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Abstract

Rationale: Vitamin D deficiency, often defined by total serum
25-hydroxyvitamin D (25[OH]D) <20 ng/ml, is common in critically
ill patients, with associations with increased mortality and morbidity in
the intensive care unit. Correction of vitamin D deficiency in critical
illness has been recommended, and ongoing clinical trials are
investigating the effect of repletion on patient outcome. The biologically
active amount of 25(OH)D depends on the concentration and protein
isoform of vitamin D-binding protein (VDBP), which is also an acute-
phase reactant affected by inflammation and injury.

Objectives: We performed a secondary analysis of a cohort of
critically ill children in which we reported a high rate of vitamin D
deficiency, to examine how VDBP level and genotype would impact
vitamin D status.

Methods: We prospectively enrolled 511 children admitted to the
pediatric intensive care unit over a 12-month period.

Measurements and Main Results: We measured serum
VDBP in 479 children. We genotyped single nucleotide
polymorphisms rs7041 and rs4588 in the VDBP gene (GC) to
determine haplotypes GC1F, GC1S, and GC2 in 178 subjects who

consented, then calculated bioavailable 25(OH)D from serum
25(OH)D, VDBP, albumin, and GC haplotype. The median serum
VDBP level was 159 pg/ml (interquartile range, 108-221), lower
than has been reported in healthy children. Factors predicting
lower levels in multivariate analysis included age <1 year,
nonwhite race, being previously healthy, 25(OH)D <20 ng/ml and
greater illness severity. In the subgroup that was genotyped, GC
haplotype had the strongest association with VDBP level; carriage
of one additional copy of GC1S was associated with a 37.5%
higher level (95% confidence interval, 31.9-44.8; P < 0.001).
Bioavailable 25(OH)D was also inversely associated with illness
severity (r= —0.24, P < 0.001), and ratio to measured total
25(OH)D was variable and related to haplotype.

Conclusions: Physiologic deficiency of 25(OH)D in critical
illness may be more difficult to diagnose, given that lower VDBP
levels increase bioavailability. Treatment studies conducted on
the basis of total 25(OH)D level, without consideration of VDBP
concentration and genotype, may increase the risk of falsely
negative results.
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ORIGINAL RESEARCH

Low serum concentrations of total 25-
hydroxyvitamin D (25[OH]D), widely
accepted as indicative of vitamin D status,
have been linked to sepsis susceptibility,
illness severity, and increased mortality in
critically ill adults (1-17). Using the widely
accepted cutoff of <20 mg/dl to diagnose
25(OH)D deficiency, we reported recently
that >40% of critically ill children in our
hospital were deficient. Additional studies
of vitamin D deficiency in the pediatric
intensive care unit (ICU) (PICU)
population have reported a prevalence of
between 30 and 86% (18-21). We found
lower 25(OH)D levels to be associated with
greater illness severity (22); other pediatric
critical care studies have confirmed this
finding (19, 21, 23, 24), although equal
numbers have reported no correlation with
illness severity or ICU outcomes (18-20,
25, 26). Despite the rapidly increasing
volume of evidence linking 25(OH)D
deficiency with ICU morbidity and
mortality over the past 10 years (1-4, 6-8,
10, 11, 27, 28), the question of whether
vitamin D repletion will improve clinical
outcomes in critical illness remains
unclear. An intervention trial of calcitriol
therapy in critically ill adults with sepsis
did not have an impact on the primary
outcome, antimicrobial peptide levels (29).
A recent trial of high-dose vitamin D3
repletion in deficient critically ill adults
did not show an impact on mortality or
length of stay, except for subjects with the
lowest 25(OH)D levels (<12 ng/ml) (30).
The severely 25(OH)D-deficient group
that was treated had lower mortality at
28 days after ICU admission, at hospital
discharge, and at 6 months later (30).
The majority of 25(OH)D circulates
tightly bound to vitamin D-binding protein
(VDBP) and more loosely bound to
albumin; a much smaller percentage
circulates free (31). Bioavailable 25(OH)D
(the free plus albumin bound portions)
has been proposed as a better indicator
of vitamin D activity (32-34), possibly
explaining discrepancies between findings
of vitamin D effect on health outcomes in
studies relying on total 25(OH)D. Several
studies have identified a strong relationship
between bioavailable vitamin D and
indicators of vitamin D status such as bone
mineral density and parathyroid hormone
(32, 33). Bioavailable 25(OH)D can be
calculated using several equations and a
mathematical model, which incorporate
25(0OH)D, VDBP, albumin levels, and
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VDBP binding affinity by haplotype to
varying degrees (32-34). Recently, an assay
of free 25(OH)D has become commercially
available, and a comparison of the
calculated to measured free 25(OH)D
showed that a calculation that does not
incorporate VDBP binding affinity
overestimates the measured levels (35).

