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Background: Brain oedema after cardiac arrest is strongly associated with poor neurological outcomes. Excessive
sodium supplementationmay increase serum osmolarity and facilitate brain oedema development in cardiac ar-
rest survivors. We aimed to investigate the association of serum sodium levels with long-term neurological
outcomes in out-of-hospital cardiac arrest (OHCA) survivors.
Methods: This retrospective observational studyused amulticentre prospective cohort registry ofOHCA survivors
collected betweenDecember 2013 and February 2018.We analyzed the association of serum sodium levels at the
return of spontaneous circulation (ROSC) (Sodium 0H) and at 24 h after ROSC (Sodium 24H)with 1-year neuro-
logical outcomes in OHCA survivors. Patients with 1-year cerebral performance categories (CPC) 1 and 2 were
included in the good outcome group while those with CPC 3, 4, and 5 were included in the poor outcome group.
Results: Among 277 patients, 84 (30.3%) and 193 (69.7%) were in the good and poor outcome groups, respec-
tively. Compared with the good outcome group, the poor outcome group showed significantly higher Sodium
24H levels (140 mEq/L vs. 137.4 mEq/L, p < 0.001). Increased serum sodium levels per 1 mEq/L increased the
risk of poor 1-year CPC by 13% (adjusted odds ratio = 1.13; 95% CI, 1.04⎼1.23; p = 0.004).
Conclusions: Relatively high Sodium 24H levels showed a strong and independent association with poor
long-term neurological outcomes in OHCA survivors. These findings may be applied in therapeutic strategies
for improving neurological outcomes in OHCA survivors.

© 2022 Elsevier Inc. All rights reserved.
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1. Background

Brain oedema is a potential therapeutic target for reducing brain
damage in patients with post-cardiac arrest syndrome (PCAS) [1]. Cyto-
toxic, ionic, and vasogenic oedema result in brain oedema after cardiac
arrest [2,3]. Cytotoxic and ionic oedema occur during the no-flow and
low-flow periods when the blood-brain barrier (BBB) is still intact [4].
BB, blood-brain barrier; ROSC,
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After the return of spontaneous circulation (ROSC), the reperfusion of
oxygenated blood induces endothelial dysfunction and weakens tight
junctions between endothelial cells, resulting in the breakdown of the
BBB, which is called vasogenic oedema [1,5-7]. In the swine and rat
cardiac arrest models, this BBB injury occurred within minutes to
hours after ROSC [4,8,9]. Targeted temperature management (TTM) is
recommended for reducing brain injury including oedema after cardiac
arrest [10-12]. However, a recent study observed significant blood-
brain barrier (BBB) injurywithin 24 h after return of spontaneous circu-
lation (ROSC) despite TTM [13]. Before BBB breakdown, hypertonic
fluids, such as mannitol or hypertonic saline, may facilitate brain oe-
dema reduction by drawing free water from interstitial to intravascular
spaces [1,4]. In contrast, after BBB breakdown, hypertonic fluid infusion
may induce extravasation of highly oncotic osmoles, draw freefluid into
interstitial spaces, and aggravate brain oedema [14]. Intravascular
of Health and Social Security de ClinicalKey.es por Elsevier en septiembre 14, 
torización. Copyright ©2022. Elsevier Inc. Todos los derechos reservados.
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Fig. 1. Patient flow chart.
Out of 841 OHCA patients, a total of 277 patients were selected as the final study subjects.
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osmolarity is mainly attributed to serum sodium levels. Therefore, we
hypothesized that increased serum sodium levels during the early
PCAS period, particularly after BBB breakdown, would be associated
with poor neurological outcomes in out-of-hospital cardiac arrest
(OHCA) survivors.

2. Goals of this investigation

Weaimed to investigate the association of serum sodium levelswith
long-term neurological outcomes in OHCA survivors.

3. Methods

3.1. Study design and setting

This retrospective observational study used a multicentre prospec-
tive cohort registry, which enrolled adult (20 years of age and older)
OHCA survivors with sustained ROSC for >20 min between December
2013 and February 2018 (Clinicaltrials.gov. NCT03695718). Each hospi-
tal's institutional review boards approved the analysis and provided a
waiver of informed consent (Seoul National University Hospital,
1408–012-599; Bundang Seoul National University Hospital, B-1401/
234–402; Seoul Metropolitan Government Seoul National University
Boramae Medical Centre, 16–2013-157). Retrospective review for this
study was approved by the Seoul National University Hospital IRB
(2010–052-1163). This study was based on a prospective cohort regis-
try jointly established at three university hospitals in the Republic of
Korea. Approximately 300,000 patients visit the three EDs annually.
On average, approximately 300 patients are admitted to the ED due to
OHCA each year. From December 2013 to the present, the OHCA
survivor registry enrolled adult patients who acquired a sustained
return of spontaneous circulation (ROSC) and agreed to receive
post-resuscitation care in intensive care units (ICUs). Standardized
post-resuscitation care was provided to patients according to the cur-
rent guidelines [12,15]. For initial resuscitation and early maintenance
fluid therapy, normal saline was routinely used. Hypertonic saline and
mannitol were used only for patients with intracranial pathologies to
reduce intracranial pressure.

