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ABSTRACT 

Background. The optimal treatment for profound hyponatraemia remains uncertain. Recent clinical studies have 
demonstrated that a standardized bolus of hypertonic saline is effective, but relying solely on this approach may not 
fully address the individual variability of hyponatraemia among patients. We evaluated the effectiveness of rapid bolus 
( RB) administration of hypertonic saline followed by predictive correction ( PC) using an infusate and fluid loss formula 
identical to the Barsoum–Levine formula based on the Edelman equation ( RB-PC) for managing profound hyponatraemia. 
Methods. In this retrospective observational cohort study, we evaluated 276 patients aged > 18 years with s[Na] levels 
≤120 mEq/L ( January 2014–December 2023) . Using propensity score matching ( PSM) , we assessed s[Na] elevations at 6 h 

post-treatment initiation and the rate of appropriate hyponatraemia correction between the RB-PC and PC groups. We 
defined the appropriate correction as a change in s[Na] in the range of 4–10 mEq/L within the first 24 h and ≤18 mEq/L 
within the first 48 h following corrective treatment initiation. 
Results. Among 276 patients with profound hyponatraemia ( s[Na] ≤120 mEq/L) , 49 and 108 underwent treatment with 

RB-PC therapy and with PC therapy without RB, respectively. Post-PSM, 84 patients were selected and allocated to the 
RB-PC ( n = 42) or PC group ( n = 42) . In PSM analysis, patients with RB-PC experienced a higher elevation in s[Na] at 6 h 

after treatment initiation than PC ( 4.0 vs 2.4 mEq/L, P < 0.001) . The rate of appropriate correction was similar between 

the RB-PC and PC groups ( 90.5% vs 90.5%, P = 1) . 
Conclusions. RB-PC can quickly elevate s[Na] levels and achieve appropriate correction of s[Na] in patients with 

profound hyponatraemia. 
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Conclusion: PC following RB is effective in quickly elevating s[Na] levels
and achieving appropriate correction of s[Na] in patients with profound
hyponatraemia. 

Correction of profound hyponatraemia following rapid
bolus therapy: effectiveness of the Barsoum–Levine formula
based on the Edelman equation

The best correction method for profound hyponatraemia remains unclear. We investigated the utility of treatment by combining rapid 
bolus administration of hypertonic saline and predictive correction with the Barsoum–Levine formula based on the Edelman equation.

Methods Results
Retrospective observational study
A tertiary care hospital in Japan

276 patients with s[Na] ≤120 mEq/L
treated by kidney specialists

Rapid bolus therapy (RB):
Bolus dose of 100 ml 3% NaCl
solution at the initiation of treatment

Predictive correction (PC):
Calculations by an infusate and fluid loss
formula based on the Edelman equation
to determine the treatment method

s[Na] elevation in 6 hours
Appropriate correction: 
4–10 mEq/L/24h and ≤ 18 mEq/L/48h

Propensity score matchingPC following RB: 49 patients
PC without RB: 108 patients

PC following RB: 42 patients
PC without RB: 42 patients

PC following RB

PC without RB

Appropriate
correction

s[Na] elevation
in 6 hours

90.5%
(38/42)

2.4 mEq/L
(± 2.0)

7.1%
(3/42)

9.5%
(4/42)

2.4%
(1/42)

0%
(0/42)

p = 1p = 1 p = 1p < 0.001

90.5%
(38/42)

4.0 mEq/L
(± 2.1)

Under-
correction

Over-
correction

Keywords: Barsoum–Levine formula, Edelman’s equation, hyponatraemia, predictive correction, rapid bolus therapy of 
hypertonic saline 

KEY LEARNING POINTS 

What was known: 

• The safest and most effective approach to management for profound hyponatraemia remains a challenge.
• Rapid bolus ( RB) administration of hypertonic saline effectively increases s[Na] by 4–6 mEq/L within a few hours, reduces 

intracranial pressure, and reverses imminent brain herniation.

This study adds: 

• The combined therapy of RB and a predictive correction ( PC) approach, using an infusate and fluid loss formula identical 
to the Barsoum–Levine formula based on the Edelman equation ( RB-PC) , facilitated a rapid increase in s[Na] and allowed 
subsequent fine-tuning of s[Na] within an appropriate correction range.

Potential impact: 

• RB-PC quickly elevates s[Na] levels and achieves appropriate correction in patients with profound hyponatraemia.
• Applying RB-PC may offer flexibility in adhering to any treatment recommendation and enable precise adjustment of s[Na] 

to fall within the desired ranges.
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NTRODUCTION 

yponatraemia, defined as serum sodium ( s[Na]) concentration 
 135 mEq/L, affects 30%–42% of hospitalized patients [1 , 2 ].
rofound hyponatraemia ( s[Na] ≤120 mEq/L) can lead to 
ife-threatening cerebral oedema and mortality, necessitating 
rompt intervention to elevate s[Na] [3 –6 ]. Evidence suggests 
hat increasing s[Na] by < 3–4 mEq/L within 24 h might be linked 
r
o higher mortality in acute or postoperative hyponatraemia 
7 , 8 ], leading expert guidelines to recommend a minimum in- 
rease of ≥4 mEq/L within the first 24 h, even in chronic cases
9 ]. However, excessively rapid correction can result in osmotic 
emyelination syndrome ( ODS) , a serious neurological condi- 
ion [10 –13 ]. Consequently, the guidelines advise limiting s[Na] 
ncreases to 10–12 and 18 mEq/L within the first 24 and 48 h,
espectively [9 , 14 ]. 
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In treating hyponatraemia with moderate and severe symp- 
oms, the guidelines recommended rapid bolus ( RB) infusion 
f hypertonic saline to increase s[Na] by 4–6 mEq/L within a
ew hours to reduce intracranial pressure and reverse imminent 
rain herniation [9 , 14 , 15 ]. However, when RB was administered
or the treatment of symptomatic hyponatraemia, overcorrec- 
ion occurred in 17.2%, and re-lowering therapy for s[Na] was
equired in 28.0%–41.4% of cases [16 , 17 ]. Thus, determining the
afest and most effective approach for profound hyponatraemia 
reatment remains challenging. 

