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ABSTRACT

Objectives: The objective of this study was to evaluate the risk of acute respiratory failure 

(ARF) in all hospitalized patients based on admission serum ionized calcium 

Design: A retrospective cohort study

Setting: a tertiary referral hospital in Rochester, Minnesota, USA 

Participants: All hospitalized patients who had serum ionized calcium measurement within 24 

hours of hospital admission from January 2009 to December 2013. Patients who were 

mechanically ventilated at admission were excluded.

Predictors: Admission serum ionized calcium levels was stratified into six groups; ≤4.39, 4.40 

to 4.59, 4.60 to 4.79, 4.80 to 4.99, 5.00 to 5.19, and ≥5.20 mg/dL. 

Primary outcome measure: The outcome of interest was the development of ARF requiring 

mechanical ventilation during hospitalization. Logistic regression analysis was performed to 

assess the independent risk of ARF based on various admission serum ionized calcium, using 

serum ionized calcium of 5.00 to 5.19 mg/dL as the reference group.

Results: Of 25,709 eligible patients, with the mean serum ionized calcium of 4.8±0.4 mg/dL, 

ARF requiring mechanical ventilation occurred in 2,563 patients (10%). The incidence of ARF 

was lowest when admission serum ionized calcium was 5.00-5.19 mg/dL, with progressively 

increased risk of ARF with decreased serum ionized calcium. In multivariate analysis adjusting 

for potential confounders, increased risk of ARF requiring mechanical ventilation was 

significantly associated with admission serum ionized calcium of ≤4.39 (OR 2.49; 95% CI 2.10-

2.97), 4.40 to 4.59 (OR 1.75; 95% CI 1.48-2.06), and 4.60 to 4.79 mg/dL (OR 1.47; 95% CI 

1.27-1.71), compared with serum ionized calcium of 5.00-5.19 mg/dL. The risk of ARF was not 

significantly increased when serum ionized calcium was at least 4.80 mg/dL. 
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Conclusion: Increased risk of ARF requiring mechanical ventilation was observed when 

admission serum ionized calcium was lower than 4.80 mg/dL in hospitalized patients. 
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Strength and limitation of this study

 This study is a large cohort study that investigate the association between serum ionized 

calcium and the risk of respiratory failure requiring mechanical ventilation in all hospitalized 

patients

 This study extensively adjusted for several potential confounders to assess the independent 

association

 Due to retrospective observational study design, the causal relationship between admission 

serum ionized calcium cannot be firmly established. 
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INTRODUCTION

Serum calcium consists of three portions. Approximately 15% is bound to organic and inorganic 

anions, 40% is bound to proteins, particularly albumin, and 45% circulates as active ionized 

calcium.1 This last portion is strictly controlled by parathyroid hormone (PTH) and vitamin D.2 

Total serum calcium concentration substantially varies upon the serum concentration of albumin 

and hydration status without any alteration in the concentration of ionized calcium. Hence, 

measuring only total serum calcium might be misleading. The gold standard for assessing 

calcium status is to measure ionized calcium.3 4 

On the other hand, some conditions such as acid-base disorder might cause alteration in 

ionized calcium without any change in total serum calcium concentration. For instance, during 

acute respiratory alkalosis episode, there is a decrease in ionized calcium at approximately 0.16 

mg/dl per 0.1 unit increase in serum pH.5 As a result, acute respiratory alkalosis can cause 

symptoms of hypocalcemia, including tetany, seizure, paresthesia, muscle weakness, cramping 

and respiratory failure and arrest, which requires mechanical ventilation.6 However, there is no 

obvious evidence demonstrating the association between serum ionized calcium and the risk of 

acute respiratory failure (ARF) requiring mechanical ventilation. 

Our study aimed to assess the association between initial serum ionized calcium level at the 

admission and the risk of ARF requiring mechanical ventilation during hospitalization as we 

hypothesized that serum ionized calcium might be an early predictor of ARF requiring 

mechanical ventilation. 

MATERIALS AND METHODS

Study Population
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This is a single-center cohort study. All adult patients, admitted to Mayo Clinic Rochester from 

January 1st, 2009, to December 31st, 2013, with available admission serum ionized calcium, 

were included. Patients who had ARF requiring mechanical ventilation at the time of admission 

were excluded. This study was approved by the Mayo Institutional Review Board (IRB number 

15-0000024). All included patients provided authorization of their data use for research purpose. 

Data Collection and Clinical Outcomes

Clinical characteristics and laboratory data were obtained using automated retrieval from the 

institutional electronic medical record system. The predictor of interest was the admission serum 

ionized calcium, defined as the first serum ionized calcium value measured within 24 hours of 

hospital admission. Estimated GFR was calculated based on age, sex, race, and serum 

creatinine, using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation.7 

The Charlson Comorbidity Index was calculated to assess comorbidities at the time of 

admission.8 Principal diagnoses were grouped based on ICD-9 codes. Acute kidney injury was 

defined as an increase in serum creatinine of ≥ 0.3 mg/dL or ≥ 1.5 times from most recent 

outpatient serum creatinine before hospital admission. The outcome of interest was ARF 

requiring mechanical ventilation during hospitalization. The use of mechanical ventilation during 

the procedure was not included as the outcome.

Patient and Public Involvement

Patients or the public were no involved in the design, or conduct, or reporting, or dissemination 

of this study.

Statistical Analysis

Continuous variables were presented as mean ± standard deviation (SD). Categorical variables 

were presented as count with percentage. Continuous and categorical variables were compared 
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among admission serum ionized calcium group, using ANOVA and the Chi-square test, 

respectively. Admission serum ionized calcium was categorized into 6 groups based on the 

percentile distribution (10% | 25% | 50% | 75% | 90%): ≤4.39, 4.40 to 4.59, 4.60 to 4.79, 4.80 to 

4.99, 5.00 to 5.19, and ≥5.20 mg/dL. The admission serum ionized calcium level of 5.00 to 5.19 

mg/dL was selected as the reference group for outcome comparison since it was associated 

with the lowest incidence of ARF requiring mechanical ventilation. Multivariate logistic 

regression analysis was performed to assess the independent association between admission 

serum ionized calcium levels and ARF requiring mechanical ventilation. Odds ratio (OR) with 

95% confidence interval (CI) were reported. The a priori-defined adjusting variables included 

age, sex, race, baseline GFR, Charlson Comorbidity Index, history of coronary artery disease, 

hypertension, diabetes mellitus, congestive heart failure, chronic obstructive pulmonary disease, 

asthma, dementia, stroke, cirrhosis, principal diagnosis, acute kidney injury and the use of 

vasopressor at hospital admission. There was no missing data in this study. A two-tailed p-value 

of less than 0.05 was considered statistically significant. All analyses were performed using JMP 

statistical software (version 10, SAS Institute, Cary, NC). 

