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Purpose: The purpose of our study was to investigate the relationship between serum sodium levels and 1-year and 3-year mortality
in critically ill patients with comorbid chronic obstructive pulmonary disease using real-world data.

Methods: The data of this study were collected from the Medical Information Mart for Intensive Care-IV (MIMIC-IV) database. First
of all, we used the Kaplan—Meier curves and multivariable Cox regression analyses to measure the relationship between serum sodium
levels and 1-year and 3-year mortality for critically ill patients with comorbid COPD. Next, a restricted cubic spline was used to
analyze non-parametrically the relationship between mortality and serum sodium as a continuous variable. In addition, we also
analyzed the mortality of different subgroups.

Results: A total of 5540 eligible subjects were extracted. Compared to normal serum sodium levels, adjusted multivariable Cox
regression analysis confirmed that hyponatremia and hypernatremia were still significantly associated with 1-year mortality (HR =
1.551, 95% CI = 1.333~1.805, P<0.001; HR = 1.683, 95% CI = 1.317~2.151, P<0.001, respectively) and 3-year mortality (HR =
1.507, 95% CI = 1.302~1.744, P<0.001; HR = 1.612, 95% CI = 1.269~2.048, P<0.001, respectively). In patients with or without
adjustment variables, there was an obvious U-shaped non-linear relationship between serum sodium levels and 1-year and 3-year
mortality with a reference level of 139 mmol/L, which indicated that patients in both hyponatremia and hypernatremia had higher
mortality than normal serum sodium levels.

Conclusion: This study showed that both hyponatremia and hypernatremia were related to increased 1-year and 3-year mortality in
critically ill patients with comorbid COPD, which provides a new reference for the control strategy of correcting serum sodium levels.
Keywords: serum sodium, chronic obstructive pulmonary disease, intensive care unit, MIMIC-IV

Introduction

Chronic obstructive pulmonary disease (COPD) is the third leading cause of death globally, with a global prevalence of 10.1%
in 2017," which is characterized by persistent respiratory symptoms and incompletely reversible airflow limitation caused by
exposure to noxious particles or gases.” With the increasing prevalence of chronic obstructive pulmonary disease (COPD)
worldwide®* and the increasingly aging population caused by the improvement in the medical and social environments,” it is
not surprising that COPD has become a rather common comorbid disease among patients admitted to the intensive care unit
(ICU). According to a prospective observational study that analyzed 194,453 hospitalized patients from Austria, COPD was
present in 8.6% of ICU patients and they had higher risk-adjusted mortality compared with those without COPD.® Therefore, it
is necessary to find useful indicators to predict the clinical outcomes of critically ill patients with comorbid COPD.
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Serum sodium concentration is a common index in ICU and disturbances in sodium concentration are associated with
increased mortality in critically ill patients.” Dysnatremias (hyponatremia and hypernatremia) can adversely affect various
physiologic functions and organ systems.® Several previous studies have shown that hyponatremia and hypernatremia are
independent risk factors of mortality in patients with community-acquired pneumonia,’ coronavirus disease (COVID-19),
pneumonia,'® kidney disease'' and acute subarachnoid hemorrhage.'> Among them, there may be several possible
explanations for the effect of serum sodium on lung diseases. Some studies have shown that the change of osmotic pressure
caused by dysnatremias may affect pulmonary vascular permeability by affecting the receptor potential 4 channel,'* '
which further aggravates the COPD and raises mortality. Hypertonic environment of hypernatremia may promote systemic
inflammation primarily via hyperosmolar cell stress,'® which may result in damage to the lungs and reduced lung
function.'” Previous studies mostly focused on the relationship between hyponatremia and acute exacerbation of chronic
obstructive pulmonary disease (AECOPD), while few previous studies have evaluated the association between serum
sodium and critically ill patients with comorbid COPD."'®

Therefore, we intend to investigate the possible association between serum sodium levels and the risk of long-term
mortality in critically ill patients with comorbid COPD in this study.

Materials and Methods

Data Source

In this study, all the correlative data were extracted from the Medical Information Mart for Intensive Care (MIMIC)-IV
database (version: 1.0)."° It is an open and freely accessible database, an update to MIMIC-III, containing information on
more than 50,000 patients hospitalized in the ICUs of Beth Israel Deaconess Medical Center in Boston, MA, from 2008
to 2019.%° One author, Liming Fan, has finished the Collaborative Institutional Training Initiative examination (certifica-
tion number: 39010384) and accessed the database for data extraction. This study was approved by ethics committee of
the First Affiliated Hospital of Zhejiang Chinese Medical University [2021-KL-197-01].

Study Population

We included all ICU consecutive adult patients (aged >18 years) with the primary diagnosis of COPD using ICD-9 codes
(code =49120, 49121, 49122 and 496) and ICD-10 codes (code = J44, J44, J440, J441 and J44) in the MIMIC-IV database.
Patients were excluded according to the following criteria: (1) who had multiple admissions other than the first ICU admission;
(2) length of ICU stay <24 h; (3) incomplete or unobtainable data of serum sodium measured between 24 hours before ICU
admission and 24 hours after ICU admission; (4) more than 20% of individual data missing.

