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Calcitriol trend following pediatric cardiac surgery and
association with clinical outcome
Nina Acharya1,2, Dermot R. Doherty3, Nick Barrowman4, Gyaandeo Maharajh5, Tara Girolamo5, Katie O’Hearn6 and J. Dayre McNally1

BACKGROUND: Consistent with accepted practice in stable ambulatory populations, the majority of ICU research has evaluated
vitamin D status using a single blood 25-hydroxyvitamin D (25(OH)D) level. Only a limited number of ICU studies have measured
the active hormone, 1,25-dihydroxyvitamin D (calcitriol) and none have used change in calcitriol levels to evaluate axis functioning.
The objective of this study was to describe the impact of Congenital Heart Disease (CHD) surgery on calcitriol levels and evaluate
the relationship between change in postoperative levels and clinical course.
METHODS: Secondary analysis of a prospective cohort study of 56 children undergoing surgery for CHD.
RESULTS: Mean calcitriol levels dropped from 122.3 ± 69.1 pmol/L preoperatively to 65.3 ± 36.5 pmol/L (p < 0.0001) at PICU
admission. The majority (61%, n= 34) were unable to increase calcitriol levels in the 48 h immediately following surgery. Post
operative trend in calcitriol was inversely related to cardiovascular dysfunction, fluid requirements, ventilatory support and PICU
length of stay (p < 0.01).
CONCLUSION: CHD patients had significant dysfunction of the vitamin D axis immediately postoperatively, demonstrated by both
a significant intraoperative decline in calcitriol and inability to increase levels. Interventional research will be required to determine
whether the use of calcitriol, in addition to cholecalciferol, reduces postoperative illness severity.
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INTRODUCTION
Congenital heart disease (CHD) affects between 1 and 2% of all
children, many of whom require surgery to prevent death, reduce
morbidity, or improve quality of life.1 Benefits notwithstanding,
children who undergo CHD surgery can endure a significant
period of critical illness peri-operatively resulting in substantial
suffering, prolonged periods of rehabilitation, and the potential to
develop long-term morbidity.2–4 Improving clinical outcomes and
reducing health care spending in this high-risk population will
require enhanced understanding of both patient and operative
factors that influence postoperative illness severity.
Recently, vitamin D status has been proposed as a potential

effect modifier of clinical course and recovery following complex
surgery and critical illness.5,6 In addition to the known essential
role in calcium homeostasis and prevention of related diseases
(i.e., rickets and hypocalcemic seizures), basic science and
epidemiological research has also linked vitamin D to the proper
development and functioning of musculoskeletal, cardiac, and
immune organ systems central to recovery from critical illness.7,8

Provided with substantial biological plausibility, the ICU research
community has produced a large body of observational literature
on this topic.6 Consistent with the accepted methodology, the
vast majority have evaluated vitamin D status using a single blood
measurement of the stable inactive precursor metabolite, 25-
hydroxyvitamin D or 25(OH)D. Recent meta-analyses have
estimated global vitamin D deficiency (VDD) prevalence at ICU
admission of ~50% (using the 50 nmol/L threshold) and confirmed
statistically significant associations between hormone level and

clinical outcome including an approximate two-fold greater risk of
mortality.5,9,10 Further, three small observational studies focused
on CHD patients have also demonstrated high VDD rates
postoperatively, ranging from 38 to 86%, and associations with
illness severity and increased requirement for ICU interventions.11–
14 Although concerning, this has highlighted the potential value of
vitamin D supplementation as a safe, straightforward, and
inexpensive treatment to improve critical illness outcomes.
In addition to the recognized need for large confirmatory RCTs,

a separate question that has emerged is whether a single
measurement of blood 25(OH)D represents the ideal approach
for assessing vitamin D status in the ICU.15 Although considered of
limited diagnostic or prognostic value in most clinical and
research settings, the active hormone, 1,25-dihydroxyvitamin D
(1,25(OH)2D or calcitriol), has been recognized to be of value in
specific patient populations, including those with severe 25(OH)D
deficiency, renal injury, and/or parathyroid dysfunction.16 Of the
existing literature, only a few studies on adult patients following
cardiac surgery, have shown an association between calcitriol
concentrations and clinical outcome.17,18

