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The U-shaped relationship between serum 2
osmolality and the risk of sepsis-associated
delirium development: a retrospective study

Yipeng Fang''®, Hui Xie?", Aizhen Dou', Yan Cui'?" and Keliang Xie'**"

Abstract

Objective We aim to investigate the association between serum osmolality and the risk of developing delirium in
septic patients.

Methods Adult septic patients meeting the Sepsis-3 definition were included. Delirium was screened according

to the Confusion Assessment Method for the ICU (CAM-ICU) tool. Patients lacked of serum osmolality results and
those with delirium prior to sepsis occurrence were excluded. The association between osmolality and delirium was
visualized using both restricted cubic splines (RCS) and local weighted scatter plot smoothing (LOWESS) methods.
Logistic regression, subgroup and sensitivity analysis were performed to determine the predictive value of osmolality
on delirium.

Results A total of 17,171 septic patients were included. A U-shaped pattern was observed between serum osmolality
and delirium risk (P for non-linear<0.001). Compared with intermediate range (286-301 mmol/L), patients in the

low and high osmolality groups had an increased percentage of delirium. Compared with intermediate osmolality,
low and high osmolality could increase the risk of delirium by 21.6-34.5% (OR 1.216-1.345) and 18.4-53.3% (OR
1.184-1.533). All subgroups analysis supported that abnormal osmolality is an independent risk factor for delirium
(OR>1), and a more significant association was found in SOFA <6 subgroup. In sensitivity analysis, the presence

of comorbidities made no influence on this U-shaped relationship. After balancing the baseline information by
propensity score matching (PSM), patients in the intermediate range still had a lower incidence of delirium.

Conclusion There was a U-shaped association between serum osmolality and the risk of sepsis-associated delirium.
Further high-quality research is needed to verify our findings.
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Background

Sepsis is a common clinical syndrome caused by infection
and characterized by fatal organ dysfunction and failure
resulting from a dysregulated host response to infection,
with extremely high morbidity and mortality [1]. Delir-
ium, one of the major clinical manifestations of sepsis-
associated brain disease, is common in both elderly and
septic patients [2]. Recently, a meta-analysis including
51 studies and 39,076 patients indicated that the overall
incidence and prevalence of delirium in adult patients in
intensive care units (ICUs) department can be as high as
31 per 1000 and 33% [3]. In addition, delirium can affect
up to 70% of patients with sepsis and is significantly asso-
ciated with increased mortality and adverse outcomes,
especially for elderly patients [4, 5]. Early detection and
prevention of delirium are essential to improve the prog-
nosis of septic patients, which makes the exploration of
related biomarkers a hot spot in relevant research fields.

Water molecules tend to move across the semi-perme-
able membrane from the lower concentration side to the
higher concentration side, and the resulting hydrostatic
pressure is known as osmotic pressure [6]. Serum osmo-
lality is a well-known indicator to maintain the metabo-
lism balance in body fluid, electrolyte and renal function.
Both hypertonic and hypotonic conditions, in which
cells undergo osmotic swelling and shrinkage as a result
of water absorption and loss, respectively, have been
observed to affect normal cellular physiological functions
[7]. It has been well documented that elevated osmolal-
ity levels are significantly associated with an increased
risk of mortality in a range of diseases [8, 9, 10]. Among
them, Liang M et al. reported a U-shaped relationship
between osmolality and the risk of mortality in septic
patients [11]. A study suggested serum osmolality levels
at admission can effectively predict the mortality risk in
patients with severe traumatic brain injury, with a sensi-
tivity of 70.49% and a specificity of 62.86% [12]. Further-
more, the regulation of osmolality is of great importance
for maintaining normal perfusion and function of brain.
Given that abnormal changes in osmolality can cause
brain edema, dehydration and lead to blood-brain bar-
rier injury, it raises the question whether such changes
might contribute to the development of delirium in sep-
tic patients. We hypothesized that both hyperosmolality
and hypoosmolality would elevate the risk of delirium
and increase mortality in patients with sepsis. To date, no
studies have explored this potential relationship.

This is a retrospective analysis based on a widely used
global critical care clinical database. Our objective is
to elucidate the association between serum osmolality
and sepsis-associated delirium. Our findings may con-
tribute to the development of effective and convenient
biomarkers for the early diagnosis of sepsis-associated
delirium, as well as offering new evidence for osmolality
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control targets fluid and electrolyte metabolism of septic
patients.

Materials and methods

Design and setting

Our retrospective research using data from a public data-
base called the Medical Information Mart for Intensive
Care IV database (MIMIC 1V, version 2.2). This is one of
the most commonly used clinical databases for intensive
care, comprising medical records selected years 2001 to
2010 data from the Beth Israel Deaconess Medical Cen-
ter (BIDMC). It contains over 70,000 electronic health
records of more than 50,000 patients who were admitted
to the intensive care unit (ICU). The database is freely
accessible and downloadable upon successful comple-
tion of an examination [13]. The MIMIC IV, version
2.2, used in present study, is the latest available version.
Approval for this study was granted by the Institutional
Review Boards of the Massachusetts Institute of Tech-
nology (Cambridge, MA, USA) and BIDMC. Regarding
the issue of informed consent, the requirement for con-
sent was waived due to the retrospective research design
and without any effect on clinical decision-making. The
author, Fang Yipeng, was granted access to the database
and was responsible for the extraction and analysis of the
data (ID: 43025968). This study was prepared in accor-
dance with the Strengthening the Reporting of Observa-
tional Studies in Epidemiology (STROBE) guidelines [14].
Clinical trial number: Not applicable.

Participants

Inclusion standard: (1) Adults admitted to the ICU
(aged > 18 years); (2) Only the first ICU admission record
was retained for patients with multiple ICU admissions;
(3) Diagnosed with sepsis during their hospitalization.

