patient met all inclusion and exclusion criteria. All
patients provided written informed consent, and the study was approved
by the Yale Institutional Review Board.

Study visit protocol

During the post-diuretic period from a prior loop diuretic dose and prior
to the morning diuretic dose (Hour 0), a blood sample was obtained,
patients were asked to completely empty their bladder, from which a
baseline urine sample was obtained, and a bladder scan was performed to
quantitate residual volume in the bladder. Following loop diuretic admin-
istration, a timed 6-h urine collection with intensive supervision by study

staff was performed to ensure all urine was collected. After 6 h, patients
were asked to empty their bladder to complete the urine collection and a
bladder scan was repeated. Participants then underwent an 18-h timed
urine collection (to complete 24 h) which was conducted by the clinical
nursing staff. Study visits could be repeated on subsequent hospital days
during IV diuretic therapy.

Study cohorts

We analysed two cohorts: healthy volunteers and patients with ADHF in
the MDR study (Figure 2). In each cohort, we assessed diuretic-induced
natriuresis using the 6-h cumulative urine collection immediately following
the diuretic dose. We assessed post-diuretic spontaneous natriuresis using
both spot urine collections and the 18-h cumulative urine collection in
the post-diuretic period.

Healthy Volunteer Cohort: We replicated the seminal observations
establishing the concept of CPDSR in healthy volunteers to serve as the
benchmark for the expected pattern of sodium excretion with a loop di-
uretic.” Twenty euvolemic, healthy participants without heart failure or
previous loop diuretic therapy received an IV diuretic dose of 40 mg fur-
osemide equivalents in our Clinical Research Center. The methods for
collecting the 6-h urine output were similar to those described above.
Participants were permitted to consume clear sodium-free liquids and
low-sodium snacks after diuretic administration. Following the 6-h urine
collection, participants conducted an 18-h cumulative urine collection
with guidance to eat salty foods and drink water to replenish intravascular
volume from the prior diuretic exposure.”>

MDR Study Cohort: Within the MDR study, we examined a Calculated
Cohort, Measured Cohort, and Randomized Intervention Cohort. A total of 462
diuretic administrations from 285 unique patients are included in the
Calculated Cohort: 130 patients (28%) were included once, 284 were
included twice (62%), and 48 were included three times (10%). The
Measured Cohort comprises 117 diuretic administrations from 94 unique
patients, and the Randomized Intervention Cohort comprises 43 unique
patients.

The Measured Cohort serves as the primary cohort and consists of
patients that did not receive a diuretic during the 18-h post-diuretic
period (i.e. only one diuretic dose in a 24-h period, similar to the cohorts
CPDSR was described in). We measured the post-diuretic spontaneous
natriuresis directly from the cumulative sodium excretion in the 18-h
urine collection (Supplementary material online, Figure S7). The Measured
Cohort represents a population without the calculated assumptions of the
Calculated Cohort, but with reduced generalizability since most patients
with ADHF have more than one diuretic dose per day.

The Calculated Cohort serves as a validation cohort to the Measured
Cohort. The majority (75%) of patients received more than one diuretic
dose in a day with an additional dose during the 18-h urine collection
period. Therefore, in the Calculated Cohort, we calculated the 18-h cumu-
lative sodium excretion from the instantaneous rate of sodium excretion
in a spot urine sample obtained in the post-diuretic period after a prior di-
uretic dose and immediately before the subsequent diuretic dose at Hour
0 (Supplementary material online, Figure ST). The Calculated Cohort is
more generalizable and lacks any ‘carryover effect’ of diuretic-induced
natriuresis into the post-diuretic period by using a spot urine sample
~15 h from the last diuretic dose instead of a timed urine collection start-
ing 6 h after the diuretic dose. We calculated the 18-h post-diuretic spon-
taneous natriuresis using the baseline (Hour 0) spot urine sodium and
urine creatinine concentration with the measured 24-h urine creatinine
excretion using the equation:
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Calculated Cohort

n=462 administrations in 285 patients

Healthy Volunteer Cohort

n=20 participants

Purpose: Validation cohort using calculated 18-hr post-diuretic
spontaneous natriuresis in patients with multiple diuretic doses
per day to increase generalizability and observations

Purpose: Replicate prior CPDSR experiments &
establish expected 6-hr diuretic-induced natriuresis

Excluded (n=419 administrations)

+  Not diuretic resistant (6-hour cumulative sodium
excretion > 100mmol) at first study visit