No studies to date have evaluated whether change over time
could be used as a measure of vitamin D axis functioning.
Although the short half-life (12–24 h) is often used as a rationale
against calcitriol determination, this feature could be beneficial in
dynamic illness states. The primary objective of this study was to
investigate the impact of CHD surgery on functioning of the
vitamin D axis, using serial postoperative calcitriol concentrations.
The secondary objective was to determine the relationship
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between illness severity and trend in postoperative calcitriol
levels.

METHODS
Approval for the study was obtained from the Children’s Hospital
of Eastern Ontario’s Institutional Review Board, and informed
consent was obtained from all patients prior to enrollment.

Subjects
This study reports a secondary analysis of a prospective
observational study evaluating the impact of anesthesia and
CHD surgery on 25-hydroxyvitamin D levels.13 Briefly, eligible
patients included children less than 18 years of age undergoing
elective or semi-elective surgery for CHD requiring postoperative
admission to the PICU. Patients previously enrolled in this study,
another vitamin D study, requiring surgery for isolated pacemaker
insertion or Blalock–Taussig shunts or missing two postoperative
calcitriol measurements were excluded. Preoperative blood was
collected from a control population of 25 children going to the
operating room for minor procedures, as described in the original
study.13

Measurements
Five blood samples were collected during study enrollment. The
first sample was collected preoperatively after anesthesia was
induced and prior to surgical incision. Postoperative samples were
collected at four different time points: PICU admission, 4–8 h after
admission and morning of postoperative days 1 and 2. To further
describe the nature of changes in calcitriol, four intraoperative
samples were collected for the last 11 subjects at the following
time points: immediately after cardiopulmonary bypass (CPB)
initiation, on CPB prior to modified ultrafiltration (MUF), on CPB
following MUF and 2mL of the final MUF.
Blood 1,25(OH)2D concentrations were measured using vali-

dated immunoassays with ranges of 6–500 pmol/L and confirmed
using 11 samples from the Vitamin D External Quality Assessment
Scheme (DEQAS) with known concentrations of calcitriol. The
experimental results matched the control values well with a
correlation coefficient of 0.96. The prevalence of low calcitriol was
calculated using two different thresholds: (i) 40 pmol/L, based on
assay manufacturer suggestions; and (ii) 50 pmol/L in accordance
with the literature review by Henderson et al.19 The 25(OH)D
metabolite was measured as previously reported using a validated
liquid chromatography-mass spectrometry procedure method.20

Protocol
Surgical and anesthetic care was determined by the cardiovascular
surgeon, anesthesiologist and perfusionist. A balanced anesthesia
technique (either fentanyl or remifentanil plus sevoflurane) was
used. As per institution-accepted practice, infants under the age of
30 days were administered 30mg/kg methylprednisone preopera-
tively. Moreover, CPB and cardioplegic arrest, including hypother-
mia as necessary, were performed as per institutional protocol and
consistent with general standards of care. Every patient had an
arterial and central venous catheter. Postoperatively, need for
modified ultrafiltration (MUF) was determined by clinical state and
residual circuit volume. Postoperative care was administered at
the discretion of the pediatric intensivist with guidelines available
for sedation, ventilation, and hypertension.
All data were prospectively recorded in a digital database.