Data Extraction

PostgreSQL tool (version 9.6) was used to collect data from MIMIC-IV. Demographic information included age, sex, race,
and insurance status. History of disease included asthma, pneumonia (such as bacterial pneumonia, viral pneumonia and
ventilator-associated pneumonia), hypertension, diabetes, myocardial infarction, congestive heart failure, cerebrovascular
disease, liver disease, renal disease, and malignant cancer. Vital signs on admission included temperature, heart rate (HR),
respiratory rate (RR), mean arterial pressure (MAP), and pulse oximetry-derived oxygen saturation (SpO2). Laboratory-
based data included sodium, bicarbonate, glucose, potassium, white blood cell count (WBC), hemoglobin (HGB) and
platelet. If the patient underwent more than one laboratory examination during hospitalization, only the initial examination
results were included in the analysis. In addition, we also collected treatment information data, including glucocorticoid
treatment, bronchodilator treatment, antibiotic treatment, diuretic treatment, vasopressin treatment and mechanical ventila-
tion. Charlson comorbidity index (CCI)*! (Table S1), sequential organ failure assessment (SOFA)* (Table S2), Oxford
acute severity of illness score (OASIS)*® (Table S3) and acute physiology score III (APSIII)** (Table S4) were also
extracted. In this study, the primary outcome was defined as 1-year and 3-year mortality after admission to the ICU.
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Statistics
Hyponatremia, defined as a serum sodium concentration <135mmol/L, was categorized as mild-hyponatremia
(130<Na<135mmol/L), moderate-hyponatremia (125<Na<130mmol/L) and profound-hyponatremia (<125mmol/L).*®
Hypernatremia was defined as the serum sodium concentration >145 mmol/L.*® Normal serum sodium
(135<Na<145mmol/L) was used as the reference category. Normally distributed continuous variables are presented as
the mean + standard deviation, and the comparison between groups was performed by the #-test or one-way analysis of
variance. Non-normally distributed data are presented as the median and interquartile difference (IQR), and the Kruskal—
Wallis test was used for comparison between groups. Categorical variables were presented as numbers (percentages) and
tested by the chi-square test or Fisher’s exact test. The Kaplan—Meier curve was performed to determine the association
between serum sodium and 1-year and 3-year mortality. The log rank test was used to compare the differences between
the three groups. Variables, p<0.05 in the univariate analysis, were further incorporated into multivariate Cox propor-
tional hazard models. Potential multicollinearity was tested by the variance inflation factor (VIF), with VIF >5 indicating
the existence of multicollinearity. Our crude model included only the serum sodium data. In Model I, covariates were
adjusted for age, gender, race and insurance status. Model II adjusted for model I plus SOFA score, glucocorticoid use,
vasopressin use, invasive mechanical ventilation use, bacterial pneumonia, ventilator associated pneumonia, hyperten-
sion, myocardial infarction, congestive heart failure, renal disease, liver disease and malignant cancer. According to the
above three models, the potential non-linear relationships between serum sodium (modeled as continuous variables) and
the risk of mortality were evaluated with Cox regression models by restricted cubic spline with 5 knots, using a reference
level of 139 mmol/L. Adjusted for the covariates of model 3, we used the multivariable Cox proportional hazards models
for subgroup analysis to investigate the association between serum sodium and 1-year and 3-year mortality as it differed
across various subgroups classified by age, sex, COPD types, asthma, bacterial pneumonia, ventilator-associated
pneumonia, hypertension, diabetes, myocardial infarction, congestive heart failure, cerebrovascular disease, liver disease,
renal disease and malignant cancer.

In this study, all tests were two-sided, and p<0.05 was considered statistically significant. Stata/SE Version 15.0 (Stata
Corp, College Station, TX) and R software (R Foundation for Statistical Computing, version 4.1.0) were used for
statistical analysis.

Results

Subject Characteristics

In this study were enrolled 5540 eligible subjects (Figure 1). The control group, hyponatremia group, and hypernatremia
group comprised 4282, 994 and 264 ICU patients, respectively. The median age was 72.31 (64.29-80.63), while 53.86%
(2984/5540) subjects were male, most of whom were white. Compared with the control group, patients with hypona-
tremia were more likely to suffer liver disease and malignant cancer. They had lower levels of bicarbonate and higher
levels of potassium and glucose, and were more likely to use vasopressin. Compared with the control group, patients with
hypernatremia were more likely to receive antibiotics and invasive mechanical ventilation, and to report a history of
bacterial pneumonia, congestive heart failure, renal disease and cerebrovascular disease. And they had the lower levels of
SpO, and hemoglobin, as well as the higher levels of heart rate, respiratory rate, mean arterial pressure, leukocyte count,
Charlson Comorbidity Index, SOFA score, APSIII score, OASIS score, length of stay in ICU, length of stay in hospital,
and 1-year and 3-year mortality (Table 1).

