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Association between serum
osmolality and 28-day all-cause
mortality in patients with heart
failure and reduced ejection
fraction: a retrospective cohort
study from the MIMIC-

IV database

Qi Zou, Jiazheng Li, Pengyang Lin, Jialiang Ma, Zhiliang Wei,
Ting Tao, Guodong Han and Shougang Sun*

Department of Cardiology, Lanzhou University Second Hospital, Lanzhou, China

Background: Previous studies have not thoroughly explored the impact of serum
osmolality levels on early mortality in heart failure and reduced ejection fraction
(HFrEF) patients. The purpose of this study was to investigate the relationship
between serum osmolality levels and early all-cause mortality in patients
with HFrEF.

Methods: The open access MIMIC-IV database was the source of data for our
study. We collected demographic data, vital signs, laboratory parameters, and
comorbidities of the included patients and divided them into 3 groups based on
their initial serum osmolality on admission, with the primary outcome being all-
cause mortality within 28 days of admission. Smoothing Spline Fitting Curve, the
Kaplan-Meier survival curve, and Threshold effect analysis were used to assess
the relationship between serum osmolality and early mortality in HFrEF patients.

Results: A total of 6228 patients (55.31% male) were included. All-cause mortality
within 28 days on admission was 18.88% in all patients. After adjusting for
confounders, higher serum osmolality levels were independently associated
with an increased risk of 28-days all-cause mortality compared with the
reference group (Reference group Q2: 290-309 mmol/L, Q4: HR, 1.82 [95%
Cl 1.19-2.78] P<0.05, Q5: HR, 1.99 [95% CI 1.02-3.91] P<0.05). Smooth spline
fitting revealed a U-shaped association between serum osmolality and 28-days
all-cause mortality. Further threshold effect analysis results suggested that each
unit increase in serum osmolality level was associated with a 2% increase in 28-
days all-cause mortality when serum osmolality levels were > 298.8 mmol/L (HR,
1.019 [95% CI 1.012-1.025] P<0.05).
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Conclusion: A U-shaped correlation between initial serum osmolality and 28-
days all-cause mortality in HFrEF patients was identified, revealing higher
osmolality levels significantly increase mortality risk. These results underscore
serum osmolality’s critical role in early mortality among HFrEF patients,
highlighting the need for further, larger-scale studies for validation.
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Introduction

Heart failure (HF) remains a leading cause of morbidity and
mortality worldwide, presenting a substantial burden to healthcare
systems (1). Despite advancements in therapeutic strategies, the
prognosis for HF patients is often poor, with a high rate of hospital
readmission and mortality within the first year following diagnosis (2).

Research indicates that serum osmolality, a crucial indicator of
fluid and electrolyte equilibrium, may play an integral role in the
pathophysiology of HF (3). In healthy individuals, serum osmolality
is rigorously maintained, serving as a determinant of intracellular
and extracellular water distribution (4). Elderly patients with HF
frequently present with concurrent comorbidities, such as diabetes,
hypertension, and renal disease, that can precipitate further
perturbation of serum osmolality (5, 6).

Hyponatremia is recognized as a prognostic marker in HF,
correlating with increased rates of hospitalization and mortality (7).
Nevertheless, the prognostic value of serum osmolality remains
insufficiently examined (8). Elucidating the association between
serum osmolality and HF outcomes could enhance patient
management and risk assessment. While a limited body of research
suggests that atypical serum osmolality correlates with adverse HF
prognoses, including heightened mortality and readmission rates, the
specific relationship to short-term mortality, particularly within the
first 28 days post-admission, is less understood (9, 10). This
understanding is vital due to the acute nature of HF exacerbations
and the imperative of early prognostic determinants in this phase.

Our study endeavors to elucidate the correlation between serum
osmolality and 28-days all-cause mortality in heart failure and
reduced ejection fraction (HFrEF) patients post-hospital admission.
The findings may offer significant insights into the acute-phase
prognostic relevance of serum osmolality in HFrEF, potentially
informing clinical interventions and enhancing patient outcomes.

Methods
Study population

Our study was a retrospective observational analysis. The
data was sourced from the Medical Information Mart for
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Intensive Care IV (MIMIC-IV) database. MIMIC-IV is a large,
freely accessible database comprising de-identified health-related
data associated with over forty thousand patients who stayed in
critical care units of the Beth Israel Deaconess Medical Center
between 2001 and 2019 (11). The database includes information
such as demographic data, vital signs, laboratory parameters,
comorbidities, and more. Author ZQ completed the “Protecting
Human Research Participants” online course from the National
Institutes of Health, granting them access to the dataset. The
use of the MIMIC-IV database for research purposes has been
approved by the Institutional Review Boards of the Massachusetts
Institute of Technology and the Beth Israel Deaconess Medical
Center, with a waiver of informed consent granted. We successfully
gathered information on 6228 patients with HFrEF using
PostgreSQL Structured Query Language based on International
Classification of Diseases (ICD-9 and ICD-10) codes.

