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Key Points

» Water diuresis presents a conundrum during the treatment of profound hyponatremia, but its clinical characteristics remain
unclear.

e This study revealed that water diuresis mostly manifests within 24 hours of treatment, preceded by changes in urinary
characteristics.

 Careful urine monitoring in the early stages of hyponatremia treatment could facilitate the early detection of water diuresis.

Abstract

Background Hyponatremia treatment guidelines recommend avoiding excessive increases in serum sodium concen-
tration (s[Na]) to prevent osmotic demyelination syndrome. Although an unexpected rise in s[Na] has been attributed to
water diuresis during the treatment of hyponatremia, clinical courses of water diuresis are unclear. We conducted this
study to investigate the clinical characteristics of water diuresis during profound hyponatremia management.

Methods In this retrospective observational study, we examined patients with profound hyponatremia (s[Na] =120
mEq/L) admitted to the intensive care unit of a Japanese hospital. The manifestation of water diuresis was defined as a
urine volume (UV) =2 ml/kg per hour and a urinary sodium plus potassium concentration (u[Na+K]) =50 mEq/L. We
analyzed changes in UV and u[Na+K] over time for patients experiencing water diuresis. This analysis employed a
mixed-effects model with spline terms for time, and the results are graphically presented.

Results Among 47 eligible patients, 30 (64%) met the criteria for water diuresis. The etiologies of hyponatremia were drug-
related hyponatremia (n=10; 33%), primary polydipsia (1=8; 27%), hypovolemic hyponatremia (1=7; 23%), syndrome of
inappropriate antidiuresis (n=7; 23%), and acute heart failure (1=1; 3%). Among patients with water diuresis, 27 (90%)
experienced the manifestation of water diuresis within 24 hours after the start of correction. The increased UV and decreased
u[Na+K] levels began several hours before the peak manifestation of water diuresis. Within 6 hours after the manifestation
of water diuresis, 29 patients (97%) received electrolyte-free infusions and 14 (47%) received desmopressin. One patient (3%)
with water diuresis experienced overcorrection.

Conclusions Water diuresis is common during the treatment for profound hyponatremia and typically occurs within the
first 24 hours, preceded by changes in urinary characteristics. Early detection and prompt response to water diuresis
through urine monitoring during the early periods of hyponatremia treatment may be effective for managing water
diuresis.
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Introduction

Hyponatremia is the most prevalent electrolyte imbalance,
and in profound cases, it can cause serious neurologic
symptoms owing to cerebral edema, necessitating prompt
treatment.1-3 However, overly aggressive corrections are
not recommended as they are associated with osmotic
demyelination syndrome.**¢ This serious iatrogenic com-
plication can lead to severe and irreversible symptoms,
including dysarthria, dysphagia, tetraplegia, seizures,
locked-in syndrome, coma, and death.”® To reduce the
risk of these critical neurologic outcomes, guidelines have
recommend correction limits of 10-12 mEq/L within the
first 24 hours and 18 mEq/L within the first 48 hours of
treatment.®10

Overcorrection beyond these limits has been investi-
gated in large clinical studies and is associated with
younger age, lower body mass index (BMI), lower
baseline serum sodium concentration (s[Na]), and
severe comorbidities®~11; however, overcorrection remains
prevalent.®12-14 While the conundrum of overcorrection
persists, some experts have discussed how unexpected
s[Na] elevations may result from abrupt water diuresis
during the treatment of hyponatremia.'>-!7 Generally,
hyponatremia is attributed to disturbances in water ho-
meostasis, primarily due to reduced effective arterial
blood volume or elevated vasopressin levels, which re-
duce free water excretion and cause water retention.!”
Triggers for water retention, such as hypovolemia, drugs,
adrenal insufficiency, or syndrome of inappropriate anti-
diuresis (SIAD), are often reversible, resulting in water
diuresis when resolved.®1915> Water diuresis decreases the
total body water (TBW) and increases s[Na] as s[Na] is
determined by exchangeable sodium (Na,), exchangeable
potassium (K,), and TBW'®'" using Equation 1.

s[Na]=(Na, + K.)/TBW (Equation 1)

To address s[Na] elevation due to reduced TBW,
electrolyte-free infusions and desmopressin acetate (DDAVP)
have been used empirically.®1® In previous studies, three
approaches have been proposed for the use of DDAVP: (1)
when correction is initiated (proactive strategy), (2) when
water diuresis occurs or overcorrection is anticipated (reac-
tive strategy), and (3) when overcorrection is reached (rescue
strategy).2>2! However, no consensus exist on the optimal
treatment for water diuresis.