VDBBP, originally called group-specific
component (Gc), has three major
phenotypic variants characterized by
isoelectric focusing electrophoresis:
GclF(fast), GelS(slow), and Ge2 (36).
Variation in the two most common
polymorphisms in the VDBP gene (GC),
rs4588 (A vs. C, resulting in lysine vs.
threonine at position 420) and rs7041
(T vs. G, resulting in aspartic acid vs.
glutamate at position 416), produce the
three major GC haplotypes (GCL1F,

GCI1S, and GC2). The protein isoforms
corresponding to these haplotypes are
thought to have variable binding affinity for
vitamin D metabolites, Gc1F having the
highest and Gc2 the lowest (37). Carriage
of GC1F is more common in African
Americans and in groups originating from
areas with higher sun exposure (38),
whereas carriage of GC1S is more common
in those with origins farther from the
equator (39, 40). GC2 has been associated
repeatedly with lower 25(OH)D levels in
genome-wide variation studies (38, 41, 42),
as well as in children (43). VDBP plays a
role in the immune system, the lung, and
scavenging actin. VDBP levels have been
shown to be decreased in times of diffuse
inflammation, including in sepsis, severe
trauma, and after surgery (44-46). In
addition, certain disease states, including
diffuse inflammation and critical illness,
have been shown to be associated with
lower VDBP levels (44, 46).

VDBP concentration and haplotype
influence the proportion of bioavailable
vitamin D (32-34, 47), meaning that the
biologic activity of vitamin D could be
similar in patients with widely different
total 25(OH)D levels. We sought to
determine VDBP levels and to identify
patient-related factors, including genotype,
that may influence these levels in critically
ill children. We aimed to identify any
association between VDBP level or
genotype and diagnosis or reason for PICU
admission, specifically, respiratory
infections or respiratory failure. In addition,
we sought to estimate bioavailable vitamin
D levels and to compare them with total

25(OH)D levels in the early days of critical
illness, to assess how that would influence
categorization of 25(OH)D deficiency.

Methods

We prospectively recruited 520 critically
ill children for a study of vitamin D in
critical illness, and previously reported the
details of recruitment, specimen collection
and storage, and measurement of 25(OH)
D levels (22). The Boston Children’s
Hospital institutional review board
approved the study. After giving informed
consent, parents or guardians were
interviewed, using a questionnaire, about their
child’s racial and ethnic background, sun
exposure, and intake of vitamin D-containing
foods and supplements (48).

We measured VDBP levels in 479 of
these children using the monoclonal-based
R&D Systems Quantikine ELISA kit
(Minneapolis, MN). Repeat VDBP levels
were assessed using a polyclonal-based
ELISA assay by ALPCO Diagnostics (Salem,
NH) in 202 subjects, and albumin by
colorimetric reflectance spectrophotometry
(bromocresol green) assay (at Fairview
Diagnostics Laboratory, St. Paul, MN) in 178
subjects. Both VDBP assays were performed
in the University of Minnesota Cytokine
Reference Laboratory (Minneapolis, MN).

To determine infection status on
admission, 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 physician.
Confirmed infection was defined as having
a: (1) culture of a pathogenic bacteria from
blood, cerebrospinal fluid, or lung, plus
receipt of antibiotics; or (2) positive fungal
culture plus antifungal treatment; or (3)
viral pathogen detected by diagnostic test.
Suspected infection included all patients
meeting systemic inflammatory response
syndrome or community-acquired
pneumonia criteria with negative microbial
testing who received a course of antibiotic
treatment. Those determined to have lower
respiratory tract infection (LRTI) included
anyone meeting a consensus definition of
community-acquired pneumonia (49), as
well as any patient who received a clinician
diagnosis of LRTI and who required new
respiratory support within 72 hours of
admission to the PICU. Severity of illness in
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the first 24 hours was measured using the
Pediatric Risk of Mortality-IIT (PRISM-III)
score (50). All data were managed using
Research Electronic Data Capture
electronic data capture tools hosted at
Boston Children’s Hospital (51).