RESULTS

Clinical characteristics

A total of 33,255 patients with available serum ionized calcium measurement within 24 hours of 

hospital admission were identified. After 7,546 patients who were on mechanical ventilation at 

admission were excluded, 25,709 patients were analyzed. Fifty-four percent of enrolled patients 

were male. The mean age was 63±17 years. The mean admission serum ionized calcium was 

4.8 mg/dL. 9%, 14%, 28%, 28%, 14%, 8% had admission serum ionized calcium of ≤4.39, 4.40 

to 4.59, 4.60 to 4.79, 4.80 to 4.99, 5.00 to 5.19, and ≥5.20 mg/dL. The clinical characteristics of 

patients based on admission serum ionized calcium levels were shown in Table 1. 
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Admission serum ionized calcium and risk of in-hospital acute respiratory failure 

Of 25,709 patients, the overall incidence of ARF requiring mechanical ventilation during 

hospitalization was 10%. The lowest incidence of ARF requiring mechanical ventilation was 

when admission serum ionized calcium of 5.00 to 5.19 mg/dL (7.3%), while the highest 

incidence was when admission serum ionized calcium of ≤4.39 mg/dL (16.6%) (Figure 1 and 

Table 2). Progressively increased incidence of ARF requiring mechanical ventilation was 

observed with decreased admission serum ionized calcium. Multivariable analysis adjusting for 

potential confounders showed that increased risk of ARF requiring mechanical ventilation was 

significantly associated with admission serum ionized calcium of ≤4.39 (OR 2.49; 95% CI 2.10-

2.97), 4.40 to 4.59 (OR 1.75; 95% CI 1.48-2.06), and 4.60 to 4.79 mg/dL (OR 1.47; 95% CI 

1.27-1.71), compared with serum ionized calcium of 5.00-5.09 mg/dL. There was no significant 

difference in risk of ARF requiring mechanical ventilation when admission serum ionized 

calcium ≥4.8 mg/dL. 

DISCUSSION

The results of our study revealed that admission serum ionized calcium ≤ 4.79 mg/dL was 

significantly associated with higher odds of ARF requiring mechanical ventilation compared to 

admission serum ionized calcium of 5.00-5.19 mg/dL. While either admission serum ionized 

calcium of 4.80-4.99 mg/dL or ≥5.20 mg/dL suggested higher odds of ARF requiring mechanical 

ventilation. Nonetheless, these associations were not significant. 

Our study is the first observational study that assessed the serum ionized calcium level as a 

predictor of ARF requiring mechanical ventilation among hospitalized patients. Calcium is 

known to inhibit sodium channels and represses depolarization of nerve and muscle fibers. 

Hence, hypocalcemia decreases the threshold for depolarization to fire an action potential9. 

Patients with hypocalcemia may present with various clinical signs and symptoms that correlate 
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with neuromuscular irritability, such as neurological, cardiovascular, psychiatric, and respiratory 

manifestations.10 11 In addition to muscle weakness and tetany causing ARF,10 12 13 Laryngeal 

spasm and bronchospasm leading to ARF have also been reported in patients with severe 

hypocalcemia.14 Low ionized serum calcium may also causes cardiac dysfunction including QTc 

interval prolongation and reduced left ventricular systolic function, resulting in acute pulmonary 

edema.15 In addition, lower serum ionized calcium may also reflect the severity of respiratory 

alkalosis which eventually leads to diaphragm fatigue and weakness due to hypocalcemia as 

well as the heavy workload of the diaphragm from principal disease per se.16 17 Our findings 

suggested a role of ionized serum calcium level as an early predictor of ARF requiring 

mechanical ventilation.

Our study had several strengths. We included a large cohort of 25,709 patients. Hence, we 

could use multiple logistic regressions to extensively adjust for several potential confounders 

without causing any overfitting problems. Moreover, we categorized serum ionized calcium 

based on percentile to explore the possibility of non-linear association, which might not be seen 

if we modeled serum ionized calcium as a continuous variable.

There are limitations to our study. Firstly, arterial blood gas at admission is lacking. Hence, we 

could not fully adjust metabolic/respiratory derangements. The type of respiratory failure was 

not investigated in this study. Secondly, due to retrospective observational study design, 

causality might not be well-established. It is possible that lower ionized calcium is a marker of 

the initial severity of ARF, which predicted the requirement for mechanical ventilation or the 

lower ionized calcium plays a pivotal role in diaphragm weakness which leads to ARF requiring 

mechanical ventilation. However, regardless of which mechanistic pathway it is, we raise the 

importance of serum ionized calcium as the main predictor of ARF requiring mechanical 

ventilation.

Page 11 of 19

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

In conclusion, there is an association between admission serum ionized calcium lower than 4.80 

mg/dL and higher odds of ARF requiring mechanical ventilation during hospitalization. Hence, a 

serum ionized calcium level might be a good predictor of ARF requiring mechanical ventilation. 

