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Abstract
Magnesium imbalances commonly exist in septic patients. However, the asso-
ciation of serum magnesium levels with mortality in septic patients remains
uncertain. Herein, we elucidated the association between serummagnesium and
all-causemortality in septic patients fromAmerican andChinese cohorts by ana-
lyzing data from 9099 patients in the Medical Information Mart for Intensive
Care-IV (MIMIC-IV) database and 1727 patients from a university-affiliated hos-
pital’ intensive care unit in China. Patients in both cohorts were categorized into
five groups based on serum magnesium quintiles from the MIMIC-IV dataset.
Patients with higher serum magnesium levels exhibited an increased risk of 28-
daymortality in both cohorts. The restricted cubic spline (RCS) curves revealed a
progressively elevated risk of 28-daymortalitywith increasing serummagnesium
in MIMIC-IV cohort, while a J-shaped correlation was observed in institutional
cohort. Our findings have validated the association between high serummagne-
sium and high mortality in sepsis across different races and medical conditions.
Serummagnesium levels might be useful in identifying septic patients at higher
mortality risk.
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1 INTRODUCTION

Sepsis, defined as a life-threatening organ dysfunction
caused by a dysregulated host response to infection, poses
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a significant global health challenge.1 There were about
48.9 million cases reported worldwide in 2017, contribut-
ing for 19.7% of total global mortality.2 In China, septic
patientsmade up 20.6% of intensive care unit (ICU) admis-
sions, with a staggering 90-day mortality rate of 35.5%.3
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Recognizing the gravity of this situation and the enor-
mous and devastating impact of sepsis, the World Health
Organization has designated sepsis as a global health
priority.4,5
Early identification and intervention, including early

diagnosis, administration of antimicrobial therapy, hemo-
dynamic support, and fluid resuscitation, are crucial for
the treatment of sepsis and septic shock, and these inter-
ventions significantly influence patient prognosis.6 Addi-
tionally, underlying conditions at the time of sepsis diag-
nosis inevitably affect the prognosis, such as electrolyte
imbalance.
Magnesium, ranking as the second most plentiful intra-

cellular cation, is indispensable for enzymatic reactions
involved in protein synthesis, energy metabolism, and
DNA synthesis.7 In clinical and epidemiological studies,
serum magnesium could be served as an accessible and
cost-effective biomarker, reflecting magnesium status in
humans.8,9 Notably, magnesium has been linked to var-
ious chronic and inflammatory diseases or conditions.10
For instance, hypomagnesemia has been implicated in
increasing risks and adverse outcomes among patients
with diabetes, cardiovascular disease, depression, and
stroke.11–14
Critically ill patients often exhibit hypomagnesemia,15

and low levels of serum magnesium were correlated
with greater severe conditions and mortality of ICU
patients.16–19 Additionally, elevated serummagnesium lev-
els have been correlated to increased mortality in crit-
ically ill children, coronavirus disease 2019 (COVID-19)
patients, and hospitalized individuals.20,21 However, there
is a dearth of studies investigating the relationship between
serummagnesium levels at the onset of sepsis and mortal-
ity in patients. Furthermore, it remains unknown whether
this association exhibits heterogeneous due to different
ethnicities.
Therefore, our study aimed to assess the relationship

between serummagnesium levels at the onset of sepsis and
mortality rates utilizing data fromboth theAmericanMed-
ical Information Mart in Intensive Care-IV (MIMIC-IV)
cohort and the Chinese institutional cohort.

2 RESULTS

A total of 9099 patients were enrolled from Ameri-
can MIMIC-IV cohort, while the Chinese institutional
cohort comprised 1727 patients (Figure 1). Patients in
both cohorts were divided into five groups, categorized
by the serum magnesium quintiles from the MIMIC-IV
dataset (MIMIC-IV cohort: Q1–Q5; institutional cohort:
G1–G5).

2.1 Baseline characteristics of
participants

The median serum magnesium level was 0.86 mmol/L
[interquartile range (IQR): 0.82–0.99] (Table 1) in the
MIMIC-IV cohort and 0.87 mmol/L (IQR: 0.76–1.01; Table
S1) in the institutional cohort. Participants with higher
magnesium levels (Q4–Q5, G4–G5 groups) in both cohorts
exhibited higher disease severity scores and worse labo-
ratory parameters. However, patients with sepsis in the
MIMIC-IV cohort exhibited a higher prevalence of com-
plications, while the institutional cohort demonstrated a
more severe illness profile, as evidenced by higher sequen-
tial organ failure assessment (SOFA) score and worse vital
signs (Table S2).

