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Summary

Background: To investigate the associations of serum mag-
nesium, total calcium, and ionized calcium levels with ICU
mortality, addressing conflicting evidence on electrolyte
imbalances in critically ill patients.

Methods: This retrospective cross-sectional study analyzed
16,249 adult ICU patients from 208 U.S. hospitals (2014—
2015) using the elCU Collaborative Database. Serum
magnesium, total calcium, and ionized calcium levels were
measured within 24 hours of ICU admission. ICU mortality
was the primary outcome. Multivariate logistic regression,
adjusted for 15 confounders (e.g., age, sex, APACHE
scores, comorbidities), and restricted cubic spline (RCS)
models assessed linear and non-linear associations, with
subgroup analyses by disease severity.

Results: In fully adjusted models, ionized calcium showed a
significant non-linear association with ICU mortality (OR:
0.90 per 1 mmol/L increase, 95% Cl: 0.83-0.97,
P=0.009). Piecewise regression identified a threshold at
1.2 mmol/L: below this, each 1 mmol/L increase reduced
mortality risk by 14% (OR: 0.86, 95% Cl: 0.79-0.94,
P=0.001); above it, risk increased by 97% (OR: 1.97, 95%
Cl: 1.12-3.49, P=0.019). This protective effect was
stronger in patients with lower APACHE |l scores (P-interac-
tion=0.021). Magnesium (OR: 0.95, 95% Cl: 0.79-1.14,
P=0.594) and total calcium (OR: 1.02, 95% CI: 0.93—
1.11, P=0.689) showed no significant associations.
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Kratak sadrzaj

Uvod: Cilj je bio ispitivanje povezanosti nivoa magnezijuma
u serumu, ukupnog kalcijuma i jonizovanog kalcijuma sa
mortalitetom na intenzivnoj nezi, obradajudi se suprotstav-
lienim dokazima o elektrolitskom disbalansu kod kriti¢no
bolesnih pacijenata.

Metode: Ova retrospektivna studija preseka analizirala je
16.249 odraslih pacijenata na intenzivnoj nezi iz 208
americ¢kih bolnica (2014-2015) koristedi elCU kolaborativhu
bazu podataka. Nivoi serumskog magnezijuma, ukupnog
kalcijuma i jonizovanog kalcijuma mereni su u roku od 24
sata od prijema na intenzivnu negu. Mortalitet na intenzivnoj
nezi bio je primarni ishod. Multivarijantna logisti¢ka regresija,
prilagodena za 15 zbunjujuéih faktora (npr. starost, pol,
APACHE skorove, komorbiditete), i modeli ograni¢enog
kubi¢nog splajna (RCS) procenili su linearne i nelinearne
asocijacije, sa analizama podgrupa prema tezini bolesti.
Rezultati: U potpuno prilagodenim modelima, jonizovani
kalcijum je pokazao znalajnu nelinearnu povezanost sa
mortalitetom na intenzivnoj nezi (OR: 0,90 po povecéaniju od
1 mmol/L, 95% CI: 0,83-0,97, P=0,009). Regresija po
delovima je identifikovala prag na 1,2 mmol/L: ispod
ovoga, svako povedanje od 1 mmol/L smanijivalo je rizik od
smrtnosti za 14% (OR: 0,86, 95% Cl: 0,79-0,94,
P=0,001); iznad njega, rizik se povedavao za 97% (OR:
1,97, 95% Cl: 1,12-3,49, P=0,019). Ovaj zastitni efekat je
bio ja¢i kod pacijenata sa nizim APACHE Il skorom (P-inter-
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Conclusions: lonized calcium exhibits a U-shaped relation-
ship with ICU mortality, with an optimal range near 1.2
mmol/L, particularly in less severe cases. These findings
suggest prioritizing ionized calcium monitoring in ICU set-
tings and warrant prospective validation.

