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Studies have demonstrated a potential correlation between low vitamin D status and both
an increased risk of infection with SARS-CoV-2 and poorer clinical outcomes. This retrospective study examines if, and to what degree, a relationship exists between pre-infection
serum 25-hydroxyvitamin D (25(OH)D) level and disease severity and mortality due to
SARS-CoV-2.

Participants
The records of individuals admitted between April 7th, 2020 and February 4th, 2021 to the
Galilee Medical Center (GMC) in Nahariya, Israel, with positive polymerase chain reaction
(PCR) tests for SARS-CoV-2 (COVID-19) were searched for historical 25(OH)D levels measured 14 to 730 days prior to the positive PCR test.

Design
Patients admitted to GMC with COVID-19 were categorized according to disease severity
and level of 25(OH)D. An association between pre-infection 25(OH)D levels, divided
between four categories (deficient, insufficient, adequate, and high-normal), and COVID-19
severity was ascertained utilizing a multivariable regression analysis. To isolate the possible
influence of the sinusoidal pattern of seasonal 25(OH)D changes throughout the year, a
cosinor model was used.

Results
Of 1176 patients admitted, 253 had records of a 25(OH)D level prior to COVID-19 infection.
A lower vitamin D status was more common in patients with the severe or critical disease
(<20 ng/mL [87.4%]) than in individuals with mild or moderate disease (<20 ng/mL [34.3%] p
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< 0.001). Patients with vitamin D deficiency (<20 ng/mL) were 14 times more likely to have
severe or critical disease than patients with 25(OH)D �40 ng/mL (odds ratio [OR], 14; 95%
confidence interval [CI], 4 to 51; p < 0.001).

Conclusions
Among hospitalized COVID-19 patients, pre-infection deficiency of vitamin D was associated with increased disease severity and mortality.

Introduction
Vitamin D is most often recognized for its role in bone health, but a low vitamin D status has
been associated with a range of autoimmune, cardiovascular, and infectious diseases due to its
role as an essential immunologic mediator [1]. Experimental laboratory evidence evaluating
the impact of vitamin D on immunological responses has shown inhibitory effects on the production of pro-inflammatory cytokines, including TNF-alpha and IL-6, by various mechanisms, including down-regulating viral-induced NFkB activation [2].
Vitamin D deficiency is a global health problem, and its high prevalence in the Middle East
has been established [3]. Epidemiological risk factors for vitamin D deficiency include greater
skin pigmentation, low sun exposure, use of skin-covering clothes, and a diet low in fish and
dairy products. Studies have previously demonstrated that social habits in specific ethnic
groups and a preference to wear long clothing outdoors are independent risk factors for vitamin D deficiency, particularly among women [4]. Consistent with laboratory data, clinical
studies have established an association between low 25-hydroxyvitamin D (25(OH)D) levels
and an increased risk of acquiring influenza and respiratory viruses [5]. Meta-analyses of randomized controlled trials conducted between 2007 and 2020 suggest that vitamin D supplementation reduced the risk of acute respiratory infection as compared with placebos [6].
COVID-19 is an acute respiratory infection caused by the SARS-CoV-2 virus, theorized to
have emerged in China in December 2019, which rapidly developed into a global pandemic.
Factors associated with poorer COVID-19 prognoses include geographic location in northern
countries, older age, darker skin pigmentation, BAME ethnicity (Black and minority ethnic
groups), male sex, obesity, and history of preexisting conditions such as diabetes and hypertension; these risk factors are also independently associated with vitamin D deficiency [7].
As with other respiratory infections, a link between vitamin D deficiency and COVID-19
infection is emerging [8, 9]. Low serum 25(OH)D levels among hospitalized COVID-19
patients have also been linked with increased disease severity and poorer clinical outcomes
[10]. In addition, hospitalized COVID-19 patients have been shown to present lower mean
and median levels of 25(OH)D than the general population and COVID-19 outpatients [11].
However, serum 25(OH)D is often measured during hospitalization for COVID-19. When
this is the case, determining the direction and temporality of the association between acute
COVID-19 disease and low 25(OH)D serum levels is a challenge. In other words, it is difficult
to ascertain a definitive causative effect of baseline vitamin D status on a clinical presentation
during active COVID-19 infection.
To better understand the temporal sequence between low 25(OH)D levels and their association with the severity of acute COVID-19 disease, we determined whether the severity of disease among patients admitted with acute COVID-19 correlated with their most recent preinfection 25(OH)D serum levels. By utilizing the pre-infection 25(OH)D values, meaning
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those obtained from the patient’s medical records, and applying a novel cosinor model technique to predict annual and monthly 25(OH)D levels, we demonstrate statistically significant
and consistent findings of an association between lower 25(OH)D levels and higher COVID19 disease severity.

Methods
1. Participants
This was a retrospective study. Prior to study initiation, ethical approval was granted by the
Research Ethics Committee of the Galilee Medical Center 0204-20-NHR. Data collection
included existing non-identifiable patient medical records, and informed consent was
exempted for this study. Inclusion criteria were adult patients with PCR-confirmed COVID19 infection admitted to Galilee Medical Center (GMC) between April 7th, 2020, and February
4th, 2021. Patients under the age of 18 years old were excluded from this study.

2. Patient and public involvement
Patients and the public were not involved in the design or conduct of this study and did not
contribute to the analysis of results.

3. Measurement
COVID-19 infection was confirmed by two independent positive polymerase chain reaction
(PCR) tests. Clinical data collected during the inpatient hospital stay at Galilee Medical Center
included length of hospitalization in days, the severity of illness (mild, moderate, severe, and
critical, as determined by the WHO definition of COVID-19 disease severity (WHO/
2019-nCoV/clinical/2020.5)), mortality during hospitalization, and comorbidities (COPD,
chronic heart failure, chronic ischemic heart disease, chronic renal disease, diabetes, and
hypertension). Additional demographic characteristics included age, ethnicity, and BMI
(S1 Dataset).
Disease severity was calculated at the point of highest severity during the patient’s inpatient
stay; as an example, a patient who arrived at the hospital in mild condition but decompensated
to a critical condition during admission would be classified as having had a critical illness.
Each patient’s 25(OH)D level was collected from their respective electronic medical records 14
to 730 days prior to COVID-19 diagnosis. The most recent 25(OH)D level from prior to infection with COVID-19 was collected via a standardized commercial 25(OH)D kit assay. Patients
with previous 25(OH)D measurements had likely been tested either as part of a routine blood
workup or following a clinical suspicion for vitamin D deficiency. We did not have access to
data regarding whether patients had been treated for vitamin D deficiency. Patients’ 25(OH)D
levels were divided into four universally accepted categories: deficient (below 50 nmol/L or 20
ng/mL), insufficient (50 nmol/L to 75 nmol/L or 20–29.9 ng/mL), adequate (75–99.75 nmol/L
or 30–39.9 ng/mL), and high-normal (equal to or above 187.5 nmol/L or 40 ng/mL).