2.2 Primary outcome

In the American MIMIC-IV cohort, 2010 patients in total
(22.1%) experienced 28-daymortality,with the highestmor-
tality observed in quintile 5, comprising 391 cases (27.8%;
Table 1). Similarly, in the Chinese institutional cohort,
there were 276 cases (16.0%) of 28-day mortality, with the
highest mortality observed in group 5, consisting of 75
cases (20.0%). Both cohorts showed significantly elevated
serum magnesium in the nonsurvivor group relative to
the survivor group (MIMIC-IV cohort: 0.91 mmol/L vs.
0.86 mmol/L, p < 0.001; institutional cohort: 0.92 mmol/L
vs. 0.87 mmol/L, p = 0.004).
Kaplan–Meier survival analysis results for the two

cohorts within 28 days are presented in Figure 2. Both the
two cohorts displayed significant divergence in survival
probabilities for the five patient groups (both p < 0.05).
In the American MIMIC-IV cohort, the highest survival
rate was exhibited in Q1, while the lowest survival rate was
observed in Q5. However, in Chinese institutional cohort,
the highest survival rate was observed in G2 and G3, while
the G4 and G5 had similar lowest survival rates.
Univariate logistic regression analysis for the risk of 28-

day all-cause mortality in the two cohorts were showed in
Figure S1. In both cohorts, elevated serummagnesium lev-
els were found to be considerably linked with increased
28-day all-cause mortality risk [MIMIC-IV cohort: odds
ratio (OR) = 1.97, 95% confidence interval (CI): 1.53–2.55,
p< 0.001; Chinese institutional cohort: OR= 2.00, 95% CI:
1.16–3.46, p = 0.013].
Based on the findings of the univariate logistic regres-

sion analysis and considering relevant prognostic vari-
ables obtained from clinical experience, the multivariable
logistic regression analysis was performed. The findings,
presented in Table S3 for the MIMIC-IV cohort and
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F IGURE 1 (A, B) Detailed process of data extraction. Detailed process of data extraction of the Medical Information Mart for Intensive
Care-IV (MIMIC-IV) cohort (A) and the institutional cohort (B). ICU, intensive care unit.

Table S4 for the Chinese institutional cohort, revealed that
patients in the higher serum magnesium groups (MIMIC-
IV cohort: Q4, Q5; Chinese institutional cohort: G4, G5)
exhibited a noticeably increased risk of 28-day mortality,
relative to the reference (Q2, G2). After adjusting for con-
founders, theMIMIC-IV cohort demonstrated a significant
correlation between high serum magnesium (as a contin-
uous variable) and the risk of 28-day mortality (OR = 1.47,
95% CI: 1.12–1.93, p = 0.005). Furthermore, patients in
the higher serum magnesium groups (Q4, Q5) exhibited a
higher risk of 28-daymortality (Q4: OR= 1.19, 95%CI: 1.01–
1.39, p= 0.033; Q5: OR= 1.27, 95% CI: 1.07–1.50, p= 0.007),
compared to theQ2 group (Figure 3). Similar findingswere
exhibited in the Chinese institutional cohort. Each unit
increase in the serum magnesium index was correlated
with a 93% increased risk of 28-day mortality (OR = 1.93,
95% CI: 1.04–3.57, p = 0.037). Patients with higher serum

magnesium level (groups 4 and 5) also exhibited a higher
risk of 28-day mortality (G4: OR = 1.38, 95% CI: 0.87–2.18,
p = 0.166; G5: OR = 1.52, 95% CI: 0.96–2.42, p = 0.074;
Figure 3).
The restricted cubic spline (RCS) curves utilized the cut-