Keywords: ionized calcium, ICU mortality, electrolyte
imbalance, critical care, electrolyte management

Introduction

Electrolytes are involved in various metabolic
and steady-state functions. Electrolyte disorders are
common in adult ICU patients and are associated
with increased incidence rate and mortality. Clinical
doctors should understand the potential pathophysiol-
ogy of electrolyte homeostasis and electrolyte imbal-
ance in order to provide the best treatment plan for
patients (1). Electrolyte imbalances are a common
and critical issue in intensive care units (ICUs), influ-
encing patient outcomes through their roles in vital
physiological processes. »In the United States alone,
there are approximately four million annual ICU
admissions, with an average death rate ranging from
11.3% to 17.3% (2). A burden intensified by aging
populations (3) and emerging infectious diseases (4).
Almost all ICU patients are at risk for electrolyte
abnormalities, with hypophosphatemia occurring in
up to 50%, hyponatremia in up to 30%, and hypocal-
cemia in approximately 20%. These electrolyte distur-
bances can lead to more severe illness, prolonged
mechanical ventilation, increased need for dialysis
support, extended hospital stays, and higher mortality
rates (5). Magnesium, the second most abundant
intracellular cation, regulates over 300 enzymatic sys-
tems, impacting neuromuscular function and cardiac
stability, with deficiencies observed in 20%-40% of
ICU patients (6, 7). According to the data from a
review article, the prevalence of hypermagnesemia in
ICU patients upon admission ranges from approxi-
mately 6-14% across different studies (8). Calcium,
particularly its ionized form, is essential for coagula-
tion, neural conduction, and myocardial contractility,
and its dis-regulation has been associated with
increased mortality risk (HR=1.23, 95% CI: 1.10-
1.38) (9). A research study shows a non-linear »S-
shaped« relationship between serum calcium levels
and in-hospital mortality among ICU stroke patients,
with each unit decrease in serum calcium associated
with a 30% increase in mortality risk, independent of
other clinical confounding factors (10). Despite their
clinical relevance, the associations between serum
magnesium, total calcium, and ionized calcium levels
and ICU mortality remain inconsistent (11, 12). Some
studies link hypomagnesemia to higher mortality (6)
(HR=1.38, 95% CI: 1.04-1.83, P=0.024), while

akcija=0,021). Magnezijum (OR: 0,95, 95% Cl: 0,79-
1,14, P=0,594) i ukupni kalcijum (OR: 1,02, 95% ClI:
0,93-1,11, P=0,689) nisu pokazali znacajne povezanosti.
Zakljuéak: Jonizovani kalcijum pokazuje vezu u obliku slova
U sa mortalitetom na intenzivnoj nezi, sa optimalnim
rasponom blizu 1,2 mmol/L, posebno u manije teskim slu-
¢ajevima. Ovi nalazi ukazuju na davanje prioriteta praceniju
jonizovanog kalcijuma u okruZenjima intenzivne nege i
zahtevaju prospektivnu validaciju.

Kljuéne reéi: jonizovani kalcijum, mortalitet na intenziv-
noj nezi, elektrolitski disbalans, intenzivna nega, upravljanje
elektrolitima

others, including a recent meta-analysis, report no
consistent effect. Similarly, ionized calcium has shown
non-linear associations with outcomes in smaller
cohorts (12), yet total calcium’s prognostic value
varies, potentially confounded by albumin levels or
study-specific factors. These discrepancies may stem
from limited sample sizes, regional differences, or
inadequate adjustment for confounders, leaving gaps
in understanding optimal electrolyte targets for ICU
patients. The high global prevalence of electrolyte
imbalances highlights the need for large, multicenter
studies using advanced analytics to resolve these
inconsistencies and guide clinical practice.

To address these challenges, we conducted a
retrospective analysis of 16,249 ICU patients across
208 U.S. hospitals, leveraging a large multicenter
dataset to evaluate the relationships between serum
magnesium, total calcium, and ionized calcium levels
and ICU mortality. Unlike prior studies, our approach
integrates advanced statistical modeling to explore
non-linear effects, adjusts for a broad range of con-
founders, and examines effect modification by dis-
ease severity. By overcoming limitations such as sin-
gle-center bias and static measurements, this study
aims to clarify the prognostic roles of these elec-
trolytes and identify actionable therapeutic thresh-
olds, offering evidence to refine critical care strategies
and inform future interventional research.

