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Abstract

Background: The vast majority of children undergoing cardiac surgery have low vitamin D levels post-operative,
which may contribute to greater illness severity and worse clinical outcomes. Prior to the initiation of a large phase
Il clinical trial focused on clinical outcomes, studies are required to evaluate the feasibility of the study protocol,
including whether the proposed dosing regimen can safely prevent post-operative vitamin D deficiency in this
high-risk population.

Methods: We conducted a two-arm, double-blind dose evaluation randomized controlled trial in children
requiring cardiopulmonary bypass for congenital heart disease. Pre-operatively, participants were randomized
to receive cholecalciferol representing usual care (< 1year = 400 |U/day, > 1year = 6001U/day) or a higher
dose approximating the Institute of Medicine tolerable upper intake level (< 1year = 1600 IU/day, > 1 year
= 2400 IU/day). The feasibility outcomes were post-operative vitamin D status (primary), vitamin D-related
adverse events, accrual rate, study withdrawal rate, blinding, and protocol non-adherence.
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larger trial.

consider a loading dose.

High-dose, Dose evaluation trial

Results: Forty-six children were randomized, and five withdrew prior to surgery, leaving 41 children (21 high
dose, 20 usual care) in the final analysis. The high dose group had higher 25-hydroxyvitamin D concentrations
both intraoperatively (mean difference + 25.9 nmol/L; 95% Cl 8.3-43.5) and post-operatively (mean difference
+ 17.2 nmol/L; 95% Cl 5.5-29.0). Fewer participants receiving high-dose supplementation had post-operative
serum 25-hydroxyvitamin D concentrations under 50 nmol/L, compared with usual care (RR 0.31, 95% Cl 0.11-
0.87). Post-operative vitamin D status was associated with the treatment arm and the number of doses
received. There were no cases of hypercalcemia, and no significant adverse events related to vitamin D. While
only 75% of the target sample size was recruited (limited funding), the consent rate (83%), accrual rate

(1.5 per site month), number of withdrawals (11%), and ability to maintain blinding support feasibility of a

Conclusions: Pre-operative daily high-dose supplementation improved vitamin D status pre-operatively and at
time of pediatric ICU admission. The protocol for a more definitive trial should limit enrollment of children
with at least 30 days between randomization and surgery to allow adequate duration of supplementation or

Trial registration: ClinicalTrials.gov, NCT01838447. Registered on April 24, 2013
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Background

Congenital heart disease (CHD) is a common condition
occurring in 1 per 100 births. Many of these lesions are
pathological, necessitating cardiac surgery to prevent
death and improve short- and long-term quality of life
[1]. Due to underlying cardiac lesions and the deleteri-
ous effects of complex operative procedures, these chil-
dren are at risk for post-operative mortality and
morbidity secondary to pronounced systemic inflamma-
tory responses, respiratory failure, myocardial dysfunc-
tion, acute kidney injury, and infection [2-5]. Interest
remains in the identification of interventions that reduce
or lessen perioperative morbidity and in doing so im-
prove quality of life and functional status and save health
care spending.

Recently, a significant body of work has emerged sug-
gesting vitamin D to be a potentially modifiable risk fac-
tor in adult and pediatric critical care settings [6-8]. A
systematic review of 17 observational studies reporting
on 25-hydroxyvitamin D (250HD) concentrations in the
general pediatric intensive care unit (ICU) setting con-
cluded that 55% of critically ill children worldwide have
admission 250HD concentrations below the accepted
target threshold of 50 nmol/L required for optimal axis
functioning [9]. Consistent with its pleiotropic actions,
these studies also demonstrated poor vitamin D status to
be associated with dysfunction of multiple organs central
to recovery from critical illness (cardiac, respiratory, im-
mune) and reduced survival [10-13]. Supplementing this
work, four studies focused on children with CHD report
that between 50 and 90% have post-operative serum
250HD concentrations below 50 nmol/L [14—17]. Fur-
ther, three of the studies reported statistically significant

associations between serum 250HD concentrations and
post-operative cardiovascular dysfunction [14, 15, 17].
Low post-operative 250HD concentrations appear to be
secondary to a combination of low to borderline normal
pre-operative 250HD concentrations and a documented
~ 40% intraoperative decline as a direct result of cardio-
pulmonary bypass [15, 17-20]. Observational work by
multiple groups describes an abrupt 40% decline in
250HD concentrations during pediatric CHD surgery,
which coincided with the initiation of cardiopulmonary
bypass [15, 17]. Similarly, a 35% decline in 250HD con-
centrations has been observed in adults following the
initiation of cardiopulmonary bypass [21]. The available
literature suggests that usual low-dose daily supplemen-
tation based on the recommended daily allowance issued
by the Insititute of Medicine is inadequate to maintain
post-operative 250HD concentrations above 50 nmol/L
in the CHD population [19].

Vitamin D is an inexpensive and readily available interven-
tion, and there has been considerable interest in evaluating
whether the application of alternative supplementation ap-
proaches could lead to improved outcomes in the ICU or
cardiac surgical populations. Meta-analysis of pilot adult ran-
domized controlled trials (RCTSs) providing high-dose sup-
plementation following ICU presentation suggests clinical
benefit [22, 23], coinciding with the initiation of two large
multicenter adult RCT's both evaluating enteral loading doses
of 540,000 IU (NCT03096314, NCT03188796) [24, 25]. In-
spection of the pediatric ICU and cardiac surgical literature
identifies only two pilot studies of vitamin D supplementa-
tion, with one on children with burns [26, 27]. The second
more relevant study by Sahu and colleagues administered a
single 10,000 IU/kg vitamin D loading dose prior to cardiac
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surgery in children with Tetrology of Fallot, demonstrating
significant improvements in post-operative vitamin D status
compared to control (61 vs. 30 nmol/L) [27]. While single
high-dose supplementation, pre- or post-operatively, is a
valid option, the CHD patient is unique among the pediatric
ICU population in that the majority are admitted following a
surgery planned days, weeks, or months prior. Consequently,
it may be possible to prevent post-operative vitamin D defi-
ciency using an alternative pre-operative daily high-dose
strategy.