Patients’ age, gender, weight, and ethnicity were recorded. A food
frequency survey was administered to collect information on
previous Vitamin D intake and preoperative nutritional status was
determined using the Gomez and Waterlow approaches.21 Cardiac
lesion diagnosis were collected along with the Risk-Adjusted
Classification for Congenital Heart Surgery scores (RACHS),
assigned according to Jenkins et al.22 CPB duration, prime circuit

volume, CPB prime components, calcium administration, aortic
cross clamp time, and total surgery time were collected during
and immediately after surgery. During PICU stay, fluid adminis-
tration, duration of mechanical ventilation, and length of stay
were also collected. Creatinine levels greater than two standard
deviations (SD) above normal values on postoperative day 1 were
used to identify children with kidney dysfunction.23 The main
clinical outcome of interest was cardiac dysfunction, which was
defined as the need for catecholamine infusion postoperatively
(dichotomous measure) and the inotrope score (continuous
measure), calculated as described by Shore et al.24

Data analysis
Statistical analyses included population description, evaluation of
calcitriol time course, and associations between calcitriol levels
and clinical outcomes and predictors. Population characteristics
were analyzed descriptively and presented as means and standard
deviations for continuous variables (assuming the distribution did
not fail normality testing) and percentages with counts and 95%
confidence intervals for categorical variables.
The trends in calcitriol levels over time were evaluated using

linear regressions and t-tests. Statistically significant changes in
the prevalence of calcitriol deficiency was evaluated using the
McNemar procedure. After testing for normality, a mixed linear
model using a random intercept was employed to determine
associations between predictors as well as clinical outcomes and
calcitriol status over time. p-values < 0.05 were considered
significant. The SAS software (Version 9.4, Copyright SAS Institute
Inc., Cary, NC) was used for analyses.

RESULTS
Study group demographics
The original study enrolled 58 children, of which 56 were included
in this secondary analysis. Study participant baseline demo-
graphics and relevant clinical characteristics are shown in Table 1.
Participants were 55% male, had a median age of 5.4 months (IQR
2.4,33.2), and 18% had a genetic disorder. Eighty-eight percent of
participants were identified as Caucasian, followed by First Nations
(7%), African American (5%), and other (5%). Categorizing
participant heart defects identified that 75% had RACHS 2 or
RACHS 3 lesions. Only one study participant died, 5 months
following surgery. A more detailed description, by RACHS
category, is provided in Supplemental Table S1 (online).

Perioperative vitamin D measurements
Calcitriol. Compared to the control group (n= 25), there was no
significant difference in mean preoperative calcitriol levels (135.7
± 50.6 vs. 122.3 ± 69.1 pmol/L, p= 0.4). Using the 40 and 50 pmol/
L thresholds for deficiency, only 3.6% (n= 1) and 7.3% (n= 2) of
the CHD cohort met the definition for calcitriol deficiency
preoperatively (Table 2), while none of the control cohort was
below either threshold. Immediately following surgery, the group
calcitriol levels were observed to decline to a mean of 65.3 ± 36.5
pmol/L, representing a highly significant change from the
preoperative value (p < 0.0001) (Fig. 1). Due to the intraoperative
decline, the number of participants meeting criteria for calcitriol
deficiency at time of PICU admission increased significantly to
25.5% (n= 14) and 36.4% (n= 20) using the 40 and 50 pmol/L
thresholds (p= 0.0005, p= 0.0002). Furthermore, the prevalence
of calcitriol deficiency continued to increase from PICU admission
to postoperative day 2 with 44.4% of patients (n= 20) meeting
the 40 pmol/L definition (p= 0.0076). Similarly, 48.9% of patients
met the 50 pmol/L definition (n= 22), however this increase in
deficiency from immediately postoperative was not significant.
Postoperatively, only 39% (n= 22) of patients had positive slopes
for calcitriol level over time, with even fewer (13%, n= 7)
demonstrating recovery to or above their preoperative levels.
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Calcidiol. The mean preoperative 25OHD concentration was
calculated as 58.6 nmol/L (SD 22.5), with 40% of patients
experiencing deficiency (>50 nmol/L, n= 22) and 4% experiencing
severe deficiency (<25 nmol/L, n= 2). At time of PICU admission,
the mean 25OHD levels had fallen to 34.1 nmol/L (SD 14.6), with
85% (n= 47) and 27% (n= 15) having levels below 50 and 25
nmol/L, respectively. The average 25OHD concentration increased
by an average of only 2.7 nmol/L (95% CI: −0.33, 5.7) over the first
two postoperative days.