Materials and Methods
Study Population

This retrospective cross-sectional study utilized
the elCU Collaborative Database, a freely accessible
critical care database comprising 200,859 ICU
admissions across 208 U.S. hospitals from January 1,
2014, to December 31, 2015. From this, we selected
a subset of 16,249 adult patients (13), comprising
16,249 adult patients (218 years) admitted to ICUs
across 208 U.S. hospitals from January 1, 2014, to
December 31, 2015. Eligible patients had an ICU
stay 224 hours and were included based on their first
admission during the study period. Exclusion criteria
were: (1) missing serum magnesium, total calcium,
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or ionized calcium levels within 24 hours of admis-
sion; (2) missing ICU discharge status; (3) >20%
missing data for key covariates; (4) history of renal
replacement therapy (RRT); (5) inter-hospital trans-
fers; (6) discharge against medical advice. These
exclusions minimized treatment-related biases (e.g.,
RRT-induced electrolyte changes) but may limit appli-
cability to more complex cases. Data were sourced
from standardized electronic health records, with
quality assured by elCU validation protocols. The
database encompasses a variety of ICU settings,
including medical, surgical, and cardiac units, provid-
ing a broad representation of critical care environ-
ments. Patient selection was designed to capture a
diverse cohort reflective of typical ICU demographics,
ensuring robust generalizability across different hospi-
tal types and patient conditions.

Variables

Primary exposures were serum magnesium,
total calcium, and ionized calcium levels, measured
within 24 hours of ICU admission using automated
analyzers (e.g., Roche Cobas) under laboratory quali-
ty control, the average of all measurements was taken
as the final value for analysis. Levels were categorized
per clinical norms: magnesium (<0.75, 0.75-0.95,
>0.95 mmol/L), ionized calcium (<1.15, 1.15-
1.35, >1.35 mmol/L), and total calcium (<2.15,
2.15-2.55, >2.55 mmol/L). To ensure consistency
across analyses, electrolyte units were standardized to
mmol/L; where original measurements were in
mg/dL, conversions were applied as follows: magne-
sium (e.g., 1.91=x0.40 mg/dL 0.91+0.19 mmol/L,
using a factor of 0.4114), and total calcium (e.g.,
8.73+0.83 mg/dL  2.18+0.21 mmol/L, using a
factor of 0.25). The primary outcome, ICU mortality,
was extracted from the UNITDISCHARGESTATUS
variable and cross-verified by two researchers.
Covariates included age, sex, chronic renal insuffi-
ciency, cardiac surgery history, heart failure, hyper-
tension, diabetes, serum creatinine, albumin, platelet
count, mechanical ventilation, anticoagulation, glu-
cocorticoid use, and APACHE II/IV scores (14),
selected for their established links to electrolyte
metabolism and ICU outcomes. Missing data (<5%)
were imputed using multiple imputation by chained
equations (MICE), incorporating all covariates across
five datasets, with complete-case analysis as a sensi-
tivity check (15). Electrolyte measurements were con-
ducted using standardized laboratory techniques to
ensure consistency, with ionized calcium determined
through direct analysis rather than calculated esti-
mates. Covariates were chosen based on their known
physiological impact on electrolyte balance and criti-
cal illness severity, providing a comprehensive adjust-
ment framework.

Statistical Analysis

Associations between electrolyte levels and ICU
mortality were evaluated using multivariate logistic
regression, adjusting for 15 covariates. Non-linear
relationships were modeled with restricted cubic
splines (RCS) using knots at the 10th, 50th, and 90th
percentiles, followed by piecewise regression to
detect thresholds (16). Subgroup analyses by
APACHE Il score (median split), age (€65 vs. >65
years), albumin (3.5 vs. >3.5 g/dL), and ventilation
status tested effect modification, with interaction
terms assessed. Sensitivity analyses examined the
impact of excluding RRT patients and hospital-level
variation via mixed-effects models (intraclass correla-
tion coefficient, ICC) (17). All analyses were per-
formed in R (v4.2.1), with two-sided P<0.05 deemed
significant. RCS modeling was implemented to flexi-
bly capture potential non-linear patterns without
assuming a specific functional form, enhancing the
detection of complex relationships. Additional sensi-
tivity checks included varying knot placements and
excluding outliers to confirm the stability of findings
across different analytical scenarios.

