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ABSTRACT
Objective:  The influence of serum sodium level changes on septic patient survival after 
cardiopulmonary bypass surgery is not clear. We attempted to figure out the impact of serum 
sodium trajectory changes on the 30-day mortality rate of such patients.
Methods:  The Medical Information Mart for Intensive Care (MIMIC)-IV database was searched to 
gather patients who developed sepsis after cardiopulmonary bypass surgery. A group-based 
trajectory model (GBTM) was employed to determine the serum sodium trajectory within 72 h of 
ICU admission. Patients’ survival differences between different trajectory groups were compared 
using Kaplan–Meier (K–M) survival curves. Cox regression models were further employed to explore 
the correlation between survival status and serum sodium trajectory.
Results:  1,038 eligible patients were involved in this project. GBTM identified 3 serum sodium 
trajectories, all showing a trend of initial decrease followed by an increase. K–M curve analysis 
uncovered a notable difference in 30-day survival status between Class 1 and Class 2 (Log-rank 
p = 0.039), while no obvious differences were observed between other groups. Cox hazard analysis 
revealed that in the three models adjusting for different covariates, Class 2 was connected with the 
increased risk of survival (OR > 1, p < 0.05).
Conclusion:  Higher serum sodium trajectory is linked with elevated 30-day death risk in septic 
patients following cardiopulmonary bypass surgery. Repressing high levels of serum sodium may be 
beneficial for patient survival.

Introduction

Cardiovascular disease (CVD) ranks as the most common 
chronic and life-threatening disease worldwide. The Global 
Burden of Disease Study in 2020 shows that CVD caused 
about 18.6 million deaths in 2019, making up 32% of the 
global total mortality [1]. Medication is one of the main 
methods for treating CVD [2]. However, in most cases, con-
ditions such as coronary artery disease and valve regurgita-
tion or stenosis, which are associated with CVD, are unlikely 
to be cured through medication, making surgical treatment 
an impactful option [3, 4]. Median sternotomy, also known 
as open-heart surgery, is an impactful and prevalent inter-
vention for heart diseases such as heart valve disease, coro-
nary heart disease, or aortic aneurysm [5]. Among them, 
coronary artery bypass grafting (CABG) is one of the most 
commonly utilized procedures in open-heart surgery. 
According to the American Heart Association’s US and 
Global Data Report in 2024, there were 161,816 surgeries 

involving isolated CABG in 2019, accounting for over half of 
all adult cardiac surgeries [6].

Cardiopulmonary bypass (CPB) is a widely applied tech-
nique in open-heart surgery, which is the standard technique 
for cardiac surgery. The machine is connected to the patient 
through a synthetic circuit and tubes, which transport blood 
from the heart to the machine for oxygenation and removal 
of carbon dioxide to maintain systemic perfusion and oxy-
genation of the patient’s body [7, 8]. However, this method 
may lead to the occurrence of numerous complications due 
to the changes in normal circulation and perfusion. Infectious 
complications, particularly sepsis or septic shock after CPB, 
are critical issues linked with high morbidity and mortality 
rates. A previous study on pediatric patients who had car-
diac surgery for congenital heart disease has demonstrated 
an increased incidence of sepsis after CPB [9]. However, 
there is currently limited information available in clinical 
practice regarding the occurrence and risk factors of sepsis 
in postoperative patients.
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Sodium primarily exists in the blood and extracellular fluid 
in the body, working together with potassium to maintain 
osmotic pressure and water balance inside and outside the 
cells and contributing to the normal functioning of the ner-
vous, cardiovascular, muscular, and other physiological sys-
tems [10]. Sodium disorder has an instrumental impact on 
patients’ prognoses. Numerous clinical researches have mani-
fested that sodium imbalance is a prevalent electrolyte disor-
der during admission and hospitalization of patients in the 
ICU, which is linked with elevated mortality rates [11, 12]. 
Hypernatremia is tied to the severity of sepsis, the occurrence 
of organ failure, and increased in-hospital mortality rates  
[13–15]. In a study, among septic patients in the ICU, both 
hypernatremia at admission and hospital-acquired hypernatre-
mia were linked with greater mortality rates [16]. Freitas et  al. 
[17] also pointed out a positive connection between the pres-
ence of sepsis and hypernatremia at admission. In addition, as 
the most common electrolyte disorder among hospitalized 
patients, hyponatremia is an adverse predictor of various dis-
eases [18–20]. In the emergency department, both hypernatre-
mia and moderate to severe hyponatremia are independent 
predictors of mortality in septic patients [21]. Therefore, the 
different changes in sodium levels are essential factors for the 
survival of critically ill patients, which possesses good value in 
predicting septic patients’ survival risk. However, analyses of 
serum sodium in current studies are carried out with mea-
surements at discrete time points. The changes in sodium lev-
els during hospitalization and their correlation with the 
outcomes of patients who develop sepsis after undergoing 
open-heart surgery with CPB are unknown.

This investigation attempts to uncover the different patterns 
of longitudinal changes in sodium levels and conduct popula-
tion clustering through the establishment of a group-based tra-
jectory model (GBTM), and to determine the association 
between sodium level changes and death rate in patients who 
develop sepsis after undergoing open-heart surgery with CPB.

