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Abstract

clinical outcomes.

Background: Vitamin D deficiency (VDD) has been hypothesized not only to be common but also to represent a
potentially modifiable risk factor for greater illness severity and clinical outcome during critical illness. The objective
of this systematic review was to determine the frequency of VDD in pediatric critical illness and its association with

Methods: MEDLINE, Embase, and CENTRAL were searched through December 12, 2016, with no date or language
restrictions. The primary objective was to estimate the prevalence of VDD in the pediatric intensive care unit (PICU)
and compare vitamin D status with healthy control populations. Secondary objectives were to evaluate whether
VDD is associated with mortality, increased illness severity, PICU interventions, and patient clinical course. Random
effects meta-analysis was used to calculate pooled VDD event rate, compare levels with those of control subjects,
and evaluate for associations between VDD and clinical outcome.

Results: Among 2700 citations, 17 studies meeting study eligibility were identified. The studies reported a total of
2783 critically ill children and had a median sample size of 120 (range 12-511). The majority of studies used a 25-
hydroxyvitamin D [25(OH)D] level less than 50 nmol/L to define VDD, and the pooled VDD prevalence was 54.8
(95% ClI 45.4-63.9). Average 25(0OH)D levels were significantly lower in PICU patients than in healthy control subjects
(pooled difference —17.3 nmol/L, 95% Cl —14.0 to —20.6). In a meta-analysis calculation, we found that VDD was
associated with increased mortality (OR 1.62, 95% Cl 1.11-2.36), illness severity, and need for PICU interventions.

Conclusions: Approximately 50% of critically ill children have VDD at the time of PICU admission, defined as a
blood total 25(0OH)D concentration under 50 nmol/L. VDD was further determined to be associated with greater
illness severity, multiple organ dysfunction, and mortality in the PICU setting. Clinical trials are required to
determine if optimization of vitamin D status improves patient outcome.

Trial registration: PROSPERO, CRD42016026617. Registered on 11 January 2016.
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Background

Severe vitamin D deficiency (VDD) is a well-established
cause of disease, including hypocalcemia and skeletal ab-
normalities (e.g., rickets) [1-3]. Although severe defi-
ciency causing classic bone manifestations is now rare,
many adults and children endure a subclinical VDD
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state that may predispose them to neurologic, cardiovas-
cular, respiratory, and immune pathology [4—6]. Because
these organ systems are essential to the development of
and recovery from critical illness, VDD has been hypoth-
esized to be a risk factor for morbidity and mortality in
the intensive care unit (ICU) [7].

Basic vitamin D physiology, specifically how the endo-
crine axis regulates calcium balance, is well described.
Circulating 25-hydroxyvitamin D [25(OH)D], the inert
precursor to the active hormone, is the accepted marker
of body vitamin D status [8, 9]. Although thresholds and
terminology vary, VDD is generally accepted as a
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25(OH)D concentration below 50 nmol/L, with severe de-
ficiency developing at 25-30 nmol/L [10-14]. These
thresholds are based on both biochemical indicators of
axis stress and values below which symptoms and disease
predisposition rise. Briefly, when 25(OH)D falls into the
50 nmol/L range, maintenance of active hormone levels
requires elevation of serum parathyroid hormone and in-
creased renal enzyme activity [15, 16]. As 25(OH)D falls
into the 30 nmol/L range, production of active hormone
begins to fall, and healthy individuals can develop electro-
lyte disturbances and clinically evident disease related to
inadequate blood and body calcium (rickets, seizures,
myocardial disease) [16—18]. Although overt clinical dis-
ease is not evident in otherwise healthy individuals until
25(OH)D values drop below 30 nmol/L, population-based
research has established improved bone health with
25(OH)D values over 50 nmol/L [10]. In addition to im-
paired calcium regulation within the gastrointestinal,
renal, and skeletal systems, there are other mechanisms
through which VDD could contribute to organ dysfunc-
tion in the ICU patient. For example, vitamin D is known
to be essential for proper cardiovascular health, both in-
directly through calcium and by controlling cell function
directly via vitamin D receptors (VDRs) present on myo-
cytes and endothelial cells. As a second example, there are
functional VDRs present on all major immune cell types,
and VDD has been implicated in proinflammatory states
[19-21] and with impaired innate immunity [22-24]. As a
consequence of these mechanisms and others including
potential roles in skeletal myopathy and kidney disease
[25-28], critical care physicians and researchers have hy-
pothesized that VDD could lead to poorer outcome in the
ICU setting.

Over the past 10 years, there have been dozens of obser-
vational studies evaluating vitamin D status in adult crit-
ical care settings, with recent meta-analyses calculating
VDD to be associated with an almost twofold increased
risk of death [29-31]. Because vitamin D status is rapidly
modifiable, researchers have followed up these findings
with multiple pilot clinical trials [32-38] and a single
phase III randomized controlled trial (RCT) suggesting
benefit derived from rapid normalization through enteral
loading therapy [39]. Three meta-analyses of interven-
tional vitamin D trials in critically ill adults have been
published since 2016, further emphasizing the current
relevance of this topic [40-42]. Unfortunately, owing to
the small number of total evaluable patients and hetero-
geneity in study populations, these meta-analyses could
only suggest potential benefit to supplementation, and
they have set the stage for large phase III clinical trials in
the adult ICU setting [43].