Exclusion standard: (1) Lack of serum osmolality
results; (2) Being diagnosed with delirium before sepsis;
(3) An ICU stay of less than 24 h, including those who
died within 24 h.

Figure 1 presents a flowchart of the population selec-
tion process. The final analysis included a total of 17,171
patients, with 4,523 delirium patients and 12,648 non-
delirium patients.

Study variable

The following data were extracted: demographic infor-
mation, comorbidities, laboratory parameters, urine out-
put, vital signs, and special interventions for the patients.
The diagnosis of sepsis was based on the Sepsis 3.0 cri-
teria. In summary, patients with suspected infection and
a Sequential Organ Failure Assessment (SOFA) score of
at least 2 were considered to have sepsis [1]. Comorbidi-
ties were diagnosed in accordance with the International
Classification of Diseases (ICD) codes. Acute kidney
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73,181 ICU admission records from 2008-2019
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-removed 0 record with age < 18 year
-removed 22,261 records
due to secondary admission
-removed 28,519 records without sepsis diagnosis

22,401 records enrolled

Y

-removed 1,591 records without osmolality results
-removed 2,147 records for delirium
happened before sepsis

\
| 18,663 records enrolled |

e

-removed 1,492 records due ICU stay less than 24 hours

Y
‘ 17,171 records in the final cohort |

| 12,648 non-deliriums | 4,523 deliriums

Fig. 1 Flow chart of the patient selection

injury (AKI) was evaluated according to the creatinine
standard mentioned in the KDIGO guidelines [15]. For
laboratory parameters, the extreme values, either the
maximum or the minimum, were used according to
their clinical significance, prior to the onset of sepsis.
Serum osmolality was calculated using serum sodium
(mmol/L), serum potassium (mmol/L), blood urea nitro-
gen (BUN, mg/dL), and blood glucose (mg/dL) with
the following formula: 2 x (sodium + potassium) + glu-
cose/18 + BUN/2.8. The serum osmolality readings from
the initial 24-hour period and the subsequent 24-hour
period following the diagnosis of sepsis were obtained.
The data pertaining to mean blood pressure (MBP) and
volume status from the initial 24-hour period following
the diagnosis of sepsis and the overall situation during
their ICU stay were utilized. Information was gathered
on any special interventions received by the patients,
including the use of invasive mechanical ventilation
(MV), diuretics, vasopressors and midazolam, from the
time of admission to the development of sepsis.

In the case of continuous variables with a normal dis-
tribution, values that fall beyond the mean + 3 x standard
deviation (SD) range are defined as outliers. In the case
of continuous variables exhibiting a non-normal distribu-
tion, values exceeding the third quartile plus one and a
half times the interquartile range (IQR) or falling below
the first quartile minus one and a half times the IQR were
defined as outliers. We defined outliers as missing values
and performed data imputation. In the case of variables

with a percentage of missing values below 5%, the mean
or median was employed as a means of imputing the
missing values. In present study, the missing values for
lactate was imputed using regression imputation, as the
percentage of missing data exceeded 5%. The formula
used was: Lactate =0.713 x male - 0.410 x CKD +0.373 x
liver disease +0.245 x SOFA -0.001 x age + 0.004 x MBP.

Outcomes

Our primary outcome was sepsis-associated delirium,
defined as novel delirium that occurred after the devel-
opment of sepsis during their hospitalization. Those with
delirium prior to sepsis diagnosis were excluded from
the final analysis. We used the Confusion Assessment
Method for the ICU (CAM-ICU) scale to screen for sep-
sis-associated delirium. It is a commonly used tool with
a sensitivity and specificity of 81% and 98% respectively
for screening delirium [4]. The CAM-ICU screening
for delirium focuses on four aspects: (1) Acute change
or fluctuating course of mental status, (2) Inattention,
(3) Altered level of consciousness, and (4) Disorganized
thinking. When patients had both changes in mental
status and inattention, further screening for level of con-
sciousness and disorganized thinking were conducted.
If either altered consciousness level or disorganized
thinking present, they were considered to have delirium.
Secondary outcomes included mortality, length of stay
(LOS).
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Statistical analysis

In this study, we showed the numbers as mean+SD or
median with IQR, depending on whether they were nor-
mally distributed. We showed the categorical data as
numbers and percentages. If the data were normally dis-
tributed, we used Student’s t-test or one-way ANOVA
to analyze them. If the data followed with a non-normal
distribution, we used the rank sum or Kruskal-Wallis
for analysis. We used the Chi-square test to analyze the
categorical variables. Not only the local weighted scatter
plot smoothing (LOWESS), but also the restricted cubic
splines (RCS) analysis methods were used to visualize
how serum osmolality is linked to the risk of delirium. We
got the best cut-off value and reference range for serum
osmolality from the RCS curves. In addition, we used
logistic regression analyses to detect the effect of serum
osmolality on the risk of developing delirium. Variables
were sequentially included to construct several multivari-
ate regression models to adjust for potential confound-
ing factors. The variance inflation factor (VIF) was used
to check for the multicollinearity in logistic models. A
VIF > 10 showed that variables were collinear. These were
converted into categorical variables. Subgroup analy-
sis was performed to detect potential interactive factors
using logistic regression analysis according to age, gen-
der, race, use of diuretics, and SOFA score. We added
multiplicative interaction terms into the regression mod-
els of subgroup analysis to detect the interaction of serum
osmolality and these variables. Additionally, in sensi-
tivity analysis, RCS curves of the risk between delirium
occurrence and serum osmolality in several cohorts with
different comorbidities were described to explore the
robustness of our findings. Finally, the propensity score
matching (PSM) was performed [16], using a 1:1 nearest-
neighbor matching method without replacement, with a
caliper value set at 0.02, to balance baseline information
between the “Q2 group” (286<serum osmolality <301)
and the “Q1/Q3 group” (serum osmolality < 286 or >301).
Demographic data, comorbidities, laboratory tests, MAP,
special interventions, and volume balance status on the
first day of sepsis diagnosis were matched.