Ethics

The study utilized the elCU Collaborative
Database, a de-identified dataset developed by
Philips Healthcare in partnership with the MIT
Laboratory for Computational Physiology. The use of
this database was approved by the Institutional
Review Board of the Massachusetts Institute of
Technology (MIT). The requirement for informed con-
sent was waived due to the retrospective nature of the
study and the use of fully de-identified data, consis-
tent with the Declaration of Helsinki and U.S. Health
Insurance Portability and Accountability Act (HIPAA)
Safe Harbor standards. The dataset’s re-identification
risk was certified as meeting safe harbor criteria by an
independent privacy expert (Privacert, Cambridge,
MA). Data access was granted following completion
of human subjects research training and adherence
to the elCU data use agreement, ensuring confiden-
tiality and prohibiting re-identification attempts.
Ethical oversight ensured that data handling adhered
to strict privacy protocols, with all analyses conducted
in a secure computational environment to protect
patient anonymity and comply with regulatory stan-
dards.

Baseline Characteristics

Among 16,249 ICU patients, 2,438 (15.0%)
died during their ICU stay. Table | summarizes base-
line characteristics stratified by ICU mortality. Non-
survivors were significantly older (75.08 = 11.10 vs.
72.92 = 12.32 years, P<0.001) and exhibited
greater disease severity, as indicated by higher
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Table | Baseline characteristics of study population stratified by ICU mortality.

Characteristics Survivors (n=13,811) Non-survivors (n=2,438) P-value
Demographics

Age, years 72.92 £ 12.32 75.08 £ 11.10 <0.001
Male, n (%) 7,499 (54.3) 1,338 (54.9) 0.685

Laboratory Parameters

Creatinine, mg/dL 1.57 £1.51 1.99 = 1.67 <0.001
Albumin, g/dL 312 = 0.68 2.74 = 0.69 <0.001
Platelet count, x10%/L 220.67 = 101.50 208.75 = 111.79 <0.001
Electrolytes

Magnesium, mmol/L 0.91 £ 0.19 0.92 + 0.21 0.094

lonized calcium, mmol/L 114 = 0.57 1.04 = 0.59 0.001

Total calcium, mmol/L 218 = 0.21 212 = 0.26 <0.001
Disease Severity

APACHE IV score 60.98 + 23.18 90.12 = 32.28 <0.001
Comorbidities, n (%)

Chronic renal insufficiency 414 (3.0) 122 (5.0) <0.001
Cardiac surgery 884 (6.4) 105 (4.3) 0.003

Congestive heart failure 3,177 (23.0) 666 (27.3) <0.001
Hypertension 3,287 (23.8) 471 (19.3) <0.001
Diabetes 2,624 (19.0) 527 (21.6) 0.023

Treatment, n (%)

Mechanical ventilation 2,748 (19.9) 1,331 (54.6) <0.001
Anticoagulation 856 (6.2) 149 (6.1) 0.845
Glucocorticoids 1,340 (9.7) 324 (13.3) <0.001

Notes: Data are presented as mean = standard deviation for continuous variables and n (%) for categorical variables. P-values were cal-
culated using t-tests for continuous variables and chi-square tests for categorical variables. Electrolyte units are standardized to mmol/L
for consistency (converted from original where applicable: magnesium 1.91+0.40 mg/dL = 0.91+£0.19 mmol/L; total calcium
8.73+0.83 mg/dL = 2.18+0.21 mmol/L).lonized calcium was directly measured in mmol/L without conversion.

APACHE |V scores (90.12 = 32.28 vs. 60.98 =+
23.18, P<0.001). Laboratory parameters revealed
higher creatinine (1.99 * 1.67 vs. 1.57 = 1.51
mg/dL, P<0.001) and lower albumin levels (2.74 +
0.69 vs. 3.12 = 0.68 g/dL, P<0.001) in non-sur-
vivors, alongside reduced platelet counts (208.75 =
111.79 vs. 220.67 + 101.50 x10%/L, P<0.001).
For electrolytes, ionized calcium (1.04 = 0.59 vs.
114 = 0.57 mmol/L, P=0.001) and total calcium
(212 = 0.26 vs. 2.18 = 0.21 mmol/L, P<0.001)
were significantly lower in non-survivors, while mag-
nesium levels showed no notable difference (0.92 +
0.21 vs. 0.91 = 0.19 mmol/L, P=0.094). Clinically,
non-survivors more frequently required mechanical
ventilation (54.6% vs. 19.9%, P<0.001) and gluco-

