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Abstract

BACKGROUND

Hypernatremia represents a significant electrolyte imbalance associated with
numerous adverse outcomes, particularly in cases of intensive care unit (ICU)-
acquired hypernatremia (IAH). Nevertheless, its relevance in patients with septic
shock remains uncertain.

AIM
To identify independent risk factors and their predictive efficacy for IAH to
improve outcomes in patients with septic shock.

METHODS

In the present retrospective single-center study, a cohort of 157 septic shock
patients with concurrent hypernatremia in the ICU at The First Affiliated Hospital
of Soochow University, between August 1, 2018, and May 31, 2023, were ana-
lyzed. Patients were categorized based on the timing of hypernatremia occurrence
into the IAH group (n = 62), the non-IAH group (1 = 41), and the normonatremia
group (n = 54).

RESULTS
In the present study, there was a significant association between the high serum
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sodium concentrations, excessive persistent inflammation, immunosuppression and catabolism syndrome and
chronic critical illness, while rapid recovery had an apparent association with normonatremia. Moreover,
multivariable analyses revealed the following independent risk factors for IAH: Total urinary output over the
preceding three days [odds ratio (OR) = 1.09; 95%ClI: 1.02-1.17; P = 0.014], enteral nutrition (EN) sodium content of
500 mg (OR = 2.93; 95%Cl: 1.13-7.60; P = 0.027), and EN sodium content of 670 mg (OR = 6.19; 95%CI: 1.75-21.98; P
= 0.005) were positively correlated with the development of IAH. Notably, the area under the curve for total
urinary output over the preceding three days was 0.800 (95%CI: 0.678-0.922, P = 0.001). Furthermore, maximum
serum sodium levels, the duration of hypernatremia, and varying sodium correction rates were significantly
associated with 28-day in-hospital mortality in septic shock patients (P < 0.05).

CONCLUSION

The present findings illustrate that elevated serum sodium level was significantly associated with a poor prognosis
in septic shock patients in the ICU. It is highly recommended that hypernatremia be considered a potentially
important prognostic indicator for the outcome of septic shock.

Key Words: Hypernatremia; Hypernatremia acquired in the intensive care unit; Septic shock; Persistent inflammation;
Immunosuppression; Catabolism syndrome; Chronic critical illness; Prognosis

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The aim of the present observational study was to improve outcomes in patients with septic shock by identifying
independent risk factors and their predictive efficacy for intensive care unit-acquired hypernatremia. Additionally, the
present findings indicate a significant association between the prognosis of septic shock patients and variables such as peak
serum sodium levels, duration of hypernatremia, and differing rates of sodium correction. As such, the present authors
propose that hypernatremia may serve as a critical predictive marker for the prognosis of septic shock.
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INTRODUCTION

Sepsis is defined as an inflammatory body response to infection, with severe sepsis and septic shock being more severe
forms[1]. Globally, the incidence of sepsis is estimated at 48.9 million cases, with 11 million sepsis-related deaths
reported, accounting for 19.7% of all deaths worldwide[2]. Septic shock, in particular, is associated with significantly
higher 30- and 90-day mortality rates, both exceeding 30%[3]. Septic shock has a significant negative impact on health
outcomes in intensive care unit (ICU) patients, facing three clinical outcomes in addition to high costs and longer hospital
stays: (1) Early death within 14 days; (2) Rapid recovery (RR); and (3) Chronic critical illness (CCI)[4]. Previous research
has demonstrated that patients with CCI often develop persistent inflammation, immunosuppression, and catabolism
syndrome (PICS), which contributes to the poor clinical outcomes observed in this group[5,6]. Specifically, following the
activation of both pro-inflammatory and anti-inflammatory responses, survivors either experience RR or progress into a
state of persistent catabolism and organ dysfunction, leading to CCIL. Unfortunately, approximately one-third of survivors
develop CCI, characterized by a poor quality of life and infrequent recovery[7].