A two-sided P-value of less than 0.05 was deemed to be
statistically significant. All statistical analyses were con-
ducted using Stata (version 15.0 SE) and the R (version
4.3.2) softwares.

Result

Baseline characteristic and clinical outcomes

Delirium patients had a lower proportion of Whites
(57.55% vs. 68.41%, P<0.001, shown in Table 1). More
patients in the delirium group had cerebral infarction,
cerebral hemorrhage, HF, atrial fibrillation (AF), anemia,
chronic pulmonary disease (CPD), AKI, chronic kidney
disease (CKD), liver disease, and adrenal diseases, while
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fewer had coronary artery disease (CHD), hyperten-
sion (HT) and malignant cancer (all P<0.05). Delirium
patients had higher levels of white blood cells (WBC),
serum creatinine and lactate, but decrease levels of
serum hemoglobin and platelets (all 7<0.05). The delir-
ium group had higher blood pressure ((76.38+9.85 vs.
75.92+9.79, P=0.006)). For volume status, the degree of
positive balance was more significant in delirious patients
on the first day (1755 (270,3866) vs. 1153 (-200,3110),
P<0.001) and throughout the entire ICU period (405
(-248,1274) vs. 345 (-505,1396), P<0.001). Patients with
delirium had increased disease severity scores (SOFA 8
(6,11) vs. 5 (4,8); SAPSII 42 (34,52) vs. 36 (28,45)), and
more patients received MV, vasopressors, and midazolam
treatment (all P<0.001). No significant difference was
found in diuretic use between delirium and non-delirium
groups (P=0.427). On the first and second days after
sepsis diagnosis, the delirium group had higher osmolal-
ity levels than the non-delirium group (303 (297,312) vs.
300 (295,307) on day 1; 302 (295,311) vs. 298 (292,305)
on day 2, all P<0.001). Patients with delirium had worse
outcomes, higher mortality rate and LOS (all <0.001).

Non-linear relationship between osmolality and the risk of
delirium

Figure 2 shows the RCS curves and LOWESS analysis.
There was a U-shaped pattern between serum osmo-
lality and the risk of delirium in patients with sepsis.
Both low and high osmolality levels were linked to the
increased risk of delirium development. Similar pat-
terns were found on the first and second days after sep-
sis diagnosis. The RCS curve suggested that the optimal
cut-off value was 293 mmol/L, with 286-301 mmol/L
as a reference. On the base of the reference range, we
further categorized patients into low osmolality (Q1,
osmolality <286mmol/L), intermediate osmolality (Q2,
osmolality 286-301 mmol/L) and high osmolality (Q3,
osmolality>301mmol/L) categories, using Q2 as the
reference for subsequent analyses. The Q1, Q2 and
Q3 categories included 919, 7,585 and 8,667 patients,
respectively.

Comparison of prognostic indicators among patients in
different osmolality categories

The incidence rates of delirium in the three categories
were 27.42%, 21.92%, and 30.09%, respectively (shown
in Table 2). The incidence of delirium was significantly
higher in both Q1 and Q3 categories than in the Q2 cat-
egory (all P<0.001). Significant differences were found
in all mortality rate and LOS among all three catego-
ries. Compared to the Q2 category (10.49%), the 28-day
mortality rate was significantly higher in both the Q1
(19.80%) and Q3 (18.20%) categories (all P<0.001). The
same was true for 90-day mortality, hospital mortality,