Although water diuresis is the primary factor leading to
the overcorrection of hyponatremia, only few studies have
focused on it, and the actual status still needs to be
explored.?>23 Hence, in this study, we aimed to investigate
the clinical course of patients with profound hyponatremia
admitted to the intensive care unit (ICU) to clarify the
clinical characteristics of water diuresis during the treatment
of profound hyponatremia and thereby contribute to the
effective management of water diuresis.

Methods
Inclusion Criteria

This retrospective observational study was conducted at
Chubu Rosai Hospital, a tertiary hospital in Nagoya, Japan.
Patients with profound hyponatremia (s[Na] =120 mEq/L)
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admitted to the ICU between January 2014 and December
2022 were included in this study. Those without urinary
volume or biochemical data were excluded. In addition,
patients whose natural history of urinary output was un-
known owing to the proactive administration of DDAVP
before the manifestation of water diuresis were also ex-
cluded. The research protocol was developed in accordance
with the Declaration of Helsinki and was approved by the
Chubu Rosai Hospital Clinical Research Ethics Committee
(reference number 202309-03, approval date: October 30,
2023). The Committee waived the need for informed consent
as the study data were anonymized, and the patients could
not be identified individually.

Data Collection and Definition
Patient data, including demographic characteristics,
comorbidities, daily medications, causes of hyponatremia,
blood and urine test findings, urine volume (UV), treat-
ment methods for hyponatremia, and outcomes, were col-
lected by reviewing electronic health records. The severity
of comorbidities was quantified using the Charlson
Comorbidity Index (CCI).?* Symptoms of hyponatremia
were classified as moderate (nausea without vomiting,
headache, drowsiness, confusion, general weakness, and
fatigue) or severe (vomiting, seizures, and coma [Glasgow
Coma Scale score =8 points]) according to previous studies
and guidelines.10’14’25 The manifestation of water diuresis
was defined as a time point occurring when there is poly-
uria with a UV of =2 ml/kg per hour and the most recent
urinary sodium plus potassium concentration (u[Na+K])
is =50 mEq/L. s[Na] data measured immediately before
(defined as s[Nalper) and immediately after (s[Na],¢) the
manifestation of water diuresis and 6 hours after the
s[Na].s measurement (s[Na].g+6n) Were collected in this
study (Figure 1). Data on UV and u[Na+K] were also
collected at three specific times: immediately before the
manifestation of water diuresis (UVyef and u[Na+K],e), at
the time of the manifestation of water diuresis (UV,,q and
u[Na+K]q), and at the time of the s[Na],¢+¢, measure-
ment (UV g1 and u[Na+K],¢+¢n). Using Equation 2, we
also calculated electrolyte-free water clearance (EFWC) at
three points: immediately before the manifestation of wa-
ter diuresis (EFWCy¢ calculated with s[Na]per, UVper, and
u[Na+K]pef), during and immediately after the manifesta-
tion of water diuresis (EFWC,g calculated with s[Nal,g,
UV,.q4, and u[Na+K],,4), and at the time of the s[Na].¢+6n
measurement (EFWC,g.¢n calculated with s[Nalag+en,
UVageron, and u[Na+Klag i n). 1920
EFWC=UV X (1 —u[Na + K]/s[Na]) (Equation 2)
We defined acute hyponatremia as cases having a nor-
mal s[Na] within 48 hours before the diagnosis of hypo-
natremia. The appropriate correction of hyponatremia was
defined as a change in s[Na] of 4-10 mEq/L within the first
24 hours of treatment and of =18 mEq/L within the first 48
hours of treatment.”'® Overcorrection was defined as a
change in s[Na] >10 mEq/L within the first 24 hours of
treatment or >18 mEq/L within the first 48 hours of
treatment. Undercorrection was defined as a change in s
[Na] <4 mEq/L within the first 24 hours of treatment.
When s[Na] data were unavailable at exactly 24 hours of
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Figure 1. Time points and variables recorded before and after the manifestation of water diuresis. Aft, after; bef, before; EFWC, electrolyte-free
water clearance; s[Na], serum sodium concentration; u[Na+K], urinary sodium plus potassium concentration; UV, urine volume; wd, during

water diuresis.

treatment, the extrapolated values were estimated using
Equation 3.

s[Na]=Na, + [(Na, — Na,) X (24 = T,)/(Tp — T,)]
(Equation 3)

Na, indicates the s[Na] measurement immediately before
24 hours, Nay, indicates the s[Na] measurement immediately
after 24 hours, and T, and Ty, are the times when Na, and
Nay, were obtained, respectively.'® The same method was
used to extrapolate the s[Na] at 48 hours and s[Na]aft+6h-