*  Missing timed or spot urine collections at any of the
serial study visits

Randomized Intervention Cohort

n=43 patients across 2 study visits

Purpose: Measure intra-patient change in the post-
diuretic spontaneous natriuresis following a
randomized intervention to increase diuretic-induced
natriuresis

Excluded (n=345 administrations)
Additional loop diuretic dose(s) administered during
the 18-hour post-diuretic urine collection

n=117 administrations in 94 patients

post-diuretic spontaneous natriuresis without diuretics

Purpose: Primary cohort using measured 18-hr

during 18-hr urine collection

Figure 2 Patient cohort flow diagram. The number of diuretic administrations, unique patients, and purpose for each patient cohort are shown in

a flow diagram.

HrO |urine N
18 h post — diuretic spontaneous natriuresis (mmol) = M X
Hr0 [urine Cr]

18 h
24 h uri tini —
urine creatinine X <24 h>

Validation of the calculated 18-h spontaneous natriuresis equation
with measured 18-h natriuresis is presented in Supplementary material
online, Figure S2.

The Randomized Intervention Cohort measures the intra-patient change
in the post-diuretic spontaneous natriuresis following a randomized inter-
vention to increase diuretic-induced natriuresis. Patients with poor diur-
etic response at the first study visit (6-h cumulative sodium excretion
<100 mmol) were included in a randomized, controlled study visit the fol-
lowing day to investigate different diuretic strategies to increase natri-
uresis. Patients were randomized to either 2.5 X the previous IV loop
diuretic or the same |V loop diuretic dose plus IV chlorothiazide as a part
of an unrelated study to compare diuretic strategies in diuretic resist-
ance.”’ The Randomized Intervention Cohort provides insight into the mech-
anisms of post-diuretic spontaneous natriuresis by measuring how
increased diuretic-induced natriuresis impacts CPDSR and the basal so-
dium avidity (proclivity of the kidney to excessively retain sodium) inde-
pendent of diuretic response.

Measurements of natriuresis

For diuretic-induced natriuresis, we defined the 6-h percent expected natri-
uresis as the percentage of the ADHF patient’s 6-h cumulative sodium
output after a diuretic relative to the mean 6-h cumulative sodium output
from the Healthy Volunteer Cohort. Diuretic efficiency is expressed as the
cumulative 6-h urine sodium excreted per doubling of the diuretic dose
as previously described.??

ADHF patient’s 6 h cumulative natriuresis in mmol
healthy volunteer mean 6 h cumulative natriuresis in mmol

100%

6 h % expected natriuresis =

For post-diuretic spontaneous natriuresis, a spot urine sodium con-
centration <20 mmol/L is a common reference value indicating severe so-
dium avidity that would be consistent with the CPDSR concept.>*2
From the daily sodium intake of 130 mmol and well-established percent-
age of dietary sodium excreted renally (~95%), we calculated the
expected 24-h sodium excretion as 124 mmol.”’ >’ The 18-h percent
expected natriuresis is the percentage of the ADHF patient’s 18-h cumula-
tive sodium output relative to the expected 93 mmol over 18h, calcu-
lated as 124mmol x (18h/24h). The 24-h sodium balance is the
difference between 124 mmol and the sum of the 6- and 18-h sodium

output.

ADHF patient's 18 h cumulative natriuresis in mmol

o
93 mmol x 100%

18 h % expected natriuresis =

Assays

A Randox Imola automated clinical chemistry analyzer was used to meas-
ure concentration of urine or serum chemistry parameters. Serum and
urine creatinine and sodium were measured in triplicate, and the average
was taken for analysis. The inter-assay coefficient of variation was <3%
for all variables. The calibrators, reagents, and urine and serum level 2 and
level 3 controls were purchased from Randox Laboratories. All assay
measurements were carried out in accordance with the manufacturer’s
instructions (Randox Laboratories, UK). Creatinine measurements are
standardized to IDMS traceable National Institute of Standards and
Technology reference material (SRM 967).