off value derived from the receiver operating characteristic
(ROC) curve as reference (Figure S2). InMIMIC-IV cohort,
the RCS analysis revealed a positive correlation between
elevated serum magnesium and OR for 28-day mortality
(p overall <0.001), with the cutoff value of 0.91 mmol/L
(Figure 4). While a J-shaped correlation was exhibited
between serum magnesium and 28-day mortality in Chi-
nese institutional cohort (p overall = 0.078), with the
cutoff value of 0.97 mmol (Figure 4). However, the corre-
lation between serum magnesium and mortality in both
cohorts did not show significant nonlinearity (p = 0.129
and p = 0.278 for nonlinearity, respectively).
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F IGURE 2 (A, B) Kaplan–Meier survival analysis curves of the two cohorts. Kaplan–Meier curves showing the cumulative probability of
all-cause mortality according to groups within 28 days for the Medical Information Mart for Intensive Care-IV (MIMIC-IV) cohort (A) and the
institutional cohort (B).

2.3 Secondary outcomes

The secondary outcomes among the five groups in the
MIMIC-IV cohort are showed in Table 1. Compared to
patients with the lower serum magnesium, those in the
higher serum magnesium groups exhibited longer ICU
length of stay (2.9 vs. 2.9 vs. 2.9 vs. 3.2 vs. 3.4 days,
p < 0.001), longer hospital length of stay (7.8 vs. 8.0 vs.
8.5 vs. 8.6 vs. 9.2 days, p < 0.001), higher 90-day mortal-
ity (25.9% vs. 27.6% vs. 27.5% vs. 31.1% vs. 34.7%, p < 0.001),
higher ICU mortality (8.1% vs. 10.0% vs. 11.5% vs. 14.8% vs.
17.5%, p < 0.001), and higher hospital mortality (13.2% vs.
15.6% vs. 16.7% vs. 19.7% vs. 23.7%, p < 0.001).
In terms of 90-day mortality, ICU mortality and in-

hospital mortality in Chinese institutional cohort, no sta-
tistically differences were observed among the five groups
(Table S1). However, compare to G2, both G4 and G5
showed higher 90-daymortality (G4 vs. G2: 19.2% vs. 15.4%;
G5 vs. G2: 20.5% vs. 15.4%), ICUmortality (G4 vs. G2: 12.6%
vs. 8.6%; G5 vs. G2: 12.3% vs. 8.6%), and in-hospital mortal-
ity (G4 vs. G2: 19.5% vs. 15.8%; G5 vs. G2: 20.8% vs. 15.8%).
Patients in the group 2 had obviously longer ICU and
hospital length of stay compared to the other four groups.

2.4 Subgroup analyses

Further analysis was performed to examine the risk strat-
ification value of serum magnesium as a continuous
variable for 28-day mortality across various subgroups
of enrolled patients. These subgroups including age,
gender, day 1 interventions [renal replacement therapy
(RRT), mechanical ventilation, vasopressors], cerebrovas-
cular disease, hypertension, diabetes, liver disease, and
renal failure (Figure 5). In both cohorts, statistically
significant interactions were observed in the following
four subgroups: (1) female versus male in the MIMIC-IV
cohort [OR 1.47 (1.07–2.09) vs. 2.72 (1.90–3.91), p = 0.014
for interaction], (2) patients aged >65 versus ≤65 years
old in the institutional cohort [OR 4.55 (2.17–9.72) vs.
0.64 (0.24–1.64), p = 0.002 for interaction], (3) patients
without versus with the need for mechanical ventila-
tion on ICU day 1 in the MIMIC-IV cohort [OR 8.41
(4.27–17.02) vs. 1.46 (1.12–1.93), p < 0.001 for interac-
tion], and (4) patients without versus with the need
for vasopressor on ICU day 1 in the MIMIC-IV cohort
[OR 2.96 (1.99–4.43) vs. 1.17 (0.87–1.58), p < 0.001 for
interaction].
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F IGURE 3 Forest plots of odds ratios (ORs) for the 28-day mortality in different groups categorized by serum magnesium. In Medical
Information Mart for Intensive Care-IV (MIMIC-IV) cohort, the p for trend among serum magnesium groups is less than 0.001, while in
institutional cohort it is 0.028. Institutional cohorts adjusted for age, gender, ethnicity, body mass index (BMI), laboratory tests (white blood
cell count, hemoglobin, platelets, serum creatinine, international normalized ratio, serum potassium, and total bilirubin), and comorbidities
(hypertension, liver disease, renal failure, diabetes, malignant cancer, chronic pulmonary disease, and cerebrovascular disease). MIMIC-IV
cohort lacked BMI and total bilirubin, while other confounders were the same as the institutional cohort. CI, confidence interval; Ref,
reference.