Hypernatremia (serum sodium concentration > 145 mmol/L) is a common electrolyte disturbance[8]. Approximately
7% of patients presented with hypernatremia upon admission, and this prevalence increased to as much as 9% during
their ICU stay, with 77.1% of critically ill patients with sepsis being affected[9,10]. Notably, compared to non ICU-
acquired hypernatremia (IAH), IAH is associated with increased morbidity and mortality[11,12]. In septic shock, chronic
catabolism driven by inflammation can lead to the development of hypernatremia[13]. Conversely, hypernatremia can
exacerbate protein catabolism and systemic inflammation, contributing to the progression of PICS[14]. Thus, intense
inflammation can lead to an increase in serum sodium concentration, while elevated serum sodium levels may also act as
a significant promoter of the inflammatory response. Recently, questions have been raised regarding whether serum
sodium levels directly influence the severity and prognosis of patients with septic shock[13]. In response, the specific
relationship between hypernatremia and clinical trajectories of septic shock patients has become a primary focus both
domestically and internationally. In order to improve the clinical prognosis of septic shock patients, it is also particularly
important to identify the independent risk factors with high predictive value for hypernatremia.

As a result, a single-center retrospective study was conducted to analyze the correlation between hypernatremia and
PICS, as well as its association with clinical outcomes such as CCI and RR. Furthermore, independent risk factors for IAH
were identified, and their predictive efficacy was evaluated to improve the prognosis of septic shock patients. Finally, the
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relationship between serum sodium levels and the prognosis of septic shock patients was examined by analyzing the
correlation between IAH and non-IAH, the duration of hypernatremia, blood sodium levels, sodium correction rates, and
28-day in-hospital mortality.

MATERIALS AND METHODS

Setting and participants

The present single-center retrospective study included adult patients with septic shock admitted to the ICU at The First
Affiliated Hospital of Soochow University between August 1, 2018, and May 31, 2023. The inclusion criteria for the study
were: (1) Adults aged > 18 years; (2) Serum sodium concentration greater than 135 mmol/L during or prior to ICU
admission; and (3) A diagnosis of septic shock. Exclusion criteria were: (1) Patients with missing serum sodium concen-
tration data; (2) Patients with brain death; (3) Patients with a high likelihood of death within 48 hours; (4) Patients with
hyponatremia; and (5) Pregnant patients. The patient screening flowchart is presented in Figure 1.

Variables and outcomes data

Data were collected from patients' medical records, encompassing various parameters. Demographic data included age
and gender. Comorbidities recorded included hypertension, diabetes mellitus, coronary heart disease, cerebral infarction,
and sepsis-associated encephalopathy (SAE). Laboratory parameters collected included albumin, C-reactive protein
(CRP), the serum urea to serum creatinine ratio (BUN/SCr), serum prealbumin, myoglobin (Myo), and maximum body
temperature, among others. Interventions such as mechanical ventilation and continuous renal replacement therapy
(CRRT) were also noted. Clinical scores recorded included the Glasgow Coma Scale (GCS), Acute Physiology and
Chronic Health Evaluation II (APACHE II), quick Sequential Organ Failure Assessment (qQSOFA), and SOFA.
Additionally, information on pathogenic bacteria, including Gram-positive (G+), Gram-negative (G-) bacteria, and fungi,
was documented. The primary clinical outcomes included length of stay (LOS) in the ICU, LOS outside the ICU, early
death within 14 days and 28-day in-hospital mortality.

Main definition

CClI was defined for patients with an ICU stay of > 14 days, accompanied by evidence of persistent organ dysfunction, as
determined by components of the SOFA score[15]. RR patients were defined as those who were discharged from the ICU
within 14 days with complete resolution of organ dysfunction[14]. PICS was defined by the presence of specific
laboratory markers suggested in the literature. These included an ICU stay of at least 10 days, evidence of inflammation
(CRP > 50 mg/L for = 2 days), immunosuppression (lymphocyte count < 0.8 x 10°/L for > 2 days), and catabolism (weight
loss >10%, body mass index < 18, or albumin < 30 g/L during hospitalization)[16]. An overview of other definitions used
in the present study is given in Supplementary Table 1.

