Systematic Review and Meta-analysis

The Impact of Vitamin D Deficiency on the Severity of
Symptoms and Mortality Rate among Adult Patients with
Covid-19: A Systematic Review and Meta-Analysis

Maisa Hamed Al Kiyumi, Sanjay Kalra', J.S. Davies?, Atul Kalhan®

Department of Family Medicine and Public Health, Sultan Qaboos University Hospital, Muscat, Oman, 'Department of Endocrinology, Bharti Hospital, Karnal, India,
2Department of Endocrinology, University Hospital of Wales, Cardiff, ®Department of Diabetes and Endocrinology, Royal Glamorgan Hospital, Wales, UK

Introduction: We aimed to study the prevalence of vitamin D deficiency (VDD) in patients with COVID-19 infection and evaluate the
impact of vitamin D levels on the severity of symptoms and the case fatality rate. Evidence Acquisition: A comprehensive literature search
was performed up to December 20, 2020, using the following databases: MEDLINE, PubMed, EMBASE, SCOPUS, Web of Science, and
preprint databases (BioRxiv and MedRxiv). Any individual observational study related to the prevalence and impact of vitamin D deficiency/
insufficiency (VDD/VDI) on the severity of COVID-19 symptoms and mortality rates was included. No language restrictions were applied,
and both published and non-published studies were included. Evidence Synthesis: Two of the authors independently performed the literature
search and assessed the eligibility of studies. The quality of studies included was assessed using the Newcastle-Ottawa Scale. Data were
analyzed using the Review Manager Software (version 5) and Comprehensive Meta-analysis Software (version 3). A total of 43 studies were
included with a sample size of 254,963 patients with COVID-19. Pooled analysis showed a higher prevalence of VDD and VDI in patients
with COVID-19 (59.0% and 40.1%, respectively). Moreover, a significant association was noticed between vitamin D levels and severity of
symptoms (odds ratio [OR] = 3.38, 95% confidence interval [CI]: 1.94-5.87, P < 0.0001), as well as the case fatality rate (OR = 2.30, 95%
CI: 1.47-3.59, P < 0.00001). Conclusions: VDD is highly prevalent in patients with COVID-19 infection. Lower vitamin D levels correlate
with disease severity and poor prognosis although most of the data have been derived from moderate-quality observational studies.
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inverse correlation with pro-inflammatory cytokines,
such as interleukin-6 (IL-6) and tumor necrosis factor
o (TNFa), which are the key inflammatory markers
linked to the development of adult respiratory distress
syndrome (ARDS).** The vitamin D-induced upregulation of
cathelicidins and § defensins, which are potent antimicrobial
peptides, is considered to be an important factor in mitigating
the severity of acute respiratory infections.®

INTRODUCTION

There has been renewed interest in the possible role of
vitamin D in the prevention and treatment of acute respiratory
infection in light of the ongoing COVID-19 pandemic.
1,25-hydroxyvitamin D, the active metabolite of vitamin D,
is produced in the kidneys via hydroxylation of the inactive
form, 25- hydroxyvitamin D.[1 1,25-hydroxyvitamin D exerts
its actions by binding to vitamin D receptors (VDRs) that are

nuclear, ligand-dependent transcription factors involved in the
regulation of over 900 genes essential for maintaining a wide
array of physiological functions.!"

Active metabolites of vitamin D have been shown
to stimulate innate as well as acquired immune
responses.?3 Evidence derived from experimental
studies suggests 1,25-hydroxyvitamin D levels have an
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The biological plausibility of the immunomodulatory role of
vitamin D can be extrapolated as one of the important causal
factors linked to an increased incidence of acute respiratory
tract infections in geographic regions with vitamin D
deficiency (VDD) or vitamin D insufficiency (VDI), especially
during the winter months. There is also a higher prevalence
rate of VDD in the elderly, obese, darker skin ethnicities,
and hospitalized patients,’® with these factors emerging as
strong predictors of adverse clinical outcomes in patients with
COVID-19.

A number of epidemiological and observational studies have
reported an inverse correlation between vitamin D levels
and COVID-19 severity and case-fatality rates. Besides, the
seasonal dependence of the COVID-19 pandemic indicates
an inverse correlation with solar ultraviolet dose and thereby
vitamin D production.l'“!"] One of the ecological studies
has underlined higher rates of COVID-19 cases and deaths
in countries such as Italy and Spain, which have an overall
lower mean concentration of 25-hydroxyvitamin D. In
contrast, countries, such as Finland and Norway, which have
implemented a vitamin D food fortification policy, have
reported a significantly lower number of COVID-19 cases
and deaths.!'?

An analysis of 186 patients with COVID-19 confirmed an
inverse correlation between vitamin D levels and disease
severity based on radiological findings.l'" A similar finding
was confirmed by another large retrospective population-based
study that substantiated a 1.6% lower risk for SARS-CoV-2
positivity with each increment of 1 ng/mL of vitamin D level.l']
In contrast, a study based on participants recruited from the UK
Biobank did not observe any association between VDD and the
risk of developing COVID-19 in a multivariate analysis.!'>!®!
However, these findings might be influenced by the fact that
the COVID-19 polymerase chain reaction (PCR) test results
were available only in 1,474 of the 348,598 individuals
recruited, resulting in underestimation of the true prevalence
of COVID-19 in this cohort.[""! In addition, the results of this
study need to be interpreted cautiously, as the baseline vitamin
D levels of biobank participants were measured over a decade
ago (2006-2010).115:161

A meta-analysis of 11,321 participants supported the benefit
of vitamin D supplements in preventing acute respiratory tract
infections, although uncertainty exists about the generalization
of these observations to patients with COVID-19 as well.['”)
Overall, it is biologically plausible that active metabolites
of vitamin D levels have an impact on COVID-19 disease
severity although the evidence that has emerged so far from
observational studies has been conflicting and of moderate
quality.