3 DISCUSSION

The findings of the current study showed a significant
association between serum magnesium levels at the onset
of sepsis and 28-day all-cause mortality in critically ill
patients. This association remained consistent across vari-
ous subgroups. Furthermore, elevated serum magnesium
levels were also linked to increased 90-day mortality,
ICU mortality, and in-hospital mortality. These findings
suggest that serum magnesium at the onset of sepsis
could be a practical parameter for risk stratification and
potentially act as an independent risk factor for septic
patients.
Previous study reported that higher serum magnesium

levels at ICU admission were associated with increased
in-hospital mortality in patients with sepsis,22 which is
consistent with our findings. Xia et al. mainly explored
the trajectory of magnesium levels in septic patients dur-
ing ICU stay and its relationshipwith in-hospitalmortality,
providing important evidence for clinical management.
However, the study did not clarify the temporal rela-
tionship between magnesium and sepsis course, and was
limited to a single center. Our study focused on serum
magnesium levels at the onset of sepsis, utilizing two inter-
national cohorts covering a large number of samples, and
demonstrated that serummagnesium at the onset of sepsis
was a valuable marker for patient risk stratification. The

utilization of the MIMIC database, which encompasses a
large number of septic patients in the ICU, enabled the
evaluation of the relationship between serum magnesium
levels and mortality in this population. The Chinese insti-
tutional cohort, derived from real-world data from the ICU
of a university hospital in China, was employed to further
validate this relationship. The consistent results obtained
from these two cohorts validate the relationship between
high serum magnesium levels and increased mortality in
sepsis across different ethnicities and medical conditions.
These findingsmake the results applicable to at least North
American and East Asian populations.
Assessment of serum magnesium concentration is a

commonly practice in clinical practice to evaluate magne-
sium status, with the range considered normal generally
falling between 0.70 and 0.99 mmol/L.23 Previous studies
have consistently shown a significantly higher incidence
of hypomagnesemia compared to hypermagnesemia in
medical settings.24,25 In the context of severe sepsis, hypo-
magnesemia is frequently observed.26 In line with this, our
study found that the median serum magnesium level in
septic patients was 0.86 mmol/L (IQR: 0.82–0.98) in the
MIMIC-IV cohort and 0.87 mmol/L (IQR: 0.76–1.01) in
Chinese institutional cohort. Furthermore, the percentage
of individuals in the Q4–Q5 group was 37.1% in MIMIC-IV
cohort, and 43.7% in Chinese institutional cohort. These
findings suggest that, at the onset of sepsis, high mag-
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F IGURE 4 (A, B) Restricted cubic spline curve for the serum magnesium odds ratio (OR) for 28-day mortality. Association of serum
magnesium and 28-day mortality among US (A) and Chinese (B) patients with sepsis. Institutional cohorts adjusted for age, gender, ethnicity,
body mass index (BMI), laboratory tests (white blood cell count, hemoglobin, platelets, serum creatinine, international normalized ratio,
serum potassium, and total bilirubin), and comorbidities (hypertension, liver disease, renal failure, diabetes, malignant cancer, chronic
pulmonary disease, and cerebrovascular disease). Medical Information Mart for Intensive Care-IV (MIMIC-IV) cohort lacked BMI and total
bilirubin, while other confounders were the same as the institutional cohort. CI, confidence interval.

nesium concentrations may be more prevalent than low
magnesium concentrations.
Previous studies have explored the correlation between

serum magnesium levels and the risk of incidence and
mortality in various diseases. For instance, Tan et al. found
that critically ill patients with acute myocardial infarction
who had high-normal serum magnesium levels or hyper-
magnesemia tended to have a higher 30-day in-hospital
mortality rate.27 Sharma et al. reported that a high preva-
lence hypermagnesemia in patients with COVID-19 was
correlated with an elevated risk of mortality.20 Lancaster
et al. found that higher magnesium levels were linked to
an increased risk of atrial fibrillation following cardiac
surgery.28 Additionally, a study involving 39,193 partici-
pants showed that both hypomagnesemia and hypermag-
nesemia at discharge were associated with higher 1-year
mortality.29 In critically ill patients, serum magnesium
levels were strongly associated with mortality.30 Despite
extensive research on the effects of hypomagnesemia,
there is a paucity of studies investigating the effects of

