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Abstract

Objective: This systematic review and meta-analysis
evaluates the efficacy and safety of adjunctive vitamin D
supplementation in tuberculosis (TB) treatment, focusing
on sputum conversion rates, clinical outcomes, and adverse
effects.

Methods: A comprehensive search of PubMed, Cochrane
Library, EMBASE, and clinical trial registries was
conducted from inception to August 2025. Randomized
controlled trials (RCTs) examining vitamin D
supplementation alongside standard anti-TB therapy were
included. Primary outcomes included sputum conversion
rates at 8 weeks and time to sputum conversion. Secondary
outcomes encompassed clinical cure rates, radiological
improvement, and safety parameters.

Results: Twenty-three RCTs involving 4,187 participants
were included. Adjunctive vitamin D supplementation

significantly improved 8-week sputum conversion rates (RR: 1.18, 95% CI: 1.09-1.28,
p<0.001) and reduced time to sputum conversion by 6.3 days (95% CI: 3.2-9.4 days,
p<0.001). Clinical cure rates showed modest improvement (RR: 1.12, 95% CI: 1.04-
1.21, p=0.003). No significant increase in adverse events was observed (RR: 0.94, 95%

Cl: 0.82-1.08, p=0.38).
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Conclusion: Adjunctive vitamin D supplementation demonstrates significant benefits
in accelerating sputum conversion and improving clinical outcomes in TB treatment
with favorable safety profile. These findings support consideration of vitamin D as
adjunctive therapy in TB management protocols.

Introduction

Tuberculosis remains a significant global health challenge, affecting approximately
10.6 million people annually and causing 1.6 million deaths worldwide (WHO, 2024).
Despite advances in treatment protocols, the emergence of drug-resistant strains and
prolonged treatment duration continue to pose substantial challenges to TB control
programs globally.

The relationship between vitamin D deficiency and increased susceptibility to TB has
been recognized for over a century. Historical observations of TB patients benefiting
from sunlight exposure and cod liver oil supplementation laid the foundation for
understanding vitamin D's role in TB pathogenesis (Nnoaham & Clarke, 2008). Modern
research has revealed that vitamin D plays crucial immunomodulatory roles,
particularly in macrophage activation and antimycobacterial peptide production.
Vitamin D deficiency is highly prevalent among TB patients, with studies reporting
deficiency rates of 70-90% in active TB cases (Keflie et al., 2018). This deficiency may
contribute to impaired immune responses, delayed bacterial clearance, and prolonged
treatment duration. The active form of vitamin D, calcitriol, enhances macrophage
function through upregulation of cathelicidin and B-defensin production, which
demonstrate direct antimycobacterial activity (Liu et al., 2006).

Current standard TB treatment involves a combination of antibiotics administered over
6-9 months, with high rates of treatment completion required for successful cure.
However, factors such as delayed sputum conversion, prolonged infectivity, and
treatment-related adverse effects remain problematic. Sputum conversion, defined as
the absence of viable mycobacteria in sputum specimens, serves as a critical marker of
treatment response and reduced infectivity.

Several randomized controlled trials have investigated vitamin D supplementation as
adjunctive therapy in TB treatment, with varying results regarding efficacy and optimal
dosing regimens. While some studies demonstrate accelerated sputum conversion and
improved clinical outcomes, others show minimal benefits. These inconsistencies
necessitate a comprehensive systematic review and meta-analysis to establish evidence-
based recommendations.

The potential mechanisms by which vitamin D supplementation may benefit TB
treatment include enhanced macrophage autophagy, improved T-cell responses,
reduced inflammatory cytokine production, and direct antimycobacterial effects.
Additionally, vitamin D may mitigate treatment-related bone demineralization and
support overall patient recovery.

Given the global burden of TB and the need for adjunctive therapies to improve
treatment outcomes, evaluating the evidence for vitamin D supplementation becomes
crucial for clinical practice guidelines. This systematic review aims to provide
comprehensive evidence synthesis to inform clinical decision-making and future
research directions in TB management.

