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Abstract
Objective—We hypothesized that deficiency in 25-hydroxy vitamin D (25(OH)D) prior to
hospital admission would be associated with all cause mortality in the critically ill.

Design—Multicenter observational study of patients treated in medical and surgical intensive
care units.

Setting—209 medical and surgical intensive care beds in two teaching hospitals in Boston,
Massachusetts

Patients—2,399 patients, age ≥ 18 years, in whom 25(OH)D was measured prior to
hospitalization between 1998 and 2009.

Measurements—Pre-admission 25(OH)D was categorized as deficiency in 25(OH)D (≤15ng/
mL), insufficiency (16–29ng/mL) and sufficiency (≥30ng/mL). Logistic regression examined
death by days 30, 90 and 365 post-ICU admission, in hospital mortality and blood culture
positivity. Adjusted odds ratios were estimated by multivariable logistic regression models.

Interventions—None
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Key Results—Pre-admission 25(OH)D deficiency is predictive for short term and long term
mortality. 30 days following ICU admission, patients with 25(OH)D deficiency have an OR for
mortality of 1.69(95%CI, 1.28–2.23;P<.0001) relative to patients with 25(OH)D sufficiency.
25(OH)D deficiency remains a significant predictor of mortality at 30 days following ICU
admission following multivariable adjustment (adjusted OR 1.69; 95%CI, 1.26–2.26;P<.0001). 30
days following ICU admission, patients with 25(OH)D insufficiency have an OR of 1.32(95%CI,
1.02–1.72; P=0.036) and an adjusted OR of 1.36(95%CI, 1.03–1.79;P=0.029) relative to patients
with 25(OH)D sufficiency. Results were similar at 90 and 365 days following ICU admission and
for in hospital mortality. In a subgroup analysis of patients who had blood cultures drawn
(n=1,160), 25(OH)D deficiency was associated with increased risk of blood culture positivity.
Patients with 25(OH)D insufficiency have an OR for blood culture positivity of 1.64(95%CI,
1.05–2.55;P=0.03) relative to patients with 25(OH)D sufficiency which remains significant
following multivariable adjustment: OR 1.58(95%CI, 1.01–2.49;P=0.048).

Conclusion—Deficiency of 25(OH)D prior to hospital admission is a significant predictor of
short and long term all cause patient mortality and blood culture positivity in a critically ill patient
population.
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Vitamin D; Intensive Care; Mortality

Introduction
Vitamin D, or cholecalciferol, is primarily a product of ultraviolet light conversion of 7-
dehydrocholesterol in the skin, but also from food intake, such as eggs, fish, butter, fortified
milk products, and vitamin D-containing supplements. Although the role of vitamin D is to
augment calcium absorption from the small intestine(1) vitamin D may influence
hypertension, diabetes, cardiovascular disease, cancer, autoimmune disorders and overall
mortality. (2–5) Although vitamin D deficiency has been widely implicated as an etiologic
factor in a variety of chronic illnesses, and hypocalcemia has been demonstrated to strongly
correlate with both APACHE (Acute Physiology and Chronic Health Evaluation) II score
and patient mortality in the ICU (Intensive Care Unit)(6), the potential role of
hypovitaminosis D has rarely been considered or treated in critically ill patients.

The prevalence of vitamin D deficiency and its significance in the intensive care unit (ICU)
are unknown. In a recent small prospective study, 17% of the ICU patients studied had
undetectable levels of vitamin D.(7) Very low serum concentrations of 25 hydroxy vitamin
D (25(OH)D) and of 1,25 dihydroxyvitamin D3 (1,25(OH)2D) have been documented in
critically ill patients who have prolonged ICU stays likely related to immobility and lack of
sun exposure.(8–12)

Whether the degree of vitamin D deficiency affects ICU survival is unknown. Vitamin D has
pleiotropic effects on immunity, endothelial and mucosal functions, and glucose and calcium
metabolism. Potential broad-ranging effects of vitamin D may be consistent with the
observation of the vitamin D receptor in several cell types and organs, the autocrine or
paracrine production of 1,25(OH)2D in several extrarenal organs, and kidney endocrine
production of 1,25(OH)2D.(13)

Because these observations suggest that vitamin D deficiency may play a key role in
outcome of critically ill patients, we performed an 11 year multicenter observational study
of critically ill patients among whom 25(OH)D was measured within one year prior to
hospitalization. The aim of this study is to determine the relationship between pre-admission
25(OH)D deficiency and mortality following ICU admission.

Braun et al. Page 2

Crit Care Med. Author manuscript; available in PMC 2012 September 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Materials and Methods
Source Population

We extracted administrative and laboratory data from individuals admitted to 2 academic
teaching hospitals in Boston, Massachusetts. Brigham and Women’s Hospital (BWH) is a
777-bed teaching hospital with 100 ICU beds. Massachusetts General Hospital (MGH) is a
902-bed teaching hospital with 109 ICU beds. The two hospitals provide primary as well as
tertiary care to an ethnically and socioeconomically diverse population within eastern
Massachusetts and the surrounding region.

