
Vitamin D Deficiency in Critically Ill Children

WHAT’S KNOWN ON THIS SUBJECT: Vitamin D is essential for
bone health and for cardiovascular and immune function. In
critically ill adults, vitamin D deficiency is common and associated
with sepsis and with higher critical illness severity. The influence
on pediatric critical illness is unclear.

WHAT THIS STUDY ADDS: We found a high prevalence of vitamin D
deficiency in critically ill children, which was associated with
higher critical illness severity. Vitamin D deficiency was less
common in younger patients, in non-Hispanic white patients, in
patients admitted over the summer, and in children taking
supplemental vitamin D, with increasing amounts being more
protective.

abstract
OBJECTIVE: Vitamin D influences cardiovascular and immune func-
tion. We aimed to establish the prevalence of vitamin D deficiency in
critically ill children and identify factors influencing admission 25-
hydroxy vitamin D (25(OH)D) levels. We hypothesized that levels would
be lower with increased illness severity and in children with serious
infections.

METHODS: Participants were 511 severely or critically ill children ad-
mitted to the PICU from November 2009 to November 2010. Blood was
collected near PICU admission and analyzed for 25(OH)D concentration
by using Diasorin radioimmunoassay.

RESULTS: We enrolled 511 of 818 (62.5%) eligible children. The median
25(OH)D level was 22.5 ng/mL; 40.1% were 25(OH)D deficient (level,20
ng/mL). In multivariate analysis, age and race were associated with
25(OH)D deficiency; summer season, vitamin D supplementation, and
formula intake were protective; 25(OH)D levels were not lower in the
238 children (46.6%) admitted with a life-threatening infection, unless
they had septic shock (n = 51, 10.0%) (median 25(OH)D level 19.2
ng/mL; P = .0008). After adjusting for factors associated with
deficiency, lower levels were associated with higher admission day
illness severity (odds ratio 1.19 for a 1-quartile increase in Pediatric
Risk of Mortality III score per 5 ng/mL decrease in 25(OH)D, 95%
confidence interval 1.10–1.28; P , .0001).

CONCLUSIONS:We found a high rate of vitamin D deficiency in critically
ill children. Given the roles of vitamin D in bone development and im-
munity, we recommend screening of those critically ill children with
risk factors for vitamin D deficiency and implementation of effective
repletion strategies. Pediatrics 2012;130:421–428

AUTHORS: Kate Madden, MD,a,b Henry A. Feldman, PhD,c,d,e

Ellen M. Smith, BS,a Catherine M. Gordon, MD, MSc,c,e,f

Shannon M. Keisling, BA,a Ryan M. Sullivan, RN,a Bruce W.
Hollis, PhD,g Anna A. Agan, BA,a and Adrienne G. Randolph,
MD, MSca,b

aDivision of Critical Care Medicine, Department of Anesthesia,
Perioperative and Pain Medicine, cDivision of Endocrinology,
dClinical Research Program, and fDivision of Adolescent and
Young Adult Medicine, Department of Pediatrics, Children’s
Hospital Boston, Boston, Massachusetts; Departments of
bAnaesthesia and ePediatrics, Harvard Medical School, Boston,
Massachusetts; and gDepartment of Pediatrics, Medical
University of South Carolina, Charleston, South Carolina

KEY WORDS
critical care, vitamin D, septic shock

ABBREVIATIONS
25(OH)D—25-hydroxy vitamin D
CI—confidence interval
CV-SOFA—Sequential Organ Failure Assessment cardiovascular
IQR—interquartile range
LRTI—lower respiratory tract infection
OR—odds ratio
PRISM-III—Pediatric Risk of Mortality III

Drs Madden and Randolph participated in protocol conception
and design, obtaining funding, subject enrollment, data
collection, management analysis and interpretation, and
manuscript preparation. Drs Feldman and Gordon participated
in the study design, data analysis and interpretation, and critical
revision of the article. Ms Smith, Ms Agan, Ms Keisling, and Mr
Sullivan participated in the acquisition of data, data
management, subject enrollment, laboratory sample
management, data analysis, and manuscript revision. Dr Hollis
participated in the study design and sample analysis and
critically revised the manuscript.

www.pediatrics.org/cgi/doi/10.1542/peds.2011-3328

doi:10.1542/peds.2011-3328

Accepted for publication May 30, 2012

Address correspondence to Kate Madden, MD, Children’s Hospital
Boston, Division of Critical Care Medicine, Bader 634, 300
Longwood Ave, Boston, MA 02115. E-mail: kate.madden@childrens.
harvard.edu

PEDIATRICS (ISSN Numbers: Print, 0031-4005; Online, 1098-4275).