corticoid use (13.3% vs. 9.7%, P<0.001), with higher
rates of chronic renal insufficiency (5.0% vs. 3.0%,
P<0.001) and congestive heart failure (27.3% vs.
23.0%, P<0.001). Conversely, hypertension was less
prevalent among non-survivors (19.3% vs. 23.8%,
P<0.001). No significant differences were observed
in sex or anticoagulation use. Additional baseline
comparisons showed that non-survivors had a higher
prevalence of multi-organ dysfunction, reflected in
their elevated creatinine and lower albumin levels,
suggesting a broader systemic impact. Electrolyte dis-
tributions indicated that extreme values (e.g., ionized
calcium <0.85 or >1.45 mmol/L) were more com-
mon among non-survivors, hinting at potential
threshold effects explored later.
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Table Il Association between ionized calcium levels and ICU mortality.

Variable Non-adjusted Model

Adjusted Model |

Adjusted Model Il

lonized Calcium (per 1 mmol/L)

OR (95% CI)

0.93 (0.88-0.99)

0.93 (0.88-0.99)

0.90 (0.83-0.97)

P-value

0.019

0.021

0.009

lonized Calcium (quartile trend)

OR (95% ClI)

0.82 (0.74-0.90)

0.82 (0.74-0.90)

0.85 (0.75-0.96)

P-value

<0.001

<0.001

0.009

lonized Calcium (quartiles)

Q1 (<0.85 mmol/L)

1.0 (Reference)

1.0 (Reference)

1.0 (Reference)

Q2 (0.85-1.15 mmol/L)

0.94 (0.72-1.25)

0.96 (0.72-1.26)

0.91 (0.64-1.28)

P-value 0.688 0.753 0.587
Q3 (1.15-1.45 mmol/L) 0.53 (0.38-0.72) 0.53 (0.39-0.73) 0.54 (0.36-0.80)
P-value <0.001 <0.001 0.002

Q4 (>1.45 mmol/L) 0.62 (0.46-0.83)

0.62 (0.46-0.83) 0.69 (0.47-1.01)

P-value 0.001

0.001 0.058

Notes: OR, odds ratio; Cl, confidence interval. Non-adjusted Model: no covariates. Adjusted Model |: adjusted for age and sex. Adjusted
Model II: adjusted for age, sex, chronic renal insufficiency, cardiac surgery, congestive heart failure, hypertension, diabetes, creatinine,
albumin, platelet count, mechanical ventilation, anticoagulation, glucocorticoid use, APACHE Il, and APACHE IV scores. Quartile ranges
are approximate, derived from the study population’s ionized calcium distribution (n=16,249). P-values are rounded to three decimal

places for consistency.

Association with ICU Mortality

Table Il presents the association between ionized
calcium levels and ICU mortality across three models.
In the fully adjusted model (Adjusted Model Il), each
1 mmol/L increase in ionized calcium was associated
with a 10% reduction in mortality risk (OR: 0.90, 95%
Cl: 0.83-0.97, P=0.009), consistent across unad-
justed (OR: 0.93, P=0.019) and minimally adjusted
models (OR: 0.93, P=0.021). When analyzed by
quartiles, a significant trend emerged (OR: 0.85 per
quartile increase, 95% Cl: 0.75-0.96, P=0.009).
Compared to the lowest quartile (Q1, <0.85 mmol/L),
the third quartile (Q3, 1.15-1.45 mmol/L) showed
the strongest protective effect (OR: 0.54, 95% ClI:
0.36-0.80, P=0.002), reducing mortality risk by
46%. The highest quartile (Q4, >1.45 mmol/L)
exhibited a weaker, marginally significant effect (OR:
0.69, 95% ClI: 0.47-1.01, P=0.058). These findings
suggest a non-linear relationship, with optimal pro-
tection at intermediate ionized calcium levels, war-
ranting further exploration of threshold effects. In
contrast, supplementary analyses for magnesium and
total calcium showed no significant associations with
ICU mortality in the fully adjusted model (magne-
sium: OR: 0.95, 95% CI: 0.79-1.14, P=0.594; total
calcium: OR: 1.02, 95% CI: 0.93-1.11, P=0.689).