Methods

Data source

The data was available from the Medical Information Mart 
for Intensive Care IV (MIMIC-IV) database established by 
Beth Israel Deaconess Medical Center in Boston, 
Massachusetts, USA [22]. It stores the relevant information 
of patients admitted to the ICU at Beth Israel Deaconess 
Medical Center between 2008 and 2019. The information 
includes medical and health data of multiple patients, includ-
ing their survival records within 1  year after discharge. 
Specifically, the database contains demographic information, 
laboratory test results, medication information, imaging 
reports, hospital records, and nursing levels of the patients 
(https://mimic.physionet.org/about/mimic/).

Patient selection

To probe into the relationship between in vivo serum sodium 
changes and survival of septic patients who received 

cardiopulmonary bypass surgery, we gathered clinical data of 
299,712 patients from the MIMIC-IV database between 2008 
and 2019. All data in the MIMIC-IV were de-identified, 
being unable to identify specific patients. This project, there-
fore, did not need any written informed consent from 
patients or approval from a research ethics committee or an 
institutional review board.

The following standards were applied to determine which 
patients were eligible to maintain the accuracy of the data: (a) 
age > 18 and <90 years; (b) patients who were admitted to the 
ICU for the first time and stayed in the ICU for more than 
24 h; (c) surgical patients were identified through ICD-9 and 
ICD-10 codes; (d) sepsis was identified through Sepsis-3 cri-
teria. The standards of selecting sepsis patients who meet the 
Sepsis-3 diagnostic criteria from the MIMIC database were 
consistent with what was mentioned in the previously pub-
lished study [23]. All included patients received no less than 
4 measurements of serum sodium levels within 72 h after 
surgery.

We excluded the following patients: (a) patients who did 
not have laboratory measurements and baseline data of 
serum sodium before ICU admission; (b) patients who did 
not have survival information; (c) patients who died within 
24 h of admission. 1,038 eligible participants were finally 
involved in the investigation. The screening process of par-
ticipants is presented in Figure  1.

Variable collection

The variables collected in this project included demo-
graphic data (age, gender, race, marital status), laboratory 
measurements (length of stay (LOS), hospital mortality, 
heart rate, bicarbonate, respiratory rate, mean arterial 
pressure (MBP), temperature, saturation of peripheral 
oxygen (SpO2), hematocrit, chloride, hemoglobin, glucose, 
lactate, platelets, potassium, international normalized ratio 
(INR), prothrombin time (PT), sodium, partial thrombo-
plastin time (PTT), blood urea nitrogen (BUN), white 
blood cell (WBC) count, mean corpuscular hemoglobin 
(MCH), partial pressure of oxygen (pO2), partial pressure 
of carbon dioxide (pCO2), mean corpuscular volume 
(MCV), pH, excess base, mean corpuscular hemoglobin 
concentration (MCHC), vasoactive agents (yes or no), red 
cell distribution width (RDW), creatinine, mechanical 
ventilation (yes or no), severity scores (GCS), coma scale, 
simplified acute physiology score II (SAPSII), sequential 
organ failure assessment (SOFA), Charlson comorbidity 
index), microbiological cultures (sputum, urine, blood, 
and others), and medical history congestive heart failure 
(yes or no), kidney disease (yes or no), diabetes (yes or 
no), chronic lung disease (yes or no), and liver disease 
(yes or no).

Serum sodium was the baseline value before admission to 
the ICU. Severity scores, laboratory measurements, and vital 
signs collected multiple times during the ICU period were 
all determined by the values corresponding to the most 
severe level measured within the first 24 h after ICU 
admission.

https://mimic.physionet.org/about/mimic/
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Trajectory grouping of serum sodium

We resorted to a GBTM approach to determine serum 
sodium levels with similar developmental trajectories. Based 
on the serum sodium levels before ICU admission, patients 
were clustered into three groups: hypernatremia, normal 
sodium level, and hyponatremia. The level and shape of the 
trajectory were determined by the regression parameters of 
the model, which were estimated by maximum likelihood 
estimation. After using the GBTM method, based on the 
serum sodium levels measured within 72 h after ICU admis-
sion, we grouped patients into three groups: hyponatremia, 
normal sodium level, and hypernatremia. Specifically, the 
number of groups was set by a basic model without covari-
ates and using linear, quadratic, and cubic polynomials to fit 
GBTM for serum sodium measurement. The grouping of 
serum sodium trajectories based on the GBTM model was 
mainly determined by the following indicators: (1) Bayesian 
information criterion (BIC); (2) Akaike information criterion 
(AIC); (3) Sample-size adjusted BIC (SABIC); (4) Entropy 
and the ratio of samples to the total samples in each trajec-
tory group; (5) Average posterior probability (Avepp), which 
reflects the posterior probability of each being classified into 
the corresponding trajectory subgroup, usually with a thresh-
old of >0.7 for acceptance; (6) patients >5% were classified 
in each trajectory.

Statistical analysis

Continuous variables in the statistical analysis were 
expressed as median (IQR). By the Mann–Whitney U test, 
we made comparisons between groups. Categorical data 
were presented as percentages (%) and compared using the 
chi-square test. The baseline serum sodium concentration 
was divided into three groups to assess the relation between 
the level of serum sodium and demographic and clinical 

variables in patients with postoperative sepsis after cardio-
pulmonary bypass surgery. A bilateral P value <0.05 was 
deemed the statistical significance for between-group com-
parisons. The baseline characteristics of the serum sodium 
best-fitting model were constructed by utilizing the GBTM. 
By graphing Kaplan–Meier (K–M) curves, we compared 
the survival differences between groups as well as among 
hypernatremia, normal sodium levels, and hyponatremia 
samples before ICU admission. The Cox proportional haz-
ards regression model was employed to measure the nota-
ble differences in survival status and adverse events after 
stratifying patients based on different serum sodium trajec-
tories, with covariates adjusted. Data in this project were 
processed by utilizing R (4.2.3) statistical software, with the 
following R packages: tableone, mice, jskm, and survival 
employed.