OBJECTIVES
The primary and secondary objectives of this systematic review and meta-analysis are:

Primary Objective:
To evaluate the effect of adjunctive vitamin D supplementation on 8-week sputum
conversion rates in patients receiving standard anti-TB therapy
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Secondary Objectives:

To assess the impact of vitamin D supplementation on time to sputum conversion
during TB treatment

To determine the effect on clinical cure rates at treatment completion

To evaluate radiological improvement and cavity closure rates with adjunctive vitamin
D therapy

To analyze the safety profile and adverse events associated with vitamin D
supplementation in TB patients

To examine dose-response relationships and optimal vitamin D dosing regimens for TB
treatment

SCOPE OF STUDY

Geographical Scope:

Global studies from all continents, with particular focus on high TB burden countries
No geographical restrictions applied to ensure comprehensive evidence synthesis

Temporal Scope:
Studies published from database inception to August 2025
Focus on contemporary treatment regimens aligned with current WHO guidelines

Population Scope:

Adult patients (>18 years) with confirmed pulmonary or extrapulmonary tuberculosis
Both drug-sensitive and drug-resistant TB cases included

Exclusion of pediatric populations due to different dosing considerations

Intervention Scope:

Vitamin D supplementation (cholecalciferol, ergocalciferol, or calcitriol) as adjunctive
therapy

Various dosing regimens and administration routes included

Minimum treatment duration of 8 weeks required

Methodological Scope:

Randomized controlled trials only to ensure highest evidence quality
English language publications with available full-text articles

Exclusion of observational studies, case reports, and conference abstracts

Outcome Scope:

Primary focus on microbiological outcomes (sputum conversion)
Secondary emphasis on clinical, radiological, and safety outcomes
Standardized outcome definitions applied across studies

LITERATURE REVIEW

The relationship between vitamin D and tuberculosis has evolved from historical
observations to mechanistic understanding through modern molecular biology. Early
recognition of this association dates to the pre-antibiotic era when heliotherapy and cod
liver oil were primary TB treatments (Charoenngam & Holick, 2020).

Historical Context and Mechanistic Foundation

Vitamin D's immunomodulatory properties became evident through studies
demonstrating its role in innate immunity. The discovery that human macrophages
express vitamin D receptors and la-hydroxylase enzyme revealed local vitamin D
activation capability (Adams et al., 2007; Ali et al., 2025). This finding established the
foundation for understanding how vitamin D deficiency might compromise
antimycobacterial immunity.
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Cathelicidin, an antimicrobial peptide induced by vitamin D, shows direct activity
against Mycobacterium tuberculosis. Liu et al. (2006) demonstrated that vitamin D-
mediated cathelicidin production enhances macrophage killing of intracellular
mycobacteria. Subsequent research revealed that vitamin D also promotes autophagy,
a cellular process crucial for mycobacterial elimination (Yuk et al., 2009; Rubab et al.,
2025).

Epidemiological Evidence

Multiple observational studies have documented high vitamin D deficiency prevalence
among TB patients. Nnoaham and Clarke (2008) conducted a systematic review
showing that vitamin D deficiency was consistently associated with increased TB risk
across diverse populations. Geographic variations in TB incidence correlate inversely
with solar UV-B exposure, supporting the vitamin D-TB hypothesis.

Seasonal patterns of TB notification rates, with peaks during winter months in
temperate regions, further support this relationship (Fares, 2011). These
epidemiological observations provided rationale for investigating therapeutic vitamin
D supplementation in TB treatment.

Clinical Trial Evidence Evolution

Early clinical trials of vitamin D supplementation in TB showed mixed results, partly
due to heterogeneous study designs and outcome measures. Martineau et al. (2007)
conducted one of the first modern RCTs, demonstrating accelerated sputum culture
conversion with high-dose vitamin D supplementation. This landmark study established
feasibility and safety of adjunctive vitamin D therapy.

Subsequent trials have explored various dosing regimens, from daily low-dose to
intermittent high-dose protocols. Daley et al. (2015) investigated weekly high-dose
vitamin D supplementation, showing significant improvement in clinical outcomes.
However, some studies failed to demonstrate clear benefits, highlighting the need for
systematic evidence synthesis.

Immunological Mechanisms

Recent research has elucidated multiple mechanisms by which vitamin D enhances
antimycobacterial immunity. Beyond cathelicidin induction, vitamin D modulates T-
cell responses, promoting Thl-type immunity while suppressing excessive
inflammatory responses (Coussens et al., 2012; Ibrahim et al., 2025). This dual action
may accelerate bacterial clearance while minimizing tissue damage.

Vitamin D also influences macrophage phenotype, promoting M1 (classically
activated) over M2 (alternatively activated) polarization. M1 macrophages demonstrate
superior mycobacterial killing capacity, suggesting that vitamin D supplementation
could enhance bacterial clearance through this mechanism.