Predictive Correction by Infusate and Fluid Loss Formula

The correction of hyponatremia was conducted using the
infusate and fluid loss formula (derived from Equation 1) in
some patients (Equation 4).25-?7

s[NaJ,=(s[Na], X TBW, + A[Na + K])/(TBW; + ATBW)
(Equation 4)

Here, s[Na]; represents the current s[Na], and s[Na],
represents the projected s[Na]. All data sources related to
Na, K, and water input/output (including infusion, urine,
eating/drinking, drainage [Na, K, and water], electrolyte
supplementation [Na and K], and insensible excretion
[water]) were collected to optimize the accuracy of s[Na],
predictions (Supplemental Figure 1). After diagnosing hypo-
natremia, spot urine samples were analyzed to estimate the
amounts of Na, K, and water excreted through the urine,
insensible excretion, and other routes. Subsequently, potential
changes in s[Na] owing to the oral or intravenous adminis-
tration of Na, K, and water were assessed. Based on these
calculations, a treatment strategy to achieve the desired cor-
rection rate was derived. Water and sodium losses owed to
sweating were typically negligible and not considered in the
calculations.?®*

Statistical Analysis

Categorical data are presented as numbers and percent-
ages, and continuous data are presented as medians and
interquartile ranges (IQRs). The Wilcoxon signed-rank sum
test was used to compare s[Na] (s[Na]pef versus s[Na].¢), UV

(UVpes versus UV,y), u[Na+K] (u[Na+K]pe versus
u[Na+K],q), and EFWC (EFWC,¢ versus EFWC,g) before
and after the manifestation of water diuresis. Assuming
nonlinear trajectories, we employed a mixed-effects model
with an unstructured variance-covariance matrix, patient-
level random effects, and spline time terms to examine
changes in s[Na], UV, and u[Na+K] over time in patients
experiencing water diuresis. Additionally, we analyzed re-
stricted cubic spline models for UV and u[Na-+K] separately
for patients administered DDAVP and those who were not
administered DDAVP within 6 hours after water diuresis
manifestation. Regarding s[Na], seven knots were placed at
equal intervals every 6 hours from —18 to +18 hours relative
to the timing of s[Na],s measurement. Similarly, for UV and
u[Na+K], five knots were placed at intervals from —12
to +12 hours relative to the manifestation of water diuresis.
Linear mixed-effects models adjusted for the covariates of
age, sex, BMI, and CCI score were used to compare the
correction rates from s[Na]pef to s|[Na].¢ and from s[Na],¢ to
s[Nal,fi+en in patients with water diuresis. All statistical
analyses were conducted using Stata 18.0 BE software (Stata
Corp., College Station, TX). A P value < 0.05 was considered
statistically significant.

Results
Patient Characteristics

Sixty patients in the ICU were diagnosed with profound
hyponatremia (s[Na] =120 mEq/L) during the study pe-
riod. After excluding two patients for whom urinary data
were unavailable and 11 who were proactively adminis-
tered DDAVP before the manifestation of water diuresis, 47
patients were included in the study. The proportion of acute
hyponatremia was 0%, and all patients were classified as
having chronic hyponatremia. Forty patients (85%) experi-
enced polyuria with UV =2 ml/kg per hour, and 30 (64%)
met the criteria for water diuresis with a u[Na+K] =50
mEq/L (Figure 2). Patients in the water diuresis group (16
females and 14 males) had a median age of 71 years (IQR,
54-83 years) and a baseline s[Na] of 111 mEq/L (IQR,
108-114 mEq/L) (Table 1). The etiologies of hyponatremia
in the water diuresis group were drug-related hyponatremia
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Patients Admitted to the ICU
January 2014-December 2022

y
60 Patients with
s[Na] <120 mEq/L

13 Patients Excluded
» 2 Missing Urine Data
11 Proactive DDAVP Use

y

47 Patients
Included

7 Patients
Urine Volume <2 ml/kg/h

40 Patients Experienced
Polyuria

10 Patients
»  Urine Volume >2 ml/kg/h
but u[Na+K] >50 mEq/L

y
30 Patients Experienced
Water Diuresis

Figure 2. Patient selection process. DDAVP, desmopressin acetate;
ICU, intensive care unit.

(n=10; 33%), primary polydipsia (n1=8; 27%), hypovolemic
hyponatremia (n1=7; 23%), SIAD (n=7; 23%), acute heart
failure (n=1; 3%), and unknown (n=2; 7%). All patients with
primary polydipsia and =50% of patients with hypovolemic
hyponatremia, drug-related hyponatremia, or SIAD devel-
oped water diuresis (Supplemental Table 1). Among pa-
tients who experienced water diuresis, the symptoms of
hyponatremia included nausea (n=8; 27%), drowsiness
(n=8; 27%), vomiting (n=6; 20%), general weakness (n=4;
13%), unsteady gait (n=4; 13%), headache (n=1; 3%), coma
(n=6; 20%), and seizure (n=2; 7%).