Statistical analysis

Categorical variables were presented as percentages of the total number of cases and compared using the Pearson y? test
or Fisher's Exact test. Quantitative variables with a normal distribution were expressed as mean * SD, with differences
evaluated using one-way analysis of variance. Continuous variables with a non-normal distribution were analyzed using
the Kruskal-Wallis test and reported as median and interquartile range. Univariate logistic regression analysis was
performed to identify risk factors for IAH, and variables found to be significant were further analyzed using multivariate
logistic regression. Receiver-operating characteristic (ROC) curves were plotted, and the area under the curve (AUC) was
calculated to assess the predictive value of independent risk factors for IAH. Kaplan-Meier analysis was used to assess
the impact of IAH, maximum serum sodium levels, duration of hypernatremia, and sodium correction rate on 28-day in-
hospital mortality. A P value of < 0.05 was considered statistically significant. Statistical analyses were conducted using
SPSS version 25.0, with ROC and Kaplan-Meier analyses performed using GraphPad Prism version 8.0.2.

RESULTS

Characteristics of patients

Among the 9345 patients admitted to the ICU, 157 patients fulfilled the inclusion criteria. The baseline characteristics of
patients are shown in Table 1. Patients were divided into three groups: IAH (n = 62, 39.49%), non-IAH (n = 41, 26.11%),
and normonatremia (n = 54, 34.39%). The mean age of all 157 patients was 65.85 + 15.64 years old, and 31.85% of patients
were female.

As shown in Table 1, the indicators of significant differences were as follows: SAE (P = 0.002), the concentration of CI-
(P =0.019), BUN/SCr (p = 0.001), serum prealbumin (P = 0.042), Myo (P = 0.008), maximum body temperature (P = 0.017),
need for mechanical ventilation (MV, P = 0.002), APACHE II score (P = 0.001), infection with G bacteria (P = 0.003) and
ICU-LOS (P < 0.001).

Association between hypernatremia and PICS, CCl and RR
As shown in Figure 2, only 16.28% of PICS patients had normal sodium levels, similar to those in CCI groups (15.00%).
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Table 1 Baseline clinical characteristics, n (%)/mean * SD/median (25"-75" percentiles)