In addition to the usual care based on Recommended
Daily Allowance, the Institute of Medicine also provided
a second higher dose intended to generate significantly
higher vitamin D status, while avoiding toxicity, referred
to as the tolerable upper intake level (1000-4000 IU/day,
age-specific) [19]. While the 250HD concentrations
achieved and the safety of the alternative high-dose regi-
men has been thoroughly evaluated in healthy children,
performance in other populations including children
with CHD remains unknown [28, 29]. Prior to a large
phase III trial evaluating for improved clinical outcomes,
the feasibility of a study protocol based on the pre-
operative administration of the daily tolerable upper in-
take level should be evaluated in a pilot study.

This manuscript presents the findings of a pilot dose
evaluation randomized controlled trial focused on feasibil-
ity. The primary feasibility objective of this trial was to de-
termine whether a pre-operative regimen of daily high-
dose (HD) vitamin D3 (cholecalciferol) based on the Insti-
tute of Medicine age-specific tolerable upper intake level
significantly reduces post-operative vitamin D deficiency
following CHD surgery with cardiopulmonary bypass,
when compared with usual care (UC). Additional
protocol-specific feasibility objectives evaluated whether
HD supplementation results in additional clinical and bio-
chemical vitamin D-related adverse events (hypercalcemia,
hypercalciuria, nephrocalcinosis) and generalizability feasi-
bility outcomes related to accrual, blinding, study with-
drawal, and protocol non-adherence.

Methods

Study design

This trial is reported according to the Consolidated
Standards of Reporting Trials (CONSORT, Additional
file 1) extension for randomized pilot and feasibility tri-
als [30, 31]. We conducted a single-center, double-blind,
phase II dose evaluation pilot RCT from July 2013 to
December 2015 at a Canadian tertiary center. The study
rationale, design, and protocol have been previously
published [32]. Ethical approval was obtained from the
Children’s Hospital of Eastern Ontario Research Ethics
Board (#13/03E), and regulatory approval was obtained
from Health Canada (CTA #161404). Written informed
consent was obtained from all participants before the
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initiation of study procedures, with written assent ob-
tained where applicable. The study protocol was regis-
tered on ClinicalTrials.gov by J.D. McNally on April 24,
2013 (NCT01838447).

Participants

Patients aged 36 weeks corrected gestational age to 17
years with CHD who required surgical correction with
cardiopulmonary bypass within the next 12 months were
included. Exclusion criteria were cardiac or gastrointes-
tinal disease-preventing enteral feeds or drug adminis-
tration prior to surgery, confirmed or suspected
William’s syndrome, proposed surgery to take place at
another hospital, surgical correction without the need
for cardiopulmonary bypass, and born at less than 32
weeks gestational age.

Randomization

Children with CHD meeting the eligibility criteria were
recruited pre-operatively following diagnosis and con-
firmation of the need for surgery from ambulatory
clinics (cardiology and cardiovascular surgery), general
inpatient wards, and both neonatal and pediatric ICUs.
Patients were randomized by the pharmacy using 1:1 in
permuted blocks of four and stratified by age (< 1 or >
1 year) and expected time to surgery (< 2 months or > 2
months). Patients < 1year of age were also stratified by
feeding status (breast- or formula-fed). Randomization
lists were generated by the Ottawa Hospital Method
Centre and were only available to site research pharma-
cists. Blinding was maintained using indistinguishable
interventions (identical vials, volume, color, taste,
consistency, and smell). With the exception of the
research pharmacists, all study personnel, clinical staff,
patients, and families were blinded to the group
assignment.

Intervention

The study drug was provided in different dosages of vita-
min D3 (cholecalciferol) and placebo by Euro-Pharm
International Canada Inc. Patients received a daily en-
teral dose of the study drug from the time of study en-
rollment to the day of CHD surgery. The HD and UC
dosing regimens were both modeled on age-specific in-
take levels recommended by the Institute of Medicine
(Table 1) [19]. Patients in the high-dose arm received an
enteral daily dose based on the Institute of Medicine tol-
erable upper intake level, equivalent to 1600IU (< 1
year) or 2400IU (1-17 years) per day. The tolerable
upper intake level is intended to significantly elevate
serum 250HD concentrations above the 50nmol/L
threshold established for bone health, while minimizing
the risk of vitamin D toxicity (hypercalciuria, hypercalce-
mia). Given the expected 40% intraoperative decline in
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Table 1 Vitamin D dosing regimen
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Age group Volume, Usual care group High dose group
mL 1U/day Vial concentration, IlU/mL IU/day Vial concentration, IU/mL
Breastfed infant children > 12 months of age
0-1 yearb 1 400 400 1600 1600
1-17 years 1 600 600 2400 2400
Formula-fed infant (< 12 months of age)
0-1 year® 1 None® Placebo (0) 1200 1200

2Does not include the vitamin D intake from formula (400 1U/day)

byitamin D dosing was not increased for children who reached 1 year of age after initiating study drug

250HD concentrations due to the use of cardiopulmo-
nary bypass, pre-operative 250HD concentrations above
90 nmol/L. are required to maintain post-operative
250HD concentrations above 50 nmol/L. The HD dos-
ing regimen was selected to achieve a pre-operative
250HD target of 90 nmol/L [32]. Patients randomized
to the usual care arm received the Adequate Intake
doses for infants or recommended daily allowance for
children > 1year of age. The Adequate Intake and Rec-
ommended Dietary Allowance daily doses were chosen
with the goal of gradually (over approximately 2 months)
achieving blood 250HD concentrations at or slightly
above the 50 nmol/L threshold associated with good
bone health. With the exception of study intervention,
the anesthetic, surgical, and ICU management was left
to the discretion of the anesthesiologists, perfusionists,
cardiovascular surgeons, and intensivists.