We have carried out this systematic review and meta-analysis
to ascertain the prevalence of VDD in patients with
COVID-19. We have also evaluated whether there is any
correlation between vitamin D levels with disease severity and
case-fatality rate in adult patients with COVID-19.

Evidence acquisition

Study design

A systematic review and meta-analysis of observational
studies (cross-sectional, cohort, case—control studies, and case
series) related to the prevalence of VDD/VDI in patients with
COVID-19 and the association of low vitamin D levels with
disease severity and mortality rates in patients with COVID-19
were conducted. The PRISMA guidelines were followed in this
study.!'®! This systematic review is registered at PROSPERO
NIH; registration number is CRD42020196502.

Search strategy

A literature search was conducted using the following
databases: MEDLINE, PubMed, EMBASE, SCOPUS, Web
of Science, and preprint databases (BioRxiv and MedRxiv).
Moreover, manual searching for references that were cited
in the retrieved articles was performed and the authors were
contacted if deemed necessary. The literature search was
carried out until December 20, 2020. Search terms included
“Vitamin D” or “25-hydroxyvitamin D” or “25-OH vitamin
D” and “coronavirus” or “SARS-CoV-2" or “COVID-19.”

Inclusion and exclusion criteria

Inclusion criteria included i) any individual observational
studies (prospective or retrospective) related to the prevalence
and impact of VDD/VDI on the symptoms severity of
COVID-19 and mortality rates, ii) adult human studies, and iii)
published and unpublished. Notably, no language restrictions
were applied in this review.

Exclusion criteria included 1) in vitro studies, ii) experimental
studies, iii) ecological studies, review articles, case reports,
and editorial articles unless they contain information relevant
to the unpublished studies, and iv) studies performed on the
pediatric population.

Primary outcomes

The three primary outcomes in the current review include
i) the prevalence of VDD/VDI in patients with COVID-19,
measured by determining the number of events in three
sub-groups: subgroup A: VDD <20 ng/mL, subgroup B: VDI:
20-30 ng/mL, and subgroup C: normal vitamin D >30 ng/mL)
in patients with COVID-19; ii) the severity of COVID-19,
which is defined by the number of patients with COVID-19 (3
subgroups: A: VDD, B: VDI, and C: normal range) who
required admission to intensive care units (ICU) and/or
required invasive oxygen therapy or ventilatory support or
developed acute respiratory distress syndrome (ARDS) or
severe radiological changes; and iii) the case-fatality rate,
measured by dividing the number of deaths that occurred in
recruited participants by the total sample size.

Data extraction

Two of the authors independently performed the literature
search (title and abstract) and assessed the eligibility of studies.
Studies that fulfilled the inclusion criteria were included in the
current systematic review. Any disagreements between the
assessments were resolved by consensus.
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The following data were retrieved from the eligible studies:
author names and year of publication, country, study design,
sample size, the mean age of recruited subjects, the cut-off
value of VDD/VDI, odds ratio (OR) for dichotomous data,
and mean for continuous variables, confidence intervals,
P value, and summary of findings. Notably, any adjustment
for confounders (i.e., comorbidities) was reported.

Quality assessment

Two of the authors independently evaluated the quality of
included studies using the Newcastle-Ottawa Scale (NOS)
for case—control and cohort studies.["”’ Moreover, the modified
NOS was used to assess the quality of cross-sectional
studies.?” NOS is a reliable and validated tool that assesses
three essential parameters of observational studies: selection,
comparability, and outcome ascertainment.l'! It is scored
from 0 to 9 for case—control and cohort studies and 0 to 10
for cross-sectional studies. Generally, a score of less than 5
indicates a high risk of bias. Any disagreement between the
authors was resolved by consensus.

Evidence synthesis

Statistical analysis

Data from the meta-analysis were analyzed using the
Review Manager Software (version 5) and Comprehensive
Meta-analysis Software (version 3). Pooled data were presented
as the events rate for the prevalence of VDD/VDI in patients
with COVID-19 and the OR was reported for the association
between VDD/VDI and disease severity and mortality.
Findings that were reported as the median and interquartile
range in some of the included studies were converted to the
mean and standard deviation and another pooled analysis
of mean vitamin D level (ng/mL) and severity of symptoms
of COVID-19 was produced.?!! A P value of less than 0.05
was considered statistically significant. Sensitivity analysis
was performed to evaluate the effects of individual studies
on overall pooled results and heterogeneity. Furthermore,
publication bias was assessed using the funnel plot and Egger’s
regression intercept.

Heterogeneity between studies was assessed using the /2
statistics. A value of >25% indicates considerable heterogeneity
between studies. The random-effects model was used in the
current analysis in view of a wide range of studies included
and we intended to generalize the findings beyond the current
sample.?