Blood and Urine Variables before and after Water Diuresis

The median number of measurements in the first 24 hours
was eight for s[Na] (IQR, 6-11 measurements), ten for UV
(IQR, 8-12 measurements), and six for u[Na+K] (IQR, 4-7
measurements) among patients in the water diuresis group
(Supplemental Table 2). The median time from correction
initiation to the manifestation of water diuresis was 6 hours
(IQR, 3-13 hours). Water diuresis occurred in 18 patients
(60%) within 6 hours, in 22 (73%) within 12 hours, and in 27
(90%) within 24 hours after correction initiation (Table 1).
Before the manifestation of water diuresis, the correction
methods included hypertonic saline rapid bolus infusion in
11 patients (37%), hypertonic saline slow continuous infu-
sion in nine (30%), normal saline (NS) in 17 (57%), dextrose
5% in water (D5W) in 11 (37%), and loop diuretics in two
(7%). The treatment strategies were determined through
calculations based on the infusate and fluid loss formula
in 21 patients (70%) who developed water diuresis. Before
the manifestation of water diuresis, the median s[Na],.f was
115mEq/L (IQR, 112-117 mEq/L), UV was 84 ml/h (IQR,
54-218 ml/h), u[Na+K]pes was 59.9 mEq/L (IQR, 48.6-85.8
mEq/L), and EFWCpes was 41 ml/h (IQR, 8-64 ml/h)
(Figure 3 and Table 1). After the manifestation of water
diuresis, the median s[Na],& was 119 mEq/L (IQR, 116-122
mEq/L), UV,g was 230 ml/h (IQR, 119-372 ml/h),
u[Na+K]yg was 302 mEq/L (IQR, 15.4-36.8 mEq/L),
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and EFWC,¢ was 187 ml/h (IQR, 88-317 ml/h) (Figure 3
and Table 2). After the manifestation of water diuresis, s
[Na], UV, and EFWC values were significantly higher (both
P < 0.001) and the u[Na+K] value was significantly lower
(P < 0.001) than the values before the manifestation of water
diuresis (Figure 3). The median s[Na]¢+6n was 118 mEq/L
(IQR, 114-122 mEq/L), UV sg+6n was 70 ml/h (IQR, 44-103
ml/h), u[Na+Kl,s+en was 43.8 mEq/L (IQR, 31.9-89.5
mEq/L), and EFWC,gen was 30 ml/h (IQR, 10-67 ml/h)
(Table 2).

Changes in s[Na], UV, and Urine Sodium plus Potassium
Concentration over Time

The inflection points of s[Na] were identified at —6, 0,
and +6 hours from the timing of the s[Na],¢ measurement
(Figure 4). After adjusting for age, sex, BMI, and CCI score,
the slope of s[Na] significantly decreased from 0.80+0.19
mEq/L per hour before the s[Na],¢ to —0.09+0.40 mEq/L
per hour after the s[Na],¢ measurement (P < 0.001) (Fig-
ure 5). The number of patients who received hypertonic and
NS solutions decreased over time, whereas the number of
patients who received D5W and DDAVP increased over
time. Within 6 hours after the manifestation of water di-
uresis, 29 patients (97%) received D5W and 14 (47%) re-
ceived DDAVP. Analysis of changes in urinary variables
over time indicated that increase in UV and decrease in u
[Na+K] began several hours before the peak manifestation
of water diuresis (Figure 6). Following this peak, the UV
rapidly decreased, and the u[Na+K] increased in patients
who were administered DDAVP compared with those who
were not administered DDAVP.

Treatment Outcomes of Patients with Water Diuresis

The median change in s[Na] within the first 24 hours of
treatment was 8 mEq/L (IQR, 6-9 mEq/L) and that within
the first 48 hours was 12 mEq/L (IQR, 9-15 mEq/L) among
patients who developed water diuresis (Table 2). Appropri-
ate correction was achieved in 28 patients (93%), and under-
correction and overcorrection were each observed in one
patient (3%) (Supplemental Table 2). No osmotic demyelin-
ation syndrome was noted among patients with water
diuresis.

Discussion

The investigation of the clinical course of patients with
profound hyponatremia admitted to the ICU identified
several critical clinical characteristics of water diuresis. First,
water diuresis occurred in 64% of patients with profound
hyponatremia, triggering a steep elevation in s[Na] follow-
ing increased UV and decreased u[Na+K]. Second, water
diuresis manifested within the initial 6 hours of treatment in
60% of patients and within 24 hours in 90% of patients.
Third, the increase in UV and decrease in u[Na+XK] began
several hours before the peak manifestation of water di-
uresis. Finally, the early detection of water diuresis and
prompt administration of electrolyte-free solutions and
DDAVP may contribute to appropriate correction.