IAH Non-IAH Normonatremia
Variable P value

(n=62) (n=4) (n=54)
Age, years 66.20 +15.40 66.10 £ 16.90 65.30 £15.10 0.956
Sex (Female) 22 (35.48) 10 (24.39) 18 (33.33) 0.476
Comorbidities
Hypertension 31 (50.00) 23 (56.10) 24 (44.44) 0.530
Diabetes mellitus 16 (25.81) 9 (21.95) 10 (18.52) 0.611
CHD 4 (6.45) 1(2.44) 4(7.41) 0.626
Cerebral infarction 10 (16.13) 6 (14.63) 3 (5.56) 0.186
SAE 20 (32.23) 24 (58.54) 13 (24.07) 0.002
Laboratory parameters
K*, mmol/L 3.89 +0.62 3.92+0.83 417 +0.74 0.078
Ca?", mmol/L 1.08 (1.04, 1.17) 1.08 (1.02, 1.20) 1.09 (1.06, 1.12) 0.895
CI', mmol/L 102.85 (98.03, 106.03) 103.20 (98.50, 112.05) 100.30 (96.63, 104.03) 0.019
SCr, pmol/L 148.50 (91.30, 214.73) 116.80 (73.85, 190.10) 113.55 (72.00, 297.38) 0.524
BUN/SCr 216.23 (149.83, 264.87) 267.56 (194.18, 371.69) 185.06 (133.73, 250.25) 0.001
BUN, mmol/L 18.90 (11.15, 25.88) 20.81 (13.20, 29.55) 15.00 (11.43, 24.14) 0.185
ALB, g/L 26.23 +5.55 27.55+3.71 27.52 +5.40 0.290
Serum prealbumin, mg/L 68.35 (50.55, 100.45) 63.40 (38.45, 86.55) 81.20 (63.68, 118.38) 0.042
PCT, ng/mL 11.29 (3.40, 50.00) 9.87 (3.18, 31.61) 14.58 (2.40, 34.00) 0.964
WBC, 10°/L 1912 +£11.12 18.47 £9.41 21.31+11.34 0.387
CRP, mg/L 191.49 £ 92.02 206.49 + 86.19 166.42 + 84.56 0.083
Lym, 10°/L 0.34 (0.20, 0.53) 0.35 (0.20, 0.62) 0.40 (0.21, 0.63) 0.765
NT-proBNP, ng/L 2673 (806, 8020) 4221 (635, 14221) 3220 (912, 10625) 0.720
Myo, ng/mL 329 (146, 575) 706 (316, 1952) 259 (120, 630) 0.008
Body temperature max, °C 38.15 (37.40, 38.60) 37.80 (37.50, 38.40) 37.50 (37.20, 38.10) 0.017
Delirium 12 (19.35) 9 (21.95) 8 (14.81) 0.657
Interventions
MV 45 (72.58) 34 (82.93) 27 (50.00) 0.002
CRRT 24 (38.71) 18 (43.90) 18 (33.33) 0.573
Clinical scores
GCS score 6.00 (5.00, 10.00) 5.00 (3.00, 6.00) 6.50 (3.00, 9.75) 0.109
APACHE II score 17.49 £5.52 21.72 £ 6.40 16.38 £ 8.30 0.001
qSOFA score 1(1,2) 2(1,2) 2(1,2) 0.239
SOFA score 10.31 +£3.98 10.64 +4.08 948 +5.41 0.444
SIRS 56 (90.32) 36 (87.80) 50 (92.59) 0.498
Pathogenic
G bacteria 7 (11.29) 2 (4.88) 10 (18.52) 0.126
G  bacteria 31 (50.00) 29 (70.73) 19 (35.19) 0.003
Fungi 5 (8.06) 3(7.32) 8 (14.81) 0.380
G" and G bacteria, 1 (%) 4 (6.45) 1(2.44) 2 (3.70) 0.594
G* bacteria and fungi, 1 (%) 1(1.61) 0 (0.00) 1 (1.85) 0.695
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G’ bacteria and fungi 3 (4.84) 1(2.44) 2 (3.70) 0.823
Time

ICU LOS, days 16.50 (8.75, 26.75) 12.00 (5.00, 25.50) 5.00 (2.00, 12.00) <0.001
LOS outside the ICU, days 0.00 (0.00, 9.00) 0.00 (0.00, 7.00) 2.00 (0.00, 11.25) 0.155
Died within 14 days 22 (35.48) 22 (53.66) 20 (37.04) 0.146

IAH: ICU-acquired hypernatremia; ICU: Intensive care unit; CHD: Coronary heart disease; SAE: Sepsis-associated encephalopathy; SCr: Serum creatinine;
BUN/SCr: Urea-to-creatinine ratio; BUN: Blood urea nitrogen; ALB: Serum albumin; PCT: Procalcitonin; WBC: White blood cell counts; CRP: C-reactive
protein; Lym: Lymphocytes; NT-proBNP: N-terminal pro-B-type natriuretic peptide; Myo: Myoglobin; MV: Mechanical ventilation; CRRT: Continuous
renal replacement therapy; GCS: Glasgow coma scale; APACHE II: Acute physiology and chronic health evaluation II; gSOFA: Quick sequential organ
failure assessment; SOFA: Sequential organ failure assessment; SIRS: Systemic inflammatory response syndrome; LOS: Length of stay.

ICU admission
(n = 9345)

« Patients without septic shock (7 = 8084)
> + Age < 18 years old (7 = 201)
« Pregnancy (n = 48)

Patients with septic shock

(n=1012) Excluded:
« Patients with missing data for the
. concentration of serum sodium (7 = 78)
"« Patients with dead brains (7 = 43)
| « Patients who would probably die in 48
hours (n = 408)
Final selection in our study + Patients with hyponatremia (7 = 326)
(n=157)
4
IAH (n = 62) Non-IAH (n = 41) Normonatremia (7 = 54)

Figure 1 Flow chart of patients involved in this study. ICU: Intensive care unit; IAH: Intensive care unit-acquired hypernatremia.