Samples were excluded from the project when they had 
missing variable proportions greater than 20%. By utilizing 
the Random Forest (RF) method in the mice package, other 
missing variables were handled.

Results

Baseline characteristics

1,038 septic patients after cardiopulmonary bypass surgery 
between 2008 and 2019 were included in this work, includ-
ing 748 males (72.1%) and 290 females (27.9%). The sam-
ples were classified into three groups based on the pre-ICU 
admission serum sodium levels: normal sodium (n = 976), 
hyponatremia (n = 54), and hypernatremia (n = 8), as shown 
in Table  1. Baseline characteristics demonstrated that posi-
tive microbial blood cultures were relatively common in 
patients with hyponatremia (3.7%). We detected notable dif-
ferences in serum chloride levels of patients in the three 
groups (p < 0.05, Table  1).

Figure 1. F low chart of participant population.
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Table 1.  Baseline characteristics of the study population.

Characters

Total
Hyponatremia
(<135mEq/L)

Normal sodium levels
(135–145mEq/L)

hypernatremia
(>145mEq/L)

P-Value(N = 1038) (N = 54) (N = 976) (N = 8)

Gender 0.008
 F emale 290 (27.9) 12 (22.2) 272 (27.9) 6 (75.0)
  Male 748 (72.1) 42 (77.8) 704 (72.1) 2 (25.0)
Age (years) 69.00  [62.00, 76.00] 70.50  [65.00, 75.75] 69.00  [62.00, 76.00] 67.50  [62.00, 76.75] 0.617
Race 0.574
  White 712 (68.6) 34 (63.0) 671 (68.8) 7 (87.5)
  Black 33 (3.2) 1 (1.9) 32 (3.3) 0 (0.0)
 O ther race 293 (28.2) 19 (35.2) 273 (28.0) 1 (12.5)
Marital status 0.381
Married 632 (60.9) 32 (59.3) 597 (61.2) 3 (37.5)
Unmarried 406 (39.1) 22 (40.7) 379 (38.8) 5 (62.5)
LOS (day) 2.09  [1.26, 3.29] 2.18  [1.30, 4.31] 2.08  [1.26, 3.25] 3.85  [1.93, 5.04] 0.188
Hospital mortality 80 (7.7) 7 (13.0) 73 (7.5) 0 (0.0) 0.242
Vital signs
Heart rate (times/min) 81.97  [77.11, 87.92] 84.85  [80.72, 89.94] 81.74  [76.99, 87.88] 83.78  [75.98, 86.55] 0.068
MBP (mmHg) 73.55  [69.93, 77.22] 72.07  [67.51, 74.38] 73.73  [70.08, 77.31] 72.49  [67.97, 76.31] 0.053
Breath rate (times/min) 17.49  [16.02, 18.86] 17.64  [15.93, 18.64] 17.48  [16.02, 18.90] 17.15  [15.41, 17.81] 0.68
Temperature (°C) 36.72  [36.51, 36.95] 36.72  [36.56, 36.87] 36.71  [36.50, 36.96] 36.82  [36.55, 36.93] 0.907
SpO2 97.93  [97.05, 98.78] 98.39  [97.47, 98.95] 97.93  [97.04, 98.78] 97.27  [96.64, 98.25] 0.133
Glucose (mg/dL) 128.57  [122.06, 137.58] 130.02  [127.33, 144.77] 128.48  [121.95, 137.10] 129.13  [120.94, 141.68] 0.062
Severity score
GCS 0.808
  ≥13 885 (85.3) 47 (87.0) 830 (85.0) 8 (100.0)
  9–12 27 (2.6) 1 (1.9) 26 (2.7) 0 (0.0)
  <9 126 (12.1) 6 (11.1) 120 (12.3) 0 (0.0)
SAPSII 36.00  [30.00, 43.00] 38.50  [31.00, 45.00] 36.00  [30.00, 43.00] 33.00  [30.00, 43.25] 0.297
SOFA 5.00  [4.00, 7.00] 5.00  [4.00, 8.00] 5.00  [4.00, 7.00] 6.00  [5.00, 7.50] 0.644
Charlson comorbidity 

index
4.00  [3.00, 6.00] 4.50  [4.00, 6.75] 4.00  [3.00, 5.25] 4.50  [2.75, 7.25] 0.062