In this study, among patients with water diuresis, s[Na],
UV, and u[Na+K] were measured every 3, 2.4, and 4 hours,
respectively, within the first 24 hours. Despite close
monitoring, significant changes in s[Na] were observed
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Table 1. Baseline data of patients with water diuresis

Baseline Data Water Before Water Diuresis Manifestation
. . Infusate .
; D{ures1s. and Correction ;
Eatlent N Body N » ) M;mfesl;tahon Fluid Loss {\//Iveihocl:ljs‘ unh_l N oy Natk -
0. e . s[Na . onatremia ime from ater Diuresis s[Na u[Na+
(ygr) B Wit (mgiq / ]L) BlyipenBiisia (Carse Sy{gptom Correction FO{Jmula Manifestation (n[lEq]})Iej) (ml 7 }elf) EmEq/ Ilt))ef (ml/ l’]lj)Ef
(kg) Start (h) e
1 65 Female 40.0 117 Unidentified Coma 6 - HTS (RBI), NS 119 90 51.7 51
2 70 Female 29.6 112 SIAD (vaccine stress) Nausea, headache 9 + HTS (RBI) 118 55 106.3 5
3 82 Male 59.9 107 SIAD (surgery stress) Coma 13 - HTS (SCI) 109 33 91.3 5
4 43 Male 65.0 104 Oral DDAVP Nausea 3 - D5W 105 N/A 59.4 N/A
5 92 Female 52.6 108 SIAD (stomacache) Nausea, general 5 + NS 109 270 110 -2
weakness
6 54 Male 61.4 108 Primary polydipsia Drowsiness, 3 + D5W 108 60 11.2 54
general weakness
7 61 Male 60.7 111 Primary polydipsia Seizure, coma 4 + HTS (RBI), NS, D5W 115 380 104 36
8 87 Female 43.1 114 Hypovolemic Nausea 12 + NS 115 10 14.3 9
9 55 Female 39.0 120 Primary polydipsia+ Seizure, coma 12 + HTS (RBI, SCI) 131 117 57.7 65
SNRI
10 93 Female 437 111 SIAD (rib fracture) Unsteady gait 6 + NS 112 650 86.8 146
11 51 Male 40.3 112 Unidentified Drowsiness, general 2 - HTS (SCI) 116 N/A 46.5 N/A
weakness
12 53 Male 70.6 116 Primary polydipsia+ Coma, vomiting 2 - D5W 116 N/A 49.7 N/A
thiazide
13 51 Male 60.0 111 Acute heart failure Drowsiness 6 + HTS (SCI), LD 110 182 82.7 45
14 71 Female 56.3 110 Primary polydipsia+ Drowsiness 1 + HTS (RBI, SCI) 112 N/A N/A N/A
thiazide
15 74 Male 55.0 112 SIAD (herpes zoster pain)  Vomiting 22 + NS 115 10 317 7
16 49 Female 422 113 Primary polydipsia Vomiting 1 + NS 113 N/A N/A N/A
17 66 Male 44.5 110 Hypovolemic+SNRI Drowsiness, 3 + HTS (SCI) 112 40 48.2 23
unsteady gait
18 49 Female 49.5 115 Carbamazepine Drowsiness 13 — NS, D5W 118 93 1114 5
19 84 Female 68.8 117 Oral DDAVP Unsteady gait 10 - HTS (SCI), D5W 121 100 54.7 55
20 73 Male 355 116 Thiazide Drowsiness 19 + NS, D5W 121 63 73.8 25
21 70 Female 44.0 112 Hypovolemic Coma 34 - NS 122 77 19.1 65
22 47 Male 444 99 Primary polydipsia Drowsiness 2 - NS 99 130 523 61
23 71 Male 47.4 110 Hypovolemic General weakness, 4 + NS, LD 112 400 79.6 116
fatigue
24 97 Female 37.7 107 SIAD (stomach ache) Vomiting 6 + HTS (RBI, SCI), NS 115 20 118.8 -1
25 74 Female 29.8 109 Hypovolemic Vomiting 4 + HTS (RBI), D5W 116 250 80.4 77
26 80 Female 62.2 114 Primary polydipsia Nausea, 3 + NS 115 N/A 61.2 N/A
unsteady gait
27 79 Male 53.6 103 Thiazide Nausea 40 + HTS (RBI, SCI), NS 116 77 60.5 37
28 84 Female 40.3 107 Hypovolemic+SNRI Nausea 30 + HTS (RBI), NS, D5W 117 53 56.9 27
29 84 Male 494 110 SIAD (arthralgia) Nausea 15 + HTS (RBI), NS, D5W 116 75 38 50
30 78 Female 447 108 Hypovolemic Vomiting 2 + HTS (RBI), D5W 112 230 60.3 106
Median 71 46.1 111 6 115 84 59.9 41
IQR 54-83 40.3-59.9 108-114 3-13 112-117 54-218 48.6-85.8 8-64

