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A B S T R A C T   

Introduction: Weaning from cardiopulmonary bypass (CPB) is a critical step of any cardiac surgical procedure and 
often requires pharmacologic intervention. Calcium ions are pivotal elements for the excitation-contraction 
coupling process of cardiac myocytes. Thus, calcium administration might be helpful during weaning from CPB. 
Methods: We describe a multicenter, placebo-controlled, double blind randomized clinical trial to assess the effect 
of calcium chloride on the need for inotropic support among adult patients during weaning from CPB. The 
experimental group (409 patients) will receive 15 mg/kg of calcium chloride. The control group (409 patients) 
will receive an equivalent volume of 0.9% sodium chloride. Both drugs will be administered intravenously as a 
bolus at the beginning of weaning from CPB. 
Results: The primary outcome will be the need for inotropic support between termination of CPB and completion 
of surgery. Secondary outcomes will be: duration of inotropic support, vasoactive-inotropic score 30 min after 
transfer to intensive care unit and on postoperative day 1, plasma alpha-amylase on postoperative day 1, plasma 
Ca2+ concentration immediately before and 10–15 min after calcium chloride administration, non-fatal 
myocardial infarction, blood loss on postoperative day 1, need for transfusion of red blood cells, signs of 
myocardial ischemia on electrocardiogram after arrival to intensive care unit, all-cause mortality at 30 days or 
during hospital stay if this is longer than 30 days. 
Discussion: This trial is designed to assess whether intravenous calcium chloride administration could reduce the 
need for inotropic support after cardiopulmonary bypass weaning among adults undergoing cardiac surgery.  
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1. Background 

Weaning from cardiopulmonary bypass (CPB) is a crucial step of 
cardiac surgical procedure. Data suggest that difficult weaning from CPB 
occurs in 10–45% of cases and those patients who fail to successfully 
wean from CPB at first attempt has high risk of postoperative compli-
cations and mortality [1,2]. 

The use of inotropic agents in patients undergoing cardiac surgery is 
associated with reduced mortality [3]. This may be mediated by 
achieving the hemodynamic stability necessary for successful weaning 
from CPB. Different drugs are commonly used to improve hemody-
namics in cardiac surgery, including catecholamines, phosphodiesterase 
inhibitors, levosimendan, and calcium salts [4]. Classic inotropic agents 
(epinephrine, norepinephrine, dobutamine) are well known for their 
beneficial as well as harmful effects [5]. Thus, the search for the optimal 
drug for hemodynamic support in this setting remains the subject for 
clinical research. 

Calcium ions play a pivotal role in excitation-contraction coupling 
process of cardiomyocytes [6,7]. Increase in intracellular Ca2+ concen-
tration causes a conformational change in cardiac troponin C, the 
tropomyosin complex disconnects and uncovers the myosin binding site 
on the actin molecule, which starts muscle contraction [7]. Several 
studies have shown that hypocalcemia might be responsible for the 
development of hypotension and heart failure [8,9]. Considering these 
data, calcium salts (calcium chloride, calcium gluconate) may facilitate 
CPB weaning. 

According to an international survey, calcium salts are widely used 
(in 71% of centers) to improve hemodynamics during CPB termination 
[10]. The rationale of calcium administration are derived from several 
studies that reported transient improvement of cardiac output and mean 
arterial pressure [11,12]. Shapira et al. showed that either bolus (10 
mg/kg) or same bolus plus continuous infusion (1.5 mg/kg/min for 10 
min) of CaCl2 immediately after the end of CPB increased cardiac index, 
stroke volume and mean blood pressure for 3–6 min [11]. Similarly, 
Urban et al. demonstrated that CaCl2 injected at the same doses imme-
diately after CPB weaning led to a transient increase in cardiac output 
and right ventricular ejection fraction [12]. In contrast, further research 
failed to show hemodynamic improvement as a result of CaCl2 admin-
istration after CPB [13]. 

