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Abstract

Purpose: Limited evidence exists regarding outcomes associated with different correction rates
of severe hyponatremia.

Materials and Methods: This retrospective cohort analysis employed a multi-center ICU
database to identify patients with sodium < 120 mEg/L during ICU admission. We determined
correction rates over the first 24 hours and categorized them as rapid (> 8 mEqg/L/day) or slow
(< 8 mEg/L/day). The primary outcome was in-hospital mortality. Secondary outcomes included
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hospital-free days, ICU-free days, and neurological complications. We used inverse probability
weighting for confounder adjustment.

Results: Our cohort included 1,024 patients; 451 rapid and 573 slow correctors. Rapid correction
was associated with lower in-hospital mortality (absolute difference: —4.37%; 95% CI, —8.47 to
-0.26%), longer hospital-free days (1.80 days; 95% CI, 0.82 to 2.79 days), and longer ICU-free
days (1.16 days; 95% CI, 0.15 to 2.17 days). There was no significant difference in neurological
complications (2.31%; 95% CI, —0.77 to 5.40%).

Conclusion: Rapid correction (>8 mEg/L/day) of severe hyponatremia within the first 24 hours
was associated with lower in-hospital mortality and longer ICU and hospital-free days without an
increase in neurological complication. Despite major limitations, including the inability to identify
the chronicity of hyponatremia, the results have important implications and warrant prospective
studies.
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Introduction

Hyponatremia is a potentially life-threatening condition that may lead to permanent
neurological impairment [1]. It has been shown to be an independent risk factor for
mortality in hospitalized patients, including those in the intensive care unit (ICU) [2-4],

and any improvement of hyponatremia appears to be associated with reduced mortality, with
mortality benefit persisting for up to 12 months after discharge [5]. However, too rapid
correction once hyponatremia has been present long enough for the body to compensate for
the osmotic imbalance has been associated with the development of osmotic demyelination
syndrome (ODS). ODS is rare but can lead to permanent neurological complications and
death [6-8].

The relationship between the correction rates of serum sodium concentration and the
incidence of ODS remains unclear. While some studies have suggested that ODS is more
common with higher rates of correction, with most cases having a 24-hour correction rate
>12 mEg/L [6, 9-12], other studies have failed to demonstrate any association between

the rate of correction and patient outcomes [13-15]. In a 2013 review, an expert panel on
hyponatremia provided their recommendations on correction rates in chronic hyponatremia,
which included a minimum correction rate of 4 to 8 mmol/L/day (with a lower threshold of
4 to 6 mmol/L/day for those at high risk of ODS) and an upper limit of 8 mmol/L/day for
high risk of ODS and 10 to 12 mmol/L/day for normal risk of ODS [8]. Small observational
studies have suggested that more rapid correction of chronic hyponatremia of up to 12
mmol/L/day may improve mortality and length of stay; however, the evidence supporting the
benefits of rapid correction on patient outcomes is still limited [16, 17].

The aim of this study was to investigate the association between “slow correction” vs.
“rapid correction” and in-hospital mortality, hospital and ICU-free days, and development
of neurological complications in ICU patients with serum [Na+] <120 mEg/L. We set the
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cut-off for slow vs rapid correction at 8 mmol/L/day. This cut-off was chosen because it falls
within the recommended correction range for individuals at high risk for ODS in several
publications [8, 18] and could serve as the maximum correction rate for many patients with
severe hyponatremia in the absence of sufficient information regarding whether they have
acute or chronic hyponatremia or risk factors of ODS on ICU admission. We hypothesized
based on the aforementioned studies that patients in the rapid correction group would have
lower mortality and greater hospital and ICU-free days, but would have more frequent
neurological complications, compared to patients in the slow correction group.