3.2. Selection of participants

We reviewed patient data recorded in the OHCA registry from
December 2013 to February 2018. The exclusion criteria were as
follows: having a baseline cerebral performance category (CPC) 3–5
(poor status); having intracranial pathologies, including haemorrhage,
infarction, or tumour; being diagnosed with central diabetes insipidus
(DI) within 24 h after ROSC; and having incomplete data. Central DI
was diagnosed when all of the following four conditions were met;
(1) serum osmolarity >300 mmol/L, (2) urine osmolarity <300 mmol/
L, (3) urine output >50ml/kg per day or > 200mL per hour for >4 con-
secutive hours, and (4) serum sodium levels >145 mEq/L.

3.3. Variables

The registry consists of 300 variables, including underlying medical
conditions, prehospital resuscitation data, ED resuscitation data, and
post-resuscitation care data, such as hemodynamic and laboratory
parameters, severity scores, diagnostic and therapeutic interventions,
and clinical outcomes. From the OHCA registry, we collected the
serum sodium level and calculated the osmolarity at 0 (Sodium 0H,
Osmolarity 0H) and 24 h post-ROSC (Sodium 24H, Osmolarity 24H). A
formula for serum calculated osmolarity was defined as follows:
serum calculated osmolarity (mmol/L) = (serum sodium (mEq/L) *
2) + (serum glucose (mg/dL)/18) + (serum blood urea nitrogen
(mg/dL)/2.8). The primary outcome was the 1-year neurological
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outcome (1-year CPC). Patients with CPC 1–2 and 3–5were categorized
into the good and poor outcome groups, respectively. The secondary
outcome was the 6-month CPC.
3.4. Statistics

Parametric and non-parametric continuous variables were
presented as the mean with standard deviation and median with inter-
quartile range, respectively. Regarding categorical variables and
outcomes, chi-square test and Fisher's exact test were performed as
appropriate. Between-group comparisons of continuous variables
were performed using Student's t-test and Mann-Whitney U test, as
appropriate.

To assess the relationship between serum sodium levels and neuro-
logical outcomes, we applied restrictive cubic spline regression (knots,
4; a degree of polynomial, 3), univariate, and multivariate logistic re-
gression analyses. Clinically relevant covariates with a p value <0.05
were selected by analysing all variables distributed differently accord-
ing to the main outcome and primary exposure through univariate
logistic regression (Table S1). Then, two primary multivariate logistic
regression models were constructed for the exposure variables (model
1 for Sodium 24H level 1 mEq/L increment and model 2 for
hypernatremia versus non-hypernatremia). For selecting covariates
ealth and Social Security de ClinicalKey.es por Elsevier en septiembre 14, 
ización. Copyright ©2022. Elsevier Inc. Todos los derechos reservados.
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Table 1
Baseline characteristics according to the 1-year CPC

Variable⁎ Missing Good (1–2) Poor (3–5) p value

(n = 84) (n = 193)

