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Abstract

Background

Approximately 28.5 million people living with HIV are eligible for treatment (CD4<500), but

currently have no access to antiretroviral therapy. Reduced serum level of micronutrients is

common in HIV disease. Micronutrient supplementation (MNS) may mitigate disease pro-

gression and mortality.

Objectives

We synthesized evidence on the effect of micronutrient supplementation on mortality and

rate of disease progression in HIV disease.

Methods

We searched MEDLINE, EMBASE, the Cochrane Central, AMED and CINAHL databases

through December 2014, without language restriction, for studies of greater than 3 micronu-

trients versus any or no comparator. We built a hierarchical Bayesian random effects model

to synthesize results. Inferences are based on the posterior distribution of the population ef-

fects; posterior distributions were approximated by Markov chain Monte Carlo in

OpenBugs.

Principal Findings

From 2166 initial references, we selected 49 studies for full review and identified eight report-

ing on disease progression and/or mortality. Bayesian synthesis of data from 2,249 adults in

three studies estimated the relative risk of disease progression in subjects on MNS vs. con-

trol as 0.62 (95% credible interval, 0.37, 0.96). Median number needed to treat is 8.4 (4.8,

29.9) and the Bayes Factor 53.4. Based on data reporting on 4,095 adults reporting mortality

in 7 randomized controlled studies, the RR was 0.84 (0.38, 1.85), NNT is 25 (4.3,1).
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Conclusions

MNS significantly and substantially slows disease progression in HIV+ adults not on ARV,

and possibly reduces mortality. Micronutrient supplements are effective in reducing pro-

gression with a posterior probability of 97.9%. Considering MNS low cost and lack of ad-

verse effects, MNS should be standard of care for HIV+ adults not yet on ARV.

Introduction
Antiretroviral therapy (ARV) has revolutionized care and outcomes for HIV infected individuals.
However, it remains out of reach for many, due to cost and other barriers.[1] UNAIDS/WHO es-
timated the number of people living with HIV in 2012 to be 35.3 million (range 32,200,000–
38,800,000)[2], some 25 million of whom live in sub-Saharan Africa (23.5–26.6 million). While
globally 12.9 million individuals are receiving ARV, over 25 million people who are currently
clinically eligible (CD4<500) to receive ARV do not yet have access.[3] Despite increasing avail-
ability of ARV, in 2013 alone, some 1.5 million men, women and children died of AIDS.[4]

Vitamins and certain minerals (micronutrients) are essential for metabolic and immunolog-
ic functions. Micronutrient (MN) deficiencies arise due in part to inflammatory and immuno-
logical effects of HIV infection in the gut, which impairs absorption. In addition concurrent
infections, antibiotic and other drug treatment may contribute to deficiencies.[5] Multiple
studies have documented declines in peripheral blood micronutrient status, some showing
greater declines in fat-soluble vitamins and selenium at all disease stages compared to water-
soluble vitamins and some minerals.[6,7] “Multiple” supplements are routinely available over-
the-counter and widely used by people with HIV disease.[8]

A prior meta-analysis was unable to make conclusive findings with regard to an effect on
disease progression rate or mortality.[9] Bayesian techniques permit synthesis of more sources
of evidence (i.e., randomized controlled trials (RCTs), observational studies, expert judgment)
within a single coherent model.[10] Bayesian analysis provides a robust credible interval of
probabilities that the treatment is effective even with small numbers of included participants or
trials, where frequentist confidence intervals often lack correct coverage probabilities for small
sample sizes. Our analysis incorporates evidence from a recent large trial,[11] permitting us to
synthesize data and provide more definitive results, even in the context of estimated high be-
tween study variability.

Objective
Our objective was to synthesize the evidence of the effects of multiple micronutrient supple-
mentation (MNS) reporting on the effects of MNS on mortality and the rate of disease progres-
sion among HIV+ adults not on ARV.

Methods
Our protocol was registered with PROSPERO[12] and we followed the PRISMA Guidelines in
the preparation of this manuscript.[13]

Eligibility Criteria
We included clinical trials of individuals of any age with documented HIV infection with or
without concurrent or active opportunistic or other infection and not on antiretroviral therapy.