Materials and Methods

Study Design and Data Source

We conducted a retrospective cohort analysis using patient data extracted from the elCU
Collaborative Research Database (CRD). This is a large multi-center public database of
200,859 unique ICU patient encounters at 208 hospitals across the US from 2014 to

2015 which is maintained by the Philips elCU Research Institute [19]. The study was
exempt from institutional review board approval due to the retrospective design, lack of
direct patient intervention, and the security schema, for which the re-identification risk
was certified as meeting safe harbor standards by an independent privacy expert (Privacert,
Cambridge, MA) (Health Insurance Portability and Accountability Act Certification no.
1031219-2).

We included patients with severe hyponatremia, defined as subjects who had serum [Na+]
level < 120 mEg/L during their ICU admission. We excluded patients if they were < 18 years
old, on dialysis, discharged from ICU within 24 hours of ICU admission, had associated
glucose level = 360 mg/dL, or had no recorded serum [Na+] level in the 36 hours after

their first recorded serum [Na+] < 120 mEg/L. We only used serum sodium values and
excluded any sodium values from whole blood measurements. We considered only the first
ICU admission if a patient had multiple admissions.

Definition of Exposure and Outcomes

The baseline serum [Na+] level was defined as the first hyponatremic (< 120 mEg/L)
measure at any time point during a patient’s ICU stay or within 4 hours prior to their ICU
admission. The serum [Na+] level that was recorded closest to 24 hours after the baseline
measurement was used to calculate the 24-hour correction rate. The correction rate was
calculated using the following formula:

CorrectionRate = s|Na + |24 hours after baseline — baseline s|[Na + |

We set the exposure as “rapid correction,” defined as a serum [Na+] correction rate of > 8
mEqg/L/day, and the control as “slow correction,” defined as a serum [Na+] correction rate of
< 8 mEqg/L/day.

The primary outcome was in-hospital mortality. Secondary outcomes included hospital-free
days, ICU-free days, and neurological complications at discharge. Hospital-free days and
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ICU-free days were defined as the number of days patients spent outside of the hospital and
the ICU, respectively, up to 28 days. If patients died during hospitalization, both measures
were assigned the value of 0. We defined neurological complications as having any of 8
diagnoses from the International Classification of Diseases, Ninth Revision (ICD-9) at time
of discharge from the ICU: other demyelinating diseases of central nervous system (341.8),
hemiplegia and hemiparesis (342), other paralytic syndromes (344), epilepsy and recurrent
seizure (345), alteration of consciousness (780.0), coma (780.01), persistent vegetative state
(780.03), and other coma (780.09).

Data Collection

Additional data including demographics, baseline laboratory values, primary diagnosis, past
medical history, prior use of diuretics, ICU type, Glasgow Coma Scale (GCS), ventilation
status, and Acute Physiology and Chronic Health Evaluation (APACHE) IV score were
extracted from the elCU-CRD (Table 1).

Statistical Analyses

Continuous variables were presented as means + standard deviations and categorical
variables were described as numbers (%). Crude outcomes were compared using Student’s
t-tests for continuous variables and chi-square tests for categorical variables. Missing data
were addressed by 100 times multiple imputation using the MICE package [20]. For the
main analysis, we adjusted for confounders using inverse probability (IP) weighting. As
sensitivity analyses, we also used g-formulas and outcome regression models adjusting for
deciles of the propensity scores (PS).

IP weighting—We calculated the probability of receiving exposure (i.e. PS) by
multivariable logistic regression using all covariates from Table 1 and product terms of
baseline sodium and past medical histories. IP weights were constructed by 1/probability
of receiving exposure in the exposure group and 1/probability of not receiving exposure
in the control group. Then we estimated the marginal absolute difference by IP weighted
regression (IP weighting of marginal structural model) for each outcome.