Demographics
Age, year 0 54(47⎼62) 64(49⎼75) <0.001
Female sex 0 24 (28.6%) 59 (30.6%) 0.851
Pre-existing conditions
Diabetes mellitus 0 14 (16.7%) 65 (34.2%) 0.005
Hypertension 3 35 (41.7%) 86 (44.6%) 0.442
Hyperlipidaemia 3 8 (9.5%) 17 (8.8%) 0.512
CPR & PCAS data
Witnessed arrest 0 74 (88.1%) 126 (65.3%) <0.001
Bystander CPR 0 51 (60.7%) 75 (38.9%) 0.001
Non-shockable rhythm 0 9 (10.7%) 116 (60.1%) <0.001
ROSC by EMT 0 55 (65.5%) 21 (10.9%) <0.001
Collapse time, minute 9 15 (7⎼24) 30 (20⎼40) <0.001
No flow time, minute 7 1 (0⎼5) 3 (0⎼9) 0.011
Low flow time, minute 3 12 (6⎼20) 25 (17⎼34) <0.001
Mean blood pressure, mmHg 8 102.2 ± 27.5 90.7 ± 33.1 0.007
Heart rate, beat per minute 6 96.2 ± 22.3 101.8 ± 29.6 0.092
Non-reactive PLR 9 6 (7.4%) 104 (55.6%) <0.001
Glasgow coma scale 0 6 (3⎼14) 3 (3⎼3) <0.001
APACHE II 10 20 (13⎼24) 30 (25⎼35) <0.001
TTM 0 41 (48.8%) 132 (68.4%) 0.003
Coronary angiography 1 32 (38.1%) 32 (16.7%) <0.001
Renal replacement therapy 0 4 (4.8%) 45 (23.3%) <0.001
Laboratory findings†
Sodium 0H, mEq/L 0 138 (136.2⎼140.5) 139.5 (136⎼143) 0.158
Sodium 24H, mEq/L 0 137.4 (135⎼139) 140 (136⎼144) <0.001
Chloride 0H, mEq/L 0 103.3 (101⎼106) 103.5 (99⎼108) 0.920
Chloride 24H, mEq/L 0 106 (103.8⎼108) 105 (100⎼110) 0.630
Osmolarity 0H, mOsm/L 0 297.3 (291.2⎼301.0) 303.5 (296.6⎼310.4) <0.001
Osmolarity 24H, mOsm/L 0 288.4 (284.6⎼292.3) 300.5 (291.4⎼308.8) <0.001
Glucose 0H, mg/dL 0 221 (165.5⎼275) 257 (190⎼330) 0.005
Glucose 24H, mg/dL 0 143 (122.3⎼174.5) 172 (134⎼227) <0.001
Blood urea nitrogen 0H, mg/dL 0 17 (14⎼23) 21 (15⎼33) 0.004
Blood urea nitrogen 24H, mg/dL 0 14 (10.8⎼19.3) 27 (18⎼34) <0.001
Creatinine 0H, mg/dL 1 1.2 (1.0⎼1.3) 1.4(1.1⎼1.9) 0.001
Creatinine 24H, mg/dL 1 0.8 (0.5⎼1.0) 1.6 (1.0⎼2.3) <0.001

Categorical data were presented as frequency with percentage. Continuous variables were described asmedian with interquartile range ormean with standard deviation, as appropriate.
† Laboratory findings include the serum levels of each variable, which were measured immediately after ROSC (0H) or 24 h after ROSC (24H).
⁎ Non-shockable rhythm includes pulseless electrical activity and asystole as the initial presentation of electrocardiographic rhythm; ROSC by EMT, return of spontaneous circulation

achieved outside the hospital by emergency medical technician; Collapse time, total duration of no and low flow time; APACHE II, acute physiologic assessment and chronic health eval-
uation II; Coronary angiography, whether coronary angiography was implemented immediately after ROSC (with or without percutaneous coronary intervention); PLR, pupillary light
reflex; TTM, targeted temperature management.
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for each of these multivariate logistic regression models, a purposeful
backward stepwise regression with a stopping rule, in which covariates
with a p value <0.2 remained, was performed. Formissing variables, we
performed multiple imputations by chained equations; moreover, we
repeated the multivariate analysis using five imputed datasets accord-
ing to Rubin's rule to combine estimates [16,17]. In the imputation
model, all clinically relevant variables that can be associated with the
main exposures and outcomes were included. The chained equation
was constructed using logistic regression, a multinomial logit model,
and predictive mean matching for the missing values. P-values <0.05
were considered statistically significant, and the significance levels
quoted are two-sided. Statistical analyses were conducted using R soft-
ware version 4.0.4 (R Foundation for Statistical Computing, Vienna,
Austria) and ‘mice’ library.

4. Results

4.1. Participants

Among 883 eligible OHCA survivors, we enrolled 277 patients.
Eighty four and 193 patients were included in the good and poor
outcome groups, respectively (Fig. 1). Compared with the good
32
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outcome group, the poor outcome group was older and more likely to
have diabetes mellitus. Moreover, in the poor outcome group, Sodium
24H (140 mEq/L vs. 137.4 mEq/L, p < 0.001) and Osmolarity 24H
(300.5 mmol/L vs. 288.4 mmol/L, p < 0.001) were significantly higher
than in the good outcome group (Table 1).
4.2. Logistic regression analysis and restricted cubic spline regression
analysis