Study feasibility outcome measures

The primary feasibility outcome was the proportion of
participants with an immediate post-operative serum
250HD concentration under 50 nmol/L (equivalent to
20 ng/mL), determined using a validated LC-MS/MS
assay, as previously described [32, 33]. Immediate post-
operative serum 250HD concentration was determined
after the final separation from cardiopulmonary bypass
and collected at the time of pediatric ICU admission
bloodwork. As cardiac surgery and cardiopulmonary by-
pass are known to significantly reduce blood 250HD
levels, we also report on vitamin D status intraopera-
tively, just prior to the initiation of bypass. Additional
feasibility outcome measures specific to the proposed
study dosing regimens included the three well-studied
vitamin D-related adverse events: hypercalciuria, hyper-
calcemia, and nephrocalcinosis. Additional non-specific
outcome measures used to evaluate RCT feasibility more
broadly included accrual rate, study withdrawal rate,
non-adherence to the study protocol, and ability to
maintain allocation and blinding.

Exploratory clinical outcomes

Common clinical outcomes were collected and com-
pared between the groups, as described in the protocol
paper. Post-operative clinical outcomes included mortal-
ity, fluid intake, hypocalcemia, catecholamine infusion
requirements, arrhythmias, positive bacteria culture,
renal failure, and duration of mechanical ventilation,
pediatric ICU, and hospital stay. The Pediatric Risk of
Mortality (PRISM) score was also calculated, as previ-
ously reported, with the exception that children with
cyanotic lesions (e.g., single ventricle) were not penalized
for low PaO, [34].

Research sample collection

For the primary study objective, blood was collected im-
mediately post-operatively (after the final separation
from cardiopulmonary bypass, with pediatric ICU admis-
sion bloodwork), processed and stored at — 80 °C for the
analysis of 250HD at study close-out. To address the
secondary and exploratory objectives, additional blood
was collected intraoperatively (just prior to the initiation
of cardiopulmonary bypass) and on post-operative days
(POD) 1, 3, 5, and 10 (or at the time of pediatric ICU
discharge if the patient was discharged before day 10)
(see schema of research sample collection timing,
Additional file 2). Blood samples were collected through
arterial or venous catheters or at the time of clinically
indicated bloodwork. As some patients often do not have
arterial or venous catheters in place after day 2, the re-
search samples were not collected unless venipuncture
was planned for clinically indicated bloodwork. In
addition to blood, urine samples were collected in the
operating room and on PODI1 to measure calcium and
creatinine ratios and monitor for hypercalciuria.

Safety monitoring

Real-time safety monitoring of participants’ blood
250HD and calcium concentrations was performed at
the request of the Research Ethics Board and Data Safety
Monitoring Board. First, for participants started on study
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drug before their scheduled pre-surgical appointment,
250HD and ionized calcium measurement were added
to the bloodwork performed at their scheduled pre-
surgical appointment (2 to 3 weeks prior to surgery).
Second, participants who were on study drug for more
than 6 months also had mid-treatment blood collected
to monitor 250HD and ionized calcium. The 250HD
and ionized calcium results from the mid-treatment and
pre-surgical bloodwork were reviewed by the study
safety officer in a blinded manner to evaluate for signs
of vitamin D toxicity. Hypercalcemia was defined as an
ionized calcium level above 1.40 mmol/L or 1.45 mmol/L
for patients < 2 months of age [35-37]. In the absence of
hypercalcemia, 250HD concentrations above 200 nmol/
L and 250 nmol/L called for either a 50% reduction or
discontinuation of the study drug, respectively. Third,
intraoperative and POD1 urine calcium to creatinine ra-
tios were measured in real time by the clinical laboratory
and monitored by a study safety officer. Age-based
thresholds, as previously published [32], were used to
evaluate for hypercalciuria (Additional file 3).

Compliance

Adherence to the intervention was evaluated by request-
ing that caregivers (i) document daily administration of
the study drug in a calendar (print) and (ii) return un-
used study drug to the research team on the day of sur-
gery. Compliance was determined based on the volume
of drug provided vs. what was returned and/or the num-
ber of doses recorded in the compliance calendar. For
inpatients, compliance was determined based on the
number of administered doses documented on the pa-
tient’s medication record in their hospital chart. Compli-
ance data was considered in the evaluation of the
relationship between the duration of study treatment
and post-operative 250HD concentrations.

Sample size

The study sample size was calculated using the feasibility
objective focused on the prevention of post-operative
vitamin D deficiency with the proposed HD supplemen-
tation strategy. Based on the findings from observational
studies and clinical trials on healthy children receiving
adequate intake or recommended daily allowance, it was
estimated that < 40% of participants in the UC arm
would have post-operative 250HD concentrations
above 50 nmol/L. Similarly, through an evaluation of
pediatric studies administering cholecalciferol doses ap-
proximating the Institute of Medicine upper tolerable in-
take level, it was estimated that > 80% of participants in
the HD arm would achieve post-operative levels above
50 nmol/L. To detect an absolute difference between
arms of > 0.4 with a = 0.05 and S = 0.8, the study sam-
ple size would need to be 28 per arm. After adjustment
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for up to a 10% dropout, the final sample size was set at
62 (total).