Data Sources
Data on all patients admitted to BWH or MGH between November 2, 1997 and April 1,
2009 were obtained through a computerized registry which serves as a central clinical data
warehouse for all inpatients and outpatients seen at these hospitals. The database contains
information on demographics, medications, laboratory values, microbiology data,
procedures and the records of inpatient and outpatients. Approval for the study was granted
by the Institutional Review Board of BWH and MGH. The Institutional Review Board
waived the need for informed consent

The following data were retrieved: Demographics, Vital status for up to 11 years following
ICU admission, pre-admission 25(OH)D measured between 7 and 365 days of hospital
admission, year and season 25(OH)D was measured, microbiology data, latitude of patient
address, Hospital admission and discharge date, Diagnosis Related Group (DRG) assigned at
discharge, International Classification of Diseases, 9th Revision, Clinical Modification
(ICD-9CM) codes, and Current Procedural Terminology (CPT) codes for in-hospital
procedures. The primary analyses examined the pre-admission 25(OH)D in patients as the
exposure of interest.

Study Population
During the 11-year period of study there were 54,392 unique patients, age ≥ 18 years, who
were assigned the CPT code 99291 (critical care, first 30–74 minutes). 205 foreign patients
without Social Security Numbers were identified and excluded as vital status in this study is
determined by the Social Security Death Index. We excluded 2,372 patients assigned CPT
code 99291 who received care only in the Emergency Room, were not admitted and were
not assigned a DRG. In patients with multiple ICU admissions the first date of CPT code
99291 assignment was used. 51,815 patients constituted the total ICU population.

A total of 2,439 patients in the total ICU population had 25(OH)D drawn 7 to 365 days prior
to the first day of CPT code 99291 assignment. 36 of the 2,435 patients who received
vitamin D supplementation following the 25(OH)D level draw date were identified and
excluded. 2,399 patients constituted the study cohort.

Exposure of Interest and Comorbidities
The exposure of interest was pre-admission 25(OH)D and categorized a priori as deficiency
(25(OH)D ≤15 ng/mL), insufficiency (25(OH)D 16–29 ng/mL) and sufficiency (25(OH)D ≥
30 ng/mL).(14)

We utilized the Deyo-Charlson index to assess the burden of chronic illness.(15) The Deyo-
Charlson index consists of 17 co-morbidities, which are weighted and summed to produce a
score each with an associated weight based on the adjusted risk of one-year mortality. This
score ranges from 0 to 33, with higher scores indicating a higher burden. The score does not
measure type or severity of acute illness.(15–16) We employed the ICD-9 coding algorithms
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developed by Quan et al(17) to derive a co-morbidity score for each patient. The validity of
the algorithms by Quan et al for ICD-9 coding from administrative data is reported.(17) Due
to scant representation, Deyo-Charlson index scores ≥ 8 were combined.

Patient Type is defined as Medical or Surgical and incorporates the Diagnostic Related
Grouping (DRG) methodology, devised by Centers for Medicare & Medicaid Services
(CMS).(18)

Sepsis was defined by the presence of any of the following ICD-9-CM codes during
hospitalization: 038.0–038.9, 020.0, 790.7, 117.9, 112.5, 112.81. (19) Acute Myocardial
Infarct is defined by ICD-9-CM 410.0–410.9(20) assignment prior to or on day of ICU
admission. Number of organs with failure was adapted from Martin et al(19) and defined by
a combination of ICD-9-CM and CPT codes relating to acute organ dysfunction assigned
from 3 days prior to ICU admission to 30 days after ICU admission, as outlined in the
Supplemental Digital Content.

Procedures were determined by CPT codes as follows: CABG surgery performed on the day
prior or after ICU admission (CPT codes 33510 to 33536). Percutaneous Coronary
Intervention including stents on the day prior or after ICU admission (CPT codes 92980 to
92984, 92995, 92996, 93508, 93510 to 93529, 93539 to 93540, 93543, and 93545 to 93552).
(21) Renal Replacement Therapy in the ICU (Hemodialysis code: CPT 90935; Continuous
Renal Replacement Therapy code: CPT 90945)

All patients who had blood cultures drawn 48 hours prior or subsequent to an ICU admission
were identified. Blood cultures were defined as positive if aerobic, anaerobic or fungal blood
cultures grew identifiable organisms.

Assessment of Mortality
Information on vital status for the study cohort was obtained from the Social Security Death
Index. The Social Security Death Index yields a high sensitivity and specificity for
classifying deaths.(22–23) The censoring date was April 2, 2010.

End Points
The primary end point was 30 day mortality following ICU admission. Pre-specified
secondary end points included 90 day, 365 day and in-hospital morality.

Statistical Analysis
Categorical covariates were described by frequency distribution, and compared across
vitamin D groups using contingency tables and chi-square testing. Continuous covariates
were examined graphically (e.g., histogram, box plot) and in terms of summary statistics
(mean, SD, median, inter-quartile range), and compared across exposure groups using one-
way ANOVA. The outcomes considered were death by days 30, 90 and 365 post-ICU
admission, in hospital mortality and blood culture positivity.

Unadjusted associations between vitamin D groups and outcomes were estimated by Mantel
Haenszel methods and by bivariable logistic regression analysis. Adjusted odds ratios were
estimated by multivariable logistic regression models with inclusion of covariate terms
thought to plausibly interact with both vitamin D levels and mortality. For the primary
model (30-day mortality), specification of each continuous covariate (as a linear versus
categorical term) was adjudicated by the empiric association with the primary outcome
using Akaike’s Information Criterion; overall model fit was assessed using the Hosmer
Lemeshow test. Models for secondary analyses (90-day, 365-day and in-hospital mortality)
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were specified identically to the primary model in order to bear greatest analogy. Sensitivity
analysis were performed for patients with 25(OH)D measured < 60 days (n=1011) or
measured < 90 days (n=1236) prior to hospital admission. All p-values presented are two-
tailed; values below 0.05 were considered nominally significant. All analyses are performed
using STATA 10.0MP (College Station, TX).