Univariate logistic regression analysis and restricted cubic spline
regression revealed that there was no significant increase in the
poor 1-year CPC risk within the range of conventional hyponatremia
(<135mEq/L) (Fig. 2, S1 Table). However, therewas a sharp increase in
the poor 1-year CPC risk from the range of conventional normonatremia
(140–145 meq/L) to hypernatremia (> 145 meq/L; Fig. 2). Based
on this finding, we selected a new cut-off value (140.1 mEq/L) for
hypernatremia in patients with PCAS using the Youden index (J) in
the receiver operating characteristic (ROC) curve (S2 Figure). In two
multivariable logistic regression models, Sodium 24H per 1 mEq/L
increment was associated with a 13% increase in the odds of a poor
1-year CPC (aOR, 1.13; 95% CI, 1.04⎼1.23; p = 0.004) (Table 2), and
ealth and Social Security de ClinicalKey.es por Elsevier en septiembre 14, 
ización. Copyright ©2022. Elsevier Inc. Todos los derechos reservados.



Fig. 2. Restricted cubic spline plot: Odds ratio for serum sodium level (sodium 24H).
Black line, predicted odds ratio for poor 1-year CPC; grey zones, 95% confidence intervals.
The relationship of poor long-term neurological outcomes according to serum sodium level was demonstrated using restricted cubic spline regression (4 knots, the degree of polynomial
was 3). Notably, the size of the relative odds rapidly increased when the serum sodium level exceeded approximately 140 mEq/L. Contrastingly, there was a small relative change in the
odds ratio for serum sodium levels below 135 meq/L (conventional cut-off value for hyponatremia).

Table 2
Logistic regression analysis for poor 1-year CPC.

Variable Model 1 Model 2

OR (95% CI) p value OR (95% CI) p value

Sodium 24H per 1 increment 1.13 (1.04⎼1.23) 0.004
Hypernatremia(>140 meq/L)⁎ 5.21 (1.84⎼14.73) 0.001
Diabete mellitus 2.72 (0.83⎼8.94) 0.091 2.55 (0.79⎼8.24) 0.119
Witnessed arrest 0.24 (0.07⎼0.78) 0.020 0.22 (0.07⎼0.66) 0.007
Non-shockable rhythm 5.78 (1.84⎼18.16) 0.002 7.64 (2.54⎼22.96) <0.001
ROSC acheived by EMT 0.16 (0.06⎼0.44) <0.001 0.17 (0.06⎼0.46) <0.001
Non-reactive pupillary light reflex 2.25 (0.68⎼7.46) 0.181
APACHE II per 1 increment 1.13 (1.06⎼1.20) <0.001 1.14 (1.08⎼1.22) <0.001
Mean blood pressure 1 increment 0.98 (0.97⎼1.00) 0.024 0.98 (0.97⎼1.00) 0.010
Blood urea nitrogen per 1 increment 1.08 (1.03⎼1.14) 0.004 1.08 (1.02⎼1.14) 0.006
Creatinine 1 increment 0.56 (0.34⎼0.94) 0.023 0.55 (0.33⎼0.92) 0.022

OR, odds ratio; CI, confidence intervals;
⁎ Hypernatremia(>140 meq/L) was compared to non-hypernatremia(sodium 24H ≤ 140 mEq/L).
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Fig. 3. CPC distribution according to Sodium 24H (>140 mEq/L vs. ≤140 mEq/L).
Among 277 patients, 103 patients had Sodium 24H >140 mEq/L. Moreover, 8 (7.7%), 3 (2.9%), 1 (0.9%), 4 (3.8%), and 87 (84.4%) patients had 1-year CPC 1, 2, 3, 4, and 5, respectively.
Among 277 patients, 174 patients had sodium 24H ≤ 140 mEq/L. Further, 61 (35.0%), 12 (6.8%), 5 (2.8%), 10 (5.7%), and 86 (49.4%) patients had 1-year CPC 1, 2, 3, 4, and 5, respectively.
There was a between-group differences in the distribution of 1-year CPCs (p < 0.001).
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hypernatremia group (sodium 24H > 140 mEq/L) significantly in-
creased the risk of poor 1-year CPC by 5 times compared to the non-
hypernatremia group (sodium 24H ≤ 140 mEq/L) (aOR, 5.21; 95% CI,
1.84⎼14.73; p = 0.001) (Table 2).

4.3. One-year CPC distribution according to Sodium 24H

Subsequently, we compared the 1-year CPC distribution of two
groups divided based on the cut-off value. Hypernatremia (Sodium
24H > 140 mEq/L) were observed in 103 patients. In patients with
hypernatremia, 1-year CPCs were significantly higher than in patients
without hypernatremia (p < 0.001) (Fig. 3, Table 3).