g-formula—~For the binary outcomes of in-hospital mortality and neurological
complications, we conducted multivariable logistic regressions adjusting for age, GCS,
baseline sodium, potassium, blood urea nitrogen (BUN), albumin, congestive heart failure
(CHF), prior neurological disease, ventilation status, and APACHE IV score. Then,

we estimated the marginal absolute difference by standardization using the empirical
distribution of the confounders for each outcome. More specifically, we first set the exposure
level of all individuals to “exposure” and estimated probabilities of having outcomes

in the population using the logistic regression models. Next, we set the exposure level

of all individuals to “control” and estimated probabilities of having outcomes using the
same models. Finally, we compared these probabilities and estimated marginal absolute
differences. For the continuous outcomes of hospital-free days and ICU-free days, we
conducted multivariable linear regressions adjusting for age, sex, ethnicity, GCS, baseline
sodium, potassium, magnesium, phosphate, bicarbonate, BUN, albumin, total bilirubin,
AST, glucose, primary diagnosis, past medical histories, prior use of diuretics, unit types
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of ICU, ventilation status, APACHE 1V score, and product terms of baseline sodium and
past medical histories. Then, we estimated the marginal absolute difference using the linear
regression model for each outcome by the same methods described above.

PS adjustment—For the outcome regression models, we used the same estimated PS
as the IP weighting. We then created the deciles of the estimated PS and conducted the
regression model adjusting for the deciles of the estimated PS to obtain the conditional
absolute difference for each outcome.

We iterated these analyses in 1,000 bootstrap samples and calculated means and variances
of absolute differences in each imputed dataset [21]. Then we pooled parameter estimates
across the 100 imputed datasets using Rubin’s rule and estimated overall absolute
differences and 95% confidence intervals (Cls) [22].

Exploratory Analyses—\We investigated the associations between the serum [Na+]
correction rate and outcomes using generalized additive models adjusting for age and sex.
Smoothing parameters were estimated using generalized cross validation for each outcome.
The predicted cubic spline curves were described with their 95% Cls for 48-year-old
females, which were the mean age and the reference category of sex in the population.

We conducted another exploratory analysis in which correction rates were trichotomized

to slow (< 8 mEg/L/day), intermediate (8—12 mEg/L/day), and rapid (> 12 mEg/L/day)
correction. This was not a pre-specified analysis and was performed after the results of

the primary analysis were generated. We adjusted for clinically plausible confounders by
multivariable outcome regression models. The slow correction group was set as a reference
and point estimate and confidence interval of absolute difference were estimated by 1000
times bootstrap after multiple imputation.

Finally, we conducted subgroup analyses to investigate whether the effects of rapid
correction on outcomes were different between high risk of ODS and low to moderate risk
of ODS. Previously published expert panel recommendations identified patients with serum
sodium concentration <105 mmol/L, hypokalemia, alcoholism, malnutrition, or advanced
liver disease as high risk of ODS [8]. We defined patients with baseline serum sodium < 105
mEqg/L, baseline serum potassium < 3.5 mEg/L, or past medical history of liver failure as
high risk since past history of alcoholism and malnutrition were not available in the dataset.
As the sample size of the subgroups was limited, we removed baseline sodium, baseline
potassium, past medical history, primary diagnosis, and unit type from the covariates of

the model to estimate PS to reduce model instability and used IP weighting of marginal
structural models to estimate the effects. These exploratory analyses were also not included
in the initial analysis plan but were conducted to investigate the difference in effects across
subgroups.

All reported p values were 2-sided, and p values <0.05 were considered to be statistically
significant. The analysis was carried out using R software packages (version 3.5.1; R
Foundation for Statistical Computing, Vienna, Austria).
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Results

Study Cohort Characteristics

Of the 1,832 patients who had serum [Na+] level <120 mEg/L during their ICU admission,
a total of 1,024 patients were included in the analysis (Figure 1). This represents 0.7% of
patients in the eICU-CRD. Among them, 451 patients underwent rapid correction (exposure
group) and 573 patients underwent slow correction (control group). The distribution of
correction rates is represented in Figure 2(a). The rapid correction group was younger

than the slow correction group and tended to have higher albumin and lower GCS, BUN,
potassium, baseline sodium, and total bilirubin values. A higher proportion of patients in the
rapid correction group required mechanical ventilation. Patients in the rapid correction group
had higher proportions of cardiovascular disorders and neurological diseases and lower
proportions of sepsis and past medical history of CHF and chronic kidney disease compared
to those in the slow correction group. There was also a significant difference in the unit type
of ICU between the two groups. Otherwise, baseline characteristics were similar (Table 1).
None of the patients had the specific ICD-9 code for ODS (341.8).

