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While the relationship between albumin corrected calcium (ACC) levels and unfavourable outcomes 
has been previously investigated, existing studies have been limited in their specific application to 
patients undergoing maintenance hemodialysis (MHD) in intensive care unit (ICU). This retrospective 
cohort study aimed to explore the association between baseline ACC and 28-day in-hospital mortality 
in ICU patients undergoing MHD. Logistic regression model, smooth curve fitting, piecewise linear 
regression, subgroup analyses, and a series of sensitivity analyses were employed. Of the 2114 patients 
with a median age of 64 years, 290 (13.72%) died within 28 days after ICU admission. Multivariate 
regression analysis revealed that, in comparison with the lowest tertile, the highest tertile of ACC 
was associated with a higher mortality rate (OR 1.69, 95% CI 1.09–1.53, P = 0.0032). When the ACC 
levels were < 8.04 mg/dL, the mortality rate decreased with an adjusted OR of 0.44 (95% CI 0.20–0.98, 
P = 0.0438) for every 1 mg/dL increase in the ACC levels. When the ACC levels were ≥ 8.04 mg/dl, the 
mortality rate increased with an adjusted OR of 1.36 (95% CI 1.13–1.64, P = 0.0011) for every 1 mg/
dl increase in the ACC levels. Non-linear relationship between ACC and 28-day in-hospital mortality 
were identified in patients undergoing MHD in the ICU. However, the findings of this study need to be 
confirmed through prospective studies.
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Chronic kidney disease (CKD) is a major global health problem, with an estimated 697.5 million cases worldwide 
in 2017, representing a prevalence of 9.1%1. In China, the prevalence of CKD among adults was estimated to 
affect approximately 82 million individuals between 2018 and 20192. As CKD progresses to end-stage renal 
disease (ESRD), maintenance hemodialysis (MHD) becomes a critical treatment modality3–5. However, MHD is 
associated with multiple complications that increase the likelihood of hospitalization, intensive care unit (ICU) 
admission, and mortality6,7.

CKD-mineral and bone disorder (CKD-MBD) is a clinical syndrome characterized by laboratory 
abnormalities, vascular or soft tissue calcifications, and bone disease3. It is a prominent complication in patients 
undergoing MHD, significantly contributing to all-cause and cardiovascular mortality8–10. Among these 
abnormalities, elevated serum calcium levels have been linked to a higher risk of mortality in hemodialysis 
patients11,12. Albumin, the most abundant plasma protein, plays a crucial role in regulating calcium 
homeostasis13. In MHD patients, hypoproteinemia and acid–base disturbances are common, potentially leading 
to underestimation of uncorrected serum calcium levels14,15. When ionised calcium measurement is unavailable, 
ACC serves as an appropriate substitute16.
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Several studies have demonstrated significant associations between ACC levels and disease severity or 
prognosis in conditions such as chronic obstructive pulmonary disease (COPD)17, diabetes mellitus18, diabetic 
kidney disease19, and ischemic stroke20. In ICU settings, ACC levels have been associated with a nonlinear 
relationship to the risk of all-cause mortality within 30 days21. For dialysis patients, elevated ACC levels are 
associated with increased risks of cardiovascular events, infections, and overall mortality12,22,23. A large cohort of 
patients with incident ESRD demonstrated a linear relationship between lower pre-ESRD ACC levels and greater 
post-ESRD survival, even at ACC concentrations below the normal range24.

Despite these findings, previous studies have primarily focused on the associations between ACC levels and 
outcomes in various diseases, ICU mortality in general populations, or long-term prognosis in ESRD or dialysis 
patients. However, there remains a significant gap in evidence regarding the relationship between ACC levels 
and short-term mortality specifically in MHD patients admitted to the ICU. Our study uniquely addresses this 
gap by exploring the association between ACC levels and 28-day mortality in this high-risk, specialized patient 
population. Artificial Intelligence models hold great potential for improving prediction accuracy and guiding 
clinical decision-making. Our study investigated the association between ACC levels and 28-day mortality, 
which may provide a basis for developing predictive models for high-risk populations in the future.

We hypothesized that elevated ACC levels are associated with an increased risk of 28-day in-hospital mortality 
in this patient population. In this retrospective, multicenter cohort study, we utilized the eICU Collaborative 
Research Database v2.0 (eICU-CRD v2.0) to (1) determine the prevalence and distribution of ACC abnormalities 
among ICU patients undergoing MHD in the United States and (2) investigate the relationship between ACC 
levels and 28-day in-hospital mortality in this cohort.