Inclusion and exclusion criteria

The prerequisites for participation were as follows: Patients
diagnosed with HFrEF using ICD-9 and ICD-10 disease diagnosis
codes in the MIMIC-IV database.

Patients with the following characteristics are excluded: (1)
those under the age of 18; (2) those with an admission stay of
fewer than 24 h; (3) those with leukemia and myelodysplastic
syndrome; (4) those with missing baseline sodium, potassium,
urea, and glucose at admission; and (5) data for which the
calculated serum osmolality value is anomalous.

Data collection

Structured Query Language (SQL) for PostgreSQL (version 9.6)
was used to extract baseline characteristics including gender, age,
comorbidities (hypertension, diabetes mellitus, chronic obstructive
pulmonary disease, renal disease, cerebrovascular disease, coronary
artery disease) as well as laboratory markers and vitals extracted
from the MIMIC-IV database for the first 24 hours after
hospitalization. Serum osmolality was calculated using the
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equation [2 x (Na"™+ K") + (glucose/18) + (urea/2.8)]. In MIMIC-
IV, variables with missing data are common, so missing values were
estimated using regression imputation. Variables with more than
20% missingness were removed from the model to avoid bias that
might result from directly filling in missing values. All screening
variables had less than 20% missing values.

Variables

Initial serum osmolality on admission was calculated and
recorded as a continuous variable for patients in this study. As a
dichotomous variable, the all-cause death during the course of 28
days was tracked.

We obtained the ultimate outcome variable in accordance with
research and guidelines that have been published. This analysis
considered the following covariables as factors to consider: (1)
demographic data; (2) vital signs; (3) laboratory parameters; and
(4) comorbidities.

As a result, the fully adjusted model was developed using the
variables below: (1) continuous variables (obtained at baseline): age;
gender; heart rate; systolic blood pressure (SBP); diastolic blood
pressure (DBP); respiratory rate; pulse oxygen saturation (SPO,);
anion gap; bicarbonate; creatinine; glucose; bun; calcium; sodium;
potassium; platelet; aspartate transaminase (AST); albumin; urea;
chloride; NT-proBNP; Hemoglobin; C-Reactive Protein (CRP);
serum osmolality level and (2) categorical variables (obtained at
baseline): chronic obstructive pulmonary disease (COPD);
hypertension; coronary artery disease (CAD); cerebrovascular
disease (CVD); diabetes mellitus; renal disease; atrial
fibrillation (AF).

Statistical analysis

Continuous variables are presented as the mean * standard
deviation or median with interquartile range and were compared
with Student’s t-test. Categorical variables are presented as
frequencies and percentages, and differences between groups were
performed with a Pearson chi-square test or Fisher’s exact test. The
Lowess Smoothing technique was used to explore the relationship
between osmolarity and mortality. To evaluate the incidence rate of
primary outcome events among groups according to different levels
of serum osmolality, we used Kaplan-Meier survival analysis, and
discrepancies among groups were evaluated with log-rank tests. We
used Cox proportional hazards models to estimate the hazard
ratio (HR) and 95% confidence interval (CI) between serum
osmolality and 28-days all-cause mortality, adjusted for multiple
models. To avoid overfitting the model because of multicollinearity
among variables, we also calculated the variance inflation factor
(VIF). Variables with VIF > 5 were excluded. Finally, clinically
relevant and prognosis-associated variables were enrolled in the
multivariate model: model 1: unadjusted; model 2: adjusted for age
and sex; model 3: adjusted for age, sex, heart rate, SBP, DBP,
respiratory rate, SPO2, anion gap, bicarbonate, creatinine, glucose,
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bun, calcium, sodium, potassium, platelet, AST, albumin, urea,
chloride, NT-proBNP, hemoglobin, CRP, hypertension, diabetes
mellitus, CAD, COPD, renal disease, CVD. Furthermore, a
segmented regression model and logarithmic likelihood ratio test
were used to analyze the threshold effect between serum osmolality
levels and 28-days all-cause mortality.

We used R 4.1.3 (R Foundation for Statistical Computing,
Vienna, Austria) and Stata 12.0 (Stata Corporation LLC, College
Station, USA) for data analysis. A two-sided P-value < 0.05 was
considered statistically significant for all analyses.

Results

A total of 6228 patients were included in this study, the mean
age of the patients was 72.62 + 13.44 and 3445 (55.31%) were male
(Figure 1). The mean serum osmolality of all included patients was
304.271 + 10.87. The all-cause mortality rate within 28 days of
admission was 18.88% (Table 1).