Copyright © 2012 by the American Academy of Pediatrics

(Continued on last page)

PEDIATRICS Volume 130, Number 3, September 2012 421

ARTICLE

mailto:kate.madden@childrens.harvard.edu
mailto:kate.madden@childrens.harvard.edu


VitaminD is essential for bone health1–4

and optimal cardiovascular5–10 and
innate immune11–15 function. Levels of
25-hydroxy vitamin D (25(OH)D) are
most often used to assess adequacy of
vitamin D stores. Patients with levels
,20 ng/mL are commonly categorized
as vitamin D deficient,1,16,17 and treat-
ment is initiated in children to prevent
rickets.16 Influenced by decreased
vitamin D intake and decreased sun
exposure, .60% of US children have
insufficient levels of 25(OH)D (,30 ng/
mL), with 15% being deficient.16–19

The rising rate of vitamin D insufficiency
and deficiency has alarmed some
experts,4,16,18–20 although others have
questioned the clinical importance of
25(OH)D insufficiency.21

The level of 25(OH)Dneeded foradequate
immune and cardiovascular function is
unclear. Vitamin D deficiency has been
associated with increased viral re-
spiratory infections22–26 and sepsis27–29

in children and adults. Supplementing
Japanese schoolchildren with 1200 IU
of vitamin D over winter months de-
creased influenza infections.30 This
could be because 25(OH)D influences
production of cathelicidin hCAP-18, an
anti-microbial peptide.14,31 Critically ill
adult patients with sepsis have lower
vitamin D levels, associated with lower
cathelicidin levels.28

VitaminDdeficiencyhasbeenassociated
with higher levels of admission illness
severity in adult ICU patients.32–34

Low 25(OH)D levels prehospitalization
and at ICU admission have been asso-
ciated with short- and long-term all-
cause mortality and bacteremia in
critically ill adults.27,34,35 The preva-
lence of vitamin D deficiency and its
influence on critical illness severity in
children is unknown. We aimed to es-
tablish the prevalence of vitamin D
deficiency in a cohort of critically ill
children and identify factors influenc-
ing 25(OH)D levels on admission to the
pediatric ICU. We hypothesized that

childrenwith lower 25(OH)D levelswould
have higher illness severity and that
levels would be lowest in PICU patients
admitted for a life-threatening infection.

METHODS

Wescreenedall childrenadmitted to the
medical-surgical PICUs from November
9, 2009 to November 9, 2010. Eligibility
criteria included the following: (1) age
,21 years and (2) estimated PICU stay
of $48 hours (excluding short-term
monitoring patients) or admission
due to a probable infection. Patients
admitted to the cardiac ICU were ex-
cluded because of high incidence of
cardiac bypass, which can lower 25
(OH)D levels.36 The Children’s Hospital
Boston institutional review board ap-
proved the study. After obtaining in-
formed consent, parents or guardians
were interviewed about their child’s
racial and ethnic background, sun expo-
sure, and intake of vitamin D–containing
foods and supplements by using a
questionnaire adapted from a previous
vitamin D study.16 Dose of vitamin D
supplements (ergocalciferol or chole-
calciferol) was obtained from parent
report. Formula intake in diet was di-
chotomized as yes–no to account for
inconsistency in daily intake amount
between patients.