Statistical analysis

Continuous data are reported as mean + standard deviation for variables
with normal distribution, and median (Quartiles 1-3) for variables with
skewed distribution. Categorical data are reported as frequency (per-
centage). Continuous variables were compared between groups with the
Student’s t-test or Mann—Whitney U-test in case of normal or skewed
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distribution, respectively. Categorical variables were compared with the
chi-squared test. For comparisons between loop diuretic administrations,
which were repeated observations, we accounted for the absence of in-
dependence of observations with linear mixed models. We analysed the
distribution in 18-h spontaneous natriuresis by deciles of 6-h natriuresis.
We also aimed to analyse linear trends of continuous variables across
groups of 18-h natriuresis; thus, we used linear mixed models.
Associations between continuous variables were analysed with linear
mixed models, and the correlations were displayed as the squared root
of the R The 18-h post-diuretic spontaneous natriuresis was compared
against an expected mean of 93 mmol with a one sample t-test. In the
randomized intervention cohort, we included unique patients; the com-
parison between the 18-h natriuresis during the first visit and the 18-h
natriuresis during the intervention was done with a paired t-test. A
detailed description of the statistical tests used in the manuscript is found
in the Supplementary material online. Statistical significance was defined
as 2-tailed P<0.05. Statistical analysis was performed with IBM SPSS
Statistics version 26 (IBM Corp, Armonk, NY) and Stata SE version 14.0
(StataCorp, College Station, TX, USA).

Results

Healthy Volunteer Cohort

The Healthy Volunteer Cohort had a mean age of 26 £ 5years (90%
white, 50% male) and a mean weight of 74+ 13 kg. In the 24 h prior
to diuretic therapy, volunteers excreted 149 + 65 mmol of sodium.
Following IV furosemide 40 mg, the mean 6-h sodium excretion was
199 £ 49 mmol. Despite provision and encouragement of the con-
sumption of high sodium foods and fluid intake, the mean cumulative
spontaneous natriuresis was only 50 = 23 mmol total over the subse-
quent 18h (Supplementary material online, Figure S3). These results
replicate prior observations in non-heart failure populations, indicat-
ing that CPDSR had a dominant effect on urine sodium excretion fol-
lowing an acute loop diuretic administration.

ADHF Measured Cohort

Spot urine sodium concentration

The baseline characteristics of the Measured Cohort are provided in
Table 1 and Supplementary material online, Table S1. Their mean spot
urine sodium concentrations prior to the subsequent diuretic dose at
Hour 0 {median time 14.7 h [interquartile range (IQR) 13.2-17.0]
from the last diuretic dose} was 64 + 33 mmol/L and displayed wide
variability (Figure 3). Only 4% of patients had a spot urine sodium con-
centration <20 mmol/L. The baseline characteristics (Supplementary
material online, Table S2) and spot urine sodium concentration
(mean 62+30mmol/L) were similar in the Calculated Cohort
(Supplementary material online, Figure $4).

Relationship between diuretic response and post-diuretic
spontaneous natriuresis

We assessed the relationship between the 6-h diuretic-induced natri-
uresis and the following 18-h post-diuretic spontaneous natriuresis in
the Measured Cohort (Figure 4). The mean 6-h diuretic-induced cumu-
lative sodium excretion was 122 + 90 mmol. The ensuing mean 18-h
post-diuretic spontaneous natriuresis was 104 + 109 mmol, similar to
the expected 93 mmol based on dietary intake and counter to the
paradigm of CPDSR (P = 0.28, Figure 4A). The post-void urine volume

in the bladder was 63 (IQR 14-134) mL at the end of the 6-h urine
collection and start of the 18-h urine collection. Patients with a nega-
tive 24-h sodium balance had both a greater mean diuretic-induced
natriuresis (158 £ 87 mmol) and subsequent post-diuretic spontan-
eous natriuresis (138 + 116 mmol) compared to patients with a posi-
tive sodium balance, who had a poor diuretic-induced natriuresis
(mean 44 + 33 mmol) followed by a low post-diuretic spontaneous
natriuresis (30 + 18 mmol) (P <0.0001 for both comparisons) (Figure
4B). These observations were congruent in the Calculated Cohort and
when analysed in a sensitivity analysis ‘per patient’ (Supplementary
material online, Table S3).

When the urine sodium excretions were analysed as percentages of
the expected natriuresis, the mean diuretic-induced natriuresis was
61+ 45% of expected; however, the post-diuretic spontaneous natri-
uresis exceeded the expected amount (111 + 116%) (Supplementary
material online, Figure S5). Consistent with an overall sodium avid
state, those with a positive 24-h sodium balance had both severely
depressed diuretic-induced natriuresis (22 £ 11% of expected) and
reduced post-diuretic spontaneous natriuresis (32+20% of
expected). Paradoxically, greater 6-h diuretic-induced natriuresis was
associated with larger 18-h post-diuretic spontaneous natriuresis
(r=0.7, P<0.001). Across increasing deciles of diuretic-induced
natriuresis, the subsequent post-diuretic spontaneous natriuresis
increased consistently (P<0.001) (Figure 5). Similar observations
were found in the Calculated Cohort (Supplementary material online,
Figure S6).