Genotyping Cohort and Bioavailable
Vitamin D

Initial informed consent included the option
for parents to participate in the genetic
analysis section. DNA was available in 207 of
254 subjects who were parent identified as
white, without Hispanic ethnicity, to genotype
for single nucleotide polymorphisms (SNPs)
rs4588 and rs7041. We restricted genetic
analysis to these subjects because of
insufficient numbers of other racial/ethnic
subgroups, to avoid population stratification.
Fresh blood was collected and frozen at
—80°C, then extracted in batch using the
Gentra Puregene Blood Kit (QIAGEN
Sciences, Germantown, MD). All samples
were genotyped using the TagMan
OpenArray SNP Genotyping Platform
(Applied Biosystems, Foster City, CA).
Repeat genotyping was performed on 5% of
the samples, and negative controls were
performed on DNA-free samples, SNPs
with success rate <96% were excluded.
Haplotypes were assigned on the basis of
genotyping results for the SNPs rs4588

and rs7041 (38, 41). Deviations from Hardy-
Weinberg were tested using the x> test.
Bioavailable 25(OH)D levels were calculated
using a published method incorporating
VDBP genotype, VDBP, albumin, 25(0OH)D,
and 1,25(OH),D concentrations. Because
1,25(0OH),D was not measured routinely in
this cohort, 0.1 nM was used. Bioavailable
25(OH)D was then calculated using a
mathematical model program written in
MATLAB (MATLAB and Statistics Toolbox
Release 2012b; MathWorks, Inc., Natick,
MA), developed by Brad Peercy (34).

Statistical Methods

To allow for the skewed distribution of
VDBP levels, we used the Spearman
correlation coefficient to assess the
association of VDBP with continuous
variables, the Mann-Whitney test for
dichotomous variables, and the Kruskal-
Wallis test for multicategory variables.
Patient characteristics associated with
VDBP or 25(OH)D in univariate analysis
(P =<0.10) were included in the
multivariable model. Log VDBP level was
used as the outcome in a linear regression
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model. Fisher’s exact test was used to assess
the association between VDBP haplotype
and categories of infection. One-way
analysis of variance was used to assess the
association between VDBP haplotype and
the ratio of free to total 25(OH)D level. SAS
was used for all computations (version
9.2; SAS Institute, Cary, NC).

Results

The median VDBP level was 159 pg/ml
(interquartile range [IQR], 108-221) in
479 children at PICU admission; baseline
characteristics of the sample population are
displayed in Table 1. The median age of the
subjects was 5.1 years, and VDBP levels
were the lowest in infants <1 year old, with
no significant difference between the 1- to

4-, 5- to 12-, and 13- to 17-year-old groups,
but increased in 18- to 21-year-olds
(Table 1). Parental report of race was also
significantly associated with VDBP; the
highest levels were in white non-Hispanic
patients (median, 166 pg/ml), compared
with white Hispanic and African-American
children (152 and 141 pg/ml, respectively).
VDBP was positively correlated with total
25(OH)D level (r=0.31, P < 0.0001) and
inversely correlated with illness severity
by PRISM-III score on admission day
(r=—0.12, P < 0.01) (Figure 1). There were
no significant associations between VDBP
and admission diagnosis, including any
category of infection at PICU admission, or
acute respiratory failure (Table 2).

