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Introduction
In addition to its important endocrine role in the regulation of calcium metabolism and bone health, vitamin D is
now recognized to have multiple pleiotropic functions [1].
These occur via the local production of the active form of
vitamin D, 1,25-dihydroxyvitamin D, through the activity
of a tissue form of 1-alpha-hydroxylase. This enzyme is
found in a large number of mammalian tissues along with
the vitamin D receptor. This has led to the recognition of
important roles of vitamin D in the regulation of hormone
secretion, immune function, cellular proliferation and
differentiation [1, 2].
Despite the abundance of natural sunlight in Australia,
a high prevalence of vitamin D deficiency has been noted,
ranging from 67 to 86 % in high risk groups such as the
elderly, especially if institutionalized, dark-skinned and
veiled women, geriatric admissions to hospital and
patients with skin cancer or malabsorption [3–6]. There is
also a significant prevalence of mild vitamin D deficiency,
observed in more than 20 % of healthy, younger adults,
particularly during winter in the more southern latitudes
of Australia [7]. Despite this knowledge, vitamin D
deficiency is seldom considered and rarely replaced adequately, if at all, in critically ill patients.
Our group [8] provided the first evidence of a high
prevalence of hypovitaminosis D among critically ill
patients and that this was associated with higher mortality
as predicted by the Simplified Acute Physiology Score
(SAPS-II). Several international studies [9–13] have since
replicated our findings. Despite the recognition of interplay between vitamin D, calcium and PTH, a systematic
characterization of the entire PTH–vitamin D–calcium
axis during critical illness has not been undertaken. It
remains unclear whether vitamin D deficiency/insufficiency plays a causal role in disease severity among
critically ill patients and the role of correcting vitamin D
deficiency in critically ill patients has not been established.
The importance of obtaining prospective observational
data on the evolution of the PTH–vitamin D–calcium axis
in a diverse spectrum of critically ill patients to guide the
design of further interventional studies therefore becomes
imperative. The aims of the current study were to determine the prevalence of hypovitaminosis D in a wide
spectrum of critical illness in adults, to evaluate changes
in PTH–vitamin D–calcium axis during critical illness and
to explore associations between low vitamin D levels,
disease severity and clinical outcomes.

ICUs in Sydney, Australia (33° latitude) who were
expected to stay in the ICU for more than 2 days. Patients
on renal replacement therapy were excluded. The inception period was conducted over an 8-month period (July
2010–February 2011 to include cooler and warmer
months). Human research ethics committee approval was
obtained and informed consent was obtained from the
patient or their surrogate.
Data collection