Variables associated with post-diuretic spontaneous
natriuresis

Within the Measured Cohort, we assessed the 18-h post-diuretic
spontaneous natriuresis relative to pre-diuretic and diuretic variables
to ascertain the drivers of post-diuretic spontaneous natriuresis
(Table 2). Neither estimated glomerular filtration rate (P=0.26) nor
blood urea nitrogen (P=0.89) were associated with post-diuretic
spontaneous natriuresis. Indicators of basal sodium avidity prior to
the diuretic dose were associated with post-diuretic spontaneous
natriuresis, including the pre-diuretic urine sodium concentration
(r=0.30, P<0.001) and the urine sodium/creatinine ratio (r=0.37,
P<0.001). Similar observations were found in the Calculated Cohort
(Supplementary material online, Table $4).

Effect of increasing diuretic response on post-diuretic
spontaneous natriuresis

While the cross-sectional observations above suggest CPDSR is not
a primary determinant of sodium excretion on a population level in
ADHF, they do not address if CPDSR is relevant in poor diuretic res-
ponders forced to have an adequate acute natriuretic response with
escalation of diuretic therapies. To assess the intra-patient change in
post-diuretic spontaneous natriuresis following increased diuretic in-
tensity and diuretic-induced natriuresis, patients in the Randomized
Intervention Cohort (n =43) received either an increased IV loop diur-
etic dose (n=18) or IV loop with IV chlorothiazide (n = 25). Baseline
characteristic are presented in Supplementary material online, Table
$5. The 6-h diuretic-induced natriuresis increased in 65% of patients
from a mean 6-h urine sodium excretion of 55 + 24 to 155 £ 95 mmol
(Figure 6). Despite a three-fold increase in diuretic-induced
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Table | Baseline patient characteristics
Characteristics Measured cohort
(n=94)
Age (years) 65+ 14
Male sex 57 (61)
Race
White 58 (62)
Black 28 (30)
Others 8(7)
BMI (kg/m?) 31.2[26.8-37.7]
LVEF <40% 59 (63)
LVEF (%) 42£17
Comorbid conditions
Hypertension 82 (87)
Diabetes mellitus 47 (50)
Vital signs
Systolic blood pressure (mmHg) 11622
Heart rate (b.p.m.) 84+ 19
Medications
ACEi or ARB or ARNI 58 (62)
Beta-blocker 63 (67)
Spironolactone or eplerenone 20 (21)
Daily dose (mg) 25 [25-44]
Digoxin 4(4)
Prehospital use of loop diuretic 72 (77)
IV loop diuretic dose in furosemide equivalents (mg) 80 [40-160]
Laboratory values
Serum sodium (mmol/L) 1364
Serum chloride (mmol/L) 96+ 4
Serum creatinine (mg/dL) 1.3 [1.1-1.6]
Blood urea nitrogen (mg/dL) 28 [20-40]
eGFR (mL/min/1.73 m?) 56+19
NT-proBNP (pg/mL) 3400 [1534-8459]
Serum albumin (g/dL) 3704

Positive 24-h sodium Negative 24-h sodium P-value
balance (n = 33, 35%) balance (n = 61, 65%)
69+12 63+14 0.053
18 (55) 39 (64) 0.39
21 (64) 37 (61) 0.83
9 (27) 19 31)
309 5(8)

28.7 [25.3-35.7] 34.8 [28.5-39.9] 0.004
20 (61) 39 (64) 0.81
4317 41+£18 0.59
29 (88) 53 (87) 0.89
14 (42) 33 (54) 0.39
106+ 19 12122 0.004
82+18 85+20 0.49
20 (61) 38 (62) 0.22
23 (70) 40 (66) 0.82
9 (27) 11(18) 0.75

25 [25-50] 25 [25-25] 0.18
309 1(2) 0.12

21 (64) 51 (84) 0.04
80 [40-160] 120 [40-160] 0.08
1355 136+ 4 0.59
965 96+ 4 0.97
1.3[1.0-1.7] 1.3[1.1-1.6] 0.80
29 [18-39] 28 [20-42] 0.72
53+21 56+18 0.51
4238 [2618-9864] 3067 [1473-8077] 0.24
38+05 37+04 0.48

Values are presented as mean * standard deviation, n (%), or median [interquartile range].