Laboratory tests
Aniongap (mmol/L) 13.00  [11.00, 15.00] 13.00  [12.00, 15.00] 13.00  [11.00, 15.00] 13.00  [11.75, 13.00] 0.48
Bicarbonate (mmol/L) 22.00  [21.00, 24.00] 22.00  [20.00, 23.00] 22.00  [21.00, 24.00] 23.00  [22.00, 25.00] 0.057
Chloride (mmol/L) 109.00  [107.00, 111.00] 106.00  [103.25, 108.00] 109.00  [107.00, 111.00] 108.00  [107.75, 114.25] <0.001
Hematocrit (μmol/L) 26.40  [23.90, 29.60] 25.40  [23.57, 28.40] 26.50  [23.90, 29.70] 24.20  [23.27, 26.83] 0.248
Hemoglobin (g/dL) 9.10  [8.00, 10.10] 8.75  [7.82, 9.90] 9.10  [8.00, 10.10] 8.05  [7.47, 8.83] 0.187
Lactate (mg/dL) 2.50  [2.00, 3.30] 2.45  [1.90, 3.38] 2.50  [2.00, 3.30] 2.65  [1.87, 3.95] 0.958
Platelet (K/μL) 128.00  [104.00, 159.75] 126.00  [99.00, 169.75] 128.00  [104.00, 159.00] 109.00  [85.00, 128.00] 0.201
Potassium (K/μL) 4.60  [4.40, 4.90] 4.60  [4.30, 4.97] 4.60  [4.40, 4.90] 4.60  [4.42, 4.62] 0.825
PTT (s) 34.50  [30.02, 44.20] 34.15  [30.65, 43.48] 34.50  [30.00, 44.20] 33.50  [29.08, 44.28] 0.978
INR 1.40  [1.30, 1.60] 1.50  [1.40, 1.67] 1.40  [1.30, 1.60] 1.35  [1.28, 1.52] 0.124
PT (s) 15.90  [14.60, 17.40] 16.20  [15.20, 17.92] 15.80  [14.60, 17.40] 15.10  [13.73, 16.42] 0.114
Sodium (mEq/L) 139.00  [137.00, 141.00] 134.00  [132.00, 134.00] 139.00  [138.00, 141.00] 146.00  [146.00, 146.50] <0.001
BUN (mg/dL) 17.00  [13.00, 21.00] 17.00  [13.25, 22.75] 17.00  [13.00, 21.00] 16.50  [10.00, 20.75] 0.75
WBC (K/μL) 15.90  [12.70, 19.90] 17.80  [13.38, 21.05] 15.80  [12.70, 19.80] 14.00  [11.15, 19.60] 0.173
pO2 (mmHg) 93.00  [77.00, 117.00] 95.00  [73.00, 125.00] 93.00  [77.75, 117.00] 87.50  [70.25, 105.75] 0.692
pCO2 (mmHg) 48.00  [44.00, 52.00] 47.50  [44.00, 51.00] 48.00  [44.00, 52.00] 49.00  [44.50, 52.75] 0.612
pH 7.32  [7.28, 7.34] 7.31  [7.28, 7.35] 7.32  [7.28, 7.34] 7.32  [7.29, 7.34] 0.961
Base excess (mEq/L) −3.00  [–5.00, −1.00] −3.00  [–5.00, −1.25] −3.00  [–5.00, −1.00] −3.00  [–5.50, −1.75] 0.693
MCH (pg) 30.20  [28.90, 31.37] 30.55  [28.92, 31.95] 30.20  [28.90, 31.30] 29.35  [28.62, 29.67] 0.205
MCHC (g/L) 33.20  [32.30, 34.00] 33.40  [32.50, 34.30] 33.20  [32.30, 34.00] 32.00  [31.70, 32.25] 0.025
MCV (fL) 89.00  [86.00, 93.00] 89.00  [87.00, 94.00] 89.00  [86.00, 93.00] 90.50  [86.75, 92.00] 0.907
RDW 14.00  [13.20, 14.90] 13.90  [13.20, 15.07] 14.00  [13.20, 14.90] 14.75  [14.08, 14.95] 0.618
Creatinine (mg/dL) 1.00  [0.80, 1.20] 1.00  [0.80, 1.20] 1.00  [0.80, 1.20] 0.80  [0.58, 1.07] 0.396
Treatment measures
Vasopressor 0.129
 N o 916 (88.2) 43 (79.6) 866 (88.7) 7 (87.5)
 Y es 122 (11.8) 11 (20.4) 110 (11.3) 1 (12.5)
Mechanical ventilation 0.396
 N o 952 (91.7) 47 (87.0) 898 (92.0) 7 (87.5)
 Y es 86 (8.3) 7 (13.0) 78 (8.0) 1 (12.5)
Culture
Blood 3 (0.3) 2 (3.7) 1 (0.1) 0 (0.0) <0.001
Urine 55 (5.3) 3 (5.6) 51 (5.2) 1 (12.5) 0.656
Sputum 22 (2.1) 0 (0.0) 22 (2.3) 0 (0.0) 0.49
Other 87 (8.4) 5 (9.3) 81 (8.3) 1 (12.5) 0.887
Comorbidity
Congestive heart failure 0.3
 N o 727 (70.0) 33 (61.1) 689 (70.6) 5 (62.5)
 Y es 311 (30.0) 21 (38.9) 287 (29.4) 3 (37.5)
Chronic pulmonary 

disease
0.106

 N o 813 (78.3) 37 (68.5) 771 (79.0) 5 (62.5)
 Y es 225 (21.7) 17 (31.5) 205 (21.0) 3 (37.5)

(Continued)
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Association between different serum sodium levels and 
mortality rates

Different serum sodium grouping and K–M curves display-
ing patients’ survival status within 30 days are displayed in 
Figure  2. The results indicated no obvious difference in ini-
tial serum sodium levels of the three groups or overall and 
inter-group survival status (Log-rank p > 0.05).