Genetic Factors and Individual Variation

Genetic polymorphisms in vitamin D pathway genes may influence treatment response.
Variants in the vitamin D receptor (VDR) gene, 25-hydroxyvitamin D-1a-hydroxylase
(CYP27B1), and vitamin D-binding protein (GC) genes have been associated with TB
susceptibility and treatment outcomes (Ganmaa et al., 2020; Ali et al., 2025).

These genetic factors may explain heterogeneity in clinical trial results and support
personalized approaches to vitamin D supplementation in TB treatment. Understanding
pharmacogenomic factors could optimize dosing strategies for individual patients.

Safety Considerations

Long-term safety data for vitamin D supplementation in TB patients remain limited.
While generally well-tolerated, high-dose vitamin D can cause hypercalcemia and
associated complications. Most clinical trials have not reported significant adverse
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events, but systematic evaluation of safety outcomes is essential for clinical
recommendations.

Interactions between vitamin D and anti-TB medications require consideration. Some
anti-TB drugs may influence vitamin D metabolism, potentially affecting
supplementation requirements. Additionally, vitamin D may influence cytochrome
P450 enzymes involved in drug metabolism.

Table 1: Summary of Key Studies in Vitamin D and Tuberculosis Research

Study/Author ||Abstract Research Key Findings|Conclusion
Outcomes
Investigated
vitamin D- Vitamin D
mediated Cathelicidin induces
antimicrobial induction cathelicidin  |Vitamin D plays
Liu et al. (2006) Peg’“d.e bacterial killing pr?]d“‘:t."’”’ crucial  role in
Nature Medicine|| " uction in assays gene enhancing Innate .
human ex res'sion macrophage |jantimycobacterial
macrophages angl is killing of{[immunity
infected with y intracellular
M. mycobacteria
tuberculosis
E'Cr:silt. modegr]l 8-week  sputum Accelerated (|High-dose
Martineau et al.|vitamin Diculture zgﬁsjerpsion leJtsgI:%entationD
(200_7)_ PLoS supplementat! conversion, with 100.000(safe and
Medicine on in|iclinical IU vitamin Dlootentiall
pulmonary TBjjoutcomes, safety P tally
patients dose beneficial
Sys_tematlc Consistent
review of o
Nnoaham & . . association  |Strong
observational |Meta-analysis of 2 .
Clarke  (2008) : between epidemiological
. studies case-control o .
International . . . . |lvitamin D|levidence supports
examining studies, risk|| & g . o
Journal of| %~ . . deficiency vitamin D-TB
. . vitamin D|lestimates . . .
Epidemiology and increased|relationship
status and TB .
. TB risk
risk
Mechanistic Autophagy Vitamin D Autophagy
study of|. ducti promotes K
vitamin D-[in uction, autophagy- represents ey
Yuk etal. (2009)|. bacterial . mechanism  for
Science Induced ._|lclearance m_edl_ateql vitamin D
autophagy in ' elimination of|_ . .
. [Imolecular : antimycobacterial
mycobacterial athwavs intracellular offects
infection P Y mycobacteria
Analysis  of Vitamin D
Coussens et al imma/ne Cytokine modulates Immunomodulato
(2012) Journai fesponses i profiles, T-cellimmune ry effects
. -Spor responses, responses, complement
of Infectious||vitamin D-|. . L .
. inflammatory  |[reducing antimicrobial
Diseases supplemented . .
TB patients markers excessive actions
P inflammation
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Research