5. Discussion

This study observed an independent association of increased Sodium
24H levels with an increased risk of poor long-term neurological
outcomes in OHCA survivors. Particularly, the risk of poor 1-year CPC
rapidly increased after the serum sodium level exceeded 140 mEq/L.
There was no significant difference in the risk of poor long-term neuro-
logical outcomes between patients with conventional hyponatremia
and normonatremia. Although we did not elucidate the mechanism
underlying the association of brain oedema with serum sodium
levels, our findings support our hypothesis that under BBB breakdown,
hypernatremia may induce more sodium leakage from intravascular to
interstitial spaces and may worsen brain oedema in OHCA survivors.

Numerous studies have reported an association of hypernatremia
with poor clinical outcomes, particularly poor neurological prognosis,
in critically ill patients [18-20]; however, there has no clinical report
of the association between poor neurological outcomes and hyper-
natremia in OHCA survivors. Additionally, previous studies on the asso-
ciation between hypernatremia and poor neurological prognosis in
critically ill patients have indicated that central DI acts as a major con-
founding factor. Therefore, we excluded patients diagnosedwith central
DI within 24 h. In critical patients, the renin-angiotensin-aldosterone
axis is activated with a potential subsequent increase in serum sodium
levels [21]. In 96 included patients whose serum aldosterone levels
were recorded, we further investigated the relationship between
serum aldosterone and Sodium 24H levels. However, Sodium 24H
levels were not significantly correlated with serum aldosterone levels
(Pearson's r = 0.05, p = 0.68) (Supplementary Fig. 2).

Serum sodium levels in OHCA survivors may be attributed to fluid
therapy. Isotonic 0.9% sodium chloride (NaCl) is the most commonly
34
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used fluid for OHCA victims during and after cardiopulmonary resusci-
tation (CPR). Recent study showed that 7% hypertonic saline during
resuscitation was associated with a significant improvement in the
ROSC rate and short-term survival [22]. However, this study did not in-
vestigate whether hypertonic saline during the PCAS period after suc-
cessful ROSC improved neurological outcomes. An experimental study
showed that isotonic crystalloid was more effective in reducing brain
vasogenic oedema than hypertonic saline during the PCAS period [23].
In our study, serum chloride levels at 24 h were significantly higher in
patients with hypernatremia than in patients without hypernatremia
(Table 3). A recent study reported that initial hypochloraemias and sub-
sequent increasing serum chloride levels during the 48 h of PCAS period
were associated with poor neurological outcomes in OHCA survivors
[24]. In the above study, the proportion and number of patients with
hypernatremia and hyperchloremia were significantly lower than in
our cohort. Therefore, it is possible that no statistically significant results
were obtained. In addition, the role of chloride in worsening neurologi-
cal outcomes has not been determined. The shift of sodium commonly
accompanies that of chloride. And thus, we suggest that hypernatremia
accompanied by hyperchloraemiamay in part contribute to theworsen-
ing of neurological outcomes.

Current guidelines recommend the routine use of isotonic crystal-
loids for initial fluid therapy in patients with PCAS. Several studies
have shown that balanced crystalloid fluid can facilitate better clinical
outcomes in patients with sepsis [25]. However, the priority of 0.9%
NaCl or balanced crystalloid in patients with PCAS remains unclear.
Considering the brain oedema mechanism, our findings suggest that
balanced crystalloids containing relatively low sodium levels (< 140
mEq/L)may be advantageous for reducing brain oedemaand improving
neurological outcomes in OHCA survivors.

6. Limitations

First, this was a retrospective study, and caution should be applied
when interpreting this causal relationship. Moreover, the exclusion of
patientswith incomplete exposure variablesmight have led to selection
bias. Second, we did not identify brain oedema. Brain computed tomog-
raphy or magnetic resonance imaging is clinically recommended for
predicting neurological outcomes [12]. However, imaging studies
were not routinely performed in this study at 24 h post-ROSC. Third,
during the study period, we only used 0.9% NaCl and did not use bal-
anced crystalloid for resuscitation. Hypertonic saline or mannitol were
restricted to patients with intracranial haemorrhage. Therefore, we
ealth and Social Security de ClinicalKey.es por Elsevier en septiembre 14, 
ización. Copyright ©2022. Elsevier Inc. Todos los derechos reservados.