Ethical approval
The work was completed in partial fulfilment of an MSc in
endocrinology from the University of South Wales, UK

ResuLts

Following a thorough search in the aforementioned databases,
7,106 references were initially retrieved, of which 63 studies
were eligible after removing the duplicates and reviewing
the titles and abstracts. Forty-three studies were included
in the systematic review after full-text assessment (39 were

published studies and 4 studies were at a preprint stage.?3-26]
Figure 1 depicts the PRISMA flow diagram of study selection.
The sample size of the studies included ranged from 10 to
191,779, with 254,963 participants with COVID-19. For the
meta-analysis, studies conducted in the UK Biobank!!516:23-2427]
were excluded because vitamin D testing was performed
a decade ago. Additionally, other studies that included
patients with VDD who were tested during the preceding 5
to 10 years prior to COVID-19 diagnosis were excluded from
the meta-analysis.?®*] Twenty-nine studies addressed the
prevalence of VDD/VDI in patients with COVID-19, whereas
17 studies identified the association between VDD/VDI and
severity of symptoms and mortality rate. Table 1 summarizes
the characteristics of studies included in the systematic review.

Prevalence of VDD)/VDI in patients with COVID-19

There were different cut-off values for VDD and VDI
among the recruited studies. A cut-off value <20 ng/mL
was used to define vitamin D deficiency in the majority of
Studies,[l3’l4’31’33’34’36’38’39’41’43’44’46_48’53’54’57’58’61] Whereas Vitamin
D deficiency was defined in five studies*¢-34645611 if the level
was <30 nmol/L, which is equivalent to 12 ng/mL and <25
nmol/L in another study.®® Moreover, Lau et al. (2020),
Maghbooli et al. (2020),*) Ferrari et al. (2020),°" and
Abdollahi et al. (2020)% used a cut-off value <30 ng/mL to
define VDI, which therefore also included those with VDD. For
the sake of this meta-analysis, we included these studies in the
insufficiency group. Furthermore, Radujkovic et al. (2020),5
Panagiotou et al. (2020),1?! and Pizinni (2020)53?! defined
VDI as a level <50 nmol/L, which is equivalent to <20 ng/
mL. For consistency with other studies, we categorized this
cut-off value as VDD. In addition, the study conducted by
D’Avolio et al. (2020)B% did not report any event rates of
VDD/VDI among patients with COVID-19, and data were
presented by inter-quartile range. However, the author was
contacted via email and the events rate was provided. Also,
Abrishami et al.® defined VDD if the level is less than
25 ng/mL. Lastly, the cut-off value to define VDD was not
mentioned in the two studies and therefore excluded from the
meta-analysis.”®* With the exception of a study conducted
by Meltzer et al. (2020),2" no studies accounted for the
possibility of vitamin D treatment initiation or adjustment
after testing in defining VDD/VDI. Meltzer et al. (2020)B"
labeled patients as likely to be vitamin D deficient if they
had low vitamin D (<20 ng/mL) and there was no increase
in the dose of vitamin D treatment after testing. Although
observational studies on the pediatric population were
excluded from the current analysis, recruited individuals in
a population study by Merzon et al. (2020)% ranged in age
from 2 months to 103 years. However, only a minority (6%)
were aged between 0 and 20 years and we believe that such
a low percentage will not affect our findings. Similarly, 4%
of recruited participants were under the age of 18 years in
another study.® Furthermore, SARS-CoV-2 PCR testing was
performed to confirm COVID-19 in the majority of the studies
with the exception of one study that identified the association
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Figure 1: PRISMA flow diagram showing the study selection

between VDD and positive seroconversion of COVID-19.(61
For the sake of consistency in the method used to diagnose
COVID-19, this study was excluded from our meta-analysis.
The pooled analysis underlined a higher prevalence of VDD
and VDI in patients with COVID-19 (59.0% and 40.1%,
respectively). Figure 2 shows the forest plot of the events rate
of VDD/VDI in patients with COVID-19.

VDD/VDI and the severity of symptoms (outcomes) in
patients with COVID-19

Two analyses were carried out to determine the association
between VDD/VDI and severe outcomes in patients with
COVID-19. Subjects were divided into the following groups:
la) COVID-19 and VDD (ordinary outcome/mild), 1b)
COVID-19 and VDD (severe outcome), 2a) COVID-19
and VDI (ordinary outcome/mild), 2b) COVID-19 and VDI
(severe outcome).

Considerable differences were found when defining the criteria
of the severity of COVID-19 within the included studies.
As mentioned above, any patients with COVID-19 who
developed ARDS, severe radiological changes, or required
ICU admission or invasive oxygen therapy or ventilator
support, were considered to have severe COVID-19. Smet
et al. (2020)1"3! determined the association between VDD and
severity of COVID-19 using radiological changes on computed