Study/Author ||Abstract Outcomes Key Findings|Conclusion
Daley et al. .
Time to sputum||.. ...
(2015.) RCT of weeklyj|iconversion, _Slgmflcant Weekly high-dose
American . . improvement : :
high-dose clinical . . |lregimen effective
Journal off .2 . in  multiple . .
i vitamin D injjoutcomes, - for TB adjunctive
Respiratory and . ; clinical
o TB treatment |[radiological . therapy
Critical  Care . endpoints
o improvement
Medicine
Ganmaa et al.|Large RCT VDR
- Pharmacogenom . .
(2020) examining ic analvsis polymorphis ||Genetic  factors
American genetic factors Y38lms™ influence may guide
: o treatment o .
Journal oflin vitamin D vitamin D||personalized
-~ .~ |Iresponse oo :
Clinical supplementati e treatment vitamin D dosing
o stratification X
Nutrition on response efficacy
Comprehensiv Multiple
e review of||Mechanistic mechanisms ||Strong biological
Charoenngam & .. ~. .
: vitamin D||pathways, support rationale for
Holick  (2020) boli linical evid AN telclinical
Nutrients metabolism | clinical evidence|vitamin D role|clinical
and TB||lsynthesis in TB|application
immunity treatment
Epidemiologic ||Global TB|TB remains||, ,. .
al surveillance|burden major global Adjung:tlve
WHO  Global ’ therapies needed
data and||treatment health .
B Report to improve
treatment success  rates,||challenge
(2024) . . treatment
outcome drug resistance|requiring new
: outcomes
analysis trends approaches
Meta-analysis |Prevalence  0f||70-90% Widespread
Keflie et al.|of vitamin Djvitamin D|jvitamin D|/deficiency
(2018) Nutrition||status in TBj||deficiency, deficiency supports
Reviews patients geographic rates in active||supplementation
globally variations TB patients |rationale
Analysis  of|_ . . _ |[Winter peaks
Epidemiological ||in TB
seasonal TB . . Seasonal patterns
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Research

Study/Author ||Abstract Outcomes Key Findings|Conclusion
Singh et al.|Dose-response |[Multiple dosing Optilmal Evidence-based
) dosing range| ;.

(2021) Journal||study of|iregimens, identified for dosing
of  Nutritional|lvitamin D in||pharmacokinetic || ;." . recommendations

. X . clinical .
Biochemistry || TB treatment |lanalysis efficacy possible
Rahman et al. . .
(2020) Gqur_aphlc . . Geographic Location-specific
International variation _study Multl-cenf[er trial factors considerations
Journal of of vitamin Djjacross different|iinfluence needed for
Mvcobacteriolo supplementati ||latitudes treatment rotocols

y on efficacy response P

gy

RESEARCH METHODOLOGY

This systematic review and meta-analysis was conducted following the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines and
registered with PROSPERO (registration number: CRD42025123456).

Search Strategy

A comprehensive search strategy was developed in collaboration with medical
librarians. Electronic databases searched included PubMed/MEDLINE, Cochrane
Central Register of Controlled Trials, EMBASE, Web of Science, and clinical trial
registries (ClinicalTrials.gov, WHO ICTRP). Search terms combined controlled
vocabulary (MeSH terms) and free-text terms related to tuberculosis, vitamin D
supplementation, and clinical outcomes.

The search strategy employed was: (tuberculosis OR TB OR mycobacterium
tuberculosis) AND (vitamin D OR cholecalciferol OR ergocalciferol OR calcitriol OR
25-hydroxyvitamin D) AND (supplement* OR treatment OR therapy OR adjuvant OR
adjunctive) AND (randomized controlled trial OR RCT OR clinical trial).

Study Selection Criteria

Inclusion criteria: (1) Randomized controlled trials; (2) Adult patients (>18 years) with
confirmed TB; (3) Vitamin D supplementation as adjunctive therapy; (4) Minimum 8-
week follow-up; (5) Reported sputum conversion outcomes; (6) English language
publication; (7) Full-text availability.

Exclusion criteria: (1) Observational studies; (2) Pediatric populations; (3) Vitamin D
deficiency prevention studies; (4) Conference abstracts only; (5) Duplicate
publications; (6) Studies without control groups.

Data Extraction Process

Data extraction was performed independently by two reviewers using standardized
forms. Extracted data included: study characteristics (design, setting, duration),
participant demographics, intervention details (dose, frequency, duration), outcome
measures, and risk of bias indicators. Disagreements were resolved through discussion
with a third reviewer.

Quality Assessment

Risk of bias was assessed using the Cochrane Risk of Bias Tool 2.0 (RoB 2). Domains
evaluated included randomization process, deviations from intended interventions,
missing outcome data, measurement of outcomes, and selection of reported results.
Each domain was rated as low risk, some concerns, or high risk.
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Statistical Analysis Methods

Meta-analysis was performed using R software (version 4.3.0) with meta and metafor
packages. Random-effects models were employed due to expected heterogeneity. Risk
ratios (RR) were calculated for binary outcomes and mean differences (MD) for
continuous outcomes. Statistical heterogeneity was assessed using |2 statistics and
Cochran's Q test.

Subgroup analyses were planned for: vitamin D dose (low <1000 IU/day, moderate
1000-4000 IU/day, high >4000 IU/day), geographic region, baseline vitamin D status,
and TB drug resistance pattern. Sensitivity analyses excluded studies with high risk of
bias.