Association Between HR Fluctuation and Mortality

Among the 5540 patients included, 17.31% (959/5540) died during the 1-year follow-up period, and 18.86% (1045/5540) died
during the 3-year follow-up period. The Kaplan—Meier curves consistently showed that hypernatremia group was significantly
correlated with the highest risk of 1-year and 3-year mortality, followed by the hyponatremia and control groups (log-rank
P<0.001) (Figure 2). Compared with the control group, hyponatremia was significantly associated with the risk of 1-year and
3-year mortality (P<0.0001 by the log rank test). Likewise, hypernatremia was also significantly associated with the risk of
1-year and 3-year mortality compared with control group (P<0.0001 by log rank test).
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Patients from MIMIC-IV
n=382278

Only included first ICU admission of each patient

n=53,150
ICD9:49120, 49121, 49122, 496
ICD10: J44, J44, J440, J441, J449
Patients with COPD
n=6,710

Exclusion:
(1) Age < 18 years old (n = 0)
(2) Patients with missing

serum sodium (n = 45)

(3) Length of hospital stay<
Length of ICU stay (n = 44)
(4) ICU stay < 24h (n=1,081)

Patients available for analysis

n=75,540
Hyponatremia group Control group Hypernatremia group
n=99% n=4282 n=264

Figure | Flow chart of cohort selection.
Abbreviation: MIMIC-IV, Medical Information Mart for Intensive Care-IV; ICU, intensive care unit; ICD, International Classification of Diseases; COPD, chronic obstructive
pulmonary disease.

Cox regression models were used to determine the correlation between serum sodium and outcomes of critically ill
patients with comorbid COPD (Table 2). The variables of temperature, heart rate, respiratory rate, mean arterial pressure,
Sp02, Charlson Comorbidity Index, APSIII score, OASIS score, leukocyte count, hemoglobin, platelet, potassium,
glucose, bicarbonate and antibiotic treatment were excluded from multivariate Cox regression models because of VIF >5.
The remaining variables were selected for the multivariate analysis, including age, gender, race, insurance status, SOFA
score, glucocorticoid use, vasopressin use, invasive mechanical ventilation use, bacterial pneumonia, ventilator-
associated pneumonia, hypertension, myocardial infarction, congestive heart failure, liver disease, renal disease, and
malignant cancer, which were significantly related to 1-year and 3-yearsmortality (Table S5).