Baseline demographic and diagnostic data were collected
on admission to ICU. Source of admission (emergency
department, hospital ward or other domiciliary care
facility) was recorded. Severity of illness scores collected
were the Acute Physiology and Chronic Health Evaluation (APACHE-II) (range 0–71, with higher scores
indicating more severe illness) [14], SAPS-II (range
0–146, with higher scores indicating more severe illness)
[15] on admission and Sequential Organ Failure (SOFA)
scores (range 0–20, with higher scores indicating more
severe illness) on day 1, day 3 and either day 7 or discharge from ICU, whichever was earlier. (The
cardiovascular, respiratory, renal, hepatic and haematological components of the SOFA score were recorded, for
which scores can range from 0 to 4 for each organ system,
with higher scores indicating more severe dysfunction
[16].)
In addition to routine blood investigations, levels of
25-OH-D (DiasorinÒ radioimmunoassay, CV 10 %),
1,25-(OH)2-D (DiasorinÒ radioimmunoassay, CV 10 %),
intact PTH (two-site immunoassay for intact PTH,
Siemens diagnostics, CV 10 %) and ionized calcium
(ion-sensitive electrode–Radiometer ABL 720 blood gas
analyser, CV 1.3 %) were measured on day 1 (approximately 24 h after the resuscitation phase was complete)
and in the morning hours of day 3 and either at day 7 or at
ICU discharge if this was prior to day 3 or 7.
None of the patients received vitamin D supplementation during their ICU stay, other than that provided in
enteral or parenteral feeds (280 IU of vitamin D3 per litre
of iso-caloric enteral feed, 400 IU ergocalciferol in each
3-in-1 premix bag of parenteral feed). The first levels
were sampled within 24 h of admission, prior to commencement of feeding.
As vitamin D is highly protein-bound to D-binding
protein (DBP), the free (unbound) fraction of vitamin D
might be a more physiologically appropriate measurement
[17]. As an assay for DBP was not available at the time, a
‘‘protein correction’’ was performed for vitamin D. As
Methods
DBP is a globulin, we ‘‘corrected’’ for serum globulin by
Study design
dividing the 25-OH-D by the globulin level. As a result,
patients with higher globulin levels (and consequently
We conducted a prospective, multicentre inception cohort potentially lower free vitamin D levels) would have a
study of 100 consecutive patients from 3 tertiary referral lower ‘‘corrected’’ vitamin D level.
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To assess the significance of an intact PTH–vitamin
D–calcium axis, patients were classified as being PTHresponders or non-responders. PTH-responders were
defined as patients who had an elevated PTH level
([7 pmol/L) in the presence of a low 25-OH-D
(\50 nmol/L) and/or a low ionized calcium (iCa \
1.15 mmol/L) on admission to ICU. Patients with
impaired renal function on day 1, (eGFR \ 30 ml/min,
n = 17) were excluded from the PTH analysis. Severe
hepatic dysfunction was not seen in this cohort.
Outcome measures collected were ICU and hospital
length of stay, ICU and hospital-free days (HFD), ICU
and hospital mortality. ICU or HFDs were defined as the
number of days the patient spent alive outside the ICU or
hospital, respectively, in the 28-day period starting from
the day of ICU admission.
Statistical analysis
Continuous variables with a normal distribution were
expressed as mean (standard deviation) while all others
were expressed as median (interquartile range). Coefficients
of correlation between variables were calculated using
Pearson’s or Spearman’s pairwise correlation, depending on
the distribution of variables. Longitudinal changes in vitamin D metabolites and PTH were analysed using mixed
models, considering both linear and polynomial models.
Differences in variables between groups were tested by
using unpaired Student’s t test or Wilcoxon’s ranked sum
test, depending on the distribution of variables. Bivariate
and multivariate logistic regression models were used to
assess the associations between outcomes (i.e. mortality,
ICU and HFD, PTH response) and risk factors. 25-OH-D
levels were analysed as a continuous and an ordinal factor
(sufficiency [50 nmol/L, insufficiency 25–50 nmol/L and
deficiency \25 nmol/L) [3, 18]. All analyses were performed using R language (version 2.14.2) [19].

Results
Patient characteristics
The patient cohort studied was a mixed medical/surgical
group with a spread of clinical diagnoses. Mean age was
52 ± 17 years with mean APACHE-II and SAPS-II of
21 ± 8 and 42 ± 15, respectively (Table 1). Fifty-four
patients (54 %) were admitted to the ICU in the cooler
months, while the remaining were admitted in the warmer
months of the year.

Table 1 Patient characteristics
Variable

Values (N = 100)

Sex (male)
Age (years)a
Group
Surgical
Medical
Diagnosis at admission
Cardiac
Infection/sepsis
Heart/lung/bone marrow transplant
Trauma
Metabolic
Neurological
Cardiac
25-(OH)-D (nmol/L)b
1,25-(OH)2-D (pmol/L)b
PTH (pmol/L)b
Ionised calcium (mmol/L)b
Serum creatinine (lmol/L)b
Serum phosphate (mmol/L)b
SOFA score on day 1a
APACHE-II scorea
SAPSa
ICU length of stay (days)b
Hospital length of stay (days)b
ICU-free daysb
Hospital-free daysb
ICU mortality
Hospital mortality