Recently, our retrospective observational study demon- 
trated the effectiveness of using an infusate and fluid loss for-
ula based on the Edelman equation [predictive correction ( PC) ] 

o correct s[Na] levels predictively in managing profound hy- 
onatraemia [18 ]. This approach utilizes Equation ( 1 ) to forecast 
uture s[Na] ( serum [Na]2 ) : 

serum [ Na ] 2 

= (serum [ Na ] 1 × TB W1 + � [ Na + K ] ) / ( TB W1 + �TBW ) ( 1) 

here serum [Na]1 is current s[Na], TBW1 is current total body 
ater, and K is potassium. 
This formula is based on the original Edelman formula ( 2 )

19 ], and a simplified version of the formula is proposed for more
onvenient use in clinical practice ( 3 ) [20 ]. Nae and Ke represent
xchangeble Na and K, respectively. 

[ Na ] in plasma water = 1 . 11 ( Nae + Ke ) /TBW –25 . 6 ( 2) 

serum [ Na ] = ( Nae + Ke ) /TBW ( 3) 

e applied Equation ( 1 ) , incorporating a broad range of data
n Na, K, and water inputs and outputs to optimize the accu-
acy of serum[Na]2 predictions. This formula is identical to the 
arsoum–Levine formula and is considered helpful for manag- 
ng significant fluid losses during hyponatraemia treatment [5 ,
8 , 21 , 22 ]. 

Considering the above, we hypothesized that combining 
B with a PC using an infusate and fluid loss formula based
n the Edelman equation ( RB-PC) could theoretically facilitate 
 rapid increase in s[Na] and allow subsequent fine-tuning 
ithin an appropriate correction range. We aimed to evaluate 
he effectiveness of the RB-PC approach in managing profound 
yponatraemia. 

ATERIALS AND METHODS 

nclusion criteria, definition of appropriate correction, 
nd outcome 

his was a single-centre, retrospective study conducted at a ter-
iary hospital in Nagoya, Japan, from January 2014 to December 
023. The study protocol was designed following the Helsinki 
eclaration and approved by the Clinical Research Ethics Com- 
ittee of Chubu Rosai Hospital ( reference no. 202401-01, ap- 
roved on 8 January 2024) . As the study data were anonymized
efore use and did not lead to patient identification, the require-
ent for informed consent was waived by the ethics committee.
We included adults aged > 18 years with a s[Na] level

120 mEq/L treated by kidney specialists. We excluded individ- 
als with no available data pertaining to s[Na] within 12 h of
he 24- and/or 48-h time points after corrective treatment initi-
tion because the appropriateness of s[Na] correction could not 
e determined for these patients. Furthermore, we excluded pa- 
ients with apparent acute hyponatraemia ( onset within 48 h 
f admission) , patients with serum glucose levels > 400 mg/dL
n admission, and those with hypertriglyceridaemia presenting 
ith pseudohyponatraemia. Following previous guidelines, we 
efined appropriate correction as a change in s[Na] in the 4–
0 mEq/L range in the first 24 h and within 18 mEq/L in the first
8 h after corrective treatment initiation [9 , 14 ]. Overcorrection
as defined as an increase in s[Na] levels > 10 mEq/L within 24 h
r > 18 mEq/L within 48 h. Undercorrection was defined as an
ncrease in s[Na] levels < 4 mEq/L within the first 24 h. 

The primary analysis compared the rate of elevation of s[Na]
t 6 h after corrective treatment initiation in patients with s[Na]
evel ≤120 mEq/L between the RB-PC and PC groups. Another
rimary analysis compared the achievement of the appropri-
te correction of s[Na] in patients with s[Na] level ≤120 mEq/L
etween the two treatment groups. 

nfusion protocols 

redictive correction using an infusate and fluid loss formula 
ased on the Edelman equation 

t our institution, although the final choice of treatment was
t the discretion of each kidney specialist, many patients with
rofound hyponatraemia were treated using PC ( Equation 1 )
 Supplementary Fig. S1) [18 ]. 

In Equation ( 1 ) , serum[Na]1 represents the current s[Na],
hile serum[Na]2 represents the future s[Na]. We collected data
n the input and output of Na, K, and water ( including infu-
ion, urine, food, and drink [Na and water], electrolyte reple-
ion [Na and K], insensible evaporation [water], and drainage [Na
nd water]) to optimize the accuracy of serum[Na]2 predictions 
ia Equation 1 . Total body water ( in litres) was estimated as a
raction of body weight: 0.6 for non-elderly men, 0.5 for non-
lderly women, 0.5 for elderly men, and 0.45 for elderly women
14 ]. To predict the future urine output of Na, K, and water, we
sed data from the most recent time point for urine Na ( u[Na]) ,
rine K ( u[K]) , and the amount of urine flow, as we also concur-
ently performed spot urine tests for each blood test. In cases of
udden and substantial diuresis or rapid increase in s[Na], hy-
otonic solution and/or desmopressin were administered at the
hysicians’ discretion to prevent overcorrection. For fluid infu-
ion treatment, we administered various solutions, including 3%
odium chloride solution, saline, and 5% dextrose solution, aim-
ng to achieve the targeted correction range of s[Na] based on
redictive calculations ( Supplementary Fig. S1) . 