BMI, body mass index; LVEF, left ventricular ejection fraction; ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; ARNI, angiotensin receptor—
neprilysin inhibitor; eGFR, estimated glomerular filtration rate; NT-proBNP, N-terminal pro-B-type natriuretic peptide.

natriuresis, the corresponding mean 18-h post-diuretic spontaneous
natriuresis did not change significantly from 46 £ 47 to 54 + 50 mmol
(P=1047), in contrast to the substantial decrease the CPDSR para-
digm would predict.

Discussion

In contrast to the prevailing wisdom, the primary observation in this
study is that, on a population level, CPDSR did not appear to be a
meaningful contributor of diuretic resistance in hypervolemic ADHF.
In contrast, we observed that larger diuretic-induced natriuresis was
actually followed by greater spontaneous natriuresis in the post-
diuretic period, the inverse pattern predicted by CPDSR. Even with
protocol-driven intensified diuretic therapy, which resulted in a
three-fold increase in diuretic-induced natriuresis, we found no

change in post-diuretic spontaneous natriuresis. Overall, these find-
ings indicate that, in the volume expanded setting of ADHF, CPDSR
is not a relevant mechanism leading to blunted renal sodium excre-
tion at the population level. Rather, a basal and relatively fixed degree
of sodium avidity (proclivity of the kidney to excessively retain
sodium) intrinsic to each patient appears to drive both the diuretic-
induced and post-diuretic natriuresis  (Graphical
abstract).

The concept of CPDSR was established in healthy volunteers on a
high sodium diet” and has been extrapolated to be a significant mech-
anism of diuretic resistance in ADHF. While often simplified as only
compensatory to the preceding diuresis, both volume-dependent
and volume-independent mechanisms cause intense compensatory

renal sodium retention in the post-diuretic period.”'®'® Although

spontaneous

the expanded extracellular volume in patients with ADHF may elim-

inate  volume-dependent CPDSR  mechanisms, mechanisms
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Figure 3 Urine sodium concentration in the post-diuretic period. Spot urine sodium concentrations in the post-diuretic period are displayed as a

histogram. The dotted line at 20 mmol/L indicates the traditional urine sodium concentration threshold of high sodium avid states.**2¢ Only 4% of
patients had a urine sodium concentration below this threshold during spontaneous natriuresis in the post-diuretic period.
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Figure 4 Diuretic-induced and spontaneous post-diuretic natriuresis by 24-h sodium balance. (A and B) Mean values (SEM) of urine sodium excre-
tion are presented in 6-h intervals as mmol/6 h. The red bar represents the 6-h diuretic-induced cumulative urine sodium excretion following a dose
of IV diuretic. The blue bar represents the measured 18-h spontaneous urine sodium excretion divided evenly into three 6-h blocks. The horizontal
dotted black line denotes the average rate of urinary sodium excretion needed every 6 h (31 mmol/6 h) to achieve a net even 24-h sodium balance,
where dietary sodium intake (130 mmol) equals urinary sodium excretion (95% of intake = 124 mmol) plus insensible sodium losses (6 mmol). (B)
The same population as in (A) but stratified by 24-h sodium balance.
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Figure 5 Relationship between diuretic-induced natriuretic re-
sponse and post-diuretic spontaneous natriuresis. The measured 6-
h cumulative sodium excretion is divided into deciles on the x-axis
with the corresponding 18-h spontaneous cumulative urine sodium
excretion (mean + SEM) on the y-axis. Contrary to the paradigm of
compensatory post-diuretic sodium reabsorption, greater diuretic-
induced natriuresis was associated with higher post-diuretic spon-
taneous natriuresis (P < 0.001).

independent of volume and diuretic therapy can determine basal so-
dium avidity and therefore post-diuretic sodium excretion.”*
According to the traditional paradigm, CPDSR can be eliminated and
decongestion significantly improved by provision of a very low-so-
dium diet, diminishing available sodium for the kidney to reabsorb, or
continuous infusion of loop diuretic.® However, a multitude of stud-
ies have demonstrated a lack of meaningful increase in decongestion
with continuous infusion relative to bolus dosing at an equivalent
total daily dose.'2031 Furthermore, randomization to intense so-
dium restriction (0.8 g/day) during ADHF did not improve weight
loss, decongestion, or time to oral diuretic transition compared to an
unrestricted sodium intake (3-5 g/day).** Our findings provide a
mechanism to explain why these strategies did not result in measur-
able clinical improvement in hypervolemic ADHF populations. As
profound differences in renal sodium handling exist between patients
with and without heart failure, historically accepted diuretic concepts
founded in euvolemic healthy controls and hypertensive patients
need to be validated in ADHF populations.