hypermagnesemia and its role in mortality. Recent studies
on critically ill patients have showed that serum magne-
sium concentrations exceed 2.4 mg/dL, 2.5 mg/dL, and
2.6 mg/dL significantly increase the risk of death is signif-
icantly increased.31–33 Our findings were consistent with
the results of the previous study and provide further sup-
port for the association between high serum magnesium
levels and a poor prognosis.
Serum magnesium plays an essential role in the patho-

physiology of sepsis. As the second most abundant intra-
cellular cation, magnesium participates in essential phys-
iological processes, including blood pressure regulation,
neuronal transmission, muscle contraction, and immune
regulation.34,35 Several factors contribute to the correlation
between high serum magnesium levels and an unfavor-
able prognosis in septic patients. First, from a cardio-
vascular perspective, elevated serum magnesium induces
vasodilation and lowers blood pressure by affecting vascu-
lar tone and the renin–angiotensin–aldosterone system.36
Our study demonstrated that patients with high serum
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F IGURE 5 Forest plots of odds ratios (OR) for the 28-day mortality in different subgroups. *Large data point (exceeds plot limits). CI,
confidence interval; MIMIC-IV, Medical Information Mart for Intensive Care-IV; RRT, renal replacement therapy.

magnesium exhibited lowermean arterial pressure, higher
lactate levels, and an increased requirement for vaso-
pressor. Considering the often unstable cardiovascular
dynamics observed in septic patients,37 the exacerbation of
this instability by high magnesium levels may contribute
to poor outcomes. Additionally, magnesium can impede
cardiac potassium channels, leading to malignant arrhyth-
mias and heart failure,23 further increasing the risk ofmor-
tality. Previous study has indicated racial disparities in car-
diovascular responses.38 Therefore, discrepancies in mag-
nesium metabolism and cardiovascular responses among
racial differences may explain the variations observed in
the results of the two cohorts in our study. Second, in terms
of respiratory function, elevatedmagnesium levels impede
neuromuscular transmission, resulting muscle paralysis,
including the respiratory muscles and diaphragm, thereby
impairing respiratory function and contributing to respira-
tory failure.39 Our study demonstrated that among patients
who did not requiremechanical ventilation on ICUday 1 in
theMIMIC-IV cohort, each unit increase in serummagne-
sium was correlated with a 7.41-fold increase in the risk of
28-daymortality. Third,magnesium is essential for optimal
immune function and the regulation of inflammation.40
High levels of magnesium can impair the function
of endotoxin-stimulated spleen lymphocytes.41 Elevated

serum magnesium levels may disrupt normal immune
responses and exacerbate the dysregulated inflammatory
state in sepsis, subsequently leading to poorer prognosis.
Although there was a similarity in the primary outcome

regarding the correlation between high serummagnesium
and increased 28-day mortality in septic patients, there
were still divergent results observed in the two cohorts.
The distribution of mortality across various groups dif-
fered between the MIMIC-IV cohort and the institutional
cohort. Moreover, the RCS analysis revealed a positive
association between increasing serum magnesium levels
and the OR for 28-day mortality in the MIMIC-IV cohort,
whereas the Chinese institutional cohort exhibited a J-
shaped correlation. Several factors may account for these
differences, including: (1) Baseline variations between the
cohorts, including ethnicity (themajority of theMIMIC-IV
cohort consisted of White individuals, while the Chi-
nese institutional cohort primarily comprised East-Asian
patients), SOFA score (3 in the MIMIC-IV and 5 in the
Chinese institutional cohort), and interventions (a higher
percentage of ventilation in the MIMIC-IV cohort and a
higher percentage of RRT and vasopressors in the Chinese
institutional cohort). (2) Differences in the distribution of
serum magnesium. The normal range for serum magne-
sium is 0.70–0.99 mmol/L, and the bar chart in Figure 4
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indicated a higher proportion of patients with hypomag-
nesemia in the Chinese institutional cohort, compared to
the MIMIC-IV cohort. Within the Chinese institutional
cohort, the group with lower serum magnesium levels
(G1) exhibited higher 28-day mortality than the group
with serum magnesium within the normal range (G2),
suggesting that hypomagnesemia and its associated poor
prognosismay contribute to the descending trend observed
on the left side of the RCS curve in the Chinese institu-
tional cohort. However, in multiple multivariable logistic
regression models, the difference between the G1 and G2
did not reach statistical significance.
Subgroup analysis revealed that serum magnesium lev-

