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ABSTRACT

Objectives The objective of this study was to evaluate the
risk of acute respiratory failure in all hospitalised patients
based on admission serum ionised calcium.

Design A retrospective cohort study.

Setting A tertiary referral hospital in Rochester,
Minnesota, USA.

Participants All hospitalised patients who had serum
ionised 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 ionised calcium levels was
stratified into six groups: <4.39, 4.40-4.59, 4.60-4.79,
4.80-4.99, 5.00-5.19 and >5.20 mg/dL.

Primary outcome measure The primary outcome was
the development of acute respiratory failure requiring
mechanical ventilation during hospitalisation. Logistic
regression analysis was fit to assess the independent risk
of acute respiratory failure based on various admission
serum ionised calcium, using serum ionised calcium of
5.00-5.19mg/dL as the reference group.

Results Of 25709 eligible patients, with the mean serum
ionised calcium of 4.8+0.4 mg/dL, acute respiratory failure
requiring mechanical ventilation occurred in 2563 patients
(10%). The incidence of acute respiratory failure was lowest
when admission serum ionised calcium was 5.00-5.19mg/
dL, with the progressively increased risk of acute respiratory
failure with decreased serum ionised 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 ionised calcium of <4.39 (OR 2.52; 95%Cl
2.12 10 3.00), 4.40—-4.59 (OR 1.76; 95%Cl 1.49 t0 2.07) and
4.60-4.79mg/dL (OR 1.48; 95%Cl 1.27 to 1.72), compared
with serum ionised calcium of 5.00-5.19mg/dL. The risk of
acute respiratory failure was not significantly increased when
serum ionised calcium was at least 4.80 mg/dL.

Conclusion The increased risk of acute respiratory failure
requiring mechanical ventilation was observed when
admission serum ionised calcium was lower than 4.80 mg/
dL in hospitalised patients.

INTRODUCTION
Calcium has many essential functions
including intracellular signalling, muscle
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Strengths and limitations of this study

» This study is a large cohort study that investigates
the association between serum ionised calcium and
the risk of respiratory failure requiring mechanical
ventilation in all hospitalised 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 ion-
ised calcium cannot be firmly established.

function, nerve transmission and mediating
vascular contraction and vasodilatation.'
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 ionised calcium.? This last portion is
strictly controlled by parathyroid hormone
and vitamin D.” Total serum calcium concen-
tration substantially varies on the serum
concentration of albumin and hydration
status without any alteration in the concentra-
tion of ionised calcium.*”’ Hence, measuring
only total serum calcium might be misleading.
The gold standard for assessing calcium status
is to measure ionised calcium.” "

Recently, we demonstrated thatboth decreased
and elevated serum calcium levels were related
to higher short-term and long-term mortality in
hospitalised patients.'’ '* However, the cause of
death was not investigated in the previous study.
Acute respiratory failure (ARF) is a common and
life-threatening condition among hospitalised
patients'"” and is associated with high morbidity
and mortality worldwide.'”* Previously, we
identified several electrolyte derangements at
the time of hospital admission as risk factors for
ARF in hospitalised patients. These risk factors
included hypophosphataemia or hyperphos-
phataemia,” low serum creatinine,”’ hypoalbu-
minaemia,” hypokalaemia or hyperkalaemia*
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and hypomagnesaemia or hypermagnesaemia.”> Alterations
of serum calcium have been linked to the development of ARF
in several case reports.”>*” While hypocalcaemia can lead to
ARF due to muscle weakness, tetany, laryngeal and broncho-
spasm, patients with severe hypercalcaemia can present with
lethargy, confusion and coma, resulting in AREZ%0 However,
previously described cases focused on the total serum calcium
concentration, and the risk of in-hospital ARF among patients
with various serum ionised calcium levels is not elucidated in
alarge clinical study.

Our study aimed to assess the association between serum
ionised calcium level, measured at the admission, and the
risk of ARF requiring mechanical ventilation during hospi-
talisation as we hypothesised that serum ionised calcium is
an early predictor of ARF requiring mechanical ventilation.

MATERIALS AND METHODS

Study population

This is a single-centre cohort study. We used our previous
cohort of all adult hospitalised patients with available admis-
sion serum ionised calcium from years 2009 to 2013 in the
analysis. Because we aimed to assess the risk of ARF as the
primary outcome measure, we further excluded mechani-
cally ventilated patients at the time of admission. The need
for informed consent was exempted due to the minimal
risk nature of the study, but all included patients provided
authorisation of their data use for research purpose.