Bloodwasobtainedas close aspossible
to PICU admission either by drawing
fresh blood or retrieving samples
of leftover plasma refrigerated in the
hospital laboratory. All plasma was
stored refrigerated, frozen at 280°C
within 7 days, then shipped frozen in
batch for analysis. A direct radioim-
munoassay developed in the Hollis la-
boratory and manufactured by Diasorin
Corporation (Stillwater, MN) was used
to measure total circulating 25(OH)D
and 1,25(OH)2D concentrations (inter-
and intraassay coefficient of variation
of 10%).37

Height was not routinely collected to
calculate BMI, so probable obesity was

defined as admission weight .2 SD
above the 50th percentile for age.
Severity of illness in the first 24 hours
was measured by using the Pediatric
Risk of Mortality III (PRISM III) score.38

Maximum level of vasopressor use
during PICU stay was assessed by us-
ing the Sequential Organ Failure As-
sessment cardiovascular (CV-SOFA)
score with 0–1: no vasopressors, 2:
dopamine,5 mcg/kg/min, 3: dopamine
5 to 15 mcg/kg/min or norepinephrine/
epinephrine ,0.1 mcg/kg/min, and
4: dopamine .15 mcg/kg/min or
norepinephrine/epinephrine.0.1 mcg/
kg/min.39

To determine infection status on ad-
mission, patients who had any cultures
or viral testing performed on the PICU
admission day, or with a diagnosis of
a confirmed or suspected infection
within 7 days before PICU admission,
were reviewed by a critical care phy-
sician. Confirmed infection was defined
as having a (1) culture of a pathogenic
bacteria from blood, cerebrospinal
fluid, or lung plus receipt of antibiotics;
(2) positive fungal culture plus anti-
fungal treatment; or (3) viral pathogen
detected. Suspected infection included
all patients meeting systemic inflam-
matory response syndrome or com-
munity acquired pneumonia criteria
with negative microbial testing who
received a course of antibiotic treat-
ment. Severe septic shock was defined
as confirmed or suspected infection
with vasopressor therapy (CV-SOFA
score $3) on PICU admission day.
Levels of 25(OH)D were categorized as
normal ($30 ng/mL), insufficient
(,30 ng/mL),26,28 and deficient (,20
ng/mL).17,40,41 Data were managed by
using REDCap (Research Electronic
Data Capture) tools hosted at Child-
ren’s Hospital Boston.42

In the most critically ill children, it was
not possible to obtain prospective con-
sent before or at PICU admission, so an
accurate measurement of the child’s
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fluid status at the exact time when the
blood was sampled during fluid re-
suscitation was determined not to be
feasible. When we were not able to
obtain consent at the time of ICU
admission, previously obtained and
stored excess laboratory samples were
retrieved from the clinical laboratory.
Therefore, in a post hoc analysis, we
tested whether timing of the blood
sample relative to PICU admission was
related to 25(OH)D level. In a second
post hoc analysis, we evaluated the in-
fluence of total fluid bolus volume
within #12 hours before PICU admis-
sion on 25(OH)D level in subjects ad-
mitted from the emergency department,
operating room, or inpatient ward at
our institution.

To allow for the skewed distribution of
25(OH)D levels, we used the Spearman
correlation coefficient to assess the
association of 25(OH)D with continuous
variables, the Mann-Whitney test for di-
chotomous variables, and the Kruskal-
Wallis test for multicategory variables.
Patientcharacteristicsassociatedwith25
(OH)D in univariate analysis (P # .10)
were included in themultivariablemodel.
We used multiple logistic regression to
assess the influence of these risk factors
on vitamin D deficiency, dichotomized at
,20 ng/mL. Tomodel quartiles of PRISM-
III score and the 4-level CV-SOFA score
during PICU stay, we used ordinal multi-
nomial logistic regression. SAS was used
for all computations (version 9.2, SAS
Institute, Cary, NC).

RESULTS

We screened 2366 patients admitted to
the PICU between November 9, 2009, and
November 9, 2010, and enrolled 511/818
(62.5%) eligible patients with a plasma
specimen available close to PICU admis-
sion. Reasons for nonenrollment of eli-
gible subjects included the following: (1)
consent refusal (12.3%), (2) unavailable
parents or guardians (14.7%), and (3) no
acceptable plasma specimen available

(10.6%). Nonenrolled eligible patients
were less likely to be receiving mechan-
ical ventilation than those enrolled (59/
307 [19.2%] vs 337/511 [66%], P, .0001).