Baseline characteristics

Table 1 lists the baseline characteristics of the study patients
according to serum osmolality tertiles. Patients were categorized
into three groups (G1: <290 mmol/L, G2: 290-310 mmol/L, G3:
>310 mmol/L) based on admission serum osmolality level. The
mean levels of serum osmolality in the three groups were G1: 285.51
+ 3.65, G2: 300.89 + 5.28, G3: 317.98 + 6.09. The patients in the
group with higher serum osmolality were older, predominantly
male, and had higher levels of SBP, respiratory rate, bun, creatinine,
calcium, sodium, urea, chloride levels, and comorbidities with renal
disease and diabetes mellitus were relatively more common. As
serum osmolality increased, heart rate, DBP, and platelets showed a
tendency to decrease, and comorbidities with hypertension were
less common. 28-days all-cause mortality showed a significant
incremental trend between serum osmolality groups. Overall, the
28-days all-cause mortality rate in the study population was 18.88%,
and the difference in mortality rates between the three groups was
statistically significant (18.30% vs. 14.94% vs. 28.26%, P < 0.001),
suggesting that increased serum osmolality is associated with a
higher risk of 28-days all-cause mortality.

Smoothing spline fitting curve

Figure 2 shows the relationship between initial serum
osmolality on admission and 28-days all-cause mortality among
HFrEF patients as determined using the Lowess Smoothing
technique. The model produced a nonlinear relationship, with
the lowest mortality rates at serum osmolality of approximately
290-299 mmoL/L. For our included patients, the results of
Lowess Smoothing showed a U-shaped relationship between
initial serum osmolality on admission and 28-days all-cause
mortality (Figure 2).
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Patients diagnosed with heart failure in the MIMIC-IIl database
(n=26450)

Excluded:

1.Record of repeated hospitalization
(n=13265)

2. Serum osmolality could not be accurately
obtained by missing sodium ion,

potassium ion, glucose, or

urea record values in the first laboratory test
after admission to the hospital (n=13185)

Heart failure patient data from the MIMIC-
Il database after initial screening (n=11570)

Excluded:

1.Patient data for variables with more than 2
0% missing values (n=5086)

2.Calculated serum osmolality deviates too m
uch from the normal range(n=256)

Sample size for final inclusion in the study (n=6228)

Group 1 Group 2 Group 3
(n=530) (n=3989) (n=1709)

FIGURE 1
Flowchart of patient selection.

TABLE 1 Baseline characteristics (N = 6228).

Serum osmolality(mmolL/L)

Variable G1 (<290 mmol/ G2 (290-310 G3 (>310 mmol/ ovElaE
L) (N=530) mmol/L) (N=3989) L) (N=1709)

Baseline variables
Age 72.62 + 13.44 70.40 + 13.79 71.63 + 13.68 75.62 + 12.24 <0.001
Gender 0.009

Male 3445 (55.31%) 288 (54.34%) 2158 (54.10%) 999 (58.46%)

Female 2783 (44.69%) 242 (45.66%) 1831 (45.90%) 710 (41.54%)
Vital signs
Heart rate (bpm) 86.25 + 18.32 88.35 + 18.64 86.52 + 18.09 84.96 + 18.70 <0.001
SBP (mmHg) 119.53 + 22.52 117.65 + 21.93 119.09 + 22.43 121.14 + 22.84 0.001
DBP (mmHg) 64.38 + 15.48 64.27 £ 15.18 64.59 + 15.34 63.94 + 15.90 0.307
Respiratory rate (bpm) 19.34 +5.23 19.30 + 5.06 19.15 + 5.24 19.78 +5.23 <0.001
SPO2 (%) 96.86 + 2.88 96.81 + 2.79 96.88 + 2.87 96.82 + 2.94 0.679
Laboratory parameters
Anion gap (mmol/L) 1434 £ 3.30 13.77 + 3.31 14.03 + 3.14 1526 £ 3.50 <0.001
Bicarbonate (mmol/L) 2547 £ 4.71 2517 £ 4.22 25.61 +4.42 25.23 + 543 0.003
Creatinine (mEq/L) 121 053 0.98 + 0.45 1.12 + 047 1.50 + 0.57 <0.001

(Continued)
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TABLE 1 Continued

Variable

Total
(N=6228)

Serum osmolality(mmoL/L)

G1 (<290 mmol/

L) (N=530)

G2 (290-310

mmol/L) (N=3989)

G3 (>310 mmol/

L) (N=1709)

10.3389/fendo.2024.1397329

Laboratory parameters

Glucose (mg/dL) 7.52 + 345 640 + 1.91 7.14 +2.78 8.75 + 4.69 <0.001
BUN (mg/dL) 30.85 + 19.38 18.93 + 10.46 25.00 + 13.14 4821 = 2251 <0.001
Calcium (mmol/L) 8.61 +0.59 8.45 + 0.57 8.62 + 0.58 8.64 + 0.62 <0.001
Sodium (mmol/L) 138.65 = 4.30 132.02 + 2.89 13824 + 3.25 14166 + 4.13 <0.001
Potassium (mmol/L) 422 £ 0.66 416 £ 0.63 417 £ 0.60 435£0.76 <0.001
Platelet (10A9/L) 20831 + 83.64 212.55 + 92.05 210.27 + 82.63 202.41 + 83.00 0.001
AST (IU/L) 36.14 = 19.39 37.16 £ 20.01 35.96 + 19.30 3625 + 19.39 0.187
Albumin (g/L) 28.44 + 17.27 27.73 + 16.25 28.45 + 17.44 28.63 + 17.19 0.487
Urea (mg/dL) 28.15 + 14.55 18.93 + 10.46 2455 + 11.96 39.41 + 14.84 <0.001
Chloride (mmol/L) 101.67 + 5.74 96.41 + 5.09 10152 £ 5.10 103.65 + 6.22 <0.001
NT-proBNP (pg/mL) 7802.32 £ 8079.70 6503.74 + 6857.10 6926.01 + 7440.60 10250.43 + 9266.06 <0.001
Hemoglobin (g/dl) 11.69 + 227 11.67 + 225 11.86 + 225 11.27 225 <0.001
(Cr:;:)cme Protein 6179 £ 73.17 60.74 £ 63.50 5038 + 71.12 67.60 + 80.47 0.267
serum osmolality