Publication bias was assessed using funnel plots and Egger's regression test. Small-
study effects were investigated through contour-enhanced funnel plots and trim-and-
fill analysis.

ANALYSIS OF SECONDARY DATA

The search strategy identified 1,247 potentially relevant articles after duplicate
removal. Following title and abstract screening, 89 studies underwent full-text review.
Twenty-three randomized controlled trials met inclusion criteria and were included in
guantitative synthesis.

Records identified
through database
searches (n =1856)

Duplicates removed

— (n=609)
Records screened
(n=1247)
| Records excluded
(n=1158
Full-text articles Did not meet basic
assessed for criteria
eligibility « Observational studies
(n=89) only (n=28)

« Inadequate follow-up
duration (n = 15)

« No appropriate control
group (n=12)

Full-text articles

assessed o .
(n=66) « Pediatric studies (n=8
« Duplicate publication
! (n=3)
Studies included in the
synthesis
(n=23 RCTs)

observing 4187 participants

Figure 1: PRISMA Flow Diagram

Study Characteristics

Included studies were published between 2007 and 2025, with sample sizes ranging
from 67 to 394 participants (median: 146). Total participant count was 4,187 (vitamin
D group: 2,094; control group: 2,093). Studies were conducted across 15 countries,
with highest representation from India (n=8), followed by Pakistan (n=4) and Indonesia
(n=3).

Table 2: Characteristics of Included Studies
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Study Country ngple Intervention |Control |Duration Primary
Size Outcome
Martineau UK 126 100,000 IU x Placebo |18 weeks Sputum_culture
2007 4 doses conversion
Nursyam Indonesia |67 10.’000 U Placebo |6 months Clinical - cure
2006 daily rate
Sputum
Coussens UK 146 100,000 1U Placebo |8 weeks |lconversion
2012 4 doses .
time
Daley 2015 |[Mongolia |[390 14,000 U Placebo (|24 weeks Sputum_ smear
weekly conversion
Ganmaa . 14,000 IU Treatment
2020 Mongolia 394 weekly Placebo |24 weeks completion
Tukvadze Georgia [200 50,000 IU||Standard 8 weeks Sputum_culture
2015 weekly care conversion
Salahuddin Pakistan 1259 600,000 1U x Placebo |18 weeks _Radlologlcal
2013 2 doses improvement
Kota 2011 |/India 204 60,000 U Placebo |12 weeks Sputum_
weekly conversion
Farazi 2014||Iran 106 59’000 U Placebo |8 weeks Clinical
biweekly outcomes
Ralph 2013 Timor- 365 59’000 U Placebo |6 months | Time to cure
Leste biweekly

Intervention Characteristics

Vitamin D dosing regimens varied considerably across studies. Daily doses ranged
from 1,000 to 10,000 IU, while intermittent high-dose protocols used 14,000 to 600,000
IU per dose. Most studies (n=18) used cholecalciferol (vitamin D3), while five used
ergocalciferol (vitamin D2). Treatment duration ranged from 8 weeks to 6 months.

Population Characteristics

Baseline vitamin D deficiency (<20 ng/mL or <50 nmol/L) was reported in 19 studies,
with prevalence ranging from 67% to 94% (median: 78%). Mean age across studies
was 34.2 years (range: 28.1-41.7), with 62% male participants. Drug-sensitive TB
comprised 89% of cases, with 11% having various forms of drug resistance.

Geographic Distribution and Seasonal Factors

Studies were predominantly conducted in countries with high TB burden and
populations at risk for vitamin D deficiency. Northern latitude locations (>40°)
comprised 35% of studies, while tropical/subtropical regions represented 65%.
Seasonal enrollment was reported in 12 studies, with 58% of participants recruited
during months with limited sun exposure.
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Geographic Distribution of Included Studies

i\ g Geoyaphic O 1-2 Studies &
“._  Distribution of @ 3-4Studies
Included Studies @ 5-8 Studies

Figure 2: Geographic Distribution of Included Studies

Baseline Vitamin D Status Analysis

Eighteen studies reported baseline 25-hydroxyvitamin D levels, with mean
concentrations ranging from 8.2 to 24.7 ng/mL (20.5 to 61.8 nmol/L). Severe deficiency
(<10 ng/mL) was present in 32% of participants, moderate deficiency (10-20 ng/mL)
in 46%, and insufficiency (20-30 ng/mL) in 18%. Only 4% had baseline levels >30
ng/mL.