Intraoperative calcitriol decline, timing, and mechanism
Calcitriol dropped significantly (p < 0.0001) from preoperative
measurement to the first intraoperative point, immediately
following initiation of CPB (Fig. 2). No other significant intrao-
perative changes were observed. The median final level in the
MUF was 6.8 pmol/L (IQR 3.5, 8.0).

Calcitriol and cardiac dysfunction
Of the study participants, 30.4% (n= 17) required catecholamine
infusions postoperatively. There was no significant difference in
mean preoperative calcitriol levels between the groups that did
and did not receive catecholamines (118 ± 66.5 vs. 133 ± 76.1
pmol/L, p= 0.5). Postoperative calcitriol levels were compared
between the two groups and are shown in Fig. 3. Although there
was no difference at time of PICU admission, the group that
received catecholamines had significantly lower calcitriol levels on
postoperative day 1 (57 ± 28.7 vs. 39 ± 27.8 pmol/L, p= 0.045) and
postoperative day 2 (72 ± 41.2 vs. 26 ± 27.1 pmol/L, p= 0.0004). A
separate analysis confirmed this association, demonstrating that
those who had a negative postoperative calcitriol slope were more
likely to receive catecholamines, when compared to subjects with
a positive calcitriol trend (42% vs. 13%, p= 0.02).

Calcitriol and clinical outcome measures
A mixed linear model was used to investigate the associations
between both absolute calcitriol level and trend with established
markers of organ dysfunction and morbidity (Table 3). Statistically
significant associations were evident between the change in

Table 1. Demographic and clinical characteristics of study
participants

Patient characteristic Study group (n= 56)

Age, month; median (IQR) 5.4 (2.4, 33.2)

Weight, kg; median (IQR) 6.5 (4.3, 13.4)

Male sex; no. (%) 31 (55%)

Season of surgery

Summer; no. (%) 16 (29%)

Fall; no. (%) 18 (32%)

Winter; no. (%) 18 (32%)

Spring; no. (%) 4 (7%)

RACHS score

Grade 1; no. (%) 9 (16%)

Grade 2; no. (%) 23 (41%)

Grade 3; no. (%) 19 (34%)

Grade 4; no. (%) 5 (9%)

Ethnicitya

Caucasian; no. (%) 49 (88%)

Both parents; no. (%) 47 (84%)

First nations; no. (%) 4 (7%)

African American; no. (%) 3 (5%)

Otherb; no. (%) 3 (5%)

Genetic syndrome

Trisomy 21; no. (%) 8 (14%)

Digeorge 22q11; no. (%) 1 (2%)

Unknown; no. (%) 1 (2%)

Premorbid axis disease

Chronic kidney disease 1 (2%)

Chronic hepatic disease 1 (2%)

IQR interquartile range, RACHS risk adjustment for congenital heart surgery
aPercentages may add up to more than 100% if more than one ethnicity
was recorded
bOther included Filipino (1) and South Asian (1) and Iranian (1)

Table 2. Calcitriol status and deficiency rates by perioperative time point

Time point 1,25(OH)2D NM % Deficiency (50 pmol/L)a % Deficiency (40 pmol/L)a

Preoperative (n= 55) 122.3 (69.1) 7.3 (2–18) 3.6 (0–12)

PICU Admission (n= 55) 65.3 (36.5) 36.4 (23–50) 25.5 (15–39)

Postoperative (n= 46) 67.0 (35.4) 30.4 (18–46) 17.4 (8–31)

Postoperative, day 1 (n= 54) 51.7 (29.3) 51.9 (38–66) 40.7 (28–55)

Postoperative, day 2 (n= 45) 57.9 (42.9) 48.9 (34–64) 44.4 (30–60)