65
52 (17)
41
59
30
26
21
9
7
7
30
37 (27, 48)
64 (44, 95)
5.6 (3.8, 8.0)
1.07 (1.01, 1.11)
93 (72, 122)
1.15 (0.94, 1.62)
7 (3)
21 (8)
42 (15)
7 (4, 14)
22 (13, 32)
19 (11, 24)
1 (0, 12)
14
17

Values are number and % as N = 100, unless otherwise specified
a
Mean (SD)
b
Median (Q1, Q3)

(\15 nmol/L) in 8 % of the patients. Using a more
stringent definition of sufficiency ([75 nmol/L) as suggested by some recent data, only 3 % of patients had
sufficient levels on day 1 with the prevalence of insufficiency (50–75 nmol/L) and deficiency (\50 nmol/L)
being 22 and 75 %, respectively. Characteristics of the
patients are showed in Table 2. Briefly, in patients with
lower vitamin D, there appeared to be a trend towards
older age, higher APACHE-II and SAPS and longer
lengths of stay in ICU and hospital compared to their
counterparts, although this was not statistically significant. Only 17 % of the cohort had low 1,25-(OH)2-D
levels (\40 pmol/L) on day 1.
There was a trend towards lower vitamin D levels in
patients admitted in cooler months compared to those
admitted in warmer months (35.3 ± 16.3 vs. 41.9 ±
18.6 nmol/L, p = 0.06). Significantly lower levels were
seen in patients who spent at least 7 days in hospital or an
institution prior to ICU admission (32.0 ± 21.2 vs.
40.1 ± 16.9 nmol/L, p = 0.01).

Vitamin D status on ICU admission
Relationship between parameters of the vitamin D axis
The prevalence of vitamin D insufficiency and deficiency
was 55 % (95 % CI 45.2–64.3) and 24 % (95 % CI Admission levels of 25-OH-D were highly correlated with
16.7–33.2), respectively. 25-OH-D levels were undetectable 1,25-(OH)2-D (R = 0.61, p = 0.001) but there was no
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Table 2 Participant characteristics, stratified by vitamin D status
Variable

Sufficient (n = 21)

Insufficient (n = 55)

Deficient (n = 24)

Age (years)a
Sex (male)b
SOFA score on day
APACHE-II scorec
SAPS
ICU length of stay (days)d,e
Hospital length of stay (days)d,f
ICU-free daysd
Hospital-free daysd
ICU mortalityb
Hospital mortalityb

48
16
6
18
37
4
12
24
13
4
5

52
40
6
21
41
7
24
20
0
4
6

56
9
9
23
51
12
24
14
0
6
6

(17)
(72.7)
(4)
(6)
(13)
(3, 10)
(9, 23)
(11, 25)
(0, 19)
(18.2)
(22.7)

(17)
(72.7)
(3)
(8)
(16)
(4, 15)
(15, 32)
(13, 24)
(0, 11)
(7.2)
(10.9)

(17)
(40.9)
(4)
(8)
(14)
(2, 14)
(3, 37)
(0, 19)
(0, 8)
(27.2)
(27.3)

Values are mean (SD), unless otherwise specified
Vitamin D status: 25-OH-D [50 nmol/L, sufficient; 25–50 nmol/L, insufficient; \25 nmol/L, deficient
Trend analysis: a p value = 0.5076; b n (%); c p value = 0.1956; d Median (Q1, Q3); e p value = 0.1836; f p value = 0.0871

Table 3 Correlation among 25-OH-D and other parameters at baseline
Age (years)
Age (years)
SAPS
APACHE-II
SOFA (day 1)
25-OH-Da
1,25-(OH)2-Da
PTHa
Calciuma

SAPS
0.23

(0.02)*
(0.22)
(0.02)*
(0.03)*
(0.00)*
(0.57)
(0.32)