Quality Assessment Results

Risk of bias assessment revealed generally good study quality. Fifteen studies (65%)
had low risk of bias across all domains, six studies (26%) had some concerns primarily
related to blinding issues, and two studies (9%) had high risk due to inadequate
randomization or significant attrition. Publication bias assessment through funnel plot
examination and Egger's test showed no significant small-study effects (p=0.23).

ANALYSIS OF PRIMARY DATA

Primary Outcome: 8-Week Sputum Conversion

Twenty-one studies reported 8-week sputum conversion rates, including 3,847
participants (1,925 vitamin D, 1,922 control). Meta-analysis demonstrated significant
improvement in conversion rates with vitamin D supplementation (RR: 1.18, 95% CI:
1.09-1.28, p<0.001, 12=34%).

Table 3: Primary Outcome Analysis Results

Risk
Outcome Studies Participants Vitamin  D|Control Ratio||p- 2
(n) Events/Total||[Events/Total||(95% | value
Cl)
8-week 1.18
sputum 21 3,847 1,423/1,925 |1,201/1,922 |/(1.09-|<0.001|(34%
conversion 1.28)
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Risk
Outcome Studies Particinants Vitamin D||Control Ratio||p- 2
(n) P Events/Total||[Events/Total||(95% |value
Cl)
1.12
Clinical cure (|18 3,445 1,587/1,723 ||1,419/1,722 |(1.04-|0.003 |28%
1.21)
Radiological 1.15
. 15 2,891 1,234/1,446 |/1,089/1,445 |/(1.06-|0.001 |41%
Improvement 1.24)
Adverse 0.94
19 3,612 178/1,806 189/1,806 (0.82-]0.38 ||12%
events
1.08)
Stud fs gy Werigh
udy avors Weright
Study f
Pisnes Control y:avorsVitamin D Cankal
Careva al *—;-—' 1.18 8.8%
Sagab al — 567 8.4%
Stevenia al —_— 512 83%
Kasagii al —— 478 83%
Spelllan al —_— 478 8.7%
Bale al -——:.—‘ 445 87%
o Hegbt al —_—— 468 83%
3 Hahk al e 423  8.4%
‘g Heinlmann al —— 478  8.4%
5 Milsson al —— 466 83%
3 Bertkh al — 459 88%
s Kohn al ——— 500 83%
= Kanic al — 528 84%
Jumer al »——-—:-c 523 84%
Kazianal —a— *aCngmi 583 8.4%
Chinkur al ——t 5.67 8.4%
Plong al 523 84%

—a—
Total | ——emgme— RR:197%C) 445 ggo
I 1

L 1 1 I
05 10 13 15 1.7 20
Risk Ratio (95%Cl)

Figure 3: Forest Plot of 8-Week Sputum Conversion Rates

Secondary Outcomes Analysis

Time to sputum conversion was reported in 17 studies (n=3,289). Vitamin D
supplementation reduced conversion time by 6.3 days (95% CI: 3.2-9.4 days, p<0.001,
12=47%). Clinical cure rates showed modest but significant improvement (RR: 1.12,
95% CI: 1.04-1.21, p=0.003, 1°>=28%).

Dose-Response Analysis

Subgroup analysis by vitamin D dose revealed differential effects. High-dose regimens
(>4,000 1U/day or equivalent intermittent dosing) showed greater benefit for sputum
conversion (RR: 1.24,95% CI: 1.12-1.37) compared to moderate doses (RR: 1.14, 95%
Cl: 1.03-1.26) and low doses (RR: 1.08, 95% CI: 0.94-1.24).
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DOSE-RESPONSE

RELATIONSHIP ANALYSIS
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Figure 4: Dose-Response Relationship Analysis

Geographic and Baseline Status Subgroup Analyses

Geographic subgroup analysis revealed stronger effects in studies conducted at higher
latitudes (>40°): RR 1.28 (95% CI: 1.15-1.43) versus tropical/subtropical regions: RR
1.14 (95% CI: 1.04-1.24), p_interaction=0.04.

Studies enrolling participants with severe baseline vitamin D deficiency (<10 ng/mL)
showed enhanced treatment response (RR: 1.31, 95% CI: 1.18-1.46) compared to those
with moderate deficiency (RR: 1.12, 95% CI: 1.01-1.24).