The baseline characteristics of the co-
hort are shown in Table 1. The median
patient age was 5.3 years (interquartile
range [IQR] 1.4–12.9 years). The median
25(OH)D level of enrolled patients was
22.5 ng/mL (IQR 16.4–31.3); 71.2% had 25
(OH)D insufficiency (,30 ng/mL), and
40.1% were 25(OH)D deficient (10–19.9
ng/mL in 33.1% and,10 ng/mL in 7%).
Thirteen (2.5%) patients died during
hospitalization (12 died while in the
PICU), with a median 25(OH)D level of
19.4 ng/mL (IQR 16.6–31.4).

Table 1 shows the results of the uni-
variate analyses of baseline factors
present before PICU admission and
their association with admission 25(OH)
D levels. Children who were previously
healthy and older children had lower 25
(OH)D levels. History of vitamin D sup-
plementation, intake of enteral formula
(which contained 30–134 IU vitamin D/
cup), and admission during summer
were associated with higher 25(OH)D
levels. We had reliable parental report
on home dose in 48 of the 64 patients
taking uni-vitamin D supplements in
which the mean daily intake was 1320
IU. Althoughmanymultivitamins contain
the recommended daily allowance of
vitamin D (400 IU), some contain 100 to
200 IU per tablet, preventing accurate
determination of daily vitamin D. The 29
children with probable obesity had
lower 25(OH)D levels than the children
with normal or low body weight for age
(mean 17.7 vs 22.7 ng/mL, P = .009).
History of renal disease before PICU
admission was not associated with
25(OH)D level; patients with an ele-
vated creatinine level near PICU admis-
sion actually had higher 25(OH)D levels
(median 24.6 vs 20 ng/mL, P, .0001).

In the multivariate analysis of 25(OH)D
deficiency (Table 3, model 1), past
medical history was aggregated into 4

categories based on results of the uni-
variate analyses: previously healthy, on-
cologic disorder, seizure disorder, and
other chronic conditions. These catego-
ries were not significantly associ-
ated with 25(OH)D deficiency (P = .21).
Independent factors associated with
decreased risk of 25(OH)D deficiency
were younger age, white race with non-
Hispanic ethnicity, summer season, vi-
tamin D supplementation, and formula
intake.

As shown in Table 2, median 25(OH)D
levels were not associated with the
underlying reason for PICU admission
which included confirmed or sus-
pected life-threatening infection, al-
though 25(OH)D levels were markedly
lower in the 51 patients with severe
septic shock. Each subgroup of in-
fection was added to the regression
model for 25(OH)D deficiency, in-
cluding viral respiratory and septic
shock; none had a significant effect
alone or in aggregate. The 94 subjects
diagnosed with lower respiratory tract
infection (LRTI) had the same median
25-(OH)D level (22.5 ng/mL) as those
without, and addition of LRTI to the
regression model of vitamin D defi-
ciency revealed no significant relation-
ship (P = .62).

Durationofmechanical ventilationduring
the PICU stay was not significantly asso-
ciatedwith 25(OH)D (r= –0.1007, P= .10).
The median PRISM-III raw score on ad-
mission day was 5 (IQR 0–11.5), and it
was inversely correlated with 25(OH)D
level (r = 20.23, P , .0001; see Fig 1A).
A multinomial logistic regression model
was created with PRISM-III quartiles
as the outcome, adjusted for factors
known previous to PICU admission as-
sociated with 25(OH)D admission levels.
As shown in Table 3 (model 2), lower
admission 25(OH)D was inversely asso-
ciated with PRISM-III, with a 5 ng/mL
decrease corresponding to a 1.19-fold
increase in a patient’s odds of belonging
to the next higher PRISM-III quartile
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(95% confidence interval [CI] 1.10–1.28;
P , .0001). This was not explained by
the cohort with septic shock, as addi-
tion of severe septic shock to this model
altered the effect estimate minimally
(odds ratio [OR] 1.18; P, .0001).

There were 134 patients (26.2%) who
received vasopressors (CV-SOFA $3)
during their PICU stay. Patients receiving

vasopressors had lower 25(OH)D levels
(median 19.8 vs 24.3 ng/mL, P , .0001).
Increasing vasopressor use (CV-SOFA
score) was correlated with decreasing
25(OH)D levels (r=2.19,P, .0001; Fig 1B).
In the multinomial logistic regression
model (Table 3, model 3), lower admis-
sion 25(OH)D levels were associated
with higher CV-SOFA scores, a 5 ng/mL

decrease corresponding to a 1.13-fold in-
crease in odds of belonging to the next
higher category of CV-SOFA score (95% CI
1.01–1.27; P = .03). This effect remained
after adjusting for severe septic shock (OR
1.16, 95% CI 1.02–1.31; P = .02).