Table 3
Baseline characteristics according to the Sodium 24H categories

Variable⁎ Sodium 24H ≤140
mEq/L

Sodium 24H >140
mEq/L

p value

(n = 174) (n = 103)

Demographics
Age, year 59.0 (47.0⎼72.0) 57.0 (48.0⎼73.0) 0.963
Female sex 54 (31.0%) 29 (28.1%) 0.711
Good baseline CPC (1–2) 146 (83.9%) 79 (76.6%) 0.185
Pre-existing conditions
Diabetes mellitus 49 (28.3%) 30 (29.7%) 0.916
Hypertension 80 (45.9%) 41 (39.8%) 0.377
Hyperlipidaemia 19 (10.9%) 6 (5.8%) 0.215
CPR & PCAS data
Witnessed arrest 131 (75.2%) 69 (66.9%) 0.177
Bystander CPR 84 (48.2%) 42 (40.7%) 0.277
Non-shockable rhythm 68 (39.0%) 57 (55.3%) 0.026
ROSC by EMT 63 (36.2%) 13 (12.6%) <0.001
Collapse time, minute 24.0 (11.0⎼35.0) 30.0 (18.0⎼43.0) 0.001
No flow time, minute 2.0 (0.0⎼8.0) 1.0 (0.0⎼7.0) 0.557
Low flow time, minute 18.0 (10.0⎼28.0) 25.0 (17.0⎼35.0) <0.001
Mean blood pressure, mmHg 96.4 ± 31.6 90.0 ± 32.1 0.109
Heart rate, beat per minute 97.7 ± 26.5 103.9 ± 29.1 0.076
Non-reactive PLR 55 (32.9%) 55 (54.4%) 0.001
Glasgow coma scale 3.0 (3.0⎼6.5) 3.0 (3.0⎼3.0) <0.001
APACHE II 27.0 (21.0⎼32.0) 29.0 (24.0⎼36.0) 0.024
TTM 101 (58.0%) 72 (69.9%) 0.066
Coronary angiography 47 (27.0%) 17 (16.6%) <0.001
Renal replacement therapy 25 (14.3%) 24 (23.3%) 0.085
Laboratory findings
Chloride 24H, mEq/L 104.0 (99.0⎼106.9) 110.0 (105.8⎼112.5) <0.001
Osmolarity 24H, mOsm/L 289.9 (285.3⎼294.0) 308.3 (303.2⎼314.8) <0.001
Glucose 24H, mg/dL 157.5 (129.0⎼210.0) 169.0 (126.0⎼226.0) 0.254
Blood urea nitrogen 24H, mg/dL 19.5 (12.0⎼31.0) 26.0 (18.0⎼32.0) 0.014
Creatinine 24H, mg/dL 1.0 (0.6⎼1.9) 1.4 (0.9⎼2.2) 0.012
Outcomes
Good 1-year CPC (1–2) 73 (41.9%) 11 (10.6%) <0.001
Good 6-month CPC (1–2) 73 (41.9%) 14 (13.5%) <0.001

Categorical data were presented as frequency with percentage. Continuous variables were described as median with interquartile range or mean with
standard deviation, as appropriate.
⁎ Non-shockable rhythm includes pulseless electrical activity and asystole as the initial presentation of electrocardiographic rhythm; ROSC by EMT, return

of spontaneous circulation achieved outside hospital by emergencymedical technician; Collapse time, total duration of no and low flow time;APACHE II, acute
physiologic assessment and chronic health evaluation II; Coronary angiography, whether coronary angiography was implemented immediately after ROSC
(with or without percutaneous coronary intervention); PLR, pupillary light reflex; TTM, targeted temperature management.
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could not directly examine the effect of crystalloid sodium levels on
brain oedema and neurological outcomes. To confirm our hypothesis,
a large-scale randomized controlled trial comparing brain oedema and
neurological outcomes between OHCA survivors treated with 0.9%
NaCl and balanced crystalloid is needed.
7. Conclusions

Relatively high serum sodium levels at 24 h post-ROSC were associ-
ated with poor long-term neurological outcomes in OHCA survivors.
Ethic approval and consent to participate
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and provided a waiver of informed consent (Seoul National University
Hospital, 1408–012-599; Bundang Seoul National University Hospital,
B-1401/234–402; Seoul Metropolitan Government Seoul National Uni-
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for this study was approved by the Seoul National University Hospital
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35

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of H
2022. Para uso personal exclusivamente. No se permiten otros usos sin autor
Availability of data and materials

The datasets generated during and/or analyzed during the current
study are available from the corresponding author on reasonable
request.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Authors' contributions

EJC conceived the study idea, performed data analysis, and contrib-
uted to subsequent drafts.WYK,WJS andGY performed clinical data ex-
traction, data analysis and contributed to subsequent drafts. YSJ, GJS and
YHJ performed data collection and revised the manuscript. MSL and JS
are the principal investigator and contributed to data analysis and
data visualization, verified the clinical coding, and contributed to subse-
quent drafts.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ajem.2022.06.014.