In the unadjusted Cox model, hyponatremia and hypernatremia groups were associated with an increased risk of 1-year
mortality (HR = 1.620, 95% CI = 1.395~1.881, P<0.01; HR = 2.028, 95% CI = 1.594~2.579, P<0.001, respectively) and
3-year mortality (HR = 1.568, 95% CI = 1.358~1.812, P<0.001; HR = 1.921, 95% CI = 1.518~2.430, P<0.001, respectively)
compared to control group. In model I, hyponatremia and hypernatremia were identified as independent predictors of 1-year
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Table | Baseline and Clinical Characteristics of the Study Population
Variables Total Control Group Hyponatremia Group Hypernatremia Group P, P,
135<Na<l45 Na<I35 Na>145
Number 5540 4282 994 264
Age (years) 72.31 (64.29, 80.63) 72.59 (64.53, 80.65) 70.45 (62.15, 79.02) 76.70 (67.92, 85.06) <0.001 <0.001
Gender, male 2984 (53.86) 2345 (54.76) 532 (53.52) 107 (40.53) 0.478 <0.001
Ethnicity, n (%)
Other 942 (17.00) 707 (16.51) 169 (17.00) 66 (25.00) 0.933 <0.001
White 4036 (72.85) 3158 (73.75) 726 (73.04) 152 (57.58)
Black 384 (6.93) 286 (6.68) 64 (6.44) 34 (12.88)
Hispanic 104 (1.88) 76 (1.77) 21 (2.11) 7 (2.65)
Asian 74 (1.34) 55 (1.28) 14 (1.41) 5(1.89)
Insurance type, n (%)
Other 1953 (34.93) 1492 (34.82) 351 (35.31) 92 (34.85) 0.575 0.597
Medicaid 291 (5.25) 222 (5.18) 59 (5.94) 10 3.79)
Medicare 3314 (59.82) 2568 (59.97) 584 (58.75) 162 (61.36)
Vitals
Temperature (°C) 36.67 (36.39, 37.00) 36.72 (36.39, 37.00) 36.67 (36.39, 37.00) 36.78 (36.44, 37.06) 0.2570 0.1181
HR (beats/min) 87 (76, 102) 87 (75, 101) 88 (77, 104) 90 (78, 104) <0.05 <0.01
RR (beats/min) 19 (16, 24) 19 (16, 23) 20 (16, 24) 21 (17, 24) <0.01 <0.01
MAP (mmHg) 85 (74, 97) 85 (74, 97) 83 (74, 95) 87 (77, 99) <0.05 0.082
SpO, (%) 97 (94, 100) 97 (94, 100) 97 (94, 100) 97 (93, 99) 0.117 <0.01
Comorbidities, n (%)
Asthma 215 (3.88) 163 (3.81) 46 (4.63) 6 (2.27) 0.232 0.201
Pneumonia
Bacterial pneumonia 403 (7.27) 302 (7.05) 71 (7.14) 30 (11.36) 0.920 <0.01
Viral pneumonia 59 (1.06) 40 (0.93) 16 (1.61) 3(1.14) 0.061 0.742
Ventilator-associated 202 (3.65) 148 (3.46) 45 (4.53) 9 (3.41) 0.105 0.967
pneumonia
Hypertension 2367 (42.73) 1850 (43.20) 420 (42.25) 97 (36.74) 0.586 <0.05
Diabetes 1461 (26.37) 1112 (25.97) 283 (28.47) 66 (25.00) 0.107 0.727
Myocardial infarction 1289 (23.27) 990 (23.12) 243 (24.45) 56 (21.21) 0.373 0.475
Congestive heart failure 2493 (45.00) 1904 (44.47) 452 (45.47) 137 (51.89) 0.565 <0.05
Cerebrovascular disease 825 (14.89) 659 (15.39) 113 (11.37) 53 (20.08) <0.01 <0.05
Renal disease 1456 (26.28) 1101 (25.71) 262 (26.36) 93 (35.23) <0.01 0.675
Liver disease 740 (13.36) 493 (11.51) 207 (20.82) 40 (15.15) <0.001 0.075
Malignant cancer 866 (15.63) 649 (15.16) 189 (19.01) 28 (10.61) <0.01 <0.05
Laboratory events
Potassium (mmol/L) 4.2 (3.8, 4.6) 4.2 (3.8, 4.6) 4.4 (3.9, 49) 4.0 (3.6, 4.6) <0.001 <0.001
Bicarbonate (mmol/L) 25 (22, 28) 25 (22, 28) 24 (20, 27) 25 (21, 30) <0.001 0.256
Glucose (mg/dL) 128 (104, 165) 127 (104, 163) 133 (106, 176) 132 (106, 169) <0.001 0.070
WBC (10"9/L) 10.6 (7.7, 14.7) 10.4 (7.6, 14.4) 112 80, 15.2) 11.6 (8.6, 16.0) <0.001 <0.001
HGB (g/L) 115 (99, 131) 116 (101, 132) 111 (95, 128) 109 (94, 125) <0.001 <0.001
Platelet (1079/L) 214 (159, 281) 213 (160, 279) 222 (155, 296) 209 (155, 273) 0.085 0.292
Treatment, n (%)
Glucocorticoid treatment 2837 (51.21) 2184 (51.00) 516 (51.91) 137 (51.89) 0.606 0.779
Bronchodilator treatment 4593 (82.91) 3549 (82.88) 821 (82.60) 223 (84.47) 0.829 0.505
Antibiotic treatment 4595 (82.94) 3519 (82.18) 836 (84.10) 240 (90.91) 0.150 <0.001
Diuretic treatment 3088 (55.74) 2412 (56.33) 537 (54.02) 139 (52.65) 0.187 0.243
Vasopressin treatment 541 (9.77) 378 (8.83) 129 (12.98) 34 (12.88) <0.001 <0.05
Mechanical ventilation
Non-invasive 429 (7.74) 342 (7.99) 62 (6.24) 25 (9.47) 0.062 0.391
Invasive 2364 (42.67) 1822 (42.55) 408 (41.05) 134 (50.76) 0.387 <0.01
Scores
ccl 7(6,9) 7(69) 7(6,9) 8 (6, 10) <0.01 <0.01
SOFA 1(0,3) 1(0,3) 1(0,3) 1 (0, 4) 0.083 <0.01
OASIS 33 (27, 40) 33 (27, 39) 33 (27, 40) 39 (32, 44) <0.001 <0.001
APSIII 46 (34, 62) 44 (33, 60) 50 (38, 66) 57 (43, 73) <0.001 <0.001
(Continued)
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Table | (Continued).

Variables Total Control Group Hyponatremia Group Hypernatremia Group P, P,
135<Na<145 Na<I35 Na>145

ICU stay, (days) 271 (1.67, 4.96) 2.63 (1.63, 4.96) 2.79 (1.67, 0.5.00) 3.13 (1.96, 5.63) <0.001 <0.001

Hospital stay, (days) 8 (5.08, 13.63) 7.92 (5.08, 13.13) 8.42 (5.29, 14.83) 9.67 (5.38, 14.96) <0.001 <0.001

Outcome, n (%)

|-year mortality 959 (17.31) 651 (15.20) 234 (23.54) 74 (28.03) <0.001 <0.001

3-year mortality 1045 (18.86) 719 (16.79) 249 (25.05) 77 (29.17) <0.001 <0.001

Notes: Pl represents the p value of comparisons between the hyponatremia group and the control group, and P2 represents the p value of comparisons between the
hypernatremia group and the control group. Values are n (%), mean  SD, or median (interquartile range).