In recent years, multiple research groups have evalu-
ated vitamin D status in critically ill children. However,
owing to small sample sizes, the majority of these studies
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have lacked the power to sufficiently evaluate the rela-
tionship between vitamin D status, illness severity, and
clinical course. Our objective here was to conduct a sys-
tematic review and meta-analysis to overcome these lim-
itations. Our primary objective was to estimate the
prevalence of VDD in the pediatric intensive care unit
(PICU), and compare vitamin D status with that in
healthy control populations. Secondarily, we sought to
evaluate whether VDD is associated with mortality, in-
creased illness severity, ICU interventions, and clinical
course. This study will help inform the field regarding
the need for further observational work and whether
interventional trials should be entertained.

Methods

The study protocol and objectives were established a
priori (PROSPERO protocol registration number,
CRD42016026617) and reported according to the Pre-
ferred Reporting Items for Systematic Reviews and
Meta-Analyses guidelines [44] (Additional file 1).

Eligibility criteria

Studies were included if the following eligibility criteria
were met: (1) observational cohort or case-control study;
(2) described a hospitalized pediatric population; (3) study
participants were admitted to the PICU; (4) reported on
vitamin D status, determined by total 25(OH)D; and (5) re-
ported at least one of the following outcomes: mortality,
mechanical ventilation, use of vasoactive agents, or PICU
illness severity score. Mortality was the primary clinical out-
come. A study was considered to be of pediatric subjects if
it included patients younger than 18 years of age and did
not include subjects over 21 years old. Studies in which re-
searchers reported on populations admitted to both the
PICU and the general ward were included as long as all
other criteria were met. Studies were excluded if they (1)
were case reports or case series (fewer than ten patients),
(2) performed vitamin D measurement after death (ie.,
study on sudden infant death), (3) included adults but did
not report study findings separately for children, and (4)
were focused on specific diseases or interventions (i.e., car-
diac surgery, prematurity or very low birth weight, acute
lower respiratory tract infection, hematopoietic stem cell
transplant). Interventional studies were not considered, be-
cause a recent scoping review of pediatric clinical trials
(with an online searchable database) did not identify any
potentially relevant publications [45, 46].

Data sources and study selection

The following databases were searched: MEDLINE,
including in-process and other nonindexed citations
(1946—December 12, 2016); PubMed to December 24,
2015; Embase (1974—December 21, 2015), and the
Cochrane  Central Register of Controlled Trials
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(CENTRAL) (November 2015 issue, searched December 21,
2015). MEDLINE, Embase, and CENTRAL were searched
using the Ovid interface. The MEDLINE search strategy
was developed by a librarian (MS) and peer-reviewed by a
second librarian (Janet Joyce) using the Peer Review of
Electronic Search Strategies standard [47]. The MEDLINE
search was adapted for the other databases (Additional file
2). No date, language, or study design limits were applied.
The search included a citation review of all eligible articles.
Study eligibility was determined through two screening
levels (Additional file 3). Title and abstract screening was
performed by four authors (JDM, NN, KO, KI), followed by
full-text review of potentially relevant citations by two inde-
pendent authors (JDM, NN) using an online platform as
previously described [45]. Disagreements between reviewers
were resolved by consensus. Eligible studies were reviewed
to identify duplicate reporting of study populations.

Data extraction and risk of bias assessment

Data were extracted from eligible articles by one author
and independently verified by a second, using a piloted and
tested case report form on the REDCap platform (Research
Electronic Data Capture) [48]. When necessary, data were
extracted from figures using software (Digitizeit digitizer
software; http://www.digitizeit.de/) [49]. Study methodo-
logical quality was evaluated using the Newcastle-Ottawa
Scale (Additional file 4) as previously described [50, 51].
Countries were categorized as developed for subgroup
analyses if they were classified as Very High Human Devel-
opment according to the United Nations Human Develop-
ment Report 2016, which is based on the Human
Development Index [52]. Author groups were contacted for
missing mortality data or to request the number of children
with VDD using 50 nmol/L as the cutoff if another thresh-
old was reported in the article.

Data analysis and reporting

Random effects meta-analyses with inverse variance weight-
ing were used to calculate pooled estimates and 95% ClIs.
Heterogeneity was assessed clinically and statistically using
the * statistic. For dichotomous outcomes, including the
primary outcome, the event rates between groups were
compared using OR. Continuous variables groups were
compared through standard mean differences and their
95% Cls. If required, mean and SD values were determined
from medians and IQRs [53]. Meta-analysis and metare-
gression were performed using Comprehensive Meta-
Analysis version 3 software (Biostat, Englewood, NJ, USA).