apid bolus with a predictive correction using an infusate and 
uid loss formula based on the Edelman equation 

irst, patients underwent more than one 100-mL bolus infusion
f 3% sodium chloride solution over 15 min to achieve a target
apid increase in s[Na] of 4–6 mEq/L. After administering RB of
% sodium chloride solution, a PC protocol was conducted for
uture s[Na] predictions ( Supplementary Fig. S1) ( Equation 1 ) .
o clarify the exact procedure, we provided a detailed exam-
le of an individual patient, outlining the specific measure-
ents, calculations, and treatments administered throughout 

he intervention for profound hyponatraemia ( Supplementary
ig. S2) . We administered hypertonic sodium chloride so- 
utions in both protocols through a peripheral intravenous
annula. 

ata collection 

atient data were collected by reviewing electronic medical
ecords. Demographic data included age, sex, onset setting

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae402#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae402#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae402#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae402#supplementary-data
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f profound hyponatraemia ( community-onset or otherwise) ,
MI, body weight, blood pressure, and comorbidities ( congestive 
eart failure, cerebrovascular disease, dementia, diabetes,
hronic kidney disease, chronic liver disease, alcohol abuse, de- 
ression, schizophrenia, and solid tumour) . Additionally, the 
nalysis encompassed the cause of hyponatraemia ( primary 
olydipsia, hypovolaemia, syndrome of inappropriate antidiure- 
is, adrenal insufficiency, drug-induced hyponatraemia, heart 
ailure, and unknown reason) , daily medication usage ( thiazide 
nd loop diuretics, aldosterone antagonists, non-steroidal anti- 
nflammatory drugs, selective serotonin reuptake inhibitors,
ntiseizure drugs, and antipsychotic drugs) , and the location 
ithin the in-patient ward. We diagnosed the syndrome of in- 
ppropriate antidiuresis based on the criteria described in previ- 
us studies [9 , 16 ]. Comorbidity severity was recorded according 
o the Charlson Comorbidity Index ( CCI) [23 ]. Upon admission,
he patient’s laboratory evaluations included s[Na], s[K], creati- 
ine levels, estimated glomerular filtration rate, uric acid con- 
entration, albumin levels, and glucose levels; both serum and 
rine osmolality, u[Na], and u[K] were meticulously analysed.
ymptomatic or asymptomatic status was recorded. Symptoms 
f hyponatraemia were further categorized as moderate ( nausea 
ithout vomiting, headache, drowsiness, confusion, general 
eakness, and malaise) or severe [vomiting, seizure, and coma 

 Glasgow Coma Scale score ≤8 points) ] following previous stud- 
es and guidelines [9 , 16 , 18 ]. We also collected data regarding 
he correction methods ( isotonic saline, hypertonic saline con- 
inuous infusion, number of RB administrations, electrolyte re- 
letion [sodium and potassium], loop diuretics, vaptans, desmo- 
ressin, re-lowering treatment of s[Na] when the correction lim- 
ts were exceeded, and number of measurements of u[Na] dur- 
ng the first 48 h) and outcomes ( appropriate correction, under- 
orrection, overcorrection, the rate of s[Na] elevations at 6, 24,
r 48 h after treatment initiation, development of abrupt di- 
resis ( > 2 mL/kg/h) , u[Na] + u[K] levels during abrupt diuresis 
 categorized as < 50, 50–100, or > 100 mEq/L) , length of hospital 
tay, incidence of ODS, and mortality in the hospital) . If there 
as no exact value of s[Na] at 6, 24, or 48 h, we estimated the
[Na] levels as the extrapolation numbers using the formula uti- 
ized in a previous study [18 ]. We could not present the data for 
brupt diuresis and increase of s[Na] at 6 h in the patients man- 
ged by non-kidney specialists due to missing > 80% of the data.

tatistical analysis 

ategorical data are presented as total numbers ( percentages) 
nd were analysed using the χ2 test or Fisher’s exact test, as 
ppropriate. Continuous data are presented as means ( standard 
eviations) and were analysed using the Mann–Whitney U test. 
As the allocation to RB-PC or PC was not random, we devel- 

ped multinomial propensity scores for the probability of any 
atient receiving each treatment. Variables used to develop the 
ropensity score model were age, sex, CCI, symptoms associ- 
ted with hyponatraemia, severity of symptoms due to hypona- 
raemia ( severe or moderate) , s[Na], and u[Na]. The predicted 
robability of preprocedural RB-PC was calculated by fitting a lo- 
istic regression model. Confounders were chosen based on clin- 
cal knowledge for their potential association with the outcome 
f interest. We performed one-to-one propensity score match- 
ng ( PSM) comparing the RB-PC and PC groups. The matching 
as accomplished through nearest-neighbour matching with- 
ut replacement, relying on each patient’s estimated propen- 
ity scores [24 ]. Propensity scores were matched with a calliper 
idth set at 0.15 logit of standard deviation, ensuring a refined 
lignment of comparable cases. After matching, standardized 
ifferences in covariate imbalances were presented to assess 
he effectiveness and adequacy of the matching process. Sub- 
equently, matched patient demographics were displayed and 
ompared between the RB-PC and PC groups using the Mann–
hitney U test for continuous variables and the χ2 or Fisher’s 

xact test for categorical variables. For further confirmation of 
he treatment effect of RB-PC, we conducted a multiple linear 
egression analysis ( forced entry model) to evaluate the associ- 
tion of RB-PC with s[Na] elevation at 6 h post-treatment, with 
djustment for propensity scores based on the same covariates 
s those used in the PSM analysis. We also conducted a logis-
ic regression analysis to evaluate the effect of RB-PC on the 
ate of appropriate correction, with an adjustment for propen- 
ity scores based on the same covariates as those used in the 
SM analysis. 