However, in RR patients, the ratio was as high as 64.29%. In addition, the proportion of IAH varied among the different
groups, with 55.81% in PICS, 55.00% in CCI and only 26.19% in RR (Figure 2A and B). The bar chart showed that 53.23%
of patients with IAH developed CCI and only 17.74% of patients with RR. The reverse was true for patients with
normonatremia (CCI: 16.67% vs RR: 50.00%). The data for patients with non-IAH were very similar to those of patients
with IAH, with no statistically significant difference between the two groups. However, the statistical significance in both
groups was greater than that observed in the normonatremia group (Figure 2B). Additionally, an analysis based on PICS
criteria revealed a trend consistent with that seen in CCI (Figure 2A and B). These findings suggest a significant
association between elevated serum sodium levels and both PICS and CClI, particularly in patients with IAH, whereas RR
was significantly associated with normonatremia. Hence, the state of elevated sodium can predict poor clinical trajectories
with septic shock patients.

Risk factors for IAH in patients with septic shock

The univariate logistic regression analysis demonstrated that IAH had an apparent association with kidney insufficiency
[odds ratio (OR) = 0.22; 95%CI: 0.06-0.86; P = 0.029], the total urine volume in the preceding three days (OR = 1.10; 95%CI:
1.04-1.17; P = 0.002), the sodium content of enteral nutrition (EN) = 500mg (OR = 3.18; 95%CI: 1.36-7.45; P = 0.008), the
sodium content of EN = 670mg (OR = 5.52; 95%ClI: 1.74-17.49; P = 0.004), and diuretic (OR = 2.44; 95%CI: 1.14-5.21; P =
0.021) (Table 2). These significant characteristics in the univariate analyses were entered into multivariate models. The
results showed that total urine volume in the preceding three days (OR = 1.09; 95%CI: 1.02-1.17; P = 0.014), the sodium
content of EN = 500mg (OR = 2.93; 95%Cl: 1.13-7.60; P = 0.027) and the sodium content of EN = 670mg (OR = 6.19; 95%CI:
1.75-21.98; P = 0.005) were positively correlated independent risk factors for the development of IAH (Table 3).

Prediction for the occurrence of IAH

After identifying the independent risk factors, ROC analysis was used to calculate the AUC for each factor to better
predict the occurrence of IAH. As shown in Figure 3 and Table 4, the urine output on the first day (AUC = 0.75, 95%CI:
0.60-0.90, P = 0.008), second day (AUC = 0.77, 95%CI: 0.63-0.91, P = 0.004), and third day (AUC = 0.78, 95%ClI: 0.65-0.91,

Buissidenge WICC | https:/ /www.wjgnet.com 5 March 6,2025 | Volume13 | Issue7 |



Shi MQ et al. Hypernatremia in patients with septic shock

Table 2 Univariate analysis for risk factors of intensive care unit-acquired hypernatremia in septic shock patients, n (%)/mean * SD