The available evidence is limited by being out of date, using a small 
sample size and its inherent lack of statistical power to assess clinically 
relevant outcomes. Moreover, considering the possible side effect of 
calcium salts, e.g. the “stone heart” phenomenon, pancreatic injury, and 
inhibition of the vasoactive-inotropic effect of catecholamines, the use 
of intravenous calcium might be dangerous in cardiac surgical patients. 
Thus, currently, no high quality evidence exists regarding the clinical 
efficacy and safety of calcium salts administration during weaning from 
CPB. 

The aim of this multicenter, randomized, double-blind, placebo- 
controlled clinical trial is to test the hypothesis that administration of 
CaCl2 during separation from CPB reduces the need for inotropic sup-
port, expressed as number of patients requiring such support, at the end 
of surgery. 

2. Methods 

2.1. Study approval and registration 

The study was approved by local Ethics Committees of all partici-
pating centers, the copies of approval protocols are held by the coordi-
nating center (E. Meshalkin National Medical Research Centre, 
Novosibirsk, Russia). The trial will be conducted in compliance with the 
principles of the Declaration of Helsinki. The study was registered with 
the US National Library of Medicine (www.clinicaltrials.gov), registra-
tion number NCT03772990, date of registration 12 December 2018. 

2.2. Settings 

At least 12 centers in Russia, Bahrein and Saudi Arabia will take part 
in the study. On October 26th, 2020, the study randomized 291 patients 
at 9 centers in 2 countries, and further 3 centers are getting ready to start 
enrollment. 

2.3. Population 

Adult patients (age >18 years), scheduled for elective cardiac sur-
gery, including valve surgery or valve surgery combined with coronary 
artery bypass graft (CABG) surgery under CPB, will be screened against 
inclusion and exclusion criteria, as summarized in Fig. 1. 

2.4. Study procedures 

2.4.1. Consent 
Patients will be approached by a dedicated member of the research 

team at each center at least 24 h prior to their planned surgery. After 
providing oral and written information about the study and discussing 
ethical considerations, including the right to withdraw at any time 
without negative consequences, patients will be asked to sign written 
informed consent to participate in the study. The number of patients 
refusing participation in the study will be collected. 

2.4.2. Randomization 
Patients who consented and were deemed eligible will be randomly 

allocated to receive either 15 mg/kg of CaCl2 (active group) or placebo 
(control group). The randomization will be performed using an online 
randomization service (https://sealedenvelope.com/), utilizing a 
permuted-block technique with varying block size, concealed from in-
vestigators. Treatment allocation will be stratified by center. Opaque 
sealed envelopes containing information on treatment allocation will be 
opened 10–15 min before the end of CPB. At this time, the anesthetist 
will check the patient against the last exclusion criterion (i.e. need for 
transfusion of red blood cells). The randomization performed at the last 
available moment (i.e. before end of CPB), along with the double-blind 
nature of the study, should reduce most biases. 

2.4.3. Allocation concealment and blinding 
The randomization will be performed by an independent biostatis-

tician not otherwise involved in the study. Similarly, a nurse not 
otherwise involved in the study will open the envelope and prepare the 
study drug. The study drugs, identical in color, appearance and volume, 
will be delivered to the operation room and handed to the anesthetist 
who will be aware of the trial but blinded as to the content of the syringe. 
The marking on the syringe will read “ICARUS trial”. All care providers 
(i.e. surgeons, anesthetists, intensivists, nurses), outcome assessors and 
patients will be blinded to treatment allocation. All statistical analyses 
will be blinded and performed by a biostatistician not participating in 
treatment allocation. 

2.4.4. Unblinding 
The only reason for breaking randomization code will be the need for 

transfusion of red blood cells during the period starting at randomiza-
tion and ending at arrival to intensive care unit (ICU). Open label CaCl2 
administration will be permitted after randomization code break. All 
events of code breaks will be communicated to the coordinating center 
within 24 h. 