tomography (CT) chest. Patients were sub-categorized into
three groups, with the third group indicating a more progressive
and advanced stage. In our meta-analysis, group three was
considered a severe outcome, whereas group one was included
under the ordinary/mild category. Similarly, Abrishami
et al. (2020)1 used the radiological worsening of the lungs
as an indicator of severe outcome. Also, in studies conducted
by Carpagnano et al. (2020)% and Kerget et al. (2020),5%
patients who developed ARDS or were admitted to an ICU,
respectively, were analyzed under severe outcomes. In a study
conducted by Baktash et al. (2020),1**] patients who required
ventilator support and a high dependency unit admission were
included in the severe category. Finally, in a study conducted
by Karonova et al.,B7 the authors were contacted for more
information regarding the criteria used to define severe
cases of COVID-19 and it was stated that severe cases were
those who were admitted to the ICU. In accordance with the
definition of severe outcome in the present study and given
the inadequate information about the severity of COVID-19
among hospitalized patients in a population-based study
conducted by Merzon et al. (2020),1”! the hospitalization rate
was not considered as a severe outcome and not included
in the current analysis. Besides, only 31.06% of recruited
subjects had SARS-CoV-2 PCR testing in a study conducted
by Maghbooli ez al. (2020),*! which might have affected the
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Study name Subgroup within study Statistics for each study Event rate and 95% CI
Event Lower  Upper
rate limit limit Z-Value p-Value
Melizer, 2020 VDD 0451 0340 0567  -0820 0407
Carpagnano,2020 VDD 0548 0397 0690 0616 0538
Faul,2020 VoD 0384 0219 0537  -1546 0122
Smet, 2020 VoD 058 0514 0655 2335 0020
Karonova 2020 VDD 0713 0604 0801 3674 0000 E 3
Merzon 2020 VoD 0134 0112 0160 -17769  0.000 ]
Pinzon2020 VDD 0800 053 098 2084 0037 —T+
Panagiotou,2020 VDD 0638 0560 0708 3433 0001 B
Bakiash2020 VDD 0557 0440 0668 0954 0340 -
DAvolio, 2020 VDD 0741 0547 0871 2391 0017 —-
1m,2020 voD 0760 0623 0858 3481 0000 -t
Tort 2020 voD 0680 0607 0746 4617 0000 ]
Radujkovic, 2020 VDD 0638 0568 0704 3700 0000 B
Pizinni, 2020 voD 0532 0438 0624 0670 0503
Macaya2020 VDD 0563 0453 0667 1115 0265
Ye,2020 VoD 0419 0304 0545  -1264 0206
Lu0,2020 VoD 0651 0598 0700 5430 0000 B
Jain 2020 VoD 0584 0505 0680 2085 0037
Hernandez,2020 VDD 0822 0763 0870 8220 0000 ||
Abrishami 2020 VDD 0411 0304 0527 1513 0130 IH
Cereda2020 VDD 0767 0687 0832 5729 0000 B
Ling 2020 VoD 0378 0318 0443  -3655 0000 | ]
Vassiiou2020 VDD 0800 0621 0907 3037 0002 —
Anjum 2020 voD 0420 0340 0512  -1684 0092 E
Gongalves2020 VDD 0650 0588 0725 4146 0000 ]
Karahan2020 VDD 0601 0613 0760 4546 0000 E
0590 0501 0674 1.977 0.048 ‘
E -1.00 -0.50 0.00 0.50 1.00
Study name Subgroup within study Statistics for each study Event rate and 95% CI
Event Lower Upper
rate limit limit Z-Value p-Value
Carpagnano,2020 VDI 0.262 0.151 0414 -2.952 0.003 .—
Karonova2020 VDI 0200 0126 0302 4960 0000 .-
Merzon2020 VDI 0765 073 0793 13981 0000 .
Pinzon 2020 voi 0100 0014 0467 2084 0037 -
DAvolio, 2020 VDI 0074 0019 0252 3437 0001 |
Tort, 2020 VDI 0.279 0.217 0.351 -5.583 0.000 .
Ye,2020 Vol 0419 0304 0545 1264 0206 -.-
Vassiiou2020 VDI 0200 003 0379 3037 0002 -.—
Karahan2020 VDI 0228 0168 0302 6242 0000 .
Lau,2020 voi 0750 052 082 2127 0033 —.—
Ferrari 2020 voi 0789 0710 0851 6089 0000 .
Abdollahi 2020 VDI 0806 0745 0855 7984 0000 .
0401 023 0588 1039 0209 ’
-1.00 -0.50 0.00 0.50 1.00
Favours A Favours B
mMeta Analysis

Figure 2: : Forest plot of event rates of: (a) vitamin D deficiency (VDD), and (b) vitamin D insufficiency (VDI) in patients with COVID-19

overall validity of the results. Therefore, we decided to exclude
this study from our analysis. The pooled analysis revealed a
significant association between VDD/VDI and the severity of
symptoms in patients with COVID-19 (OR = 3.38, 95% CI:
1.94-5.87, P < 0.0001). Figure 3a shows the forest plot of
VDD/VDI versus normal vitamin D and severity of symptoms
of COVID-19 (composite outcomes).

Moderate heterogeneity was noted (7# = 67%). On sensitivity
analysis, three studies!***% were the main reasons for
heterogeneity, and the heterogeneity test (I score) dropped
to 12% (low level of heterogeneity) when these three studies
were omitted from the analysis and the effect size was still
significant (OR: 2.51, CI: 1.79-3.52, P value <0.00001).
Another pooled analysis revealed significantly lower mean
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Severe outcome

Study or Subgroup _ Mean [ng/mL] SD [ng/mL] Total Mean [ng/mL] SD [ng/mL] Tolal Weight IV, Random, 95% CI