els might have predictive value in specifically male septic
patients, potentially due to the influence of estrogen
on females. Estrogen can affect magnesium distribution,
enhance magnesium utilization, and promote its uptake
in soft tissue and bone.42 Additionally, the study observed
a lower proportion of women among patients with higher
serum magnesium levels, thus providing additional sup-
port for this observation. Furthermore, monitoring serum
magnesium levelsmay yield greater prognostic benefits for
elderly patients or those who do not require mechanical
ventilation or vasopressors upon ICU admission.
The present study has several limitations that should be

acknowledged. First, its retrospective design precludes the
establishment of a causal relationship. Second, the study
solely collected serum magnesium levels, which may not
fully represent the overall magnesium status in the body.
Factors such as intracellular magnesium levels were not
assessed. Third, the precise mechanism underlying the
association between high serum magnesium levels and
poor prognosis in sepsis remains unknown. Fourth, in the
MIMIC-IV cohort, there was an imbalance in the distri-
bution of both known and unknown risk factors among
the different groups, potentially attributing the higher
mortality observed in patients with higher serum magne-
sium levels to their greater burden of acute illness and
comorbidities. Although significant statistical differences
observed when comparing baseline data between groups,
this may be attributable to the larger sample size. How-
ever, it is important to note that the normal concentration
range of serummagnesium is narrow (0.70–0.99 mmol/L),
and even slight changes in concentration can potentially
impact patients. Therefore, to ensure the reliability of
the results, the study categorized serum magnesium into
quintiles and extensively adjusted for the results of the
univariate analysis. The association between high serum
magnesium levels and increased mortality remained sig-
nificant. Last, subsequent serummagnesium levels during
ICU hospitalization were not collected, limiting the analy-
sis of dynamic magnesium fluctuations and their impact
on prognosis. Therefore, cautious interpretation of the

findings is warranted, despite the observed differences in
mortality. Further research is necessary to better compre-
hend the relationship between serum magnesium levels
and mortality in sepsis, as well as to investigate the
potential effects of magnesium fluctuations on patient
outcomes.

4 METHODS

4.1 Data source

This research made use of data from the MIMIC-IV
database (version 2.2) and a Chinese institutional cohort.43
The MIMIC-IV dataset encompasses extensive, high-
fidelity electronic health information for over 70,000 indi-
viduals treated in the ICUat Beth IsraelDeaconessMedical
Center, Boston, Massachusetts, covering the period from
2008 to 2019. To safeguard patient privacy, all personal
identifiers were removed, and patient identities were
replaced with random codes, negating the requirement
for patient consent and ethical approval. Author Le Li
(certification number 50858519) acquired permission for
accessing the database and performed the extraction of
data. The institutional critical care cohort was collected
in the ICU of Zhongnan Hospital, Wuhan University, a
university-affiliated hospital with 66 ICU beds. The hospi-
tal is a highly respected and renowned large-scale medical
institution in China, with its Intensive Care Medicine
department being particularly esteemed and influential
nationwide. Researchers meticulously reviewed medical
records from this ICU, covering the period from January
2018 to December 2023.

4.2 Patient selection

The criteria for patient enrollment in this study consisted
of adult patients admitted to the ICU with sepsis, as recog-
nized by the Sepsis 3.0 definition (Figure S3). In cases of
multiple ICU admissions by patients, only data from their
first ICU stay were analyzed. Exclusion was based on crite-
ria such as: (1) ICU stays of under 24 h; (2) treatment with
magnesium persulfate within 72 h after ICU admission;
and (3) absence of serum magnesium data.