) 304.271 + 10.87 285.51 + 3.65 300.89 + 5.28 317.98 + 6.09 <0.001
Comorbidity

COPD 252 (4.05%) 23 (4.34%) 148 (3.71%) 81 (4.74%) 0.183
Hypertension 2833 (45.49%) 292 (55.09%) 1940 (48.63%) 601 (35.17%) <0.001
CAD 3419 (54.90%) 273 (51.51%) 2194 (55.00%) 952 (55.71%) 0.232
CVD 318 (5.11%) 28 (5.28%) 196 (4.91%) 94 (5.50%) 0.642
Renal disease 762 (12.24%) 61 (11.51%) 409 (10.25%) 292 (17.09%) <0.001
Diabetes mellitus 2490 (39.98%) 138 (26.04%) 1479 (37.08%) 873 (51.08%) <0.001
Atrial fibrillation 3163 (50.79%) 265 (50.00%) 1974 (49.49%) 924 (54.07%) 0.006
Events

z:ucslzyriiltamy 1176 (18.88%) 97 (18.30%) 596 (14.94%) 483 (28.26%) <0.001

Association between initial serum
osmolality and 28-days all-cause mortality
in HFrEF

The independent correlation between initial serum osmolality
level on admission and 28-days all-cause mortality in HFrEF
patients is shown in Table 2. When serum osmolality was treated
as a continuous variable, it was positively associated with 28-days
all-cause mortality. In unadjusted Model I, each unit increase
in serum osmolality level was associated with a 3% increase in the
risk of 28-days all-cause mortality (HR, 1.03[95% CI 1.03-1.04]
P<0.05). In Model II (adjusted for age and sex), the results remained
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significant (HR, 1.03[95% CI 1.02-1.03] P<0.05). In model III
(adjusted for age, sex, and potential confounders), the results
did not show significant changes (HR, 1.04[95% CI 1.02-1.06]
P<0.05). To further explore the effect of serum osmolality,
patients were divided into 5 groups according to the value of
serum osmolality (see Table 2 for details), where the Q2 group
(290-309 mmol/L) was used as the reference group, and the results
of model I showed that higher initial serum osmolality on
admission of the patients was associated with an increase in the
28-days all-cause mortality of the patients after admission, with a
gradual increase in the HR starting from Q3 (HR, 1.83[95% CI 1.56
-2.14] P<0.001) to Q5 (HR, 3.93[95% CI 2.58 - 6.00] P<0.001), and
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28-day all-cause mortality by Initial serum osmolarity
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FIGURE 2

Relationship between serum osmolality and 28-days all-cause mortality in patients with HFrEF. The graph shows a nonlinear relationship.
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S

the overall trend in adjusted model II and model III showed
consistency with model I.

Survival analysis

Among the 6228 patients included in the study, 1176 (18.88%)
died within 28 days of hospital admission. The 28-days all-cause

TABLE 2 Association between serum osmolality and 28-days all-cause
mortality in patients with HFrEF.

Model | Model Il

(HR,95% CI)

1.03(1.02, 1.03)*

Model Ill
(HR,95% ClI)

1.04(1.02, 1.06)*

Variables

(HR,95% Cl)

Serum osmolality | 1.03(1.03, 1.04)*

Serum osmolality quintiles

Q1 128(1.01, 1.62)* | 1.34 (1.05,1.71)* | 0.88 (0.30, 2.63)*
(£289mmol/L)

Q2 (290- Ref. Ref. Ref.

309mmol/L)

Q3 (210- 1.83 (1.56, 2.14)* 1.64 (1.39, 1.93)* 1.61 (0.74, 3,52)*
319mmol/L)

Q4 (320- 3.14 (2.55,3.87)*  2.86 (2.31, 3.54)* 1.62 (0.40, 5.76)*
329mmol/L)

Q5 3.93 (2.58, 6.00)* | 3.84 (249, 5.92)* | 1.79 (0.25, 12.70)*
(=330mmol/L)

P value for trend <0.001 <0.001 <0.001

HR, hazard ratio; CI, confidence interval; Ref, reference; *P value <0.05.

Model I: adjusted for none.