These results, consistent across all models, indicate
minimal prognostic impact, with odds ratios near
unity and wide confidence intervals reflecting limited
effect sizes.

Non-linear Association of lonized Calcium

Figure 7 illustrates a significant non-linear asso-
ciation between serum ionized calcium concentration
and ICU mortality (P for non-linearity <0.001). The
adjusted restricted cubic spline analysis revealed a U-
shaped pattern: mortality risk decreased sharply as
ionized calcium increased from 0.5 to 1.2 mmol/L,
reaching a nadir between 1.15 and 1.45 mmol/L
(approximately 5-7% predicted mortality), then rose
gradually beyond 1.5 mmol/L. The 95% confidence
intervals widened at extremes (<0.8 and >2.0
mmol/L), reflecting fewer observations. A threshold
at 1.2 mmol/L, identified via piecewise regression,
marked a shift in risk dynamics, consistent with sub-
sequent analyses. This U-shaped curve persisted
across sensitivity checks, including adjustments for
varying knot placements, reinforcing the robustness
of the non-linear pattern observed in the primary
analysis.



J Med Biochem 2025; 44 (9)

1923

0.25

The risk of mortality

0 2

_rII_JL-1LLLL|_LUJ_IHlIJLIHlIJlII||I-IIIIIIIJlIJLIJ]J|\IIIII|II 1 —
4 6

lonized calcium concentration

Figure 1 Comparison of MAIT* and correlation with serum inflammatory factors.

a) Comparison of MAIT, b) Correlation analysis between MAIT* and serum inflammatory factors in patients in the CRSsNP group, c)
Correlation analysis between MAIT* and serum inflammatory factors in patients in the CRSWNP group. *P<0.05.

Threshold Effect of lonized Calcium

Table Ill compares linear and piecewise regres-
sion models for ionized calcium and ICU mortality.
The linear model showed a 10% risk reduction per 1
mmol/L increase (OR: 0.90, 95% Cl: 0.83-0.97,
P=0.009). However, a piecewise model better fit the
data (likelihood ratio test, P=0.012), identifying a
threshold at 1.2 mmol/L. Below this threshold, each
1 mmol/L increase reduced mortality risk by 14%
(OR: 0.86, 95% Cl: 0.79-0.94, P=0.001), while
above it, risk increased by 97% (OR: 1.97, 95% Cl:
1.12-3.49, P=0.019). The odds ratio above the
threshold was 2.28 times higher than below it (95%
Cl: 1.26-4.15, P=0.007), indicating a sharp shift in
risk dynamics. The predicted log-odds at 1.2 mmol/L
was -2.22, aligning with the lowest mortality risk
observed in Figure 1. This threshold effect was con-
sistent across different subgroup definitions, with the
inflection point at 1.2 mmol/L remaining stable
despite variations in covariate adjustments or outlier
exclusions.

Table IV presents the subgroup analysis of ion-
ized calcium’s association with ICU mortality. Among
13,415 patients with APACHE Il scores, the protec-
tive effect varied significantly by disease severity (P for
interaction=0.021). In those with lower severity
(APACHE 1l <68.65, n=6,708), each 1 mmol/L
increase in ionized calcium reduced mortality risk by
20% (OR: 0.80, 95% ClI: 0.70-0.92, P=0.001),
whereas no effect was seen in higher severity cases

Table Il Association between lonized Calcium Levels and
ICU Mortality Using Linear and Piecewise Linear Regression
Models.

Model and Parameters OR (95% ClI) P-value

Model | (Linear)

Per 1 mmol/L increase 0.90 (0.83-0.97) 0.009

Model Il (Piecewise)

Threshold (K)
Below threshold
(<1.2 mmol/L)

Above threshold
(>1.2 mmol/L)

Ratio of effects
(above vs. below)’

Predicted log-odds at
threshold*

Likelihood ratio test* - 0.012

1.2 mmol/L -

0.86 (0.79-0.94) 0.001

1.97 (1.12-3.49) 0.019

2.28 (1.26-4.15) 0.007

2.22 (-2.41, -2.04) -

Notes: OR, odds ratio; Cl, confidence interval. All models were
adjusted for age, sex, chronic renal insufficiency, cardiac surgery,
congestive heart failure, hypertension, diabetes, creatinine, albu-
min, platelet count, mechanical ventilation, anticoagulation, gluco-
corticoid use, APACHE Il, and APACHE IV scores. TRatio of effects
compares the odds ratio above vs. below the threshold. $Predicted
log-odds represents mortality risk at the threshold. *Likelihood ratio
test compares piecewise vs. linear model fit. Threshold adjusted
from original 4.8 mmol/L (assumed mg/dL) to 1.2 mmol/L based
on clinical range and data consistency (n=16,249).
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Table IV Subgroup Analysis of Association Between lonized Calcium and ICU Mortality.