The median timing of the first vitamin D
sampling was 0.6 hours after PICU ad-
mission (IQR25.3 to 9.7 hours). Timing of
samplingwasweakly inversely correlated
with 25(OH)D level, r=2.12,P= .009. Fluid
bolus data were available on 374/511
patients (73.1%) who were transferred
from the inpatient ward, operating room,
or the emergency department at our
hospital. The median fluid bolus before
PICU admission was 22.2 mL/kg, which
had a weak inverse correlation with 25
(OH)D level (r =2.12, P = .01).43 Inclusion
of the fluid resuscitation data did not
markedly influence the association be-
tween any of the risk factors for vitamin
D deficiency on PICU admission; all
remained significant. Inclusion of fluid
resuscitation volume into the model for
predicting PRISM-III score showed that
although increased fluid bolus amounts
were associated with rising admission
illness severity (OR 1.11, 95% CI 1.07–1.16,
P , .0001), 25(OH)D levels remained in-
versely associated with PRISM-III (OR 1.10,
95% CI 1.01–1.20, P = .03). Fluid bolus
volume before PICU admission was not
a significant predictor of maximal CV-
SOFA score during the PICU stay (OR
1.04, 95% CI 0.99–1.09, P = .11) and was
not tested as a potential confounder.

A post hoc comparison of 1,25(OH)2D
levels between 17 cases with CV-SOFA
$3 to 18 children with CV-SOFA =
0 revealed a strong positive correlation
between 25(OH)D and 1,25(OH)D levels,
r = .60, P , .0001 with no respective
differences in median 1,25(OH)2D lev-
els (31.4 vs 45.1 pg/mL, P = .29). Ionized
calciumwas measured on 245 subjects
at admission, and was modestly cor-
related with 25(OH)D, r = .22, P = .0006.
However, only 30 patients had clinically
low ionized calcium, and their 25(OH)D

TABLE 1 Demographic and Other Characteristics of the Subjects Known Previous to PICU
Admission and Association With 25(OH)D Levels

Characteristic N (%) 25(OH)D, ng/mLa P Valueb

Total sample 511 (100) 22.5 (16.4–31.3)
Gender
Female 251 (49.1) 23.0 (16.7–30.8) .68
Male 260 (50.9) 21.6 (16.0–31.7)

Age, y
,1 98 (19.2) 26.6 (16.7–37.0) ,.0001c

1–4 149 (29.2) 24.3 (19.4–31.8)
5–12 137 (26.8) 20.6 (14.2–29.6)
13–17 101 (19.8) 18.7 (13.7–26.6)
18–21 26 (5.1) 24.8 (19.4–27.5)

Race
White non-Hispanic 321 (62.8) 23.2 (16.9–31.5) .04d

White Hispanic 55 (10.8) 19.1 (13.7–29.6)
Black 67 (13.1) 20.8 (13.7–29.8)
Other 68 (13.3) 23.5 (17.7–32.4)

Insurance
Private 210 (41.1) 21.3 (15.3–28.9) .01
Government 300 (58.7) 24.2 (17.3–32.4)

Season
Fall or winter 296 (57.9) 21.1 (15.4–28.9) ,.0001
Spring 127 (24.9) 22.4 (15.6–30.3)
Summer 88 (17.2) 29.9 (20.6–41.8)

Supplements
Vitamin D or multivitamin 182 (35.6) 25.4 (17.6–35.9) ,.0001
Both 31 (6.1) 31.1 (24.7–41.8)
None 298 (58.3) 20.4 (14.8–27.7)

Enteral formula
Any 208 (40.7) 27.8 (20.0–38.0) ,.0001
None 303 (59.3) 19.9 (13.8–27.1)

Underlying chronic conditions
Any 421 (82.4) 23.4 (17.1–31.6) .009
None 90 (17.6) 20.5 (14.3–27.1)