D5W, dextrose 5% in water; DDAVP, desmopressin acetate; EFWC, electrolyte-free water clearance; HTS, hypertonic saline; IQR, interquartile range; LD, loop diuretics; N/ A, not applicable; NS, normal saline; RBI, rapid bolus infusion;
SCI, slow continuous infusion; SIAD, syndrome of inappropriate antidiuresis; s[Na], serum sodium concentration; SNRI, serotonin noradrenaline reuptake inhibitor; u[Na+K], urinary sodium plus potassium; UV, urine volume.

6€PL  YTOT ‘199010 ‘SHL-SEPL 1S 09€AdUpIY

‘e 30 aseSeN ‘uawadeueyy erwayeuodAH punojoiqd ur suldjyeq sisaniq Jayep



| CLINICAL RESEARCH | www.kidney360.org

A
<0.001

140 } P |
130 1 ‘
=
K
w
e i ———
©
Z
@ 110 -

100 A .

before after
C
p<0.001

150 - ' i
-
5100 A
£
<
&
2 50+
’ ——

0 -
before after

<0.001
800 | P )

600 -

400 ~

200 ~

Urine Volume (mL/h)

T

before after

<0.001
800 ~ | P Y

— 600 -

400 ~

EFWC (mUL/h

200 ~

0] =

before

after

Figure 3. Comparison of s[Na], UV, u[Na+K], and EFWC before and after water diuresis. Box plots illustrating the data distributions of s[Na]
(A), UV (B), u[Na+K] (C), and EFWC (D) before and after water diuresis are shown. Each plot displays the median, IQRs (25th and 75th
percentiles), and minimum and maximum observations for each variable. Outliers are depicted as individual dots. The Wilcoxon signed-rank
sum test confirmed significant changes in all four metrics after the manifestation of water diuresis: higher s[Na], UV, and EFWC and lower

u[Na+K] (all P < 0.001). IQR, interquartile range.

before and after the manifestation of water diuresis and
accompanied by increased UV and decreased u[Na+K].
These changes indicate that water diuresis leads to the loss
of electrolyte-free water, resulting in decreased TBW and
increased s[Na]. The increased EFWC also supports this
result. In addition, the increased s[Na] may be augmented
by hypertonic or NS administration, the recommended ini-
tial treatment for hyponatremia.”'” In this study, physicians
promptly discontinued saline infusion when water diuresis
occurred. D5W was administered in 37% of the cases, even
before the onset of water diuresis. This suggests that
electrolyte-free water infusion can be used preventively to
slow the increase in s[Na] levels, even if it did not meet the
definition of water diuresis in this study. If the hypertonic or
NS administration had not been discontinued, the s[Na]
would have increased beyond the correction limit (Figure 5).
Furthermore, because water diuresis was prevalent in this
study, the initial treatment of hyponatremia with hypertonic
and NS should often be discontinued at the appropriate
time, anticipating the onset of water diuresis.

While anticipating the onset of water diuresis is challeng-
ing, the results of this study contribute to the appropriate
vigilance for water diuresis when treating profound hypo-
natremia. First, water diuresis developed within the first
6 hours in over half of the patients and within 24 hours in
all but three patients after the initiation of hyponatre-
mia correction. On admission, most patients with primary
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polydipsia (physiological electrolyte-free water excretion)
already had water diuresis. In addition, most patients with
immediately removable causes of hyponatremia (such as
hypovolemia, drugs, pain, or physical stress) developed
water diuresis within 24 hours. These findings indicate
the need for clinicians to remain vigilant during the early
phases of correction. Second, the cubic spline model for UV
and u[Na+K] revealed that urinary characteristics of water
diuresis change before the peak manifestation of water di-
uresis, highlighting the importance of careful monitoring of
urine variables to detect the onset of increased UV and
decreased u[Na+K] for the early detection of water diuresis.