Characterization of the serum sodium trajectory

In Table  S1, AvePP and model-fitting statistics were dis-
played for determining the changes in serum sodium levels 
within 72 h after surgery. Lastly, three different trajectory 
groups met our requirements: Class 1 (N = 720, 69.13%), 
Class 2 (N = 128, 12.23%), and Class 3 (N = 190, 18.64%) 
(Table  2). The AvePP of each trajectory group was >0.7, 
implying a great fit.

We listed clinical and demographic characteristics strati-
fied by serum sodium trajectory group in Table  2. In the 
three trajectory groups, Class 2 had considerably higher 
SOFA scores, Charlson comorbidity index, chloride levels, 
lactate levels, sodium levels, pCO2, and RDW compared  
to the other two groups (p < 0.05), while hematocrit, 

hemoglobin, pO2, and MCHC were considerably lower 
(p < 0.05). Additionally, Class 2 possessed a longer average 
length of stay of 3.17 days. In terms of INR and PT, the 
average values in Class 1 were relatively low, at 1.40 and 
15.70, respectively. In other aspects, obvious differences 
(p < 0.05) were detected among the three groups in terms of 
carbonate level, potassium ion level, PH vascular pressure, 
mechanical ventilation, microbial sputum culture results, and 
congestive heart failure results.

The trajectory of serum sodium change within 72 h after 
the surgery is displayed in Figure  3. All three trajectories 
demonstrated a trend of initially slow decline followed by an 
increase, with the serum sodium level in Class 2 substan-
tially higher than that in Class 1 and Class 3 (p < 0.001).

Serum sodium trajectory and mortality rate

The K–M curves indicated no obvious difference in the sur-
vival status of patients with different serum sodium trajecto-
ries (Figure  4). Further analysis uncovered no striking 
difference between any two groups (Log-rank p > 0.05) except 
for Class 1 and Class 2 (Log-rank p = 0.039) (Figure 4). The 
results of landmark analysis unraveled notable differences in 
survival status between Class 1 and Class 2 after 7 days 
(Log-rank p < 0.001), as well as notable differences in sur-
vival status between Class 2 and Class 3 in the first 21 days 
(Log-rank p = 0.036) (Figure S1).

Cox proportional hazards regression analysis of 
different risk factors and serum sodium trajectories

The Cox proportional hazard model was employed to assess 
the correlation between the trajectories modeled by GBTM 
and the 30-day survival status. In all three models, the sur-
vival risk of Class 2 was remarkably elevated compared to 
Class 1 (p < 0.05), while no such difference was observed 
between Class 3 and Class 1 (Table  3).

Discussion

In this project, GBTM was applied in the trajectory analysis 
to set three serum sodium levels of septic patients after 
receiving cardiopulmonary bypass surgery. The correlation 

Characters

Total
Hyponatremia
(<135mEq/L)

Normal sodium levels
(135–145mEq/L)

hypernatremia
(>145mEq/L)

P-Value(N = 1038) (N = 54) (N = 976) (N = 8)

Renal disease 0.651
 N o 885 (85.3) 45 (83.3) 834 (85.5) 6 (75.0)
 Y es 153 (14.7) 9 (16.7) 142 (14.5) 2 (25.0)
Liver disease 0.67
 N o 1001 (96.4) 53 (98.1) 940 (96.3) 8 (100.0)
 Y es 37 (3.6) 1 (1.9) 36 (3.7) 0 (0.0)
Diabetes 0.517
 N o 688 (66.3) 32 (59.3) 651 (66.7) 5 (62.5)
 Y es 350 (33.7) 22 (40.7) 325 (33.3) 3 (37.5)

LOS, length of stay; MBP, mean blood pressure; GCS, Glasgow Coma Scale; SAPSII, Simplified Acute Physiology Score II; SOFA, Sequential Organ Failure Assessment; 
WBC, white blood cell; RBC, red blood cell; RDW, red cell distribution width; PTT, partial thromboplastin time; PT, prothrombin time; INR, international normalized 
ratio; BUN, blood urea nitrogen; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume.

Table 1.  Continued.

Figure 2.  K–M survival curves showing the association between serum sodium 
and 30-day mortality.

https://doi.org/10.1080/08941939.2024.2432964
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Table 2.  Participants’ characteristics of included patients stratified by trajectory grouping for the GBTM analysis of changes in the 72-h serum sodium.

Characters

Total Class 1 Class 2 Class 3

P value(N = 1038) (N = 720) (N = 128) (N = 190)