Test for overall effect: Z= 4.31 (P < 0. 0001)
Test for subaroup differences: Chi*=1.31, df=1 (P =0.25), F=

mild outcome

23.7%

Mean Difference

01 10
Favours Normal VD  Favours VDDAVDI

Mean Difference
IV, Random, 95% CI

VDD Normal VD Odds Ratio Odds Ratio
Study or Subgroup  Events Total Events Total Weight M-H, R 95% CI M-H, R 95% CI
1.1.1 VDD versus normal VD and severity of symptoms of COVID-19
Hernandez 2020 11 162 27 3%/ 75% 0.64 [0.27,1.52) m—l
Im 2020 4 38 1 12 36% 1.29(0.13,12.84) ]
Smet 2020 53 109 32 77 83% 1.33(0.74, 2.40) =
Macaya 2020 20 45 " 3%/ 7.3% 1.75[0.69, 4.40) -
Abrishami 2020 14 30 14 43 7.2% 1.81[0.69, 4.73] e p——
Luo 2020 61 218 13 117 82% 3.11[1.63,5.94) E——
Carpagnano 2020 22 23 7 8 26% 3.14(0.17,57.08)
Panagiotou 2020 35 102 8 58 7.5% 3.26 [1.39, 7.65) e
Cereda 2020 5 99 0 30 26% 3.55(0.19, 66.07)
Ye 2020 8 26 1 10  3.7% 4.00(0.43,37.11) —
Baktash 2020 12 39 3 3 5.9% 4.15(1.05,16.34] TR
Radujkovic 2020 20 118 2 67 55% 6.63 [1.50, 29.34)
Karonova 2020 22 57 0 7 26% 9.51[0.52,174.70]
Faul 2020 9 12 3 21 4.7% 18.00(3.01,107.72) _—
Jain 2020 61 90 2 64 56% 65.21 [14.91, 285.26) s——ep
Karahan 2020 95 103 0 12 2.6% 280.88(15.26,5168.78) _F
Subtotal (95% CI) 1271 627 853% 3.84[2.08,7.10] -
Total events 552 124
Heterogeneity: Tau®= 0.94; Chi*= 55.45, df= 15 (P < 0.00001); F=73%
Test for overall effect: Z= 4.29 (P < 0.0001)
1.1.2 VDI versus normal VD and severity of symptoms of COVID-19
Ye 2020 1 26 1 10  26% 0.36[0.02, 6.38] —
Carpagnano 2020 8 1" 7 8 32% 0.38 [0.03, 4.55] T
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Total events 30 10
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Figure 3: (a) Forest plot: Vitamin D deficiency/insufficiency versus normal vitamin D and severity of symptoms of COVID-19 (composite outcomes).
(b) Pooled analysis of mean vitamin D level (ng/mL) and severity of symptoms of COVID-19

levels of vitamin D in patients with COVID-19 who had
severe symptoms when compared to those with mild/
ordinary outcomes (standardized mean difference: —6.85,
CIL: —9.43— —4.27, P value <0.00001, » = 96%). Figure 3b
illustrates the pooled analysis of mean vitamin D level
(ng/mL) and severity of symptoms of COVID-19.

Additional sub-analysis between VDD and individual
outcomes revealed a significant association between VDD
and mechanical ventilation (OR: 2.73, CI: 1.55-4.82,
Pvalue <0.001, 2= 0%), radiological worsening (OR: 1.60, CI:
1.03-2.48, Pvalue=0.04, > = 0%), ICU admission (OR: 5.73,
CI: 3.48-9.45, P value < 0.001, I = 72%) and ARDS
development (OR: 11.27, CI: 2.63—48.26, P value = 0.001,
I*=1%). The forest plot of VDD/VDI versus normal vitamin D
and severity of symptoms of COVID-19 (individual outcomes)
can be found in the Supplementary Figure 1.

VDD/VDI and the case fatality rate in patients with
COvID-19

Seventeen studies assessed the association between VDD/VDI
and case fatality rate [!3343537-44.46.48.51.54.56.581 A gignificant
association was observed between the pooled effects of
VDD/VDI and case fatality rate (OR = 2.30, 95% CI: 1.47—
3.59, Pvalue <0.00001). Pooled analysis of VDD/VDI and case
fatality rate in patients with COVID-19 is depicted in Figure 4.
A moderate level of heterogeneity, although not significant,
was noted (» = 36%, P value = 0.06). Notably, sensitivity
analysis showed a persistently significant association between
low vitamin D level and case fatality rate when two studies
conducted by Jain et al. (2020)* and Karahan et al. (2020)®
were omitted from the analysis (OR = 1.87,95% CI: 1.27-2.76,
P value = 0.002) and the heterogeneity test (*) dropped from
36% to 18%.
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VDDNDI Normal VD Odds Ratio Odds Ratio
Study or Subgroup _ Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
3.1.1 VDD versus Normal VD and case fatality in patients with COVID-19
Abrishami 2020 8 30 4 43  67% 3.55(0.96,13.13)
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Baktash 2020 6 39 3 3 5.8% 1.70(0.39,7.41) R E—
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Vassiliou 2020 5 15 0 15  1.9% 16.24 [0.81, 325.88] —F
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Total events 270 56
Heterogeneity: Tau®= 0.44; Chi*= 28.61, df= 15 (P = 0.02); F= 48%
Test for overall effect: Z=3.19 (P = 0.001)
3.1.2 VDI versus normal VD and case fatality in patients with COVID-19New Subgroup
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Figure 4: Pooled analysis of vitamin D deficiency/insufficiency and case fatality rate in patients with COVID-19