Model II: adjust for age; sex.

Model III: adjusted for age, sex, heart rate, SBP, DBP, respiratory rate, SPO2, anion gap,
bicarbonate, creatinine, glucose, bun, calcium, sodium, potassium, platelet, AST, albumin,
urea, chloride, NT-proBNP, hemoglobin, CRP, hypertension, diabetes mellitus, CAD, COPD,
renal disease, CVD, AF.
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mortality for Q1 (<289 mmol/L), Q2 (290-309 mmol/L), Q3 (310-
319 mmol/L), Q4 (320-329 mmol/L), and Q5 (= 330 mmol/L) were
18.30%, 14.94%, 24.31%, 39.86%, and 40.86%, respectively. Kaplan-
Meier curves were constructed to visualize the association between
serum osmolality quintiles and the 28-days all-cause mortality
(Figure 3). During the short-term follow-up of 28 days, a
statistically significant difference in mortality rates was observed
between the groups. Patients had a higher short-term survival rate
when serum osmolality was between 290-309 mmol/L, a lower
survival rate within 1-14 days of admission when serum osmolality
was between 320-329mmol/L, and a lower survival rate within 15-
28 days of admission when serum osmolality was above
330mmol/L.

Threshold effect analysis for the
relationship between serum osmolality
levels and 28-days all-cause mortality

Through Lowess Smoothing analysis, it was found that the
relationship between serum osmolality levels and 28-days all-cause
mortality is U-shaped. Further analysis using a segmented
regression model of serum osmolality levels and 28-days all-cause
mortality identified a turning point at 298.8 mmol/L of serum
osmolality. At a serum osmolality level of 298.8 mmol/L, the
mortality rate for patients with HFrEF was the lowest (Figure 4).
The results suggest that serum osmolality levels are associated with
a doubled risk of 28-days all-cause mortality in patients with HFrEF
after admission. For serum osmolality levels >298.8 mmol/L, each
unit increase in serum osmolality level is associated with a 2%
increase in mortality within 28 days of admission (HR, 1.019[95%
CI 1.012-1.025]). The LRT test was significant (P = 0.002),
indicating a non-linear association between serum osmolality
levels and 28-days all-cause mortality (Table 3).
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28-Day Survival Curves by serum osmolarity Groups
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FIGURE 3
Kaplan—Meier survival analysis curves for 28-days all-cause mortality.
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Serum osmolarity(mmol/L)
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= Q3(310-319mmoliL)

~+ Q4 (320-328mmoliL)
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1001 908
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21 28

Discussion

To the best of our knowledge, this is the most comprehensive
study utilizing the MIMIC-IV database to examine the link
between serum osmolality imbalance and mortality among HFrEF
patients. Our results reveal that elevated serum osmolality correlates
with increased 28-days all-cause mortality in a U-shaped
relationship, with the association persisting after adjusting for
potential confounders.

Our analysis indicates that individuals with higher serum
osmolality are typically older, possess more comorbidities,
particularly diabetes and renal disease, and exhibit increased
levels of glucose, urea, creatinine, and potassium. These findings
align with those of José et al. Previous research has questioned the
impact of serum osmolality variations on the short-term prognosis
of older HFrEF patients, noting that the confluence of multiple
underlying diseases and diverse laboratory index alterations exerts a
more pronounced effect on short-term mortality, complicating the
interpretation of serum osmolality’s impact (8). To mitigate this
complexity, we employed several models: Model I with no
adjustments, Model II adjusted for age and gender, and Model
III, which further adjusted for multiple confounders. The findings
affirm that serum osmolality exerts a direct effect on 28-days all-
cause mortality in HFrEF patients, independent of age, sex,
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comorbidities, and various laboratory measures. Having
established the non-linear relationship between initial serum
osmolality and 28-days all-cause mortality, we employed
threshold effect modeling to corroborate the association. We
observed that serum osmolality above 298.8 mmol/L significantly
increases 28-days all-cause mortality, reinforcing the non-linear
correlation with mortality. To further compare the sensitivity and
specificity of serum osmolality in predicting short-term mortality in
patients with HFrEF, we analyzed it using ROC curves to describe
its AUC value and further compared it with the individual indices
(Na+, K+, glucose, urea) used to calculate serum osmolality. In our
study, we found that the AUC values of serum osmolality were
greater than those of the individual markers (Figure 5),
demonstrating superior sensitivity and specificity for predicting
the short-term prognosis of patients with heart failure. This finding
reinforces the need to monitor changes in serum osmolality in
patients with severe HFrEF.

Previous research has consistently reported hyponatremia as
the most prevalent electrolyte imbalance in hospitalized HF
patients, typically precipitated by neurohormonal activation or
pharmacological interventions (12). In HF patients, chronic
activation of the renin-angiotensin-aldosterone system and the
sympathetic nervous system in response to insufficient tissue
perfusion promotes water and sodium retention. Moreover,
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Threshold effect analysis of serum osmolality on 28-day all-cause mortality in Heart Failure Patients. The red dashed line indicates that 28-day all-
cause mortality was lowest in HFrEF patients when serum osmolality was 298.8 mmol/L.