Methods
Data source
This multicenter retrospective cohort study utilized data from the eICU-CRD, which has been widely employed 
in observational research. The database contains medical records for 200,859 ICU patients from 335 ICUs 
across 208 U.S. hospitals, encompassing both academic and non-academic institutions, from 2014 to 2015. It 
comprises 31 tables with detailed information on demographics, medical history, vital signs, laboratory results, 
ICD-9-CM codes, and treatments25. The data are freely available after completing the Collaborative Institutional 
Training Initiative (CITI) program “Data or Specimens Only Research” and certification. All the data sources are 
deidentified, informed consent was waived from all patients and/or their legal guardians. The use of this database 
was approved by the institutional review board of Massachusetts Institute of Technology (Cambridge, MA), 
which approved this data collection and waived informed consent requirements. Two authors (Shili Zhao and 
Yue Xu) obtained the access (record IDs: 65166974 and 66676691). The authors are appreciative of the original 
study group for the provision of data for the present analysis. All methods were carried out in accordance with 
relevant guidelines and regulations. The study was conducted in accordance with the Declaration of Helsinki.

Study population
A total of 2114 eligible individuals were included after applying the following exclusion criteria: (1) non-first-
time ICU admissions (n = 42,417); (2) no history of MHD (n = 153,107); (3) ICU stay < 24  h (n = 1492); (4) 
missing serum calcium or albumin data (n = 1603); (5) extreme Body Mass Index (BMI) values (> 50 kg/m2, 
n = 108); and (6) extreme ACC values (mean ± 3 SD, n = 18). ACC was calculated using the formula26: ACC (mg/
dL) = serum calcium (mg/dL) + 0.8 × [4.0-serum albumin (g/dL)]. Ultimately, 2114 participants (954 men and 
1160 women) were included. The study design and participant flowchart are illustrated in Fig. 1.

Variables
The primary exposure was the baseline ACC assessed within the first 24 h of ICU admission. Adjustments were 
made for the following covariates: (1) Demographics: age, gender, ethnicity, BMI, and hospital discharge year 
(2014 or 2015). (2) Comorbidities: congestive heart failure (CHF), diabetes, hepatic failure, cirrhosis, sepsis, 
immunosuppression, and metastatic cancer. (3) Vital Signs: temperature, respiratory rate, heart rate, and mean 
arterial pressure (MAP). (4) Laboratory Parameters: serum potassium, anion gap, total protein, albumin, blood 
urea nitrogen (BUN), serum creatinine, white blood cell count (WBC), red blood cell count (RBC), hemoglobin, 
and platelets. (5) Severity Scores: Acute Physiology and Chronic Health Evaluation IV (APACHE-IV) and 
Sequential Organ Failure Assessment (SOFA).

Baseline characteristics such as age, gender, ethnicity, weight, height, hospital discharge year, length of 
hospital stay and prognosis were collected from the patient table and apachePatientResult table. The physiological 
variables, including temperature (°C), respiratory rate, heart rate (HR) and MAP, were obtained from the 
apacheApsVar table and vitalAperiodic table. Laboratory indices, including serum calcium, albumin, potassium, 
BUN, creatinine, WBC, RBC, hemoglobin, and platelets, were extracted from the lab table. Comorbidities 
including CHF, diabetes, hepatic failure, cirrhosis, sepsis, immunosuppression, metastatic cancer and sepsis 
were extracted from the apachePredVar table and diagnosis table. Severity at admission was measured using 
the SOFA score and APACHE IV score, which were obtained from the apacheApsVar and apachePatientResult 
tables. We excluded data with extreme values, including BMI > 50 kg/m2 and ACC mean ± 3 SD.

Outcomes
The primary endpoint was 28-day in-hospital mortality.

Ethics statement
This study used data from the eICU-CRD under a data use agreement (record ID: 65166974 and 66676691) 
approved by the PhysioNet Review Committee. The database adheres to the Health Insurance Portability and 
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Accountability Act (HIPAA) safe harbor provision. As the data were de-identified, local ethics committee 
approval was not required.

Statistical analysis
Patients were categorized into three groups based on baseline ACC levels: (1) Low (< 9.04 mg/dL, n = 704); (2) 
Middle (9.04–< 9.64 mg/dL, n = 690); (3) High (9.66–< 11.92 mg/dL, n = 720) (Table 1). Continuous variables 
were expressed as mean ± standard deviation (SD) or interquartile range (IQR) and compared using the Mann–

Fig. 1.  Flow chart of study population. ICU intensive care unit.
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Characteristic

Albumin corrected calcium (mg/dL)

5.96–9.04 9.06–9.64 9.66–11.92 P value

Participants 704 690 720

Demographics

Age (years) 62.00 (52.00–73.00) 65.00 (55.00–73.00) 65.00 (57.00–73.25) < 0.001

Gender (%) 0.525

 Male 306 (43.47%) 314 (45.51%) 334 (46.39%)