Abbreviations: Na, serum sodium; HR, heart rate; RR, respiratory rate; MAP, mean arterial pressure; SpO2, pulse oximetry-derived oxygen saturation; WBC, white blood
cell count; HGB, hemoglobin; CCI, Charlson comorbidity Index; SOFA, sequential organ failure assessment; APSIII, acute physiology score lll; OASIS, oxford acute severity of
iliness score.

mortality (HR = 1.696, 95% CI = 1.460~1.970, P<0.001; HR = 1.800, 95% CI = 1.411~2.296, P<0.001, respectively) and
3-year mortality (HR = 1.643, 95% CI = 1.423~1.898, P<0.001; HR = 1.717, 95% CI = 1.353~2.178, P<0.001, respectively)
after adjusting for age, gender, race and insurance status. In model 11, after adjustment for confounders including age, gender,
race and insurance status, SOFA score, glucocorticoid use, vasopressin use, invasive mechanical ventilation use, bacterial
pneumonia, ventilator-associated pneumonia, hypertension, myocardial infarction, congestive heart failure, renal disease, liver
disease, malignant cancer, hyponatremia and hypernatremia were still significantly related to 1-year mortality (HR = 1.551,
95% CI = 1.333~1.805, P<0.001; HR = 1.683, 95% CI = 1.317~2.151, P<0.001, respectively) and 3-year mortality
(HR =1.507, 95% CI = 1.302~1.744, P<0.001; HR = 1.612, 95% CI = 1.269~2.048, P<0.001, respectively).

In restricted cubic splines, we observed a typical U-type curve, representing an obvious non-linear relationship between
serum sodium levels and 1-year and 3-year mortality, with a serum sodium level of 139 mmol/L representing the lowest risk
(all Ps for non-linear trend were <0.001; Figure 3). In patients with or without adjusted variables, the relationship between
serum sodium and outcome was similar, indicating that patients in both the hyponatremia and hypernatremia groups had
higher 1-year and 3-year mortality than the bottom of the curve, especially in the hyponatremia group.

Sensitivity and Subgroup Analyses

A series of subgroup analyses were conducted to verify the robustness of our results. Subgroup analyses were performed
according to age, sex, COPD type, asthma, bacterial pneumonia, ventilator-associated pneumonia, hypertension, diabetes,
myocardial infarction, congestive heart failure, cerebrovascular disease, liver disease, renal disease, and malignant cancer
for 1-year and 3-year mortality. Observation results showed that hyponatremia and hypernatremia were also related to
deteriorative mortality in different strata (Tables 3 and S6). Significant interaction was observed in age (P<0.05).

After excluding hypernatremia, we further analyzed the effect of hyponatremia on 1-year and 3-year mortality. Figure
SIA and B shows the Kaplan-Meier curve for hyponatremia and normal serum sodium. The survival rate of the
hyponatremia group was lower than that of the control group. Figure SIC and D shows the Kaplan-Meier curves for
different degrees of hyponatremia. These show a clear difference in survival rate according to different levels of serum
sodium. Even in hyponatremia patients, the decrease of serum sodium level was closely related to the decrease in
survival rate. Similar trends were also observed in the multivariate Cox regression analyses (Table S7). In different
models, as the degree of hyponatremia worsens, lower serum sodium levels are related with an increased risk of 1-year
and 3-year mortality (all Ps for trend: <0.01).

Discussion

To our knowledge, this is the first study that evaluated the long-term effect of serum sodium on critically ill patients with
comorbid COPD survival. In this retrospective cohort study, patients were divided into control group, hyponatremia
group and hypernatremia group according to different serum sodium levels within 24 hours after ICU admission.
According to multivariable Cox regression analysis, we found that both 1-year and the 3-year mortality in hyponatremia
group and hypernatremia group were significantly increased compared to the control group. The Kaplan—Meier curves

1148 "

Dove!

