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Retrospective Study
Prognostic impact of hypernatremia for septic shock patients in the intensive care

unit

Mai-Qing Shi et al. Hypernatremia as a threat to patients with septic shock, with special

attention to hypernatremia acquired in the intensive care unit.




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
AIM
To identify independent risk factors and their predictive efficacy for ICU-acquired

hypernatremia 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 analyzed. Patients were
categorized based on the timing of hypernatremia occurrence into the IAH group (n =

62), the non-IHA group (n = 41), and the normonatremia group (n = 54).

RESULTS

In the present study, there was a significant association between the high serum sodium
concentrations, excessive persistent inflammation, immunosuppression and catabolism
syndrome (PICS) and chronic critical illness (CCI), while rapid recovery (RR) 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 (OR = 1.09; 95%CI: 1.02-1.17; P = 0.014), enteral nutrition (EN) sodium
content of 500 mg (OR = 2.93; 95% CI: 1.13-7.60; P = 0.027), and enteral nutrition 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 (AUC) 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.
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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 (ICU)-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.

ETRODUCTION

Sepsis is defined as an inflammatory body response to infection, with severﬁepsis 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 rapid recovery or progress into a state of persistent
catabolism and organ dysfunction, leading to CCI. 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 persistent inflammation, immunosuppression, and catabolism syndrome
(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 chronic critical illness (CCI) and rapid recovery (RR). Furthermore,
independent risk factors for ICU-acquired hypernatremia (IAH) were identified, and
their predictive efficacy was evaluated to improve the prognosis of septic shock
patients. Finally, the 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: (i) adults
aged = 18 years, (ii) serum sodium concentration greater than 135 mmol/L during or
prior to ICU admission, and (iii) a diagnosis of septic shock. Exclusion criteria were: (i)
patients with missing serum sodium concentration data, (ii) patients with brain death,
(iii) patients with a high likelihood of death within 48 hours, (iv) patients with
hyponatremia, and (v) 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) gere 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 (qSOFA), and Sequential Organ Failure
Assessment (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

CCI 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 (C-reactive protein [CRP] > 50 mg/L for = 2
days), immyggposuppression (lymphocyte count < 0.8 x 10"9/L for = 2 days), and
catabolism (weight loss > 10%, body mass index [BMI] < 18, or albumin <30 g/L during
hospitalization)[16]. An overview of other definitions used in the present study is given

in S1.

Statistical Methods

Categorical variables were presated as percentages of the total number of cases and
compared using the Pearson Chi-Square test or Fisher's Exact test. Quantitative
variables with a normal distribution were expressed as mean + SD, with differences
evaluated using One-Wa NOVA. Continuous variables with a non-normal

distribution were analyzed using the Kruskal-Wallis test and reported as median and




interquartile range (IQR). Univariate logistic regression analysis was performed to

identify risk factors for ICU-acquired hypernatremia (IAH), and variables fOlﬁld 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, duragtion 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 éseline characteristics of patients are shown in Table 1. Patients were
divided into three groups: IAH = 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, CCI 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%). 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 2b). The bar chart




showed that 53.23% of patients with [AH 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 2b). These findings
suggest a significant association between elevated serum sodium levels and both PICS
and CCI, 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 appagent
association with kidney insufficiency (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 EN = 500mg (OR = 3.18; 95%CI: 1.36=7.45; P = 0.008), the sodium
content of EN = 670mg (OR = 5.52; 95%CI: 1.74~17.49; P = 0.004), and diuretic (OR =
2.44; 95%CIL 1.14~5.21; P = 0.021) (Table 2). These significant characteristics in the
Wivariate 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%CI: 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 [AH (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, P = 0.003) demonstrated good predictive potentjal for ITAH. 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 (Fig/ 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
4¢). 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 hypernatrea compared to those
not treated with CRRT (Figure S2). Figure S3 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 TAH (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 2c). 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 670mg (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 dispupted[24,25]. Na is reabsorbed by the renal tubules into the interstitial
fluid, while the ascending 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. 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 hﬁ-ematremia, 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/24h 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/24h). In summary, the present authors
speculate that moderately persistent high serum sodium status may mitigate the
progression of histiocytic edema and hypovolemia resulting from septic shock, thereby

improving patient outcomes.

Limitations and strengths of this study

While theé)resent 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 CCI 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 suggestﬁhat
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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