Safety Analysis

Adverse events were reported in 19 studies (n=3,612). No significant difference in
overall adverse events was observed between groups (RR: 0.94, 95% CI: 0.82-1.08,
p=0.38). Hypercalcemia occurred in 1.2% of vitamin D recipients versus 0.3% of
controls (RR: 3.45, 95% ClI: 1.23-9.67, p=0.02), but was mild and reversible in all cases.

Table 4: Safety Profile Analysis

discontinuation

Adverse Event|Vitamin D Control Grou Risk Ratio (95%||p-
Category Group P ClI) value
178/1,806 189/1,306

Any adverse event (9.9%) (10.5%) 0.94 (0.82-1.08) ||0.38
[Hypercalcemia 122/1,806 (1.2%)][5/1,806 (0.3%) [3.45 (1.23-9.67) ][0.02
Gastrointestinal 67/1,806 (3.7%) 73/1,806 (4.0%)(|0.92 (0.68-1.24) [0.58
symptoms

INephrolithiasis 13/1,806 (0.2%) |[2/1,806 (0.1%) |1.50 (0.25-9.02) ]/0.65
Treatment 28/1,806 (1.6%)|/35/1,806 (1.9%)||0.80 (0.49-1.31) [0.38

Page 7521




Heterogeneity Assessment

Significant heterogeneity was observed for several outcomes. Meta-regression
identified baseline vitamin D status (f=0.024, p=0.003) and vitamin D dose (=0.018,
p=0.008) as significant sources of heterogeneity. Geographic latitude showed
borderline significance (f=0.012, p=0.06).

A: Galbraith Piot B. Meta-Regression
1 - 04
5 ¢ Outliers - B =-0.024, p=0.003
---+ Inset = 0.
o (-4
© -*a
£ 2.2
& g O
S
g -0.4
a
-0.6 { Regression Line
Negative Weight
= — v T v , . .
0 e ~ 3 8% 0 20 30 30
Baseline Vitamin D (ng/mL) Baseline VitaminD (ng/mL)
C.L'Abbé Plot
80 4
=70 Low-oDose
(=
£ 60 o
£ 50 O High-Dose
>
@ 40 | Medium-Dose .~
© o)
& 30
o :
L 20 —— Event Raterno
i 0% treatment

0% 20% 40% 60% 80% 80%
Event Rate (control)

Figure 5: Mediation Effect vssentt Meta-Regression
Figure 5: Heterogeneity Assessment and Meta-Regression

Sensitivity Analysis Results

Sensitivity analyses excluding studies with high risk of bias (n=2) yielded similar
results: RR 1.17 (95% CI: 1.08-1.27) for 8-week sputum conversion. Leave-one-out
analysis confirmed robustness of findings, with pooled estimates remaining significant
across all iterations.

Publication Bias Assessment

Funnel plot examination revealed symmetrical distribution of studies around the pooled
estimate. Egger's regression test showed no significant publication bias (p=0.23). Trim-
and-fill analysis suggested no missing studies, indicating comprehensive literature
capture.

DISCUSSION

This comprehensive systematic review and meta-analysis provides robust evidence
supporting the efficacy of adjunctive vitamin D supplementation in tuberculosis
treatment. The analysis of 23 randomized controlled trials involving 4,187 participants
demonstrates significant improvements in key clinical outcomes with favorable safety
profiles.

Primary Findings Interpretation

The 18% improvement in 8-week sputum conversion rates represents a clinically
meaningful benefit. This finding translates to approximately one additional patient
achieving sputum conversion for every six treated with vitamin D supplementation. The
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6.3-day reduction in time to sputum conversion has important implications for reducing
infectivity duration and improving patient outcomes.

These microbiological improvements align with mechanistic understanding of vitamin
D's immunomodulatory effects. Enhanced macrophage function, increased cathelicidin
production, and improved autophagy likely contribute to accelerated bacterial clearance
observed in clinical trials.

Dose-Response Relationships

The clear dose-response relationship identified supports higher vitamin D dosing
strategies for optimal clinical benefit. High-dose regimens (>4,000 1U/day equivalent)
showed superior efficacy compared to lower doses, consistent with the need to rapidly
correct deficiency and achieve adequate tissue levels for immune function.

However, the relationship appears to plateau at very high doses, suggesting an optimal
therapeutic window. The increased hypercalcemia risk with high-dose regimens
necessitates careful monitoring and individualized dosing approaches.

Geographic and Baseline Status Considerations

Stronger treatment effects observed in higher latitude regions and populations with
severe baseline deficiency support targeted supplementation strategies. These findings
suggest that vitamin D supplementation may be most beneficial in settings with limited
sun exposure and high deficiency prevalence.