Values are means plus SDs or percentages with 95% CIs
1,25(OH)2D 1,25-dihydroxyvitamin D
aDeficiency defined as 25OHD level under 50 or 40 pmol/L
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Fig. 1 Perioperative calcitriol levels. The box plot shows group mean
(diamond) and median (horizontal line) calcitriol levels with IQRs. Time
points: 1, preoperative; 2, pediatric intensive care unit (PICU) admission;
3, 4–8 h after PICU admission; 4, morning postoperative day 1; 5,
morning postoperative day 2
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postoperative calcitriol levels and all clinical indicators of organ
dysfunction and illness severity. For example, the postoperative
calcitriol level was observed to be lower by −26.6 pmol/L (SE ± 5.7,
p= 0.0001) per day in the CHD patients requiring catecholamines
postoperatively. All interactions remained significant after con-
trolling for 25(OH)D status.
The relationship between calcium and calcitriol was also

investigated. Of the 56 participants, 23 had at least one episode
of hypocalcemia (<1.1 mmol/L) during first two postoperative
days. As shown in Table 3, the mixed linear model did not
demonstrate any difference in calcitriol levels (main effects or
interaction), for the CHD patients experiencing hypocalcemia.
Similarly, there was no significant relationship between calcitriol
levels and the number of parental calcium doses administered
(Table 3).

Predictors of postoperative calcitriol status
Table 4 presents the results of a mixed linear model used to
investigate the associations between the trend in postoperative
calcitriol level and preoperative, intraoperative, and immediate

postoperative characteristics. When considering the predictors,
only 1 of the 15 variables, the preoperative calcitriol level, was a
significant predictor of postoperative level. When the interaction
with time was considered, the preoperative calcitriol, ethnicity and
renal function variables were also statistically associated with
postoperative calcitriol levels. For example, having renal dysfunc-
tion (elevated creatinine on day 1) was associated with a 14.59
pmol/L decrease in calcitriol per day compared to the group that
did not exhibit signs of renal dysfunction.

DISCUSSION
Distinct from the majority of the critical care research to date, this
study sought to evaluate functioning of the vitamin D axis
through serial measurements of the active hormone, calcitriol.
Measurements were performed on blood collected immediately
preoperatively, at time of PICU admission and at three additional
time points over the first two postoperative days. Study results
convincingly demonstrate the novel findings that the post-
operative CHD patient is at significant risk for disruption of the
vitamin D axis and that a negative calcitriol trend is highly
correlated with illness severity. Consistent with other ICU studies,
individual calcitriol values immediately preoperatively or at time of
PICU admission were not associated with clinical course.
Our longitudinal evaluation of calcitriol levels demonstrated

that the majority of the CHD cohort experienced severe disruption
and dysfunction of the vitamin D axis postoperatively. First, we
observed a significant abrupt intraoperative decline in calcitriol
levels, leading many children to have abnormally low blood levels
at time of PICU admission. As a result, when applying either the 40
or 50 pmol/L threshold, 26% and 36% of the cohort, respectively,
were deficient postoperatively compared to 3.6% and 7.3%
preoperatively. The observed decline in calcitriol levels is
consistent with findings from other studies reporting significant
changes in both 25(OH)D and calcitriol levels following both adult
and pediatric cardiac surgery.11,13,14,17,25 For example, we have
previously reported a 40% intraoperative decline in 25(OH)D levels
following CPB in children, and Krishnan et al. reported a 35%
decline in adults.25 The second central observation was that the
average calcitriol levels either remained stable or declined further
over the subsequent two postoperative days. Repeat evaluation of
calcitriol status on the first and second postoperative day
demonstrated that the proportion of the cohort with levels
below 50 pmol/L had increased to 50%, while only 13% of children
were able to return to their preoperative levels. The observed
trend suggests significant vitamin D axis dysfunction in some
children following CHD surgery, as individuals with a functional
vitamin D axis can maintain calcitriol concentrations by creating
the active hormone from body stores of the precursor metabolite.
For example, findings from studies on healthy and severely
deficient children alike have demonstrated that children are
capable of maintaining calcitriol levels above 50 pmol/L due to
compensation by the parathyroid and renal organs.26,27 It is
important to acknowledge that the kidneys and parathyroid
glands of most VDD children have had considerable time (e.g.,
weeks or months) to compensate. In contrast, the children in our
postoperative CHD cohort experienced a significant acute drop in
25OHD, a very unnatural state for the vitamin D axis. Conse-
quently, a transient decrease in calcitriol production would be
expected, particularly given concomitant impairment of the
parathyroid gland and kidneys secondary to surgery-induced
ischemia and inflammation.
This study also sought to provide insight into the mechanisms