Assuming non-linear trajectories, we employed a mixed- 
ffects model with an unstructured variance–covariance matrix,
atient-level random effects, and spline time terms to examine 
he elevation in s[Na] over time in the RB-PC and PC groups.
ll statistical analyses were performed using SPSS Statistics 
 version 22; IBM Japan, Tokyo, Japan) and Stata 18.0 BE ( Stata 
orp., College Station, TX, USA) . 

ESULTS 

atient characteristics of RB-PC and PC groups 

mong 383 patients with profound hyponatraemia ( s[Na] 
120 mEq/L) admitted between 2014 and 2023, 276 ( 72%) were 
reated by kidney specialists. Within this cohort, 49 underwent 
reatment with RB-PC therapy, whereas 108 received PC ther- 
py without RB for their hyponatraemia; these patients were in- 
luded in the primary analysis ( Fig. 1 ) . 

Table 1 shows the baseline characteristics of all patients un- 
ergoing RB-PC and PC. Post-PSM, 84 patients were selected and 
llocated to either the RB-PC ( n = 42) or PC group ( n = 42) ( Table 1 ) .
fter PSM, baseline covariates were relatively comparable be- 
ween the two groups ( Supplementary Table S1) and the groups 
xhibited similar baseline characteristics ( Table 1 ) . 

reatment outcomes of RB-PC and PC groups 

n PSM analysis, patients who underwent RB-PC experienced a 
igher elevation in s[Na] at 6 h after treatment initiation than 
id those who underwent PC ( 4.0 vs 2.4 mEq/L, P < 0.001) ( Table 2 ,
ig. 2 a) . The rate of appropriate correction, undercorrection, and 
vercorrection of profound hyponatraemia in patients with RB- 
C was compatible with those for PC ( 90.5% vs 90.5%, P = 1 for
ppropriate correction; 7.1% vs 9.5%, P = 1 for undercorrection; 
.4% vs 0%, P = 1 for overcorrection) ( Table 2 , Fig. 2 b) . Restricted
ubic spline models for s[Na] elevation from baseline indicated 
he rapid elevation of s[Na] in the early stages of treatment in
he RB-PC group compared with the PC group, and a gradual and 
teady rise succeeded this initial increase in s[Na] levels in both 
roups ( Fig. 2 c) . The mean frequency of hypertonic saline infu- 
ions in the RB-PC group was 1.1 times. The RB-PC group more 
ften received desmopressin treatment ( 54.8% vs 26.2%, P = 0.01) 
nd underwent measurements of u[Na] during the initial 48-h 
eriod ( 9.1 vs 7.7 times, P = 0.01) ( Table 3 ) . The exact cumulative 
mount of infusion administered could not be determined from 

he medical records in either group. Although the frequency of 
e-lowering treatment was higher in the RB-PC group than in the 
C group, the difference was not statistically significant ( 14.3% 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae402#supplementary-data
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276 patients with serum sodium concentration 120 mEq/L treated by kidney specialists 

119 Without predictive correction
 2 underwent bolus infusion of hypertonic saline
 16 underwent continuous infusion of hypertonic saline

49 Rapid bolus + predictive correction therapy 108 Predictive correction monotherapy

All patients aged 18 admitted between January 2014 and December 2023

157 Included

1:1 Propensity score matching

42 Rapid bolus + predictive correction therapy 42 predictive correction monotherapy

383 patients with serum sodium concentration 120 mEq/L

Figure 1: Patient selection process and the subsequent categorization. 
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s 2.4%, P = 0.11) . In the PSM pairs, abrupt diuresis was observed
n 31 ( 73.8%) and 30 ( 71.4%) patients who underwent RB-PC and 
C, respectively. 

Using multiple linear regression analysis, we confirmed that 
he application of RB-PC was a significant predictor of an eleva-
ion in s[Na] at 6 h after treatment initiation ( β= 1.68 mEq/L; 95%
onfidence interval 0.86–2.50; P < 0.001) ( Table 3 ) . Conversely,
chievement of appropriate correction was comparable between 
he two groups ( odds ratio 1.20; 95% confidence interval 0.39–
.74; P = 0.58) . 

atient characteristics and treatment outcomes of 
roups not receiving RB-PC or PC therapy 

upplementary Table S2 pr esents the patient characteristics and 
reatment outcomes for the entire cohort in this study. The pa-
ient characteristics of the RB-PC and PC groups showed base-
ine differences compared with patients who were managed by 
idney specialists with no PC and all patients under the care
f non-kidney specialists, particularly in terms of the severity 
f hyponatraemia and CCI scores ( Supplementary Table S2) . Ad- 
itionally, the rate of appropriate correction for hyponatraemia 
as higher in the RB-PC and PC groups compared with patients
anaged by kidney specialists with no PC and those managed by
on-kidney specialists. Conversely, in-hospital mortality rates 
ere lower in the RB-PC and PC groups. 