Fang et al. BMC Neurology (2025) 25:246 Page 5 of 14
Table 1 Baseline characteristics and endpoints of the participants with and without delirium
Variable Overall Non-delirium Delirium P-value
Number 17,171 12,648 4523
Age (years) 66.28+16.13 66.17+£16.04 66.58+16.40 0.136
Male (%) 10,112(58.89) 7/480(59.14) 2,632(58.19) 0.266
Ethnicity, white (%) 11,256(65.55) 8,653(68.41) 2,603(57.55) <0.001
Weight (kg) 82.72+£23.38 82.59+£23.03 83.08+£24.33 0.228
Comorbidity
Cerebral infarction (%) 1,740(10.13) 1,041(8.23) 699(1 5.45) <0.001
Cerebral hemorrhage (%) 472(2.75) 257(2.03) (4 75) <0.001
Coronary heart disease (%) 5611(32.68) 4401(34.80) 10(26.75) <0.001
Heart failure (%) 4,679(27.25) 3,339(26.40) 1 340(29 63) <0.001
Hypertension (%) 7,594(44.23) 5,688(44.97) 1,906(42.14) 0.001
Diabetes mellitus (%) 5,243(30.53) 3,849(30.43) 1,394(30.82) 0.626
Atrial fibrillation (%) 5490(31.97) 3,967(31.36) 1,523(33.67) 0.004
Anemia (%) 7,915(46.10) 5452(43.11) 2,463(54.46) <0.001
Chronic pulmonary disease (%) 4,440(25. 86) 3,203(25.32) 1,237(27.35) 0.008
Acute kidney injury (%) 6,416(37. 37) 4,657(36.82) 1,759(38.89) 0.014
Chronic kidney disease (%) 3,459(20.14) 2,479(19.60) 980(21.67) 0.003
Liver disease (%) 2,472(1440) 1,651(13.05) 821(18,15) <0.001
Malignant cancer (%) 2,297(13.38) 1 736(1 3.73) 561(12.40) 0.025
Thyroid disease (%) 2,849(16.59) 30(16.84) 719(15.90) 0.143
Adrenal diseases (%) 221(1.29) 1 36(1 .08) 85(1.88) <0.001
Laboratory parameter
White blood cell (k/uL) 14.1(10.4,18.9) 13.9(10.2,18.6) 14.6(10.8,19.9) <0.001
Hemoglobin (g/dL) 9.59+£2.03 9.61+£1.96 9.54+2.19 0.044
Platelets (k/uL) 150(105,208) 151(108,211) 146(97,202) <0.001
Creatinine (mg/dl) 1.1(0.8,1.7) 1.1(0.8,1.6) 1.2(0.9,2.1) <0.001
Lactate (mmol/L) 2.3(1.733) 2.2(1.7,3.1) 2.5(1.74.0) <0.001
Mean blood pressure (mmHg) 76.04+9.81 75.92+9.79 76.38+9.85 0.006
Volume status (mL/day)
Input 1st day 3405(2010,5733) 3316(1898,5646) 3632(2317,5958) <0.001
Input overall 2588(1762,3715) 2586(1 701,3779) 2659(1910,3566) 0.004
Urinary output 1st day 2090(1275,3150) 95(1349,3215) 1917(1090,2930) <0.001
Urinary output overall 2236(1507,3052) 2265(1 551,3087) 66(1358,2951) <0.001
Volume balance 1st day 1295(-107,3295) 1153(-200,3110) 1755(270,3866) <0.001
Volume balance overall 354(-427,1365) 345(-505,1396) 405(-248,1274) <0.001
Intervention
Mechanical ventilation (%) 7,117(41.45) 4,649(36.76) 2,468(54,57) <0.001
Vasoactive drug (%) 3,922(22.84) 2 479(1 9.60) 1,443(31.90) <0.001
Midazolam exposure (%) 1,713 (9.98) 41(9.02) 572(12.65) <0.001
Diuretic exposure (%) 3,054(17.79) 2 232(1 7.65) 822(18.17) 0427
Disease severity score
SOFA score 6(4,9) 5(4,8) 8(6,11) <0.001
SAPSII score 37(30,47) 36(28,45) 42(34,52) <0.001
Osmolality related, day 1
Sodium, day 1(mmol/L) 138.57+4.60 13844+4.35 13891£5.23 <0.001
Potassium, day 1(mmol/L) 4174062 4.16+0.60 418+0.68 0.018
Glucose, day 1(mg/dL) 140.26+50.14 137.50+47.56 14798 +56.03 <0.001
Urea nitrogen, day 1(mg/dL) 20(14,31) 19(13,29) 21(15,36) <0.001
Osmolality, day 1(mmol/L) 301(295,308) 300(295,307) 303(297,312) <0.001
Osmolality related, day 2
Sodium, day 2(mmol/L) 138.14+4.69 137.82+445 139.03+5.21 <0.001
Potassium, day 2(mmol/L) 4.07+0.52 4.08+0.51 4.07+0.56 0.579
Glucose, day 2(mg/dL) 129.22+39.79 12742+38.25 134.24+43.44 <0.001
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Table 1 (continued)

Variable Overall Non-delirium Delirium P-value
Urea nitrogen, day 2(mg/dL) 20(14,31) 20(13,29) 22(14,36) <0.001
Osmolality, day 2(mmol/L) 299(293,307) 298(292,305) 302(295,311) <0.001

Outcomes
Hospital mortality (%) 2,077(12.10) 1,210(9.57) 867(19.17) <0.001
ICU mortality (%) 1,491(8.68) 862(6.82) 629(13.91) <0.001
28-day mortality (%) 2,555(14.88) 1,543(12.20) 1,012(22.37) <0.001
90-day mortality (%) 3,553(20.69) 2,222(17.57) 1,331(29.43) <0.001
Hospital LOS (days) 8.8(5.6,14.9) 7.8(5.2,12.7) 13.0(7.9,21.5) <0.001
ICU LOS (days) 3.1(1.96.3) 2.6(1.64.6) 6.2(3.5,11.3) <0.001

Abbreviation: AF, Atrial fibrillation; BUN, blood urea nitrogen; CPD, Chronic pulmonary disease; CKD, Chronic kidney disease; DM, Diabetes mellitus; HB, hemoglobin;
HF, Heart failure; HT, hypertension; ICU, intensive care unit; LOS, length of stay; MV, Mechanical ventilation; SAPS, Simplified Acute Physiology Score, SOFA, Sequential
Organ Failure Assessment; WBC, White blood cell
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Table 2 Outcomes among patients in different serum osmolality categories

Overall Low osmolality (Q1) Intermediate osmolality (Q2) High osmolality (Q3) P;-value, P,-value

Number (%) 17,171 919 7,585 8,667

Delirium (%) 4,523(26.34) 252(27.42) 1,663(21.92) 2,608(30.09) <0.001, <0.001
28-day mortality (%) 2,555(14.88) 182(19.80) 796(10.49) 1 577(18.20) <0.001, <0.001
90-day mortality (%) 3,553(20. 69) 264(28 73) 1,163(15.33) 26(24.53) <0.001, <0.001
hospital mortality (%) 2,077(12.10) (1632) 637(8.40) 1 290(14.88) <0.001, <0.001
ICU mortality (%) 1,491 (8.68) 02(11.10) 433(5.71) 956(11.03) <0.001, <0.001
Hospital LOS (days) 8.8(5.6,14.9) 9.7(6.0,1 6.3) 8.2(53,13.8) 9.1(58,15.7) <0.001, <0.001
ICU LOS (days) 3.1(1.96.3) 3.2(1.9,6.0) 2.8(1.6,5.2) 3.6(2.0,7.1) <0.001, <0.001

Tip: P;-value presented the significance results between the Q1 and Q2, while P,-value was used to present the results obtained between the Q2 and Q3. P-
value <0.017(0.05/3) was considered as significant difference. Abbreviation: ICU, intensive care unit; LOS, length of stay

Table 3 Predictive value of serum osmolality on the risk of developing delirium using logistic regression analysis

Unadjusted Model

Adjusted Model 1

Adjusted Model 2 Adjusted Model 3

Continuous variables

Each Tmmol/L decrease (osmolality <293)  1.028(1.017-1.038) <0.001
Each Tmmol/L increase (osmolality > 293) 1.030(1.026-1.033) <0.001
Categorical variables