The global observation in this study is that post-diuretic spontan-
eous natriuresis was positively correlated to the amount of diuretic-
induced natriuresis (i.e. opposite of the CPDSR concept), providing
strong evidence that there is not a robust renal compensation to
diuretic-induced sodium losses in volume expanded ADHF. Among
these study observations, the most compelling CPDSR refutation is
the lack of intra-patient change in post-diuretic spontaneous natri-
uresis following diuretic therapy escalation in patients with a poor ini-
tial diuretic response. Despite an aggressive diuretic intervention
resulting in a three-fold increase in diuretic-induced natriuresis, there
was no change in post-diuretic spontaneous natriuresis. Presumably
patients had similar basal sodium avidity on both days, but via

substantial diuretic escalation (addition of 500 mg IV chlorothiazide
or 2.5 x the loop dose) we were able achieve an adequate acute di-
uretic response. However, consistent with post-diuretic natriuresis
dependence on the basal intrinsic sodium avidity of the patient, the
post-diuretic spontaneous natriuresis did not increase or decrease.

These data suggest that the most effective strategies to improve
decongestion in ADHF would focus on modulating the basal sodium
avidity substrate of the patient, which could improve both diuretic re-
sponse and spontaneous natriuresis. However, an important obser-
vation is that even in a high disease severity tertiary referral center
population such as this, the sodium avidity physiology was quite vari-
able and many patients did not have high basal avidity. To that end,
two-thirds of the Measured Cohort was able to achieve a negative so-
dium balance with only once daily and relatively low-dose loop diur-
etic therapy. There has been a multitude of ‘failed’ cardio-renal
therapeutics in ADHF populations such as nesiritide, ularitide, low-
dose dopamine, and high-dose spironolactone.**¢ Many of these
interventions would not be expected to provide measurable benefit
in patients without significant sodium avidity. The current findings in-
dicate this substrate is not present in all ADHF patients and raises the
question if some of these ‘failed’ therapies may in fact have significant
value in selected populations with high basal sodium avidity.>*3*37

Our findings have important implications for the care of patients
with ADHF. Heart failure guidelines state frequent/short interval di-
uretic dosing or continuous infusions may be needed as sodium re-
absorption will occur once the tubular concentration of diuretics
decline.® However, we found in many patients a good diuretic re-
sponse was followed by correspondingly good spontaneous natri-
uresis that ultimately contributed meaningfully to achieving a negative
sodium balance. Notably, in the measured cohort almost equal quan-
tities of the total sodium excretion occurred in the 18-h post-diuretic
period as the 6-h diuretic period. As such, patients with a good
diuretic-induced natriuretic response will often continue to have sig-
nificant natriuresis in the post-diuretic period. These patients may be
ideally treated with once or twice daily IV loop diuretic dosing which
will avoid unnecessary diuretic exposure.

However, patients with a poor acute diuretic response are in dou-
ble jeopardy with limited sodium excretion in the post-diuretic
period. Although we found that substantially increasing diuretic inten-
sity rectified the diuretic-induced natriuresis, the subsequent spon-
taneous natriuresis remained low. Given the ceiling of sodium
excretion with a single dose of diuretic, diuretic resistant patients
need both higher doses and also more frequent dosing/continuous
infusion of those higher doses. Importantly, continuous infusion has
not shown meaningful superiority over bolus diuretic administration
when administered at equivalent total daily doses?® However, the
use of a significantly higher total daily loop diuretic dose administered
as an infusion, could theoretically be the preferred strategy for
patients with a highly sodium avid substrate. Thus, patients with sig-
nificant diuretic resistance may be optimally treated with both higher
diuretic doses and frequent dosing/continuous infusion, not because
of CPDSR but due to high basal sodium avidity.