Evaluation of protocol feasibility

The criteria were established to assist with the determin-
ation of the feasibility of a phase III trial utilizing the
existing protocol, or whether adjustments were neces-
sary. For the vitamin D status outcome, a 40% absolute
decrease in the frequency of post-operative vitamin D
deficiency was set, consistent with the sample size calcu-
lation. In addition, the investigators recognized an ideal
state where > 75% of the HD arm achieved immediate
post-operative 250HD above 50 nmol/L, with subgroup
analysis intended to identify subgroups where a different
dosing regimen might be required. For vitamin D-
related adverse events, the criteria for adjustment of the
HD regimen were set as the occurrence of persistent hy-
percalcemia and/or nephrocalcinosis in the HD group,
with 250HD concentrations above 200 nmol/L. Protocol
adherence was considered acceptable if the major proto-
col deviations related to study drug administration or
safety procedures occurred in less than 20% of enrolled
patients. The acceptable level set for both study dropout
and unblinding rates was set at < 10%. Finally, as suffi-
cient funding was available for only a 30-month recruit-
ment period, the target accrual rate for the study was set
as 2 to 2.5 patients per month (per site). While ideal, the
target accrual rate above 2 patients per month exceeds
that observed in many phase III multicenter pediatric
ICU studies; therefore, the acceptable accrual rate to es-
tablish feasibility was set at 1.5 patients per month.

Statistical analysis

Baseline demographic data are presented as proportions
for dichotomous variables while continuous variables are
presented as either means with standard deviations for
normally distributed variables or medians with inter-
quartile range (IQR). Differences in the primary outcome
measure (proportion with 250HD under 50 nmol/L) be-
tween the treatment groups were evaluated using rela-
tive risk, reported with 95% confidence intervals (CI) in
an intention-to-treat analysis. Secondary analyses were
evaluated and reported based on data type. Continuous
outcome measures were evaluated using the ¢ test or the
Wilcoxon sign rank test, with differences between the
groups reported as the mean difference with 95% CI.
Dichotomous secondary outcome measures (e.g., hyper-
calcemia, hypercalciuria) were compared using Fisher’s
exact, chi-square, or relative risk (RR) with 95% CI. Out-
come measures that represent time to event (e.g., time
to extubation, pediatric ICU, and hospital length of stay)
were analyzed using the log rank test. Spearman correl-
ation coefficients and linear regression models were used
to evaluate how (i) duration of therapy and (ii) the
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number of study doses received (incorporating compli-
ance) influenced the relationship between vitamin D sta-
tus and treatment arm. Analyses were performed using
the SAS software (Copyright SAS Institute Inc., Cary,
NC, USA), and a p value less than 0.05 will be consid-
ered statistically significant.

Results

Ninety-nine children referred to the cardiovascular surgery
team from July 2013 to December 2015 were screened for
eligibility, with 46 randomized (CONSORT diagram, Fig.
1). Five patients were withdrawn pre-operatively, leaving 41
patients in the final analysis. In three cases, the research
team initiated study withdrawal as the surgical management
plan was altered and the patient no longer met the study
eligibility: significant delay in the timing of surgery (n = 1)
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and surgery would occur at another center (# = 2). The two
remaining patients were withdrawn at the request of the
caregiver. No patients were withdrawn due to side effects of
the study drug. Baseline patient characteristics are shown in
Table 2, with no clinically important differences evident be-
tween the groups. Collection of pediatric ICU admission
blood samples for immediate post-operative 250HD mea-
surements was possible for all 21 patients in the HD arm
and 19 study participants in the UC arm.

Feasibility objectives: vitamin D outcomes

For the primary outcome, the proportion of participants
with a serum 250HD under 50nmol/L immediately
post-operatively, the HD arm was significantly lower
(43% vs. 84%) compared to UC. This decline in propor-
tion represents a calculated RR of 0.31 (95% CI 0.10-

Assessed for eligibility (n=99)

Excluded - Ineligible (n=19)
«  Non-CPB case (n=1)

Surgery >12 months (n=15)
Surgery at another centre (n=3)

Eligible, not enrolled (n=34)

* Family did not want to be
approached (n=10)

* Unable to make contact (n=3)

* Other reasons (n=21)

Physician refusal (n=1)

Family too distressed (n=5)
Insufficient time to enroll (n=2)

Study staff unavailable (n=2)
Declined to participate (n=10)
Complex family situation/guardianship

(n=1)
Randomized (n=46)
Allocated to high-dose arm Allocation Allocated to usual care arm
(n= 24) (n=22)
v l
Lost to follow-up (n= 0) [ Follow-Up ] Lost to follow-up (n= 0)

Discontinued intervention (n= 3)
« Change in surgical plan (surgery at
another hospital (n=1)
Caregiver request (n=1)
Change in surgical plan (surgery in
>12 months) (n=1)

A

Analysed for high-dose arm
(n=21)

Fig. 1 CONSORT diagram.
CPB, cardiopulmonary bypass

Discontinued intervention (n= 2)
Change in surgical plan (surgery at
another hospital (n=1)

Caregiver request (n=1)

Analysed for usual care arm
(n=20)
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Table 2 Comparison of demographics by intervention arm

Patient characteristic High dose Usual care
(n=21) (n = 20)
Age (months), median (IQR) 46 (1.0-456) 3.8 (08-35.6)
Weight (kg), median (IQR) 54 (42-134) 58 (3.6-12.9)
Male sex, n (%) 10 (47.6%) 13 (65.0%)
Enrolment location, n (%)
Cardiology 15 (71.4%) 15 (75.0%)
NICU 4 (19.0%) 5 (25.0%)
PICU 2 (9.5%) 0 (0.0%)
Surgery season, n (%)
Winter 6 (28.6%) 5 (25.0%)
Spring 3 (14.3%) 2 (10.0%)
Summer 6 (28.6%) 8 (40.0%)
Fall 6 (28.6%) 5 (25.0%)
RACHS, median (IQR) 2 (2-3) 3(2-4)
Ethnicity, n (%)
Caucasian 14 (66%) 14 (70.0%)
Aboriginal 1 (5%) 1 (5.0%)
Asian 0 (0%) 3 (15.0%)
African/West Indian 2 (10%) 1 (5.0%)
Unknown or others 4 (19%) 1 (5.0%)
Other active medical conditions, n (%) 7 (33.3%) 7 (35.0%)
Genetic 5(71.4%) 3 (42.9%)
Chronic lung 1 (14.3%) 2 (28.6%)
Endocrine 1 (14.3%) 1 (14.3%)
Others 3 (42.9%) 4(57.1%)
Expected time to surgery at enrolment, n (%)
< 2months 18 (86%) 18 (90%)
> 2 months 3 (14%) 2 (10%)
Children < 1 year, n (%)
Breastfed 10 (83%) 9 (75%)
Formula-fed 2 (17%) 3 (25%)