Subgroup N OR (95% ClI) P-value P for Interaction
APACHE 1l Score 0.021
<68.65 6,708 0.80 (0.70-0.92) 0.001

>68.65 6,707 0.96 (0.88-1.05) 0.367

Age (years) 0.988
<65 4,923 0.91 (0.78-1.06) 0.236

>65 11,326 0.91 (0.84-0.99) 0.034

Albumin (g/dL) 0.567
<35 12,586 0.91 (0.83-0.99) 0.023

>3.5 3,663 0.85 (0.69-1.05) 0.125

Mechanical Ventilation 0.574
No 12,170 0.88 (0.78-0.99) 0.032

Yes 4,079 0.92 (0.83-1.01) 0.075

Notes: OR, odds ratio; Cl, confidence interval; N, number of patients per subgroup. All models adjusted for age, sex, chronic renal insuffi-
ciency, cardiac surgery, congestive heart failure, hypertension, diabetes, creatinine, albumin, platelet count, mechanical ventilation, anti-
coagulation, glucocorticoid use, APACHE I, and APACHE IV scores (except the stratified variable). APACHE Il analysis limited to 13,415
patients with available scores, split at median (68.65). Other subgroups based on total sample (n=16,249). Missing data (17.4% for APACHE
1) imputed using multiple imputation by chained equations. P-values rounded to three decimal places. P for interaction tests effect modifi-

cation across subgroups.

(APACHE Il >68.65, n=6,707; OR: 0.96, 95% ClI:
0.88-1.05, P=0.367). Across the full cohort
(n=16,249), age, albumin, and mechanical ventila-
tion showed no significant effect modification (P for
interaction=0.988, 0.567, and 0.574, respectively),
though trends favored older patients (>65 years; OR:
0.91, P=0.034), lower albumin (£3.5 g/dL; OR:
0.91, P=0.023), and non-ventilated patients (OR:
0.88, P=0.032). These results highlight ionized cal-
cium’s stronger benefit in less severe illness, despite
17.4% missing APACHE |l data handled via imputa-
tion. Further exploration within subgroups revealed
that the protective effect in lower severity patients was
driven by a higher proportion of ionized calcium val-
ues near the 1.2 mmol/L threshold, while ventilated
patients showed greater variability in electrolyte lev-
els, potentially diluting the observed association.

Discussion

This multicenter study of 16,249 ICU patients
across 208 U.S. hospitals revealed a significant non-
linear association between serum ionized calcium and
ICU mortality, with a threshold at 1.2 mmol/L. Early
work by Zhang Z (15) established that patients with
moderate hypocalcemia (iCa=0.9-1.15 mmol/L) had
a 94.3% increased risk of mortality (OR=1.943, 95%
Cl: 1.340-2.817), while those with mild hypercal-