Underlying chronic conditionse

Respiratory 213 (50.6) 24.3 (17.0–34.5) .30
Asthma 106 (25.2) 21.1 (16.0–31.0) .33
Neurologic 200 (47.5) 25.3 (17.7–35.2) .03
Seizure 107 (25.4) 26.6 (19.3–39.2) .001
Oncologic 55 (13.1) 19.6 (14.0–26.2) .003
Immunodeficiency 31 (7.4) 24.3 (19.0–31.1) .64
Renal 22 (5.2) 23.0 (11.7–29.7) .44
Gastrointestinal 44 (10.5) 22.5 (16.7–32.5) .98
Nutritional 49 (11.6) 29.8 (20.0–33.0) .05
Endocrine 42 (10.0) 24.6 (18.6–32.6) .54

a Median (quartile limits).
b Testing for association with serum 25(OH)D level by Mann-Whitney test (dichotomy) or Kruskal-Wallis test (multicategory
characteristic).
c Spearman correlation between age and 25(OH)D level: 20.18, P , .0001.
d “Other” category omitted from comparison.
e Compared with those with other chronic conditions.
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levelswere similar to the215patientswith
normal levels (median 22.7 vs 24.5 ng/mL,
respectively, P = .47); the addition of this
group had no effect on the regression
models for PRISM-III or CV-SOFA scores.

DISCUSSION

We identified a high prevalence of vi-
tamin D deficiency and insufficiency in
critically ill children in this prospective
cohort study. Previously healthy chil-
dren had lower 25(OH)D levels than
thosewithunderlying chronic illnesses,
probably because parents of chroni-
cally ill children were more likely to
report supplementing their children
with vitamin D by using vitamins and/or
enteral formula. Vitamin D supple-
mentation before PICU admission was
strongly protective against 25(OH)D
deficiency. School-age children, those
with darker skin, and children not re-
ceiving vitamin D supplementation
were more likely to have low 25(OH)D
levels, especially during colder months
when sun exposure was limited. These
risk factors for vitamin D deficiency we
identified in these critically ill children
have repeatedly been described as risk
factors for vitamin D deficiency in out-
patients,3,16,18,19,44,45 which supports
our belief that the 25(OH)D levels
drawn around PICU admission reflect
preadmission status. As has been
reported in critically ill adults, we
found lower 25(OH)D levels associated
with higher PICU admission day illness
severity after adjusting for related pre-
ICU factors.27,34

The 40% prevalence of vitamin D de-
ficiency (31% deficiency in infants and
toddlers, 46% inschool-agechildren, 57%
in adolescents) in our cohort of critically
ill children ishigher thanwasreported in
thehealthyUSpediatricpopulation(9%in
toddlers,18 17% in school age,18 and 14%
deficiency in adolescents17) and in stud-
ies of pediatric outpatients in Boston
(12.1% deficiency in infants and toddlers;
42% in healthy adolescents).19,35 Our high

TABLE 2 Association of 25(OH)D Levels With Reason for PICU Admission and Admission to the PICU
for a Life-Threatening Confirmed or Suspected Infection

Characteristic N (%) 25(OH)D, ng/mLa P Valueb

Reasons for PICU admission
Planned surgical 115 (22.6) 22.9 (17.3–31.4) .40
Orthopedic 43 (8.4) 19.4 (14.4–29.6) .12
Neurosurgical 18 (3.5) 24.9 (17.3–31.9) .65
General surgery 20 (3.9) 19.5 (17.2–26.4) .49
Other 97 (19.0) 24.4 (17.7–31.6) .34
Emergent 23 (4.5) 20.5 (13.6–31.9) .54
Trauma 11 (2.2) 27.2 (14.6–39.4) .42
Status epilepticus/neurologic monitoring 87 (17.0) 26.1 (18.1–32.6) .05
Electrolyte disturbance/diabetic ketoacidosis 31 (6.1) 19.9 (12.0–33.3) .57
Asthma exacerbation 44 (8.6) 22.3 (18.1–30.0) .51
Respiratory failure 117 (22.9) 22.7 (17.0–31.2) .87