Factors associated with decreased
VDBP in the multivariable regression model

Table 1. Demographic and other characteristics of the subjects prior to pediatric
intensive care unit admission and their relationship to VDBP levels

Characteristic n (%) VDBP (ug/ml)
Median (IQR)* P Value®
Total sample 479 (100) 159 (108, 221)
Sex
Female 238 (50) 158 (105, 226) 0.68
Male 241 (50) 159 (115, 216)
Aget
<1yr 95 (20) 131 (94, 178) <0.001
1-4 yr 141 (29) 166 (118, 228)
5-12 yr 131 (27) 159 (88, 216)
13-17 yr 87 (18) 167 (113, 226)
18-21 yr 25 (5) 215 (175, 254)
Race
White non-Hispanic 298 (62) 166 (119, 237) <0.001
White Hispanic 53 (11) 152 (89, 221)
African American 63 (13) 141 (61, 178)
Other 65 (14) 149 (101, 208)
Insurance
Private 192 (40) 164 (116, 219) 0.19
Government 287 (60) 156 (101, 221)
Season
Fall or winter 275 (57) 165 (109, 229) 0.25
Spring 119 (25) 151 (109, 216)
Summer 85 (18) 159 (106, 207)
Supplements
Vitamin D or multivitamin 169 (35) 155 (109, 242) 0.05
Both 31 ( 189 (130, 279)
None 279 (58) 159 (106, 215)
Formula
Any 204 (43) 156 (106, 220) 0.73
None 275(57) 162 (111, 221)
Underlying chronic conditions:
Any 403 (84) 164 (111, 228) 0.006
None 76 (16) 136 (101, 184)

Definition of abbreviations: |QR = interquartile range; VDBP = vitamin D-binding protein.

*Median (quartile limits).

TTesting for association with VDBP level by Mann-Whitney test (dichotomy) or Kruskal-Wallis test

(multicategory characteristic).

*Spearman correlation between age and VDBP level: 0.135 (P =0.003).
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ORIGINAL RESEARCH

500 - R
L]
400 . '.' .
° L[]
£ 300 - ‘
(o))
; |
o o
o 200 + . N . .
=) +
>
100 | |
0 -
. 123 86 85 86 69 30
0 1-3 4-5 6-9 10-15  16-27
PRISM-III Score

Figure 1. VDBP level compared with admission illness severity score (PRISM-IIl). Box plots represent
the median (belt), mean (+), interquartile range (top to bottom), outliers (closed circles; outside box by
=1.5 X interquartile range), and position of farthest nonoutlier (vertical lines). The two are inversely
correlated (r=—0.12, P <0.01 [Spearman)]). PRISM = Pediatric Risk of Mortality; VDBP = vitamin

D-binding protein.

were age, race, lack of underlying medical
conditions, 25(0H)D <20 ng/ml, and greater
illness severity on admission (Table 3).
Respiratory infections (LRTIs and
community-acquired pneumonia) were not
associated with VDBP levels when added to
this model. In the 178 subjects with sufficient
excess plasma volume to assay albumin, the
median level was 3.1 g/dl (IQR, 2.6-3.9),
whereas the reference normal range for the
assay is 3.9-5.1 g/dl. VDBP was positively
correlated with albumin in these subjects
(r=0.49, P <0.0001).

VDBP level varied significantly
according to GC haplotype (P < 0.0001)
(Figure 1), and the lowest levels were found

in the six children carrying two copies of
GCIF (median, 32.8 pg/ml), followed by
the GC1F-GC2 group (median, 81.0 pg/ml).
The majority of subjects who underwent
haplotype analysis were either GC1S-GC1S
(31.4%) or GC1s-GC2 (31.4%), and they had
the highest median VDBP levels (Figure 2)
(P < 0.0001). The GC1F-GCI1F group also
had the lowest 25(OH)D levels (median,
17.6 ng/ml), with GC1S-GC1S and
GCIF-GCIS the highest (26.2 and 26.1 ng/ml,
respectively, P=0.02). The two
polymorphisms (rs7041 and rs4588) used
to determine VDBP haplotype were in
Hardy-Weinberg equilibrium (P=0.73 and
0.32, respectively). VDBP levels were

Table 2. Vitamin D-binding protein and bioavailable 25-hydroxyvitamin D levels by
diagnosis of respiratory infection and support status on intensive care unit admission

Bioavailable 25(OH)D (ng/ml)

Condition VDBP (ng/mil)
n (%) Median
(IQr)*
Total sample 479 (100) 159 (108-221)
Respiratory Infection
No infection 237 (50) 163 (114-228)
Other infection 168 (35) 161 (105-218)
LRTI 72 (15) 142 (103-205)
CAP 51 (11) 148 (106-207)
Other 21 (4) 116 (85-169)
Acute Respiratory Failure
No 372 (78) 160 (107-224)
Yes 107 (22) 156 (111-202)