IAH Normonatremia Univariate
P value

(n=62) (n=54) OR (95%Cl)
Diabetes mellitus 17 (27.42) 10 (18.52) 1.66 (0.69-4.03) 0.26
Kidney insufficiency 3 (4.84) 10 (18.52) 0.22 (0.06-0.86) 0.029
Body temperature max, °C 38.15 (37.40-38.60) 37.50 (37.20-38.10) 1.17 (0.85-1.60) 0.348
Urine volume, ml
1t + 2nd 4 31d 5775.00 (2908.75-7512.50) 3730.00 (257.50, 5732.50) 1.10 (1.04-1.17) 0.002
The sodium content of EN
315 mg 13 (20.97) 7 (12.96) 1.78 (0.65-4.85) 0.259
500 mg 26 (41.94) 10 (18.52) 3.18 (1.36-7.45) 0.008
670 mg 19 (30.65) 4 (7.41) 5.52 (1.74-17.49) 0.004
Diuretic 43 (69.35) 26 (48.15) 2.44 (1.14-5.21) 0.021
Mannitol 8 (12.90) 4 (7.41) 1.85 (0.53-6.53) 0.338
Glucocorticoids 37 (59.68) 27 (50.00) 1.48 (0.71-3.09) 0.296
Blood glucose max, mmol/L 10.86 £3.62 9.73 +3.51 1.09 (0.98-1.22) 0.095
CRP, mg/L 191.49 + 92.02 166.42 + 84.56 1.00 (1.00-1.01) 0.135
Lym, 10°/L 0.34 (0.20, 0.53) 0.39 (0.21, 0.62) 0.71 (0.31-1.62) 0.419
Serum prealbumin, mg/L 68.35 (50.55, 100.45) 81.20 (63.68, 118.38) 0.99 (0.98-1.00) 0.073
ALB, g/L 26.23 +£5.55 27.52 +5.40 0.96 (0.89-1.03) 0.209
BUN, mmol/L 18.90 (11.15, 25.88) 15.00 (11.43, 24.14) 1.00 (0.98-1.03) 0.833
BUN/SCr 227.44 £117.94 198.05 £ 90.72 1.00 (1.00-1.01) 0.144
APACHE II score 17.49 +5.52 16.38 + 8.30 1.02 (0.97-1.08) 0.402
SOFA score 10.31 +3.98 9.48 +5.41 1.04 (0.96-1.13) 0.356
SIRS, 1 (%) 58 (93.55) 52 (96.30) 0.56 (0.10-3.17) 0.51

IAH: ICU-acquired hypernatremia; ICU: Intensive care unit; OR: Odd ratio; EN: Enteral nutrition; CRP: C-reactive protein; Lym: Lymphocytes; ALB:
Serum albumin; BUN: Blood urea nitrogen; BUN/SCr: Urea-to-creatinine ratio, APACHE II: Acute physiology and chronic health evaluation II; SOFA:

Sequential organ failure assessment; SIRS: Systemic inflammatory response syndrome.

Table 3 Multivariate analysis for independent risk factors of intensive care unit-acquired hypernatremia in septic shock patients, n (%)

IAH Normonatremia Multivariate
P value

(n=62) (n=54) OR (95%Cl)
Kidney insufficiency 3 (4.84) 10 (18.52) 0.37 (0.08-1.67) 0.197
Urine volume, ml
15t + 2nd 4 3rd 5775 (2908.75, 7512.5) 3730 (257.5, 5732.5) 1.09 (1.02-1.17) 0.014
The sodium content of EN
500 mg 26 (41.94) 10 (18.52) 2.93 (1.13-7.60) 0.027
670 mg 19 (30.65) 4(7.41) 6.19 (1.75-21.98) 0.005
Diuretics- 43 (69.35) 26 (48.15) 1.87 (0.78-4.47) 0.159

IAH: ICU-acquired hypernatremia; ICU: Intensive care unit; OR: Odd ratio; EN: Enteral nutrition.
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Table 4 Areas under the receiver operator curves presented of predicting intensive care unit-acquired hypernatremia

Variable AUC 95%Cl Pvalue
Urine volume 1% + 2" + 31 0.80 0.68-0.92 0.001
Urine volume 1 0.75 0.60-0.90 0.008
Urine volume 2" 0.77 0.63-0.91 0.004
Urine volume 3™ 0.78 0.65-0.91 0.003
The sodium content of EN 0.60 0.43-0.78 0.274

AUC: Areas under the curve; ROC: Receiver operator curves; EN: Enteral nutrition.

P = 0.003) demonstrated good predictive potential for IAH. Notably, the total urine output over the first three days
achieved an AUC of 0.80 (95%CI: 0.68-0.92, P = 0.001), indicating that the combined analysis of these three variables
provided a stronger prediction for the occurrence of IAH compared to any single variable alone. However, the AUC for
EN was less than 0.7 (AUC = 0.60, 95%CI: 0.43-0.78, P = 0.274), indicating lower predictive potential.