QT(osmolality < 286) 1.345(1.152-1.571) <0.001
Q2(286 <osmolality <301) Reference
Q3(osmolality>301) 1.533(1.427-1.646) <0.001

1.020(1.009- <0001 1.021(1.010- <0.001 1.024(1.013- <0.001
1.031) 1.033) 1.036)

1.026(1.023- <0.001 1.023(1.020- <0.001 1.015(1.012- <0.001
1.030) 1.027) 1.019)

1.216(1.038- 0.015 1.252(1.067- 0006  1.321(1.119- 0.001
1.424) 1.468) 1.560)

1.462(1.357- <0001 1.369(1.268- <0.001 1.184(1.094- <0.001
1.576) 1.476) 1.283)

Model 1 adjusted for demographic information (sex, age, ethnicity, body weight), and comorbidities (cerebral infarction, cerebral hemorrhage, hypertension,
coronary heart disease, heart failure, diabetes, acute kidney injury, chronic kidney disease, chronic pulmonary disease, liver disease, anemia, malignant cancer,
thyroid disease, adrenal diseases). Model 2 included all adjustments in Model 1 and further adjusts for MAP and laboratory parameters. Model 3 built on Model 2 by
additionally adjusting for special intervention and SOFA score, SAPSII score, and volume balance on the 1st day. Abbreviation: Cl: confidence interval; OR: odds ratio;
SOFA, Sequential Organ Failure Assessment, SAPSII, Simplified Acute Physiology Score-2

and ICU mortality (all P<0.001). Additionally, compared
to the Q2 category, patients in the Q1 and Q3 categories
had a significantly longer LOS in both hospital and ICU
departments (all P<0.001).

Value of osmolality on developing delirium by logistic
regression models

Compared to the optimal cut-off point (293 mmol/L),
a 1 mmol/L increase in osmolality increased the risk of
delirium by 1.5-3.0% (Odds Ratio, OR, 1.015-1.030,
all P<0.001, shown in Table 3). Meanwhile, in the low
osmolality cohort, a decrease of 1 mmol/L in osmo-
lality resulted in a 2.1-2.8% increased risk of delirium
development (OR 1.021-1.028, all P<0.001). When
using patients with osmolality ranging from 286 to 301
mmol/L as a reference, osmolality<286 mmol/L was
independently associated with an increased risk of delir-
ium occurrence, which led to a 21.6-34.5% increase in
risk (OR 1.216-1.345, all P<0.001). Osmolality>301
mmol/L also increased the risk of delirium development
in patients with sepsis by 18.4-53.3% (OR 1.184-1.533, all
P<0.001).

Subgroup analysis

Table 4 shows that serum osmolality was related to
delirium risk in different subgroups. The interaction
term between osmolality and SOFA score was signifi-
cant (P<0.001), while that between serum osmolality
and other factors were not significant (all 2>0.05). In
both young and elderly cohorts, the risk effect of abnor-
mal osmolality still existed. Compared to patients with a
SOFA score>6, the impact of changes in osmolality on
the risk of delirium was more significant in those with a
SOFA score<6. Taking the Q2 category as a reference,
patients with a SOFA score <6 had a significantly higher
risk of delirium for the Q1 (OR (95% CI), 1.350(1.068—
1.699) vs. 1.196(0.933-1.534)) and Q3 (OR (95% CI),
1.115(1.003-1.239) vs. 1.285(1.136—1.453)) than those
with a SOFA score > 6. The results for all subgroups sup-
ported that abnormal osmolality changes increased the
risk of delirium (all OR > 1).

Sensitivity analysis

Further sensitivity analysis was conducted by examin-
ing different comorbidity cohorts to explore the robust-
ness of our findings (Fig. 3). In all cohorts with different
comorbidities, the U-shaped association between serum
osmolality and the risk of delirium persisted (all P for
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Table 4 Subgroup analysis to detect the effect of different serum osmolality categories on the risk of delirium development

Subgroups Number Serum osmolality(mmol/L) P for interaction
Q1(osmolality < 286) Q2(286 < osmolality <301) Q3(osmolality>301)

Overall 17171 1.321(1.119-1.560) 1.00 1.185(1.094-1.283)

Sex 0.631

Male 10,112 1.495(1.196-1.871) 1.00 1.189(1.071-1.320)

Female 7,059 1.145(0.892-1.470) 1.00 1.155(1.022-1.306)

Age 0.377

>65 9,795 1.197(0.931-1.539) 1.00 1.186(1.068-1.316)

<65 7,376 1.445(1.155-1.808) 1.00 1.160(1.02-1.313)

Ethnicity 0.745

White 11,256 1.478(1.201-1.820) 1.00 1.190(1.076-1.317)

Non-white 5915 1.074(0.816-1.414) 1.00 1.157(1.017-1.316)

Diuretics exposure 0421

Yes 57243 1.406(0.957-2.065) 1.00 1.248(1.076-1.448)

No 11,928 1.294(1.076-1.557) 1.00 1.167(1.062-1.282)

SOFA score <0.001

Yes 7,601 1.350(1.068-1.699) 1.00 1.115(1.003-1.239)

No 9,570 1.196(0.933-1.534) 1.00 1.285(1.136-1.453)

Tip: Osmolality categories were determined by RCS curves of osmolality values obtained 1st day after sepsis diagnosis. Osmolality ranged from 286 mmol/L to 301

mmol/L was taken as reference. SOFA, Sequential Organ Failure Assessment

non-linear<0.001). The primary difference among the
cohorts was the optimal osmolality range. Both exces-
sively high and low serum osmolality were associated
with an increased risk of delirium.