ISCUSSION 

his retrospective, exploratory study was the first to assess the
ffectiveness of a combined treatment approach using RB-PC for 
wiftly elevating s[Na] and achieving appropriate correction in 
atients with profound hyponatraemia. In the group undergoing 
B-PC therapy, the increase in s[Na] levels at 6 h post-treatment
nitiation was significantly higher than that in the PC group ( 4.0
s 2.4 mEq/L, P < 0.001) . The incidence of appropriate corrections
 90.5%) was comparable to that of the group receiving only PC
 90.5%) , as determined through PSM. 
In our study, 6 h after initiating treatment for profound hy-
onatraemia, the mean s[Na] increase was 4.0 mEq/L in the
B-PC group, which was significantly higher than that in the
C group. This extent of s[Na] elevation with RB-PC fell within
he target increase of 4–6 mEq/L, as recommended by Ameri-
an and European guidelines [9 , 14 ]. However, we could not track
hanges in symptoms and Glasgow Coma Scale scores during
[Na] elevation, leaving the adequacy of our RB therapy ( mean
f 1.1 administrations) for hyponatraemia treatment unresolved 
15 , 25 , 26 ]. Additionally, our study’s patient cohort had a mean
eight of 48.1 kg, notably less than the 57–73 kg range of patients

n prior studies on the treatment of hyponatraemia [16 , 27 ]. The
ariation in weight among individuals could potentially surpass
he initial target range of 4–6 mEq/L elevation in s[Na], especially
ithin our patient cohort if additional RB therapy were intro-
uced. Subsequent investigations should focus on determining 
he optimal dosage of RB for the initial treatment of profound
yponatraemia. 
The strength of our treatment protocol is that there was only

ne overcorrection in the RB-PC group. The PC method is advan-
ageous in incorporating a fluid loss formula, monitoring urine
olume, and facilitating a quick response to the development of
ubstantial diuresis. In developing marked diuresis, we can ad-
ust the volume and concentration of fluid with the PC formula
o achieve the desired s[Na] in the future while administering
ypotonic fluid and/or desmopressin. Intriguingly, abrupt diure- 
is ( > 2 mL/kg/h) was observed in 73.8% of patients in the RB-PC
roup and 71.4% of those in the PC group in the PSM pairs within
8 h after treatment initiation for hyponatraemia. Additionally,
e observed a broad range in u[Na] + u[K] concentrations ( 42.9%
f patients with < 50 mEq/L, 19.0% of patients with 50–100 mEq/L,
nd 11.9% of patients with > 100 mEq/L in the RB-PC group) , dur-
ng the episodes of abrupt diuresis. While abrupt diuresis could
ccur due to antidiuretic hormone suppression following infu-
ion therapy for profound hyponatraemia, our findings indicate
hat abrupt diuresis does not necessarily equate to ‘water di-
resis’. Therefore, we should consider urine volume and com-
osition when devising infusion strategies. Although the appli-
ations of desmopressin and frequent measurements of u[Na]

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae402#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae402#supplementary-data
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Table 1: Baseline characteristics of predictive correction following rapid bolus infusion of hypertonic saline and predictive correction monother- 
apy groups with s[Na] ≤120 mEq/L in the entire cohort of patients and the propensity score-matched pairs. 

Entire patients Propensity score matching pairs 

Parameter 

Rapid 
bolus + predictive 

correction, 
n = 49 

Predictive 
correction, 
n = 108 

Rapid 
bolus + predictive 

correction, 
n = 42 

Predictive 
correction, 
n = 42 P value 

Age, years, mean ( SD) 75.8 ( 11.4) 76.9 ( 12.0) 76.6 ( 11.1) 76.9 ( 13.4) 0 .69 
Women, n ( %) 25 ( 51.0) 54 ( 50.0) 22 ( 52.4) 24 ( 57.1) 0 .66 
Community onset, n ( %) 38 ( 77.6) 74 ( 68.5) 34 ( 81.0) 31 ( 73.8) 0 .43 
Body mass index, kg/m2 , mean ( SD) 18.8 ( 6.5) 19.6 ( 3.5) 19.4 ( 4.1) 19.6 ( 6.2) 0 .85 
Body weight, kg, mean ( SD) 47.8 ( 12.0) 47.6 ( 9.9) 48.0 ( 12.3) 46.4 ( 10.3) 0 .81 
Systolic BP, mmHg mean ( SD) 145.3 ( 31.6) 141.4 ( 27.4) 146.7 ( 32.8) 139.8 ( 30.5) 0 .32 
Diastolic BP, mmHg mean ( SD) 81.0 ( 20.3) 78.3 ( 17.4) 83.2 ( 20.2) 75.5 ( 14.6) 0 .07 
Symptomatic ( %) 45 ( 91.8) 79 ( 73.1) 38 ( 90.5) 37 ( 88.1) 1 
Severe symptoms ( %) 26 ( 53.1) 27 ( 25.0) 20 ( 47.6) 20 ( 47.6) 1 
Moderate symptoms ( %) 19 ( 38.8) 51 ( 47.2) 18 ( 42.9) 17 ( 40.5) 0 .83 
Comorbidities, n ( %) 
Congestive heart failure 4 ( 8.2) 14 ( 13.0) 4 ( 9.5) 5 ( 11.9) 1 
Cerebrovascular disease 0 ( 0) 8 ( 7.4) 0 ( 0) 2 ( 4.8) 0 .15 
Dementia 4 ( 8.2) 9 ( 8.3) 3 ( 7.1) 4 ( 9.5) 1 
Diabetes 10 ( 20.4) 26 ( 24.1) 9 ( 21.4) 9 ( 21.4) 1 
Chronic kidney disease 7 ( 14.3) 12 ( 11.1) 6 ( 14.3) 4 ( 9.5) 0 .74 
Chronic liver disease 3 ( 6.1) 2 ( 1.9) 1 ( 2.4) 1 ( 2.4) 1 
Solid tumour 9 ( 18.4) 16 ( 14.8) 9 ( 21.4) 4 ( 9.5) 0 .23 
Alcohol abuse 3 ( 6.1) 2 ( 1.9) 2 ( 4.8) 0 ( 0) 0 .49 
Depression 7 ( 14.3) 3 ( 2.8) 7 ( 16.7) 2 ( 4.8) 0 .16 
Schizophrenia 1 ( 2.0) 3 ( 2.8) 1 ( 2.4) 1 ( 2.4) 1 