The impact of calcium replacement among patients with hypocalcemia on development of ARF 

needs to be investigated in prospective investigations. 
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Table

Table 1 Baseline clinical characteristics

Table 2 The association between admission serum ionized calcium levels and in-hospital acute 

respiratory failure requiring mechanical ventilation 

Figure legend

Figure 1 The rate of mechanical ventilation use in hospital based on admission serum ionize 

calcium level
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Table 1 baseline clinical characteristics
Serum ionized calcium level at hospital admission (mg/dl)variables All

≤4.39 4.40-4.59 4.60-4.79 4.80-4.99 5.00-5.19 ≥5.20 p
N 25709 2336 3539 7108 7137 3589 2000
Age (year) 63±17 60±17 63±17 64±17 64±17 63±18 65±17 <0.001
Male 13829 (54) 1207 (52) 1977 (56) 3974 (56) 3888 (54) 1853 (52) 930 (47) <0.001
Caucasian 23712 (92) 2096 (90) 3269 (92) 6598 (93) 6596 (92) 3311 (92) 1842 (92) <0.001
GFR (ml/min/1.73m2) 73±32 62±39 73±33 76±29 76±29 75±31 63±33 <0.001
Charlson score 2.3±2.6 2.4±2.7 2.4±2.7 2.2±2.6 2.1±2.5 2.1±2.5 2.6±2.8 <0.001
Comorbidities

- CAD
- HTN
- DM
- CHF
- COPD
- Asthma
- Dementia
- Stroke
- Cirrhosis

5516 (21)
14439 (56)
5884 (23)
2051 (8)

2663 (10)
2047 (8)
491 (2)

2326 (9)
759 (3)

410 (18)
1266 (54)
545 (23)
170 (7)
209 (9)
174 (7)
20 (0.8)
165 (7)
121 (5)

678 (19)
1906 (54)
787 (22)
319 (9)

353 (10)
275 (8)
43 (1)

264 (7)
145 (4)

1498 (21)
3906 (55)
1492 (21)

547 (8)
728 (10)
558 (8)
131 (2)
579 (8)
208 (3)

1614 (23)
4039 (57)
1649 (23)

538 (8)
764 (11)
592 (8)
154 (2)

679 (10)
156 (2)

839 (23)
2069 (58)
894 (25)
289 (8)

396 (11)
312 (9)
84 (2)

403 (11)
73 (2)

477 (24)
1253 (63)
517 (26)
188 (9)

213 (11)
136 (7)
59 (3)

236 (12)
56 (3)

<0.001
<0.001
<0.001

0.01
0.13
0.13

<0.001
<0.001
<0.001

Principal diagnosis
- Cardiovascular
- Hematology/Oncology
- Infectious disease
- Endocrine/metabolic
- Respiratory
- Gastrointestinal
- Genitourinary 
- Injury and poisoning
- Other

5554 (22)
5526 (21)
1044 (4)
1078 (4)
1104 (4)

2774 (11)
1104 (4)

3419 (13)
4106 (16)

295 (13)
415 (18)
236 (10)
136 (6)
94 (4)

336 (14)
223 (10)
330 (14)
271 (12)

566 (16)
932 (26)
204 (6)
149 (4)
144 (4)

436 (12)
165 (5)

490 (14)
453 (13)

1549 (22)
1804 (25)

248 (3)
252 (4)
294 (4)

739 (10)
228 (3)

957 (13)
1037 (15)

1832 (26)
1402 (20)

180 (3)
253 (4)
346 (5)

720 (10)
210 (3)

937 (13)
1257 (18)

908 (25)
599 (17)

97 (3)
128 (4)
140 (4)

381 (11)
117 (3)

487 (14)
732 (20)

404 (20)
374 (19)

79 (4)
160 (8)
86 (4)

162 (8)
161 (8)

218 (11)
356 (18)

<0.001

Acute kidney injury at admission 5671 (22) 869 (37) 850 (24) 1287 (18) 1255 (18) 707 (20) 703 (35) <0.001
Vasopressor use at admission 1306 (5) 183 (8) 211 (6) 392 (6) 345 (5) 109 (3) 66 (3) <0.001

Continuous data are presented as mean ± SD; categorical data are presented as count (percentage)
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Table 2 The association between admission serum ionized calcium levels and in-hospital acute respiratory failure requiring mechanical 
ventilation 

Univariate analysis Multivariate analysisSerum ionized calcium 
level at hospital 

admission (mg/dl)

Mechanical ventilator 
in hospital OR (95% CI) p Adjusted OR (95 % CI) P

≤4.39 388 (16.6) 2.53 (2.14-2.99) <0.001 2.49 (2.10-2.97) <0.001
4.40-4.59 429 (12.1) 1.75 (1.49-2.06) <0.001 1.75 (1.48-2.06) <0.001
4.60-4.79 742 (10.4) 1.48 (1.28-1.71) <0.001 1.47 (1.27-1.71) <0.001
4.80-4.99 590 (8.3) 1.14 (0.98-1.33) 0.08 1.13 (0.97-1.32) 0.11
5.00-5.19 262 (7.3) 1 (ref) - 1 (ref) -
≥5.20 152 (7.6) 1.04 (0.85-1.29) 0.68 1.15 (0.93-1.42) 0.54
Adjusted for age, sex, race, eGFR, Charlson Comorbidity Score, history of coronary artery disease, hypertension, diabetes mellitus, congestive 
heart failure, chronic obstructive pulmonary disease, asthma, dementia, stroke, cirrhosis, principal diagnosis, acute kidney injury and 
vasopressor use at hospital admission
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Figure 1 The rate of mechanical ventilation use in hospital based on admission serum ionize calcium level 
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STROBE Statement—Checklist of items that should be included in reports of cohort studies 
Item 
No Recommendation

Page

(a) Indicate the study’s design with a commonly used term in the title or 
the abstract

1, 3 Title and abstract 1

(b) Provide in the abstract an informative and balanced summary of what 
was done and what was found

3

Introduction
Background/rationale 2 Explain the scientific background and rationale for the investigation being 

reported
6

Objectives 3 State specific objectives, including any prespecified hypotheses 6

Methods
Study design 4 Present key elements of study design early in the paper 7
Setting 5 Describe the setting, locations, and relevant dates, including periods of 

recruitment, exposure, follow-up, and data collection
7

(a) Give the eligibility criteria, and the sources and methods of selection 
of participants. Describe methods of follow-up

7Participants 6

(b) For matched studies, give matching criteria and number of exposed 
and unexposed

-

Variables 7 Clearly define all outcomes, exposures, predictors, potential confounders, 
and effect modifiers. Give diagnostic criteria, if applicable

7

Data sources/ 
measurement

8*  For each variable of interest, give sources of data and details of methods 
of assessment (measurement). Describe comparability of assessment 
methods if there is more than one group