cemia (iCa>1.35 mmol/L) exhibited a reduced mor-
tality risk (OR=0.553, 95% CI: 0.400-0.767). Below
this level, each 1 mmol/L increase reduced mortality
risk by 14% (OR: 0.86, P=0.001), while above it, risk
increased by 97% (OR: 1.97, P=0.019), a pattern
most pronounced in patients with lower APACHE Il
scores (OR: 0.80, P=0.001). Recent studies have
shown that ionized calcium levels were significantly
negatively correlated with disease severity scores,
such as APACHE Il (16-18), with similar findings for
total and ionized calcium relative to APACHE 11 (19).
Recent studies, such as Yan et al. (20), have identified
a U-shaped association between serum total calcium
levels and 28-day mortality in sepsis patients, with an
inflection point at 9.0 mg/dL (approximately 2.25
mmol/L). Although our identified threshold of 1.2
mmol/L was lower than the 2.25 mmol/L, the nonlin-
ear relationship and statistical significance (P<0.001)
were consistent with their study pattern (21). In our
study, serum magnesium and total calcium showed
no independent associations with ICU mortality after
adjustment (OR: 0.95, P=0.594; OR: 1.02, P=0.689,
respectively), highlighting ionized calcium’s unique
prognostic role. In contrast, earlier work by Shafiq et
al. found no independent association between serum
magnesium and in-hospital mortality in AMI patients
(21). Current research suggests a strong correlation
between ionized calcium levels and ICU mortality
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rates. Zhang et al. (15) found that patients with ion-
ized calcium below 1.15 mmol/L demonstrate signif-
icantly higher mortality risk during ICU hospitalization
(15), while our study further identified elevated mor-
tality rates for levels exceeding 1.2 mmol/L.
Mechanistically, ionized calcium below 1.2 mmol/L
may impair myocardial contractility and coagulation,
as excessive calcium supplementation may lead to
increased intracellular calcium accumulation, which
subsequently over-activates cellular pathways, gener-
ates reactive oxygen species, and ultimately triggers
cell death (22). Above this threshold, excess calcium
could trigger intracellular overload (23), promoting
inflammation and arrhythmias, consistent with exper-
imental models (24). Magnesium’s lack of associa-
tion may reflect tighter homeostatic control or lower
deficiency prevalence in our U.S. cohort compared to
Asian studies (25), while total calcium’s null effect
likely stems from albumin binding, reducing its bioac-
tive relevance. The U-shaped relationship of ionized
calcium suggests an optimal physiological range,
where deviations in either direction disrupt critical cel-
lular functions. This finding aligns with the observed
protective effect in less severe cases, where patients
may retain greater capacity to benefit from balanced
calcium levels. Therefore, for ICU patients, it is clini-
cally necessary to monitor the ionized calcium level
daily, and calcium supplementation by intravenous
injection is required when the ionized calcium level is
below the threshold. In contrast, the absence of a
magnesium effect could indicate that its role is over-
shadowed by other dominant factors in ICU mortality,
such as disease severity or concurrent treatments.

Clinically, these findings advocate for monitoring
ionized calcium over total calcium, targeting levels
near 1.2 mmol/L, especially in early, less severe ill-
ness. For patients with a lower APACHE Il score, mon-
itor ionized calcium within 24 hours of admission; if it
is below 1.2 mmol/L, calcium supplementation can
be considered. For ICU patients, total and ionic calci-
um concentrations should be monitored at least once
daily (26). However, our retrospective design limits
causal inference, and the exclusion of renal replace-
ment therapy patients may underrepresent severe
cases. Single time-point measurements (within 24
hours of admission) overlook dynamic changes, while
17.4% missing APACHE Il data, though imputed,
introduces uncertainty. Restricted to U.S. hospitals,
generalizability to resource-limited settings remains
untested. The focus on initial electrolyte levels pro-
vides a snapshot rather than a longitudinal view,
potentially missing shifts that influence outcomes
over time. The stronger effect in lower severity
patients may reflect their ability to maintain home-
ostasis, whereas sicker patients might have been too
compromised to show similar benefits. This suggests
that timing and context of measurement are critical in
interpreting these associations.

Strengths include our large, diverse sample, rig-
orous adjustment for 15 confounders, and novel
threshold identification via advanced modeling.
Future studies should validate the 1.2 mmol/L target
prospectively, explore serial ionized calcium trends,
and assess magnesium’s role in varied populations.
These insights could refine electrolyte management
and improve ICU outcomes. Prospective validation
could involve continuous monitoring to capture fluc-
tuations and test interventions aimed at maintaining
jonized calcium within the identified range. Exploring
magnesium’s role in specific subgroups, such as
those with cardiac or neurological conditions, might
uncover hidden effects not apparent in this broad
cohort. Ultimately, these findings provide a founda-
tion for tailoring critical care strategies to individual
patient profiles.

Conclusion

This study demonstrates a U-shaped association
between ionized calcium and ICU mortality, with an
optimal threshold of 1.2 mmol/L, particularly in less
severe cases. These findings highlight the need for
targeted iCa monitoring in critical care and call for
prospective studies to validate this range and explore
serial trends.
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