Data collection and outcomes

Automated retrieval from the institutional electronic
medical record system was used to obtain clinical char-
acteristics and laboratory data of patients in this study.
The primary predictor was the admission serum ionised
calcium, defined as the initial serum ionised calcium
value measured within 24hours of hospital admission.
Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equation was used to estimate glomerular
filtration rate (eGFR).* Comorbidity burden of an indi-
vidual patient was assessed using Charlson Comorbidity
Index.” Acute kidney injury was defined based on Kidney
Disease: Improving Global Outcomes (KDIGO) criteria.
The primary outcome measure was in-hospital ARF
requiring invasive mechanical ventilation, as previously
described in our published studies.? 2! 2% 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. The use of
mechanical ventilation during the procedure and non-
invasive ventilation support were not considered as the
outcome. ARF was considered hypercapnic if partial pres-
sure of carbon dioxide from arterial blood gas before
mechanical ventilation was at least 50 mm Hg.

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 ionised calcium group was
tested, using analysis of variance and the y” test, respec-
tively. The restricted cubic spline with five knots was
constructed to depict the potential non-linear association
between admission serum ionised calcium and the risk of
ARF requiring mechanical ventilation. Admission serum
ionised calcium was categorised into six groups based
on the percentile distribution (10% | 25% | 50% | 75%
1 90%): <4.39, 4.40—4.59, 4.60-4.79, 4.80-4.99, 5.00-5.19
and 25.20mg/dL. The admission serum ionised calcium
level of 5.00-5.19mg/dL was the reference group,
because it was considered within normal reference range
of 4.57-5.43mg/dL, based on our institutional laboratory
test, and it had the lowest incidence of ARF requiring
mechanical ventilation. Multivariable logistic regres-
sion was conducted to evaluate admission serum ionised
calcium level that was independently associated with the
risk of ARF requiring mechanical ventilation. The OR was
adjusted for a prespecified variables reported in table 1.
Two sensitivity analyses was performed to: (1) assess the
association between admission serum ionised calcium
and the risk of hypercapnic ARF requiring mechan-
ical 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 analyses were two tailed. Statistical signif-
icance was achieved when p value less than 0.05. JMP
statistical software (V.10) was used for all analyses.

RESULTS

Clinical characteristics

We screened 288 120 hospital admissions during the study
period. We excluded patients with no research authori-
sation (n=1701), paediatric patients (n=32139), those
with no admission serum ionised calcium measurement
(n=184241), those on mechanical ventilation at hospital
admission (n=7546) and readmission (n=36784) were
excluded. A total of 25709 eligible patients with available
admission serum ionised calcium were analysed (online
supplementary figure S1). Fifty-four per cent of enrolled
patients were male. The mean age was 63+17 years. The
mean admission serum ionised calcium was 4.8+0.4mg/
dL. Nine per cent, 14%, 28%, 28%, 14% and 8% had
admission serum ionised calcium of <4.39, 4.40-4.59,
4.60-4.79, 4.80-4.99, 5.00-5.19 and =5.20 mg/dL. Table 1
showed the clinical characteristics of patients based on
admission serum ionised calcium levels.

Admission serum ionised calcium and the risk of in-hospital
ARF

Of 25709 patients, 2563 (10.0%) had in-hospital ARF
requiring mechanical ventilation. Patients with admis-
sion serum ionised calcium of 5.00-5.19mg/dL had the
lowest incidence of in-hospital ARF, whereas patients
with admission serum ionised calcium of <4.39mg/dL
had the highest incidence (table 2). Higher incidence
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Table 1 Baseline clinical characteristics