7

Bias 9 Describe any efforts to address potential sources of bias 7, 8
Study size 10 Explain how the study size was arrived at 7, 8
Quantitative variables 11 Explain how quantitative variables were handled in the analyses. If 

applicable, describe which groupings were chosen and why
7, 8

(a) Describe all statistical methods, including those used to control for 
confounding

7, 8

(b) Describe any methods used to examine subgroups and interactions 7, 8
(c) Explain how missing data were addressed 7, 8
(d) If applicable, explain how loss to follow-up was addressed 7, 8

Statistical methods 12

(e) Describe any sensitivity analyses 7, 8

Results
(a) Report numbers of individuals at each stage of study—eg numbers 
potentially eligible, examined for eligibility, confirmed eligible, included 
in the study, completing follow-up, and analysed

8

(b) Give reasons for non-participation at each stage 8

Participants 13*

(c) Consider use of a flow diagram -
(a) Give characteristics of study participants (eg demographic, clinical, 
social) and information on exposures and potential confounders

8, Table 1

(b) Indicate number of participants with missing data for each variable of 
interest

8

Descriptive data 14*

(c) Summarise follow-up time (eg, average and total amount) 8
Outcome data 15* Report numbers of outcome events or summary measures over time 8, Table 2
Main results 16 (a) Give unadjusted estimates and, if applicable, confounder-adjusted 

estimates and their precision (eg, 95% confidence interval). Make clear 
8, 9, Table 

2
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2

which confounders were adjusted for and why they were included
(b) Report category boundaries when continuous variables were 
categorized

7

(c) If relevant, consider translating estimates of relative risk into absolute 
risk for a meaningful time period

-

Other analyses 17 Report other analyses done—eg analyses of subgroups and interactions, 
and sensitivity analyses

-

Discussion
Key results 18 Summarise key results with reference to study objectives 9
Limitations 19 Discuss limitations of the study, taking into account sources of potential 

bias or imprecision. Discuss both direction and magnitude of any potential 
bias

10

Interpretation 20 Give a cautious overall interpretation of results considering objectives, 
limitations, multiplicity of analyses, results from similar studies, and other 
relevant evidence

9, 10

Generalisability 21 Discuss the generalisability (external validity) of the study results 10

Other information
Funding 22 Give the source of funding and the role of the funders for the present 

study and, if applicable, for the original study on which the present article 
is based

1

*Give information separately for exposed and unexposed groups.

Note: An Explanation and Elaboration article discusses each checklist item and gives methodological background and 
published examples of transparent reporting. The STROBE checklist is best used in conjunction with this article (freely 
available on the Web sites of PLoS Medicine at http://www.plosmedicine.org/, Annals of Internal Medicine at 
http://www.annals.org/, and Epidemiology at http://www.epidem.com/). Information on the STROBE Initiative is 
available at http://www.strobe-statement.org.
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ABSTRACT

Objectives: The objective of this study was to evaluate the risk of acute respiratory failure in all 

hospitalized patients based on admission serum ionized calcium. 

Design: A retrospective cohort study

Setting: a tertiary referral hospital in Rochester, Minnesota, USA 

Participants: All hospitalized patients who had serum ionized calcium measurement within 24 

hours of hospital admission from January 2009 to December 2013. Patients who were 

mechanically ventilated at admission were excluded.

Predictors: Admission serum ionized calcium levels was stratified into six groups; ≤4.39, 4.40 

to 4.59, 4.60 to 4.79, 4.80 to 4.99, 5.00 to 5.19, and ≥5.20 mg/dL. 

Primary outcome measure: The primary outcome was the development of acute respiratory 

failure requiring mechanical ventilation during hospitalization. Logistic regression analysis was 

fit to assess the independent risk of acute respiratory failure based on various admission serum 

ionized calcium, using serum ionized calcium of 5.00 to 5.19 mg/dL as the reference group.

Results: Of 25,709 eligible patients, with the mean serum ionized calcium of 4.8±0.4 mg/dL, 

acute respiratory failure requiring mechanical ventilation occurred in 2,563 patients (10%). The 

incidence of acute respiratory failure was lowest when admission serum ionized calcium was 

5.00-5.19 mg/dL, with the progressively increased risk of acute respiratory failure with 

decreased serum ionized calcium. In multivariate analysis with adjustment for potential 

confounders, the increased risk of acute respiratory failure requiring mechanical ventilation was 

significantly associated with admission serum ionized calcium of ≤4.39 (OR 2.52; 95% CI 2.12-

3.00), 4.40 to 4.59 (OR 1.76; 95% CI 1.49-2.07), and 4.60 to 4.79 mg/dL (OR 1.48; 95% CI 

1.27-1.72), compared with serum ionized calcium of 5.00-5.19 mg/dL. The risk of acute 
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respiratory failure was not significantly increased when serum ionized calcium was at least 4.80 

mg/dL. 

Conclusion: The increased risk of acute respiratory failure requiring mechanical ventilation was 

observed when admission serum ionized calcium was lower than 4.80 mg/dL in hospitalized 

patients. 
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Strength and limitation of this study

 This study is a large cohort study that investigate the association between serum ionized 

calcium and the risk of respiratory failure requiring mechanical ventilation in all hospitalized 

patients

 This study extensively adjusted for several potential confounders to assess the independent 

association

 Due to retrospective observational study design, the causal relationship between admission 

serum ionized calcium cannot be firmly established. 
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INTRODUCTION

Calcium has many essential functions including intracellular signaling, muscle function, nerve 

transmission, and mediating vascular contraction and vasodilatation.1 Serum calcium consists of 

three portions.1 Approximately 15% is bound to organic and inorganic anions, 40% is bound to 

proteins, particularly albumin, and 45% circulates as active ionized calcium.2 This last portion is 

strictly controlled by parathyroid hormone and vitamin D.3 Total serum calcium concentration 

substantially varies upon the serum concentration of albumin and hydration status without any 

alteration in the concentration of ionized calcium.4-7 Hence, measuring only total serum calcium 

might be misleading. The gold standard for assessing calcium status is to measure ionized 

calcium.8-10  

Recently, we demonstrated that both decreased and elevated serum calcium levels were 

related to higher short-term and long-term mortality in hospitalized patients.11 12 However, the 

cause of death was not investigated in the previous study. Acute respiratory failure (ARF) is a 

common and life-threatening condition among hospitalized patients,13-15 and is associated with 

high morbidity and mortality worldwide.16-22 Previously, we identified several electrolyte 

derangements at the time of hospital admission as risk factors for ARF in hospitalized patients. 