Pooled analysis of adjusted Odds ratio et al. (2020),*4 Cereda et al. (2020),*3 Radujkovic

Three, 1328401 fiye, 37414446591 and four studies>3753% studies
that adjusted for confounders were included in the pooled
analysis of VDD and risk, the severity of symptoms, and
mortality rate of patients with COVID-19, respectively. Pooled
analysis of the adjusted OR can be found in Supplementary
Figure 2a-c and revealed a significant association between
VDD and COVID-19 risk (adjusted OR: 1.971, CI: 1.68-2.3,
Pvalue=0.000), the severity of symptoms (adjusted OR: 2.673,
CI: 1.62-4.41, P value = 0.000), and mortality rate (adjusted
OR: 1.555, CI: 1.09-2.21, P value = 0.014). Notably, using a
fixed-effect model in view of the small number of studies that
adjusted for confounders makes inferences about the general
population challenging.??!

Quality of studies

The quality of the included studies was limited by the following
factors: 1) with the exception of the studies conducted by Im
et al. (2020),B4 Jain et al. (2020), Cereda et al. (2020),5
Vassiliou et al. (2020),5* Bakshat et al. (2020),[¥1 Radujkovic
etal. (2020),59 Anjum et al. (2020),5% Pizinni et al. (2020),5%
and Kerget et al. (2020),5? all the included studies were of
retrospective design; ii) in the majority of studies, it was not
clear how subjects were invited and recruited, which therefore
predisposed the findings to selection bias; iii) with the exception
of studies conducted by Smet et al. (2020),['! Kaufman
etal. (2020),!') Hastie ez al. (2020),!'>'®! Darling et al. (2020),*!
Li et al. (2020),2Y Raisi-Estabragh et al. (2020)," Katz
et al. (2020),*% Israel et al. (2020),2) Meltzer et al. (2020),3"
Macaya et al. (2020),“" Ye et al. (2020),*"! Hernandez

etal. (2020),5% Luo et al. (2020),¢ Abrishami et al. (2020),5
Merzon et al. (2020),49 Karonova et al. (2020),57 and Ling
et al. (2020), no adequate adjustment for confounding
factors such as body mass index (BMI), comorbidities, and
socioeconomic status was performed. A detailed quality
assessment of the included studies is depicted in Table 1.

Publication bias

Egger’s regression intercept analysis was carried out for the
two meta-analyses (severity of symptoms and case fatality
rate). It revealed a non-significant risk of publication bias for
the association between low vitamin D level and severity of
symptoms (P-value: 0.071). However, the risk of publication
bias was significant for the association between low vitamin
D level and mortality rate (P-value: 0.023). Figure 5 illustrates
the funnel plots and Egger’s regression intercept.

Discussion

The results of our meta-analysis support a high prevalence of
VDD/VDI in patients with COVID-19. Besides, a significant
association was illustrated between VDD/VDI and severity
of symptoms and case fatality rate among patients with
COVID-19.

The results of a meta-analysis by Zhou et al. (2019)1? suggest an
inverse correlation between VDD and the risk of development
of community-acquired pneumonia (CAP),*? although one can
argue that these findings cannot be generalized for infection
caused by this novel coronavirus (SARS-CoV-2). Preliminary
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Figure 5: Funnel plots and Egger’s regression intercept: A. VDD/VDI
and severity of symptoms. B. VDD/VDI and mortality rate, in patients
with COVID-19

evidence from epidemiological studies published so far
suggests an inverse correlation between vitamin D levels and
risk of symptomatic COVID-19 infection. Another ecological
analysis underlined the higher vulnerability to COVID-19
infection in populations with lower vitamin D levels.l”] Low
vitamin D levels were also observed to be an independent
predictor of COVID-19 risk in multivariate analyses conducted
by Meltzer et al. (2020)5Y (relative risk [RR]=1.77, P<0.02)
and Merzon et al. (2020)M (OR: 1.50, P=0.001). The possible
mechanisms of such an association could be ascribed to the
immunomodulatory role of vitamin D. Notably, individuals
with low vitamin D levels have a reduced concentration of
vitamin D receptors (VDRs) and antimicrobial peptides, which
increases their susceptibility to bacterial and viral infections.[¥

Our analysis identified a significant association between low
vitamin D levels (VDD/VDI) and the severity of COVID-19
symptoms. Emerging evidence points toward the cytokine
storm as the main drive for ARDS and a severe course of
COVID-19.[%5:1 The cytokine storm involves the release of
increased amounts of pro-inflammatory cytokines (interleukin
IL-1B, IL-6, IL-12, interferon-y) and chemokines (CXCL10
and CCL2), which trigger the systemic inflammatory response.
Besides, being a potent immune modulator of different immune
cells, vitamin D is associated with the down-regulation of some
important cytokines, such as IL-6 and TNF-o, which play

an essential role in the development of cytokine storm.!¢¢!
Therefore, low vitamin D levels impair the down-regulation of
these inflammatory cytokines and potentially contribute to the
development of ARDS. Vitamin D receptors are richly expressed
in the lungs and shown to protect against sepsis-induced
lung injury by inhibiting the angiopoietin-2-TEK receptor
tyrosine kinase-myosin light-chain kinase pathway. In animal
models, 1,25 hydroxyvitamin D has been shown to attenuate
lipopolysaccharide (LPS)-induced lung damage by modulating
the renin-angiotensin system (RAS).*”! Vitamin D has been
shown to induce ACE2/angiotensin axis activity and increase
the level of ACE2 in comparison to ACE1, which thereby
attenuates angiotensin II-mediated vasoconstriction and lung
injury.[¢8]

Also, vitamin D promotes autophagy, which is an essential
biological process in maintaining cellular hemostasis and
enhancing the antiviral environment.l? Besides, some
evidence suggests that vitamin D enhances the production
of lung surfactants, which are essential in maintaining the
integrity of alveolar—air interface and thereby gas exchange
in the lungs." A summary of the postulated mechanisms of
action of vitamin D on COVID 19 is depicted in Supplementary
Figure 3.