TABLE 3 Association between serum osmolality and 28-days all-cause
mortality in patients with HFrEF.

Models HR P-value
(95%Cl)

Model |

Fitting model by standard linear regression 1.011 <0.001
(1.006-1.016)

Model Il

Fitting model by two-

piecewise linear regression

Turning point (K1)

<298.833 0.987 0.094
(0.972-1.002)

>298.833 1.019 <0.001
(1.012-1.025)

LRT test 0.002

Data were presented as HR (95% CI) P-value; Model I, linear analysis; Model II, non-linear
analysis. LRT test, Logarithmic likelihood ratio test (p < 0.05 means Model II is significantly
different from Model I, which indicates a non-linear relationship).
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arginine vasopressin, released due to low cardiac output, augments
intravascular volume, contributing to hyponatremia development
in HF patients (13). Numerous studies have confirmed the
association of hyponatremia with increased morbidity and
mortality in hospitalized HF patients (14-16). Peng et al. also
identified a U-shaped relationship between serum sodium levels
and all-cause mortality in HF patients (17). Serum osmolality, a
more comprehensive measure, is influenced not only by sodium
but also by glucose, urea, and potassium concentrations, which
collectively regulate it within a narrow range of 275-295 mmoL/L
(18). In our study, the higher osmolality group exhibited
elevated glucose, urea, and potassium levels. The influence of
serum osmolality on HFrEF patients has been a longstanding
concern, with other studies highlighting low osmolality as a
significant risk factor for increased morbidity and mortality.
José et al. documented that high serum osmolality forecasts
poorer outcomes in patients with decompensated HF over one
year. However, their study did not elaborate on the impact of
confounding factors (8).

Our investigation, focusing on short-term prognosis post-
hospital admission (28 days), concurs with these observations,
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further noting that higher serum osmolality is linked to increased
short-term mortality, even after adjusting for confounders using
various observational models. Alongside existing literature, the
detrimental effects of serum osmolality on HF patients can be
rationalized through several mechanisms. Firstly, antidiuretic
hormone (AVP) secretion, regulated by extracellular fluid solute
concentration, blood volume, cardiac filling pressure, and arterial
pressure, is heightened in HF due to sympathetic and renin-
angiotensin-aldosterone system activation, particularly during
acute water overload. Elevated serum osmolality may intensify
AVP release, with AVP adversely affecting cardiovascular
dynamics and promoting HF progression (19, 20). Secondly,
increased serum osmolality may disrupt venous reserve
distribution. High arterial and non-visceral venous osmolality can
shift fluid from venous reserves to the effective circulation,
raising preload and leading to congestion. This may manifest as
elevated pulmonary artery pressures and potentially exacerbate
pulmonary edema, evidenced by a link between osmolality and
increased extravascular lung water. Finally, elevated osmolality
could impair renal function through several mechanisms.
Heightened AVP levels may aggravate chronic kidney disease,
while high serum osmolality may induce renal tubular injury and
fibrosis via the sympathetic nervous system and aldose reductase
pathway, culminating in oxidative stress (21, 22). Moreover,
increased extracellular osmolality may prompt water excretion,
resulting in cellular shrinkage and intracellular dehydration,
precipitating local and systemic conditions detrimental to
cellular integrity.

In summary, serum osmolality levels serve as a cost-effective and
widely accessible metric to assess HF severity and prognosticate
mortality risk. This study delineates the association between serum
osmolality and 28-days all-cause mortality post-hospitalization,
offering a clinical reference point based on serum osmolality levels.
The significance of our research is manifold: (1) It elucidates a
curvilinear relationship between serum osmolality and all-cause
mortality within 28-days all-cause mortality in HF patients under
intensive care; (2) It advances the development of short-term
prognostic models based on serum osmolality levels for HF patients;
(3) It distinguishes higher serum osmolality as an independent
determinant of 28-days all-cause mortality, accounting for
confounding variables,a contrast to prior studies. (4) The results
have been substantiated through Kaplan-Meier survival curve
analysis, enhancing the robustness of future research findings; (5)A
threshold effect model was utilized to pinpoint the turning point where
serum osmolality begins to significantly impact 28-days all-cause
mortality; (6) Ethical integrity was maintained throughout the study,
with no patients being harmed or ethical boundaries transgressed.

Our study is subject to several limitations: (1) It is confined to
examining the relationship between initial serum osmolality and
short-term mortality post-hospital admission, without accounting
for the potential influence of post-admission medications, such as
renin-angiotensin-aldosterone system (RAAS) inhibitors and
diuretics, on serum sodium levels and, consequently, serum
osmolality; (2) Serum osmolality was estimated using a formula
rather than direct measurement, precluding the detection of “delta
osmolality” or “osmolal gap”. Although the formula was chosen
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with diligence, it may not accurately reflect true osmolality values;
(3) The study relies on data from the MIMIC-IV database, which
predominantly comprises patients with severe HFrEF, thus
constraining the broader applicability of the findings; (4) The
causal mechanisms linking serum osmolality with 28-days all-
cause mortality were not explored, indicating the need for further
investigative research.