4. Analysis
Continuous variables were presented as the mean ± standard deviation or as median and
range values. Qualitative variables were presented as frequencies and percentages.
A univariate analysis provided comparisons of continuous variables among groups examined with either the ANOVA, Kruskal-Wallis test, Independent sample t-test, or Mann-Whitney test. Those tests were chosen according to the number of the compared groups, the sample
size of the groups, and the variables’ distribution shape. Ordinal variables were compared
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among the groups with the Kruskal-Wallis test or the Mann-Whitney test, chosen according to
the number of the compared groups, and categorical variables using the Pearson’s chi-square
test or the Fisher’s exact test (if expectancy < 5). The intensity of the correlation between BMI
and 25(OH)D (which are both categorical variables) was examined with Crammer’sV. Correlations between 25(OH)D level and COVID-19 disease severity (which are continuous variable
and variable measured on the ordinal scale, respectively) were examined with the Spearman’s
correlation coefficient test.
For the multivariable analysis, a multivariable logistical regression model (with the backward elimination method) was performed in order to examine the correlation between the 25
(OH)D level and COVID-19 disease severity as the dependent variable. Combined severity categories were used (‘mild/moderate’ and ‘severe/critical’) consistent with the required specification of this model to include dichotomous dependent variable. This model was adjusted to
several variables such as age, gender, BMI, and comorbidities. Those variables have been
included in the multivariable model as independent variables because they were found to be
significant in the univariate analysis or due to theoretical clinical considerations. Hosmer and
Lemshow’s goodness of fit test was utilized, and the odds ratio (OR) and 95% confidence intervals (CI) were presented.
We took into special consideration the seasonal variations in circulating 25(OH)D concentrations. Several reports have established that 25(OH)D follows a sinusoidal pattern, leading to
misclassifications of 25(OH)D if seasonality is not accounted for in statistical analyses [12–18].
To eliminate the occurrence of seasonal variability, we approximated seasonal differences by
using a cosinor model to predict both annual and monthly mean 25(OH)D concentrations for
patient’s single 25(OH)D measurement taken within the 14–730 days prior to positive
COVID-19 results. The cosinor model is a validated tool to predict the mean annual and
monthly 25(OH)D concentrations from a single measurement [14–20].

5. The cosinor model
Consistent with previously published research which determined that 25(OH)D values follow
an annual sinusoidal pattern, our study population’s median and mean 25(OH)D concentrations were lowest in January and February (late Winter) and were highest in July and August
(mid-late Summer). Therefore, we examined whether a cosinor model is an adequate tool to
evaluate our data. Time was presented in months.
In general, the cosinor model transforms the time variable (the month) into sine and cosine
terms and then fits a linear regression model in which the dependent variable is the pre-infection 25(OH)D concentration, and the sine and cosine terms are the independent variables.
These two terms represent the sinusoidal pattern of the curve [16–18].
The cosinor model hypothesis of an amplitude equal to zero was rejected [F (2, 250) = 3.10,
p = 0.047], MSE = 9.87, and the mean bias (the observation minus the predicted values) is 0.53.
The required assumptions of the cosinor model (particularly the equal variance assumption,
the residuals normality assumption, and the independence of residuals) were examined with a
scatter plot (residuals versus the predicted values), a histogram for the residuals, Q-Q plot, Kolmogrov-Smirnov test for normality, and the Run test. We did not find significant violations of
the model’s assumptions requiring a rejection of the cosinor model.
Along with the cosinor model, 25-hydroxyvitamin D (25(OH)D) levels follow a sine wave
over time, characterized by the mesor (the mean level of oscillation), phase (the location of the
peaks along the time axis), acrophase (referring to the angle of the phase) and an amplitude
(an estimate of seasonal variation, defined as the distance from the mean to the highest or lowest value of the sine curve (the peak-trough on the y-axis) divided by two. Note that the mesor,
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the amplitude, and the phase can be achieved or calculated from the regression coefficients
directly [16–18].

6. The model’s prediction
To predict the mean annual 25(OH)D concentration for each specific patient, we used the
model’s output, the predictive value of the cosinor model. A manual method of calculating this
predicted value is to add to the mean 25(OH)D value for the entire sample (the mesor) the difference between the observed 25(OH)D pre-infection measurement for a specific patient and
the monthly 25(OH)D mean level, at the month in which the measurement was collected, calculated according to the sine curve with Eq 2, below.
As an example, an individual may have a 25(OH)D concentration of 40 ng/mL in January
and a sine curve in January containing a mean value of 30 ng/mL. With a cosinor model estimating the annual mean of the whole study population (mesor) as 20 ng/mL, the resulting
equation would be: 20 ng/mL + (40 ng/mL– 30 ng/mL) = 30 ng/mL, which is an estimate of
this individual’s annual mean 25(OH)D level [17].
The equation to predict the annual mean 25(OH)D for each patient (Eq 1) is written as
follows:
Eq 1 [17]: Predicted 25(OH)D annual mean (patient-specific)
pVitDannual ¼ M þ ðpVitD preinfection

mVitDpreinfection Þ

Eq 1 abbreviations:
pVitDannual = Predicted 25(OH)D annual mean (patient-specific)
M = Mesor
pVitDpreinfection = Pre-infection patient’s 25(OH)D measurement (patient-specific)
mVitDpreinfection = Predicted 25(OH)D monthly mean at the measurement date, using Eq 2
(month-specific)
The equation to predict mean 25(OH)D level for each month (Eq 2) is written as follows:
Eq 2: Predicted 25(OH)D monthly mean (month-specific)
�
�
��
2�p�m
mVitD ¼ M þ A � Cos
þ Phi
Period
Eq 2 abbreviations:
mVitD = Prediction of 25(OH)D mean per month
M = Mesor
A = Amplitude
m = Month
Period = 12
Phi = Acrophase
The calculated cosinor model of 25(OH)D values, following a sine wave, had a mean of 26.33
ng/mL (mesor) (SD = 1.26) with an estimated peak-trough difference (amplitude) in 25(OH)D
concentration of 4.55 ng/mL (SD = 1.84) and an acrophase of –3.25 (SD = 0.39) (Fig 1).
An accurate prediction of 25(OH)D level at a specific date (e.g. as at the hospitalized date)
for each patient can be achieved if more than one 25(OH)D measurement exists for each
patient or if a multivariable model is adopted; the additional independent variables, except the
month, must be variables which can influence the amplitude or the phase.
If lacking in multiple measurements, the alternative method is to predict each patient’s 25
(OH)D level during the hospitalized month with the methodology we employed, written as
follows:
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Fig 1. The cosinor 25(OH)D model for all months. The predicted 25(OH)D mean value of each month through the
annum can be extracted from the graph. This figure demonstrates the predicted peak of 25(OH)D concentration in
June and the expected trough in December. The predicted 25(OH)D mean value of each month can be utilized to
predict the 25(OH)D for the hospitalization month of any given patient (Eq 3). M = mesor, A = amplitude, P = Phase.
https://doi.org/10.1371/journal.pone.0263069.g001