(0.00)*
(0.02)*
(0.01)*
(0.07)
(0.15)
(0.31)

APACHE-II
0.13
0.75
(0.01)*
(0.05)
(0.16)
(0.28)
(0.25)

SOFA (day 1)
0.23
0.25
0.27
(0.05)
(0.00)*
(0.10)
(0.03)*

25-OH-Da

1,25-(OH)2-Da

PTHa

Calciuma

-0.22
-0.27
-0.20
-0.20

-0.30
-0.19
-0.15
-0.37
0.61

0.06
0.16
0.12
-0.18
-0.11
-0.02

0.10
-0.11
-0.12
-0.22
0.16
0.07
-0.19

(0.00)*
(0.31)
(0.11)

(0.87)
(0.51)

(0.09)

Values are correlation coefficient (p value)
* p \ 0.05
a
log transformation

correlation between 25-OH-D and calcium (R = 0.16, Table 4 Levels during ICU stay
p = 0.11) or PTH (R = -0.11, p = 0.31) levels (Table 3).
Day 1

Day 3

Day 7

p value*

25-OH-D
38.8 (17.8) 37.7 (16.1)
41.3 (20.0)
0.17
(nmol/L)
1,25-(OH)2-D 76.4 (48.9) 86.7 (55.5) 100.3 (84.2)
0.06
(pmol/L)
The prevalence of ionized hypocalcaemia (calcium PTH
6.7 (4.1)
8.5 (13.1)
6.3 (6.2)
0.02
\1.15 mmol/L) was 83 % at admission to ICU.
(pmol/L)
1.07 (0.14) 1.11 (0.08)
1.14 (0.07) \0.0001
Secondary hyperparathyroidism (as defined by PTH Calcium
(mmol/L)
[7 pmol/L) was seen in 37.5 % of hypocalcaemic and

PTH–vitamin D–calcium axis

32.5 % of vitamin D insufficient/deficient patients. PTH- Values are mean (SD)
responders were found to have higher SAPS-II [43 * F test, repeated measures ANOVA with log-transformed values
(31.3–60) vs. 36 (30–43), p = 0.03] on admission to ICU,
but there was no mortality difference between PTHAssociations with severity of illness and outcome
responders and non-responders.
Variation during critical illness
There was no significant difference in 25-OH-D or 1,25(OH)2-D levels between days 1, 3 and 7 of ICU stay
(Table 3). There was, however, a significant drop in PTH
levels and rise in calcium levels between days 1 and 7
(Table 4).

Admission 25-OH-D levels showed a modest correlation
with the SAPS-II (R = -0.3, p = 0.01) and APACHE-II
scores (R = -0.2, p = 0.05) (Fig. 1). On the other hand
there was no relationship between admission levels of
calcium, PTH or 1,25-(OH)2-D and SAPS-II or APACHEII scores. However, there was a significant correlation
between admission calcium levels and SOFA (R = -0.22,
p = 0.03).
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Fig. 1 Correlation between
vitamin D levels on day 1 and
SAPS and APACHE-II scores
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When a globulin concentration correction was performed for 25-OH-D, the correlation was somewhat
strengthened (R = -0.32, p \ 0.0001 and R = -0.24,
p = 0.02 for SAPS-II and APACHE-II, respectively).
Higher SAPS-II and APACHE-II scores in this cohort
indicated increased risk of mortality OR 1.77 (1.01–3.09)
and 3.3 (1.41–7.7), respectively. There was no relationship between 25-OH-D levels or any of the other
parameters and mortality in this cohort (Supplementary
Table 1).
However, vitamin D deficiency (\25 nmol/L) was
associated with significantly fewer hospital-free days, OR
3.15 (1.18–8.43) with a similar, albeit non-significant,
association with vitamin D insufficiency, OR 2.30
(0.86–6.15). None of the other biochemical parameters
were associated with mortality, hospital or ICU-free days
(Supplementary Table 1).
Multivariate analyses were constructed using two models
including age, SAPS, 25-OH-D and PTH in one model and
age, APACHE-II, 25-OH-D and PTH in the second model
(Supplementary Table 2). Age and APACHE-II were the
only independent predictors of mortality.