Micronutrients in HIV: A Bayesian Meta-Analysis

PLOS ONE | DOI:10.1371/journal.pone.0120113 April 1, 2015 2 / 16



Most over-the-counter MNS contain more than three ingredients. We included studies that in-
vestigated more than 3 micronutrients, as in other studies,[9] versus any or no comparator and
reported disease progression or mortality as outcomes, imposing no language or time restric-
tions. We defined micronutrients as supplemental vitamins and/or additional minerals as a
multivitamin (MV), multivitamin with minerals (MVM) or other combination of micronutri-
ent supplements (MNS) in tablet, powder, capsule, softgel or fortified food forms.

Information Sources
We searched MEDLINE, EMBASE, the Cochrane Central Register of Controlled Trials (The
Cochrane Library), AMED and CINAHL.

Search
Databases were queried with the same search terms, tailored to the particular database. Our
search terms are described in the Prospero protocol. Searches were conducted from database
inception through December 2014. Review articles were assessed for additional references.

Study Selection
Two reviewers independently screened citations and abstracts of all publications obtained by
the search strategies. Disagreements were resolved by consensus.

Data Collection Process
For eligible trials, we obtained full articles and assessed their relevance based on the preplanned
criteria for inclusion in the systematic review.

Data Items
We extracted data on study design, intervention, site, number of participants, inclusion and ex-
clusion criteria, duration, toxicity/adverse events, primary endpoint, secondary endpoint, find-
ings, baseline differences, conclusions, efficacy and safety.

Risk of Bias of Individual Studies
We evaluated methodological quality based on the Jadad score,[14] assessing sequence genera-
tion, allocation concealment, blinding, intention to treat or per protocol analysis, missing data
and attrition, and selective reporting. We followed the MOOSE Guidelines for Meta-Analyses
and Systematic Reviews of Observational Studies in our assessment of observational studies
[15] as well as the guideline of the Newcastle-Ottawa scale.[16]

Summary Measures: Progression
We built a hierarchical Bayesian random effects model to synthesize results. Inferences are
based on the posterior distribution of the population effects; posterior distributions were ap-
proximated by Markov chain Monte Carlo in OpenBugs.[17]

The hierarchical Bayesian model for the progression data synthesizes the reported hazard
rates from the studies, and their associated standard errors. Because we did not have sufficient
information to develop a model of the standard errors, we assume they represent the true varia-
tion of the estimated relative risk around its true value. That is, we assume

log HRij

� �
� N yij; s

2
ij

� �
;
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whereHRij is the estimated hazard rate in the jth arm of study i, sij is the reported standard
error of the log-hazard rate in arm j of study i, and θij is the true hazard rate of arm j in study i.
The hierarchical random effects model further assumes that each true log hazard rate is nor-
mally distributed around a study mean log-hazard rate, vi, with variance ωi, i.e.,

yij � N ni; oið Þ;

with study mean log-hazard rates assumed to be normally distributed around a population
mean log-hazard rate μ with variance equal to τ,

ni � N m; tð Þ:
A non-informative normal prior distribution with mean zero and variance equal to 105 is as-
sumed for the population parameter μ, and folded Cauchy distributions with scale parameters
of 0.1 are utilized for the variance component ω and τ.

Summary Measures: Mortality
The likelihood for our Bayesian hierarchical model of the mortality data assumes a probit re-
gression model, where the observed fatalities in each arm of each study are assumed to be bino-
mial random variables. The rate of fatalities in the control arm of study i is defined by an
intercept vi and the mortality rates in the (possibly multiple) treatment arms are assumed to be
defined by the sum of the intercept vi, a study-level treatment effect δi, and a arm-specific treat-
ment effect γj(k). That is, the mortality rates for treatment condition k nested in arm j (j = 0 for
control and 1 for treatment) in study i is defined by the probit regression model,

pijðkÞ ¼ Fðni þ jðdi þ gj kð ÞÞÞ;

where F is the cumulative distribution function of the standard normal distribution. The
model further assumes that the intercepts and treatment effects are normally distributed ran-
dom effects centered at population effects v and δ.

ni � Nðn; tnÞ and di � Nðd; tdÞ
and that the arm-specific treatment effects are normally distributed with a mean of zero and
variance τγ. The population mortality rates under control and treatment are defined as the
probability that a randomly selected subject in a randomly selected study does not survive past
the duration of the study,

p0 ¼ F
n

1þ tn

� �
and p1 ¼ F

nþ d
1þ tn þ td þ tg

 !
:

The prior distribution for the population effects v and δ are non-informative normal distribu-
tions centered at zero with variances equal to 105. The prior distributions of the variance pa-
rameters τv, τδ, and τγ are all folded Cauchy distributions with scale parameter equal to 0.1.