 Female 398 (56.53%) 376 (54.49%) 386 (53.61%)

Ethnicity (%) < 0.001

 Caucasian 390 (55.95%) 403 (58.83%) 383 (53.27%)

 African American 158 (22.67%) 149 (21.75%) 220 (30.60%)

 Hispanic 77 (11.05%) 58 (8.47%) 50 (6.95%)

 Asian 35 (5.02%) 40 (5.84%) 38 (5.29%)

 Native American 21 (3.01%) 14 (2.04%) 10 (1.39%)

 Other/Unknown 16 (2.30%) 21 (3.07%) 18 (2.50%)

 BMI (kg/m2) 28.08 ± 6.79 28.01 ± 6.93 27.81 ± 6.71 0.832

Period (%) 0.062

 2014 340 (48.30%) 299 (43.33%) 354 (49.17%)

 2015 364 (51.70%) 391 (56.67%) 366 (50.83%)

Vital signs

 Heart rate (/min) 104.00 (91.00–119.00) 100.00 (66.00–118.75) 105.00 (90.00–122.00) < 0.001

 MAP (mmHg) 61.00 (48.00–134.00) 61.00 (48.00–132.00) 56.00 (46.00–121.00) < 0.001

 Respiratory rate (bpm) 29.00 (11.00–39.00) 28.00 (10.00–36.50) 28.00 (11.00–36.00) 0.126

 Temperature (°C) 36.28 ± 1.13 36.34 ± 1.01 36.22 ± 1.19 0.166

Laboratory data

 Serum potassium (mmol/L) 4.56 ± 0.95 4.51 ± 0.89 4.54 ± 0.89 0.665

 Albumin(g/dL) 3.03 ± 0.64 2.86 ± 0.62 2.65 ± 0.62 < 0.001

 BUN (mg/dL) 43.00 (30.00–60.00) 40.00 (28.00–56.00) 42.00 (30.00–59.00) 0.008

 Serum creatinine (mg/dL) 5.73 (3.80–7.86) 5.13 (3.50–7.11) 5.06 (3.63–7.00) < 0.001

 WBC (109/L) 9.60 (7.00–14.00) 9.80 (6.88–14.30) 10.79 (7.80–16.02) 0.015

 RBC (M/mcl) 3.19 ± 0.64 3.15 ± 0.60 3.19 ± 0.63 0.506

 Hemoglobin (g/dL) 9.64 ± 1.81 9.52 ± 1.75 9.54 ± 1.80 0.450

 Platelets (109/L) 161.00 (118.75–212.00) 169.00 (123.00–227.25) 182.00 (129.00–247.00) < 0.001

Severity of illness

 Apache IV score 66.00 (53.00–84.75) 67.00 (55.00–86.00) 73.50 (59.00–91.75) < 0.001

 SOFA score 5.00 (4.00–8.00) 5.00 (4.00–8.00) 6.00 (5.00–8.00) 0.141

Comorbidities

CHF (%) 0.278

 No 607 (86.22%) 574 (83.19%) 606 (84.17%)

 Yes 97 (13.78%) 116 (16.81%) 114 (15.83%)

Diabetes (%) 0.662

 No 417 (59.74%) 391 (57.33%) 414 (58.56%)

 Yes 281 (40.26%) 291 (42.67%) 293 (41.44%)

Immunosuppression (%) 0.540

 No 687 (98.42%) 668 (97.95%) 690 (97.60%)

 Yes 11 (1.58%) 14 (2.05%) 17 (2.40%)

Metastatic cancer (%) 0.533

 No 689 (98.71%) 677 (99.27%) 701 (99.15%)

 Yes 9 (1.29%) 5 (0.73%) 6 (0.85%)

Cirrhosis (%) 0.377

 No 671 (96.13%) 645 (94.57%) 672 (95.05%)

 Yes 27 (3.87%) 37 (5.43%) 35 (4.95%)

Hepatic failure (%) 0.230

 No 680 (97.42%) 658 (96.48%) 677 (95.76%)

 Yes 18 (2.58%) 24 (3.52%) 30 (4.24%)

Sepsis (%) 0.003

 No 530 (75.28%) 547 (79.28%) 514 (71.39%)