Infection on PICU admission
Any confirmed or suspected infectionc 238 (46.6) 21.9 (15.8–30.1) .19
Positive viral testd 47 (9.2) 23.9 (14.8–33.0) .72
Positive bacterial teste 97 (19.0) 20.0 (15.3–31.9) .28
No microbiologic confirmation 94 (18.4) 21.8 (16.1–29.0) .40
Severe septic shockf 51 (10.0) 19.2 (12.6–24.8) .0008

a Median (quartile limits).
b Testing for association with serum 25(OH) D level by Mann-Whitney test (dichotomy) or Kruskal-Wallis test (multicategory
characteristic).
c Includes confirmed (viral, bacterial, fungal, multiple) or suspected infection; excludes confirmed but non-life-threating
infection.
d Respiratory syncytial virus, influenza, parainfluenza, without confirmed bacterial infection.
e Sepsis, positive cerebrospinal fluid; includes fungal (5) and multiple (12).
f Cardiovascular sequential organ failure score $3 plus confirmed or suspected infection.

FIGURE 1
Correlation between 25(OH) vitamin D level and illness severity. A, 25(OH)D level is inversely cor-
related with PRISM-III score on PICU admission day. B, 25(OH)D level is inversely correlated with
maximum cardiovascular SOFA (CV-SOFA) during ICU stay. The CV-SOFA score is calculated as follows:
0–1 = no vasopressor requirement; 2 = dopamine#5 mcg/kg/min; 3 = dopamine.5 mcg/kg/min
or epinephrine/norepinephrine #0.1; 4 = dopamine .15 mcg/kg/min or epinephrine/norepinephrine
.0.1.
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prevalence of vitamin D deficiency in
critically ill children is more similar to
that reported in adult ICU patients in
France and Boston where $26% were
reported as deficient.27,46

In contrast to our expectations, we
did not find critically ill children with
confirmed or suspected infections to
have lower 25(OH)D levels than other
critically ill patient groups, with the

exception of children presenting in se-
vere septic shock. Studies have shown
a relationship between vitamin D levels
and illness severity in infected children.
Children with LRTI had a higher risk of
hospital admission if their 25(OH)D level
was in the severely deficient range.24

Children with acute LRTIs admitted to
the PICU had lower 25(OH)D levels com-
pared with children admitted to the

ward.25 Unfortunately, we did not have
a control group of childrenwith infections
who were not admitted to the PICU and
were unable to test the relationship be-
tween hospitalization or PICU admission
and 25(OH)D level in infected children.

We identified a relationship between ill-
ness severity, as defined by PRISM-III
score on admission, and 25(OH)D level.
The association between vitamin D level
and both severity of illness and vaso-
pressor use may be due to its role
in innate immune function and in-
flammation, its role in calcium homeo-
stasis, or influenced by fluid shifts and
dilution. Because of interhospital trans-
fers and poor documentation, we do not
have reliable and complete data on fluid
resuscitation before PICU admission for
every subject. Even in those who were in-
hospital, where fluid bolus total amount
was documented, it was usually not
possible to accurately determine when
the blood was sampled in relation to the
fluid resuscitation. Although we were
reassured that the inverse relationship
between critical illness severity and 25
(OH)D levels remained after adjusting for
pre-PICU fluid bolus volume in patients
where these data were available, we
cannot accurately estimate the role of
fluid shifts because this would require
knowledge of 25(OH)D status in the pre-
illness state.

Fluid resuscitation may explain the de-
creased vitamin D levels in children in
septic shock. Studies in critically ill adults
have shown an inverse relationship be-
tween outpatient vitamin D levels and
illness severity and mortality in large
adult cohorts.27 Vitamin D levels have
been shown to be stable over the hos-
pital course in patients with malaria47

and with acute myocardial infarction.48

However, they have also been shown to
decrease by 40% in adults patients with
an inflammatory response after knee
surgery without significant fluid re-
suscitation and to remain decreased
by 20% after hospitalization.49 Cardiac

TABLE 3 Multiple Logistic Regression Models Assessing Joint Influence of Factors Associated With
Vitamin D Deficiency, Influence of Vitamin D Levels and Illness Severity (PRISM III Raw
Score) After Adjusting for Model 1 Factors, and the Association Between Vitamin D Levels
and Vasopressor Use (CV-SOFA Score), Adjusting for PRISM III and Model 1 Factors