With the cosinor model, we can obtain a prediction of the seasonal variation of the sample
and then assume that this variation throughout the year is identical for all the participants in
the sample. If, for example, the cosinor model predicted that the 25(OH)D monthly mean concentration was 60 ng/mL in June and 40 ng/mL in January, the difference is 20 ng/mL. Therefore, in an individual with a 25(OH)D measurement of 75 ng/mL in June, if we wish to predict
this individual’s January 25(OH)D level we subtract 20 ng/mL with the resulting level of 55 ng/
mL. The equation to predict 25(OH)D concentration for each specific patient at the hospitalization date (Eq 3) is written as follows:
Eq 3: Predicted 25(OH)D for the hospitalization month (patient-specific)
pVitDhospitalization ¼ pVitDpreinfection

ðmVitDpreinfection

mVitDhospitalization Þ

Eq 3 abbreviations:
pVitDhospitalization = Prediction of 25(OH)D for the month of hospitalization (patientspecific)
pVitDpreinfection = Pre-infection patient’s 25(OH)D measurement (patient-specific)
mVitDpreinfection = Predicted 25(OH)D monthly mean at the measurement date, using Eq 2
(month-specific)
mVitDhospitalization = Predicted 25(OH)D monthly mean for the month of hospitalization,
using Eq 2 (month-specific).
We present, altogether, the pre-infection 25(OH)D values from each patient’s date of collection as well as the prediction of the cosinor model for the annual mean and for the month in
which the patient was hospitalized.
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We used a statistical significance threshold of P<0.05, and a two-sided p-value was presented unless otherwise stated. The analysis was performed using the IBM SPSS Statistic software, version 27.0. For the cosinor model adaption, we used the R software version 1.4.1717
with packages including the cosinor, cosinor2, card, and psych packages.

Results
Of 1176 individuals admitted for COVID-19 at the Galilee Medical Center between April 7th,
2020, and February 4th, 2021, 253 (21.5%) individuals (mean age 63.3 [SD = 18.6] years; 144
[56.9%] women) had historical 25(OH)D levels obtained between 14 and 730 days before their
first positive COVID-19 test (Table 1).
Data were analyzed both directly and through the cosinor model; the “direct” method
included the pre-infection 25(OH)D levels (i.e., if a patient’s 25(OH)D level was 50 ng/mL on
the date of examination, this was the measurement used).
Tables 1 and 2 include the direct method while the cosinor model-predicted annual and
monthly 25(OH)D values at the hospitalization dates are presented in Table 3.
In the direct methodology, of the 253 individuals with pre-infection 25(OH)D levels, 133
(52.5%) had a level less than 20 ng/mL, 36 (14.2%) had 20 to less than 30 ng/mL, 44 (17.3%)
had 30 to less than 40 ng/mL, and 40 (15.8%) had 40 ng/mL or greater (Table 1). Mortality
among patients with sufficient vitamin D levels was 2.3%, in contrast to the vitamin D deficient
group’s 25.6% mortality rate (p <0.001) (Table 1). Stratified by COVID-19 disease severity, a
lower 25(OH)D status was more common in patients with severe or critical disease (<20 ng/
mL: 76 of 87 individuals [87.4%]) than individuals with mild or moderate disease (<20 ng/mL:
57 of 166 individuals [34.3%] p < 0.001) (Table 2).
Following the cosinor model, we predicted the patients’ vitamin D status either for annual
mean values or toward the month of hospitalization. With reclassified categorizations of vitamin D level stratifications, results between the direct and cosinor models were consistently similar, and the deviations were between neighboring categories. The accuracy between the preand post-cosinor model predictive values was 85% for mean 25(OH)D annual correction and
83% for the patient’s hospitalization month correction. Moreover, the proportion of patients
with vitamin D deficiency before cosinor correction was 53% as compared to 51% and 52% following 25(OH)D correction for annual mean or for the hospitalization month, respectively.
According to the multivariable analysis, 25(OH)D was found to be correlated with COVID19 illness severity with respect to both the pre-infection values as well as the cosinor-predicted
values (Table 4).
The variables included in step 1 of this multivariable regression model (not presented) were
age, sex (male), BMI, and comorbidities. The final model represents the last step of the backward elimination process following the adjustment of confounding factors (Table 4).
Based on the pre-infection values, patients with vitamin D deficiency (<20 ng/mL) were 14
times more likely to have severe or critical disease than patients with 25(OH)D �40 ng/mL
(OR, 14; 95% CI, 4 to 51; p < 0.001) (Table 4). An independent risk factor for severe COVID19 disease was age (Table 4). While VitD and age were consistently found as risk factors for
increased COVID-19 disease severity, one multivariate analysis found pre-existing COPD
associated with COVID-19 disease severity while another multivariate analysis found diabetes
as an association.
A comparison of pre-infection 25(OH)D values among COVID-19 disease severity categories demonstrated a progressive decrease in levels of 25(OH)D as the disease severity increased
(Fig 2). A significant difference in 25(OH)D level was found between mild compared with
moderate disease categories (p = 0 .001) and moderate compared with severe (p = 0.002) (in
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Table 1. Characteristics of hospitalized COVID-19 patients stratified by pre-infection 25(OH)D level measured 14 to 730 days before positive COVID-19 test.
No. (%)
Characteristics

No. of patients

Most recent 25(OH)D level (ng/mL) before
COVID-19 test (N = 253)
<20

20–29.9

30–39.9

�40

133

36

44

40

p value 2-sided (between groups) p value 2-sided (<20 compared with �20)

Age, y
mean (std)

68.4 (15.9) 62.2 (17.9) 55.7 (20.7) 57.8 (21.0)

Range

27.3–95.8

22.7–92.7

19.3–92.7

19.8–90

<50

18 (13.5)

8 (22.2)

18 (40.9)

17 (42.5)

50–64

36 (27.1)

14 (38.9)

10 (22.7)

6 (15.0)

�65

79 (59.4)

14 (38.9)

16 (36.4)

17 (42.5)

p < 0.001§

p < 0.001^

p < 0.001§

p < 0.001†

p = 0.10

p = 0.10

p = 0.006

p = 0.30

p < 0.001 §

p < 0.001 †

p = 0.163

p = 0.07

p < 0.001

p < 0.001

p = 0.006

Sex
Female

69 (51.9)

18 (50.0)

30 (68.2)

27 (67.5)

Male

64 (48.1)

18 (50.0)

14 (31.8)

13 (32.5)

Ethnicity
Arabs

83 (64.3)

16 (44.4)

33 (76.7)

19 (47.5)

Non-Arabs

46 (35.7)

20 (55.6)

10 (23.3)

21 (52.5)

COVID-19 disease severity category (WHO)
Mild

7 (5.3)

8 (22.2)

37 (84.1)

28 (70.0)

Moderate

50 (37.6)

24 (66.7)

3 (6.8)

9 (22.5)

Severe

64 (48.1)

3 (8.3)