Results

Literature search

There were 2700 unique records identified for screening
(Fig. 1). Following abstract screening, 119 articles were
retained, with 20 articles meeting full eligibility criteria
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[54-73]. Three articles were identified as secondary ana-
lyses of previous publications [59, 61, 68].

Description of included studies

Study characteristics, geographical origin, major inclu-
sion and exclusion criteria, and study size are shown in
Table 1. With the exception of the 1990 report by Gau-
thier et al. [54], all studies were published after Septem-
ber 2012. Studies originated in eight different countries,
with 41% (n=7) originating in developing countries
(India = 6, Thailand = 1). Only two studies recruited chil-
dren from more than one PICU, including six sites in a
Canadian study and two in an Irish study [62, 63].
Altogether, the studies reported on 2783 children, with a
median size of 120 (range 12-511).

All studies evaluated a general PICU population, with
two focused on patients with sepsis [63, 67], one on med-
ical admissions [64], and another on a mixed ward and
ICU cohort [66]. Common major exclusion criteria were
renal disease (n=8), liver disease (n =4), malabsorption
syndromes (n = 3), and cardiac surgery (n = 2). Risk of bias
assessment showed a median study score of 8 (range 4-9)
for the Newcastle-Ottawa Scale (Table 1). The most com-
mon reason leading to a reduction in the Newcastle
Ottawa Scale was lack of comparability, with only seven
studies (41%) receiving full marks [60, 62, 63, 69-71, 73].

Study objectives

A single well-defined primary objective was provided for
five studies and in all instances focused on a measure of
vitamin D status. Of the remaining studies, 11 had a com-
bined objective to evaluate vitamin D status and relation-
ship with risk factors (n = 2), illness severity (n = 2), adrenal
function (n = 1), positive sepsis culture rate (n = 1), or clin-
ical outcome (# = 6). The remaining study had a general ob-
jective of understanding calcium metabolism [54].

Vitamin D status

Vitamin D status and/or VDD prevalence for both the
critically ill cohort and control populations are shown in
Table 2. All of the studies determined vitamin D status at
admission (or first day). Average vitamin D level (mean or
median) was provided or could be calculated for 16 stud-
ies (range 14.5-72 nmol/L). The most commonly used
threshold to define VDD was 50 nmol/L (15 studies), with
the exception of Ayulo et al. (37.5 nmol/L) [55] and Gau-
thier et al. (22.5 nmol/L) [54]. Among the 15 studies using
the 50 nmol/L threshold, the median VDD prevalence rate
was 51% (range 25-84%), and the pooled VDD event rate
was 54.8 (95% CI 45.4—63.9) (see Fig. 2). Studies done in
developing countries had a higher pooled VDD rate (64%,
95% CI 51-75%) than those done in developed countries
(47%, 95% CI 36-59%), although the difference was not
statistically significant (p = 0.52).


http://www.digitizeit.de/

McNally et al. Critical Care (2017) 21:287

Page 4 of 13

Records after Records from
duplicates Medline update
g removed N=51
= N = 2625
©
©
=
B
c
Q ”
k)
_ Records from citations of eligible articles
) v
Records screened
o N = 2700
£
c
@
g Level 1 Screen
8 Records excluded, N = 2581
A 4
Articles assessed for
eligibility
Full text, N =119
Level 2 Screen
> Conference abstracts, N = 35
= Published =16
o] Not published/unclear eligibility = 19
=)
ﬁ Published manuscripts, N = 64
« Caseseries=1
Adult study =21
No ICU admission/outcomes = 15
No vitamin D / collected post-mortem = 4
Specific pediatric disease, N = 24
Premature/VLBW/NICU =7
HSCT =4
ALRI=7
Other=6
— v
Studies included
ko] Full text, N = 20
@
°
2
O | Level 3 Screen
— A 4
L Studies included Duplicate, N =3
Full text, N =17
Fig. 1 Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram of study selection based on inclusion and exclusion
criteria. The stages of a systematic selection scheme include identification, screening, eligibility, and final included studies. ICU Intensive care unit, VLBW
Very low birth weight, NICU Neonatal intensive care unit, HSCT Hematopoietic stem cell transplant, ALRI Acute lower respiratory infection

Comparison with control subjects

As shown in Table 2, researchers in six studies investi-
gated whether critically ill children had lower vitamin D
than a control population [54, 57, 58, 63, 65, 67]. A sig-
nificantly lower 25(OH)D level was calculated for PICU
patients than for healthy control subjects (pooled mean
difference -17.3 nmol/L, 95% CI -14.0 to -20.6, p =
0.001) (Additional file 5).

Baseline demographics and risk factors

With the exception of Gauthier et al. [54], researchers in all
studies investigated the relationship between vitamin D sta-
tus and at least one risk factor (Additional file 6). Factors

identified as significantly associated with lower vitamin D
levels in more than one study included weight (n=4) [55,
62, 65, 70] (i.e., body mass index [BMI]), lower nutritional
status (7 = 6) [55, 62, 65—-67, 70] (i.e., failure to thrive), older
age (n=6) [55, 56, 60, 65, 70, 72], admission type (1 =4)
[62, 65, 69, 70] (i.e., nontrauma, cardiac, metabolic/renal),
seasons with decreased ultraviolet light exposure (1 =15)
[57, 60, 70-72], non-Caucasian race (n = 4) [55, 57, 60, 70],
and absence of supplementation (r = 2) [60, 63].