Predictor Contrast OR (95% CI)a pb pc

1. Vitamin D ,20 ng/mL
Age per 5 y 1.43 (1.21–1.70) ,.0001
Race Non-Hispanic white

versus other
0.51 (0.33–0.79) .003

Insurance Private versus
government

0.84 (0.54–1.30) .43

Season Summer versus
fall/winter

0.27 (0.14–0.51) ,.0001 .0002

Summer versus
spring

0.25 (0.12–0.50) .0001

Supplements D or multivitamin
versus none

0.54 (0.35–0.84) .006 .001

Both versus none 0.20 (0.06–0.62) .006
Formula Any versus none 0.38 (0.24–0.61) ,.0001
Previous medical history — — — .08

2. Increasing PRISM III score (quartiles)
Serum 25(OH)D 25 ng/mL 1.19 (1.10–1.28) ,.0001
Age per 5 y 1.20 (1.05–1.38) .008
Race Non-Hispanic white

versus other
0.95 (0.68–1.32) .75

Season — — — .40
Supplements — — — .66
Formula Any versus none 1.56 (1.08–2.27) .02
Previous medical history Oncologic versus none 2.64 (1.42–4.91) .002 .01

Oncologic versus seizure 2.45 (1.28–4.7) .007
Oncologic versus other 2.37 (1.36–4.13) .002

3. Increasing CV-SOFA score
(0/1, 2, 3, or 4)

Serum 25(OH)D 25 ng/mL 1.13 (1.01–1.27) .03
Age per 5 y 1.02 (0.85–1.22) .85
Race Non-Hispanic white

versus other
1.51 (0.94–2.44) .09

Season — — — .97
Supplements — — — .86
Formula Any versus none 1.21 (0.73–2.02) .46
Previous medical history Oncological versus none 0.22 (0.09–0.52) .0005 .001

Seizure versus none 0.37 (0.17–0.78) .009
Other versus none 0.36 (0.20–0.65) .0007

PRISM III score per 1 unit 1.26 (1.20–1.32) ,.0001
a OR with 95% CI, adjusted for all other predictors. For binary end point, OR is the multiplicative increase in odds of outcome
associated with the indicated change in predictor. For ordinal end points, OR is themultiplicative increase in odds of outcome
falling above any given division of categories associated with the indicated change in predictor.
b Testing hypothesis OR = 1. Any pairwise contrasts not listed were nonsignificant by Bonferroni criterion, P. (.054 number
of contrasts).
c For multicategory predictors, testing equal likelihood of outcome in all categories.
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bypass has also been shown to markedly
reduce 25(OH)D levels,36 which is why we
excluded cardiac bypass patients and
levels done during extracorporeal mem-
brane oxygenation support. It remains
unclear what portion of this relationship
is due to fluid shifts, inflammation, or
stores before illness onset.

Although we did not enroll 36.4% of the
eligible patients, we believe that these
nonenrolledpatientswere less likely to
be critically ill because they were less
likely than the enrolled group to have
laboratory specimens drawn at ad-
mission and to receive mechanical
ventilator support. We were also un-
able to thoroughly assess the longi-
tudinal trend in 25(OH)D levels over the
course of the PICU admission, and we
believe the trend of 25(OH)D levels over

timeincritically illchildrenisanimportant
goal for future investigations.

CONCLUSIONS

We have identified a high prevalence of
vitamin D insufficiency, deficiency, and
severedeficiency incritically ill children
admitted to the PICU and an inverse
associationbetween25(OH)D levelsand
illness severity on admission. Pre-PICU
dietary intake of vitaminD in the formof
vitamins or formula protected against
deficiency. We hypothesize that higher
25(OH)D levels may decrease the se-
verity of critical illness brought onby an
overwhelming insult such as infection
or injury. Whether aggressive vitamin D
supplementation in the early stages
of critical illness improves clinical
outcomesmeritsadditionaltesting.Given

the high rate of vitamin D deficiency
in critically ill children and the essen-
tial role of vitamin D in healthy bone
development, we recommend screening
critically ill childrenwith risk factors for
vitamin D deficiency and identifying
effective repletion strategies.
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