Continued
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Whitney U-test. Categorical variables were expressed as frequencies or percentages and compared using the 
Chi-squared test. Univariate analysis was performed to determine potential variables related to mortality 
(Table 2). The association between ACC levels and 28-day in-hospital mortality was assessed using a logistic 
regression model. Analyses were performed in three models: Crude model (no adjustments), Model I (adjusted 
for age, gender, hospital discharge year, and ethnicity), and Model II (adjusted for all potential confounders, 
including age, gender, hospital discharge year, ethnicity, BMI, CHF, diabetes, hepatic failure, metastatic cancer, 
sepsis, immunosuppression, SOFA, BUN, serum creatinine, albumin, and hemoglobin) (Table 3). ACC was 
also analyzed as a categorical variable, and subgroup analyses were conducted to explore interactions across 
various strata, including age, gender, BMI, ethnicity, CHF, diabetes, sepsis, phosphate, albumin, and SOFA scores 
(Fig. 2). We used a generalized additive model (GAM) to investigate the dose–response relationship between 
the ACC levels and mortality (Fig. 3). We then used a two-piece-wise linear regression model to examine the 
threshold effect of ACC levels on mortality (Table 4). The turning point for the ACC level was determined using 
“exploratory” analyses, which is to move the trial turning point along the pre-defined interval and pick up the 
one which gave maximum model likelihood. We also performed a log-likelihood ratio test and compared the 
one-line linear regression model with the two-piece-wise linear model, as described in the previous analysis21.

Sensitivity analysis involved adjusting for confounding factors across different subgroups to examine the 
relationship between ACC and mortality in various models (Table 3).

All analyses were conducted using R (http://www.R-project.org) and EmpowerStats ​(​​​h​t​t​p​:​/​/​w​w​w​.​e​m​p​o​w​e​r​s​t​
a​t​s​.​c​o​m​​​​​)​. Statistical significance was defined as a two-sided P value < 0.05.

Results
Participants
A total of 2,114 participants were included in the study, with 290 deaths observed during the follow-up period 
(Fig. 1). The median age of participants was 64 years (IQR: 55–73), and 54.5% (n = 1,160) were female. Table 1 
summarizes patient demographics, vital signs, laboratory results, and comorbidities across tertiles of ACC levels. 
Patients in the highest tertile were generally older and exhibited lower MAP, albumin, and serum creatinine 
levels, while showing higher WBC and platelet counts compared to those in the lowest tertile.

Of the total cohort, missing values for covariates included: ethnicity (13, 0.61%), comorbidities (27, 1.28%), 
heart rate (27, 1.28%), MAP (28, 1.32%), respiratory rate (33, 1.56%), temperature (143, 6.76%), serum potassium 
(3, 0.14%), BUN (1, 0.05%), serum creatinine (5, 0.24%), WBC (62, 2.93%), RBC (62, 2.93%), hemoglobin (51, 
2.41%), platelets (73, 3.45%), and APACHE-IV score (257, 12.15%).

28-Day In-Hospital Mortality
The overall 28-day in-hospital mortality rate was 14.52% (290/2114). Stratified by ACC tertiles, mortality rates 
were 10.37%, 13.91%, and 16.81% for the lowest, middle, and highest tertiles, respectively (Table 1).

Unadjusted association between baseline variables and 28-day mortality
Univariate analysis identified multiple factors that were significantly associated with 28-day mortality (Table 2). 
The mean ACC was 9.36 ± 0.82 mg/dL. Increased mortality was observed with rising calcium levels: middle tertile 
(OR 1.40, 95% CI 1.01–1.93, P = 0.0433) and high tertile (OR 1.75, 95% CI 1.28–2.38, P = 0.0004). Advanced age 
was a strong independent risk factor (OR 2.17, 95% CI 1.56–3.02, P < 0.0001). Additional significant risk factors 
included elevated heart rate (OR 2.10, 95% CI 1.54–2.87, P < 0.0001), infection (OR 1.71, 95% CI 1.31–2.23, 
P < 0.0001), and high APACHE-IV (OR 8.83, P < 0.0001) and SOFA (OR 5.84, P < 0.0001) scores.

Relationship Between ACC and 28-day in-hospital mortality in different models.
Multivariable models confirmed the association between ACC levels and mortality risk (Table 3). In the 
unadjusted model, each unit increase in ACC was associated with higher mortality risk (OR 1.27, 95% CI 1.09–
1.48, P = 0.0024). This relationship persisted after adjusting for confounders (Adjusted Model I: OR 1.29, 95% CI 
1.10–1.51, P = 0.0020; Adjusted Model II: OR 1.24, 95% CI 1.05–1.47, P = 0.0129).