4 (9.1)

3 (7.5)

Critical

12 (9.0)

1 (2.8)

0 (0.0)

0 (0.0)

<30

98 (73.7)

32 (88.9)

34 (77.3)

34 (85.0)

�30

35 (26.3)

4 (11.1)

10 (22.7)

6 (15.0)

BMI
mean (std)

Mortality during hospitalization
Yes

34 (25.6)

1 (2.8)

1 (2.3)

2 (5.0)

No

99 (74.4)

35 (97.2)

43 (97.7)

38 (95.0)

Comorbidities
COPD

82 (61.7)

15 (41.7)

20 (45.5)

18 (45.0)

p = 0.048

Chronic heart failure

16 (12.0)

3 (8.3)

1 (2.3)

2 (5.0)

p = 0.211‡

p = 0.07

Chronic ischemic heart disease

16 (12.0)

3 (8.3)

3 (6.8)

1 (2.5)

p = 0.316‡

p = 0.124

Chronic renal disease

17 (12.8)

5 (13.9)

3 (6.8)

3 (7.5)

p = 0.60‡

p = 0.425

Diabetes

56 (42.1)

9 (25.0)

12 (27.3)

13 (32.5)

p = 0.125

p = 0.03

Hypertension

82 (61.7)

16 (44.4)

21 (47.7)

18 (45.0)

p = 0.092

p = 0.02

Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); COVID-19, coronavirus disease 2019; Patient data
includes COVID-19 admission between Apr 7th, 2020 to Feb 4th, 2021 who had serum 25(OH)D level measured between 14 to 730 days before positive PCR test. Most
recent 25(OH)D level was depicted for the purpose of the study.
p values were determined using the Pearson Chi-Square test unless mentioned otherwise.
^ p values were determined using the independent t-test.
‡ p values were determined using the Fisher-Freeman-Halton Exact Test.
§ p values were determined using Kruskal-Wallis Test.
† p values were determined using Mann-Whitney Test.
https://doi.org/10.1371/journal.pone.0263069.t001

the mild group, 8.8% had a level less than 20 ng/mL, as well as 58.1% in the moderate group,
and 86.5% in the severe patients) (Fig 2 and Table 1). No difference between severe and critical
individuals with regards to 25(OH)D (p = 0.41) was observed (Fig 2).
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Table 2. Characteristics of hospitalized COVID-19 patients and their pre-infection measurement of 25(OH)D levels, stratified by COVID-19 disease severity
category.
No. (%)
Characteristics

COVID-19 disease severity category (WHO)
Mild

Moderate

Severe

Critical

80 (31.6)

86 (34.0)

74 (29.2)

13 (5.1)

mean (std)

53.1 (19.8)

64.2 (16.4)

72.1 (14.7)

76.0 (11.6)

Range

19.3–90.0

30.4–95.9

28.8–94.9

52.6–92.1

<50

36 (45.0)

19 (22.1)

6 (8.1)

0 (0.0)

50–64

20 (25.0)

27 (31.4)

18 (24.3)

1 (7.7)

�65

24 (30.0)

40 (46.5)

50 (67.6)

12 (92.3)

Female

51 (63.7)

53 (61.6)

35 (47.3)

5 (38.5)

Male

29 (36.3)

33 (38.4)

39 (52.7)

8 (61.5)

Arabs

49 (62)

55 (64.0)

37 (52.9)

10 (76.9)

Non-Arabs

30 (38)

31 (36)

33 (47.1)

3 (23.1)

No. of patients

p value 2-sided
(between groups)

p value 2-sided
(severe/critical vs. mild/moderate disease)

p < 0.001§

p < 0.001^

p < 0.001§

p < 0.001†

p = 0.08

p = 0.01

p = 0.30

p = 0.34

p < 0.001 §

p < 0.001†

p = 0.28‡

p = 0.11

p < 0.001‡

p < 0.001

Age, y

Sex

Ethnicity

Pre-infection 25(OH)D level (ng/mL) evaluated 14–730 days before positive COVID-19 test
median

34.2

18.9

11.3

10.0

Range

10.0–83.6

5.6–158

5.7–67.4

6.2–22.2

<20

7 (8.8)

50 (58.1)

64 (86.5)

12 (92.3)

20–29.9

8 (10)

24 (27.9)

3 (4.1)

1 (7.7)

30–39.9

37 (46.2)

3 (3.5)

4 (5.4)

0 (0.0)

�40

28 (35.0)

9 (10.5)

3 (4.0)

0 (0.0)

mean (std)

27.5 (5.9)

27.6 (4.5)

29.2 (5.1)

32(4.3)

<30

66 (82.5)

69 (80.2)

55 (74.3)

8 (61.5)

�30

14 (17.5)

17 (19.8)

19 (25.7)

5 (38.5)

0 (0.0)

1 (1.2)

26 (35.1)

11 (84.6)

BMI

Mortality during
hospitalization

Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); COVID-19. Patients included were those admitted for
COVID-19 between Apr 7th, 2020 and Feb 4th, 2021 who had serum 25(OH)D level measured between 14–730 days before the positive COVID-19 test. The most recent
25(OH)D result was used for the purpose of the study.
P values were determined using the Pearson Chi-Square test unless mentioned otherwise.
^ p values were determined using the independent t-test.
‡ P values were determined using the Fisher-Freeman-Halton Exact Test.
§ P values were determined using Kruskal-Wallis Test.
† P values were determined using Mann-Whitney Test.
https://doi.org/10.1371/journal.pone.0263069.t002

While both age and pre-infection vitamin D baseline status are independent predictors of
increased disease severity, further analysis found a significant correlation between vitamin D
deficiency when stratifying patients into three age groups (<50, 50–64, �65) (Fig 3). The
strongest correlation between lower 25(OH)D levels and COVID-19 disease severity was seen
in �50 years old patients (r = – 0.74; p < 0.001 for ages 50–64 years; r = – 0.72; p < 0.001 for
ages �65). In patients under 50 years of age, COVID-19 severity was still correlated with vitamin D deficiency but to a lesser extent (r = – 0.66; p < 0.001). Similar trends were found with
the cosinor model correction (with the mean annual and with the correction for the month
that a person was hospitalized).
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Table 3. 25(OH)D level stratified by COVID-19 disease severity category before and after cosinor correction models for the annual mean as well as each patient’s
date of hospitalization.
No. (%)
Characteristics

COVID-19 disease severity category (WHO)
Mild

Moderate

Severe

p value 2-sided
(between groups)

p value 2-sided
(severe/critical vs. mild/moderate disease)

p < 0.001 §

p < 0.001†

p < 0.001 §

p < 0.001 †

Critical

Pre-infection 25(OH)D level (ng/mL) evaluated 14–730 days before positive COVID-19 test
median

34.2

18.9

11.3

10.0

<20

7 (8.8)

50 (58.1)

64 (86.5)

12 (92.3)

20–29.9

8 (10)

24 (27.9)

3 (4.1)

1 (7.7)