CRediT authorship contribution statement

Eun Joo Cho:Data curation, Formal analysis,Writing – original draft,
Writing – review & editing. Min Sung Lee: Conceptualization, Formal
ealth and Social Security de ClinicalKey.es por Elsevier en septiembre 14, 
ización. Copyright ©2022. Elsevier Inc. Todos los derechos reservados.

https://doi.org/10.1016/j.ajem.2022.06.014
https://doi.org/10.1016/j.ajem.2022.06.014


E.J. Cho, M.S. Lee, W.Y. Kwon et al. American Journal of Emergency Medicine 59 (2022) 30–36
analysis, Investigation, Methodology, Project administration, Writing –
original draft, Writing – review & editing. Woon Yong Kwon:
Resources, Supervision, Writing – original draft, Conceptualization.
Jonghwan Shin: Data curation, Formal analysis, Investigation, Method-
ology. Gil Joon Suh: Resources, Supervision. Yoon Sun Jung: Data
curation, Methodology, Resources. Won Ji Song: Conceptualization,
Data curation, Formal analysis. Gyeongyeon Yeo: Conceptualization,
Data curation, Formal analysis. You Hwan Jo: Methodology, Project
administration, Resources, Supervision.

Declaration of Competing Interest

The authors declare that they have no competing interests.

Acknowledgments

None.

References

[1] Hayman EG, Patel AP, Kimberly WT, Sheth KN, Simard JM. Cerebral edema after car-
diopulmonary resuscitation: a therapeutic target following cardiac arrest? Neurocrit
Care. 2018;28(3):276–87.

[2] Morimoto Y, Kemmotsu O, Kitami K, Matsubara I, Tedo I. Acute brain swelling after
out-of-hospital cardiac arrest: pathogenesis and outcome. Crit Care Med. 1993;21
(1):104–10.

[3] Fujioka M, Okuchi K, Sakaki T, Hiramatsu K, Miyamoto S, Iwasaki S. Specific changes
in human brain following reperfusion after cardiac arrest. Stroke. 1994;25(10):
2091–5.

[4] Xiao F. Bench to bedside: brain edema and cerebral resuscitation: the present and
future. Acad Emerg Med. 2002;9(9):933–46.

[5] Simard JM, Kent TA, ChenM, Tarasov KV, Gerzanich V. Brain oedema in focal ischae-
mia: molecular pathophysiology and theoretical implications. Lancet Neurol. 2007;6
(3):258–68.

[6] Stokum JA, Gerzanich V, Simard JM. Molecular pathophysiology of cerebral edema. J
Cereb Blood Flow Metab. 2016;36(3):513–38.

[7] Zhu J, Li X, Yin J, Hu Y, Gu Y, Pan S. Glycocalyx degradation leads to blood-brain bar-
rier dysfunction and brain edema after asphyxia cardiac arrest in rats. J Cereb Blood
Flow Metab. 2018;38(11):1979–92.

[8] Sharma HS, Miclescu A, Wiklund L. Cardiac arrest-induced regional blood-brain bar-
rier breakdown, edema formation and brain pathology: a light and electron micro-
scopic study on a new model for neurodegeneration and neuroprotection in
porcine brain. J Neural Transm (Vienna). 2011;118(1):87–114.

[9] Pluta R, Lossinsky AS, Wisniewski HM, Mossakowski MJ. Early blood-brain barrier
changes in the rat following transient complete cerebral ischemia induced by car-
diac arrest. Brain Res. 1994;633(1–2):41–52.
36

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of H
2022. Para uso personal exclusivamente. No se permiten otros usos sin autor
[10] Xiao F, Zhang S, Arnold TC, Alexander JS, Huang J, Carden DL, et al. Mild hypothermia
induced before cardiac arrest reduces brain edema formation in rats. Acad Emerg
Med. 2002;9(2):105–14.

[11] Li J, Li C, YuanW,Wu J, Li J, Li Z, et al. Mild hypothermia alleviates brain oedema and
blood-brain barrier disruption by attenuating tight junction and adherens junction
breakdown in a swine model of cardiopulmonary resuscitation. PLoS One. 2017;12
(3):e0174596.

[12] Callaway CW, Donnino MW, Fink EL, Geocadin RG, Golan E, Kern KB, et al. Part 8:
Post-Cardiac Arrest Care: 2015 American Heart Association Guidelines Update for
Cardiopulmonary Resuscitation and Emergency Cardiovascular Care. Circulation.
2015;132(18 Suppl 2):S465–82.

[13] Park JS, You Y, Min JH, Yoo I, Jeong W, Cho Y, et al. Study on the timing of severe
blood-brain barrier disruption using cerebrospinal fluid-serum albumin quotient
in post cardiac arrest patients treated with targeted temperature management. Re-
suscitation. 2019;135:118–23.