Vitamin D status and mortality
Mortality data were available in 13 publications, with
2 groups responding to a request for results [63, 65].
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Table 1 Characteristics of study setting, population, and vitamin D levels
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First author, year Country Age (major inclusions) Major exclusions® Sample NOS  Control

[reference] size population

Gauthier, 1990 [54] United Under 18 years Renal 45 4 Yes
States

Madden, 2012 [60] United Under 21 years Postoperative (cardiac) 511 9 No
States

McNally, 2012 [62] Canada Under 17 years None 326 8 No

Rippel, 2012 [69] Australia Age not specified Liver, renal, bone, 22q11 316 8 No

Ayulo, 2014 [55] United 1-21 years None 216 6 No
States

Dayal, 2014 [66] India 0.25-12 years Renal, liver, malabsorption 92 7 No

Hebbar, 2014 [57] United 0-18 years Renal, malabsorption, postoperative 61 6 Yes
States (elective)

Rey, 2014 [65] Spain Under 16 years None 156 8 Yes

Korwutthikulrangsri, 2015 Thailand 0-18 years Liver 32 7 Yes

[58]

Onwuneme, 2015 [63] Ireland Under 12 years (sepsis) Postoperative (cardiac) 120 8 Yes

Prasad, 2015 [64] India 2 months to 12 years None 80 8 No

(medical)

Ebenezer, 2016 [56] India Age not specified None 52 7 No

Ponnarmeni, 2016 [67] India 1-12 years (sepsis) Preexisting disease, vitamin D 124 7 Yes

Bustos, 2016 [71] Chile 0-15 years Liver, kidney disease 90 9 No

Garcia-Soler, 2017 [70] Spain 6 months to 15 years Renal, parathyroid, malabsorption, 340 8 No

vitamin D
Sankar, 2016 [73] India 1 month to 17 years Renal, rickets, vitamin D 101 8 No
Shah, 2016 [72] India 1 month to 15 years Rickets, parathyroid, renal 154 6 No

NOS Newcastle-Ottawa Scale

“Major exclusions considered were admission categories (medical, surgical); vitamin D supplementation; renal, parathyroid, or liver disease; malabsorption
syndrome; rickets; or genetic conditions associated with impaired vitamin D axis (e.g., 22q11)

The final mortality data included 2710 children and
210 deaths, with study mortality ranging from 1.5% to
44%. The pooled mortality event rate was calculated
at 7.9% (95% CI 1-45%), with statistically higher rates
in developing countries (pooled event rates, 21% vs
3%; p<0.001). Critically ill children with VDD had
significantly higher mortality than critically ill chil-
dren without VDD (pooled OR 1.62, 95% CI 1.07—
244, p=0.02) (Fig. 3). Removing the one study in
which researchers reported on a mixed cohort of
ward and PICU patients [66] did not change this re-
sult. Evaluating the relationship by country of origin,
we determined that VDD was statistically associated
with mortality in developed countries (OR 2.56, 95%
CI 1.38-4.6, p=0.003) but not in developing coun-
tries (OR 1.12, 95% CI 0.71-1.78), with the difference
between groups achieving statistical significance (p =
0.03) (Additional file 7). Metaregression further iden-
tified that the relationship between VDD and mortal-
ity was significantly influenced by the study mortality
rate (intercept 0.955, 95% CI 0.38-1.53; baseline mor-
tality -0.030, 95% CI -0.055 to -0.0054; p =0.017)
(Fig. 4). When we repeated the mortality analysis,

restricting it to those studies with Newcastle-Ottawa
Scale scores of 8 or above (n=9 of 15), the random
effects OR was similar, with a slight increase in OR
to 1.82 (95% CI 1.08-3.06, p = 0.02).

Vitamin D status and illness severity

Fifteen studies investigated the relationship between
vitamin D status and an illness severity or organ dys-
function score, including Pediatric Risk of Mortality
(PRISM III) (n=9), Pediatric Index of Mortality
(PIM2) (n=5), pediatric logistic organ dysfunction
score (n=4), and Sequential Organ Failure Assess-
ment (n=2) (Table 3). Relationship with illness sever-
ity was most often investigated through comparison
of scores between VDD and nondeficient groups (n =
13). Analyses of the five studies reporting an illness
severity score by group with mean and SD values
demonstrated higher scores in the VDD group
(pooled standardized mean difference 0.43, 95% CI
0.29-0.57, p =0.001). The results remained significant
when we incorporated calculated results from eight
additional studies reporting median and IQR values
(pooled standardized mean difference 0.24, 95% CI
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Table 2 Vitamin D status at pediatric intensive care unit admission (or first day in pediatric intensive care unit) for critically ill
children and healthy control subjects