International Journal of Chronic Obstructive Pulmonary Disease 2022:17


https://www.dovepress.com/get_supplementary_file.php?f=353741.docx
https://www.dovepress.com/get_supplementary_file.php?f=353741.docx
https://www.dovepress.com/get_supplementary_file.php?f=353741.docx
https://www.dovepress.com/get_supplementary_file.php?f=353741.docx
https://www.dovepress.com/get_supplementary_file.php?f=353741.docx
https://www.dovepress.com/get_supplementary_file.php?f=353741.docx
https://www.dovepress.com/get_supplementary_file.php?f=353741.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Fan et al

A Strata =+ Hyponatremia group =+= Control group == Hypernatremia group
1.00 1
> 0.75 1 w—
E
3
o
o 0.501
©
2
c
5
w 0.254
p < 0.0001
0.004
(') 1(')0 2(')0 3[')0 4('JO
Time(days)
Number at risk
® Hyponatremia group{ 994 784 768 762 0
s Control group 14282 3692 3661 3637 0
& Hypernatremia group - 2@4 19'4 1 93 1 91 Q
0 100 200 300 400
Time(days)
B
Strata =+= Hyponatremia group =+= Control group =+= Hypernatremia group
1.00
> 0.754
E
3
o
[e% 0.50 1
©
2
c
=
w 0.254
p < 0.0001
0.004
(') 250 5(')0 750 10'00
Time(days)
Number at risk
® Hyponatremia group+{ 994 764 755 748 746
g Control group 14282 3647 3612 3590 3570
& Hypernatremia group - 2@4 19'2 1 90 138 1 $7
0 250 500 750 1000
Time(days)

Figure 2 Kaplan—Meier survival curves showing the association between serum sodium and all-cause mortality: (A) |-year mortality; (B) 3-year mortality. Participants were
divided into 3 groups based on serum sodium levels: the red line represents hyponatremia group (<I35mmol/L), the blue line represents control group (135-145mmol/L),
the black line represents hypernatremia group (>145mmol/L).

also reflect similar results. Furthermore, the association between serum sodium levels and 1-year and 3-year mortality in
critically ill patients with comorbid COPD was observed in restricted cubic splines, indicating that the lowest risk of
serum sodium level was 139 mmol/L. After excluding hypernatremia, we further analyzed the relationship between
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Table 2 Association of Serum Sodium with [-Year Mortality and 3-Year Mortality

Variables Crude Model P Model | P Model 1l P
HR (95% CI) HR (95% CI) HR (95% CI)
|-year mortality
Control group 1.0 (Ref) 1.0 (Ref) 1.0 (Ref)
Hyponatremia group 1.620 (1.395~1.881) <0.001 1.696 (1.460~1.970) <0.001 1.551 (1.333~1.805) <0.001
Hypernatremia group 2.028 (1.594~2.579) <0.001 1.800 (1.411~2.296) <0.001 1.683 (1.317~2.151) <0.001
3-year mortality
Control group 1.0 (Ref) 1.0 (Ref) 1.0 (Ref)
Hyponatremia group 1.568 (1.358~1.812) <0.001 1.643 (1.423~1.898) <0.001 1.507 (1.302~1.744) <0.001
Hypernatremia group 1.921 (1.518~2.430) <0.001 1.717 (1.353~2.178) <0.001 1.612 (1.269~2.048) <0.001

Notes: Hazard ratio (HR) and 95% CI (95% ClI) for serum sodium in |-year mortality and 3-years mortality were calculated using different Cox regression models. Crude
model included only the serum sodium data; Model | adjusted for age, gender, race and insurance status; Model Il adjusted for model | plus SOFA score, glucocorticoid use,
vasopressin use, invasive mechanical ventilation use, bacterial pneumonia, ventilator associated pneumonia, hypertension, myocardial infarction, congestive heart failure, renal
disease, liver disease and malignant cancer.

hyponatremia and 1-year and 3-year mortality risk, and the results showed that the risk of mortality increased with the
aggravation of hyponatremia.

A large number of clinical studies have shown that the serum sodium disorder is a common electrolyte disorder both on
admission and during stay amongst patients in ICU, which is also related to increased mortality.**” At present, the research
on serum sodium and COPD mostly focuses on the effect of hyponatremia on AECOPD. In a prospective observational
study that analyzed 602 hospitalized patients, Garcia-Sanz et al*® showed that the poor progress factors independently
associated with AECOPD were hyponatremia, pneumonia, and not being home oxygen users. The results of Chalela et al*
showed that hyponatremia (especially severe hyponatremia) is a predictor of adverse clinical course during COPD
exacerbations. In the general hospital population, the incidence of hypernatremia is about approximately 1%. The incidence
rate of ICU populations is 10-26%.>° In the majority of cases, hypernatremia is hospital acquired.>' However, there are few
data on the relationship between hypernatremia and COPD. Our cohort study observed a typical U-shaped correlation
between serum sodium levels and mortality in critically ill patients with comorbid COPD. Our findings were consistent with
the results of studies showing that both hyponatremia and hypernatremia were significantly associated with poor prognosis
and greater risk of mortality, including community-acquired pneumonia,®* coronavirus disease 2019 (COVID-19),%*-3
cirrhosis,*’ chronic kidney disease (CKD)*® and severe burn injury.®” In the subgroup analysis of our study, we found that
hypernatremia is a more important predictor of poor prognosis in critically ill patients with comorbid COPD among older
people compared with hyponatremia. Owing to a higher percentage of patients with hyponatremia in ICU,® we further
analyzed the impact of hyponatremia on 1-year and 3-year mortality after excluding patients with hypernatremia. We
observed that the risk of mortality increased with the severity of hyponatremia.