30–39.9

37 (46.2)

3 (3.5)

4 (5.4)

0 (0.0)

�40

28 (35.0)

9 (10.5)

3 (4.0)

0 (0.0)

Predicted 25(OH)D level (ng/mL) annual mean correction based on the cosinor model [Eq 1]
median

36.2

18.1

11.1

10.9

7 (8.8)

46 (53.5)

64 (86.5)

11 (84.6)

20–29.9

11 (13.8)

26 (30.2)

3 (4.1)

2 (15.4)

30–39.9

35 (43.8)

5 (5.8)

4 (5.4)

0 (0.0)

�40

27 (33.8)

9 (10.5)

3 (4.1)

0 (0.0)

<20

Predicted 25(OH)D level (ng/mL) corrected to the hospitalization date based on the cosinor model [Eq 3]
median

36.1

19.4

13.0

11.8

<20

6 (7.5)

52 (60.5)

63 (85.1)

11 (84.6)

20–29.9

12 (15)

18 (20.9)

4 (5.4)

2 (15.4

30–39.9

33 (41.3)

8 (9.3)

4 (5.4)

0 (0.0)

�40

29 (36.3)

8 (9.3)

3 (4.1)

0 (0.0)

p < 0.001 §

p < 0.001 †

§ P values were determined using Kruskal-Wallis Test.
† P values were determined using Mann-Whitney Test.
https://doi.org/10.1371/journal.pone.0263069.t003

Finally, among patients with a BMI <30, 49.5% have a 25(OH)D <20 ng/mL compared to
63.6% among patients with a BMI � 30+ (p = 0.07, 2-sided; p = 0.04, 1-sided). The intensity of the
correlation between BMI and vitamin D deficiency does not indicate a strong correlation (Crammer’V = 0.117). As a result, 25(OH)D was not, and cannot be, used as a surrogate value for BMI.

Discussion
In this retrospective single-institution study, we demonstrate a correlation between insufficient
25-hydroxyvitamin D (25(OH)D) level prior to COVID-19 infection and increased COVID19 disease severity and mortality during hospitalization.
The vital role of vitamin D during the COVID-19 pandemic has been highlighted beyond
its well-known benefit for bone and muscle health as a regulatory component of the innate
and adaptive immune responses during viral infections [21]. Other hallmarks of COVID-19
disease have been linked with vitamin D status, including the cytokine storm that portends
acute respiratory distress syndrome [22, 23]. Several studies demonstrated the association of
vitamin D deficiency in a patient’s history with an increased risk for positive COVID-19 test
results [9]. Existing research has suggested a correlation between low 25(OH)D levels upon
admission as a predictor of poorer COVID-19 disease outcomes [11]. However, a low level of
serum 25(OH)D measured during the acute COVID-19 infection may reflect a consequence of
chronic inflammation rather than an underlying cause [24].
To overcome this possible bias, we followed a previously described methodology of using
the most recent historical vitamin D prior to COVID-19 illness [25]. With this approach, the
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Table 4. Multivariable logistic regression analysis of possible predictors of severe or critical COVID-19 disease among hospitalized patients with a pre-infection
measurement of 25(OH)D level. The multivariable analyses before and after cosinor correction models for the annual mean as well as each patient’s date of hospitalization are shown. This is the final step in the logistic regression (backward elimination).

Mild/moderate Severe/
cases
critical cases
variable

Pre-infection 25(OH)D level (ng/ Predicted 25(OH)D (ng/mL)
mL)
annual mean

Predicted 25(OH)D level (ng/mL)
corrected to the hospitalization
date

Values obtained from patient’s
chart

Values corrected according to
cosinor model (Eq 3)

OR

95%CI

p value

Values corrected according to
cosinor model (Eq 1)
OR

p value

95%CI

OR

p value

95%CI

N

%

N

%

�40

37

92.5%

3

7.5%

baseline

30–39.9

40

90.9%

4

9.1%

1.45

0.29–7.25

p = 0.65

1.23

0.25–6.20

p = 0.80

1.11

0.22–5.48

p = 0.90

20–29.9

32

88.9%

4

11.1%

1.32

0.26–6.78

p = 0.74

1.36

0.29–6.42

p = 0.70

2.48

0.55–11.26

p = 0.24

<20

57

42.9%

76

57.1%

14

4–51

p < 0.001

14.49

4.01–51.73

p < 0.001

12.43

3.52–43.85

p < 0.001

Mean age, years (std)

58.9 (18.9)

1.04

1.02–1.06

p = 0.001

1.04

1.02–1.06

p < 0.001

1.03

1.007–1.05

p = 0.01

1.04–3.97

p = 0.04

2.00

1.02–3.90

p = 0.04

p < 0.001

25(OH)D levels

72.7 (14.3)

p < 0.001
baseline

p < 0.001
baseline

Diabetic
yes

45

50%

45

50%

2.03

no

121

74.2%

42

25.8%

baseline

yes

71

52.6%

64

47.4%

2.01

no

95

80.5%

23

19.5%

baseline

COPD

(/)

Constant

0.004

(/)

baseline
(/)

p < 0.001

0.005

p < 0.001

0.009

0.97–4.14

p = 0.06
p < 0.001

Multivariable logistic regression analysis, backward elimination method. Dependent variable: COVID-19 disease severity (severe or critical vs. mild or moderate). The
variables included in step 1 of this model were age, sex (male), BMI, and presence of chronic obstructive pulmonary disease (COPD), chronic heart failure (CHF),
chronic ischemic heart disease (CIHD), chronic renal failure (CRF), or diabetes. Included are the 25(OH)D levels [Pre-infection 25(OH)D level obtained from patient’s
chart; predicted 25(OH)D annual mean corrected according to cosinor model (Eq 1); and predicted 25(OH)D level (ng/mL) corrected to the hospitalization date
corrected according to cosinor model (Eq 3)]. OR = odds ratio; CI = confidence interval; (/) Removed in the last step of backward elimination.
https://doi.org/10.1371/journal.pone.0263069.t004