First author, year [reference] Threshold  PICU cohort Control cohort

\(/anDoI/L) %VDD  Average 25(OH)D (nmol/L)? Mortality%(n/Nb) (N) %VDD  Average 25(OH)D (nmol/L)®
Gauthier, 1990 [54] 225 NR 66.8% (+:20) 11 (5/45) 12 NR 82.5% (+25)
Madden, 2012 [60] 50 40 563 (41-78.3) 3(13/511)
McNally, 2012 [62] 50 69 4329 (+19.4) 2 (5/326)
Rippel, 2012 [69] 50 34 566 (44-70) 3(10/316)
Ayulo, 2014 [55] 375° 28 NR 3 (6/216)
Dayal, 2014 [66] 50 25 719 (+27.3) 7 (6/92)
Hebbar, 2014 [57] 50 61 599 (+43) NR 42 239 99% (+55)
Rey, 2014 [65] 50 30 65 (48-89.5) 3 (4/156)f 280 16% 763 (58-96.5)
Korwutthikulrangsri, 2015 [58] 50 78 415 (333-4889) 19 (6/32) 36 195 619(x12)
Onwuneme, 2015 [63] 50 59 47° (+29) 2 (2/120) 30 NR 66° (+26)
Prasad, 2015 [64] 50 84 303 (22.5-45) 19 (15/80)
Ebenezer, 2016 [56] 50 40 62.8 (40.5-85.5) 19 (10/52)
Ponnarmeni, 2016 [67] 50 51 493% (+30) 15 (19/124) 338 402% 6879 (+40)
Bustos, 2016 [71] 50 43 57.0% (+:24) 4 (4/90)
Garcia-Soler, 2017 [70] 50 44 57.0% (+26) 3 (10/340)
Sankar, 2016 [73] 50 74 145 (10-20) 31 (31/101)
Shah, 2016 [72] 50 83 293 (7-40) 44 (68/154)

Abbreviations: 25(0H)D 25-Hydroxyvitamin D, NR Not reported, PICU Pediatric intensive care unit, VDD Vitamin D deficiency
@Average reported as median with IQR unless otherwise specified as mean

PTotal number of PICU patients enrolled for which a measure of vitamin D status was available

“Total number of control patients enrolled for which a measure of vitamin D status was available

dWith SD (+SD)

°Did not respond to a request for vitamin D status and outcome data categorized using the 50 nmol/L threshold

fData provided by authors outside of publication

Study Sample Event Event 95% CI Weight
(Lead author, year) Size (n) Rate Lower Upper (%)
Madden, 2012 511 204 0.399 0.358 0.442 200 .
McNally, 2012 326 225 0.690 0.638 0.738 128 | ]
Rippel, 2012 316 111 0.351 0.301 0.406 124 -
Dayal, 2014 92 23 0.250 0.172 0.348 3.6 E =
Hebbar, 2014 61 37 0.607 0.480 0.720 24 I =
Rey, 2014 156 46 0.295 0.229 0.371 6.1 -
Korwutthikulrangsri, 2015 32 25 0.781 0.607 0.892 13 ——
Onwuneme, 2015 120 71 0.592 0.502 0.676 4.7 —-
Prasad, 2015 80 67 0.838 0.740 0.903 3.1 .
Ebenezer, 2016 52 21 0.404 0.280 0.541 20 —+
Ponnarmeni, 2016 124 63 0.508 0.421 0.595 49
Bustos, 2016 90 39 0.433 0.335 0.537 35 ‘E
Garcia-Soler, 2016 340 149 0.438 0.386 0.492 133
Sankar, 2016 101 75 0742 0649 0818 39 =3
Shah, 2016 154 128 0.831 0.764 0.882 6.1 i
Pooled VDD Event Rate 2555 1285 0.548 0.454 0.639 ’

00 0.50 10
Fig. 2 Pooled vitamin D deficiency event rate using 50 nmol/L as the threshold to define vitamin D deficiency
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Study Deficient Sufficient Odds 95% Cl limits Relative Odds Ratio
(Lead author, year) (n/N) (n/N) Ratio Lower Upper Weight (95% Confidence Interval)
Madden, 2012 7/204 6/307 1.78 0.59 5.38 10.8 —
McNally, 2012 5/225 0/101 5.06 0.28 92.45 19 -
Rippel, 2012 3/109 7/207 0.81 0.21 3.19 7.6 —_—
Ayulo, 2014 4/61 2/155 5.37 0.96 30.1 5.1 -
Dayal, 2014 3/23 3/69 3.30 0.62 17.65 5.3 ol
Rey, 2014 3/46 1/110 7.61 0.77 75.14 30 -
Korwutthikulrangsri, 2015 6/25 0/7 5.00 0.25 100.15 18 >
Onwuneme, 2015 2/71 0/49 3.56 0.17 75.81 17
Prasad, 2015 14/67 1/13 3.17 0.38 26.50 35 =
Ebenezer, 2016 5/21 5/31 1.63 0.41 6.51 7.4 — -
Ponnarmeni, 2016 10/63 9/61 1.09 0.41 2.90 13.0 ——
Bustos, 2016 4/39 0/s51 1306  0.68 250.2 1.85
Garcia-Soler, 2016 7/149 3/191 3.09 0.79 12.16 7.6 =
Shah, 2016 54/128 14/26 0.63 0.27 1.46 16.0 —-
Sankar, 2016 23/75 8/26 1.00 0.38 262 133 —?—
Pooled Odds Ratio 150/1306 59/1404 1.62 1.08 244 100 S
0.01 0.10 1.0 10.0 100
Non-Deficient Deficient
Fig. 3 Association of vitamin D deficiency and mortality. The pooled OR was also statistically significant when analyzed using the Mantel-Haenszel or
Peto OR