Results
Table 1 shows demographic characteristics of the study population. The majority of patients
were women (57.2%), white (80.3%) and had medical related DRGs (58.3%). 41.7% of
patients had surgical related DRGs. The mean age at ICU admission was 64.9 (SD 16.6)
years. The mean Latitude was 42.2 (SD 1.4) degrees North. The mean 25(OH)D was 26.4
(SD 15.2) ng/mL. The majority of vitamin D measurements occurred 3 months prior to ICU
admission (29.8% within 1 month, 51.6% within 3 months and 73.3% within 6 months).

Based upon ICD-9-CM code criteria, 287 patients were identified with acute myocardial
infarct and 577 patients were identified with sepsis and 143 of patients had positive blood
cultures. In the study cohort, procedures included CABG surgery in 9, Percutaneous
Coronary Intervention in 19 and Renal Replacement Therapy in 22. Due to scant
representation, procedures were not further analyzed in the cohort.

The study cohort differs from the total ICU population in the period studied. In general, the
study cohort is an older predominately female group with higher disease comorbidity, more
sepsis by ICD-9 criteria, less organ failure, less blood culture positivity and a higher
mortality than the total ICU population (Table 1).

Patient characteristics of the study cohort were stratified according to preadmission
25(OH)D levels (Table 2). Factors that significantly differed between stratified groups
included age, race, season, sepsis and number of organs with failure. Factors that did not
significantly differ between stratified groups included gender, blood culture positivity,
Deyo-Charlson Index, Latitude, Neighborhood Poverty, type (surgical vs medical) and acute
myocardial infarction. Due to overlap of ICD-9 codes with the Deyo-Charlson Index, the
number of organs with failure variable was not further analyzed in the cohort.

Primary Outcome
Pre-admission 25(OH)D was a strong predictor of all cause mortality with a significant risk
gradient across 25(OH)D groups (Table 3). The risk of mortality 30 days following ICU
admission was 1.3- and 1.7-fold higher in patients with 25(OH)D values in the insufficient
and deficient groups, respectively, compared with those with vitamin D sufficiency.
25(OH)D in the cohort remains a significant predictor of risk of mortality following
adjustment for age, sex, race, Deyo-Charlson index, season, type (surgical vs medical) and
sepsis. The adjusted risk of mortality was 1.4- and 1.7-fold higher in patients with 25(OH)D
values in the insufficient and deficient groups, respectively, compared with those with
vitamin D sufficiency. (Table 3)

Secondary Outcomes
The risk of mortality 90 days following ICU admission was 1.4- and 1.6-fold higher in
patients with 25(OH)D values in the insufficient and deficient groups, respectively,
compared with those with vitamin D sufficiency. The multivariable adjusted risk of
mortality was 1.5- and 1.7-fold higher in patients with 25(OH)D values in the insufficient
and deficient groups, respectively, compared with those with vitamin D sufficiency. (Table
3)
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The risk of mortality 365 days following ICU admission was 1.4- and 1.6-fold higher in
patients with 25(OH)D values in the insufficient and deficient groups, respectively,
compared with those with vitamin D sufficiency. The multivariable adjusted risk of
mortality was 1.3- and 1.4-fold higher in patients with 25(OH)D values in the insufficient
and deficient groups, respectively, compared with those with vitamin D sufficiency. (Table
3)

The risk of in-hospital mortality following ICU admission was 1.3- and 1.8-fold higher in
patients with 25(OH)D values in the insufficient and deficient groups, respectively,
compared with those with vitamin D sufficiency. The multivariable adjusted risk of
mortality was 1.3- and 1.7-fold higher in patients with 25(OH)D values in the insufficient
and deficient groups, respectively, compared with those with vitamin D sufficiency. (Table
3)

The association between vitamin D and mortality was not materially modified with
additional covariate adjustment for number of failed organs (data not shown). The
association between vitamin D and mortality was not modified by the presence or absence of
sepsis (P-interaction: 30 day = 0.72, 90 day = 0.32, 365 day = 0.32, in-hospital = 0.84). The
interaction tests suggests that the association between 25(OH)D level and mortality is the
same in septic patients as in non-septic patients.

A sensitivity analysis was performed of the effects of excluding patients with pre-admission
25(OH)D levels obtained >90 days prior to admission. Following exclusion of such patients,
the association between vitamin D and in-hospital, 30 day, 90 day or 365 day mortality
following critical care was not modified. Additionally, sensitivity analysis of the effects of
excluding patients with preadmission 25(OH)D levels obtained >60 days prior to admission
does not materially change the association between vitamin D and mortality.(Table 4)

In a subgroup analysis of patients who had blood cultures drawn (n=1,160), pre-admission
25(OH)D deficiency was associated with increased risk of blood culture positivity. (Table 5)
The risk for blood culture positivity of mortality was 1.6-fold higher in patients with
25(OH)D values in the deficient group, compared with those with vitamin D sufficiency.
The multivariable adjusted risk for blood culture positivity was 1.6-fold higher in patients
with 25(OH)D values in the deficient group, compared with those with vitamin D
sufficiency. Patients with 25(OH)D insufficiency (15–30 ng/mL) show no significant
difference in risk of blood culture positivity relative to patients with vitamin D sufficiency.