Stratified analysis revealed significantly increased mortality risk in the high-calcium group. In Model II, the 
high-calcium tertile had an OR of 1.69 (95% CI 1.09–2.53, P = 0.0032). Elevated ACC levels were significantly 

Characteristic

Albumin corrected calcium (mg/dL)

5.96–9.04 9.06–9.64 9.66–11.92 P value

 Yes 174 (24.72%) 143 (20.72%) 206 (28.61%)

 Time hospital (day) 6.04(3.86–10.65) 6.12(3.79–10.53) 6.90(3.67–11.64) 0.057

28-day mortality (%) 0.002

 No 631 (89.63%) 594 (86.09%) 599 (83.19%)

 Yes 73 (10.37%) 96 (13.91%) 121 (16.81%)

Table 1.  Baseline characteristics and 28-day mortality according to ACC tertiles (N = 2114). Data are 
expressed as the mean ± SD, median (interquartile range), or percentage. One-way ANOVA, Kruskal–Walli’s 
test, or chi-square test. BMI, body mass index; CHF, congestive heart failure; MAP, mean arterial pressure; 
APACHE-IV score, Acute Physiology and Chronic Health Evaluation-IV score; SOFA Sequential Organ 
Failure Assessment.
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Exposure Statistics Hospital 28-day mortality P value

ACC (mg/dL) 9.36 ± 0.82 1.27 (1.09, 1.48) 0.0024

ACC (mg/dL) tertile

 5.96–9.04 704 (33.30%) 1.0

 9.06–9.64 690 (32.64%) 1.40 (1.01, 1.93) 0.0433

 9.66–11.92 720 (34.06%) 1.75 (1.28, 2.38) 0.0004

Age (years) Tertile

 21–57 671 (31.74%) 1.0

 58–69 716 (33.87%) 1.78 (1.27, 2.50) 0.0008

 70–89 727 (34.39%) 2.17 (1.56, 3.02) < 0.0001

Gender

 Male 954 (45.13%) 1.0

 Female 1160 (54.87%) 1.05 (0.82, 1.34) 0.7154

Ethnicity

 Caucasian 1176 (55.97%) 1.0

 African American 527 (25.08%) 0.61 (0.44, 0.84) 0.0028

 Hispanic 185 (8.81%) 0.69 (0.42, 1.11) 0.1242

 Asian 113 (5.38%) 0.58 (0.30, 1.10) 0.0936

 Native American 45 (2.14%) 1.73 (0.86, 3.48) 0.1224

 Other/Unknown 55 (2.62%) 0.78 (0.35, 1.75) 0.5494

Hospital discharge year

 2014 993 (46.97%) 1.0

 2015 1121 (53.03%) 1.22 (0.95, 1.56) 0.1220

CHF

 No 1787 (84.53%) 1.0

 Yes 327 (15.47%) 0.75 (0.52, 1.08) 0.1226

Diabetes

 No 1222 (58.55%) 1.0

 Yes 865 (41.45%) 0.98 (0.76, 1.26) 0.8602

BMI (kg/m2) Tertile

 12.52–24.38 705 (33.35%) 1.0

 24.39–30.04 704 (33.30%) 1.23 (0.90, 1.68) 0.2006

 30.06–49.63 705 (33.35%) 1.36 (1.00, 1.84) 0.0523

Immunosuppression

 No 2045 (97.99%) 1.0

 Yes 42 (2.01%) 1.48 (0.68, 3.24) 0.3222

Metastatic cancer

 No 2067 (99.04%) 1.0

 Yes 20 (0.96%) 1.57 (0.52, 4.73) 0.4230

Heart rate (/min) Tertile

 20.0–93 675 (32.34%) 1.0

 94–112 693 (33.21%) 1.15 (0.81, 1.61) 0.4329

 113–209 719 (34.45%) 2.10 (1.54, 2.87) < 0.0001

MAP (mmHg) Tertile

 40–50 694 (33.27%) 1.0

 51–115 694 (33.27%) 0.42 (0.31, 0.57) < 0.0001

 116–200 698 (33.46%) 0.43 (0.32, 0.59) < 0.0001

Respiratory rate (bpm) Tertile

 4–12 674 (32.39%) 1.0

 13–33 685 (32.92%) 1.56 (1.13, 2.16) 0.0068

 34–60 722 (34.69%) 1.57 (1.14, 2.16) 0.0058

Temperature  (°C) Tertile

 22.1–36.16 613 (31.10%) 1.0

 36.2–36.55 657 (33.33%) 0.63 (0.46, 0.86) 0.0034

 36.6–40.8 701 (35.57%) 0.51 (0.37, 0.71) < 0.0001

Cirrhosis

 No 1988 (95.26%) 1.0

Continued
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associated with 28-day in-hospital mortality, and the results remain robust after adjusting for multiple 
confounders.