_

0.04-0.44, p=0.02). In the two studies in which re- Vitamin D status and cardiovascular support

searchers evaluated the relationship using correlation  Administration of a vasoactive agent (i.e., catechol-
or regression approaches, a statistically significant in- amines and milrinone) for cardiovascular support
verse relationship between 25(OH)D levels and PIM2  was one of the three most commonly reported ICU

[56] or PRISM III [60] was reported. interventions (n=14) (Table 3). It was possible to
3.50
3.00
2.50 O
2.00 |

1.60 — O

o L
o
©
—
2 @ 'S
=5 1.00 -
(@]
8.’ 0.50
—l
0.00
-0.50
-1.00 —
-1.50

1 T T T T T
0.0 10.0 20.0 30.0 40.0 50.0

Study Mortality Rate (%)

Fig. 4 Interaction between overall study mortality rate and impact of vitamin D deficiency on mortality. Metaregression analysis confirming the
interaction between baseline mortality rate and impact of vitamin D deficiency on mortality. Significantly higher odds of death were evident in
patients with vitamin D deficiency originating from studies with lower mortality (p =0.02). Size of the data markers indicates the weight of the
study, with larger circles indicating smaller studies
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Table 3 lliness severity, organ dysfunction, and clinical outcomes

Page 8 of 13

First author, year Mortality MV Vasoactive lliness severity/organ Ca®* Hospital/PICU  Other outcomes

[reference] dysfunction LOS

Gauthier, 1990 [54] No No No No Yes No None

Madden, 2012 [60] Yes Yes Yes/SOFA  PRISM Il No  No Fluid, severe septic shock, positive culture

McNally, 2012 [62] Yes Yes Yes PRISM lI Yes PICU Fluid bolus

Rippel, 2012 [69] Yes Yes Yes PIM2 Yes  PICU/Hospital  ECMO, hypotension, arrhythmia, arrest

Ayulo, 2014 [55] Yes No No PELOD? Yes No Fluid

Dayal, 2014 [66] Yes Yes Yes No No  Hospital Nosocomial sepsis

Hebbar, 2014 [57] No No Yes PRISM I, PELOD, SOFA No No Sepsis, shock, antimicrobial peptide

Rey, 2014 [65] No? Yes Yes PRISM 11I/PIM2 No  PICU Platelets, CRP

Korwutthikulrangsri, Yes Yes Yes PRISM lI Yes  PICU Septicemia, shock, adrenal insufficiency, CRP

2015 [58]

Onwuneme, 2015 [63]  No? Yes Yes PIM2 No  PICU Shock, fluid, culture-positive sepsis, CRP,
platelets, RRT

Prasad, 2015 [64] YesP Yes YesP PRISM Il Yes  PICU/Hospital® Coagulopathy, culture-positive sepsis

Ebenezer, 2016 [56] Yes Yes Yes/SOFA  PIM2 Yes  PICU Positive culture, CRP

Ponnarmeni, 2016 [67]  Yes Yes Yes PRISM 1I/SOFA/MODS Yes PICU Septic shock, positive culture

Bustos, 2016 [71] Yes Yes Yes PRISM 1lI/PELOD Yes  PICU/Hospital  Septic shock, fluid, RRT, CRP, PCT, platelets

Garcia-Soler, 2017 [70]  Yes Yes Yes PRISM Il Yes  PICU Platelets, CRP, PCT, full course of antibiotics,
morbidity®

Sankar, 2016 [73] Yes Yes Yes PIM2/PELOD Yes  PICU Fluid

Shah, 2016 [72] Yes Yes No PIM2 Yes PICU Severe sepsis, liver failure, ARDS, RRT

Total 13 14 14 15 12 12/3 Positive culture (n=5), CRP (n=6), sepsis/

shock (n=8)

Abbreviations: ARDS Acute respiratory distress syndrome, CRP C-reactive protein, ECMO Extracorporeal membrane oxygenation, LOS Length of stay, MV Mechanical
ventilation, PICU Pediatric intensive care unit, PELOD Pediatric logistic organ dysfunction score, PRISM Iil Pediatric Risk of Mortality, SOFA Sequential Organ Failure

Assessment, RRT Renal replacement therapy, PCT Procalcitonin
“Responded to request for mortality data
PComment only; data not shown

“Had a composite morbidity outcome that included mortality, use of vasoactive agents for longer than 24 h, more than 7 days of antibiotics, need for parenteral

nutrition, continuous renal replacement therapy

pool findings from ten studies that provided data as
a dichotomous outcome (required/not required), and
significantly increased rates of vasoactive agent use
(pooled OR 1.97, 95% CI 1.49-2.61, p <0.001) were
observed in the VDD group (Table 4, Additional file
8). Removing any of the 11 individual studies from
the analysis did not significantly change the OR or
impact statistical significance (p <0.001 for all).