P Value™ n (%) Median P Value'
(IQR)*

178 (100) 4.3 (2.7-6.5)
93 (53) 4.5 (2.7-6.5)

} 0.28 56 (32) 4.6 (3.0—7.0)] 0.25
28 (16) 3.6 (2.2-6.2)

] 021 21(12) 3.5(2.1-5.1)] 0.16
7(4) 5.8(2.7-9.2)

] 0.66 142 (80) 4.3 (2.8—6.5)] 0.91
36 (20) 4.0 (2.6-6.7)

Definition of abbreviations: 25(0H)D = 25-hydroxyvitamin D; CAP = community-acquired pneumonia;
IQR =interquartile range; LRTI =lower respiratory tract infection; VDBP = vitamin D-binding protein.

*Median (quartile limits).

TTesting for association of condition with serum level of VDBP or bioavailable 25(OH)D by
Kruskal-Wallis test (trichotomy) or Mann-Whitney test (dichotomy).
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repeated in 202 subjects, using a polyclonal-
based assay. Although the values were
higher overall (median, 366.0 wg/ml [IQR,
282.9-457.5]), there was a strong correlation
with the original assay (r = 0.61, P < 0.0001),
with an intercept of 202 pg/ml and

a slope of 0.96 compared with the
monoclonal assay. When tested against
the VDBP haplotype groups, the same
significant associations remained (P < 0.001;
P=0.0007) (Figure 3).

GC haplotype was the strongest
predictor of VDBP level in the regression
model (model 2 in Table 3). Age, PRISM-III
score, and 25(OH)D level remained
significant predictors of VDBP level,
whereas carriage of each additional copy of
GC1S or one less copy of GC1F was
associated with a 37.5% increase (95%
confidence interval, 31.9-44.8; P < 0.0001).
VDBP haplotype was not associated with
type of infection or presence of lower
respiratory infection (P = 0.40).

Bioavailable Vitamin D levels

Genotype information was available in 205
subjects and was used to calculate bioavailable
25(0OH)D using the published algorithm as
described in the MeTHODS (34). The median
calculated bioavailable 25(OH)D level was 4.33
ng/ml (range, 0.54-18.54 ng/ml). Bioavailable
25(0OH)D was inversely correlated with illness
severity, as measured by PRISM-III score
(r=—0.24, P=0.001). As with VDBP, there
was no significant relationship between
bioavailable 25(OH)D and any respiratory
infections on PICU admission. The ratio

of bioavailable vitamin D levels to total
25(OH)D levels showed a wide range

(Figure 4), varying significantly from
approximately 10-50% among the 6 diplotypes
(P < 0.0001). Whereas patients with the
GC1F/GCIF diplotype had the lowest total
25(OH)D, their calculated bioavailable vitamin D
levels were among the highest (Figure 4).

Discussion

We identified lower VDBP levels (median,
159 wg/ml) in a cohort of critically ill
children, especially in infants, nonwhite
patients, previously healthy children, and
more critically ill children. These are the
same risk factors we identified for low total
25(OH)D in the same population of
children. Because lower circulating VDBP
levels increase the proportion of 25(0OH)D
that is bioavailable, it follows that the total
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Table 3. Joint influence of clinical and demographic factors associated with VDBP
levels (model 1), with inclusion of GC haplotype information where available (model 2)

Predictor

Model 17
Age, yr

Race

25(OH)D level, ng/ml
Medical history

PRISM-III
Model 2*
Age, yr

25(OH)D level, ng/ml
PRISM-III
VDBP haplotype

Contrast % Difference in VDBP P Value
Level (95% CI)*
1-17 vs. <1 20 9 (6.8 to 37.0) 0.003
18-21 vs. <1 1.0 (10.9 to 79.4) 0.005
18-21 vs. 1-17 166( 6.5 to 45.5) 0.17
Non-Hispanic white vs. 27.2 (15.1 to 40.6) <0.0001
all others