contributing to the observed intraoperative and postoperative
changes in calcitriol. First, similar to the previously observed
significant drops in calcitriol immediately following CPB in adults
and children,25,28 we documented that the majority of the
intraoperative decline occurred after CPB. This change is most likely
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Fig. 2 Intraoperative calcitriol levels. The box plot shows group
mean (diamond) and median (horizonal line) calcitriol levels with
IQRs. Time points: 1, preoperative; 2, after CPB initiation; 3, on CPB
before modified ultrafiltration (MUF); 4, following MUF
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explained through hemodilution, although absorption by tubing or
membranes represents another possibility. While CPB accounted for
the majority of the intraoperative fall, evaluation of group average
calcitriol levels shows an ongoing decline over the course of the
operation. This is also not unexpected as intraoperative changes in
25(OH)D have been reported in non-CPB surgical populations, with
inflammation (capillary leak), blood loss, and fluid administration
provided as the most likely explanations.29 Finally, given the length
of some surgeries, the decline in calcitriol may also relate to a
mismatch between calcitriol consumption and production. We
performed mixed linear regression modeling and identified three
variables associated with a negative postoperative trend; elevated
day 1 creatinine, preoperative calcitriol concentration, and non-
Caucasian ethnicity. The documented relationship between kidney
function and calcitriol levels is expected, and has been elegantly
demonstrated previously by Zitterman and colleagues in the adult
cardiac surgical setting.18 Although no relationship was evident
between preoperative 25(OH)D, we did observe that higher
preoperative calcitriol levels were highly associated with an
increasingly negative postoperative calcitriol trend. Although
counterintuitive, this observation does align with studies showing
that calcitriol levels are often elevated in the setting of 25(OH)D
deficiency, due to overcompensation by functional parathyroid and
renal glands.30 Although neither the pre- or postoperative 25(OH)D
levels were associated with the calcitriol trend, it is important to note
that very few CHD patients had 25(OH)D above target levels (75
nmol/L). Consequently it may be possible to optimize function of the
vitamin D axis, maintaining more normal perioperative calcitriol
levels, through cholecalciferol supplementation.
In addition to assessing the mechanism of the vitamin D axis

dysfunction, we also sought to evaluate and quantify relationships
between calcitriol and postoperative illness severity. Our first
observation was that there was no relationship between either the
calcitriol concentrations preoperatively or at time of PICU admission
and postoperative cardiovascular dysfunction (e.g., catecholamine
infusion requirement) or any other measure of illness severity. This
finding contrasts with previous observations by ourselves and others
for the 25(OH)D metabolite.12,13 However, it is consistent with
pediatric ICU studies failing to demonstrate that admission calcitriol
concentrations were independently associated with clinical
course.31–33 For example, a study of 337 critically ill Canadian
children reported that admission calcitriol was not associated with
measures of clinical outcome including catecholamine administration
and PICU length of stay.32 Separate from our investigations of the

absolute pre- and postoperative calcitriol levels, we provide the novel
observation of a highly significant association between a negative
trend in calcitriol levels and greater postoperative illness severity. For
example, the group of children who required catecholamines
postoperatively had a decline in calcitriol levels by −27 pmol/L
per day, when compared to those who did not. Despite the relatively
small sample size, very strong statistical association were observed
between postoperative calcitriol trend and all outcome measures
including inotrope score, PICU length of stay, and fluid requirements.
Although few pediatric surgical studies exist for comparison, a few
adult cardiac surgical studies have identified low calcitriol to be
associated with increased risk of worse clinical outcome.17,18,34