Crude and Adjusted Analyses

Table 2 shows the results of the crude and adjusted analyses. For the crude analysis,
rapid correction was associated with lower in-hospital mortality, higher neurological
complications, and a greater number of hospital-free days compared to slow correction.
ICU-free days were similar between the groups.

After adjusting for confounders by the IP weighting of marginal structural model, in-hospital
mortality (absolute difference, —4.37%; 95% CI, —8.47 to —0.26%) remained significantly
lower in the rapid correction group (Table 2, Figure 2(b)). Hospital-free days (1.80 days;
95% ClI, 0.82 to 2.79 days) and ICU-free days (1.16 days; 95% CI, 0.15 to 2.17 days) were
significantly greater in the rapid correction group. However, sensitivity analyses using g-
formula for in-hospital mortality (—=3.28%; 95% CI, —7.02 to 0.46%) and PS adjustment for
ICU-free days (0.86 days; 95% CI, —0.04 to 1.76 days) showed no significant associations
(Figure 2(b)). There were no significant differences in neurological complications (1.66%;
95% CI, —2.02 to 5.35%) between the two groups. The results for hospital-free days and
neurological complications were robust across the sensitivity analyses using the g-formula
and the outcome regression model adjusting for deciles of the PS.

Modeling Optimal Sodium Correction Rate

Cubic spline curves describing the changes in predicted outcomes over the correction rates
adjusting for age and sex using the generalized additive models are shown in Figure

3. We found an inverse U-shaped relationship between the serum [Na+] correction rate

and hospital-free days, with the greatest number of hospital-free days observed between
10mEg/L/day and 20mEg/L/day. The cubic spline curve for neurological complications rises
linearly with increasing correction rates. Cubic spline curve associations between the serum
[Na+] correction rate and mortality and ICU-free days did not provide significant insight
regarding an optimal correction rate for these outcomes.
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Analysis of Trichotomous Rates of Correction

For this secondary analysis, 242 patients underwent correction at > 12 mEg/L/day, 209
underwent correction at 9 to 12 mEg/L/day, and 573 underwent correction at < 8 mEg/L/day.
Hospital-free days were significantly greater in the intermediate correction group (1.26 days;
95% ClI, 0.19 to 2.34 days) and the rapid correction group (1.25 days; 95% CI, 0.16 to

2.33 days) when compared to the slow correction group (Table 3). There was no significant
difference between the 3 groups for other outcomes in the multivariable regression model.

Analysis of Different ODS Risk Subgroups

Among 1,024 patients, 376 patients had one or more risk factors for ODS (baseline serum
sodium < 105 mEq/L, baseline serum potassium < 3.5 mEg/L, or past medical history of
liver failure) and 648 patients did not have any of these risk factors. Although the risk of
neurological complications was generally higher in the high-risk group compared to the low
to moderate-risk group, there was no significant difference in the effects of correction rates
on neurological outcomes across the two subgroups (Table 4).

Discussion

In this study, 0.7% of patients admitted to ICUs in the elICU-CRD had hyponatremia with
serum [Na+] < 120 mEg/L during their ICU stay, a rate similar to that seen in other

large studies of hyponatremia [3, 23]. More rapid correction was associated with increased
hospital-free days after adjusting for confounders in both the primary and secondary
analyses. There was also a statistically significant reduced mortality risk and greater ICU-
free days, although this significance was lost in the g-formula and PS analyses for each
outcome, respectively. Rapid correction was not associated with a significant difference in
neurological complications. We also found in exploratory analyses that rapid correction was
not significantly associated with neurological complications regardless of the baseline risk
of ODS.

Overall, these findings may suggest that correcting serum [Na+] more rapidly than 8
mEqg/L/day does not lead to worse outcomes among ICU patients with serum [Na+] <

120 mEg/L, and there is a potential benefit in reducing time in the hospital and ICU, as

well as lowering mortality risk. This is similar to findings in smaller studies that showed
more rapid serum [Na+] correction was associated with shorter hospital length of stay and
lower mortality among emergency department patients [16], and lower mortality among ICU
patients [17].