PSM matching cohort

In the PSM cohort, baseline data between the two groups
were balanced (all P>0.05, shown in Table 5), except for
age and MAP. Patients in the Q2 group were younger
(65.76 £15.98 vs. 66.33+16.15, P=0.048), while their
MAP was lower (75.86+9.48 vs. 76.36 + 10.02, P=0.004)
than those in the Q1/Q3 groups. After matching the
baseline characteristics, the incidence of delirium in the
Q2 group remained significantly lower than that in the
Q1/Q3 group (24.25% vs. 26.95%, P=0.001). Additionally,
the mortality rate in the Q2 group was also significantly
decreased (all P<0.001).

Discussion

Maintaining a proper balance of fluid and electrolyte
metabolism is essential. The objective of present research
is to clarify whether abnormal changes in serum osmo-
lality are associated with an increased risk of delirium in
septic patients. Our findings suggested that the relation-
ship between osmolality and sepsis-associated delirium
risk exhibited a U-shaped pattern. Both high and low
osmolality were associated with an increased risk of sep-
sis-associated delirium. The RCS curves recommended
an optimal osmolality cut-off point of 293 mmol/L,
with 286-301 mmol/L as a reference. After adjusting
for multiple potential confounding factors and balanc-
ing baseline information by PSM method, this associa-
tion remained significant. Subgroup analysis found that

our results was robust across different subgroups. Sen-
sitivity analysis further elucidated that the presence of
different comorbidities did not affect this U-shaped asso-
ciation. To our knowledge, this is the first clinical study
to systematically describe the association between serum
osmolality and the risk of delirium in septic patients. As a
simple and easily obtainable biomarker related to metab-
olism, our study provides a potential novel biomarker for
the early prediction of sepsis-associated delirium.

Serum osmolality is a measure of the solute concen-
tration per unit mass of solvent in serum, which is influ-
enced by levels of serum sodium, potassium, glucose, and
BUN. Osmolality is crucial for maintaining cell shape and
function [7]. Abnormal changes in osmolality, including
hyperosmolality and hypoosmolality, are related to the
increased mortality in various disease cohorts, includ-
ing heart failure, diabetes mellitus, acute pulmonary
embolism and sepsis [8—12]. Ziaei M’s study included
141 patients with traumatic brain injury and found that
the osmolality level in the death group was significantly
higher than in the survival group, with an optimal cut-
off value of 298.90 mOsm/L [12]. The sensitivity and
specificity for predicting death were 70.49% and 62.86%,
respectively. The U-shaped association between serum
osmolality and 28-day death in septic cohort, with an
optimal cut-off value of 286.9 mmol/L, has been reported
recently [11]. What we found in present study is consis-
tent with previous research trends. Additionally, abnor-
mal osmolality is closely related to an increased risk of
organ dysfunction, like acute kidney injury and impaired
lung function [17, 18]. Compared to osmolality levels
between 285 and 300 mmol/L, osmolality <285 mmol/L
and > 300 mmol/L were associated with an increased risk
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Fig. 3 Sensitivity analysis results. The association between osmolality and the risk of delirium was further detected in nine cohorts with different comor-

bidities. The RCS curves were used to visualize the results
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Table 5 Baseline characteristics and endpoints for patients in PSM cohort

Variable Q2 group Q1/Q3 group P-value
Number 6,177 6,177
Age (years) 65.76+15.98 66.33+16.15 0.048
Male (%) 3,619(58.59) 3,552(57.50) 0222
Ethnicity, white (%) 4,082(66.08) 4,074(65.95) 0.879
Weight (kg) 82.30+23.38 82.18+23.01 0.785
Comorbidity
Cerebral infarction (%) 588(9.52) 560(9.07) 0.386
Cerebral hemorrhage (%) 177(2.87) 170(2.75) 0.703
Coronary heart disease (%) 2,021(32.72) 2,002(32.417) 0.715
Heart failure (%) 1,531(24.79) 1,491(24.14) 0.402
Hypertension (%) 2 963(47 97) 2,927(47.39) 0517
Diabetes mellitus (%) 732(28. 04) 1,633(26.44) 0.045
Atrial fibrillation (%) 922(31.12) 1,874(30.34) 0.349
Anemia (%) 2 746(44 46) 2,739(44.34) 0.899
Chronic pulmonary disease (%) 1,597(25.85) 1,588(25.71) 0.853
Acute kidney injury (%) 2,121(34.34) 2,044(33.09) 0.143
Chronic kidney disease (%) 913(14.78) 839(13.58) 0.056
Liver disease (%) 847(13.71) 832(13.47) 0.694
Malignant cancer (%) 842(13.63) 823(13.32) 0617
Thyroid disease (%) 1,040(16.84) 1,031(16.69) 0.828
Adrenal diseases (%) 68(1.10) 64(1.04) 0.726
Laboratory parameter
White blood cell (k/uL) 14.1(10.3,18.9) 14.0(10.4,18.8) 0.937
Hemoglobin (g/dL) 9.64+1.98 9.68+2.02 0312
Platelets (k/ul) 148(107,208) 152(106,210) 0484
Creatinine (mg/dl) 1.0(0.8,14) 1.1(0.8,1.5) 0.648
Lactate (mmol/L) 2.3(1.73.2) 2.2(1.6,3.2) 0.005
Mean blood pressure (mmHg) 75.86+948 76.36+10.02 0.004
Volume balance 1st day 1261(-102,3261) 1268(-125,3193) 0.604
Intervention
Mechanical ventilation (%) 2,560(41.44) 2,538(41.09) 0.688
Vasoactive drug (%) 1,343(21.74) 1,311(21.22) 0483
Midazolam exposure (%) 568(9.20) 545(8.82) 0.470
Diuretic exposure (%) 1,059(17.14) 1,050(17.00) 0.830
Disease severity score
SOFA score 6(4,8) 6(4,8) 0.280
SAPSII score 37(29,45) 36(29,45) 0375
Outcomes
Delirium (%) 1,498(24.25) 1,665(26.95) 0.001
Hospital mortality (%) 598(9.68) 738(11.95) <0.001
ICU mortality (%) 413(6.69) 543(8.79) <0.001
28-day mortality (%) 746(12.08) 921(14.91) <0.001
90-day mortality (%) 1,070(17.32) 1,284(20.79) <0.001
Hospital LOS (days) 8.7(5.6,14.7) 84(54,14.6) 0.159
ICU LOS (days) 3.0(1.8,5.8) 3.1(1.96.2) <0.001