Vitamin D status and mechanical ventilation

Fourteen studies provided data on mechanical ventila-
tion (Table 3), and mechanical ventilation was most fre-
quently reported as a requirement for any form of
invasive ventilation, excluding noninvasive ventilation.
Significantly increased rates of mechanical ventilation
(pooled OR 1.83, 95% CI 1.28-2.63, p < 0.001) were ob-
served in the VDD group (Table 4, Additional file 9).

Table 4 Relationship between vitamin D deficiency status and markers of illness severity and intensive care unit outcome

ICU outcome or intervention Pooled OR (95% Cl)

All studies Developed countries Developing countries p Value®
Mortality 1.62 (1.08-2.44) 2,52 (1.37-4.60) 112 (0.71-1.78) 0.04
Mechanical ventilation 1.83 (1.28-2.63) 1.92 (1.23-3.01) 1.69 (0.85-3.37) 0.74
Vasopressor use 1.97 (1.49-261) 222 (1.54-3.21) 1.52 (0.93-2.50) 0.29
Infection (bacterial/nosocomial) 2.21 (1.50-3.25) 249 (141-4.38) 1.77 (0.94-3.33) 0.55

Pooled OR from random effects meta-analysis evaluating the relationship between vitamin D status and established markers of iliness severity, intervention, and

outcome in the pediatric intensive care unit setting

“Metaregression was used to evaluate whether the pooled ORs were statistically different between developed and developing countries
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Repeating the analysis with any of the individual studies
removed did not significantly change the OR or statis-
tical significance.

Vitamin D status and PICU length of stay

PICU length of stay was reported in 11 studies (Table 3).
Although the relationship between VDD and PICU or
hospital length of stay was evaluated in 11 studies, only 3
of them [62, 66, 73] provided data in a format that allowed
calculation of a pooled difference in means (1.99 days,
95% CI 0.88-3.10, p=0.001). The pooled difference in
means remained statistically significant if any individual
study was removed from the analysis (p < 0.02).

Vitamin D status and infection

The relationship between vitamin D status and infection
was reported in five studies. Data analyses identified
children with VDD to have a statistically increased likeli-
hood of confirmed bacterial or nosocomial infection
(pooled OR 2.21, 95% CI 1.50-3.24, p < 0.001) (provided
in Additional file 10). Given clinical heterogeneity in in-
fection definition (Additional file 10), we performed
one-study-removed sensitivity analysis, and all pooled
ORs remained highly statistically significant (p <0.001).
When the analysis was further restricted to the four
studies using a similar definition (culture-positive), the
findings remained statistically significant (pooled OR
2.02, 95% CI 1.08-3.78, p = 0.03).

Discussion

To our knowledge, this is the first systematic review
evaluating vitamin D status in critically ill children. We
identified 17 studies from 8 countries and 5 continents.
The worldwide prevalence of VDD was calculated as
54% at the time of PICU admission, with deficiency as-
sociated with greater illness severity, use of ICU inter-
ventions, and mortality.

Evaluation of vitamin D status was the primary object-
ive in most studies. VDD was most commonly defined
as 25(0OH)D under 50 nmol/L. By combining data from
2555 children, we were able to generate a robust esti-
mate of the VDD event rate (54%) in critically ill chil-
dren. Although a small difference was observed between
developed (47%) and developing (64%) countries, the
risk of VDD remained high regardless of geography. Im-
portantly, multiple studies also provided vitamin D levels
for a control population, with meta-analyses concluding
that critically ill children have lower 25(OH)D, by an
average of 17 nmol/L. In addition, indirect comparison
with large national population-based studies also sug-
gests vitamin D levels to be lower. For example, the
Canadian Health Measures Survey estimated the mean
concentration of 25(OH)D to be 75 nmol/L among chil-
dren aged 6-11 years, and a separate study of
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preschoolers estimated that 88% had 25(OH)D levels
above 50 nmol/L [74, 75]. Similarly, estimates from na-
tional surveys done in the United States and European
countries also suggest average 25(OH)D concentration
to be near 70 nmol/L, with only 20% having levels under
50 nmol/L [76, 77]. In contrast, adult ICU studies show
comparable vitamin D levels, with reported mean
25(OH)D levels ranging from 13 to 62 nmol/L and with
80% of studies since 2009 identifying average group
levels below 50 nmol/L [78]. Despite the established rate
of VDD in the ICU and associations with poorer out-
come, there is still insufficient evidence on which to base
supplementation guidelines specific to the critically ill
population [79, 80]. Accordingly, the prevalence of VDD
in the ICU remains high.