The greater number of hospital-free days in our study and reduced length of stay noted in
the prior studies may be a result of patients achieving normal sodium values more quickly
and thus are able to leave the hospital sooner. This has the theoretical benefit of decreasing
iatrogenic complications for patients, leading to reduced morbidity and mortality, as well

as hospital costs [24-26]. The mortality benefit seen in this study should be interpreted
cautiously as one of the secondary analyses did not show statistical significance. This
association needs further evaluation with future studies given the potential impact on patient
outcomes.
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These findings also suggest that the risks of overcorrection may be overstated. While ODS is
a complication that can arise with too rapid correction of hyponatremia, it was not identified
in the diagnosis codes for any of the 1,024 patients in our study with correction rates

that were frequently more than double the recommended maximum rate. Our finding was
consistent with previous research suggesting that ODS is an extremely rare condition [6, 7,
9]. However, as our search for ODS cases was performed only by ICD-9 review without any
additional chart review, there was a risk of missing cases as ICD-9 codes may not always be
documented for this diagnosis.

We performed an exploratory analysis trichotomizing the exposure groups to better
understand which patients were driving the improved hospital-free days in the rapid
correction group, and to see if either subgroup (8-12 mEg/L/day vs >12 mEg/L/day) would
potentially have worse outcomes (Table 3). Our particular focus was on the outcomes

of the group with correction rates of >12 mEg/L/day, given that this is the maximum
recommended 24-hour correction rate in many reviews and guidelines [7, 8, 18, 27, 28],
despite the divergent opinion of a recent review suggesting that a rate of 0.75 mEg/L/hour
(18 mEg/L/day) is not associated with poor outcomes [29]. The group which corrected

at >12 mEq/L/day showed greater hospital free days compared to < 8 mEg/L/day but

no difference in other outcomes. Overall, the analysis of trichotomized data does not
definitively suggest either benefit or harm associated with more rapid correction rates at
over 12 mEg/L/day. We also explored outcomes related to baseline risk of ODS (defined as
any of the following: serum [Na+] < 105 mEg/L, baseline serum potassium < 3.5 mEg/L,
or past medical history of liver failure), and found no significant difference in any of the
outcomes based on this analysis. While this analysis was limited by the small number of
patients and lack of records for past history of alcoholism and malnutrition, it does not
provide evidence for using different correction rates for this subgroup of patients.

Additional exploratory analyses using generalized additive models represented in Figure 3
provided several additional insights. First, we observed an inverse U-shaped pattern for rate
of correction and hospital-free days, with most benefit seen with correction rates between
10 and 20 mEg/L/day. Second, the spline curve for neurological complications has a linear
pattern which suggests a possible trend towards increased neurological complications with
increasing correction rates. However, when adjusted for multiple confounders in our primary
analysis, that association was not observed. These results should be interpreted carefully as
we could only adjust for age and sex due to methodological limitations for handling missing
values in generalized additive models. As shown in Figure 2(a), the number of patients who
had extremely high correction rates (e.g., > 18mEqg/L/day) was limited. This led to broader
confidence intervals of the effects of correction rates on outcomes in this population (Figure
3). Although we believe that the extremely high correction rates for potentially chronic
hyponatremia could be harmful, we could not draw a robust conclusion from our data.