Tip: Continuous variables are displayed as mean (standard deviation) or median (first quartile-third quartile); categorical variables are displayed as count
(percentage); ICU, intensive care unit; LOS, length of stay; SAPS, Simplified Acute Physiology Score, SOFA, Sequential Organ Failure Assessment. Q2 group included
patients with serum osmolality ranged from 286-301 mmol/L, while Q1/Q3 group represented those with osmolality <286 mmol/L or >301 mmol/L. PSM was
performed using a 1:1 nearest-neighbor matching method without replacement, with a caliper value set at 0.02

of developing AKI by 33.2% (OR (95% CI), 1.332 (1.199-
1.479), P<0.001) and 19.8% (OR (95% CI), 1.198 (1.199-
1.479), P<0.001), respectively [18]. Recently, the guiding
value of osmolality in encephalopathy has also received

widespread attention. Eric M. Liotta et al. indicated that
increased osmolality is associated with more severe
hepatic encephalopathy, represented by decreasing
Glasgow Coma Scale score and lower cerebro-spinal fluid
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specific gravity [19]. Research by Ziaei M et al. and Meng
Liu et al. demonstrated the correlation between abnor-
mal serum osmolality and the risk of mortality in patients
with severe brain trauma [12] and severe acute ischemic
stroke [20], respectively. Our study provides new evi-
dence for the clinical guidance of osmolality in the field
of encephalopathy. This U-shaped relationship is signifi-
cantly valuable in predicting sepsis-associated delirium.
Our study highlights the importance of maintaining opti-
mal osmolality levels in clinical practice, while whether
correcting abnormal osmolality could effectively reduce
the incidence of delirium and mortality in patients with
sepsis remains to be further explored.

The mechanisms by which elevated osmolality levels
impact delirium and mortality are multifaceted. Firstly,
hyperosmolality affects the distribution of solutes and
water within the body, which can mediate osmotic diure-
sis, exacerbate dehydration, and cause electrolyte imbal-
ance, thereby worsening hypoxia in tissues and cells [8].
Secondly, increased osmolality causes intracellular water
to be shifted into the extracellular space, leading to cell
shrinkage and morphological abnormalities. This, in
turn, affects the function of various cellular organelles,
including the nucleus and mitochondria, and ultimately
disrupts cellular energy metabolism, activates the onset
of apoptosis and promotes cell death [21, 22]. Thirdly,
changes in osmolality affect brain perfusion and func-
tion through alterations in blood viscosity and coagu-
lation. Increased osmolality, particularly the elevation
of blood glucose, promotes coagulopathy by inhibiting
fibrinolysis, creating a hypercoagulable state [23]. A sig-
nificant increase in osmolality indicates a fluid-depleted
state, which leads to increased blood viscosity and
reduced collateral flow to the brain, increasing cerebral
oxygen metabolism and impairing cerebral perfusion
[20]. Fourthly, hyperosmolality can increase the levels of
intracellular Ca®>* and reactive oxygen species, leading to
endoplasmic reticulum stress and cardiomyocyte apopto-
sis [24, 25]. Fifthly, hyperosmolality is also accompanied
by the upregulation of inflammatory cytokine, includ-
ing TNF-a, IL-1B, IL-6 and IL-8, thereby exacerbating
the central nervous system inflammatory response and
mediating the occurrence of delirium [26]. Sixthly, dis-
rupting the blood-brain barrier function is an important
mechanism of hyperosmolality leading to the develop-
ment of encephalopathy. The impacted blood-brain bar-
rier can lead to an increase in cytokines, chemokines, cell
adhesion molecules and metabolic toxins in the central
nervous system [19, 27, 28].

Hypoosmolality has been found to be significantly asso-
ciated with sepsis-associated delirium in current study,
but there is limited research on the underlying mecha-
nisms. Firstly, the increase in cell swelling and associ-
ated cytocidal effects caused by the influx of extracellular
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water due to low osmotic pressure would ultimately lead
to cell rupture and death [8]. Secondly, the presence
of hyponatremia, a common cause of low osmolality,
depletes the adaptive response of cell to hypoosmotic
stress [29]. At the same time, the reduction of intracel-
lular solutes in a hypoosmotic environment makes cells
more susceptible to the hyperosmotic effects of increased
glutamine and the subsequent influx of water into the
cells [29].