0.87). The UC study participant without a pediatric ICU
admission blood sample had a 250HD concentration of
21 nmol/L on POD1. When 250HD was evaluated con-
tinuously, the HD group had significantly higher imme-
diate post-operative serum concentrations (52.0 + 23.3
vs. 34.8 + 12.0 nmol/L) compared to UC, with a calcu-
lated mean difference of 17.2 nmol/L (95% CI 5.5-29.0)
(Fig. 2). Table 3 provides the serum 250HD concentra-
tions by group for the remaining post-operative time
points and the proportion of participants in each group
who were vitamin D deficient. The 250HD concentra-
tions in the HD group remained consistently higher
throughout the study period, with the difference be-
tween the groups achieving significance on POD1 and
POD3.
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There were no cases of hypercalcemia documented on
any of the mid-treatment or pre-surgical measurements.
Similarly, no cases of hypercalcemia were observed in
the operating room immediately before surgery. Post-
operatively, two patients exhibited transient hypercalce-
mia (< 24 h) and both were in the UC group. The com-
parison of mean ionized calcium concentrations by
study group assignment over the post-operative course
did not find any suggestion of inappropriate elevation of
ionized calcium in the HD group (Table 4). As shown in
Table 4, transient hypercalciuria was documented in
some study participants at each time point, equally be-
tween the study groups. First, 7 study participants (17%)
had elevated intraoperative urine calcium to creatinine
ratios (UC = 3, HD = 4). Six of these participants had
abdominal ultrasounds confirming the absence of
nephrocalcinosis, with the seventh (HD group) having a
resolution of hypercalciuria by POD1; due to the short
duration of study drug administration (3 days), nephrol-
ogy advised that no ultrasound was necessary. All but
three study participants had urine calcium concentra-
tions measured on POD1, with three cases of hypercalci-
uria identified (UC = 2, HD = 1). Patients with
hypercalciuria were evaluated by nephrology, and treat-
ment follow-up was tailored to the clinical scenario; in
all cases, hypercalciuria resolved (often with discontinu-
ation of furosemide). The three patients for whom a
POD1 urine sample was not obtained were reviewed by
nephrology. In all cases, the intraoperative urine calcium
to creatinine ratio was normal, and the study nephrolo-
gist did not require additional follow-up (Fig. 3). There
were no clinically relevant adverse events assessed as be-
ing related to vitamin D during the conduct of the trial.

Feasibility outcomes: accrual, withdrawal, and protocol
adherence

A total of 46 patients were randomized over a period of
30 months for an average accrual rate of 1.5 patients per
month. Of the 80 patients who met eligibility, 56 (70%)
were approached by research staff and 46 agreed to par-
ticipate, for a consent rate of 82%. The reasons families
were not approached are outlined in Fig. 1. The most
common reasons patients were not recruited include
family not wishing to be approached about research (n =
10), family declining to participate after discussion (1 =
10), and health care provider assessment that the family
was too distressed (n = 5). Only 74% of the target sample
size was recruited, as the study was scheduled to termin-
ate after 2.5 years due to available funding.

Of the 46 patients randomized, 5 were withdrawn (11%).
Of these, 2 (4%) were at the request of the caregivers, with
the remaining 3 (6.5%) withdrawn by the study staff due to a
change in surgical plan from single ventricle at our center to
biventricular repair at another site. There were 22 minor
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Fig. 2 Box plot of post-operative 250HD concentrations in the high-dose and usual care arm

protocol violations over the course of the study, including pa-
tients not returning unused study drug at the time of surgery
(n = 4), compliance calendar not returned (z = 6), minor
medication dispensing error (n = 3), study procedures omit-
ted or conducted out of sequence (n = 6) and others (1 = 3).
The minor medication error and study procedures had no ef-
fect on patient safety, patient rights, or integrity of study data.
Details on the protocol violations are provided in Additional
file 4. There were no incidents of accidental unblinding, with
blinding broken intentionally for the one patient with an ele-
vated mid-treatment 250HD level (254 nmol/L).

Exploratory outcomes: 250HD concentrations at other
study time points

Evaluation of available mid-treatment and pre-surgical
bloodwork by the safety officer only identified one

patient with a serum 250HD concentration above the
200 nmol/L threshold (254 nmol/L). A review of drug
history with the caregiver identified that the patient
was also receiving a previously undisclosed “immune
tonic” containing vitamin D at the recommendation
of a naturopath. The patient was determined to be in
the HD group and subsequently had their study dose
reduced by 50% leading to a decline in 250HD con-
centration to 110nmol/L at the time pre-surgical
bloodwork 7 weeks later. The patient did not experi-
ence any adverse events potentially related to vitamin
D throughout the study.