Serum ionised 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 (62) 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/1.73 m?) 73+32 62+39 73+33 76+29 76+29 75+31 63+33 <0.001
Charlson score 2.3+2.6 2427 24227 2.2+2.6 2.1+2.5 2.1+2.5 2.6+2.8 <0.001
Comorbidities
Coronary artery disease 5516 (21) 410(18) 678 (19) 1498 (21) 1614 (23) 839 (23) 477 (24) <0.001
Hypertension 14439 (56) 1266 (54) 1906 (54) 3906 (55) 4039 (57) 2069 (58) 1253 (63) <0.001
Diabetes mellitus 5884 (23) 545(23) 787 (22) 1492 (21) 1649 (23) 894 (25 517 (26) <0.001
Congestive heart failure 2051 (8) 170 (7) 319 (9) 547 (8) 538 (8) 289 (8) 188 (9) 0.01
COPD 2663 (10) 209 (9) 353 (10) 728 (10) 764 (11) 396(11) 213(11) 0.13
Asthma 2047 (8) 174 (7) 275 (8) 558 (8) 592 (8) 312 (9) 136 (7) 0.13
Dementia 491 (2) 20(0.8) 43(1) 131 (2) 154 (2) 84 (2) 59 (3) <0.001
Stroke 2326 (9) 165 (7) 264 (7) 579 (8) 679 (10) 403 (11) 236(12) <0.001
Cirrhosis 759 (3) 121 (5) 145 (4) 208 (3) 156 (2) 73 (2) 56 (3) <0.001
End-stage renal disease 1261 (5) 345 (15) 227 (6) 260 (4) 209 (3) 116 (3) 104 (5) <0.001
Obesity 8962 (35) 786 (34) 1289 (36) 2531 (36) 2574 (36) 1138(32) 644 (32) <0.001
Principal diagnosis
Cardiovascular 5554 (22) 295(13) 566 (16) 1549 (22) 1832 (26) 908 (25) 404 (20) <0.001
Haematology/oncology 5526 (21) 415(18) 932 (26) 1804 (25) 1402 (20) 599 (17) 374 (19)
Infectious disease 1044 (4) 236 (10) 204 (6) 248 (3) 180 (3) 97 (3) 79 (4)
Endocrine/metabolic 1078 (4) 136 (6) 149 (4) 252 (4) 253 (4) 128 (4) 160 (8)
Respiratory 1104 (4) 94 (4) 144 (4) 294 (4) 346 (5) 140 (4) 86 (4)
Gastrointestinal 2774 (11) 336 (14) (12) 739(10) 720(10) 381 (11) 162 (8)
Genitourinary 1104 (4) 223 (10) 165 (5) 228 (3) 210 (3) 117 (3) 161 (8)
Injury and poisoning 3419 (13) 330(14) (14) 957 (13) 937 (13) 487 (14) 218 (11)
Other 4106 (16) 271 (12) (13) 1037 (15) 1257 (18) 732(20) 356 (18)
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) (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).
COPD, chronic obstructive pulmonary disease; GFR, glomerular filtration rate.

of in-hospital ARF was noted with decreased admis-
sion serum ionised calcium (figure 1) below 5.00mg/
dL. In multivariable analysis with adjustment for poten-
tial confounders, the higher risk of in-hospital ARF was
significantly associated with admission serum ionised
calcium of <4.39 (OR 2.52; 95% CI 2.12 to 3.00), 4.40—
4.59 (OR 1.76; 95% CI 1.49 to 2.07) and 4.60—-4.79 mg/dL
(OR 1.48;95% CI 1.27 to 1.72), compared with admission
serum ionised calcium of 5.00-5.19 mg/dL. There was no
significant difference in the risk of in-hospital ARF when
admission serum ionised 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 to 2.09) when admis-
sion serum ionised decreased by 1 mg/dL.

In a sensitivity analysis, admission serum ionised calcium
level of <4.79 mg/dL was significantly associated with the
higher risk of in-hospital hypercapnic ARF requiring
mechanical ventilation (online supplementary table S1).
In addition, the analysis in 8534 patients with available
admission albumin-corrected total serum calcium showed
that admission serum calcium of <8.5mg/dL was signifi-
cantly associated with the higher risk of in-hospital ARF
(OR 1.45;95% CI 1.28 to 1.63), compared with admission
serum calcium of 8.6-10.0mg/dL (the normal reference
range in our hospital). In contrast, admission serum
calcium of 210.1 mg/dL was not significantly associated
with the higher risk of in-hospital ARF (OR 1.08; 95% CI
0.85 to 1.37). There was a higher risk of in-hospital ARF
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Table 2 The association between admission serum ionised calcium levels and in-hospital acute respiratory failure requiring

mechanical ventilation

Serum ionised

Univariate analysis

Multivariate analysis

calcium level at Mechanical

hospital admission ventilator in

(mg/dL) hospital OR (95% Cl) P Adjusted OR (95 % CI) P
<4.39 388 (16.6) 2.53 (2.14 t0 2.99) <0.001 2.52 (2.12 to 3.00) <0.001
4.40-4.59 429 (12.1) 1.75 (1.49 to 2.06) <0.001 1.76 (1.49 t0 2.07) <0.001
4.60-4.79 742 (10.4) 1.48 (1.28 to 1.71) <0.001 1.48 (1.27 to 1.72) <0.001
4.80-4.99 590 (8.3) 1.14 (0.98 to 1.33) 0.08 1.13 (0.97 t0 1.32) 0.11
5.00-5.19 262 (7.3) 1 (ref) - 1 (ref) -
>5.20 152 (7.6) 1.04 (0.85 to 1.29) 0.68 1.14 (0.93 to 1.41) 0.22

Adjusted for age, sex, race, estimated glomerular filtration rate, 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.

with an adjusted OR of 1.10 (95% CI 1.04 to 1.17) when
admission serum ionised calcium decreased by 1 mg/dL.