Conclusion

Our findings reveal a U-shaped correlation between serum
osmolality levels and 28-days all-cause mortality in HFrEF patients
post-hospital admission, after accounting for confounding factors.
This study enhances the understanding of serum osmolality’s
relevance in HFrEF cases. Given its simplicity, ease, and cost-
effectiveness, serum osmolality measurement underscores the
significance of osmolality management in aiding physicians to
identify patients at high risk. Nonetheless, additional research is
essential to ascertain whether interventions aimed at serum

osmolality levels can favorably alter clinical outcomes in this cohort.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

QZ: Investigation, Methodology, Visualization, Writing — original
draft, Writing - review & editing. JL: Data curation, Writing — review
& editing. PL: Data curation, Software, Writing — review & editing.
JM: Software, Writing — review & editing. ZW: Conceptualization,
Data curation, Writing — review & editing. TT: Conceptualization,
Writing - review & editing. GH: Investigation, Writing — review &
editing. SS: Conceptualization, Funding acquisition, Investigation,
Methodology, Project administration, Software, Supervision,
Writing - original draft, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This project
was supported by the Natural Science Foundation of Gansu
Province (grant number: 22YF7FA088) and Natural Science
Foundation of Gansu Province (grant number: 22JR5RA1001).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fendo.2024.1397329
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zou et al.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Boorsma EM, Ter Maaten JM, Damman K, Dinh W, Gustafsson F,
Goldsmith S, et al. Congestion in heart failure: a contemporary look at physiology,
diagnosis and treatment. Nat Rev Cardiol. (2020) 17:641-55. doi: 10.1038/s41569-020-
0379-7

2. Savarese G, Becher PM, Lund LH, Seferovic P, Rosano GMC, Coats AJS. Global
burden of heart failure: a comprehensive and updated review of epidemiology.
Cardiovasc Res. (2023) 118:3272-87. doi: 10.1093/cvr/cvac013

3. Vaduganathan M, Marti CN, Mentz R], Greene SJ, Ambrosy AP, Subacius HP,
et al. Serum osmolality and postdischarge outcomes after hospitalization for heart
failure. Am J Cardiol. (2016) 117:1144-50. doi: 10.1016/j.amjcard.2015.12.059

4. Gennari FJ. Current concepts. Serum osmolality. Uses and limitations. N Engl |
Med. (1984) 310:102-5. doi: 10.1056/NEJM198401123100207

5. Hu T, Li C, Wang T, Liu H, Geng J, Gong A. Serum osmolality was non-linearly
associated with the risk of all-cause and cardiovascular mortality in patients with
diabetes. BMJ Open Diabetes Res Care. (2023) 11:¢003826. doi: 10.1136/bmjdrc-2023-
003826

6. Biiyiikkaragoz B, Bakkaloglu SA. Serum osmolality and hyperosmolar states.
Pediatr Nephrol Berl Ger. (2023) 38:1013-25. doi: 10.1007/s00467-022-05668-1

7. Kaplon-Cieslicka A, Soloveva A, Mareev Y, Cabac-Pogorevici I, Verbrugge FH,
Vardas P. Hyponatraemia in heart failure: time for new solutions? Heart Br Card Soc.
(2022) 108:1179-85. doi: 10.1136/heartjnl-2021-320277

8. Arévalo-Lorido JC, Gomez JC, Formiga F, Conde-Martel A, Carrera-Izquierdo M,
Muela-Molinero A, et al. High serum osmolality at admission determines a worse
outcome in patients with heart failure: is a new target emerging? Int | Cardiol. (2016)
221:238-42. doi: 10.1016/j.ijcard.2016.07.084

9. Konstam MA, Gheorghiade M, Burnett JC Jr, Grinfeld L, Maggioni AP,
Swedberg K, et al. Effects of oral tolvaptan in patients hospitalized for worsening
heart failure: the EVEREST Outcome Trial. JAMA. (2007) 297:1319-31. doi: 10.1001/
jama.297.12.1319

10. Oren RM. Hyponatremia in congestive heart failure. Am J Cardiol. (2005) 95:2B-
7B. doi: 10.1016/j.amjcard.2005.03.002

11. Johnson AEW, Bulgarelli L, Shen L, Gayles A, Shammout A, Horng S, et al.
MIMIC-1V, a freely accessible electronic health record dataset. Sci Data. (2023) 10:1.
doi: 10.1038/s41597-022-01899-x

Frontiers in Endocrinology

11

10.3389/fendo.2024.1397329

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

12. Kearney MT, Fox KA, Lee AJ, Prescott R, Shah AM, Batin PD, et al. Predicting
death due to progressive heart failure in patients with mild-to-moderate chronic heart
failure. ] Am Coll Cardiol. (2002) 40:1801-8. doi: 10.1016/S0735-1097(02)02490-7