vitamin D values obtained assuredly preceded COVID-19 infection and reflect the potential
effect of vitamin D serum status on COVID-19 disease severity and mortality. To further
ensure a high degree of accuracy with regards to 25(OH)D levels preceding the infection date,
we performed our analyses using the pre-infection value as well as predicted values from a
cosinor model, which considers the cycles of serum vitamin D values across the seasons of the
year. The methodologies of use for this cosinor model, based on the sinusoidal pattern of 25
(OH)D values throughout the annum, is described in detail within our Methods section. With
the sine curve, we predicted the 25(OH)D level at patient admission date according to the previous measurements taken at any pre-admission time point. For the purposes of our study, the
relevant unit of time was a month.
For both the pre-infection and cosinor-predicted values for each hospitalization date, we
found that lower 25(OH)D levels were associated with greater disease severity and mortality.
While 48.1% of vitamin D deficient (<20 ng/mL) patients (pre-infection 25(OH)D level) had
severe disease courses, less than 10% of patients with vitamin D levels �20 ng/mL had severe
courses. While the mortality of patients who had 25(OH)D vitamin D levels �20 ng/mL was
5% or lower, the mortality of vitamin D deficient patients (<20 ng/mL) was much higher, at
25.6%.
Older age is associated with both vitamin D deficiency and poorer COVID-19 outcomes.
We performed a multivariable analysis which adjusted for age as a confounder, demonstrating
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Fig 2. Box-and-whisker plots of the most recent pre-infection serum 25(OH)D levels before hospitalization were collected
as a baseline (N = 253). The mean vitamin level was compared between the four categories of COVID-19 disease severity as
determined by the WHO definition (WHO/2019-nCoV/clinical/2020.5). A Kruskal-Wallis test for multiple-category
comparison shows a significant difference between groups p < 0.001. A Mann-Whitney test compared vitamin D mean rank of
two neighboring categories sequentially; mild compared with moderate (mean difference, 12.96 ng/mL; [Rank difference 26.65]
p < 0.001); moderate compared with severe (mean difference, 10.72 ng/mL [Rank difference 23.08]; p < 0.002); Severe
compared with Critical (mean difference, 3.96 ng/mL [Rank difference 6.33]; p = 0.40). The boxes present the range of vitamin
D values within the interquartile range (50% of the cases). The whiskers outside the box mark the most upper and lower values
within 1.5 times the interquartile range. Outliers’ values in each group are represented with empty circles.
https://doi.org/10.1371/journal.pone.0263069.g002

that pre-infection vitamin D deficiency increased the risk of severe COVID-19 disease, at any
group of age. Reduced 25(OH)D levels in younger COVID-19 inpatients may suggest an
increased hospitalization risk due to COVID-19 illness in this group with severely low 25(OH)
D while older patients remain at increased risk of hospitalization for COVID-19, even with
higher levels of the vitamin D deficiency range.
The high percentage of vitamin D deficiency among Israeli Arabs (64.3% of patients with
vitamin D <20 ng/mL) compared with Israeli non-Arabs (35.7% of patients with vitamin D
<20 ng/mL) was consistent with previous research demonstrating high rates of vitamin D deficiency in Arabs, including in Arab American and Arab-European populations [26, 27]. Mechanisms for vitamin D insufficiency among different ethnic groups are subject to investigation
and span across inherited and environmental factors or a combination of both [28, 29]. A
recent study among United Arab Emirates (UAE) residents highlighted the role of host genetics in susceptibility for COVID-19 disease severity via polymorphism of key alleles that participate in the vitamin D metabolism pathway [30]. Potential contributory factors for vitamin D
deficiency among Arabs includes darker skin pigmentation, which decreases dermal vitamin
D synthesis and a preference for conservative dress in some cultures and religious societies,
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Fig 3. Correlation between pre-infection vitamin D deficiency status and COVID-19 disease severity stratified by
three different groups of age (<50, 50–64, �65). The severity of illness (critical, severe, moderate, and mild, as
determined by the WHO definition of COVID-19 disease severity (WHO/2019-nCoV/clinical/2020.5)). The
regression fit for each age group is shown. Values that are more than two SD away from the regression fit to the rest of
the data were omitted from the analysis (applicable for two values appear on <50 yr graph that omitted from
regression fit calculation).
https://doi.org/10.1371/journal.pone.0263069.g003

especially among women, which further decreases skin exposure to light and lower serum vitamin D level [31–33]. A recent study suggested an association between UVA or UVB exposure
to COVID-19 disease severity independent of vitamin D [34].
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The dietary patterns of Israeli Arabs, traditionally low in meat and fish dishes, also play an
essential role in observed low vitamin D levels in this group [35, 36]. Additional potential
causes for low vitamin D among Israeli Arabs may stem from delayed medical attention seeking in community settings, particularly for non-communicable diseases [37]. Potential medical
disparities and late referrals to hospitals after symptoms onset may underlie the higher ratio of
Israeli Arabs to non-Arabs Israelis among critical cases of COVID-19 in our cohort. Altogether, despite the significant propensity for vitamin D deficiency among Israeli Arabs, our
data showed no effect of ethnicity on disease severity and mortality (Tables 1–3).
Preexisting medical conditions, healthcare accessibility, and socioeconomic factors may
contribute to the disproportionate impact of COVID-19 on minority populations worldwide.
A higher rate of COVID-19 positivity among the Black and Hispanic population in the US was
attributed to low circulating vitamin D status but also to other, non-biological factors such as
greater barriers to social distancing [38–40].
There are several important limitations of the study. First, vitamin D deficiency can be
one indication of a wide range of chronic health conditions or behavioral factors that
simultaneously increase COVID-19 disease severity and mortality risks. For example,
COPD is a known risk factor for poorer COVID-19 outcomes with or without concurrent
vitamin D deficiency [41]. Second, patients’ supplementation history was not obtained or
analyzed as part of our research. The use of historical results from community health providers may be influenced by prior vitamin D deficiency correction therapy given due to
low serum levels, the effect of which is difficult to fully deduce. However, our cohort’s
strong correlation between prior vitamin D deficiency and COVID-19 disease outcome
implies that most patients remain with low 25(OH)D values when contracting COVID-19
infection. Third, while our findings have identified an association between pre-infection
vitamin D deficiency and COVID-19 severity, these results do not necessarily imply that
vitamin D treatment will impact COVID-19 outcomes. Therefore, we should remain cautious about overestimating the potential benefit of vitamin D supplementation in improving outcomes of SARS-CoV-2 infection.
Existing literature suggests a potential protective effect of supplemental vitamin D in preventing and treating COVID-19 disease (reviewed in [42]). A published meta-analysis of 43
observational studies analyzing data obtained from 612,601 patients showed that vitamin D
deficiency (defined as 25(OH)D of <20 ng/mL) increases the risk of acute COVID-19 infections compared with concentrations >30 ng/mL (odds ratio [OR], 1.26; 95% confidence interval [CI], 1.19 to 1.34; p < 0.01). One meta-analysis of three randomized controlled trials
(RCTs) and two Quasi-experimental analyzing data obtained from 467 patients has raised
doubt as to whether low vitamin D is associated with an increased risk of acquiring COVID-19
[43]. A more recent placebo-controlled, double-blind RCT tested the effect of calcifediol 25
(OH)D3 treatment in 106 COVID-19 Iranian patients and found that an oral calcifediol treatment resulted in improved immune function with an increased blood lymphocyte percentage
and reduced blood neutrophil-to-lymphocyte ratio compared to the placebo group [44]. An
additional retrospective study found that prescription of calcifediol or vitamin D, 15–30 days
before hospitalization with COVID-19 infections, was found to improved patient survival in a
large retrospective, hospitalized, Andalusian cohort [45]. It should be emphasized that 25(OH)
D represents only one piece of the complex puzzle that is the illness caused by COVID-19 in
addition to underlying comorbidities, genetic predispositions, dietary habits, and geographic
factors. Despite the numerous studies related to 25(OH)D and COVID-19, to date, more welldesigned RCTs are required to address further the potential therapeutic applications of vitamin
D for patients infected with SARS-CoV-2.
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Conclusion
From the early stages of the COVID-19 pandemic, establishing vitamin D deficiency as a risk
factor was the aim of many investigators. It was subject to much debate in the general public
and multiple medical journals [46]. Our study contributes to a continually evolving body of
evidence that suggests a patient’s history of vitamin D deficiency is a predictive risk factor associated with poorer COVID-19 clinical disease course and mortality. The use of historical
results obtained before the COVID-19 pandemic as part of a public health survey enabled us
to suggest vitamin D deficiency contributes to the causal pathway of COVID-19 mortality risk
and disease severity. Our study warrants further studies investigating if and when vitamin D
supplementation among vitamin D deficient individuals in the community impacts the outcome of an eventual COVID-19 episode.
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Kara M, Ekiz T, Ricci V, Kara Ö, Chang KV, Özçakar L. “Scientific Strabismus” or two related pandemics: coronavirus disease and vitamin D deficiency. The British journal of nutrition. 2020; 124: 736–741.
https://doi.org/10.1017/S0007114520001749 PMID: 32393401