<20 vs. >20 —22.7 (—30.4 to —14.2) <0.0001
Renal vs. none 46 8 (12.8 t0 91.0) 0.004
Renal vs. any other 29.0 (1.7 to 63.4) 0.04
Any other vs. none 13.9 (—0.6 to 30.4) 0.06
Per unit raw score -1.3 (-2.2to —0.3) 0.008
1-17 vs. <1 18.2 (5.2 to 32.8) 0.005
18-21 vs. <1 44.6 (13.4 to 84.3) 0.003
18-21 vs. 1-17 22.3 (—2.5 t0 53.5) 0.08
<20 vs. >20 —23.4 (—30.9 to —15.2) <0.0001
Per unit raw score —1.7 (-2.6 to —0.8) 0.0004
+1 copy GC1s or -1 37.5 (31.2 to 44.1) <0.0001

copy GC1f

Definition of abbreviations: 25(OH)D = 25-hydroxyvitamin D; Cl =

confidence interval; GC = VDBP

gene; PRISM = Pediatric Risk of Mortality; VDBP = vitamin D-binding protein.

*From multiple linear regression analysis of log-transformed VDBP levels. Regression coefficients were
retransformed for reporting as percentage difference per indicated contrast or increment in predictor.
Tn =477 children with VDBP level and all predictors available. Besides the predictors shown, the
model included vitamin D supplementation (P = 0.43).

*n =205 children with VDBP level and all predictors available, including haplotype. Besides the predictors
shown, the model included vitamin D supplementation (P = 0.19) and medical history (P = 0.47). Race was
omitted because all subjects with haplotype results were non-Hispanic white.

25(OH)D may not accurately reflect
vitamin D status in this population.

We previously recommended targeted
screening of critically ill children with
risk factors for vitamin D deficiency and
implementation of effective repletion

strategies, without considering
bioavailability (22). We believe these results
are an important consideration when
interpreting total 25(OH)D levels in
critically ill children, especially those

at higher risk for low VDBP levels.
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Figure 2. Vitamin D-binding protein (VDBP) levels in the six unique haplotype groups. Sample sizes
ranged from 6 to 65. VDBP level increased with each additional copy of G1s and decreased with each
added copy of G1f. Box plots represent the median (belt), mean (+), interquartile range (top to

bottom), outliers (closed circles; outside box by =1.5 X interquartile range), and position of farthest
nonoutlier (vertical lines). Differences in levels are statistically significant by Kruskal Wallis, P < 0.0001.
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Although we did not have a healthy
comparison population, reports of average
VDBP levels in healthy children range from
232 to 298 pg/ml in pediatric populations
of European ancestry using the same assay
(52, 53). A mean of 197 pg/ml was reported
in young healthy children, 65% Hispanic
and 23.4% African American, using a
different assay (immunonephelometry) (39),
whereas mean levels of 330 to 437 pg/ml
have been reported in healthy children using
radial immunodiffusion (54, 55). Repeating
VDBP levels in our cohort using a polyclonal
assay showed a preserved genotype
association (Figure 3) with higher levels
overall, although questions remain about
potential cross-reactivity in this assay (56).
VDBP levels in healthy children using this
assay have not been reported, but reports
in healthy young adults range from 423 to
594 wg/ml, higher than our median of
366 pg/ml (57-59).

We calculated bioavailable 25(OH)D
using a method including 25(OH)D, VDBP,
albumin, and genotype (34), a very similar
method to one used in a cohort of 2,085
adults, in which the predictors associated
with VDBP level were similar to those that
we report (33). As in that study, we found
that VDBP levels are strongly influenced
genetically, with carriers of the GC1S
haplotype having the highest levels and those
carrying GCIF the lowest. We found that
GC haplotype explained 37.5% of the VDBP
variation, lower than reported in that cohort,
possibly related to the effect of critical illness
on VDBP level (33). As in that study, we
found that subjects heterozygous or
homozygous for the GCI1F variant had the
lowest VDBP levels (33). In contrast, a report
of a healthy population of urban children
in the United States revealed that the GC2
variants had the lowest levels (39).