A causal relationship between disruption of the vitamin D axis
and worse clinical outcome, particularly the cardiovascular and
immune systems, does have biological plausibility. The negative
impact of low calcitriol levels could be mediated indirectly through
electrolyte disturbance, particularly hypocalcemia. While vitamin D
status has been related to blood calcium levels in other ICU
studies,35 the lack of an association in this study would suggest
that the observed negative effects of vitamin D axis dysfunction
and calcitriol deficiency were not mediated via hypocalcemia.
Alternatively, vitamin D can exert more direct effects on organ
function. Consider, for example, that vitamin D receptors (VDR)
have been identified on cardiomyocytes, dendritic cells, T cells, and
macrophages allowing them to mediate cardiac and immune
function. Cell-based and animal model studies have demonstrated
that acute changes in calcitriol concentrations can rapidly influence
cardiac cell functioning.36 Similarly, T cells that have been
chronically activated may be turned off by the docking of calcitriol
to dendritic and T cells.37 Therefore, a rapid and sustained decline
in calcitriol concentrations during critical illness may promote
cytokines release and inflammation through activation of Type 1T
helper cells. Despite the biological plausibility, given the observa-
tional study design, it is not possible to strongly endorse a causal
relationship between disruption of the vitamin D axis and worse
clinical outcome following pediatric cardiac surgery.
This is the first pediatric study to use the postoperative trend in

calcitriol to investigate the functioning of the vitamin D axis and
explore its relationship with clinical outcome. Although this study
has multiple strengths, a number of limitations should be
acknowledged. First, the study had a small sample size (n= 56)
limiting mixed linear modeling and investigation of characteristics
associated with calcitriol trend. For example, the relationship
between non-Caucasian ethnicity and calcitriol trend could

Table 3. Mixed linear model fits for postoperative calcitriol level

Main effect of outcome (difference at baseline
per outcome unit)

Interaction with timea (difference in slope per
outcome unit)

Outcome variable Effect estimate SE p-Value Effect estimateb SE p-Value

Catecholamines 4.68 9.18 0.61 −26.58 5.67 <0.0001

Inotrope score −0.17 0.70 0.81 −1.52 0.42 0.0004

PICU length of stay (days) 0.28 0.63 0.66 −1.46 0.45 0.0015

Assisted ventilation (h) 0.01 0.04 0.76 −0.12 0.024 <0.0001

Intubation duration (h) 0.03 0.04 0.35 −0.10 0.02 <0.0001

Total fluid intake (mL/10 kg)c 0.03 0.03 0.37 −0.69 0.18 0.0001

Total No of fluid bolusesc −0.88 0.67 0.19 −1.39 0.45 0.0022

Postoperative hypocalcemia −9.6 8.8 0.28 −0.74 5.63 0.90

Total no. of calcium boluses 1.27 1.82 0.49 −1.25 1.14 0.27

SE standard error
aModel was run using data from PICU admission to postoperative day 2. Time points were defined as continuous variables with estimates of 0, 4, 16, and 40 h
bUnits are pmol/L/day
cTime period represents first three preoperative days
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perhaps be explained by low sample size (n= 9) or by the low
preoperative levels in this population. Furthermore, these results
are based on findings from a single Canadian centre, thus limiting
generalizability of results. Difference in vitamin D supplementation
approaches, cardiac lesions repaired, and approaches to cardio-
pulmonary bypass at our centre could lead to differences in the
severity of post-operative disruption of the vitamin D axis.
Additional observational studies and interventional trials involving
administration of the active hormone will be needed to confirm
our findings.
In conclusion, this secondary analysis clearly demonstrates the