These risk factors included hypo- or hyperphosphatemia,20 low serum creatinine,21 

hypoalbuminemia,23 hypo- or hyperkalemia,24 and hypo- or hypermagnesemia.25 Alterations of 

serum calcium have been linked to the development of ARF in several case reports.26-30 While 

hypocalcemia can lead to ARF due to muscle weakness, tetany, laryngeal and bronchospasm, 

patients with severe hypercalcemia can present with lethargy, confusion, and coma, resulting in 

ARF.26-30 However, previously described cases focused on the total serum calcium 

concentration, and the risk of in-hospital ARF among patients with various serum ionized 

calcium levels is not elucidated in a large clinical study. 
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Our study aimed to assess the association between serum ionized calcium level, measured at 

the admission, and the risk of ARF requiring mechanical ventilation during hospitalization as we 

hypothesized that serum ionized calcium is an early predictor of ARF requiring mechanical 

ventilation. 

MATERIALS AND METHODS

Study Population

This is a single-center cohort study. We used our previous cohort of all adult hospitalized 

patients with available admission serum ionized calcium from years 2009 through 2013 in the 

analysis. Because we aimed to assess the risk of ARF as the primary outcome measure, we 

further excluded mechanically-ventilated patients at the time of admission. This study was 

approved by the Mayo Institutional Review Board (IRB number 15-000024). The need for 

informed consent was exempted due to the minimal risk nature of the study but all included 

patients provided authorization of their data use for research purpose. 

Data Collection and Outcomes

Automated retrieval from the institutional electronic medical record system was utilized to obtain 

clinical characteristics and laboratory data of patients in this study. The primary predictor was 

the admission serum ionized calcium, defined as the initial serum ionized calcium value 

measured within 24 hours of hospital admission. CKD-EPI equation was used to estimate 

glomerular filtration rate (eGFR).31 Comorbidity burden of an individual patient was assessed 

using Charlson Comorbidity Index.32 Acute kidney injury was defined based on KDIGO criteria. 

The primary outcome measure was in-hospital ARF requiring invasive mechanical ventilation, 

as previously described in our published studies.20 21 23-25 The use of invasive mechanical 

ventilation was abstracted from our intensive care unit (ICU) DataMart which documented all 

mechanical ventilation use in the ICU, including the start and end time of mechanical ventilation. 

Page 8 of 28

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

The use of mechanical ventilation during the procedure and non-invasive ventilation support 

were not considered as the outcome. ARF was considered hypercapnic if pCO2 from arterial 

blood gas before mechanical ventilation was at least 50 mmHg.

Patient and Public Involvement

Patients or the public were not involved in the design, or conduct, or reporting, or dissemination 

of this study.

Statistical Analysis

The difference in continuous and categorical variables among admission serum ionized calcium 

group was tested, using ANOVA and the Chi-square test, respectively. The restricted cubic 

spline with 5 knots was constructed to depict the potential non-linear association between 

admission serum ionized calcium and the risk of ARF requiring mechanical ventilation. 

Admission serum ionized calcium was categorized into 6 groups based on the percentile 

distribution (10% | 25% | 50% | 75% | 90%): ≤4.39, 4.40 to 4.59, 4.60 to 4.79, 4.80 to 4.99, 5.00 

to 5.19, and ≥5.20 mg/dL. The admission serum ionized calcium level of 5.00 to 5.19 mg/dL was 

the reference group because it was considered within normal reference range of 4.57-5.43 

mg/dL, based on our institutional laboratory test, and it had the lowest incidence of ARF 

requiring mechanical ventilation. Multivariable logistic regression was conducted to evaluate 

admission serum ionized calcium level that was independently associated with the risk of ARF 

requiring mechanical ventilation. The odds ratio (OR) was adjusted for a pre-specified variables 

reported in Table 1. Two sensitivity analyses was performed to 1) assess the association 

between admission serum ionized calcium and the risk of hypercapnic ARF requiring 

mechanical ventilation and 2) assess the association between albumin-corrected total serum 

calcium and the risk of ARF requiring mechanical ventilation. Missing data were not imputed. All 
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analyses were two tailed. Statistical significance was achieved when p-value less than 0.05. 

JMP statistical software (version 10, SAS Institute, Cary, NC) was used for all analyses. 

RESULTS

Clinical characteristics

We screened 288,120 hospital admissions during the study period. We excluded patients with 

no research authorization (n=1,701), pediatric patients (n=32,139), those with no admission 

serum ionized calcium measurement (n=184,241), those on mechanical ventilation at hospital 

admission (n=7,546), and re-admission (n=36,784) were excluded. A total of 25,709 eligible 

patients with available admission serum ionized calcium were analyzed (Figure S1). Fifty-four 

percent of enrolled patients were male. The mean age was 63±17 years. The mean admission 

serum ionized calcium was 4.8±0.4 mg/dL. 9%, 14%, 28%, 28%, 14%, 8% had admission 

serum ionized calcium of ≤4.39, 4.40 to 4.59, 4.60 to 4.79, 4.80 to 4.99, 5.00 to 5.19, and ≥5.20 

mg/dL. Table 1 showed the clinical characteristics of patients based on admission serum 

ionized calcium levels. 

Admission serum ionized calcium and the risk of in-hospital acute respiratory failure 

Of 25,709 patients, 2563 (10.0%) had in-hospital ARF requiring mechanical ventilation. Patients 

with admission serum ionized calcium of 5.00 to 5.19 mg/dL had the lowest incidence of in-

hospital ARF, whereas patients with admission serum ionized calcium of ≤4.39 mg/dL had the 

highest incidence (Table 2). Higher incidence of in-hospital ARF was noted with decreased 

admission serum ionized calcium (Figure 1) below 5.00 mg/dL. In multivariable analysis with 

adjustment for potential confounders, the higher risk of in-hospital ARF was significantly 

associated with admission serum ionized calcium of ≤4.39 (OR 2.52; 95% CI 2.12-3.00), 4.40 to 

4.59 (OR 1.76; 95% CI 1.49-2.07), and 4.60 to 4.79 mg/dL (OR 1.48; 95% CI 1.27-1.72), 

compared with admission serum ionized calcium of 5.00-5.19 mg/dL. There was no significant 
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difference in the risk of in-hospital ARF when admission serum ionized calcium was at least 4.8 

mg/dL. There was a higher risk of in-hospital ARF with an adjusted OR of 1.85 (95% CI 1.66-

2.09) when admission serum ionized decreased by 1 mg/dL. 