2.4.5. Interventions 
The active group will receive 15 mg/kg of CaCl2. Based on available 

evidence, this dose was effective in improving hemodynamics in pa-
tients after cardiopulmonary bypass [11,14,15]. The control group will 
receive an equivolume of 0.9% NaCl. Both drugs will be administered 
intravenously as a bolus (delivered over several seconds) at the 
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beginning of weaning from CPB. We decided to use this timepoint in 
order to standardize the intervention across procedures, as the time 
between end of CPB and protamine administration or aortic 
de-cannulation may fluctuate due to various reasons (slow fluid shift 
from CPB to patient, bleeding that must be stopped before protamine 
administration, etc.). Additionally, the study hypothesis is that calcium 
administration improves myocardial contractility and helps avoid use of 
inotropes. Therefore, to assess the effect of calcium (or lack thereof) it’s 
important to increase its concentration before the heart gets loaded with 
volume. 

2.4.6. Standard care 
Open label use of calcium salts will not be permitted until patient’s 

arrival to ICU, except in the event of randomization code break. Apart 
from calcium salts, there will be no limitation to use of any drugs. The 
patients will receive the best available care according to local protocols 
at each center. Beyond standard care, the study protocol will require 
measurement of plasma Ca2+ concentration before and within 10 min 
after drug administration and plasma alpha-amylase level on post-
operative day 1 (POD 1). 

3. Outcome measurements 

A large propensity score matched study suggested that use of ino-
tropes in operating room is associated with increased risk of poor 
outcome (2.5-fold for 1-year mortality, 7-fold for renal replacement 

Fig. 1. Study flow chart. CPB, cardiopulmonary bypass; CABG, coronary artery bypass graft; RCT, randomized controlled trial; RBC, red blood cells.  
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therapy, 2-fold for myocardial infarction [MI] and stroke during hos-
pitalization [16]. However, it is difficult to relate those data to our study 
due to the differing timing of administration and range of inotropic 
agents used. Therefore, the primary endpoint will be the need for 
inotropic and/or vasopressor support using any of the following drugs: 
epinephrine, norepinephrine, dopamine, dobutamine, vasopressin, 
phenylephrine, isoproterenol started at any dose during the period 
starting at termination of CPB and ending at completion of surgery. 
Secondary endpoints will be: total duration of inotropic support, starting 
at the beginning of weaning from CPB (with cut-off of 30 min, i.e. 
duration of less than 30 min will be rounded down to the nearest hour, 
values equal to or greater than 30 min will be rounded up to the nearest 
hour); vasoactive-inotropic score 30 min after transfer to ICU and on 
POD 1, calculated as: Dobutamine dose (in mcg/kg/min) + Dopamine 
dose (in mcg/kg/min) + Enoximone dose (in mcg/kg/min) +

[Epinephrine dose (in mcg/kg/min) x 100] + [Norepinephrine dose (in 
mcg/kg/min) x 100] [17]; plasma alpha-amylase on POD 1; plasma 
Ca2+ concentration immediately before and 10–15 min after CaCl2 
administration; non-fatal MI, defined as an elevation of cardiac troponin 
(cTn) values > 10 times of the 99th percentile upper range limit ≤48 h 
after the index procedure in patients with normal baseline values. Pa-
tients with elevated pre-procedural cTn values, in whom the 
pre-procedural cTn level are stable (≤20% variation) or falling, must 
meet the criteria for a >10-fold increase and manifest a change from the 
baseline value of >20% in addition with at least one of the following: 
development of new pathological Q waves, imaging evidence of loss of 
viable myocardium that is presumed to be new and in a pattern 
consistent with an ischemic etiology, angiographic findings consistent 
with a procedural flow-limiting complication such as coronary dissec-
tion, occlusion of a major epicardial artery or graft, side-branch occlu-
sion-thrombus, disruption of collateral flow or distal embolization, 
isolated development of new pathological Q waves meets the type MI 
criteria with if cTn values are elevated and rising but less than the 
pre-specified threshold [18]; blood loss on the morning of POD 1 
(ml/kg); need for transfusion of red blood cells postoperatively, based 
on local protocol; signs of myocardial ischemia on electrocardiogram 
after arrival to ICU; all-cause mortality at 30 days or during hospital stay 
if this is longer than 30 days. 