12.

Major JM, Graubard BI, Dodd KW, Iwan A, Alexander BH, Linet MS, et al. Variability and Reproducibility
of Circulating Vitamin D in a Nationwide U.S. Population. The Journal of Clinical Endocrinology and
Metabolism. 2013; 98: 97. https://doi.org/10.1210/jc.2012-2643 PMID: 23144464

13.

Wang Y, Jacobs EJ, McCullough ML, Rodriguez C, Thun MJ, Calle EE, et al. Comparing Methods for
Accounting for Seasonal Variability in a Biomarker When Only a Single Sample Is Available: Insights
From Simulations Based on Serum 25-Hydroxyvitamin D. American Journal of Epidemiology. 2009;
170: 88–94. https://doi.org/10.1093/aje/kwp086 PMID: 19406919

14.

Shoben AB, Kestenbaum B, Levin G, Hoofnagle AN, Psaty BM, Siscovick DS, et al. Seasonal Variation
in 25-Hydroxyvitamin D Concentrations in the Cardiovascular Health Study. American Journal of Epidemiology. 2011; 174: 1363–1372. https://doi.org/10.1093/aje/kwr258 PMID: 22112344

15.

Bolland Mark J, Chiu Weldon W, Davidson James S, Andrew Grey, Catherine Bacon, Gamble Greg D,
et al. The effects of seasonal variation of 25-hydroxyvitamin D on diagnosis of vitamin D insufficiency.
The New Zealand medical journal. 2008; 121: 63–74. Available: https://pubmed.ncbi.nlm.nih.gov/
19098949/ PMID: 19098949

16.

Sachs MC, Shoben A, Levin GP, Robinson-Cohen C, Hoofnagle AN, Swords-Jenny N, et al. Estimating
mean annual 25-hydroxyvitamin D concentrations from single measurements: the Multi-Ethnic Study of
Atherosclerosis. The American Journal of Clinical Nutrition. 2013; 97: 1243–1251. https://doi.org/10.
3945/ajcn.112.054502 PMID: 23615830

PLOS ONE | https://doi.org/10.1371/journal.pone.0263069 February 3, 2022

16 / 18

PLOS ONE

Vitamin D level and the severity of COVID-19 disease

17.

Degerud E. Bergen Open Research Archive: Vitamin D status and cardiovascular disease. Observational studies in patients who underwent coronary angiography. In: PhD thesis [Internet]. [cited 10 Sep
2021]. Available: https://bora.uib.no/bora-xmlui/handle/1956/12732

18.

Degerud E, Hoff R, Nygård O, Strand E, Nilsen DW, Nordrehaug JE, et al. Cosinor modelling of seasonal variation in 25-hydroxyvitamin D concentrations in cardiovascular patients in Norway. European
Journal of Clinical Nutrition 2016 70:4. 2015; 70: 517–522. https://doi.org/10.1038/ejcn.2015.200 PMID:
26603883

19.

Woitge HW, Knothe A, Witte K, Schmidt-Gayk H, Ziegler R, Lemmer B, et al. Circannual Rhythms and
Interactions of Vitamin D Metabolites, Parathyroid Hormone, and Biochemical Markers of Skeletal
Homeostasis: A Prospective Study. Journal of Bone and Mineral Research. 2000; 15: 2443–2450.
https://doi.org/10.1359/jbmr.2000.15.12.2443 PMID: 11127208

20.

Levis S, Gomez A, Jimenez C, Veras L, Ma F, Lai S, et al. Vitamin D Deficiency and Seasonal Variation
in an Adult South Florida Population. The Journal of Clinical Endocrinology & Metabolism. 2005; 90:
1557–1562. https://doi.org/10.1210/JC.2004-0746 PMID: 15634725

21.

Mora JR, Iwata M, von Andrian UH. Vitamin effects on the immune system: Vitamins A and D take centre stage. Nature Reviews Immunology. Nature Publishing Group; 2008. pp. 685–698. https://doi.org/
10.1038/nri2378 PMID: 19172691

22.

de Lucena TMC, da Silva Santos AF, de Lima BR, de Albuquerque Borborema ME, de Azevêdo Silva J.
Mechanism of inflammatory response in associated comorbidities in COVID-19. Diabetes & Metabolic
Syndrome: Clinical Research & Reviews. 2020; 14: 597–600. https://doi.org/10.1016/j.dsx.2020.05.025
PMID: 32417709

23.

Evans RM, Lippman SM. Shining Light on the COVID-19 Pandemic: A Vitamin D Receptor Checkpoint
in Defense of Unregulated Wound Healing. Cell Metabolism. 2020; 32: 704–709. https://doi.org/10.
1016/j.cmet.2020.09.007 PMID: 32941797

24.

Smolders J, van den Ouweland J, Geven C, Pickkers P, Kox M. Letter to the Editor: Vitamin D deficiency in COVID-19: Mixing up cause and consequence. Metabolism. 2021; 115: 154434. https://doi.
org/10.1016/j.metabol.2020.154434 PMID: 33217408

25.

Charoenngam N, Shirvani A, Reddy N, Vodopivec DM, Apovian CM, Holick MF. Association of vitamin
D status with hospital morbidity and mortality in adult hospitalized COVID-19 patients. Endocrine practice: official journal of the American College of Endocrinology and the American Association of Clinical
Endocrinologists. 2021;0. https://doi.org/10.1016/j.eprac.2021.02.013 PMID: 33705975

26.

Bassil D, Rahme M, Hoteit M, Fuleihan GE-H. Hypovitaminosis D in the Middle East and North Africa:
Prevalence, risk factors and impact on outcomes. Dermato-endocrinology. 2013; 5: 274–298. https://
doi.org/10.4161/derm.25111 PMID: 24194968

27.