Several limitations warrant discussion. The gold standard approach
to performing sodium balance studies is to confine participants in a
metabolic ward and provide a precise metabolic diet with well quan-
titated sodium content. This is obviously not feasible in a large ADHF
study of real-world hospitalized patients. Rather, we constructed



4476 Z.L. Coxetal
Table 2 Characteristics across post-diuretic spontaneous natriuresis
Characteristics Measured 18-h post-diuretic spontaneous natriuresis P-value
cohort  TLfGE T ggsEG PO TR S50 for trend
expected expected® expected® expected®
(>93 mmol)  (92-47 mmol) (46-20 mmol) (<20 mmol)
N (%) 117 (100) 42 (36) 30 (26) 31(26) 14 (12) —
18-h urine sodium excretion (mmol) 69 [30-133] 210 [117-262] 70 [53-82] 30 [25-33] 15[10-18] N/A
Pre-diuretic period
eGFR (mL/min/1.73 m?) 56+19 56+17 58+24 55+20 50+13 0.259
BUN (mg/dL) 28 [19-38] 27 [19-40] 28 [18-37] 28 [16-38] 32 [26-37] 0.894
Pre-diuretic urine sodium (mmol/L) 64+33 80+ 36 65+ 31 47122 48+26 <0.001
Pre-diuretic urine sodium/creatinine ratio  0.07 [0.03-0.13] 0.12 [0.05-0.19] 0.07 [0.03—-0.13]  0.03 [0.02-0.08]  0.04 [0.02-0.07] <0.001
Diuretic period
6-h urine sodium excretion (mmol) 103 [59-158] 146 [111-243] 97 [67-170] 71 [26-109] 55 [27-75] <0.001
Diuretic efficiency® 41 [20-76] 56 [33-97] 56 [36-56] 32[19-57] 30 [10-61] <0.001

Values are presented as n (%), median [interquartile range], or mean * standard deviation.

eGFR, estimated glomerular filtration rate; BUN, blood urea nitrogen; IV, intravenous; N/A, not applicable.
?Expected 18-h urinary sodium excretion is 93 mmol based on 124 mmol/day from 130 mmol dietary sodium intake.
PDiuretic efficiency calculated as 6-h cumulative urine sodium excretion (mmol) per doubling of the IV furosemide equivalent dose (furosemide 40 mg IV = bumetanide

1mg V).
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Figure 6 Influence of increased diuretic-induced natriuresis on
post-diuretic spontaneous natriuresis. In the Randomized Intervention
Cohort, the initial poor diuretic response (first red bar) was followed
by poor 18-h spontaneous natriuresis (blue bars), plotted as
mean = SEM. The 18-h spontaneous natriuresis is shown evenly dis-
tributed across three 6-h bars, producing identical means and stand-
ard errors. Following an intensified diuretic regimen the following
day, the diuretic-induced natriuresis increased (second red bar) and
the subsequent post-diuretic spontaneous natriuresis did not de-
crease due to CPDSR but instead increased slightly with increasing
diuretic-induced natriuresis.

two cohorts to buttress each cohort’s limitations in ascertaining so-
dium balance. The Measured Cohort is devoid of the calculated
assumptions of the Calculated Cohort but is limited by potential selec-
tion bias from including patients who only received once daily IV loop
diuretics, missing urine voids during the 18-h urine collection

performed by clinical nursing staff, and the diuretic effect potentially
continuing into the post-diuretic period. The Calculated Cohort lacks
these limitations but has limitations arising from calculation assump-
tions. The limitations of the Measured and Calculated cohorts are miti-
gated by the strengths of the other, and the findings from each
cohort were mutually reinforcing. Both cohorts are from two hospi-
tals in a tertiary care medical center which could introduce selection
bias, although the high variation in population basal sodium avidity
aids generalizability. Additional limitations relate to the prescribed 3 g
sodium diet as the assumed dietary sodium intake. Although the
above limitations may reduce the quantitative precision of the con-
clusions, it is highly unlikely that the qualitative conclusion that
CPDSR is not a dominant driver of diuretic resistance would be
altered by more rigorous sodium balance methodology.

In conclusion, sodium excretion in the post-diuretic period is
highly variable in a contemporary ADHF cohort. In contrast to the cur-
rent paradigm of compensatory post-diuretic sodium reabsorption,
increasing diuretic response was associated with subsequent increasing
spontaneous natriuresis. Basal sodium avidity and not compensatory
post-diuretic sodium reabsorption is the predominant stimulus for
post-diuretic spontaneous natriuresis in most patients with ADHF.
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Supplementary material is available at European Heart Journal online.
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