negative effect of CHD surgery on the vitamin D axis. Importantly,
this study also documented that a more negative trend in calcitriol
levels had a very strong association with postoperative illness
severity. Interventional studies will be required to determine
whether optimization of vitamin D status through supplementa-
tion leads to improved clinical outcome or simply adds cost and
toxicity risk. Consider, for example, the scenario where the decline
in calcitriol levels is an adaptive response by the body to acute
stress, similar to sick euthyroid syndrome, and replacement of a
potentially toxic hormone is counterproductive. That said, results
from our mechanistic work suggest the majority of the calcitriol
decline is not intentional, instead occurring secondary to CPB, the
associated fall in 25OHD substrate, and postoperative kidney
dysfunction. Initial clinical trials should consider cholecalciferol
regimens alone as multiple clinical trials have demonstrated
two- to three-fold elevations of 25(OH)D and 1,25(OH)2D in
response to large enteral doses.38 However, enteral cholecalciferol

supplementation may not be sufficient in many critically ill
children due to malabsorption and dysfunction of organ central to
the vitamin D axis (kidney, liver, parathyroid gland).39,40 The
pediatric CHD field benefits from a recent pilot trial by Leaf and
colleagues demonstrating not only that it is safe to administer
intravenous calcitriol during critical illness, but that it can rapidly
induce biochemical changes.33
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Table 4. Mixed linear model fits for postoperative calcitriol level predictors

Main effect of predictor (difference at baseline
per predictor unit)

Interaction with timea (difference in slope per
predictor unit)

Predictor variable Effect estimate SE p-Value Effect estimatea SE p-Value

Male 4.51 8.84 0.61 −8.85 5.64 0.12

Age (months) −0.02 0.10 0.80 0.09 0.07 0.21

Preoperative weight (kg) −0.16 0.37 0.67 0.25 0.24 0.30

RACHS score 3 and 4b 16.74 8.71 0.06 −8.85 5.62 0.12

Seasonc

Summer −3.90 17.65 0.83 −4.10 11.07 0.71

Fall −24.19 17.39 0.17 −8.58 10.78 0.43

Winter −19.53 17.42 0.27 −9.86 10.86 0.37

Non-Caucasian ethnicityd −8.42 11.68 0.47 −19.86 7.46 0.009

Preoperative 1,25 (OH)2D (pmol/L) 0.37 0.05 <0.0001 −0.23 0.04 <0.0001

Preoperative 25OHD (nmol/L) 0.18 0.20 0.35 −0.13 0.12 0.30

Postoperative 25OHD (nmol/L) 0.47 0.30 0.12 −0.12 0.19 0.53

Postop 25OHD < 25 nmol/L −9.33 9.74 0.34 −4.00 6.37 0.53

Vitamin D intake (per 100 IU) −0.02 0.02 0.30 0.01 0.01 0.46

CPB (Y/N) −33.03 16.57 0.051 5.96 10.03 0.55

CPB time (min) −9.74 × 10−3 0.06 0.86 −0.01 0.03 0.75

Total surgery duration (min) −6.30 × 10−4 0.04 0.99 2.99 × 10−3 0.02 0.89

Cross clamp time (min) 0.03 0.08 0.67 −0.05 0.05 0.36

Prime volume (mL/kg) −0.08 0.33 0.829 0.02 0.20 0.94

Renal dysfunction

Elevated day 1 creatinine −8.68 11.15 0.4398 −14.59 7.10 0.04

CPB cardiopulmonary bypass
aUnits for the effect estimate are pmol/L/day
bAgainst reference group of RACHS scores 1 and 2
cSeason indicates season at time of surgery—spring is the reference group
dEthnicity reference category represented patients with at least one parent identified as Caucasian
eModel was run using data from PICU admission to postoperative day 2
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