Intraoperative blood (collected just before the initi-
ation of cardiopulmonary bypass) was available for all 41
study participants, with 250HD concentrations higher
in the HD group, when compared with UC (81.5 + 36.5
vs. 55.5 + 13.8 nmol/L) with a calculated mean difference

Table 3 Intraoperative and immediate post-operative 250HD concentrations

Time point (n = high dose, low dose) 250HD (nmol/L) N (%) VDD

High dose Usual care High dose Usual care
Intraoperative—prior to the initiation of CPB (n = 21, 20) 81.5 (36.5)° 55.5(13.8) 5 (24%) 7 (35%)
Immediately post-operative at PICU admission (n = 21, 19) 52.0 (23.3)° 348 (12.0) 9 (43%) 16 (84%)
POD1 (n =20, 19) 53.8 (23.5)° 330 (17.8) 9 (45%) 15 (79%)
POD3 (n =9, 16) 55.0 (283)° 343 (11.5) 4 (44%) 14 (88%)
POD5 (n =8, 12) 583 (383) 358 (13.5) 4 (50%) 9 (75%)

Data are mean (SD)

CPB Cardiopulmonary bypass, VDD Vitamin D deficiency (250HD < 50 nmol/L), PICU Pediatric intensive care unit, POD Post-operative day
Significantly higher in HD than UC; POD10/discharge 250HD concentration only obtained for 6 patients, data not shown
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Table 4 Pre- and post-operative blood and urine calcium measurements

High dose Usual care p value
(n=21) (n = 20)
Hypercalciuria
Enrolment urine calcium to creatinine ratio above age-based 0 1 1.0
threshold, n (%) (n = 6, 6)
Intraoperative urine calcium to creatinine ratio above age-based 4 (19%) 3 (15%) 073
threshold, n (%) (n = 21, 20)
Post-operative day 1 urine calcium to creatinine ratio above 1 (4.8%) 2 (10.0%) 061
age-based threshold, n (%) (n = 18, 20)
Hypercalcemia
Mid-treatment ionized calcium concentration (mmol/L) (n = 3, 0)° 1.17 £ 0.08 n/a n/a
Pre-surgical ionized calcium concentration (mmol/L) (n = 12, 14) 118 £ 0.04 1.20 £ 0.09 042
Intraoperative ionized calcium concentration (mmol/L) (n = 21, 20) 1.14 + 0.07 1.14 + 0.08 0912
Post-operative ionized calcium
PICU admission (n = 20, 20) 1.19 £ 0.09 120 £ 0.08 0.66
POD1 (n = 21, 20) 1.20 £ 0.07 1.18 £ 0.10 0.28
POD3 (n =8, 13) 1.19 £ 007 1.26 £ 0.08 0.04
POD5 (n =7, 10) 118 £ 0.05 1.18 £ 0.07 0.98
Transient (< 24 h) hypercalcemia during PICU admission, n (%) 0 (0%) 2 (10.0%) 023

Hypercalcemia was defined as an ionized calcium level > 1.40 mmol/L or > 1.45 mmol/L for patients < 2 months of age. Hypercalciuria was defined previously

published age-based thresholds [28]
PICU Pediatric intensive care unit, POD Post-operative day

#Mid-treatment ionized calcium was only checked for children with an expected study drug therapy duration of > 2 months

of + 259 nmol/L (95% CI + 8.3 to + 43.5nmol/L). The
proportion of participants with vitamin D deficiency at the
intraoperative time point was similar between the groups
(24% in HD vs. 35% in UC), with a calculated RR of 0.77
(95% CI 0.41 to 1.43). The mean percentage intraoperative
decline in serum 250HD concentration was 36% (SD
22%), with no significant mean difference (4.5%, 95% CI
184 to 9.4%). We did not report on pre-enrollment
250HD or evaluate the change in 250HD as baseline
samples were only available for 25 % (n = 11) of the study
participants; this was due to the lack of clinically indicated
bloodwork at the time of study enrollment.

Exploratory outcomes: treatment duration, compliance,
and vitamin D status

The median duration between randomization and sur-
gery was 28 days (IQR 6, 56), with 10 (24%) having a
study duration of > 60 days. The number of participants
enrolled for > 60 days was similar between the interven-
tion groups (HD, 4; UD, 6). Study drug and/or calendars
were available to evaluate compliance in 38 study partic-
ipants (93%). The median compliance rate for the full
study cohort was 94% (IQR 77, 100). While the point es-
timate for the compliance rate was lower in the HD
group, the calculated mean difference was not significant
(- 8.6%, 95% CI —21.7 to 4.5). Further, the number of
study doses received in each study arm was not statisti-
cally different, with a calculated mean difference of —2

doses (95% CI -26 to 24 doses). After adjusting for
compliance, only 41% (1 = 17) and 17% (n = 7) of the
participants received more than 30 and 60 doses of study
drug, respectively.

A multivariate logistic regression model was used to
evaluate whether there was a relationship between the
primary outcome and both group assignment and dur-
ation of therapy. In the first model, while the HD arm
was associated with increased odds of 250HD > 50
nmol/L (OR 16.2, p = 0.01), the time duration between
randomization and surgery was not statistically signifi-
cant (OR 1.02 per day, p = 0.06). In the second model,
adjusting for compliance, HD group assignment (OR
16.8, p = 0.02) and the increasing number of study doses
received (OR 1.05 per day, p = 0.02) were both inde-
pendently statistically associated.

The relationship between group assignment, number
of study doses received, and vitamin D status was also
considering using multivariable linear regression model-
ing. This evaluation again confirmed that group assign-
ment (HD + 16.2nmol/L, 95% CI 4.3-28.22) and
number of study drug doses (0.20 nmol/L per dose, 95%
CI 0.04—0.36) were associated with higher post-operative
250HD concentrations. The relationship between post-
operative 250HD concentrations, treatment arm, and
number of study doses is shown graphically in Fig. 4.
Only the HD participants who received more than 30
doses achieved average post-operative 250HD
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concentrations above 50 nmol/L (66.8 nmol/L, SD 11.3)
and were statistically different from their corresponding
UC subgroup (+ 31.9 nmol/L, 95% CI 17.6-46.2).