In addition to early detection of water diuresis, appro-
priate interventions are crucial for effectively managing
hyponatremia. Although no standardized treatment exists
for water diuresis, electrolyte-free infusions and DDAVP are
empirically administered in patients with imminent
overcorrection.”!® DDAVP reduces water loss from the
urine by promoting water reabsorption in the collecting
ducts, decreasing the need for electrolyte-free infusions to
lower s[Na] levels.3? In this study, nearly all patients were
administered electrolyte-free infusions and half of them
were administered DDAVP promptly to counteract water
diuresis. The cubic spline model indicated that DDAVP
administration effectively reduced UV and increased
u[Na+K], even in patients with severe water diuresis.
Therefore, administering DDAVP to patients with severe



LbbL  $T0T ‘499010 ‘ShyL-SebL 1S 09€Adupry

Table 2. Variables and correction outcomes of patients with water diuresis

Baseline Date After Water Diuresis Manifestation 6 h after s[Nal,; Measurement CSIENa]
Correction anse
s[Nal.q Methods for
. Measure;nent LIS INEEEI
Patient Age Sex Time from s[Nal,¢ UVya ulNa+Klq  EFWC.  froms[Nalx  s[Nalagren  UVaron  ulNatKlagren  EFWGagion 541 4gh
No. (yr) Water Diuresis (mEq/L) (ml/h) (mEq/L) (ml/h) Measurement (mEq/L) (ml/h) (mEq/L) (ml/h)
Manifestation (h)

1 65 Female 1 123 180 14.7 158 DDAVP, D5W 122 12 53.9 7 9 15
2 70 Female 2 121 113 34.9 80 DDAVP, D5W 117 29 101.2 4 6 10
3 82 Male 6 119 243 8.5 226 D5W 116 50 314 36 9 15
4 43 Male 2 106 220 13.7 192 D5W 110 135 14.2 118 9 15
5 92 Female 1 112 640 46.5 374 DDAVP, D5W 114 110 99.9 14 4 5
6 54 Male 1 112 520 10.1 473 D5W 113 300 7.7 280 6 10
7 61 Male 6 122 450 31.8 333 D5W 121 44 93.2 10 7 13
8 87 Female 4 119 220 13.9 194 D5W 123 83 137.7 -10 10 12
9 55 Female 1 133 217 36.6 157 DDAVP, D5W 127 80 139.6 -8 10 16
10 93 Female 5 124 370 19.6 312 DDAVP, D5W 115 73 88.2 17 0 3
11 51 Male 1 119 100 222 81 D5W 121 93 71.2 38 10 14
12 53 Male 12 135 300 20.5 254 D5W 134 155 39 110 17 19
13 51 Male 4 116 379 15.1 330 D5W 116 117 9.8 107 10 8
14 71 Female 1 117 400 15.5 347 DDAVP, D5W 114 160 36.8 108 10 12
15 74 Male 1 116 230 39.1 152 NS 120 90 343 64 6 9
16 49 Female 1 123 150 10.1 138 DDAVP, D5W 122 38 13 34 8 17
17 66 Male 1 116 120 30.9 88 D5W 114 14 349 10 5 9
18 49 Female 2 121 117 243 94 D5W 121 47 453 29 6 15
19 84 Female 2 126 250 29.5 191 DDAVP, D5W 123 43 113.6 3 8 9
20 73 Male 2 122 115 32 85 D5wW 123 63 32 47 6 9
21 70 Female 6 124 100 16.7 87 D5W 126 50 33.8 37 5 14
22 47 Male 1 107 660 423 399 DDAVP, D5W 105 399 42.3 238 5 8
23 71 Male 1 113 700 46.6 411 DDAVP, D5W 114 40 294 30 8 10
24 97 Female 2 116 250 30.9 183 DDAVP, D5W 113 77 170.3 -39 6 12
25 74 Female 1 117 320 31.7 233 DDAVP, D5W 118 70 65.7 31 9 18
26 80 Female 2 118 240 21.9 195 DDAVP, D5W 119 50 50.7 29 5 12
27 79 Male 2 119 133 49.3 78 D5W 115 70 80.3 21 6 13
28 84 Female 2 120 100 32.2 73 D5W 123 60 66.6 28 10 18
29 84 Male 2 117 100 46.7 60 D5W 118 100 30.8 74 8 10
30 78 Female 2 107 230 37.2 150 DDAVP, D5W 112 41 389 27 8 13
Median 71 3 119 230 30.2 187 118 70 43.8 30 8 12
IOR 54-83 2-4 116-122 119-372 15.4-36.8 88-317 114-122 44-103 31.9-89.5 10-67 6-9 9-15

D5W, dextrose 5% in water; DDAVP, desmopressin acetate; EFWC, electrolyte-free water clearance; IQR, interquartile range; NS, normal saline; s[Na], serum sodium concentration; u[Na+K], urinary

sodium plus potassium concentration; UV, urine volume.
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Figure 4. Changes in s[Na] over time after the s[Na].s measurement. A restricted cubic spline model was used to depict changes in s[Nal]
levels over time in patients who experienced water diuresis. The solid curve represents the predicted trajectory of s[Na], while the
surrounding shaded area indicates its 95% confidence interval. s[Nal.q, serum sodium concentration immediately after manifestation of

water diuresis.

water diuresis is reasonable to reduce the reliance on high-
dose electrolyte-free infusions.