Subgroup analyses of the relationship between ACC and 28-day mortality
Subgroup analyses evaluated the modifying effects of demographic and clinical variables on the relationship 
between ACC levels and mortality (Fig. 2). Age emerged as a significant effect modifier (P-interaction = 0.0239). 
Among younger patients (< 65 years), higher calcium levels significantly increased mortality risk (OR 1.49, 95% 
CI 1.17–1.89, P = 0.0013), whereas no significant association was observed in older patients (≥ 65  years, OR 
1.03, 95% CI 0.83–1.27, P = 0.8149). Male patients showed a modestly elevated risk (OR 1.27, 95% CI 1.00–

Exposure Statistics Hospital 28-day mortality P value

 Yes 99 (4.74%) 1.97 (1.21, 3.19) 0.0061

Hepatic failure

 No 2015 (96.55%) 1.0

 Yes 72 (3.45%) 2.15 (1.24, 3.73) 0.0061

Albumin (g/dL) Tertile

 0.7–2.5 666 (31.50%) 1.0

 2.6–3.0 616 (29.14%) 0.62 (0.45, 0.84) 0.0025

 3.1–6.2 832 (39.36%) 0.56 (0.42, 0.75) 0.0001

BUN (mg/dL) Tertile

 4.0–32.90 672 (31.80%) 1.0

 33.0–51.0 711 (33.65%) 0.95 (0.70, 1.30) 0.7412

 52.0–168 730 (34.55%) 1.10 (0.81, 1.48) 0.5490

Serum creatinine (mg/dL) Tertile

 0.31–4.15 701 (33.24%) 1.0

 4.16–6.45 704 (33.38%) 0.80 (0.60, 1.06) 0.1199

 6.46–26.39 704 (33.38%) 0.46 (0.33, 0.63) < 0.0001

WBC (109/L) Tertile

 0.1–8.08 682 (33.24%) 1.0

 8.1–12.87 681 (33.19%) 1.23 (0.85, 1.76) 0.2685

 12.9–179.3 689 (33.58%) 2.96 (2.15, 4.08) < 0.0001

RBC (M/mcl) Tertile

 0.95–2.85 680 (33.14%) 1.0

 2.86–3.38 682 (33.24%) 0.85 (0.62, 1.16) 0.2921

 3.39–5.88 690 (33.63%) 1.04 (0.77, 1.41) 0.7873

Hemoglobin (g/dL) Tertile

 3.1–8.6 651 (31.56%) 1.0

 8.7–10.1 682 (33.06%) 0.85 (0.62, 1.17) 0.3281

 10.2–17.1 730 (35.39%) 1.08 (0.80, 1.45) 0.6231

Platelets (109/L) Tertile

 6–140 677 (33.17%) 1.0

 141–206 683 (33.46%) 0.61 (0.45, 0.84) 0.0023

 207–793 681 (33.37%) 0.84 (0.62, 1.13) 0.2407

SEPSIS

 0 1591 (75.26%) 1.0

 1 523 (24.74%) 1.71 (1.31, 2.23) < 0.0001

Apache IV score Tertile

 17–59 593 (31.93%) 1.0

 60–80 645 (34.73%) 2.93 (1.82, 4.73) < 0.0001

 81–211 619 (33.33%) 8.83 (5.66, 13.78) < 0.0001

SOFA score

 0–4 604 (28.57%) 1.0

 5–6 674 (31.88%) 1.49 (0.95, 2.35) 0.0834

 7–16 836 (39.55%) 5.84 (3.96, 8.63) < 0.0001

Table 2.  Unadjusted association between baseline variables and 28-day in-hospital mortality (n = 2114). Data 
are expressed as the mean ± SD deviation or percentage. CI confidence interval; OR odds ratio. BMI body mass 
index, CHF congestive heart failure, MAP mean arterial pressure, APACHE-IV scores Acute Physiology and 
Chronic Health Evaluation–IV score, SOFA Sequential Organ Failure Assessment.
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1.62, P = 0.0477). Patients without CHF (OR 1.26, P = 0.0070) or diabetes (OR 1.30, P = 0.0119) had significantly 
increased risks. Elevated mortality risk was also noted in patients with sepsis (OR 1.40, P = 0.0126), low albumin 
(OR 1.37, P = 0.0171), and low phosphate levels (OR 1.48, P = 0.0317). The results indicated that younger age, 
male gender, middle BMI, absence of chronic comorbidities, low albumin level, and lower disease severity were 
associated with a stronger effect. This underscores the importance of individualized risk assessments in clinical 
practice.

Nonlinear relationship between ACC and 28-day mortality
We observed a nonlinear dose–response relationship between ACC and mortality (Fig. 3 and Table 4). Using 
the GAM, a nonlinear association between the ACC and 28-day mortality was detected (Table 4). The linear 
regression model and a two-piece-wise linear regression model were compared, and the P value of the log-
likelihood ratio test was 0.020. This result indicates that a two-piece-wise linear regression model would be more 
appropriate to characterize the relationship.