Gender 0.14
 F emale 290  (27.9) 196  (27.2) 45  (35.2) 49  (25.8)
  Male 748  (72.1) 524  (72.8) 83  (64.8) 141  (74.2)
Age  (years) 69.00    [62.00, 76.00] 69.00  [62.00, 76.00] 70.00  [61.00, 77.25] 71.00  [63.25, 77.00] 0.229
Race 0.502
  White 712  (68.6) 492  (68.3) 90  (70.3) 130  (68.4)
  Black 33  (3.2) 21  (2.9) 7  (5.5) 5  (2.6)
 O ther race 293  (28.2) 207  (28.7) 31  (24.2) 55  (28.9)
Marital status 0.271
  Married 632  (60.9) 448  (62.2) 78  (60.9) 106  (55.8)
 U nmarried 406  (39.1) 272  (37.8) 50  (39.1) 84  (44.2)
LOS  (day) 2.09  [1.26, 3.29] 1.97  [1.24, 3.06] 3.17  [1.54, 6.25] 2.14  [1.30, 3.91] <0.001
Hospital mortality 80  (7.7) 51  (7.1) 16  (12.5) 13  (6.8) 0.094
Vital signs
Heart rate  (times/min) 81.97  [77.11, 87.92] 81.59  [76.96, 87.80] 82.25  [77.61, 88.50] 83.00  [77.62, 88.46] 0.499
MBP  (mmHg) 73.55  [69.93, 77.22] 73.88  [70.45, 77.29] 72.16  [68.73, 77.25] 72.88  [69.23, 76.49] 0.034
Breath rate  (times/min) 17.49  [16.02, 18.86] 17.50  [16.07, 18.89] 17.55  [15.79, 19.13] 17.35  [16.20, 18.76] 0.92
Temperature  (°C) 36.72  [36.51, 36.95] 36.72  [36.52, 36.96] 36.69  [36.48, 36.95] 36.71  [36.49, 36.93] 0.546
SpO2 97.93  [97.05, 98.78] 97.89  [97.00, 98.76] 98.09  [97.17, 98.87] 98.10  [97.18, 98.78] 0.204
Glucose  (mg/dL) 128.57  [122.06, 137.58] 128.21  [122.03, 136.80] 131.12  [123.26, 139.06] 128.51  [121.71, 138.57] 0.19
Severity score
GCS 0.741
  ≥13 885  (85.3) 613  (85.1) 113  (88.3) 159  (83.7)
  9–12 27  (2.6) 20  (2.8) 3  (2.3) 4  (2.1)
  <9 126  (12.1) 87  (12.1) 12  (9.4) 27  (14.2)
SAPSII 36.00  [30.00, 43.00] 36.00  [30.00, 42.00] 35.50  [31.00, 42.00] 38.00  [31.00, 45.00] 0.23
SOFA 5.00  [4.00, 7.00] 5.00  [4.00, 7.00] 6.00  [5.00, 8.00] 5.00  [4.00, 7.75] <0.001
Charlson comorbidity index 4.00  [3.00, 6.00] 4.00  [3.00, 5.00] 5.00  [3.00, 6.00] 4.00  [3.00, 6.00] 0.008
Laboratory tests
Aniongap  (mmol/L) 13.00  [11.00, 15.00] 13.00  [11.00, 15.00] 13.00  [11.00, 14.00] 13.00  [11.00, 15.00] 0.08
Bicarbonate  (mmol/L) 22.00  [21.00, 24.00] 22.00  [21.00, 24.00] 22.00  [20.00, 24.00] 22.00  [21.00, 23.00] 0.021
Chloride  (mmol/L) 109.00  [107.00, 111.00] 109.00  [107.00, 111.00] 110.00  [108.00, 113.25] 107.00  [105.00, 109.00] <0.001
Hematocrit  (μmol/L) 26.40  [23.90, 29.60] 26.85  [24.20, 30.00] 25.55  [23.30, 29.02] 25.75  [23.50, 29.00] 0.005
Hemoglobin  (g/dL) 9.10  [8.00, 10.10] 9.20  [8.10, 10.20] 8.60  [7.70, 9.83] 8.80  [7.80, 9.80] 0.001
Lactate  (mg/dL) 2.50  [2.00, 3.30] 2.40  [1.98, 3.30] 2.95  [2.10, 4.40] 2.60  [2.00, 3.20] 0.001
Platelet  (K/μL) 128.00  [104.00, 159.75] 129.00  [105.00, 160.00] 121.00  [98.00, 148.25] 126.00  [102.50, 164.75] 0.083
Potassium  (K/μL) 4.60  [4.40, 4.90] 4.60  [4.40, 4.90] 4.60  [4.30, 4.80] 4.60  [4.40, 5.00] 0.021
PTT  (s) 34.50  [30.02, 44.20] 34.15  [29.80, 44.02] 36.95  [30.08, 50.97] 34.35  [30.52, 42.07] 0.082
INR 1.40  [1.30, 1.60] 1.40  [1.30, 1.60] 1.50  [1.30, 1.60] 1.50  [1.40, 1.67] 0.007
PT  (s) 15.90  [14.60, 17.40] 15.70  [14.50, 17.20] 16.00  [14.57, 17.60] 16.30  [14.93, 18.00] 0.009
Sodium  (mEq/L) 139.00  [137.00, 141.00] 137.00  [136.00, 138.00] 140.00  [138.00, 141.00] 134.00  [133.00, 135.00] <0.001
BUN   (mg/dL) 17.00  [13.00, 21.00] 17.00  [13.00, 21.00] 17.50  [14.00, 24.00] 17.00  [13.00, 22.00] 0.172
WBC  (K/μL) 15.90  [12.70, 19.90] 15.70  [12.57, 19.60] 16.20  [12.88, 20.10] 16.90  [13.10, 20.40] 0.221
pO2  (mmHg) 93.00  [77.00, 117.00] 93.50  [77.75, 117.00] 86.00  [70.75, 107.00] 96.00  [80.00, 125.00] 0.002
pCO2  (mmHg) 48.00  [44.00, 52.00] 48.00  [45.00, 52.00] 49.00  [45.00, 55.00] 47.00  [43.00, 51.00] <0.001
pH 7.32  [7.28, 7.34] 7.32  [7.28, 7.34] 7.31  [7.27, 7.33] 7.32  [7.29, 7.35] 0.003
Base excess  (mEq/L) −3.00  [–5.00, −1.00] −3.00  [–5.00, −1.00] −3.00  [–6.00, −1.00] −3.00  [–5.00, −1.00] 0.184
MCH  (pg) 30.20  [28.90, 31.37] 30.20  [28.90, 31.40] 30.00  [28.80, 31.30] 30.00  [29.00, 31.30] 0.643
MCHC  (g/L) 33.20  [32.30, 34.00] 33.30  [32.40, 34.10] 32.90  [32.18, 33.60] 33.20  [32.30, 34.10] 0.003
MCV  (fL) 89.00  [86.00, 93.00] 89.00  [86.00, 93.00] 89.00  [86.00, 93.25] 89.00  [86.00, 93.00] 0.845
RDW 14.00  [13.20, 14.90] 13.90  [13.20, 14.80] 14.50  [13.40, 15.20] 14.00  [13.20, 15.10] 0.001
Creatinine  (mg/dL) 1.00  [0.80, 1.20] 0.90  [0.80, 1.10] 1.00  [0.80, 1.30] 1.00  [0.80, 1.20] 0.106
Treatment measures
Vasopressor <0.001
 N o 916  (88.2) 656  (91.1) 101  (78.9) 159  (83.7)
 Y es 122  (11.8) 64  (8.9) 27  (21.1) 31  (16.3)
Mechanical ventilation <0.001
 N o 952  (91.7) 675  (93.8) 100  (78.1) 177  (93.2)
 Y es 86  (8.3) 45  (6.2) 28  (21.9) 13  (6.8)
Culture
Blood 3  (0.3) 3  (0.4) 0  (0.0) 0  (0.0) 0.515
Urine 55  (5.3) 35  (4.9) 9  (7.0) 11  (5.8) 0.568
Sputum 22  (2.1) 11  (1.5) 9  (7.0) 2  (1.1) <0.001
Other 87  (8.4) 55  (7.6) 16  (12.5) 16  (8.4) 0.188
Comorbidity
Congestive heart failure 0.006
 N o 727  (70.0) 526  (73.1) 81  (63.3) 120  (63.2)
 Y es 311  (30.0) 194  (26.9) 47  (36.7) 70  (36.8)
Chronic pulmonary disease 0.07
 N o 813  (78.3) 578  (80.3) 94  (73.4) 141  (74.2)
 Y es 225  (21.7) 142  (19.7) 34  (26.6) 49  (25.8)
Renal disease 0.704
 N o 885  (85.3) 616  (85.6) 106  (82.8) 163  (85.8)
 Y es 153  (14.7) 104  (14.4) 22  (17.2) 27  (14.2)