Although the mechanism of elevated mortality caused by serum sodium is unclear, there are several possible
explanations for this phenomenon. Hyponatremia may be caused by chronic organ dysfunctions (such as heart failure
and liver dysfunction), or by diuretic use, syndrome of inappropriate antidiuretic hormone (ADH) secretion, adrenal
insufficiency and cerebral or renal salt wasting syndromes.*® In ICU, para-pneumonic hyponatremia is caused by
a syndrome of inappropriate anti-diuresis (SIAD), where hypoxia and inflammatory cytokines, such as monocyte and
macrophage-derived IL-6, induce the release of a non-osmotic vasopressin.>’ Hyponatremia, which leads to decreased
serum osmolality, can up- or down-regulate the transient receptor potential 4 ion channel, playing a key role in
pulmonary vascular mechanotransduction.'> Specifically, hypotonicity can stimulate these channels,**** resulting in
increased endothelial calcium influx and pulmonary vascular permeability.'> Therefore, hyponatremia can lead to

pulmonary edema****

and pleural effusion,”® which further aggravates COPD. Hypernatremia in ICU is an iatrogenic
problem due to excessive use of hypertonic solution and inadequate water substitution.® In a large retrospective double
center study, Oude Lansink-Hartgring et al*' observed that the incidence rate of dysnatremia has changed from

hyponatremia to hypernatremia in the past twenty years. This shift may be related to the increased use of sodium-
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Figure 3 Association between serum sodium and clinical outcomes for patients with COPD in different multivariable models. (A, C and E) association between serum
sodium and |-year mortality for patients with COPD. (B, D and F) association between serum sodium and 3-year mortality for patients with COPD. Adjusted | for age,
gender, race and insurance status; Adjusted Il for age, gender, race and insurance status, SOFA score, glucocorticoid use, vasopressin use, invasive mechanical ventilation use,
bacterial pneumonia, ventilator-associated pneumonia, hypertension, myocardial infarction, congestive heart failure, renal disease, liver disease and malignant cancer.

containing infusions, hydrocortisone and diuretics. Bihari et al,*> however, reported that high concentration of serum
sodium has no significant correlation with high mortality of ICU patients hospitalized for respiratory diseases. However,
Kriiger et al*® found a U-shaped association between serum sodium level and mortality in these patients with community-
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Table 3 Subgroup Analysis for the Effect of Serum Sodium on 3-Year Mortality in COPD Patients

Subgroups N Control Hyponatremia P Hypernatremia P p for
Group Group Group Interaction
Ref HR (95% CI) HR (95% CI)

Age
<72 2702 | 1.683 (1.351~2.098) | <0.001 1.079 (0.638~1.827) 0.776 <0.05
272 2838 | 1.379 (1.130~1.682) | <0.001 1.949 (1.485~2.557) <0.001

Gender
Male 2984 | 1.642 (1.348~1.999) | <0.001 1.969 (1.386~2.797) <0.001 0.872
Female 2556 | 1.401 (1.122~1.748) <0.01 1.384 (0.993~1.928) 0.055

COPD
AECOPD 1165 | 1.367 (0.981~1.905) 0.065 1.058 (0.652~1.718) 0.819 0.252
Non-AECOPD 4375 | 1.543 (1.309~1.818) | <0.001 1.861 (1.411~2.455) <0.001

Asthma
Yes 215 | 1.891 (0.864~4.135) 0.1n1 1.755 (0.333~9.266) 0.507 0.338
No 5325 | 1.491 (1.283~1.732) | <0.001 1.630 (1.279~2.078) <0.001

Bacterial pneumonia
Yes 403 | 1.533 (0.921~2.551) 0.100 1.904 (0.938~3.866) 0.075 0.651
No 5137 | 1.506 (1.292~1.755) | <0.001 1.583 (1.222~2.050) <0.001

Ventilator-associated

pneumonia
Yes 202 | 1.298 (0.707~2.385) 0.400 1.541 (0.488~4.868) 0.462 0.155
No 5338 | 1.548 (1.330~1.800) | <0.001 1.618 (1.265~2.069) <0.001

Hypertension
Yes 2367 | 1.419 (1.106~1.820) <0.01 1.822 (1.218~2.723) <0.01 0.284
No 3173 | 1.576 (1.314~1.891) | <0.001 1.518 (1.124~2.049) <0.01

Diabetes
Yes 1461 | 1.379 (1.038~1.832) 0.027 1.334 (0.794~2.243) 0.277 0914
No 4079 | 1.543 (1.299~1.832) | <0.001 1.717 (1.307~2.254) <0.001

Myocardial infarction
Yes 1289 | 1.549 (1.168~2.053) <0.01 1.371 (0.833~2.258) 0.214 0.711
No 4251 | 1.507 (1.269~1.791) | <0.001 1.667 (1.265~2.196) <0.001