This review also sought to investigate the relationship
of VDD with illness severity, ICU interventions, and
clinical outcomes. We focused on mortality as the pri-
mary clinical outcome because it is a commonly re-
ported objective measure amenable to meta-analysis that
is accepted as meaningful [81, 82]. Mortality data were
available for 15 studies and 2710 patients, representing
97% of the total cohort. Individual studies lacked ad-
equate power to evaluate the relationship between VDD
and mortality, owing to small sample size. For example,
although four studies reported all deaths in the VDD
group [58, 62, 63, 71], the findings achieved statistical
significance only in the Chilean study [71]. The associ-
ation with mortality was stronger and achieved greater
statistical significance (OR 2.6, p = 0.003) when develop-
ing countries were removed. Our findings are consistent
with the results from systematic reviews by de Haan et
al. [29] (RR 1.7, 95% CI 1.49-2.16) and Zhang et al. [30]
(OR 1.76, 95% CI 1.38-2.24) evaluating the same ques-
tion in the adult ICU setting. There are multiple bio-
logically plausible mechanisms through which VDD
could influence the development and recovery from crit-
ical illness, including calcium homeostasis and the stress
response of nonclassical organs, including the immune,
cardiac, and respiratory systems [83-85]. Our study
findings further support the pleiotropic nature of the
hormone, with significant associations between VDD
and mechanical ventilation, vasopressor use, and con-
firmed bacterial or nosocomial infection.

A common question in this area of research relates to
the mechanisms leading to low blood concentrations of
vitamin D in critical illness. In the ambulatory setting,
the risk factors are well defined and include impaired
skin synthesis, restricted dietary intake, and genetics [14,
85-87]. Some PICU studies incorporated these variables
and were able to confirm that factors such as such as
season of presentation [57, 60], absent vitamin D supple-
mentation [60, 63], non-Caucasian race [55, 57, 60], and
obesity [66, 67] were associated with greater risk of
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VDD among critically ill children. Unfortunately, the
available studies were not designed to fully explain why
critically ill children as a whole have considerably lower
vitamin D levels. It has been suggested that altered me-
tabolism and acute care interventions may rapidly lower
blood vitamin D concentration. This has been confirmed
in some targeted studies evaluating levels before and
after surgeries, extracorporeal interventions, and condi-
tions associated with severe inflammation [88—90]. Con-
sequently, many researchers have cautioned against
overinterpreting observational study findings, suggesting
that confounding factors may be driving the relationship
between vitamin D status and outcome [91].

Regardless of how critically ill children arrive at their
vitamin D-deficient state, VDD may contribute to sec-
ondary pathophysiology. Furthermore, restoring blood
concentrations has the potential to facilitate clinical re-
covery in the PICU and presents a target question for
interventional trials. The present systematic review helps
to pave the way for future RCTs of vitamin D supple-
mentation in critically ill children by guiding outcome
measure selection. Our results suggest that mortality
may not be the best choice for a primary outcome,
owing to the low event rate (less than 5%) in developed
countries and lack of significant association in develop-
ing countries. Because our systematic review findings
also suggested pleiotropic actions of vitamin D, it would
be reasonable to consider a composite outcome of mor-
tality and faster resolution of organ dysfunction (e.g.,
PICU stay) or postillness health-related quality of life.

Although based on an exhaustive literature search and
comprehensive synthesis effort, this review has limitations.
First, the findings are based on data derived from observa-
tional data, so one should be careful not to draw conclu-
sions on causation, because the relationship may be driven
by confounding factors. Second, although total serum
25(OH)D is well accepted as the best marker of vitamin D
status in stable outpatient populations, some uncertainty
remains regarding whether an alternative assay [e.g., free
25(OH)D or active hormone] might better define VDD in
the ICU [59, 68]. Third, although 50 nmol/L is well ac-
cepted as a legitimate threshold for defining VDD, some
evidence shows that the benefit of supplementation, or
type of benefit, may be limited to lower thresholds (e.g.,
below 30 nmol/L) [39, 61]. Because few studies reported
25(OH)D levels using alternate thresholds for severe defi-
ciency, it was not possible to evaluate whether the rela-
tionship of VDD to PICU outcomes was more significant
in this subgroup. Finally, only a minority of studies con-
trolled for relevant patient characteristics in their investi-
gation of the relationship between VDD and clinical
outcome. To contribute significantly, any further observa-
tional studies should be adequately designed and powered
to consider covariates in their analyses.
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Conclusions

In this systematic review, we identified VDD to be
highly prevalent in the PICU and to be associated
with illness severity and clinical outcome. Benefits of
optimization of vitamin D status need to be addressed
in RCTs. This review not only provides a rationale for
an RCT but also contributes important information
for the selection of an outcome measure. Recognizing
that we were unable to consider alternative assays
(i.e. free hormone), metabolites (i.e. active hormone),
and thresholds to define VDD in this systematic re-
view, we feel it will be important that future RCTs in-
corporate these variables into their analyses.
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