Discussion
The present study aimed to determine whether pre-admission 25(OH)D was associated with
all cause mortality following ICU admission. This large 11-year multicenter observational
study illustrates the all cause mortality risk of pre-admission 25(OH)D deficiency. Pre-
admission 25(OH)D deficiency was a significant predictor of 30, 90, 365 post ICU day
mortality as well as in-hospital mortality and remained a significant predictor of survival
following multivariable adjustments for relevant comorbidities. In addition, our subset
analysis suggests an increased susceptibility to blood culture positivity in patients with
vitamin D deficiency.

The mechanism for increased mortality following ICU admission in patients with
hypovitaminosis D may be related to the pleiotropic functions of vitamin D. Vitamin D
inhibits vascular smooth-muscle cell proliferation,(24) protects normal endotheilial function,
(25) and modulates inflammatory processes.(26–27)
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Although 1,25(OH)2D primarily has inhibitory effects on the adaptive immune response,
some of its effects on innate immune cells are stimulatory. Studies provide evidence for
defects in macrophage functions, such as chemotaxis, phagocytosis and the production of
proinflammatory cytokines, in vitamin D deficient conditions.(28) Vitamin D is a key link
between Toll Like Receptor (TLR) activation and antibacterial responses in innate
immunity.(29) TLR stimulation of human macrophages induces conversion of 25(OH)D to
active 1,25(OH)2D; expression of the vitamin D receptor; and, production of cathelicidin a
downstream target of the vitamin D receptor capable of promoting innate immunity.(30–32)

Our data is consistent with an analysis of the NHANES (National Health and Nutrition
Examination Survey) data in which low vitamin D levels were associated with an increased
incidence of upper respiratory tract infections.(33) In another study, patients with severe
vitamin D deficiency were abnormally susceptible to infections such as tuberculosis(34) and
infection in general.(35–36) Similarly, in a Meta-analysis of 18 trials involving 57,311
randomly assigned subjects, Autier found that vitamin D supplementation reduced all-cause
mortality by 7% (CI, 1% to 13%).(5) These observations and others suggest that
hypovitaminosis D is likely to play a key role in infection, and cardiac and metabolic
dysfunctions in critically ill patients.

The present study has limitations. Selection bias may exist as the patient cohort under study
had their vitamin D status investigated for a particular reason that may be absent in other
patients treated with critical care. This is demonstrated by the significant differences in the
total ICU population and the 25(OH)D cohort (Table 1). These noted differences may
decrease the generalizability of our results to all critically ill patients. We cannot exclude the
possibility that other unmeasured variables influence mortality independently of vitamin D,
which may have biased estimates. Despite adjustment for multiple potential confounders,
there may be residual confounding variables leading to observed differences in outcomes.

In a prior study of an outpatient population, the intra-person Pearson correlation coefficient
for 25(OH)D is demonstrated to be 0.70 at three years between blood draws following
adjustments for age, race, and season.(37) The majority of our cohort had 25(OH)D levels
drawn 3 months prior to ICU admission. Our sensitivity analysis demonstrates preservation
of the observed vitamin D-mortality association with less than 90 days between 25(OH)D
level and ICU admission. Despite this observation, vitamin D levels at the time of critical
care initiation are not available in this cohort and may have changed since pre-admission
values were determined. We do not have data available on over the counter supplementation
or vitamin D prescribed by providers outside of clinics related to the hospitals under study.
Such supplementation may have altered the true 25(OH)D-mortality association.

We define sepsis and comorbidity based on administrative ICD-9-CM coding.
Administrative coding has been evaluated for particular disease states(38–42) and
comorbidity profiles.(43–44) The accuracy of ICD-9-CM coding for the identification of
medical conditions remains controversial.(19) The several steps and participants required to
assign ICD-9-CM codes introduce potential for error.(45) Despite these shortcomings, the
ICD-9-CM code 038.x is reported to have a high positive predictive value for the
identification of true cases of sepsis(46), and a high sensitivity(47), specificity(19) and
negative predictive value.(19) Algorithms developed to recode ICD-9-CM coded data into a
Deyo-Charlson index are well studied, validated and well suited for use in administrative
datasets.(48–49)

Our finding that pre-admission 25(OH)D is a significant predictor of mortality does not
include physiologic data. In the administrative database used in this study, temperature,
blood pressure, heart rate, respiratory rate and Glasgow Coma scale data is not available and
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thus APACHE scores are absent. Scoring systems inclusive of physiological data including
APACHE are strong predictors of mortality in ICU patients.(50) Further, it is not known if
illness severity influences vitamin D levels at time of ICU admission. It is possible that
inclusion of a physiologic score in the analysis may materially alter the 25(OH)D-mortality
association. With the addition of age and gender data, the Deyo-Charlson comorbidity index
can be considered an alternative method of risk adjustment in the absence of physiologic
data.(51) However, despite multivariable adjustment the absence of physiologic data
remains a limitation of our study. Finally, we are also unable to adjust for body mass index,
immobilization, lack of sun exposure and smoking status, factors that can alter 25(OH)D.

The present study has several strengths. As other chronic medical conditions may affect the
attributed cause of death, all-cause mortality is considered an unbiased and clinically
relevant outcome in long-term observational studies.(52–53) Utilization of the Social
Security Death Index allows for long term follow up of the cohort following hospital
discharge. Our study is a relatively large regional multicenter study with sufficient numbers
of patients to ensure the adequate reliability of our mortality estimates (N=2,399, hospital
mortality rate =15.6%). We employed previous records to define comorbidities which
increase prevalence of these conditions, resulting in a better risk adjustment.(40, 54)
Measurements of 25(OH)D prior to ICU admission allow for the inference of the potential
importance of vitamin D sufficiency prior to the onset of critical illness.