In addition, the infusate and fluid loss formula was used
to determine the optimal therapy in most patients consid-
ering Na, K, and water input/outputs such as urine,
eating/drinking, and extrarenal losses. While the com-
monly used infusate formula provides a convenient pre-
diction of the change in s[Na] owed to infusion,3'32 it
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115

Pre [Na], Measurement

tends to significantly underestimate s[Na] changes in pa-
tients experiencing water diuresis. This is because it does
not consider the effect of the electrolyte-free water loss
owing to water diuresis.'>33 By contrast, the infusate and
fluid loss formula allows for the adjustment of treatment
according to variations in the UV and u[Na+K] when
water diuresis occurs, potentially minimizing the risk of
overcorrection.1225
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Number of Patients

HTS 6 9 7
NS 7 8 10
No Infusion 1 2 2
D5W 5 7 11
DDAVP 0 0 1

3 0 0 0
7 3 2 1
1 1 0 0
19 26 28 29
2 11 13 14

Figure 5. Changes in s[Na] over time and correction method used. Linear mixed-effects models were used to depict the changes in the s[Nal]
levels over time in patients who experienced water diuresis. This figure shows the predicted trajectory of s[Na] (solid line) and the 95%
confidence interval (shaded area). The dashed red line illustrates a hypothetical trajectory based on that before the s[Nal,« measurements. The
table below the graph shows the number of patients who underwent each correction method at each time point. HTS, hypertonic saline; NS,

normal saline.
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95% confidence interval.

This study had some limitations. First, it was a retro-
spective, single-center analysis, warranting caution when
extrapolating the findings to diverse settings. Specifically,
the impact of water diuresis on s[Na] may be more pro-
nounced in settings where monitoring is less frequent,
delaying the recognition of water diuresis. Second, the
small sample size of this study limited the statistical power
to identify significant outcomes. In particular, overcorrec-
tion was present in only one patient with water diuresis,
making it difficult to perform additional analyses, such as
computing a cutoff or predicting overcorrection based on
an apparent change in u[Na+K]. Third, the diagnosis of
hyponatremia and ICU admission did not occur concur-
rently, and UV data during the initial hours of admission
were unavailable for some patients. We may have missed
the manifestations of water diuresis during that period.
Fourth, the time points for measuring blood and urine
parameters were not standardized, so the measurement
intervals varied from case to case. Finally, although this
study defined water diuresis as a UV of =2 ml/kg per
hour and u[Na+K] of =50 mEq/L, there is no universal
standard. In this study, we incorporated UV and u[Na+K]
in the definition of water diuresis because they influence
changes in s[Na] caused by urine.!®3* Regarding UV, in
this study, UV per body weight was used to account for
differences in the effect of body size on s[Na].'® Although
some experts define a UV of =100 ml/h as water
diuresis, 017 all manifestations of water diuresis in this
study exceeded this threshold. For u[Na+K], the threshold
of a u[Na+K] of =50 mEq/L was selected because s[Na]
tends to increase when u[Na+K] is less than half the s
[Na].'*** This study also showed that relaxing the u
[Na+K] threshold to 75 or 100 mEq/L may result in a
smaller rate of increase in s[Na] from s[Na]pes to s[Na].g
(0.74+0.22 mEq/L per hour for a u[Na+K] of =75 mEq/L
and 0.64+0.23 mEq/L per hour for a u[Na+K] of

=100 mEq/L, respectively). There is no consensus on
these thresholds, which may change with future findings.

In conclusion, this study highlights the characteristics of
patients with water diuresis during the treatment of pro-
found hyponatremia in the ICU. Water diuresis is common
in patients with profound hyponatremia, leading to a rapid
elevation in s[Na] levels following increased UV and de-
creased u[Na+K]. Water diuresis typically manifests within
the first 24 hours of treatment and is preceded by the onset of
changes in urinary characteristics. Early detection of water
diuresis via monitoring urinary characteristics during the
early periods of hyponatremia treatment and prompt ad-
ministration of electrolyte-free infusions and desmopressin
may contribute to the effective management of water di-
uresis. Future multicenter studies involving larger sample
sizes are required to validate and further refine the findings
of this study.
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