[14] Kaufmann AM, Cardoso ER. Aggravation of vasogenic cerebral edema by multiple-
dose mannitol. J Neurosurg. 1992;77(4):584–9.

[15] Neumar RW, Otto CW, Link MS, Kronick SL, Shuster M, Callaway CW, et al. Part 8:
adult advanced cardiovascular life support: 2010 American Heart Association Guide-
lines for Cardiopulmonary Resuscitation and Emergency Cardiovascular Care. Circu-
lation. 2010;122(18 Suppl 3):S729–67.

[16] van Buuren S, Groothuis-Oudshoorn K. mice: Multivariate Imputation by Chained
Equations in R. J Stat Softw. 2011;45(3):1–67.

[17] Rubin DB, Schenker N. Multiple imputation in health-care databases: an overview
and some applications. Stat Med. 1991;10(4):585–98.

[18] Lindner G, Funk GC, Schwarz C, Kneidinger N, Kaider A, Schneeweiss B, et al.
Hypernatremia in the critically ill is an independent risk factor for mortality. Am J
Kidney Dis. 2007;50(6):952–7.

[19] Hu B, Han Q, Mengke N, He K, Zhang Y, Nie Z, et al. Prognostic value of ICU-acquired
hypernatremia in patients with neurological dysfunction. Medicine (Baltimore).
2016;95(35):e3840.

[20] Kolmodin L, Sekhon MS, Henderson WR, Turgeon AF, Griesdale DE. Hypernatremia
in patients with severe traumatic brain injury: a systematic review. Ann Intensive
Care. 2013;3(1):35.

[21] Gleeson PJ, Crippa IA, Mongkolpun W, Cavicchi FZ, Van Meerhaeghe T, Brimioulle S,
et al. Renin as a Marker of Tissue-Perfusion and Prognosis in Critically Ill Patients.
Crit Care Med. 2019;47(2):152–8.

[22] Hahn C, Breil M, Schewe JC, Messelken M, Rauch S, Grasner JT, et al. Hypertonic sa-
line infusion during resuscitation from out-of-hospital cardiac arrest: a matched-
pair study from the German Resuscitation Registry. Resuscitation. 2014;85(5):
628–36.

[23] Miclescu A, Sharma HS, Wiklund L. Crystalloid vs. hypertonic crystalloid-colloid so-
lutions for induction of mild therapeutic hypothermia after experimental cardiac ar-
rest. Resuscitation. 2013;84(2):256–62.

[24] Kong T, Chung YE, Lee HS, You JS, Chung HS, Park I, et al. Usefulness of chloride levels
for fluid resuscitation in patients undergoing targeted temperature management
after out-of-hospital cardiac arrest. Am J Emerg Med. 2021;43:69–76.

[25] Semler MW, Self WH, Rice TW. Balanced Crystalloids versus Saline in Critically Ill
Adults. N Engl J Med. 2018;378(20):1951.
ealth and Social Security de ClinicalKey.es por Elsevier en septiembre 14, 
ización. Copyright ©2022. Elsevier Inc. Todos los derechos reservados.

http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0005
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0005
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0005
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0010
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0010
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0010
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0015
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0015
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0015
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0020
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0020
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0025
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0025
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0025
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0030
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0030
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0035
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0035
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0035
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0040
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0040
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0040
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0040
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0045
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0045
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0045
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0050
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0050
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0050
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0055
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0055
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0055
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0055
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0060
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0060
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0060
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0060
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0065
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0065
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0065
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0065
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0070
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0070
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0075
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0075
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0075
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0075
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0080
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0080
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0085
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0085
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0090
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0090
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0090
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0095
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0095
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0095
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0100
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0100
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0100
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0105
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0105
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0105
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0110
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0110
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0110
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0110
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0115
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0115
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0115
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0120
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0120
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0120
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0125
http://refhub.elsevier.com/S0735-6757(22)00381-3/rf0125

	Hypernatremia is associated with poor long-�term neurological outcomes in out-�of-�hospital cardiac arrest survivors
	1. Background
	2. Goals of this investigation
	3. Methods
	3.1. Study design and setting
	3.2. Selection of participants
	3.3. Variables
	3.4. Statistics

	4. Results
	4.1. Participants
	4.2. Logistic regression analysis and restricted cubic spline regression analysis
	4.3. One-year CPC distribution according to Sodium 24H

	5. Discussion
	6. Limitations
	7. Conclusions
	Ethic approval and consent to participate
	Consent for publication
	Availability of data and materials
	Funding
	Authors' contributions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	References