28-day in-hospital mortality with septic shock patients

The correlation between the 28-day in-hospital mortality of septic shock patients and serum sodium condition was
expressed using Kaplan-Meier curve analysis (Figure 4). There was no significant statistical difference in 28-day in-
hospital mortality among the IAH, non-IAH and normonatremia groups (P = 0.255) (Figure 4A). Nevertheless, the
different maximum serum sodium levels were significantly associated with 28-day mortality in patients (P = 0.035).
Notably, the group with the lowest serum sodium concentration (145-150 mmol/L) exhibited a higher risk of death
compared to other groups (Figure 4B). The duration of hypernatremia also showed a statistically significant effect on
patient outcomes (P = 0.018), with patients experiencing hypernatremia for more than 20 days demonstrating the highest
survival rate (Figure 4C). Further, the sodium correction rates had a significant impact on 28-day mortality (P = 0.030),
with correction rates of 9-11 mmol/L per 24 hours associated with the best 28-day survival rate (Figure 4D). Subgroup
analysis revealed that 28-day mortality was significantly higher in patients receiving CRRT for hypernatremia compared
to those not treated with CRRT (Supplementary Figure 1). Supplementary Table 2 presented the 7-, 14-, and 28-day in-
hospital mortality rates for patients with septic shock.

DISCUSSION

In the present study, three significant data analyses were performed on hypernatremia in septic shock patients. Firstly, it
was observed that elevated serum sodium status was highly correlated with poor clinical trajectory, especially IAH.
Hence, independent risk factors for IAH were identified through multifactorial analysis, and their predictive utility was
determined. Finally, the initial state, duration and correction rate of serum sodium can affect the short-term prognosis of
septic shock patients.

Hypernatremia, especially IAH, was a significant factor leading to adverse clinical trajectory. A hypersaline state can
lead to inappropriate activation of the immune system, driving macrophages to polarize into a pro-inflammatory
phenotype[17]. Meanwhile, severe infection can disrupt the activity of the hypothalamic-pituitary-adrenal axis, increasing
the body's demand for free water. This heightened need can result in significant free water deficiency, ultimately leading
to hypernatremia[18]. This suggests that inflammation and elevated sodium levels have a bidirectional, cause-and-effect
relationship. The present findings confirm a significant association between excessive sodium and PICS, which appears to
form a self-sustaining vicious cycle. Among patients with PICS, 83.72% (36/43) exhibited hypernatremia, and 55.81% (24/
43) had IAH (Figure 2A). Similarly, the incidence of PICS was higher in patients with hypernatremia (whether ICU-
acquired or present at admission) compared to those with normonatremia (38.71% vs 29.27% vs 12.96%). This association
mirrors the relationship between elevated serum sodium levels and CCI but is inversely related to the RR group
(Figure 2B and C). Therefore, the interaction between hypernatremia, PICS, and CCI underscores the importance of
monitoring and managing elevated serum sodium concentrations in septic shock patients.

In the ICU, the most common cause of hypernatremia is the loss of net water and the increase in sodium intake[19].
Both of these reasons are reflected in the present results. The total urine volume in the preceding three days and the
sodium content of EN were identified as independent risk factors for IAH. In the ICU, most patients are supported by
EN. Na* is a key component of osmotic pressure in EN preparations, with osmolarity typically ranging from 490 to 790
mOsm/kg[20]. Research has shown that the higher the osmotic pressure difference between the gastrointestinal secretion
and EN solution, the stronger the inhibition of the gastrointestinal tract on EN solution, which is manifested as excessive
intake of sodium and insufficient intake of water[21,22]. At the same time, high osmotic pressure can also cause osmotic
diarrhea, further causing high concentrated hypernatremia[23]. Based on the present data, when the sodium content of
EN = 500mg, the risk of IAH increased 2.93 times (P = 0.027), and 6.19 times when it reached 670 mg (P = 0.005). Further,
in patients with poor renal function or osmotic diseases, such as diabetes insipidus and osmotic diuresis, the balance of
sodium and water is disrupted[24,25]. Na is reabsorbed by the renal tubules into the interstitial fluid, while the ascending
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Figure 2 The relationship of persistent inflammation, chronic critical illness and rapid recovery for patients with septic shock between
intensive care unit-acquired hypernatremia group, hypernatremia at admission group and normonatremia group. A: Patients with persistent
inflammation; B: Patients with chronic critical illness; C: Patients with rapid recovery. ICU: Intensive care unit; PICS: Persistent inflammation, immunosuppression and
catabolism syndrome; CCI: Chronic critical illness; RR: Rapid recovery.

limb of the loop of Henle actively secretes sodium into the interstitial space, which is impermeable to water[26]. As a
result, Na is continuously pumped out resulting in an elevated blood sodium level[11]. Consequently, in patients with
septic shock in ICU, it is recommended to choose EN formulations with low sodium content and to implement strict
monitoring and control of total urine output during the first 3 days to help reduce the incidence of IAH.