Hobbs RD, Habib Z, Alromaihi D, Idi L, Parikh N, Blocki F, et al. Severe Vitamin D Deficiency in ArabAmerican Women Living in Dearborn, Michigan. Endocrine Practice. 2009; 15: 35–40. https://doi.org/
10.4158/EP.15.1.35 PMID: 19211395

28.

Bouillon R. Genetic and environmental determinants of vitamin D status. The Lancet. 2010; 376: 148–
149. https://doi.org/10.1016/S0140-6736(10)60635-6 PMID: 20541253

29.

Elkum N, Alkayal F, Noronha F, Ali MM, Melhem M, Al-Arouj M, et al. Vitamin D Insufficiency in Arabs
and South Asians Positively Associates with Polymorphisms in GC and CYP2R1 Genes. PLOS ONE.
2014; 9: e113102. https://doi.org/10.1371/journal.pone.0113102 PMID: 25405862

30.

Al-Anouti F, Mousa M, Karras SN, Grant WB, Alhalwachi Z, Abdel-Wareth L, et al. Associations
between Genetic Variants in the Vitamin D Metabolism Pathway and Severity of COVID-19 among UAE
Residents. Nutrients 2021, Vol 13, Page 3680. 2021; 13: 3680. https://doi.org/10.3390/nu13113680
PMID: 34835935

31.

Mishal AA. Effects of different dress styles on vitamin D levels in healthy young Jordanian women. Osteoporosis international: a journal established as result of cooperation between the European Foundation
for Osteoporosis and the National Osteoporosis Foundation of the USA. 2001; 12: 931–935. https://doi.
org/10.1007/s001980170021 PMID: 11804019

32.

al Attia HM, Ibrahim MA. The high prevalence of vitamin D inadequacy and dress style of women in the
sunny UAE. Archives of osteoporosis. 2012; 7: 307–310. https://doi.org/10.1007/s11657-012-0104-1
PMID: 23150183

33.

Oren Y, Shapira Y, Agmon-Levin N, Kivity S, Zafrir Y, Altman A, et al. Vitamin D insufficiency in a sunny
environment: A demographic and seasonal analysis. The Israel Medical Association journal: IMAJ.
2010; 12: 751–756. PMID: 21348404

34.

Ma W, Nguyen LH, Yue Y, Ding M, Drew DA, Wang K, et al. Associations between predicted vitamin D
status, vitamin D intake, and risk of SARS-CoV-2 infection and Coronavirus Disease 2019 severity. The
American Journal of Clinical Nutrition. 2021 [cited 10 Dec 2021]. https://doi.org/10.1093/AJCN/
NQAB389 PMID: 34864844

PLOS ONE | https://doi.org/10.1371/journal.pone.0263069 February 3, 2022

17 / 18

PLOS ONE

Vitamin D level and the severity of COVID-19 disease

35.

Abu-Saad K, Murad H, Lubin F, Freedman LS, Ziv A, Alpert G, et al. Jews and Arabs in the Same
Region in Israel Exhibit Major Differences in Dietary Patterns. The Journal of Nutrition. 2012; 142:
2175–2181. https://doi.org/10.3945/jn.112.166611 PMID: 23096004

36.

Crowe FL, Steur M, Allen NE, Appleby PN, Travis RC, Key TJ. Plasma concentrations of 25-hydroxyvitamin D in meat eaters, fish eaters, vegetarians and vegans: results from the EPIC-Oxford study. Public
health nutrition. 2011; 14: 340–346. https://doi.org/10.1017/S1368980010002454 PMID: 20854716

37.

Muhsen K, Green MS, Soskolne V, Neumark Y. Inequalities in non-communicable diseases between
the major population groups in Israel: achievements and challenges. The Lancet. 2017; 389: 2531–
2541. https://doi.org/10.1016/S0140-6736(17)30574-3 PMID: 28495112

38.

Kaufman HW, Niles JK, Kroll MH, Bi C, Holick MF. SARS-CoV-2 positivity rates associated with circulating 25-hydroxyvitamin D levels. PLOS ONE. 2020; 15: e0239252. https://doi.org/10.1371/journal.pone.
0239252 PMID: 32941512

39.

Cozier YC, Castro-Webb N, Hochberg NS, Rosenberg L, Albert MA, Palmer JR. Lower serum 25(OH)D
levels associated with higher risk of COVID-19 infection in U.S. Black women. PLOS ONE. 2021; 16:
e0255132. https://doi.org/10.1371/journal.pone.0255132 PMID: 34314458

40.

Yancy CW. COVID-19 and African Americans. JAMA. 2020; 323: 1891–1892. https://doi.org/10.1001/
jama.2020.6548 PMID: 32293639

41.

Zhao Q, Meng M, Kumar R, Wu Y, Huang J, Lian N, et al. The impact of COPD and smoking history on
the severity of COVID-19: A systemic review and meta-analysis. Journal of Medical Virology. 2020; 92:
1915–1921. https://doi.org/10.1002/jmv.25889 PMID: 32293753

42.

Grant WB, Lordan R. Vitamin D for COVID-19 on Trial: An Update on Prevention and Therapeutic Application. Endocrine Practice. 2021; 27: 1266–1268. https://doi.org/10.1016/j.eprac.2021.10.001 PMID:
34648940

43.

Rawat D, Roy A, Maitra S, Shankar V, Khanna P, Baidya DK. “Vitamin D supplementation and COVID19 treatment: A systematic review and meta-analysis.” Diabetes & Metabolic Syndrome: Clinical
Research & Reviews. 2021; 15: 102189. https://doi.org/10.1016/J.DSX.2021.102189 PMID: 34217144

44.

Maghbooli Z, Sahraian MA, Jamalimoghadamsiahkali S, Asadi A, Zarei A, Zendehdel A, et al. Treatment With 25-Hydroxyvitamin D3 (Calcifediol) Is Associated With a Reduction in the Blood Neutrophilto-Lymphocyte Ratio Marker of Disease Severity in Hospitalized Patients With COVID-19: A Pilot Multicenter, Randomized, Placebo-Controlled, Double-Blinded Clinical Trial. Endocrine Practice. 2021; 27:
1242–1251. https://doi.org/10.1016/j.eprac.2021.09.016 PMID: 34653608

45.

Loucera C, Peña-Chilet M, Esteban-Medina M, Muñoyerro-Muñiz D, Villegas R, Lopez-Miranda J, et al.
Real world evidence of calcifediol or vitamin D prescription and mortality rate of COVID-19 in a retrospective cohort of hospitalized Andalusian patients. Scientific Reports 2021 11:1. 2021; 11: 1–12.
https://doi.org/10.1038/s41598-021-02701-5 PMID: 34862422

46.

Rubin R. Sorting Out Whether Vitamin D Deficiency Raises COVID-19 Risk. JAMA. 2021. https://doi.
org/10.1001/jama.2020.24127 PMID: 33404587

PLOS ONE | https://doi.org/10.1371/journal.pone.0263069 February 3, 2022

18 / 18