Charlson comorbidity index 
Score, mean ( SD) 1.2 ( 1.6) 1.6 ( 1.8) 1.3 ( 1.7) 1.0 ( 1.3) 0 .75 
0, n ( %) 22 ( 44.9) 38 ( 35.2) 19 ( 45.2) 19 ( 45.2) 1 
1, n ( %) 11 ( 22.4) 23 ( 21.3) 9 ( 21.4) 10 ( 23.8) 0 .79 
2, n ( %) 8 ( 16.3) 23 ( 21.3) 6 ( 14.3) 8 ( 19.0) 0 .56 
� 3, n ( %) 8 ( 16.3) 24 ( 22.2) 8 ( 19.0) 5 ( 11.9) 0 .55 

Cause of hyponatraemia, n ( %) 
Primary polydipsia 2 ( 4.1) 6 ( 5.6) 1 ( 2.4) 4 ( 9.5) 0 .30 
Hypovolaemic 5 ( 10.2) 38 ( 35.2) 5 ( 11.9) 13 ( 31.0) 0 .06 
SIAD 19 ( 38.8) 53 ( 49.1) 16 ( 38.1) 21 ( 50.0) 0 .27 
Adrenal insufficiency 1 ( 2.0) 3 ( 1.9) 1 ( 2.4) 1 ( 2.4) 1 
Drug-induced 10 ( 20.4) 18 ( 16.7) 9 ( 21.4) 5 ( 11.9) 0 .38 
Heart failure 4 ( 8.2) 7 ( 6.4) 4 ( 9.5) 3 ( 7.1) 1 
Unidentified cause 5 ( 10.2) 3 ( 1.9) 5 ( 11.9) 1 ( 2.4) 0 .20 

Daily use of medication, n ( %) 
Thiazide diuretics 10 ( 20.4) 23 ( 21.3) 8 ( 19.0) 7 ( 16.7) 0 .78 
Loop diuretics 4 ( 8.2) 13 ( 12.0) 4 ( 9.5) 1 ( 2.4) 0 .36 
Aldosterone antagonists 7 ( 14.3) 6 ( 5.6) 6 ( 14.3) 4 ( 9.5) 0 .74 
NSAIDs 2 ( 4.1) 16 ( 14.8) 2 ( 4.8) 4 ( 9.5) 0 .68 
SSRIs 5 ( 10.2) 3 ( 2.8) 5 ( 11.9) 1 ( 2.4) 0 .20 
Antiseizure medication 2 ( 4.1) 2 ( 1.9) 1 ( 2.4) 1 ( 2.4) 1 
Antipsychotic medication 1 ( 2.0) 4 ( 3.7) 0 ( 0) 3 ( 7.1) 0 .24 

Laboratory values at bottom sodium level, mean ( SD) 
Sodium, mEq/L 112.7 ( 5.0) 115.1 ( 4.1) 113.2 ( 5.1) 113.1 ( 4.7) 0 .84 
Potassium, mEq/L 4.2 ( 0.7) 4.1 ( 0.8) 4.0 ( 0.9) 4.1 ( 0.7) 0 .48 
Creatinine, mg/dL 0.74 ( 0.54) 0.77 ( 0.57) 0.76 ( 0.57) 0.71 ( 0.42) 0 .87 
eGFR, ml/min/1.73 m2 98.0 ( 66.8) 94.0 ( 59.2) 93.2 ( 64.4) 92.1 ( 58.5) 0 .92 
Uric acid, mg/dL 4.1 ( 5.3) 3.7 ( 2.2) 4.0 ( 5.6) 3.3 ( 2.0) 0 .95 
Serum osmolarity, mOsm/kg 241.9 ( 25.0) 246.3 ( 47.8) 239.0 ( 14.2) 237.6 ( 11.0) 0 .54 
Albumin, g/dL 3.5 ( 0.8) 3.5 ( 0.7) 3.5 ( 0.8) 3.6 ( 0.7) 0 .74 
Glucose, mg/dL 138.6 ( 45.9) 126.8 ( 40.2) 135.2 ( 38.5) 127.9 ( 41.6) 0 .37 
Urine sodium, mEq/L 72.6 ( 43.7) 68.9 ( 45.5) 68.0 ( 37.4) 69.2 ( 51.4) 0 .75 
Urine potassium, mEq/L 34.9 ( 17.8) 32.2 ( 18.8) 34.9 ( 18.6) 31.5 ( 18.9) 0 .38 
Urine osmolality, mEq/L 408.1 ( 135.4) 399.3 ( 155.3) 401.2 ( 141.1) 399.0 ( 153.2) 0 .92 