The increased case-fatality in COVID-19 has been attributed to
the development of ARSD due to a cytokine storm apart from a
pro-thrombotic state. The mechanistic basis of the contribution
of lower vitamin D levels to a pro-inflammatory and acute
lung injury remains a plausible hypothesis. The results of our
meta-analysis suggest a significant association between VDD/
VDI and the case fatality rate in COVID-19 patients, which
remains significant even after adjusting for some confounders.
However, given the small sample sizes of the included
observational studies that addressed the case-fatality rate and
vitamin D status in patients with COVID-19 and the significant
risk of publication bias, it is prudent to interpret these findings
cautiously. Nonetheless, Ilie et al. (2020)7" found a negative
correlation between the mean vitamin D level and mortality
rate from COVID-19 in 20 European countries. Although most
of the evidence related to VDD/VDI and case fatality rate in
patients with COVID-19 is driven from ecological studies,
these results are subject to the ecological fallacy and cannot,
therefore, be applied on an individual level.

Implications

This systematic review will add supplementary evidence to the
existing dataset about the relationship between vitamin D levels
and viral respiratory illness. We believe that our meta-analysis
comprehensively summarizes the available data on the
relationship between VDD/VDI and the severity of COVID-19
symptoms and mortality rate. Considering the availability and
safety of vitamin D supplements at the required doses, local
guidelines need to be followed to prevent VDD. For example,
the UK government advises all people to consider taking 10
micrograms (400 IU) of vitamin D supplements daily during
the COVID-19 pandemic to maintain their musculoskeletal
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health, especially if they spend most of their time indoors.["
However, it is debatable if such an approach will mitigate the
severity of symptoms in patients with COVID-19 as perhaps
a higher prophylactic dose of vitamin D is needed to provide
immunomodulatory benefits.

Limitations

Our study is subject to several limitations. First, most of the
studies included were retrospective observational designs that
may impede the inference of a causal relationship. It was not
clear whether low vitamin D level predisposes patients to an
increased risk of severe COVID-19 or the low vitamin level is a
consequence of COVID-19. However, applying Hill’s criterial’
to the causality reveals a consistent and strong association
between VDD and COVID-19 severity.[!3:35-3739424346-481 A]g0,
the temporal precedence of vitamin D testing in several
studies!!*314041] with the exception of one study®? in which
testing was done at 8§ weeks post-infection, increases the
probability of the low vitamin D level being a factor in
increasing the severity of COVID-19. Second, the SARS-CoV-2
positivity based on PCR testing in the large population-based
studies is only considered as a precursor for COVID-19
disease and many people with a positive test do not develop the
disease.'*4 Second, moderate heterogeneity was noted, which
implies a cautious interpretation of our findings. However,
the heterogeneity test (/) dropped from 67% to 12% and the
results were still statistically significant, when sensitivity
analysis of the association between VDD/VDI and COVID-19
severity of symptoms was performed. Third, different cut-off
values were used to define VDD, VDI, and normal vitamin
D levels. However, we believe that the cut-off values used
in this study had correctly combined the majority of studies.
Fourth, a considerable number of studies lacked any adjustment
for confounding factors, which might have influenced the
overall results. Besides, the lack of the seasonality adjustment
of vitamin D level in the majority of studies is an important
factor that might have impacted our findings. However, a
large population-based study substantiated a strong inverse
association between vitamin D level and positivity for
SARS-CoV-2 testing even after adjustment for seasonality effect
on vitamin D level.!"! Fifth, different criteria for the severity
of symptoms were used, which might also affect our findings.
However, a separate analysis of each severity outcome was done
and revealed similar results [Supplementary Figure 1]. Sixth,
the relatively small sample size of some studies might have
overestimated the true association between vitamin D levels and
COVID-19. Seventh, we acknowledge that the methods used
for vitamin D testing might affect the accuracy of vitamin D
levels across different studies. Eighth, only a few studies in this
systematic review were population-based!!#!16232427.2940 gn{ the
majority were conducted on hospitalized patients, which could
inevitably affect the generalizability of our findings.

Future directions

Ongoing clinical trials should provide further clarity regarding
these preliminary results, which suggest an inverse correlation
between vitamin D levels and COVID-19 disease severity.