In aggregate, these data demonstrate that pre-admission 25(OH)D deficiency is strongly
associated with the risk of death in critical illness and that this risk is independent of other
risk factors. In addition, in patients with blood cultures drawn, 25(OH)D deficiency is
strongly associated with the risk of blood culture positivity. In concert with the basic science
evidence, we believe that these results provide clinical evidence of a potential link between
vitamin D and outcomes of critical illness. However, studies of this relationship in a cohort
with uniform methods for the measurement of vitamin D and a uniform timing of
measurement relative to the onset of critical illness are clearly warranted to further elucidate
the role of vitamin D in critical illness. Positive findings in prospective studies may establish
25(OH)D as an important and modifiable risk factor for ICU mortality. Given the safety
profile of vitamin D, positive results would provide strong motivation for examining the
utility of activated vitamin D as a novel therapeutic agent designed to improve survival in
critical illness.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
This manuscript is dedicated to the memory of our dear friends and colleagues Keith Alan Landesman, MD and
Nathan Edward Hellman, MD, PhD. We express deep appreciation to Steven M. Brunelli, MD, MSCE for statistical
expertise and analysis.

Financial Support: Dr. Christopher is supported by NIH 5K08AI060881.

References
1. Fraser DR. Regulation of the metabolism of vitamin D. Physiol Rev. 1980; 60:551–613. [PubMed:

6992167]

2. Raiten DJ, Picciano MF. Vitamin D and health in the 21st century: bone and beyond. Executive
summary. Am J Clin Nutr. 2004; 80:1673S–1677S. [PubMed: 15585787]

Braun et al. Page 8

Crit Care Med. Author manuscript; available in PMC 2012 September 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3. Holick MF. Vitamin D: importance in the prevention of cancers, type 1 diabetes, heart disease, and
osteoporosis. Am J Clin Nutr. 2004; 79:362–371. [PubMed: 14985208]

4. Teegarden D, Donkin SS. Vitamin D: emerging new roles in insulin sensitivity. Nutr Res Rev. 2009;
22:82–92. [PubMed: 19555519]

5. Autier P, Gandini S. Vitamin D supplementation and total mortality: a meta-analysis of randomized
controlled trials. Arch Intern Med. 2007; 167:1730–1737. [PubMed: 17846391]

6. Zivin JR, Gooley T, Zager RA, et al. Hypocalcemia: a pervasive metabolic abnormality in the
critically ill. Am J Kidney Dis. 2001; 37:689–698. [PubMed: 11273867]

7. Lee P, Eisman JA, Center JR. Vitamin D deficiency in critically ill patients. N Engl J Med. 2009;
360:1912–1914. [PubMed: 19403914]

8. Van den Berghe G, Weekers F, Baxter RC, et al. Five-day pulsatile gonadotropin-releasing hormone
administration unveils combined hypothalamic-pituitary-gonadal defects underlying profound
hypoandrogenism in men with prolonged critical illness. J Clin Endocrinol Metab. 2001; 86:3217–
3226. [PubMed: 11443192]

9. Van den Berghe G, Wouters P, Weekers F, et al. Reactivation of pituitary hormone release and
metabolic improvement by infusion of growth hormone-releasing peptide and thyrotropin-releasing
hormone in patients with protracted critical illness. J Clin Endocrinol Metab. 1999; 84:1311–1323.
[PubMed: 10199772]

10. Van den Berghe G, Baxter RC, Weekers F, et al. The combined administration of GH-releasing
peptide-2 (GHRP-2), TRH and GnRH to men with prolonged critical illness evokes superior
endocrine and metabolic effects compared to treatment with GHRP-2 alone. Clin Endocrinol
(Oxf). 2002; 56:655–669. [PubMed: 12030918]

11. Nierman DM, Mechanick JI. Biochemical response to treatment of bone hyperresorption in
chronically critically ill patients. Chest. 2000; 118:761–766. [PubMed: 10988200]

12. Jeng L, Yamshchikov AV, Judd SE, et al. Alterations in vitamin D status and anti-microbial
peptide levels in patients in the intensive care unit with sepsis. J Transl Med. 2009; 7:28.
[PubMed: 19389235]

13. Norman AW. From vitamin D to hormone D: fundamentals of the vitamin D endocrine system
essential for good health. Am J Clin Nutr. 2008; 88:491S–499S. [PubMed: 18689389]

14. Giovannucci E, Liu Y, Hollis BW, et al. 25-hydroxyvitamin D risk of myocardial infarction in
men: a prospective study. Arch Intern Med. 2008; 168:1174–1180. [PubMed: 18541825]

15. Charlson ME, Pompei P, Ales KL, et al. A new method of classifying prognostic comorbidity in
longitudinal studies: development and validation. J Chronic Dis. 1987; 40:373–383. [PubMed:
3558716]

16. Deyo RA, Cherkin DC, Ciol MA. Adapting a clinical comorbidity index for use with ICD-9-CM
administrative databases. J Clin Epidemiol. 1992; 45:613–619. [PubMed: 1607900]

17. Quan H, Sundararajan V, Halfon P, et al. Coding algorithms for defining comorbidities in ICD-9-
CM and ICD-10 administrative data. Med Care. 2005; 43:1130–1139. [PubMed: 16224307]