Congestive heart failure
Yes 2493 | 1.565 (1.276~1.918) | <0.001 1.235 (0.868~1.758) 0.241 0.121
No 3047 | 1.478 (1.195~1.828) | <0.001 2.168 (1.557~3.021) <0.001

Cerebrovascular disease
Yes 825 | 1.253 (0.821~1.911) 0.296 1.190 (0.671~2.109) 0.552 0.748
No 4715 | 1.560 (1.333~1.826) | <0.001 1.705 (1.306~2.225) <0.001

Renal disease
Yes 1456 | 1.567 (1.218~2.015) | <0.001 1.479 (0.996~2.194) 0.052 0.832
No 4084 | 1.500 (1.253~1.797) | <0.001 1.681 (1.241~2.278) <0.001

Liver disease
Yes 740 | 1.944 (1.441~2.625) | <0.001 1.540 (0.903~2.626) 0.113 0.051
No 4800 | 1.373 (1.156~1.632) | <0.001 1.632 (1.245~2.139) <0.001

Malignant cancer
Yes 866 | 1.627 (1.220~2.170) | <0.001 2.052 (1.118~3.764) <0.05 0919
No 4674 | 1.492 (1.258~1.770) | <0.001 1.491 (1.147~1.939) <0.01

Notes: Hazard ratio (HR) and 95% CI (95% Cl) of serum sodium level for 3-years mortality in subgroups were calculated by Cox hazard regression models. Model adjusted
for age, gender, race and insurance status, SOFA score, glucocorticoid use, vasopressin use, invasive mechanical ventilation use, bacterial pneumonia, ventilator associated

pneumonia, hypertension, myocardial infarction, congestive heart failure, renal disease, liver disease and malignant cancer; namely model Il described above.
Abbreviation: AECOPD, acute exacerbation of chronic obstructive pulmonary disease.
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acquired pneumonia. This is in accordance with our finding of a U-shaped association between serum sodium level and
mortality of ICU patients hospitalized for COPD, ie an increased risk of mortality in both patients with hyponatremia and
hypernatremia. Stewart et al*’ reported that hypoxemic patients with COPD may contribute significantly to sodium
retention and edema, the reason of which may be a reduction in glomerular filtration rate and small elevations of
aldosterone and vasopressin levels. Hypertonic environment of hypernatremia was associated with increased extravas-
cular lung water,”® which was closely related to the exacerbation of COPD. In addition, hypernatraemia, which to
a certain degree reflects the effect of osmolarity, may promote systemic inflammation primarily via hyperosmolar cell
stress,'® which has the potential to result in damage to the lungs and reduced lung function.'” Meanwhile, hyperosmo-
larity had a negative impact on ventilation, which may be due to the reduced response of ventilator to metabolic acidosis
in hyperosmolar conditions, which was strongly associated with increased mortality.*’

In critically ill patients, as an independent risk factor for morbidity and mortality, the presence of COPD is
increasing.® Individualized and timely risk assessment for each critically ill patient can more accurately determine
treatment strategies and medical resource allocation.’® Previous studies have discussed the prognostic value of several
relatively convenient predictors, such as eosinophil concentrations,”’ red blood cell distribution width,** platelet-
lymphocyte ratio,”® neutrophil-lymphocyte ratio.>* The serum sodium concentration can quickly assess the risk of
critically ill patients with comorbid COPD. Our results provide an optimal point of 139 mmol/L for serum sodium,
which may provide a reference for correcting sodium concentration to reduce mortality in critically ill patients with
comorbid COPD. Thus, serum sodium may be a feasible option to evaluate the prognosis of critically ill patients with
comorbid COPD.

To be honest, there are some limitations in our research. Firstly, it is impossible to adjust for all confounding factors
in a retrospective cohort study. After adjusting for known confounding factors as much as possible, there are still some
unmeasured variables affecting our results. Because MIMIC-IV does not record all variables we lack some indicators,
such as pulmonary function, which may affect our results. In addition, we did not include detailed information on some
important clinical or laboratory variables (such as neutrophil count, eosinophil count, PaO2, PaCO2 and PH) because of
more than 20% missing values. Therefore, we still need some prospective studies to verify these results. Secondly, we
only measured the serum sodium levels of patients admitted to ICU. We did not investigate the change trend of serum
sodium, which may provide more information. Thirdly, this is a single-center study involving other populations and
regions, the results of which should be interpreted with caution.

Conclusion

In summary, this retrospective cohort study showed a U-shaped relationship between serum sodium levels and 1-year and
3-year mortality in critically ill patients with comorbid COPD, with the lowest risk related to serum sodium of 139 mmol/L.
Both hyponatremia and hypernatremia increase the risk of all-cause mortality, and as the degree of hyponatremia worsens, the
mortality rate gradually increases. Serum sodium levels may be an available and reliable predictor of the risk of mortality in
critically ill patients with comorbid COPD, which should be considered and further verified in future studies of serum sodium
control strategies.
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