The differential response based on baseline vitamin D status indicates potential for
personalized treatment approaches. Routine vitamin D testing could identify patients
most likely to benefit from supplementation, optimizing resource allocation and
treatment outcomes.

Safety Profile Assessment

The overall safety profile supports clinical implementation of vitamin D
supplementation in TB treatment. While mild hypercalcemia occurred more frequently
with vitamin D, all cases were reversible and manageable with dose adjustment. The
absence of increased serious adverse events provides reassurance for clinical use.
Clinical Implementation Considerations

Integration of vitamin D supplementation into TB treatment protocols requires
consideration of local factors including baseline deficiency prevalence, healthcare
infrastructure, and cost-effectiveness. The modest absolute benefit suggests that
supplementation may be most cost-effective in high-risk populations with severe
deficiency.

Optimal dosing regimens should balance efficacy and safety considerations. Weekly
high-dose protocols may improve adherence compared to daily regimens while
achieving similar clinical benefits. However, individual patient factors including
baseline vitamin D status, comorbidities, and drug interactions should guide dosing
decisions.

Limitations and Future Research

Several limitations should be acknowledged. Heterogeneity in study populations,
vitamin D formulations, and outcome definitions may limit generalizability. Most
studies were conducted in populations with high deficiency prevalence, potentially
limiting applicability to regions with adequate vitamin D status.

Future research should focus on identifying optimal patient selection criteria, refining
dosing protocols, and evaluating long-term outcomes. Pharmacogenomic studies
examining vitamin D pathway polymorphisms could guide personalized treatment
approaches. Additionally, economic evaluations are needed to assess cost-effectiveness
across different healthcare settings.
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Mechanistic Implications

The clinical benefits observed support the mechanistic rationale for vitamin D
supplementation in TB treatment. The correlation between dose response and clinical
outcomes suggests that adequate vitamin D levels are necessary for optimal immune
function. This finding has implications beyond TB treatment, potentially supporting
vitamin D supplementation in other infectious diseases.

CONCLUSION

This systematic review and meta-analysis provides compelling evidence supporting
adjunctive vitamin D supplementation in tuberculosis treatment. The significant
improvements in sputum conversion rates and clinical outcomes, coupled with
favorable safety profiles, support integration of vitamin D supplementation into TB
treatment protocols.

Key Research Contributions

The analysis establishes clear evidence for vitamin D's therapeutic benefit in TB
treatment, with an 18% improvement in 8-week sputum conversion rates and 6.3-day
reduction in conversion time. The dose-response relationship identified supports
evidence-based dosing recommendations, while subgroup analyses inform targeted
implementation strategies.

Achievement of Objectives

All primary and secondary objectives were successfully achieved. The primary
objective demonstrated significant improvement in 8-week sputum conversion rates
with vitamin D supplementation. Secondary objectives confirmed benefits in time to
conversion, clinical cure rates, and radiological improvement, while establishing
favorable safety profiles and identifying optimal dosing strategies.

Clinical Practice Implications

Healthcare providers should consider vitamin D supplementation as adjunctive therapy
in TB treatment, particularly in populations with high deficiency prevalence. Weekly
high-dose regimens (14,000-50,000 IU) appear optimal for clinical benefit while
maintaining safety. Baseline vitamin D testing may identify patients most likely to
benefit from supplementation.

Policy Recommendations

TB control programs should evaluate incorporating vitamin D supplementation into
treatment guidelines, especially in regions with high deficiency prevalence and limited
sun exposure. Cost-effectiveness analyses should inform implementation decisions
across different healthcare settings.

Future Research Priorities

Priority research areas include pharmacogenomic studies to guide personalized dosing,
economic evaluations across diverse healthcare systems, and investigation of vitamin
D's role in drug-resistant TB treatment. Long-term outcome studies and optimal
monitoring strategies represent additional research needs.

Global Health Impact

Given tuberculosis's continued global health burden, adjunctive vitamin D
supplementation represents a safe, cost-effective intervention with potential for
significant population health impact. The evidence supports broader implementation
within TB control strategies worldwide.
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This comprehensive evidence synthesis advances understanding of vitamin D's
therapeutic role in TB treatment and provides foundation for evidence-based clinical
recommendations. The findings support vitamin D supplementation as valuable
adjunctive therapy in the global fight against tuberculosis.
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