13. Wong LL, Verbalis JG. Vasopressin V2 receptor antagonists. Cardiovasc Res.
(2001) 51:391-402. doi: 10.1016/S0008-6363(01)00315-7

14. Verbrugge FH, Steels P, Grieten L, Nijst P, Tang WH, Mullens W. Hyponatremia
in acute decompensated heart failure: depletion versus dilution. ] Am Coll Cardiol.
(2015) 65:480-92. doi: 10.1016/j.jacc.2014.12.010

15. Rask KA, Deis T, Larsson JE, Rossing K, Gustafsson F. Hyponatremia in stable
patients with advanced heart failure: association to hemodynamics and outcome.
Cardiology. (2023) 148:187-94. doi: 10.1159/000529967

16. Verbrugge FH, Grodin JL, Mullens W, Taylor DO, Starling RC, Tang WH.
Transient hyponatremia during hospitalization for acute heart failure. Am ] Med.
(2016) 129:620-7. doi: 10.1016/j.amjmed.2016.01.016

17. Peng$, PengJ, Yang L, Ke W. Relationship between serum sodium levels and all-
cause mortality in congestive heart failure patients: a retrospective cohort study based
on the Mimic-IIT database. Front Cardiovasc Med. (2023) 9:1082845. doi: 10.3389/
fcvm.2022.1082845

18. Heavens KR, Kenefick RW, Caruso EM, Spitz MG, Cheuvront SN. Validation of
equations used to predict plasma osmolality in a healthy adult cohort1234. Am J Clin
Nutr. (2014) 100:1252-6. doi: 10.3945/ajcn.114.091009

19. Goldsmith SR. Baroreflex loading maneuvers do not suppress increased plasma
arginine vasopressin in patients with congestive heart failure. ] Am Coll Cardiol. (1992)
19:1180-4. doi: 10.1016/0735-1097(92)90321-D

20. Gheorghiade M, Pang PS, Ambrosy AP, Lan G, Schmidt P, Filippatos G. A
comprehensive, longitudinal description of the in-hospital and post-discharge clinical,
laboratory, and neurohormonal course of patients with heart failure who die or are re-
hospitalized within 90 days: analysis from the EVEREST trial. Heart Fail Rev. (2012)
17:485-509. doi: 10.1007/s10741-011-9280-0

21. Conte G, Dal Canton A, Terribile M, Cianciaruso B, Di Minno G, Pannain M.
Renal handling of urea in subjects with persistent azotemia and normal renal function.
Kidney Int. (1987) 32:721-7. doi: 10.1038/ki.1987.266

22. Schrier RW. Vasopressin and aquaporin 2 in clinical disorders of water
homeostasis. Semin Nephrol. (2008) 28:289-96. doi: 10.1016/j.semnephrol.2008.03.009

frontiersin.org


https://doi.org/10.1038/s41569-020-0379-7
https://doi.org/10.1038/s41569-020-0379-7
https://doi.org/10.1093/cvr/cvac013
https://doi.org/10.1016/j.amjcard.2015.12.059
https://doi.org/10.1056/NEJM198401123100207
https://doi.org/10.1136/bmjdrc-2023-003826
https://doi.org/10.1136/bmjdrc-2023-003826
https://doi.org/10.1007/s00467-022-05668-1
https://doi.org/10.1136/heartjnl-2021-320277
https://doi.org/10.1016/j.ijcard.2016.07.084
https://doi.org/10.1001/jama.297.12.1319
https://doi.org/10.1001/jama.297.12.1319
https://doi.org/10.1016/j.amjcard.2005.03.002
https://doi.org/10.1038/s41597-022-01899-x
https://doi.org/10.1016/S0735-1097(02)02490-7
https://doi.org/10.1016/S0008-6363(01)00315-7
https://doi.org/10.1016/j.jacc.2014.12.010
https://doi.org/10.1159/000529967
https://doi.org/10.1016/j.amjmed.2016.01.016
https://doi.org/10.3389/fcvm.2022.1082845
https://doi.org/10.3389/fcvm.2022.1082845
https://doi.org/10.3945/ajcn.114.091009
https://doi.org/10.1016/0735-1097(92)90321-D
https://doi.org/10.1007/s10741-011-9280-0
https://doi.org/10.1038/ki.1987.266
https://doi.org/10.1016/j.semnephrol.2008.03.009
https://doi.org/10.3389/fendo.2024.1397329
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Association between serum osmolality and 28-day all-cause mortality in patients with heart failure and reduced ejection fraction: a retrospective cohort study from the MIMIC-IV database
	Introduction
	Methods
	Study population
	Inclusion and exclusion criteria
	Data collection
	Variables
	Statistical analysis

	Results
	Baseline characteristics
	Smoothing spline fitting curve
	Association between initial serum osmolality and 28-days all-cause mortality in HFrEF
	Survival analysis
	Threshold effect analysis for the relationship between serum osmolality levels and 28-days all-cause mortality

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