Location within in-patient ward 
General ward 23 ( 46.9) 80 ( 74.1) 21 ( 50.0) 26 ( 61.9) 0 .27 
Intensive care unit 26 ( 53.1) 28 ( 25.9) 21 ( 50.0) 16 ( 38.1) 0 .27 

All data are expressed as the mean value ( SD) for continuous variables or n ( percentage) for categorical variables. 
Missingness for all covariates was ≤3%, except for baseline of the body mass index ( 5.7%) , uric acid ( 10.8%) , serum osmolarity ( 4.5%) , and urine osmolality ( 3.8%) . 
Rapid bolus + predictive correction indicates the predictive correction following rapid bolus of hypertonic saline group. Predictive correction indicates the predictive 

correction monotherapy group. 
BP, blood pressure; SIAD; syndrome of inappropriate antidiuresis; NSAIDs, non-steroidal anti-inflammatory drugs; SSRIs, selective serotonin reuptake inhibitors. 
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Table 2: Correction methods and outcome of predictive correction following rapid bolus infusion of hypertonic saline and predictive correction 
monotherapy groups with s[Na] ≤120 mEq/L in the entire cohort of patients and the propensity score-matched pairs. 

Entire patients Propensity score matching pairs 

Parameter 

Rapid 
bolus + predictive 
correction, n = 49 

Predictive 
correction, 
n = 108 

Rapid 
bolus + predictive 
correction, n = 42 

Predictive 
correction, 
n = 42 P value 

Correction method 
Isotonic saline, n ( %) 15 ( 30.6) 34 ( 31.5) 13 ( 31.0) 11 ( 26.2) 0 .63 
Hypertonic saline continuous infusion, n ( %) 36 ( 73.5) 65 ( 60.2) 32 ( 76.2) 24 ( 57.1) 0 .06 
Number of RBs, mean ( SD) 1.1 ( 0.3) 0 ( 0) 1.1 ( 0.3) 0 ( 0) < 0 .001 
Electrolyte repletion, n ( %) 12 ( 24.5) 13 ( 12.0) 11 ( 26.2) 6 ( 14.3) 0 .18 
Loop diuretics, n ( %) 1 ( 2.0) 4 ( 3.7) 1 ( 2.4) 1 ( 2.4) 1 
Vaptans, n ( %) 0 ( 0) 2 ( 1.9) 0 ( 0) 0 ( 0) N/A 

Desmopressin, n ( %) 25 ( 51.0) 26 ( 24.1) 23 ( 54.8) 11 ( 26.2) 0 .01 
Re-lowering treatment, n ( %) 7 ( 14.3) 3 ( 2.8) 6 ( 14.3) 1 ( 2.4) 0 .11 
Number of measurements of u[Na] level 
during the first 48 h, mean ( SD) 

9.1 ( 2.4) 7.1 ( 2.2) 9.1 ( 2.3) 7.7 ( 2.3) 0 .01 

Outcome 
Appropriate correction, n ( %) 44 ( 89.8) 87 ( 80.6) 38 ( 90.5) 38 ( 90.5) 1 
Undercorrection, n ( %) 4 ( 8.2) 21 ( 19.4) 3 ( 7.1) 4 ( 9.5) 1 
Overcorrection, n ( %) 1 ( 2.0) 0 ( 0) 1 ( 2.4) 0 ( 0) 1 
Increases in s[Na], mean ( SD) , mEq/L 

at 6 h 3.9 ( 1.9) 2.1 ( 2.2) 4.0 ( 2.1) 2.4 ( 2.0) < 0 .001 
at 24 h 6.7 ( 2.0) 5.4 ( 2.2) 7.0 ( 2.2) 6.1 ( 2.0) 0 .06 
at 48 h 12.3 ( 2.9) 9.9 ( 2.8) 11.9 ( 3.0) 10.5 ( 2.7) 0 .01 

Abrupt diuresis, n ( %) 35 ( 71.4) 72 ( 66.7) 31 ( 73.8) 30 ( 71.4) 0 .81 
u[Na] + u[K] level during abrupt diuresis, n ( %) , 
mEq/L 

< 50 20 ( 40.8) 36 ( 33.3) 18 ( 42.9) 17 ( 40.5) 0 .83 
50–100 9 ( 18.4) 16 ( 14.8) 8 ( 19.0) 4 ( 9.5) 0 .35 
> 100 6 ( 12.2) 20 ( 18.5) 5 ( 11.9) 9 ( 21.4) 0 .38 

Length of hospital stay, mean ( SD) 24.7 ( 25.4) 37.6 ( 40.5) 24.3 ( 26.7) 38.7 ( 48.3) 0 .03 
ODS, n ( %) 0 ( 0) 0 ( 0) 0 ( 0) 0 ( 0) N/A 

In-hospital mortality, n ( %) 3 ( 6.1) 6 ( 5.6) 3 ( 7.1) 1 ( 2.4) 0 .31 

All data are expressed as the mean value ( SD) for continuous variables or n ( percentage) for categorical variables. 

Rapid bolus + predictive correction indicates the predictive correction following rapid bolus of hypertonic saline group. Predictive correction indicates the predictive 
correction monotherapy group. 

a
RB-PC group PC group

b

c

Figure 2: Comparison of treatment effects between the RB-PC and PC groups in the propensity score-matched pairs. ( a) Changes of s[Na] at 6, 24, and 48 h after treatment 
initiation. Data are expressed as means and standard deviations. Asterisks indicate P -values < 0.05. ( b) Percentages of undercorrection, appropriate correction, and 
overcorrection. ( c) Restricted cubic spline models for depicting s[Na] changes over time after treatment initiation. Shaded bands indicate the 95% confidence interval. 
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Table 3: Results of logistic regression analysis for the elevation of s[Na] at 6 h after treatment initiation and multiple linear regression analysis 
for achievement of the appropriate correction in patients with s[Na] concentration ≤120 mEq/L. 