When the ACC levels were < 8.04 mg/dL, the mortality rate decreased with an adjusted OR of 0.44 (95% CI 
0.20–0.98, P = 0.0438) for every 1 mg/dL increase in the ACC. When the ACC levels were ≥ 8.04 mg/dL, the effect 
size was 1.36 (95% CI 1.13–1.64, P = 0.0011), and the risk of 28-day in-hospital mortality increased by 36% for 
every 1 mg/dL increase in the ACC level.

A dose–response relationship was observed, with distinct patterns based on age (Supplementary Figure 1). 
In younger patients, a linear relationship was more appropriate (P = 0.121), while in older patients, a piecewise 
linear model was more suitable (P = 0.020) (Supplementary Table 1).

Discussion
This multicenter retrospective cohort study of 2,114 MHD patients admitted to the ICU revealed a significant 
and intricate association between ACC levels and 28-day in-hospital mortality. We also clarified the association 
between ACC and 28-day in-hospital mortality. The risk of 28-day in-hospital mortality increased by 43% in 
the 9.06–9.64 mg/dl subgroup and 69% in the 9.66–11.92 mg/dl subgroup when the ACC increased by 1 mg/
dl after adjustment. The major finding was that the association between the ACC level and the risk of all-cause 
mortality was non-linear, and the risk was highest in those with very low or very high ACC levels. After a series 
of sensitivity analyses, stability existed in this relationship. These findings underscore the critical importance of 
precise calcium management in MHD patients. To our knowledge, this is the first study to report an association 
between ACC and 28-day mortality in this patient population.

Serum calcium levels have been associated with both morbidity and mortality in the general healthy population 
as well as in various diseases. ACC exhibited a U-shaped relationship with all-cause and cardiovascular mortality 
rates in the general healthy population27. A meta-analysis of eight cohort studies involving 89,165 participants 
demonstrated a 16% increased diabetes risk per 1 mg/dL rise in ACC18. Similarly, a cross-sectional study of 
3,016 type 2 diabetes patients found a 0.1 mmol/L increase in ACC associated with a 44% higher risk of diabetic 
nephropathy19. For instance, a retrospective study of 11,446 acute myocardial infarction patients reported that 
ACC levels below 9.12 mg/dL or above 9.86 mg/dL independently predicted increased in-hospital mortality28.

ACC levels were also strongly associated with clinical outcomes in critically ill patients. A multicenter 
retrospective cohort study of 102,245 ICU patients identified a U-shaped relationship between ACC and 30-day 
in-hospital mortality, with an inflection point at 8.9 mg/dL. Each 1 mg/dL increase below this threshold reduced 
mortality risk by 10%, while increased above this threshold heightened risk by 10%21. A five-year retrospective 
study of 129,076 dialysis patients, including 10,066 on peritoneal dialysis and 119,010 on hemodialysis, revealed 
that ACC ≥ 10.2 mg/dL was linked to increased mortality risk, regardless of dialysis modality11. However, our 
study population, consisting of ICU-admitted MHD patients, represented a sicker cohort with a focus on short-
term outcomes. Using GAM, we explored the nonlinear relationship between ACC and mortality. Notably, our 
findings align with those of a multicenter retrospective cohort study of 2,869 MHD patients, which identified 
elevated ACC levels as significantly associated with infection-related and all-cause mortality12. While both 
studies demonstrated increased mortality risks with high ACC levels, our study introduced additional insights, 
including age-specific variations, threshold effects, and short-term prognostic implications. Moreover, our 

Non-adjusted Adjust I Adjust II

ACC (mg/dL) 1.27 (1.09, 1.48) 0.0024 1.29 (1.10, 1.51) 0.0020 1.24 (1.05, 1.47) 0.0129

ACC (mg/dL) Tertile

 5.96–9.04 1.0 1.0 1.0

 9.06–9.64 1.40 (1.01, 1.93) 0.0433 1.37 (0.98, 1.90) 0.0642 1.43 (1.00, 2.04) 0.0505

 9.66–11.92 1.75 (1.28, 2.38) 0.0004 1.76 (1.28, 2.42) 0.0005 1.69 (1.09, 1.53) 0.0032

P for tend 0.0004 0.0005 0.0035

Table 3.  Relationship between ACC and 28-day in-hospital mortality in different models. Crude model: We 
did not adjust for other covariates. Model I: Adjusted for age, gender, year of hospital discharge, and ethnicity. 
Model II: We adjusted for age, gender, ethnicity, hospital discharge year, CHF, Diabetes, Metastatic cancer, 
hepatic failure, SEPSIS, Immunosuppression, BMI, Hemoglobin, Albumin, BUN, serum creatinine, and SOFA 
scores. CI confidence interval, OR odds ratio.
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analysis incorporated detailed clinical and laboratory data from the eICU database to account for potential 
confounders.