This study has several limitations. We could not differentiate acute versus chronic
hyponatremia and determine the precise etiology of the hyponatremia due to lack of
reliable urinary [Na+], potassium, and osmolality measurements. The retrospective and
observational nature of the study design leaves it subject to bias and residual confounding
by indication. Although we conducted IP weighting, g-formula, and outcome regression
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model adjusting for deciles of the PS, we could not adjust for unmeasured confounders
such as acuity of the onset of the hyponatremia and its underlying cause. Additionally, we
did not explore whether different techniques of serum [Na+] correction such as hypertonic
fluid therapy, desmopressin clamps, or vasopressin receptor antagonists resulted in different
outcomes, as these treatment modalities were not documented consistently in the database
[30]. The identification of ODS was solely relied on the ICD-9 code, without individual
chart to ascertain the outcome. We were unable to obtain information on the severity and
causes of neurological complications. The absence of data on correction rates beyond the
first 24 hours in the ICU, which is likely to affect outcomes, was another limitation. For

our high ODS risk population, we did not have data available for alcoholism or malnutrition
(which have been correlated with risk of ODS [8]), so we could not include these risk factors
when defining this population.

We cannot make any definitive recommendations on the best correction rate, as our primary
model only looked at a dichotomous correction rate, and our trichotomized secondary
analysis found no difference between groups and was subject to higher risk of type Il

error. The cubic spline curves, while suggesting a possible “best” correction rate, had
suboptimal adjustment for confounding and large confidence intervals, and therefore no
definitive conclusions can be made from these analyses. We had missing data for a

number of individuals, and although we made efforts to estimate the unbiased parameters
using multiple imputation under the assumption that missingness was conditional on other
variables, these imputations may be imperfect. Finally, the prevalence of neurological
complications was based on 1CD-9 coding without manual chart review. Given the relatively
high rates of neurological complications seen in all groups, there was likely over-reporting
of neurological complications unrelated to hyponatremia correction.

Conclusions

Among patients admitted to the ICU with severe hyponatremia, a more rapid correction
rate of >8 mEq/L over the first 24 hours was not associated with any worse outcomes

than lower correction rates. There were more hospital-free days per month, lower mortality
risk, and more ICU-free days without a significant difference in neurological complications
when compared to a slower correction rate. A maximum correction rate of 8 mEq/L/day
may be too conservative, and further investigation with prospective studies should be
considered to better understand the benefits and risks of more rapid correction rates in
severe hyponatremia.
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Highlights
Retrospective analysis of correction rates for severe hyponatremia in the ICU.
Compared correction rates of >8 mEg/L/day to < 8 mEg/L/day.

Higher rates associated with lower mortality and more hospital and ICU-free
days.

No difference in neurological complications based on correction rate.
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admission

1,832 patients who had serum [Na+] level <120 mEq/L during their ICU
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Figure 1.

Patient flow diagram. ICU, intensive care unit
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Figure 2.

Distribution of serum [Na+] correction rates and association with outcomes of interest
applying three models. a) Histogram showing the distribution of sodium corrections rates
over 24 hours among the two treatment groups. b) Absolute differences and 95% confidence
intervals for in-hospital mortality, neurological complications, hospital-free days, and ICU-
free days by treatment group using three models. IP weighting shows the estimated absolute
differences and 95% Cls using the IP weighting of marginal structural model. g-formula
shows the estimated absolute differences and 95% Cls using the g-formula. PS adjustment
shows the estimated absolute differences and 95% Cls using the outcome regression model
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adjusting for deciles of the PS. ClI, confidence interval; ICU, intensive care unit; IP, inverse
probability; PS, propensity score
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Figure 3.
Predicted cubic spline curves using generalized additive models with their 95% Cls

describing the changes in predicted outcomes over the correction rates adjusting for age
and sex are shown. Age and sex were fixed to 48-year-old females as these were mean age
and the reference category of sex in the population. Cl, confidence interval; ICU, intensive
care unit
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Rapid correction (>8mEg/L per day) (n = 451)

Slow correction (<8mEq/L per day) (n = 573)

Age, yr, mean (SD)

45.94 (13.31)

49.97 (12.97)