In a sensitivity analysis, admission serum ionized calcium level of ≤4.79 mg/dL was significantly 

associated with the higher risk of in-hospital hypercapnic ARF requiring mechanical ventilation 

(Table S1). In addition, the analysis in 8,534 patients with available admission albumin-

corrected total serum calcium showed that admission serum calcium of ≤8.5 mg/dL was 

significantly associated with the higher risk of in-hospital ARF (OR 1.45; 95% CI 1.28-1.63), 

compared with admission serum calcium of 8.6-10.0 mg/dL (the normal reference range in our 

hospital). In contrast, admission serum calcium of ≥10.1 mg/dL was not significantly associated 

with the higher risk of in-hospital ARF (OR 1.08; 95% CI 0.85-1.37). There was a higher risk of 

in-hospital ARF with an adjusted OR of 1.10 (95% CI 1.04-1.17) when admission serum ionized 

calcium decreased by 1 mg/dL.  

DISCUSSION

This study demonstrated a statistically significant inverse relationship between admission serum 

ionized calcium and the subsequent risk of in-hospital ARF requiring mechanical ventilation in 

hospitalized patients. Lower admission serum ionized calcium was progressively associated 

with the higher risk of in-hospital ARF when admission serum calcium was below 4.8 mg/dL. 

There was no difference in the risk of in-hospital ARF when admission serum ionized calcium 

was at least 4.8 mg/dL.   

Our study is the first observational study that assessed the serum ionized calcium level as a 

predictor of in-hospital ARF requiring mechanical ventilation among hospitalized patients. 

Calcium is known to inhibit sodium channels and represses depolarization of nerve and muscle 
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fibers. Hence, hypocalcemia decreases the threshold for depolarization to fire an action 

potential33. Patients with hypocalcemia may present with various clinical signs and symptoms 

that correlate with neuromuscular irritability, such as neurological, cardiovascular, psychiatric, 

and respiratory manifestations.27 34 35 In addition to muscle weakness and tetany causing ARF,26-

28 Diaphragmatic weakness, laryngeal spasm, and bronchospasm leading to ARF have also 

been reported in patients with severe hypocalcemia.29 Low serum ionized calcium may also 

cause cardiac dysfunction including QTc interval prolongation and reduced left ventricular 

systolic function, resulting in acute pulmonary edema.36 In addition, lower serum ionized calcium 

may also reflect the severity of respiratory alkalosis which eventually leads to diaphragm fatigue 

and weakness due to hypocalcemia as well as the heavy workload of the diaphragm from 

principal disease per se.37 38 The data on the simultaneous assessment of partial pressure of 

oxygen (PaO2) and fraction of inspired oxygen (FiO2) was limited by inaccuracies of FiO2 

documentation. Therefore, the assessment of the correlation between ionized serum calcium 

level and hypoxemic respiratory failure was challenging. Meanwhile, we were able to assess the 

association between admission serum ionized calcium and the risk of in-hospital hypercapnic 

ARF. We demonstrated that low admission serum ionized calcium of ≤4.79 mg/dL was 

significantly associated with the higher risk of in-hospital hypercapnic ARF. In addition, we 

demonstrated that hypocalcemia based on total serum calcium level, which is not altered by 

acid/base status, was also associated with the higher risk of in-hospital ARF. Our findings 

suggested a role of ionized serum calcium level as an early predictor of in-hospital ARF.

Our study had several strengths. We included a large cohort of 25,709 patients. Hence, we 

could use multiple logistic regressions to comprehensively adjust for a number of potential 

confounders without causing any overfitting problems. Moreover, we categorized serum ionized 

calcium based on percentile to explore the possibility of non-linear association, which might not 

be seen if we modeled serum ionized calcium as a continuous variable.
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There are some limitations in our study. Due to the retrospective nature of our observational 

study design, causality would not be established. It is possible that lower ionized calcium is a 

marker of the initial severity of ARF, which predicted the requirement for mechanical ventilation 

or the lower ionized calcium plays a pivotal role in diaphragm weakness which leads to ARF. 

However, regardless of which mechanistic pathway, we were able to highlight the significance of 

serum ionized calcium as a predictor of in-hospital ARF. Although we extensively adjusted for 

potential confounders, the association between admission serum ionized calcium and the risk of 

in-hospital ARF might remain confounded by unmeasured or unknown factors. The data from 

this study were retrieved from the institutional electronic database. Unfortunately, some 

important clinical information such as the causes of serum ionized calcium derangements, 

vitamin D levels, the causes and types of in-hospital ARF, underlying neuromuscular disease, 

and chronic respiratory failure, were not available or incomplete in our database and, therefore, 

we were not able to report them. There is a large and growing literature implicating inadequate 

vitamin D status as a risk factor for adverse outcomes including bronchospasm, acute 

respiratory infections, and chronic obstructive pulmonary disease (COPD) exacerbations.39-41 

Thus, future studies are required to assess whether low vitamin D levels modify the effect of 

decreased admission serum ionized calcium and the increased risk of ARF. Also, serum ionized 

calcium is often not measured in hospitalized patients when they were initially admitted to the 

hospital. A selection bias should be considered when we limited the analysis in patients with 

available admission serum ionized calcium.  Included patients who had available admission 

serum ionized calcium were older, lower eGFR, had more comorbidity conditions, were more 

primarily admitted for hematology/oncology or gastrointestinal disease than those who did not 

have available admission serum ionized calcium and were excluded from the analysis (Table 