We will also collect and report perioperative characteristics (internal 
mammary artery vascular resistance measured by transit time flow-
metry, duration of CPB, mechanical ventilation, etc.), complications 
(rhythm disturbances, neurologic events, etc.) and administrative data 
(readmission to ICU, hospital stay, etc.). 

The patients will be followed-up to 30 days after enrolment or hos-
pital discharge, if this is longer than 30 days. The follow-up contact with 
patient will be made via telephone call. 

4. Statistical analysis and sample size estimation 

4.1. Sample size 

Approximately 60% patients undergoing cardiac surgery need 
inotropic support in operating room [19–22]. Assuming a 10% reduction 
(i.e. from 60% to 50%) in the need for inotropic support, we estimated 
that a sample of 774 (387 patients per group) would be needed to detect 
this effect with probability of 80% at an alpha level of 0.05. The ex-
pected duration of the study is 36 months. One unblinded interim 
analysis using the Hwang-Shih-DeCani alpha spending function will be 
carried out after 50% of the patients have been enrolled. For the interim 
analysis, the significance level of 0.003 for a one-sided test will be used 
to stop the trial early for efficacy. Additionally, we will use the 
“gsProbability” function of the “gsDesign” package for R to estimate the 
upper boundary crossing probability for the final analysis. If this will be 
lower than 0.2, the trial will be stopped for futility. For the final analysis, 
the significance level for efficacy will be set at 0.0238 for a one-sided 
test. Thus, the overall alpha level of 0.5 (two-sided) will be preserved. 

To compensate for incomplete observations and account for one interim 
analysis, the estimated sample size was increased to 818 (409 patients in 
each group). 

4.2. Data collection and storage 

Baseline and clinical data will be collected prospectively and entered 
into the electronic Case Report Form (eCRF) by a dedicated research 
team member at each center. After obtaining follow-up information, the 
data will be anonymized. Security measures (storage in a secure elec-
tronic environment, restricted access) will be applied to the eCRFs to 
protect patient privacy and data integrity. At each center, the following 
information about numbers of patients will be recorded: potentially 
eligible (i.e. before formal assessment), ineligible, eligible and not 
consenting, eligible and consenting, randomized, randomized and 
excluded due to meeting an exclusion criterion, withdrawing consent, 
lost to follow-up, analyzed. Completed eCRFs will be sent to the coor-
dinating center monthly, where the data will be transferred into a secure 
electronic database. Baseline and clinical data will be collected for 
randomized patients only. At the coordinating center, a dedicated 
research team member not otherwise involved in the study will be 
responsible for data entry to the electronic database. Blinded data will 
be cross-checked for consistency by the biostatistician on a monthly 
basis. Access to the database will be restricted to the two aforemen-
tioned persons. All changes in the database will be tracked. After the 
study completion, the participating centers will have 30 days to respond 
to data queries before database lock, after which no further changes to 
the database will be possible. 

4.3. Analysis 

Categorical variables will be reported as absolute numbers and 
percentages. Continuous variables will be reported as mean ± standard 
deviation or median and interquartile range. Primary endpoint analysis 
will be done using Fisher’s exact test. Additionally, absolute risk dif-
ference and associated 95% confidence interval (CI) will be estimated. 
The same approach will be used for analysis of binary secondary end-
points, whereas for continuous secondary endpoints mean difference 
and associated 95% CIs will be estimated. For between-group compar-
isons of variables that are not primary endpoints, Fisher’s exact test, 
unpaired t-test or Wilcoxon signed rank test will be used as appropriate. 
For post-hoc exploratory analyses, mixed effects regression models (i.e. 
linear, logistic or Cox) with center as fixed effect and clinically impor-
tant variables as random effects will be used. 

In addition to the main analysis, the primary endpoint will be 
analyzed across the following subgroups: sex (male vs female), serum 
Ca2+ before weaning (low vs normal, cut-off defined as per local labo-
ratory reference range), duration of CPB (<120 min vs ≥ 120 min). 