18. Rapoport J, Gehlbach S, Lemeshow S, et al. Resource utilization among intensive care patients.
Managed care vs traditional insurance. Arch Intern Med. 1992; 152:2207–2212. [PubMed:
1444680]

19. Martin GS, Mannino DM, Eaton S, et al. The epidemiology of sepsis in the United States from
1979 through 2000. N Engl J Med. 2003; 348:1546–1554. [PubMed: 12700374]

20. Trespalacios FC, Taylor AJ, Agodoa LY, et al. Incident acute coronary syndromes in chronic
dialysis patients in the United States. Kidney Int. 2002; 62:1799–1805. [PubMed: 12371982]

21. Lucas FL, DeLorenzo MA, Siewers AE, et al. Temporal trends in the utilization of diagnostic
testing and treatments for cardiovascular disease in the United States, 1993–2001. Circulation.
2006; 113:374–379. [PubMed: 16432068]

22. Nishime EO, Cole CR, Blackstone EH, et al. Heart rate recovery and treadmill exercise score as
predictors of mortality in patients referred for exercise ECG. Jama. 2000; 284:1392–1398.
[PubMed: 10989401]

23. Newman TB, Brown AN. Use of commercial record linkage software and vital statistics to identify
patient deaths. J Am Med Inform Assoc. 1997; 4:233–237. [PubMed: 9147342]

Braun et al. Page 9

Crit Care Med. Author manuscript; available in PMC 2012 September 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



24. Carthy EP, Yamashita W, Hsu A, et al. 1,25-Dihydroxyvitamin D3 and rat vascular smooth muscle
cell growth. Hypertension. 1989; 13:954–959. [PubMed: 2786849]

25. Levin A, Li YC. Vitamin D: its analogues: do they protect against cardiovascular disease in
patients with kidney disease? Kidney Int. 2005; 68:1973–1981. [PubMed: 16221197]

26. Deluca HF, Cantorna MT. Vitamin D: its role and uses in immunology. FASEB J. 2001; 15:2579–
2585. [PubMed: 11726533]

27. Gysemans CA, Cardozo AK, Callewaert H, et al. 1,25-Dihydroxyvitamin D3 modulates expression
of chemokines and cytokines in pancreatic islets: implications for prevention of diabetes in
nonobese diabetic mice. Endocrinology. 2005; 146:1956–1964. [PubMed: 15637289]

28. Kankova M, Luini W, Pedrazzoni M, et al. Impairment of cytokine production in mice fed a
vitamin D3-deficient diet. Immunology. 1991; 73:466–471. [PubMed: 1655638]

29. Liu PT, Stenger S, Tang DH, et al. Cutting edge: vitamin D-mediated human antimicrobial activity
against Mycobacterium tuberculosis is dependent on the induction of cathelicidin. J Immunol.
2007; 179:2060–2063. [PubMed: 17675463]

30. Liu PT, Stenger S, Li H, et al. Toll-like receptor triggering of a vitamin D-mediated human
antimicrobial response. Science. 2006; 311:1770–1773. [PubMed: 16497887]

31. Holick MF. Vitamin D deficiency. N Engl J Med. 2007; 357:266–281. [PubMed: 17634462]

32. Bhalla AK, Amento EP, Krane SM. Differential effects of 1,25-dihydroxyvitamin D3 on human
lymphocytes and monocyte/macrophages: inhibition of interleukin-2 and augmentation of
interleukin-1 production. Cell Immunol. 1986; 98:311–322. [PubMed: 3489547]

33. Ginde AA, Mansbach JM, Camargo CA Jr. Association between serum 25-hydroxyvitamin D level
and upper respiratory tract infection in the Third National Health and Nutrition Examination
Survey. Arch Intern Med. 2009; 169:384–390. [PubMed: 19237723]

34. Chan TY. Vitamin D deficiency and susceptibility to tuberculosis. Calcif Tissue Int. 2000; 66:476–
478. [PubMed: 10821887]

35. Yener E, Coker C, Cura A, et al. Lymphocyte subpopulations in children with vitamin D deficient
rickets. Acta Paediatr Jpn. 1995; 37:500–502. [PubMed: 7572152]

36. van Etten E, Mathieu C. Immunoregulation by 1,25-dihydroxyvitamin D3: basic concepts. J
Steroid Biochem Mol Biol. 2005; 97:93–101. [PubMed: 16046118]

37. Platz EA, Leitzmann MF, Hollis BW, et al. Plasma 1,25-dihydroxy- and 25-hydroxyvitamin D and
subsequent risk of prostate cancer. Cancer Causes Control. 2004; 15:255–265. [PubMed:
15090720]

38. Goldstein LB. Accuracy of ICD-9-CM coding for the identification of patients with acute ischemic
stroke: effect of modifier codes. Stroke. 1998; 29:1602–1604. [PubMed: 9707200]

39. Iezzoni LI, Burnside S, Sickles L, et al. Coding of acute myocardial infarction. Clinical and policy
implications. Ann Intern Med. 1988; 109:745–751. [PubMed: 3142326]

40. Lee DS, Donovan L, Austin PC, et al. Comparison of coding of heart failure and comorbidities in
administrative and clinical data for use in outcomes research. Med Care. 2005; 43:182–188.
[PubMed: 15655432]

41. Levy AR, Tamblyn RM, Fitchett D, et al. Coding accuracy of hospital discharge data for elderly
survivors of myocardial infarction. Can J Cardiol. 1999; 15:1277–1282. [PubMed: 10579743]