Although previous studies have identified an optimal serum sodium cut-off value of 147.55 mmol/L in patients with
critical nervous system conditions[27], the ideal serum sodium peak for patients with septic shock remains unclear.
Notably, in the present study, septic shock patients exhibited the highest 28-day mortality (57.89%) when serum sodium
levels ranged between 145 and 150 mmol/L, whereas the lowest 28-day mortality (12.50%) was observed when sodium
levels were between 160 and 165 mmol/L. Based on these findings, maintaining serum sodium levels between 160 and
165 mmol/L during septic shock may offer a more favorable short-term prognosis compared to mild or severe sodium
elevations. From a pathophysiological perspective, this differs from patients with sepsis or nervous system dysfunction.
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Figure 3 The receiver-operating characteristic analysis of independent risk factors for intensive care unit-acquired hypernatremia. ROC:
Receiver-operating characteristic. EN: Enteral nutrition.
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Figure 4 Kaplan-Meier survival curves stratified by serum sodium for septic shock patients. A: Patients stratified by different types of serum
sodium; B: Patients stratified by maximum serum sodium; C: Patients stratified by duration of hypernatremia; D: Patients stratified by sodium reduction rate.

In septic shock, a moderate increase in serum sodium can raise the osmotic pressure and tension of extracellular fluid,
which may help reduce diffuse cerebral edema caused by septic encephalopathy. Additionally, it could mitigate
hypovolemic shock due to extensive plasma leakage[28-31]. Moreover, clinical recommendations suggest that in patients
with rapid hypernatremia, a correction rate of 1 mEq/L/h is considered safe, while patients with chronic hypernatremia
should be corrected at a rate of 0.5 mEq/L/h, with a maximum change of 8 to 10 mEq/L/24h[19]. The present study is
consistent with this result. The rate of sodium reduction at 9 to 11 mmol/L/24 hours was associated with the lowest 28-
day in-hospital mortality, especially compared with the rapid correction group (11 to 15 mmol/L and > 15 mmol/L/24
hours). In summary, the present authors speculate that moderately persistent high serum sodium status may mitigate the
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progression of histiocytic edema and hypovolemia resulting from septic shock, thereby improving patient outcomes.

While the present study yielded encouraging results, there are potential limitations to consider. First, it was a single-
center study with a relatively small sample size. Second, the complexity of septic shock introduces multiple factors that
may confound the association between hypernatremia and mortality. Despite these limitations, the findings present
valuable insights into the relationship between hypernatremia, PICS, as well as the clinical trajectories of CCI and RR in
septic shock patients. Further, the data suggest that the initial sodium levels, duration of hypernatremia, and sodium
correction rates can significantly influence the short-term prognosis of septic shock patients. Given the rarity and high
mortality rate of this life-threatening condition, conducting large-scale clinical studies can be difficult. Therefore, a larger
multi-center study with a higher number of cases is warranted to confirm these results.

CONCLUSION

In summary, elevated serum sodium, particularly IAH, was identified as one of the most important factors influencing
CClI and PICS in septic shock patients. The urine volume over the previous three days and the sodium content in EN were
found to be independent risk factors for IAH, with total urine volume in the prior three days being a strong predictor.
Additionally, the prognosis of septic shock patients was significantly associated with maximum serum sodium levels, the
duration of hypernatremia, and the rate of sodium correction. At present, there are no globally accepted guidelines for the
management of hypernatremia in septic shock. These findings suggest that hypernatremia may serve as a critical
predictive indicator for patient outcomes in septic shock, underscoring the need for careful monitoring and management
of sodium levels in these patients.
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