Since serum osmolality is determined by the levels of
serum sodium, potassium, glucose, and BUN, changes in
these levels can directly lead to abnormalities in serum
osmolality. Hyperosmolality is usually accompanied by
hypernatremia and hyperglycemia. Hong L et al. found
that hypernatremia is associated with an increased risk
of postoperative delirium (POD) after cardiac surgery,
raising the risk of delirium by 73% [30]. The relationship
between elevated blood glucose, diabetes, and the risk
of delirium remains inconclusive. Van Keulen K et al.
revealed a positive correlation between elevated blood
glucose and the increased risk of ICU-related delirium
in non-diabetic patients, emphasizing the importance
of good blood glucose control for non-diabetic patients
[31]. However, their research yielded a negative conclu-
sion when exploring the association between hyperglyce-
mia and delirium development in patients with diabetes
[31]. A study from India found that the presence of diabe-
tes is an independent risk factor of delirium for patients
in cardiac ICU department [32]. There is also a paucity
of studies focusing on the relationship between BUN
and delirium. Mariz | et al. found that BUN and creati-
nine were higher in patients with delirium than in those
without delirium [33]. As the presence of renal injury
is widely considered to be a risk factor for the develop-
ment of delirium [34], the way in which BUN affects the
development of delirium, independently or through renal
injury, remains unclear. A recent study reported that in
populations without kidney disease or renal replace-
ment therapy, elevated BUN has been confirmed as an
independently risk factor for the occurrence of delirium,
suggesting that high levels of BUN may also mediate the
development of delirium through non-renal pathways
[35]. Furthermore, the role of hypoglycemia and hypo-
natremia in the development of delirium has been widely
reported. The study by Zieschang T et al. on elderly
patients found that patients with hyponatremia have a
higher incidence of delirium, higher in-hospital mortal-
ity rate, and may require a higher level of long-term care
postoperatively compared to their pre-hospitalization
status [36]. Another study by van Keulen et al. found that
hypoglycemia increases the risk of delirium by 1.78-fold
in diabetic patients, but not in non-diabetic patients [37].
Therefore, as a composite indicator, changes in osmo-
lality may reflect alterations in the levels of different
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substances. A more comprehensive analysis of the rea-
sons behind the abnormal changes of osmolality would
provide greater clinical value.

Although this study revealed the association between
osmolality and the risk of delirium, there have been no
reports on using osmolality levels as targets to guide
pharmacological treatment for delirium. The potential
benefits of effective osmolality regulation for the pre-
vention and treatment of delirium remain to be further
explored. Mannitol and hypertonic saline are commonly
used osmotic diuretics in clinical practice, which exert
their dehydrating effects by increasing osmotic pressure
and promoting the movement of water from cells and tis-
sues. By increasing osmolality to induce osmotic diure-
sis, they are commonly used to treat cerebral edema. A
few studies have investigated the effects of mannitol on
delirium treatment, but their conclusions are inconsis-
tent. Mao D et al. found that the use of mannitol is an
independent risk factor for POD in children after car-
diac surgery, increasing the risk of delirium by 196%
[38]. However, Hamiko M et al. reported that the man-
nitol exposure during extracorporeal circulation is asso-
ciated with a lower incidence of POD following aortic
valve surgery [39]. The use of hypertonic saline has been
reported to inhibit the levels of inflammatory molecules
and reduce the risk of POD in elderly patients undergo-
ing hip surgery [40]. For patients with hyponatremia,
correcting hyponatremia and increasing osmolality
by supplementing with sodium chloride is a standard
approach. If the treatment is inadequate, life-threatening
complications such as cerebral edema may occur. How-
ever, in patients with severe symptomatic hyponatremia,
overcorrection of hyponatremia can lead to permanent
neurological impairment due to osmotic demyelination
[41]. CRRT is considered one of the effective interven-
tions for regulating serum levels of sodium, as it can help
maintain stable sodium levels without fluctuations [42].
Once clinical improvement is observed, CRRT allows for
gradual and consistent withdrawal [42]. CRRT can also
remove various other solutes, including BUN, which can
impact osmolality. Good glycemic control is also cru-
cial for improving the prognosis of critically ill patients
and reducing complications, especially in those with
stress-induced hyperglycemia [43]. Regulation of differ-
ent solutes can achieve control over osmolality levels, but
this may have varying impacts on the outcomes. Future
research is warranted explore these potential effects
further.

Serum osmolality, an easily calculated values based on
laboratory parameters available at the time of hospital-
ization, can reflect severe organ dysfunction and solu-
tion homeostasis, including serum sodium, glucose and
BUN. It holds promise as a potential new biomarker for
early prediction of sepsis-associated delirium in clinical
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settings. While the present study offers numerous advan-
tages and innovations, it is important to acknowledge the
limitations of the study and to interpret the results with
caution. Firstly, as a single-center retrospective study, the
presence of confounding factors may affect the accuracy
of the results, although we have attempted to adjust for
potential confounders using various methods. The sin-
gle-center design also affects the generalizability of our
results. Secondly, the retrospective manner of the study
limits the ability to establish causality in present study.
Mendelian randomization analysis, which has gained
popularity in recent years, could elucidate the causal rela-
tionship from a genetic perspective and further eliminate
the influence of confounders on our findings. Thirdly,
as a variable indicator, the predictive value of dynamic
observation and trend changes in osmolality is superior
to that of a single time point. The future study of dynamic
data changes based on trajectory models is essential, as
recent advancements in trajectory analysis have provided
an effective approach for this purpose [44]. Fourthly, the
explanations for the potential mechanisms are based on
different kinds of delirium, with only a small amount
of research focusing on sepsis-associated delirium and
encephalopathy. Finally, the delirium assessment tool
CAM-ICU, which we used in the present study, heav-
ily relies on the subjectivity of the assessors, which may
influence our outcomes. Future research may need to
incorporate objective measures for delirium assessment
to improve the quality and accuracy of the study, such as
electroencephalography (EEG), which has been shown
to serve as an objective tool to enhance the diagnosis
and prognosis of delirium [45]. Therefore, the explana-
tions may be biased. To investigate the impact of differ-
ent osmolality trajectories on the risk of delirium using
trajectory models seems to be necessary. In short, future
high quality, rigorously designed prospective clinical tri-
als, Mendelian randomization studies and group-based
trajectory analysis are needed to further validate the
accuracy of our findings. Meanwhile, further research
on the mechanisms of sepsis-associated delirium is also
needed.

Conclusion

We found a U-shaped pattern between serum osmolality
and the risk of delirium in patients with sepsis, in both
young and elderly patients. Both excessively high and
low osmolality levels were associated with a higher risk
of delirium development. Osmolality has the potential to
become a novel metabolic biomarker for the prediction
of sepsis-associated delirium. Further research is needed
to understand the causal relationship between osmolality
and the risk of delirium, and whether dynamic changes of
osmolality contribute to the prognosis.
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