(Continued)
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between trajectory level and mortality risk of patients was 
determined. Based on the fitting results of the model, we 
clustered the serum sodium levels of postoperative septic 

patients into three trajectory groups, among which Class 2 
was linked with an elevated risk of 30-day death under no 
influence of confounding factors.

For critically ill patients, abnormal serum sodium is prev-
alent during ICU admission [24, 25]. Sodium is mainly 
metabolized by the kidneys, and its regulatory mechanisms 
include the renin–angiotensin–aldosterone system and vari-
ous neurohumoral regulatory systems [26]. The correlation 
between intensive care clinical prognosis and sodium levels 
is the theme of multiple studies. In clinical practice, serum 
sodium is a reliable indicator in ICU clinical testing, highly 
correlated with clinical symptoms, and easy to measure, 
effectively reflecting the presence of clinical symptoms and 
the trend of these symptoms over time [27, 28], which is the 
reason for all patients admitted to the ICU to be measured. 
In particular, the trajectory changes of serum sodium con-
cerning the disease have become the focus of clinical 
research. According to recent research using MIMIC data-
base data, changes in serum sodium levels are linked with 
elevated heart failure and a 1-year mortality rate [29]. The 
serum sodium changes in hospitalized patients are signifi-
cantly correlated with in-hospital mortality and 1-year mor-
tality rate, especially for those with obvious trajectory 
fluctuations, the impact is the strongest [30]. This project 
uncovered that a higher level of serum sodium fluctuation 
trajectory (Class 2) had a bearing on 30-day mortality risk 
in patients with postoperative sepsis. However, a lower level 
of serum sodium fluctuation did not seem to have an obvi-
ous association with mortality rate, which guides future clin-
ical studies on related diseases.

The research uncovered that although the fluctuation 
range of serum sodium remained within the normal blood 
sodium range after the cardiac surgery (138–141  mEq/L), a 
higher concentration of serum sodium trajectory (Class 2) 
substantially increased the 30-day mortality risk in patients. 
Although the mechanism of serum sodium causing increased 
mortality in patients with postoperative sepsis is elusive, 
there are possible explanations for this phenomenon. Serum 
sodium concentration affects cell osmotic pressure and even 
the function of every cell in the body. In general, patients 
can usually adapt to chronic changes in serum sodium con-
centration, but rapid changes in concentration can lead to 
cerebral edema and osmotic demyelination syndrome [31]. 
Although the use of CPB technology has facilitated the 
development of cardiac surgery, intraoperative blood dilution 
may lead to excessive dilution and significant changes in 
serum sodium concentration, thereby causing hyponatremia 