Exploratory outcomes: illness severity and clinical course

There were no deaths among study participants. Table 5
provides the results of exploratory analyses comparing
pediatric ICU illness severity scores and clinical out-
comes, by treatment arm. The point estimate for all
measures favored the HD group, with the duration of
mechanical ventilation (Fig. 5) and frequency of acute
renal failure achieving statistical significance (p < 0.05).

Discussion

In recent years, a large body of observational data has
emerged demonstrating that vitamin D deficiency is not
only common in the pediatric ICU setting but also associ-
ated with a more protracted clinical course and increased

chance of death. Further, available studies suggest that the
post-operative CHD patient may be at even greater risk of
vitamin D deficiency [14—17]. Unlike most critically ill pa-
tients, the post-operative CHD population is unique in
that the majority are admitted following a surgery planned
days, weeks, or months following presentation and diag-
nosis. Consequently, we hypothesized and proved in this
pilot feasibility trial that pre-operative daily high-dose
cholecalciferol supplementation, based on Institute of
Medicine recommendations, is able to significantly reduce
the post-operative vitamin D deficiency rate, when com-
pared to usual care [32]. This trial represents one of the
first vitamin D dosing studies in children with CHD [38],
providing valuable information to parents and health care
professionals on how to safely optimize post-operative
vitamin D status, and represents the penultimate step to
performing a large phase III clinical trial primarily focused
on clinical outcome.
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In addition to evaluating change in 250HD concentra-
tions post-operatively, this study also considered vitamin
D-related adverse events in the assessment of feasibility.
This was important as the safety data rationalizing the
tolerable upper intake level originated from studies on
healthy children, and children with CHD may respond
differently due to critical illness, genetic abnormalities,
and medications [39, 40]. First, we did not document
any instances of persistent hypercalcemia post-
operatively, a finding that is both reassuring and consist-
ent with the low hypercalcemia rate (2.6%) observed in a
meta-analysis of data from pediatric vitamin D trials
[41]. Similarly, in their pilot RCT of children undergoing

Table 5 Clinically important outcomes

surgery for Tetralogy of Fallot, Sahu and colleagues did
not report higher blood calcium levels in the arm receiv-
ing a 10,000-IU/kg pre-operative loading dose [27].
Second, we observed similar intraoperative and post-
operative hypercalciuria rates in the high-dose and usual
care arms. While hypercalciuria rates were similar be-
tween the groups at 25%, the observed rate was consid-
erably higher than the pooled 2.5% rate reported in the
systematic review of pediatric vitamin D clinical trial
data [42]. While high in comparison with relatively
healthy populations, this difference might be anticipated
in the post-operative CHD population due to systematic
inflammation, renal dysfunction, and medication use

End point High dose (n = 21) Usual care (n = 20) p
PRISM score, median (IQR)? 5.0 (4.0, 7.0) 7.0 (5.0, 85) 0.1
Total fluid intake POD1 to 3 (ml/kg), median (IQR)° 258 (155,382) 319 (250, 766) 0.10
Hypocalcemia, n (%) 8 (38.1)% 10 (50.0%) 0.44
Received catecholamines, n (%) 11 (52.4%) 15 (75.0%) 013
Post-operative arrhythmia, n (%) 5 (23.8%) 10 (50.0%) 0.08
Positive post-operative culture, n (%) 5 (23.8%) 6 (30.0%) 0.66
ARF requiring dialysis, n (%) 2 (9.5%) 7 (35.0%) 0.049
Length of initial MV (h), median (IQR) 7 (6, 46) 41 (9,138) 0.06
Length of MV total (h), median (IQR) 9 (6,52) 77 (17,193) 0.03
PICU length of stay, median (IQR) 3(1,7) 7 (3.5, 13) 0.10
Hospital length of stay, median (IQR) 8 (4,13) 135 (7, 20) 0.11
In-hospital mortality, n (%) 0 (0%) 0 (0%) -

PRISM Pediatric Risk of Mortality, POD Post-operative day, ARF Acute renal failure, MV Mechanical ventilation, PICU Pediatric intensive care unit
For patients with cyanotic heart disease, PaO, was not included in the PRISM score calculation as it is expected that PaO, would be low for these patients

bTotal fluid intake represents the fluid intake over the first 3 post-operative days
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(e.g., diuretics). Comparable findings were presented in
the VITdAL-ICU trial (n = 475), where 25% hypercalci-
uria rates were documented pre- and post-study drug
administration in critically ill adults receiving either pla-
cebo or a 540,000-IU cholecalciferol loading dose [23].
Similar results were evident in the study by Sahu and
colleagues where the average perioperative urine calcium
to creatine ratios were reported to be similar or poten-
tially lower in the loading dose arm (2.1 vs. 1.0, p = 0.16)
[27]. In the critical care setting, hypercalciuria may not
represent a great biomarker of excess vitamin D given
the high prevalence of acute kidney injury and medica-
tions (e.g., furosemide) known to promote urinary cal-
cium loss. Further supporting the safety of this regimen
was the absence of any definitive cases of nephrocalcino-
sis or vitamin D-related serious adverse events.
Additional observations related to the ascertainment
of the feasibility of a larger phase III RCT were en-
couraging. First, the high consent rate suggests that
patients and families are concerned about post-
operative vitamin D deficiency and see value in a trial
evaluating whether optimization of vitamin D status
enhances recovery after surgery. Second, while our
study accrual rate was below the target of 2 to 2.5
patients per month, it still met our feasibility thresh-
old of 1.5 participants per month. Comparison with
the literature demonstrates this rate to be consistent
with other large trials of hormonal therapy in the
pediatric ICU setting [43, 44] and large interventional
adult critical care research [45]. Third, we docu-
mented an acceptable patient withdrawal rate (11%).
While slightly above the acceptable threshold set at
10%, detailed inspection reveals that a multicenter
trial that allowed for the transfer of patients between

participating centers would eliminate half of the with-
drawals observed in this study.