Discussion
Principal findings
This prospective study characterizes expressions of the
vitamin D, calcium and PTH status in adult patients with
diverse diagnoses during the course of critical illness. It
confirms a high prevalence of hypovitaminosis D, with
vitamin D sufficiency observed in only 22 % of patients.
None of these patients were on vitamin D supplementation in hospital prior to ICU admission. Data prior to
hospitalization were not collected in this study, but were
previously collected by our group in a point prevalence
study in 2010. Of 506 ICU patients studied, only 2 %
were on oral vitamin D supplements of 400–600 Units/
day. In this context, we consider vitamin D supplements

0

1

2

3

Log[25(OH)D]

on admission unlikely to contribute to our current study
findings.
Secondary hyperparathyroidism was seen in a third of
vitamin D insufficient/deficient patients and was associated with worse disease severity scores; however, in this
cohort it was not associated with mortality. Vitamin D
deficient patients had fewer hospital-free days, compared
to those who were sufficient. Collectively, the current
findings reveal profound changes in the PTH–vitamin D–
calcium axis in critical illness that appear to be associated
with worse disease severity and fewer hospital-free days.

Comparison with other studies
We conducted an initial dedicated evaluation of vitamin
D status in critically ill patients in 2009 which revealed a
previously under-recognized high prevalence of vitamin
D insufficiency/deficiency in ICU patients [8]. Only 7 %
of patients were sufficient and predicted mortality was
three times higher in deficient patients. Subsequently
other studies confirmed a similarly high prevalence [9–
13]. Low vitamin D state was associated with worse
outcomes in all but one study [13].
There has been concern about the accuracy of vitamin
D measurements in critical illness, prompted by a recent
study revealing a 35 % reduction in 25-OH-D concentrations secondary to 3-L fluid loading in patients
undergoing cardiopulmonary bypass [20]. The applicability of this finding to current published reports is
uncertain. It is highly unlikely that the low vitamin D
levels observed are entirely due to a dilutional effect of
intravenous volume resuscitation. Up to 20 % of patients
had undetectable levels [8, 10] and the current study
showed persistently low concentrations over 7 days, thus
arguing against an acute dilutional effect. Another study
[21] demonstrated variability in 25-OH-D levels over a
24-h period. The authors therefore recommend more than
one measurement to more accurately determine vitamin D
status, as has been undertaken in the current study.
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Strengths and weaknesses

patients because of tissue level vitamin D deficiency [30].
Therefore, the lack of a PTH response may in fact confer
better tissue vitamin D utilization, indicative of tissue
vitamin D sufficiency, and therefore be associated with
better recovery as evidenced by lower severity of illness
scores seen in our cohort of PTH non-responders. In other
words, inconsistent correlative data between low circulating vitamin D levels and disease outcome in the
literature [31] may reflect the imprecise portrayal of tissue
vitamin D status by circulating levels. This is consistent
with a study of PTH response in the elderly, which
showed that the absence of secondary hyperparathyroidism in the presence of hypovitaminosis D was associated
with longer survival [32].
These data and complex health outcome relationships
suggest the need for interpreting low vitamin D status in
critically ill patients in conjunction with parathyroid status.