Characters

Total Class 1 Class 2 Class 3

P value(N = 1038) (N = 720) (N = 128) (N = 190)

Liver disease 0.093
 N o 1001  (96.4) 700  (97.2) 120  (93.8) 181  (95.3)
 Y es 37  (3.6) 20  (2.8) 8  (6.2) 9  (4.7)
Diabetes 0.632
 N o 688  (66.3) 475  (66.0) 82  (64.1) 131  (68.9)
 Y es 350  (33.7) 245  (34.0) 46  (35.9) 59  (31.1)

LOS, length of stay; MBP, mean blood pressure; GCS, Glasgow Coma Scale; SAPSII, Simplified Acute Physiology Score II; SOFA, Sequential Organ Failure Assessment; 
WBC, white blood cell; RBC, red blood cell; RDW, red cell distribution width; PTT, partial thromboplastin time; PT, prothrombin time; INR, international normalized 
ratio; BUN, blood urea nitrogen; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume.

Table 2.  Continued.

Figure 3. T hree trajectories of the serum sodium based on GBTM. Shaded parts 
represent 95% CI, and the solid lines represent predicted values.

Figure 4. A ssociation between different serum sodium trajectories and 30-day 
risk of death.

Table 3. A ssociations between serum sodium and hazard ratios (95% confi-
dence intervals) for 30-day mortality.

Outcomes Class 1 Class 2 p Class 3 p Ptrend

Model 1 1.0 (ref.) 1.79 
(1.02–3.15)

0.041 0.95 
(0.52–1.75)

0.870 0.990

Model 2 1.0 (ref.) 1.78 
(1.01–3.14)

0.045 0.94 
(0.51–1.72)

0.834 0.880

Model 3 1.0 (ref.) 1.94 
(1.02–3.73)

0.044 0.51 
(0.26–1.00)

0.052 0.348

Model 1 was unadjusted. Model 2: adjust for age, gender, race. Model 3: model 
2 plus adjustment for Glasgow Coma Scale, sodium, glucose, potassium, 
chloride, white blood cell, hemoglobin, prothrombin time and international 
normalized ratio.
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[32, 33]. Therefore, CPB strategies for patients, including 
intraoperative ultrafiltration and fluid replacement methods, 
are applied to reduce the occurrence of associated complica-
tions and the risk of mortality [34, 35]. However, these 
approaches may result in a higher incidence of early hyper-
natremia. A former investigation on pediatric patients dis-
covered the occurrence of hypernatremia at the end of CPB 
is significantly linked with more severe electroencephalo-
gram abnormalities, brain damage, and prolonged postoper-
ative mechanical ventilation time [36]. As one of the serious 
complications after CPB cardiac surgery [9], hypernatremia 
seems to always accompany the occurrence of sepsis [17]. 
Based on a secondary analysis of data from three large 
cohorts of critically ill patients, abnormal changes in serum 
sodium are revealed to be connected with an elevated risk 
of 28-day mortality in septic patients [37]. Therefore, we 
speculated that the presence of sepsis after cardiac surgery 
may increase patients’ sensitivity to changes in serum sodium 
levels. Therefore, even changes in serum sodium concentra-
tion within the normal range may have adverse effects on 
the prognosis of these patients, thereby increasing their risk 
of death. This hypothesis emphasized the importance of 
strict monitoring and management of serum sodium levels 
after cardiac surgery to reduce potential complications and 
improve patient survival.

This study contributes to improving the understanding of 
changes in serum sodium levels in patients after cardiac sur-
gery, as well as the potential impact of these changes on 
patient prognosis. This may aid in improving patient man-
agement and treatment, thus ultimately reducing the risk of 
death. However, there are certain limitations. Firstly, since 
the project is a retrospective study on MIMIC-IV, unavoid-
able biases may affect the validity of the results. Generally, 
the more key variables included in the model can lead to 
more accurate predictions. However, due to the limitations 
of public databases, potential influencing information was 
not gathered. We cannot adjust all possible confounding fac-
tors, such as the specific time point of serum sodium mea-
surement. At the same time, we cannot fully detect the basic 
health status of patients and cannot effectively obtain data 
on fluid replacement or the management strategy for serum 
sodium, or information related to medication treatments 
that could affect the concentration of serum sodium. Without 
relevant information, our interpretation of the reasons for 
patients’ serum sodium fluctuations during hospitalization 
was limited. Future research should consider these unmea-
sured confounding factors to more accurately assess the rela-
tionship between changes in serum sodium levels and patient 
prognosis. In addition, although this study provides insights 
into the 30-day mortality risk of sepsis in patients undergo-
ing cardiopulmonary bypass surgery, we acknowledged that 
the study is limited to short-term outcomes. Due to data 
limitations, we cannot assess long-term survival and compli-
cations that may have a significant impact on the overall 
prognosis of patients. Future research should be conducted, 
with more comprehensive databases employed to include 
long-term follow-up data, thereby providing more compre-
hensive prognostic information.

Conclusion

We employed GBTM to longitudinally cluster the sodium 
level data of patients who developed sepsis after cardiopul-
monary bypass surgery, unearthing that higher levels of 
serum sodium fluctuations were aligned with an elevated 
death risk. The findings of this investigation proffer a refer-
ence for the development of prevention and treatment strat-
egies for similar patients in the future.
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