The correlation we found between
calculated bioavailable 25(OH)D and illness
severity (PRISM-III) is of a magnitude
similar to that found with total 25(OH)D
level (—0.23) (22), although with a
significantly smaller sample size (178 vs.
479), and was stronger than the correlation
with VBDP (r = —0.12). Although there
is a large volume of evidence in both the
pediatric and adult ICU populations linking
vitamin D deficiency with increased
morbidity and mortality, we identified only
one study that measured the portion of free
or bioavailable 25(OH)D in the ICU (15).
This study did not find a difference between
total and bioavailable 25(OH)D or

AnnalsATS Volume 12 Number 11| November 2015
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Figure 3. Results of ALPCO (polyclonal-based) vitamin D binding—protein (VDBP) assay for 202
subjects by VDBP haplotype group. Box plots represent the median (belt), mean (+), interquartile
range (top to bottom), outliers (closed circles; outside box by =1.5 X interquartile range), and position

of farthest nonoutlier (vertical lines). Differences in
P =0.0007.

1,25(0OH),D in ability to predict ICU
outcomes (15). The ratio of bioavailable to
total 25(OH)D in our cohort was 10-50%,
largely tracking with VDBP haplotype

(see Figure 4). This is a higher range than
reported in the adult ICU population,
which was 15% overall (15), or in healthy
adults, in whom the ratio of bioavailable to
total 25(OH)D also varied by race from

12 to 18% (33). Our wide range may be a
result of lower overall VDBP and 25(OH)D
values in critical illness and the pediatric
population, assay variability between
populations, or our inclusion of VDBP

levels between haplotype groups is significant,

genotype in bioavailable 25(OH)D
calculations.

VDBP has a myriad of effects, including
actin scavenging during times of injury
(44-46), production of the antimicrobial
peptide cathelicidin (48), macrophage
activation (especially in the lung), and
urinary excretion of 25(OH)D (60), that
could influence the severity and outcome
of critical illness. GC2 carriers have an
increased risk of tuberculosis infection (61)
but a decreased risk of chronic obstructive
pulmonary disease (62, 63). The Gc2
isoform has decreased conversion to Gc
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Figure 4. Calculated biocavailable 25-hydroxyvitamin D (25[OH]D) levels versus measured total
25(OH)D levels for the 207 white non-Hispanic subjects with haplotype data available. Dashed line
represents the percentage calculated bioavailable vitamin D of the total measured 25(0OH)D.
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macrophage activating factor, a potent
mediator of inflammation. Although we did
not find any association among VDBP,
genotype, or bioavailable 25(OH)D

and respiratory infections in this study, this
may be because our measured levels of
VDBP were low overall, impacting our
ability to identify differences among
groups.

Limitations of our study include
measurement of VBDP at only one time
point during critical illness, limiting our
ability to evaluate fluctuations throughout
acute illness and during recovery. We also
did not have a noncritically ill control group
of age and race-matched children for
estimating normal VDBP, and the variability
in assays in published reports limits our
comparison somewhat. To avoid population
stratification in a small cohort, we did not
genotype the entire population, but limited
our analysis to those who self-identified
as white. Although this limits the
generalizability of the results, we did not have
sufficient numbers of African-American
patients to perform accurate genotype
analysis and calculate bioavailable 25(OH)D
levels. Calculated free 25(OH)D has been
shown to overestimate measured levels,
although those calculations did not
incorporate VDBP binding affinity by
haplotype (35). To the best of our
knowledge, we believe that, despite these
limitations, this is the first study to report
factors that influence VDBP levels in a
relatively large cohort of critically ill children
and to attempt to address the issue of
25(OH)D bioavailability in critical illness
with some rigor.

Conclusions

Although a number of studies have
demonstrated that 25(OH)D levels

<20 ng/ml are very common in critically
ill patients, there has been little
consideration of the influence of critical
illness on vitamin D bioavailability. We
have demonstrated that VDBP levels are
low in pediatric critical illness, and that the
strong relationship with GC haplotype

is preserved. VDBP is known to be an
acute-phase reactant and is lowered in
states of acute inflammation and sepsis
and after trauma or major surgery (44-46);
we now report an inverse relationship with
critical illness severity. This may be
protective by making a higher proportion
of bioavailable 25(OH)D, which is also
inversely related to illness severity.
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Measures of total 25(OH)D may yield an
incomplete picture of available active
vitamin D. Further research into
bioavailable vitamin D in critical illness is
needed to clarify this relationship. Using
a total 25(OH)D cutoff of 20 mg/ml to
diagnose vitamin D deficiency in critically
ill patients without considering VDBP
level and genotype may result in
overtreatment. M
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