An important observation that would affect the design of
a future larger trial was the observation that 43% of the HD
arm had post-operative serum 250HD levels below 50
nmol/L. While data from other pediatric populations sug-
gests the Institute of Medicine high-dose regimen should
raise 250HD concentrations well above our pre-operative
target of 90 nmol/L, a more detailed evaluation of these tri-
als demonstrates that concentration achieved is time-
dependent, with at least a month (or two) of regular intake
necessary to achieve steady state [28, 29]. Despite signifi-
cant efforts by our research staff to recruit early, only 50%
and 25% of study participants were enrolled more than 30
and 60 days prior to surgery, respectively. Consistent with
these previous observations, only the subgroup of HD par-
ticipants receiving more than 30days of study drug
achieved an average post-operative 250HD concentration
above 50 nmol/L (68 nmol/L). Altogether, these observa-
tions show that the dosing regimen used in our study can
successfully prevent post-operative vitamin D deficiency
provided that the duration of supplementation is adequate.
Therefore, we recommend that the subsequent trial use
modified eligibility criteria to exclude patients whose CHD
surgery is scheduled within the following 30 days and there-
fore cannot receive at least 30 doses pre-operatively. For
the subgroup of patients with short intervals between pres-
entation, diagnosis, and surgery, we recommend consider-
ing an alternative dosing strategy, such as a loading dose
timed with pre-operative anesthesia assessments. Fortu-
nately, multiple adult and pediatric studies have shown that
it is possible to safely significantly raise 250HD levels over
a 48- to 72-h time period using a single large age or
weight-based enteral load of cholecalciferol (50,000—400,
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0001IU) [42, 46-48], without any signs of toxicity. In
addition to the aforementioned study by Sahu and col-
leagues, we have confirmed these findings in our recent
VITdAL-PICU pilot trial using a loading dose of vitamin D
(10,000 IU/kg, maximum 400,0001IU) in critically ill chil-
dren (NCT02452762) [27].

This study also included an exploratory analysis com-
paring common post-surgical ICU clinical outcomes be-
tween study arms and identified that patients receiving
high-dose vitamin D had a significantly shorter duration
of mechanical ventilation and a lower rate of acute renal
failure. Importantly, the difference in clinical outcomes
occurred despite the aforementioned observation that
43% of the high-dose arm did not achieve the target
post-operative 250HD concentration of 50 nmol/L. The
suggestion of benefit across multiple outcomes is con-
sistent with vitamin D’s established role as a pleiotropic
hormone essential to the proper functioning of multiple
organs relevant to the development and recovery of crit-
ical illness [6]. In their pilot RCT evaluating pre-
operative loading dose vitamin D, Sahu and colleagues
demonstrated reductions in the average duration of ino-
tropes and ICU stay, although the study was not pow-
ered to evaluate clinical outcomes and statistical
significant was not achieved [27]. In addition, there are
some potentially relatable pediatric and adult studies
that suggest a benefit to high-dose supplementation. For
example, a pilot small RCT (n = 40) evaluating 2000 IU
per day of vitamin D3 in a pediatric cohort with stable
congestive heart failure reported statistically significant
improvements in clinical symptoms and echocardiog-
raphy findings [49]. In another pilot trial in the setting
of severe pediatric burn, the authors suggested potential
benefits for sepsis, bone mass density, keloid, and frac-
ture outcomes with receipt of high-dose vitamin supple-
mentation. More recently, individual adult ICU trials
have also suggested increased chance of survival, re-
duced length of ICU stay, and improvement in long-
term functional outcomes [22, 23]. Following the com-
pletion of these pilot studies, three systematic reviews
and meta-analysis concluded potential benefit [50-52],
leading to the initiation of two large ongoing adult mul-
ticenter trials focused on this question [24, 25]. The
VIOLET study was recently published and did not iden-
tify a mortality reduction following a 540,000-IU enteral
load in vitamin D-deficient adult patients with acute
lung injury, at significant risk for ICU admission [24].

This study had several limitations. First, the study did
not achieve the target sample size, due to a combination
of limited funding and smaller than expected number of
patients referred for surgery during the study window.
Second, the duration of the pre-operative study drug ad-
ministration was shorter than desired. Despite these lim-
itations, the study design was robust enough to
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demonstrate a statistically significant reduction in post-
operative vitamin D deficiency. An important third limi-
tation is that the trial was not adequately powered to ap-
propriately evaluate for the differences in clinical
outcomes, and the results of our exploratory analysis
should be considered hypothesis-generating. Given the
small numbers involved, any differences (or lack thereof)
between the groups could represent type I or type II er-
rors. Finally, this study was conducted in a single Canad-
ian tertiary center that does not perform surgery on
pediatric patients with more complex lesions (e.g., risk
adjustment in congenital heart surgery 5 or 6) [53]. As a
result, findings from this study may not apply to other
institutions performing more complex CHD surgeries.

Conclusions

Recent evidence suggests that many children are vitamin
D deficient following cardiac surgery, and this could
contribute to greater illness severity. Phase III clinical
trials evaluating whether optimization of post-operative
vitamin D status improves clinical outcomes have been
suggested. However, there was considerable uncertainty
about the feasibility of such a trial, including whether
the high-dose supplementation regimen recommended
by the Institute of Medicine would safely prevent vita-
min D deficiency in this high-risk population. In this
study, we determined that the high-dose regimen was
able to significantly reduce the prevalence of vitamin D
deficiency without evidence of additional adverse events
or toxicity. While the vitamin D results largely support
the feasibility of the dosing protocol, observations that
the children who received study drug for less than 30
days do not sufficiently elevate vitamin D concentrations
suggest these patients should either be excluded or re-
ceive an additional loading dose at the time of
randomization. Vitamin D findings, combined with ob-
servations of both high consent rates and low rates of
study withdrawal and protocol non-adherence, further
support the feasibility of a large multicenter phase III
trial focused on the clinical outcome.
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