DISCUSSION

This study demonstrated a statistically significant inverse
relationship between admission serum ionised calcium
and the subsequent risk of in-hospital ARF requiring
mechanical ventilation in hospitalised patients. Lower
admission serum ionised calcium was progressively associ-
ated with the higher risk of in-hospital ARF when admis-
sion serum calcium was below 4.8 mg/dL. There was no
difference in the risk of in-hospital ARF when admission
serum ionised calcium was at least 4.8 mg/dL.

Our study s the first observational study that assessed the
serum ionised calcium level as a predictor of in-hospital
ARF requiring mechanical ventilation among hospital-
ised patients. Calcium is known to inhibit sodium chan-
nels and represses depolarisation of nerve and muscle
fibres. Hence, hypocalcaemia decreases the threshold for

Probability of ARF requiring mechanical ventilation

3.5 4 4.5 5 5.5 6 6.5
iCa
| — Expected ARF requiring MV 95% Cl |
Figure 1 The rate of mechanical ventilation (MV) use in

hospital based on admission serum ionised calcium level.
ARF, acute respiratory failure.

depolarisation to fire an action potential.”® Patients with
hypocalcaemia may present with various clinical signs and
symptoms that correlate with neuromuscular irritability,
such as neurological, cardiovascular, psychiatric and
respiratory manifestations.” ** * In addition to muscle
weakness and tetany causing ARF,* diaphragmatic
weakness, laryngeal spasm and bronchospasm leading to
ARF have also been reported in patients with severe hypo-
calcaemia.” Low serum ionised calcium may also cause
cardiac dysfunction including QTc interval prolongation
and reduced left ventricular systolic function, resulting
in acute pulmonary oedema.”® In addition, lower serum
ionised calcium may also reflect the severity of respiratory
alkalosis, which eventually leads to diaphragm fatigue and
weakness due to hypocalcaemia as well as the heavy work-
load of the diaphragm from principal disease per se 77
The data on the simultaneous assessment of partial pres-
sure of oxygen and fraction of inspired oxygen (FiO,) was
limited by inaccuracies of FiO, documentation. There-
fore, the assessment of the correlation between ionised
serum calcium level and hypoxaemic respiratory failure
was challenging. Meanwhile, we were able to assess the
association between admission serum ionised calcium and
the risk of in-hospital hypercapnic ARF. We demonstrated
that low admission serum ionised calcium of <4.79 mg/dL
was significantly associated with the higher risk of in-hos-
pital hypercapnic ARF. In addition, we demonstrated that
hypocalcaemia 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
arole of ionised serum calcium level as an early predictor
of in-hospital ARF.

Our study had several strengths. We included a large
cohort of 25709 patients. Hence, we could use multiple
logistic regressions to comprehensively adjust for a
number of potential confounders without causing any
overfitting problems. Moreover, we categorised serum
ionised calcium based on percentile to explore the possi-
bility of non-linear association, which might not be seen
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if we modelled serum ionised calcium as a continuous
variable.

There are some limitations in our study. Due to the
retrospective nature of our observational study design,
causality would not be established. Itis possible that lower
ionised calcium is a marker of the initial severity of ARF,
which predicted the requirement for mechanical venti-
lation or the lower ionised 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 ionised calcium
as a predictor of in-hospital ARF. Although we exten-
sively adjusted for potential confounders, the association
between admission serum ionised calcium and the risk
of in-hospital ARF might remain confounded by unmea-
sured 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 ionised calcium derangements,
vitamin D levels, the causes and types of in-hospital ARF,
underlying neuromuscular disease and chronic respira-
tory failure was not available or incomplete in our data-
base, and therefore, we were not able to report them.
There is a large and growing literature implicating inade-
quate vitamin D status as a risk factor for adverse outcomes
including bronchospasm, acute respiratory infections and
chronic obstructive pulmonary disease exacerbations.”*!
Thus, future studies are required to assess whether low
vitamin D levels modify the effect of decreased admission
serum ionised calcium and the increased risk of ARF.
Also, serum ionised calcium is often not measured in
hospitalised patients when they were initially admitted to
the hospital. A selection bias should be considered when
we limited the analysis in patients with available admis-
sion serum ionised calcium. Included patients who had
available admission serum ionised calcium were older,
lower eGFR, had more comorbidity conditions, were
more primarily admitted for haematology/oncology
or gastrointestinal disease than those who did not have
available admission serum ionised calcium and were
excluded from the analysis (online supplementary table
S2). Finally, our study was a single-centre study, and most
of the included individuals were from the Caucasian race.
This might limit the generalisability of the study.

In summary, there is an association between admission
serum ionised calcium lower than 4.80 mg/dL and higher
risk of in-hospital ARF requiring mechanical ventilation.
Hence, a serum ionised calcium level might potentially be
agood predictor of ARF requiring mechanical ventilation.
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