Sex (male), n (%) 213 (47.2%) 287 (50.1%)
Ethnicity, n (%)
Caucasian 347 (76.9%) 477 (83.2%)
African American 31 (6.9%) 27 (4.7%)
Asian 15 (3.3%) 17 (3.0%)
Hispanic 14 (3.1%) 18 (3.1%)
Other/Unknown 44 (9.8%) 34 (5.9%)
Unit type, n (%)
Surgical ICU 300 (66.5%) 343 (59.9%)
Cardiac ICU 80 (17.7%) 113 (19.7%)
Medical ICU 53 (11.8%) 98 (17.1%)
Neurologic ICU 18 (4.0%) 19 (3.3%)
APACHE VI Score, mean (SD) | 57.91 (25.56) 59.49 (24.96)
GCS, mean (SD) 12.14 (4.11) 13.33 (3.13)
Ventilation status, n (%) 115 (26.1%) 98 (18.3%)
Prior diuretics use, n (%) 21 (4.7%) 40 (7.0%)

Laboratory values, mean (SD)

Sodium, mEg/L

116.37 (9.49)

117.02 (6.37)

Potassium, mEg/L 4.01 (1.11) 4.21(1.02)
BUN, mg/dL. 22.98 (27.03) 28.39 (31.03)
Creatinine, mg/dL 1.43 (2.10) 1.58 (1.91)
Glucose, mg/dL 134.40 (53.31) 134.71 (56.55)
Albumin, g/dL 3.38 (0.74) 3.17(0.73)
ALT, unit/L 72.01 (210.36) 83.06 (345.99)
AST, unit/L 114.53 (358.86) 136.51 (633.41)
Bicarbonate, meq/L 23.12 (6.58) 23.52 (5.42)
Magnesium, mg/dL 1.75 (0.46) 1.81 (0.46)
Phosphate, mg/dL 3.23(1.82) 3.55 (1.84)
Total bilirubin, mg/dL 1.55 (3.29) 2.29 (4.65)
Primary diagnosis, n (%)
Metabolic/Electrolyte disorder | 152 (33.7%) 208 (36.3%)
Cardjovascular disease 86 (19.1%) 86 (15.0%)
Sepsis 47 (10.4%) 82 (14.3%)
Neurological disease 77 (17.1%) 49 (8.6%)
Surgical disease 12 (2.7%) 12 (2.1%)
Others 77 (17.1%) 136 (23.7%)
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Rapid correction (>8mEg/L per day) (n = 451)

Slow correction (<8mEq/L per day) (n = 573)

Coexisting conditions, n (%)

CHF 63 (14.0%) 126 (22.0%)
CKD 24 (5.3%) 75 (13.1%)
COoPD 67 (14.9%) 112 (19.5%)
Diabetes 52 (11.5%) 65 (11.3%)
Liver failure 13 (2.9%) 26 (4.5%)
Neurological diseases 127 (28.2%) 117 (20.4%)
Stroke 30 (6.7%) 44 (7.7%)

Categorical variables are expressed as the number (%) and continuous variables are presented as the mean + standard deviation. ALT, alanine

aminotransferase; APACHE, Acute Physiology and Chronic Health Evaluation; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CHF,
congestive heart failure; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; GCS, Glasgow Coma Scale; ICU, intensive
care unit; SD, standard deviation
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Rapid correction Slow correction Adjusted

(>8mEg/L/day) (n = (s8mEg/L/day) (n = absolute
Outcome 451) 573) P-value | difference 95% ClI
In-hospital mortality, n (%) 38 (8.4%) 77 (13.4%) 0.015 -4.37 -8.471t00.26
Neurological complications at 111 (24.6%) 87 (15.2%) <0.001 1.66 -2.02t05.35
discharge, n (%)
Hospital-free days, mean (SD) 18.88 (6.14) 17.90 (6.37) 0.013 1.80 0.82t0 2.79
ICU-free days, mean (SD) 22.82 (4.40) 22.73 (4.45) 0.765 1.16 0.15t02.17

Crude analysis with categorical variables expressed as the number (%) and continuous variables presented as the mean + standard deviation.
Student’s t-tests were used for continuous variables and chi—square tests were conducted for categorical variables. Adjusted analysis using IP
weighting of marginal structural model with absolute difference presented as the number (%) for categorical variables and as number of days for

the continuous variables. Cl, confidence interval; ICU, intensive care unit; SD, standard deviation

J Crit Care. Author manuscript; available in PMC 2024 October 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Kinoshita et al.