S2). Finally, our study was a single-center study, and most of the included individuals were from 

the Caucasian race. This might limit the generalizability of the study.
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In summary, there is an association between admission serum ionized calcium lower than 4.80 

mg/dL and higher risk of in-hospital ARF requiring mechanical ventilation. Hence, a serum 

ionized calcium level might potentially be a good predictor of ARF requiring mechanical 

ventilation. 
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Table

Table 1 Baseline clinical characteristics

Table 2 The association between admission serum ionized calcium levels and in-hospital acute 

respiratory failure requiring mechanical ventilation 

Figure legend

Figure 1 The rate of mechanical ventilation use in hospital based on admission serum ionized 

calcium level
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Table 1 baseline clinical characteristics
Serum ionized calcium level at hospital admission (mg/dl)variables All

≤4.39 4.40-4.59 4.60-4.79 4.80-4.99 5.00-5.19 ≥5.20 p
N 25709 2336 3539 7108 7137 3589 2000
Age (year) 63±17 60±17 63±17 64±17 64±17 63±18 65±17 <0.001
Male 13829 (54) 1207 (52) 1977 (56) 3974 (56) 3888 (54) 1853 (52) 930 (47) <0.001
Caucasian 23712 (92) 2096 (90) 3269 (92) 6598 (93) 6596 (92) 3311 (92) 1842 (92) <0.001
GFR (ml/min/1.73m2) 73±32 62±39 73±33 76±29 76±29 75±31 63±33 <0.001
Charlson score 2.3±2.6 2.4±2.7 2.4±2.7 2.2±2.6 2.1±2.5 2.1±2.5 2.6±2.8 <0.001
Comorbidities

- Coronary artery disease
- Hypertension
- Diabetes mellitus
- Congestive heart failure
- COPD
- Asthma
- Dementia
- Stroke
- Cirrhosis
- End-stage renal disease
- Obesity

5516 (21)
14439 (56)
5884 (23)
2051 (8)

2663 (10)
2047 (8)
491 (2)

2326 (9)
759 (3)

1261 (5)
8962 (35)

410 (18)
1266 (54)
545 (23)
170 (7)
209 (9)
174 (7)
20 (0.8)
165 (7)
121 (5)

345 (15)
786 (34)

678 (19)
1906 (54)
787 (22)
319 (9)

353 (10)
275 (8)
43 (1)

264 (7)
145 (4)
227 (6)

1289 (36)

1498 (21)
3906 (55)
1492 (21)

547 (8)
728 (10)
558 (8)
131 (2)
579 (8)
208 (3)
260 (4)

2531 (36)

1614 (23)
4039 (57)
1649 (23)

538 (8)
764 (11)
592 (8)
154 (2)

679 (10)
156 (2)
209 (3)

2574 (36)

839 (23)
2069 (58)
894 (25)
289 (8)

396 (11)
312 (9)
84 (2)

403 (11)
73 (2)

116 (3)
1138 (32)

477 (24)
1253 (63)
517 (26)
188 (9)

213 (11)
136 (7)
59 (3)

236 (12)
56 (3)

104 (5)
644 (32)

<0.001
<0.001
<0.001

0.01
0.13
0.13

<0.001
<0.001
<0.001
<0.001
<0.001

Principal diagnosis
- Cardiovascular
- Hematology/Oncology
- Infectious disease
- Endocrine/metabolic
- Respiratory
- Gastrointestinal
- Genitourinary 
- Injury and poisoning
- Other

5554 (22)
5526 (21)
1044 (4)
1078 (4)
1104 (4)

2774 (11)
1104 (4)

3419 (13)
4106 (16)

295 (13)
415 (18)
236 (10)
136 (6)
94 (4)

336 (14)
223 (10)
330 (14)
271 (12)

566 (16)
932 (26)
204 (6)
149 (4)
144 (4)

436 (12)
165 (5)

490 (14)
453 (13)

1549 (22)
1804 (25)

248 (3)
252 (4)
294 (4)

739 (10)
228 (3)

957 (13)
1037 (15)

1832 (26)
1402 (20)

180 (3)
253 (4)
346 (5)

720 (10)
210 (3)

937 (13)
1257 (18)

908 (25)
599 (17)

97 (3)
128 (4)
140 (4)

381 (11)
117 (3)

487 (14)
732 (20)

404 (20)
374 (19)

79 (4)
160 (8)
86 (4)

162 (8)
161 (8)

218 (11)
356 (18)

<0.001

Acute kidney injury at admission 5671 (22) 869 (37) 850 (24) 1287 (18) 1255 (18) 707 (20) 703 (35) <0.001
Vasopressor use at admission 1306 (5) 183 (8) 211 (6) 392 (6) 345 (5) 109 (3) 66 (3) <0.001

Continuous data are presented as mean ± SD; categorical data are presented as count (percentage)
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Table 2 The association between admission serum ionized calcium levels and in-hospital acute respiratory failure requiring mechanical 
ventilation 

Univariate analysis Multivariate analysisSerum ionized calcium 
level at hospital 

admission (mg/dl)

Mechanical ventilator 
in hospital OR (95% CI) p Adjusted OR (95 % CI) P

≤4.39 388 (16.6) 2.53 (2.14-2.99) <0.001 2.52 (2.12-3.00) <0.001
4.40-4.59 429 (12.1) 1.75 (1.49-2.06) <0.001 1.76 (1.49-2.07) <0.001
4.60-4.79 742 (10.4) 1.48 (1.28-1.71) <0.001 1.48 (1.27-1.72) <0.001
4.80-4.99 590 (8.3) 1.14 (0.98-1.33) 0.08 1.13 (0.97-1.32) 0.11
5.00-5.19 262 (7.3) 1 (ref) - 1 (ref) -
≥5.20 152 (7.6) 1.04 (0.85-1.29) 0.68 1.14 (0.93-1.41) 0.22
Adjusted for age, sex, race, eGFR, Charlson Comorbidity Score, history of coronary artery disease, hypertension, diabetes mellitus, congestive 
heart failure, chronic obstructive pulmonary disease, asthma, dementia, stroke, cirrhosis, end-stage renal failure, obesity, principal diagnosis, 
acute kidney injury and vasopressor use at hospital admission
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Table S1 The association between admission serum ionized calcium levels and hypercapnic respiratory 

failure requiring mechanical ventilation 

Serum ionized calcium 
level at hospital 

admission (mg/dl) 