ConcLuSIONS

Vitamin D deficiency and/or insufficiency are relatively
common in patients with COVID-19. A considerable amount
of evidence indicates an inverse correlation between vitamin
D levels and COVID-19 related clinical outcomes, including
the case-fatality rate although most of the data so far have
been derived from medium-quality observational studies.
The ongoing, well-structured prospective clinical trials
with a larger sample size should provide further evidence
if prophylactic or therapeutic intervention with vitamin D
improves COVID-19-related clinical outcomes.
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Experimental Control Odds Ratio Odds Ratio
Study or Subgroup  Events  Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
6.1.1 VDD versus normal VD and ICU admission
Cereda 2020 5 99 0 30 1.0% 3.55(0.19, 66.07)
Hernandez 2020 44 162 6 35 10.4% 1.80[0.70, 4.64] —_—
Jain 2020 61 90 2 64 1.1% 65.21[14.91,285.26) e
Karonova 2020 22 57 0 7 08% 9.51[0.52,174.70] s
Macaya 2020 6 45 1 35 1.4% 5.23 [0.60, 45.65) =
Panagiotou 2020 35 102 8 58 9.7% 3.26 [1.39, 7.65) .
Subtotal (95% CI) 555 229 24.4% 5.73 [3.48, 9.45] <>
Total events 173 17
Heterogeneity: Chi*= 18.09, df=5 (P = 0.003), F=72%
Test for overall effect: Z= 6.84 (P < 0.00001)
6.1.2 VDI versus normal VD and ICU admission
Karonova 2020 3 16 0 7 08% 3.89(0.18,85.87)
Lau 2020 1 15 2 5 1.2% 4.13[0.49, 34.50] =
Subtotal (95% Cl) 31 12 1.9%  4.03[0.68,23.84] ——=T T
Total events 14 2
Heterogeneity: Chi*= 0.00, df=1 (P = 0.98), F= 0%
Test for overall effect: Z=1.54 (P=0.12)
6.1.3 VDD versus normal VD and Mechanical Ventilation
Baktash 2020 12 39 3 3 3.3% 4.15[1.05,16.34) =
Hernandez 2020 37 162 6 35 11.0% 1.43[0.55,3.71] _r
Im 2020 4 38 1 12 2.0% 1.29(0.13,12.84) —
Luo 2020 13 218 3 117 53% 2.41[0.67,8.63] SpE———
Radujkovic 2020 20 118 2 67  31% 6.63[1.50,29.34]
Ye 2020 5 26 0 10 0.8% 5.37 (0.27,106.57] +
Subtotal (95% ClI) 601 272 25.5% 2.73[1.55,4.82] <
Total events 91 15
Heterogeneity: Chi*= 4.14, df=5 (P = 0.53), F= 0%
Test for overall effect: Z= 3.47 (P = 0.0005)
6.1.4 VDD versus normal VD and Radiological worsening
Abrishami 2020 14 30 14 43 89% 1.81[0.69,4.73) N T
Herandez 2020 50 162 6 35 9.9% 2.16[0.84,5.52) i T
Smet 2020 53 109 32 77 27.9% 1.33[0.74, 2.40] T
Subtotal (95% ClI) 301 155 46.6% 1.60 [1.03, 2.48] <G
Total events 17 52
Heterogeneity: Chi*= 0.83, df= 2 (P = 0.66), F= 0%
Test for overall effect: Z= 2.09 (P = 0.04)
6.1.5 VDD versus normal VD and ARDS
Carpagnano 2020 22 23 Z 8 07% 3.14[0.17,57.08]
Faul 2020 9 12 3 21 0.8% 18.00(3.01,107.72) ——————F
Subtotal (95% ClI) 35 29 14%  11.27 [2.63,48.26] =TT
Total events 31 10
Heterogeneity: Chi*=1.01, df=1 (P=0.32); F=1%
Test for overall effect: Z= 3.26 (P = 0.001)
Total (95% CI) 1523 697 100.0% 3.08 [2.36,4.03] <>
Total events 426 96
Heterogeneity: Chi*= 36.40, df= 18 (P = 0.006); F=51% :IJ 01 051 150 100’
Testfor overall effect: Z= 8.21 (P < 0.00001) : . :
Testfor subaroun differences: Chi*=17.71. df= 4 (P = 0.001), = 77.4% Favours [eapelimental] |Eayours joonirol

Supplementary Figure 1: Forest plot: Vitamin D deficiency/insufficiency versus normal vitamin D and severity of symptoms of COVID-19 (individual
outcomes)
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Supplementary Figure 2: Forest plot: Adjusted odds ratio:

in patients with COVID-19

Mechanisms of the action of vitamin D on COVID-19

Primary prevention

l

Secondary prevention

l

« Regulation of innate as well as
adaptive immunity by modulating the
functioning of antigen presenting cells
(macrophages, dendritic cells) and
recruitment of T & B lymphocytes to
site of infection

« Macrophages maturation, generation
of macrophages-specific surface
antigens and lysosomal enzyme acid
phosphatase.

1,25 hydroxy-vitamin D-vitamin D
receptor complex enhance transcription
of cathelicidin, which can block viral
entry and replication.

< Promotion of autophagy, which is an
essential biological process in
maintaining cellular haemostasis and
enhancing antiviral environment.

+« Down-regulation of Interleukin-6
and Tumour Necrosis Factor-a
(TNF-a), which play an important
role in development of cytokine
storm.

« Up-regulation of cathelicidin and
B defensins, which are potent
antimicrobial peptides.

< In animal models, Vitamin D has
been shown to induce
ACE2/Angiontensin (Ang)
axis activity and inhibit renin
and the ACE/Ang |l cascade.

Supplementary Figure 3: Summary of the postulated mechanisms of

the action of vitamin D on COVID-19

(a) VDD and COVID-19 risk. (b) VDD and severity of COVID-19. (c) VDD and mortality rate