4.3 Data extraction and management

Data were obtained from the MIMIC-IV database through
structured query language (SQL) queries, with the SQL
script codes offered on GitHub (https://github.com/MIT-
LCP/mimic-iv). The collected data included baseline

https://github.com/MIT-LCP/mimic-iv
https://github.com/MIT-LCP/mimic-iv
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demographic information, the maximum serum magne-
sium level at the onset of sepsis, treatments administered
within 24 h of ICU admission, the records at the onset of
sepsis (relevant clinical scores, vital signs, laboratory tests),
and comorbidities.
To mitigate potential bias, the analysis excluded vari-

ables where the missing value was above 20%. For those
with lower missing data levels, variables were subjected
to multiple imputation using a random forest algorithm,
which was implemented through the “mice” package in R
(versionR.4.3.1).44 The imputation procedure utilized non-
missing variables as predictors. The missingness for each
variable is presented in Figure S4.
In the institutional cohort, patient data from the hos-

pital’s medical record system were obtained, including
demographic characteristics, clinical variables, and dis-
charge status. The data collection process for this cohort
mirrored that of the MIMIC-IV cohort. However, there
were differences in the relevant clinical scores, with only
the SOFA score and the Acute Physiology and Chronic
Health Evaluation II (APACHE II) score being recorded.
Additionally, laboratory indicators such as interleukin-
6 and procalcitonin were included. Detailed information
regarding the specific variables extracted can be found in
the Supporting Information.

4.4 Outcomes

The primary outcome was all-cause 28-day mortality.
Secondary outcomes included ICU, hospital and 90-day
mortality rates, ICU and hospital length of stay.

4.5 Statistical analysis

The Kolmogorov–Smirnov test was employed to assess the
normality of continuous variables. Continuous variables
with a normal distribution were noted as mean± standard
deviation, and those skewed as median (IQR). Categorical
variables were represented by numbers and percentages.
Patients in both cohorts were divided into five groups,
categorized by the serum magnesium quintiles from the
MIMIC-IV dataset. Normal distribution variables were
analyzed using one-way ANOVA, while skewed distri-
bution variables were assessed with the Kruskal–Wallis
H-test. For the analysis of categorical variables, the Pear-
son’s χ2 test or Fisher’s test was employed as needed.
Univariate logistic regression analysis was employed to
assess the relationship between each characteristic and 28-
day all-cause mortality. The association between serum
magnesium levels and 28-day all-cause mortality was
evaluated by multivariable logistic regression models. To

mitigate the potential of excessive adjustment for poten-
tial confounders, a stepwise approach with four levels of
adjustment was employed. Model 1 included adjustments
for age, gender, body mass index (BMI), and ethnicity.
Model 2 incorporated these factors plus the SOFA score.
Model 3 built uponModel 1 with the addition of laboratory
tests (white blood cell count, hemoglobin, platelets, serum
creatinine, international normalized ratio, serum potas-
sium, and total bilirubin).Model 4 further incorporated the
confounders fromModel 3 as well as comorbidities (hyper-
tension, liver disease, renal failure, diabetes, malignant
cancer, chronic pulmonary disease, and cerebrovascular
disease). Moreover, the MIMIC-IV cohort lacked BMI and
total bilirubin, while other confounders remained the
same as described above.
Furthermore, RCS plots were employed to analyze the

correlation between serum magnesium levels and 28-day
all-cause mortality. Survival curves were constructed with
the Kaplan–Meier method and compared using the log-
rank test across the five groups. In cases where the curves
crossed, the Tarone–Ware test was employed.
Subgroup analysis was conducted to explore the poten-

tial association of serum magnesium as a continuous
variable in different subgroups based on age, gender, the
demand for interventions (RRT, mechanical ventilation,
and vasopressor) on the day 1, cerebrovascular disease,
hypertension, liver disease, renal failure, and diabetes.
All statistical analyses were conducted using the R pack-

age (version 4.3.1) and IBM SPSS Statistics (version 26).
Statistical significance was concluded for p values below
0.05 (two-tailed).

5 CONCLUSION

Higher serum magnesium levels upon sepsis onset are
independently associated with increased mortality. Serum
magnesium can serve as a predictive factor for the risk of
short-term mortality in septic patients. Monitoring serum
magnesium levels may provide valuable insights for clin-
ical decision making and facilitate the implementation of
effective disease management strategies.
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