42. Winkelmayer WC, Schneeweiss S, Mogun H, et al. Identification of individuals with CKD from
Medicare claims data: a validation study. Am J Kidney Dis. 2005; 46:225–232. [PubMed:
16112040]

43. Humphries KH, Rankin JM, Carere RG, et al. Co-morbidity data in outcomes research: are clinical
data derived from administrative databases a reliable alternative to chart review? J Clin Epidemiol.
2000; 53:343–349. [PubMed: 10785564]

44. Kieszak SM, Flanders WD, Kosinski AS, et al. A comparison of the Charlson comorbidity index
derived from medical record data and administrative billing data. J Clin Epidemiol. 1999; 52:137–
142. [PubMed: 10201654]

45. O'Malley KJ, Cook KF, Price MD, et al. Measuring diagnoses: ICD code accuracy. Health Serv
Res. 2005; 40:1620–1639. [PubMed: 16178999]

Braun et al. Page 10

Crit Care Med. Author manuscript; available in PMC 2012 September 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



46. Eaton SBE, Martin GS, Moss M. The ICD-9 code for septicemia maintains a high positive
predictive value for clinical sepsis. Am J Respir Crit Care Med. 2002; 165:A471.

47. Ollendorf DA, Fendrick AM, Massey K, et al. Is sepsis accurately coded on hospital bills? Value
Health. 2002; 5:79–81. [PubMed: 11918823]

48. Moreno RP, Metnitz PG, Almeida E, et al. SAPS 3--From evaluation of the patient to evaluation of
the intensive care unit. Part 2: Development of a prognostic model for hospital mortality at ICU
admission. Intensive Care Med. 2005; 31:1345–1355. [PubMed: 16132892]

49. Sibbald, W. Evaluating Critical Care-Using Health Services Research to Improve Quality. In:
Vincent, J-L., editor. Update in Intensive Care Medicine. Heidelberg: Springer-Verlag; 2001.

50. Knaus WA, Draper EA, Wagner DP, et al. APACHE II: a severity of disease classification system.
Crit Care Med. 1985; 13:818–829. [PubMed: 3928249]

51. Quach S, Hennessy DA, Faris P, et al. A comparison between the APACHE II and Charlson Index
Score for predicting hospital mortality in critically ill patients. BMC Health Serv Res. 2009; 9:129.
[PubMed: 19643010]

52. Gottlieb SS. Dead is dead--artificial definitions are no substitute. Lancet. 1997; 349:662–663.
[PubMed: 9078192]

53. Lauer MS, Blackstone EH, Young JB, et al. Cause of death in clinical research: time for a
reassessment? J Am Coll Cardiol. 1999; 34:618–620. [PubMed: 10483939]

54. Preen DB, Holman CD, Spilsbury K, et al. Length of comorbidity lookback period affected
regression model performance of administrative health data. J Clin Epidemiol. 2006; 59:940–946.
[PubMed: 16895817]

Braun et al. Page 11

Crit Care Med. Author manuscript; available in PMC 2012 September 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Braun et al. Page 12

Table 1

Patient Characteristics of the Study Population

Study Cohort Total ICU Population P

N 2,399 51,815

Gender-no.(%) 0.03

Female 1,369 (57.0) 21,671 (41.8)

Male 1,030 (43.0) 30,144 (58.2)

Race-no.(%)

African American 195 (8.1) 3,350 (6.5) 0.001

Asian 58 (2.4) 954 (1.8) 0.04

Hispanic 117 (4.9) 2,558 (4.9) 0.9

Not Recorded 81 (3.4) 2,643 (5.1) 0.0002

Other 21 (0.8) 1075 (2.1) <.0001

White 1,927 (80.3) 41,235 (79.6) 0.4

Age at ICU admission mean (SD) 64.9 (16.6) 61.69 (18.4) <.0001

Latitude mean (SD) 42.2 (1.4) 42.2 (1.6) 1.0

Deyo-Charlson Index mean (SD) 5.6 (3.4) 3.0 (2.1) <.0001

25(OH)D mean (SD) 26.4 (15.2) -- --

Patient Type-no.(%) <.0001

Medical 1,399 (58.3) 26,221 (50.6)

Surgical 1,000 (41.7) 25,596 (49.4)

ICU events-no.(%)

Acute Myocardial Infarct 287 (12.0) 7,981 (15.4) <.0001

Sepsis 577 (24.1) 7,012 (13.5) <.0001

CABG 9 (0.4) 2,822 (5.4) <.0001

Mortality Rates %

30-day 16.7 14.2 0.0006

90-day 23.2 18.7 <.0001

365-day 32.2 26.3 <.0001

In-hospital 15.6 13.0 0.0002

No. of organs with failure – no.(%) <.0001

   0 1405 (57.0) 20,067 (38.7)

   1 468 (19.0) 17,731 (34.2)

   2 294 (11.9) 8,654 (16.7)

   ≥3 296 (12.0) 5,363 (10.4)

Blood Culture Positivity – no.(%) 143 (12.3) 3070 (16.5) 0.0001
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Table 2

Stratified Patient Characteristics of the 25(OH)D Cohort

Pre-admission 25(OH)D

≤15 ng/mL 15–30 ng/mL ≥ 30 ng/mL P-value

N 637 918 844

Age-mean(SD) 61.9 (16.9) 65.1 (16.5) 67.0 (16.2) <.0001

Gender-no.(%) 0.07

   Female 352 (55.3) 511 (55.7) 509 (60.3)