Hypercarbic 
respiratory 

failure 

Univariate analysis Multivariate analysis 

OR (95% CI) p Adjusted OR (95 
% CI) 

P 

≤4.39 81 (3.5) 4.12 (2.72-6.26) <0.001 3.06 (1.99-4.71) <0.001 

4.40-4.59 70 (2.0) 2.31 (1.51-3.54) <0.001 2.02 (1.32-3.12) 0.001 

4.60-4.79 103 (1.5) 1.69 (1.13-2.53) 0.01 1.62 (1.08-2.43) 0.02 

4.80-4.99 94 (1.3) 1.53 (1.02-2.30) 0.03 1.51 (0.98-2.27) 0.06 

5.00-5.19 31 (0.9) 1 (ref) - 1 (ref) - 

≥5.20 24 (1.2) 1.39 (0.82-2.38) 0.23 1.38 (0.80-2.37) 0.25 

 Adjusted for age, sex, race, eGFR, Charlson Comorbidity Score, history of coronary artery disease, 
hypertension, diabetes mellitus, congestive heart failure, chronic obstructive pulmonary disease, 
asthma, dementia, stroke, cirrhosis, end-stage renal disease, obesity, principal diagnosis, acute kidney 
injury and vasopressor use at hospital admission 
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Table S2 Clinical characteristics between patients with and without admission ionized calcium 

measurement 

 No admission ionized 
calcium measurement 

Included patients p-value 

Age (year) 61±18 63±17 <0.001 

Male 53% 54% <0.001 

Caucasian  93% 92% <0.001 

GFR (ml/min/1.73m2) 78±28 73±32 <0.001 

Charlson score 1.8±2.3 2.3±2.6 <0.001 

Principal diagnosis 
- Cardiovascular 
- Hematology/Oncology 
- Infectious disease 
- Endocrine/metabolic 
- Respiratory 
- Gastrointestinal 
- Genitourinary  
- Injury and poisoning 
- Other  

 
21% 
15% 
3% 
3% 
4% 
9% 
4% 

15% 
25% 

 
22% 
21% 
4% 
4% 
4% 

11% 
4% 

13% 
16% 

<0.001 
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Figure S1 study flow chart 
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1

STROBE Statement—Checklist of items that should be included in reports of cohort studies 
Item 
No Recommendation

Page

(a) Indicate the study’s design with a commonly used term in the title or 
the abstract

1, 3 Title and abstract 1

(b) Provide in the abstract an informative and balanced summary of what 
was done and what was found

3

Introduction
Background/rationale 2 Explain the scientific background and rationale for the investigation being 

reported
6

Objectives 3 State specific objectives, including any prespecified hypotheses 6

Methods
Study design 4 Present key elements of study design early in the paper 7
Setting 5 Describe the setting, locations, and relevant dates, including periods of 

recruitment, exposure, follow-up, and data collection
7

(a) Give the eligibility criteria, and the sources and methods of selection 
of participants. Describe methods of follow-up

7Participants 6

(b) For matched studies, give matching criteria and number of exposed 
and unexposed

-

Variables 7 Clearly define all outcomes, exposures, predictors, potential confounders, 
and effect modifiers. Give diagnostic criteria, if applicable

7

Data sources/ 
measurement

8*  For each variable of interest, give sources of data and details of methods 
of assessment (measurement). Describe comparability of assessment 
methods if there is more than one group

7

Bias 9 Describe any efforts to address potential sources of bias 8
Study size 10 Explain how the study size was arrived at 8,9
Quantitative variables 11 Explain how quantitative variables were handled in the analyses. If 

applicable, describe which groupings were chosen and why
8,9

(a) Describe all statistical methods, including those used to control for 
confounding

8,9

(b) Describe any methods used to examine subgroups and interactions 8,9
(c) Explain how missing data were addressed 8,9
(d) If applicable, explain how loss to follow-up was addressed 8,9

Statistical methods 12

(e) Describe any sensitivity analyses 8,9

Results
(a) Report numbers of individuals at each stage of study—eg numbers 
potentially eligible, examined for eligibility, confirmed eligible, included 
in the study, completing follow-up, and analysed

9

(b) Give reasons for non-participation at each stage 9

Participants 13*

(c) Consider use of a flow diagram Figure S1
(a) Give characteristics of study participants (eg demographic, clinical, 
social) and information on exposures and potential confounders

9, Table 1

(b) Indicate number of participants with missing data for each variable of 
interest

9

Descriptive data 14*

(c) Summarise follow-up time (eg, average and total amount) 9
Outcome data 15* Report numbers of outcome events or summary measures over time 9,10 Table 

2
Main results 16 (a) Give unadjusted estimates and, if applicable, confounder-adjusted 9,10, Table 
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2

estimates and their precision (eg, 95% confidence interval). Make clear 
which confounders were adjusted for and why they were included

2

(b) Report category boundaries when continuous variables were 
categorized

8

(c) If relevant, consider translating estimates of relative risk into absolute 
risk for a meaningful time period

-

Other analyses 17 Report other analyses done—eg analyses of subgroups and interactions, 
and sensitivity analyses

10

Discussion
Key results 18 Summarise key results with reference to study objectives 10
Limitations 19 Discuss limitations of the study, taking into account sources of potential 

bias or imprecision. Discuss both direction and magnitude of any potential 
bias

12,13

Interpretation 20 Give a cautious overall interpretation of results considering objectives, 
limitations, multiplicity of analyses, results from similar studies, and other 
relevant evidence

11-13

Generalisability 21 Discuss the generalisability (external validity) of the study results 12,13

Other information
Funding 22 Give the source of funding and the role of the funders for the present 

study and, if applicable, for the original study on which the present article 
is based

1

*Give information separately for exposed and unexposed groups.

Note: An Explanation and Elaboration article discusses each checklist item and gives methodological background and 
published examples of transparent reporting. The STROBE checklist is best used in conjunction with this article (freely 
available on the Web sites of PLoS Medicine at http://www.plosmedicine.org/, Annals of Internal Medicine at 
http://www.annals.org/, and Epidemiology at http://www.epidem.com/). Information on the STROBE Initiative is 
available at http://www.strobe-statement.org.
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