All analyses will be according to the intention-to-treat principle. 
Missing data will not be imputed. Statistical significance will be set at 
the two tailed 0.05 level. All the analyses will be done using R software 
(R Core Team (2020). R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, Austria. 
URL https://www.R-project.org/.). 

4.4. Study monitoring 

At the coordinating center, a Data Monitoring Committee (DMC) will 
be formed, consisting of an anesthetist, an intensive care specialist and a 
cardiac surgeon not involved in the study, supported by the study 
biostatistician. The DMC will consider blinded data on a quarterly basis 
to assess recruitment rate, data quality and safety issues (e.g. adverse 
events, unexpectedly high complication rates, etc.). Midway through the 
study, the DMC will consider results of the interim analysis and will 
decide whether the trial should continue or be stopped for efficacy or 
futility. Additionally, the DMC will have a right to demand 
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randomization code break and to recommend termination of the study 
due to a safety concerns. 

5. Discussion 

Cardiopulmonary bypass is an essential component of cardiac sur-
gery, and successful weaning from CPB remains a critical step in the 
intraoperative course. Pharmacologic agents are usually necessary to 
support hemodynamics during the transition period from mechanical 
pump-assisted circulation to spontaneous systemic circulation. The 
choice of agents depends on the underlying pathophysiology of hemo-
dynamic instability: systemic vasodilation, left ventricular dysfunction, 
pulmonary hypertension and associated right heart failure [23,24]. 

Routine use of calcium salts during weaning from CPB is a common 
practice among cardiac anesthetists, although the evidence supporting 
this routine is lacking [25,26]. At the same time, the rationale for cal-
cium treatment may be justified by the transient hypocalcemia seen in 
patients after CPB [27] and by the inotropic properties of calcium salts 
[28]. 

Low quality evidence supports the notion that the beneficial effects 
of calcium administration (increase in arterial blood pressure, systemic 
vascular resistance, cardiac index, stroke volume, and coronary perfu-
sion pressure) might be helpful in cases of moderate contractility 
reduction or vasoplegia, with no risk of undesirable effects [11]. 
Administration of CaCl2 at a dose of 5–15 mg/kg appears safe and is 
associated with transient improvement in hemodynamic parameters. On 
the other hand, possible side effects of such calcium use include tem-
porary impairment of mammary artery graft flow [14], acute pancrea-
titis [29], the “stone heart” phenomenon [30] and inhibition of the 
inotropic effects of catecholamines in the postoperative period [15,31]. 
However, none of the existing small trials have been powered to detect 
differences in clinical outcomes. Despite this fact a recent survey on 
perioperative calcium use in cardiac surgery showed a high rate use 
during CPB weaning in daily practice worldwide [10]. 

Therefore, we plan to conduct a large multicenter randomized 
double-blind placebo-controlled trial to test the hypothesis that intra-
operative administration of CaCl2 will reduce the need for inotropic 
support (expressed as number of patients requiring such support) before 
transfer to intensive care after cardiac surgery. The study is designed as a 
pragmatic trial, thus reflecting routine clinical practice and maximizing 
feasibility and external validity. We focus on complex cardiac surgery 
and exclude patients undergoing isolated coronary artery bypass graft 
surgery because in our experience the latter cohort rarely requires use of 
inotropes, thus diminishing relevance of our intervention in this 
particular group. 

6. Conclusion 

The ICARUS trial will be the first study powered to assess the effect of 
intravenous calcium chloride administration on need for inotropic 
support in adult patients undergoing cardiac surgery under CPB. The 
findings of this study are likely to affect global practice. 

Trial registration 

Clinical Trials Primary Registry: U.S. National Library of Medicine. 
Clinical Trial Registration Number: NCT03772990. 
Date of Registration: December 12, 2018. 
Trial Sponsor: E. Meshalkin National Medical Research Centre, 

Novosibirsk 630055, Russian Federation. 
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