   Male 285 (44.7) 407 (44.3) 335 (39.7)

Race-no.(%) <.0001

   White 467 (73.2) 753 (81.2) 706 (83.8)

   Non-White 170 (26.7) 165 (18.0) 138 (16.4)

Patient Type-no.(%) 0.4

   Medical 382 (60.0) 520 (56.6) 497 (58.9)

   Surgical 255 (40.0) 398 (43.4) 347 (41.1)

Season 25(OH)D drawn-no.(%) 0.005

   Summer 143 (22.5) 218 (23.8) 227 (26.9)

   Winter 153 (24.0) 216 (23.5) 175 (20.7)

   Fall 136 (21.4) 222 (24.2) 233 (27.6)

   Spring 205 (32.2) 262 (28.5) 209 (24.8)

Deyo-Charlson Index-no.(%) 0.1

   0 15 (2.4) 18 (2.0) 21 (2.5)

   1 24 (3.8) 59 (6.4) 37 (4.4)

   2 67 (10.5) 90 (9.8) 70 (8.3)

   3 88 (13.8) 111 (12.1) 103 (12.2)

   4 77 (12.1) 121 (13.2) 102 (12.1)

   5 81 (12.7) 130 (14.2) 111 (13.2)

   6 72 (11.3) 112 (12.2) 97 (11.5)

   7 64 (10.1) 66 (7.2) 63 (7.5)

   ≥ 8 149 (23.4) 211 (23.0) 240 (28.4)

Sepsis-no.(%) 193 (30.3) 220 (24.0) 164 (19.4) <.0001

No. of organs with failure-no.(%) <.0001

  0 311 (49.0) 477 (52.0) 555 (65.8)

  1 134 (21.1) 199 (21.7) 133 (15.8)

  2 100 (15.6) 119 (13.0) 75 (8.9)

  ≥3 92 (14.4) 123 (13.4) 81 (9.6)

Blood Culture Positivity-no.(%) 53 (15.7) 50 (11.1) 39 (10.3) 0.06

Acute Myocardial Infarct-no.(%) 68 (10.7) 112 (12.2) 106 (12.6) 0.5
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Table 3

Unadjusted and Adjusted Associations between Pre-admission 25(OH)D level and outcomes

OR 95% CI P

Unadjusted

   30-day mortality

     25(OH)D ≤ 15 ng/m L 1.69 1.28–2.23 <.0001

     25(OH)D 15–30 ng/mL 1.32 1.02–1.72 0.036

     25(OH)D ≥ 30 ng/mL 1.00

   90-day mortality

     25(OH)D ≤ 15 ng/m L 1.61 1.26–2.05 <.0001

     25(OH)D 15–30 ng/mL 1.41 1.13–1.78 0.003

     25(OH)D ≥ 30 ng/mL 1.00

   365-day mortality

     25(OH)D ≤15 ng/m L 1.56 1.25–1.95 <.0001

     25(OH)D 15–30 ng/mL 1.32 1.08–1.62 0.008

     25(OH)D ≥ 30 ng/mL 1.00

   In-hospital mortality

     25(OH)D <=15 ng/mL 1.77 1.34–2.36 <.0001

     25(OH)D 15–30 ng/mL 1.34 1.02–1.76 0.036

     25(OH)D ≥ 30 ng/mL 1.00

Adjusted

   30-day mortality

     25(OH)D ≤15 ng/m L 1.69 1.26–2.26 <.0001

     25(OH)D 15–30 ng/mL 1.36 1.03–1.79 0.029

     25(OH)D ≥ 30 ng/mL 1.00

   90-day mortality

     25(OH)D ≤15 ng/m L 1.67 1.28–2.17 <.0001

     25(OH)D 15–30 ng/mL 1.51 1.19–1.93 0.001

     25(OH)D ≥ 30 ng/mL 1.00

   365-day mortality

     25(OH)D ≤15 ng/m L 1.72 1.35–2.19 <.0001

     25(OH)D 15–30 ng/mL 1.44 1.15–1.79 0.001

     25(OH)D ≥ 30 ng/mL 1.00

   In-hospital mortality

     25(OH)D ≤ 15 ng/m L 1.72 1.27–2.33 <.0001

     25(OH)D 15–30 ng/mL 1.34 1.01–1.79 0.04

     25(OH)D ≥ 30 ng/mL 1.00

Note: Referent in each case is 25(OH)D ≥ 30 ng/mL. Estimates adjusted for age, gender, race (white, non-white), Deyo-Charlson index, season,
type (surgical vs medical) and sepsis.
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Table 5

Unadjusted and Adjusted associations between Pre-admission 25(OH)D level and blood culture positivity

OR 95% CI P

Unadjusted

     25(OH)D ≤15 ng/m L 1.64 1.05–2.55 0.028

     25(OH)D 15–30 ng/mL 1.08 0.70–1.69 0.72

     25(OH)D ≥ 30 ng/mL 1.00

Adjusted

     25(OH)D ≤15 ng/m L 1.58 1.01–2.49 0.048

     25(OH)D 15–30 ng/mL 1.02 0.65–1.59 0.9

     25(OH)D ≥ 30 ng/mL 1.00

Note: Referent in each case is 25(OH)D ≥ 30 ng/mL. Estimates adjusted for age, gender, race (white, non-white), and Deyo-Charlson index.
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