Elevation of s[Na] at 6 h after treatment initiation ( mEq/L) 

B 95% CI for B ( lower, upper) P value β

Rapid bolus + predictive correction 1.68 ( 0.86, 2.50) < 0.001 0.33 

Achievement of appropriate correction 

Odds ratio 95% CI for odds ratio ( lower, upper) P value 

Rapid bolus + predictive correction 1.20 ( 0.39, 3.74) 0.58 

Rapid bolus + predictive correction indicates the predictive correction following rapid bolus of hypertonic saline group. 
CI, confidence interval. 
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ay also contribute to the appropriate correction in the RB-PC 

roup [28 , 29 ], given the diverse variations in urinary properties 
uring the development of abrupt diuresis, we speculate that the 
C method, when applied following RB therapy, is effective in 
uning s[Na] for the appropriate range without overcorrection. 

In the PSM pairs, we noted undercorrection rates of 7.1% and 
.5% in patients who received RB-PC and PC, respectively. These 
ates are assumed to be lower than those reported in prior stud- 
es, where undercorrection in patients with hyponatraemia was 
stimated to be ∼20%–30% [30 , 31 ]. Although undercorrection 
s reportedly linked to increased mortality and more extended 
ospital stays [8 , 32 ], it has been infrequently evaluated as an 
utcome of treating profound hyponatraemia in prior studies.
ur treatment strategy, utilizing PC, can potentially reduce the 
ncidence of undercorrection in patients with hyponatraemia.
urther validation in a larger-scale study is warranted to assess 
hether decreasing undercorrection through RB-PC contributes 
o the rapid reduction of symptoms due to hyponatraemia and 
hortening of hospitalization durations. 

Our study has some limitations. First, although we used the 
SM method to balance the major confounders, we could not 
emove all the potential confounders affecting the results due 
o the study’s retrospective nature. Second, this was a single- 
entre study with a small sample size. Therefore, caution should 
e exercised when generalizing the results to other geographic 
egions or patients in the community. Third, we only included 
atients with profound hyponatraemia treated by kidney spe- 
ialists with RB-PC and PC therapies; thus, the results may not be 
eneralizable to patients managed by kidney specialists with no 
C and all patients managed by non-kidney specialists. Patients 
anaged by kidney specialists with no PC and patients man- 
ged by non-kidney specialists had higher CCI scores and lower 
ates of severe hyponatraemia symptoms. Additionally, the rate 
f appropriate correction in those groups was lower than in the 
B-PC and PC groups. This implies that physicians might have 
rioritized other severe illnesses over hyponatraemia or that in- 
ense treatment for hyponatraemia was not pursued due to the 
everity of underlying conditions in both groups. On the other 
and, patients managed by kidney specialists with RB-PC and 
C had higher severity of hyponatraemia and lower CCI scores.
his might enable kidney specialists to focus on treating hy- 
onatraemia rather than other underlying illnesses, which may 
ave resulted in better outcomes for correcting hyponatraemia.
owever, our study does not statistically establish a causal rela- 
ionship between patient backgrounds, treatment approaches,
nd prognoses in each group, which will be the focus of future 
esearch. Fourth, although applying the predictive equation has 
ts merits in managing hyponatraemia, some studies have in- 
icated that predictive formulas derived from Edelman’s equa- 
ion might not accurately forecast s[Na] changes in hospitalized 
atients with hyponatraemia over 12–24 h [33 ]. Moreover, sub- 
equent post hoc analysis of data from the original Edelman’s 
tudy has shown that coefficients in Edelman’s equation are sig- 
ificantly affected by patient-specific factors, such as weight,
edema, and plasma sodium levels, suggesting variable tissue 
odium accumulation capacities [34 ]. Thus, diligent monitoring 
f s[Na], u[Na], u[K], and urine output may remain essential in 
reating profound hyponatraemia. Fifth, although we excluded 
atients with serum glucose levels > 400 mg/dL on admission 
nd confirmed the comparable blood glucose value at baseline 
etween the two groups, we did not correct plasma sodium con- 
entration for glucose values due to the lack of blood glucose 
ests for each s[Na] measurement during the treatment course.
inally, although the final choice of treatment was at the dis- 
retion of each physician, users of RB-PC therapy may be bet- 
er prepared to treat patients with hyponatraemia because they 
easured u[Na] more frequently. 
In conclusion, we highlighted the effectiveness of rapid bo- 

us administration of hypertonic saline, followed by predictive 
orrection using an infusate and fluid loss formula identical to 
he Barsoum–Levine formula based on the Edelman equation 
n quickly elevating s[Na] levels and achieving appropriate cor- 
ection in patients with profound hyponatraemia. The optimal 
herapeutic range for treating profound hyponatraemia remains 
 subject of debate [32 , 35 , 36 ]. However, applying RB-PC may 
ffer flexibility in adhering to any treatment recommendation 
nd enable precise adjustment of s[Na] to fall within the desired 
anges. Future research with this treatment protocol should in- 
lude prospective, large-scale clinical studies to validate its role 
n the critical outcomes, such as swiftly alleviating symptoms,
mproving activities of daily living, and reducing hospital stay 
y elevating s[Na]. 
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