The observed association between elevated ACC levels and poor prognosis in ICU-admitted MHD patients 
may be explained by several mechanisms. Elevated calcium levels increase intracellular calcium concentrations, 
disrupt adherens junctions, induce reactive oxygen species (ROS) release, heighten endothelial permeability, 
and cause dysfunction29,30. Additionally, serum calcium stimulates vascular smooth muscle cells to produce 
pro-calcific factors, accelerating vascular calcification under pathological conditions31. Abnormal calcium 
concentrations impair neutrophil function, reducing immunity and increasing infection susceptibility32. 
Calcium dysregulation may also contribute to cardiac arrhythmias. These mechanisms collectively suggest that 
abnormal serum calcium exacerbates endothelial dysfunction, vascular calcification, immune suppression, and 
cardiac complications, culminating in increased mortality risk.

Fig. 2.  Effect size of albumin corrected calcium level and 28-day in-hospital mortality in different subgroups. 
Adjusted for hospital discharge year, Ethnicity, Immunosuppression, Blood urea nitrogen (mg/dL), and serum 
creatinine (mg/dL). CI, confidence interval; OR, odds ratio; BMI, body mass index; CHF, congestive heart 
failure; SOFA, Sequential Organ Failure Assessment.
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Strengths
This study’s strengths lie in its rigorous design and innovative analytical approach. First, we utilized the eICU-
CRD database, a large multicenter dataset encompassing 335 ICUs, 200,859 patients, and 208 hospitals, ensuring 
broad representativeness and external validity. Second, advanced statistical methods, including GAM and 
segmented regression models, allowed for nuanced exploration of the nonlinear relationship between ACC and 
mortality. Third, subgroup analyses, particularly those stratified by age, shed light on age-specific interactions, 
offering valuable insights into personalized medicine. Finally, comprehensive adjustments for confounders 
such as demographics, comorbidities, inflammatory markers, and organ function scores enhanced the internal 
validity of the study.

Limitations
Despite its strengths, this study has limitations. First, the study population, derived from the eICU-CRD database, 
was limited to U.S. MHD patients, potentially restricting generalizability to other populations. Second, as an 
observational study, we acknowledge the limitations in establishing causal relationships. Third, unmeasured 
confounders, such as unrecorded clinical parameters or lifestyle factors, may have influenced the results. Fourth, 
the inability to differentiate specific causes of death hindered deeper exploration of mortality drivers. Finally, the 
lack of long-term follow-up data precluded assessment of ACC’s impact on extended prognosis.

Fig. 3.  Non-linear relationship between albumin corrected calcium levels and 28-day hospital mortality. 
Adjusted for age, gender, ethnicity, CHF, diabetes, BMI, hospital discharge year, hepatic failure, albumin, 
metastatic cancer, blood urea nitrogen, serum creatinine, hemoglobin, SOFA score, immunosuppression, and 
sepsis.
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Future research directions
The observational study identified that ACC levels may be significantly relevant to short-term prognosis in ICU 
patients undergoing MHD. Although our findings do not provide direct clinical guidance, they suggest that 
clinicians need to pay attention to ACC levels in this patient group. When considering calcium supplementation 
or adjusting the calcium concentration in dialysate, clinicians can refer to these findings to optimize patients’ACC 
levels. However, further prospective studies are necessary to validate these associations and explore the potential 
benefits of targeted interventions. Recent advancements in artificial intelligence and machine learning have 
significantly enhanced predictive accuracy across various healthcare applications. Specifically, advanced 
optimization techniques, such as hybridized gradient boosting and optimized neural networks, have been 
widely applied to enhance model performance and improve outcome prediction33–35. Future research could 
incorporate such AI-based models, which may help improve risk stratification and provide opportunities for 
early intervention.

Conclusions
This study utilized data from the eICU-CRD database to identify a dose–response relationship between ACC 
levels and 28-day in-hospital mortality among ICU patients undergoing MHD. A total of 2,114 patients were 
included in the analysis. After adjusting for confounding factors, each 1 mg/dL increase in ACC is associated 
with an approximately 24%-29% increase in the risk of 28-day mortality. Additionally, the association between 
ACC levels and 28-day mortality risk was nonlinear, with a turning point at 8.04 mg/dL. Given the significant 
impact of ACC on short-term outcomes, clinicians should pay much more attention and give priority to ACC 
management in ICU patients undergoing MHD. Further investigation into the underlying mechanisms linking 
elevated ACC to mortality could provide new therapeutic targets for improving outcomes in this vulnerable 
patient group.

Data availability
The datasets analyzed during the study are available in the eICU Collaborative Research Database ​(​​​h​t​t​p​s​:​/​/​e​i​c​
u​-​c​r​d​.​m​i​t​.​e​d​u​/​​​​​)​.​​
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