The study population was taken as a consecutive collection of critically ill adults in three tertiary centres,
therefore demonstrating that vitamin D deficient states in
critically ill patients are not the result of selection bias.
Metabolites of vitamin D, PTH and ionized calcium were
sampled at three time periods per patient, thereby providing information about levels during the hyper acute,
acute and more chronic or recovery phases of critical
illness. However, owing to the heterogeneity of the
patient population, the numbers of patients per diagnostic
group were small, making it difficult to draw conclusions
about particular patient subgroups. As patients had an
overall low hospital mortality rate, the relationship
between vitamin D deficiency and mortality could not be
determined. Therefore surrogate measures such as ICUand hospital-free days had to be utilized. Although the
association of vitamin D deficiency with severity of illness and hospital length of stay has been demonstrated, a Future directions
causative link cannot be made.
The main question arising from the current study is
whether vitamin D deficiency is causally linked to adverse
Clinical implications
outcomes. While currently no data support a therapeutic
role of vitamin D in critical illness, the association of low
Causes of low vitamin D states are multifactorial in vitamin D status with severity of illness and several surcritically ill patients, stemming from limited sunlight rogate markers of outcome suggests that further
exposure, poor intake and vitamin D wastage secondary interventional studies of vitamin D supplementation are
to loss of transport proteins [22]. D-binding protein (DBP) worthwhile. Our findings provide novel observational
is the major carrier protein for circulating 25-OH-D. DBP data revealing the complex interplay between low vitamin
concentrations have been found to be 30 % lower in D states and parathyroid status, which should assist with
critically ill patients, especially among those with sepsis the design of intervention studies.
[23, 24], trauma [25] and renal failure [26, 27]. Although
Although vitamin D has a wide safety margin and
DBP measurements were not available during the course therefore a low potential for toxicity, vitamin D suppleof the current study, globulin was used as a surrogate mentation in critical illness may not result in improved
marker. This ‘corrected’ protein-bound vitamin D was outcome. Previous experiences with manipulation to
more strongly correlated with illness severity than the correct endocrine perturbations in critical illness have
uncorrected level, highlighting the need to consider this shown inconsistent results, and in some cases have
aspect in future studies.
resulted in adverse outcomes. Examples include growth
It is well known that vitamin D plays a critical role in hormone supplementation [33], tight glycemic control
the calcium–PTH axis. However, there are a paucity of [34] and steroid supplementation in adrenal insufficiency
data in the systematic characterization of the relationship [35]. By contrast with these hormonal variations, the
between vitamin D, calcium and PTH in critical illness. serum levels of 25-OH-D are not thought to be under any
Hypocalcaemia is common in critically ill patients [28, humoral control. Rather, low vitamin D levels in critical
29], leading to secondary hyperparathyroidism, as illness could represent a longer duration of underlying
observed in over a third of our cohort (37.5 %). This, illness or high utilization during acute illness. Several
however, does not correct calcium malabsorption from small studies have evaluated the safety and efficacy of
the intestine, which appears to require both calcitriol and high dose oral vitamin D in ICU patients [9, 36].
25-OH-D. Furthermore, calcitriol produced at tissue level,
which is responsible for the non-skeletal functions of
vitamin D, cannot be measured clinically. We speculate
that the rise in PTH heightens the conversion of 25-OH-D Conclusion
to 1,25-(OH)2-D, thereby maintaining 1,25-(OH)2-D levels, but stimulating bone resorption and intestinal calcium In summary, low vitamin D levels are highly prevalent in
absorption, thus maintaining calcium homeostasis. How- critically adults with 78 % of patients having either
ever, secondary hyperparathyroidism may persist in these insufficient or deficient levels. 25-OH-D and 1,25-(OH)2-
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D levels did not vary significantly during ICU stay. Low
levels of vitamin D and hyperparathyroidism were associated with increased severity of illness on ICU
admission. Furthermore, low vitamin D levels were
associated with fewer hospital-free days in univariate but
not multivariate analyses after accounting for severity of
illness. While it remains to be determined whether low
vitamin D status is causally implicated in the pathogenesis of critical illness co-morbidities, findings from this

study highlight the imperative for future evaluation of
dosing and safety regimens followed by randomized
control trials of vitamin D in the ICU.
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