Table 3.

Associations Between Three Categories of Correction Rate and Outcomes
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Adjusted absolute difference

Outcome Exposure Crude analysis (95% CI)
In-hospital mortality Slow correction (< 8 mEg/L/day), n=573 77 (13.44%) Reference
Intermediate correction (9 to 12 mEg/L/day), n=209 | 18 (8.61%) -3.05% (-7.63 to 1.53%)
Rapid correction (> 12 mEg/L/day), n=242 20 (8.26%) -2.20% (-6.67 to 2.26%)
Neurological complications at Slow correction (< 8 mEqg/L/day), n=573 87 (15.18%) Reference
discharge Intermediate correction (9 to 12 mEg/L/day), n=209 | 51 (24.40%) 2.66% (—1.62 to 6.93%)
Rapid correction (> 12 mEg/L/day), n=242 60 (24.79%) 1.47% (~2.09 to 5.02%)
Hospital-free days Slow correction (< 8 mEg/L/day), n=573 20.01 £ 8.65 Reference
Intermediate correction (9 to 12 mEg/L/day), n=209 | 21.08 +7.55 1.26 days (0.19 to 2.34 days)
Rapid correction (> 12 mEg/L/day), n=242 20.99 £ 7.52 1.25 days (0.16 to 2.33 days)
ICU-free days Slow correction (< 8 mEg/L/day), n=573 15.59 + 8.35 Reference
Intermediate correction (9 to 12 mEg/L/day), n=209 | 17.33 +7.53 0.80 days (-0.30 to 1.91 days)
Rapid correction (> 12 mEg/L/day), n=242 17.49+7.93 0.61 days (—0.49 to 1.72 days)

Associations between trichotomized exposures and outcomes are shown. Categorical variables are expressed as the number (%) and continuous
variables are presented as the mean * standard deviation in crude analysis. We adjusted for clinically plausible confounders by multivariable

outcome regression models setting slow correction group as a reference. Point estimate and confidence interval of adjusted absolute difference were

estimated by 1000 times bootstrap after multiple imputation. CI, confidence interval; ICU, intensive care unit
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Difference in Effects of Rapid Correction on Outcomes in ODS High Risk and Low to Moderate Risk

Population
Crude Analysis
Adjusted Absolute Difference (95%

Outcome ODS Risk Rapid Correction | Slow Correction | CI)

In-hospital mortality High (n=376) 10/198 (5.05%) 23/178 (12.92%) | -5.35% (-15.87 t0 5.17%)
Low to moderate 28/253 (11.07%) 54/395 (13.67%) | —2.37% (=7.97 to 3.22%)
(n=648)

Neurological complications High (n=376) 57/198 (28.79%) 32/178 (17.98%) | -0.57% (—10.05 to 8.91%)

at discharge
Low to moderate 54/253 (21.34%) 55/395 (13.92%) | 2.82% (-1.12 to 6.83%)
(n=648)

Hospital-free days High (n=376) 18.45+7.11 16.53 +8.23 1.00 days (-1.24 to 3.24 days)
Low to moderate 16.60 + 8.12 15.17 +8.37 1.21 days (-0.14 to 2.55 days)
(n=648)

ICU-free days High (n=376) 22.07 +£6.36 20.38 £8.49 0.79 days (—1.76 to 3.33 days)
Low to moderate 20.22 £8.25 19.84 +8.73 0.43 days (-1.00 to 1.85 days)

(n=648)

Associations between exposures and outcomes in each subgroup are shown. Categorical variables are expressed as the number (%) and continuous
variables are presented as the mean + standard deviation in crude analysis. We adjusted for clinically plausible confounders using inverse
probability weighting of marginal structural models. Point estimate and confidence interval of adjusted absolute difference were estimated by 1000
times bootstrap after multiple imputation. Cl, confidence interval; ICU, intensive care unit; ODS, Osmotic Demyelination Syndrome
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