Number Needed to Treat

The number needed to treat (NNT) is defined as 1
p0�p1

; where p0 and p1 are the probability of

events (e.g., progression) under the placebo and MNS conditions. In the case of mortality data
we approximate the posterior distribution of the NNT using the population proportions de-
fined in the model description above. For disease progression, our model only utilized study in-
formation about relative risks and therefore we only have information about the ratio p1

p0
. To
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estimate a number needed to treat for progression we used a 30% baseline progression rate
(i.e., p0 ¼ 0:3Þ, which is similar to the progression rate of the placebo arm of the Fawzi [18]
study, which had a median duration of follow-up of 60 months.

Synthesis of Results
We undertook an assessment of heterogeneity and calculated a Bayes Factor for the likelihood
of a 0 value for between-study heterogeneity.[19] In sensitivity analyses, we conducted a fre-
quentist meta-analysis of the random effects for risk ratios (S1 and S2 Figs.).

Risk of Bias Across Studies
We searched for evidence of selective reporting and for conflicts of interests, including eliciting
the funding source of included studies. We attempted to assess publication bias.[20]

Additional Analyses
We reviewed studies for adverse events and summarized those studies excluded from our for-
mal meta-analysis. Frequentist analyses were conducted for sensitivity (S1–S4 Figs.). We un-
dertook a meta-analysis using a random effects method for risk ratios. For each of the studies
we input the reported log risk ratio and the reported standard error of the log risk ratio. The
method explicitly avoids double-counting placebo recipients.

Results

Study Selection
Two reviewers extracted data from 49 of the initial 2,166 studies identified (Fig. 1). Of these 49,
8 reported pertinent data, 7 for mortality and 3 for progression.[18],[21],[22],[11],[23],[24],
[25],[26],[27] The Baum[11] and Fawzi[18] studies reported on both outcomes (Table 1). In-
quiries with non-medical practitioners or providers, patients or community groups outside the
medical establishment or other grey literature yielded no data.[28]

Risk of Bias Within Studies
The Jadad scale (a score ranging from 1 to 5) was used to assess bias within studies.[14] Each of
the other studies was rated 5, indicating overall high methodological quality, with adequate
well-described randomized allocation, allocation concealment and participants and observer
blinding (Table 1). One included study was a prospective observational study,[21] which rated
5/9 on the Newcastle-Ottawa scale (S1 Table).[16] An analysis of publication bias by using a
funnel plot or the test proposed by Egger was precluded by the small numbers of studies.[20]
We found no evidence of selective reporting or conflicts of interests, with all studies funded by
public entities.

Synthesis of Results
Micronutrient supplementation slows progression to clinical disease/AIDS. Synthesis

of data from 2,249 participants in 3 trials shows that MNS reduces the risk of disease progres-
sion.[11],[21],[18] The mean RR in our Bayesian model is 0.62 (credible interval, 0.37, 0.96).
The posterior probability that micronutrient supplementation is effective in reducing the rate
of progression is 98.2%, with a number needed to treat (NNT) of 9.7 (4.8, 28.9). The Bayes Fac-
tor is 53.4 indicating strong evidence for effectiveness[19] (Table 1 and Fig. 2). We used a con-
servative, two-tailed scale parameter representing a presumption of high between study
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variability, to reflect the fact that the individual studies were in different settings (industrialized
versus developing countries).

Sensitivity analysis. When we used a very flat, uninformative and highly conservative pa-
rameter modeling a large between study variability with OR differences between studies of
around 3[29] and prior to the Baum study data[11], we found the credible interval crossed 1,
though 95.5% of the probability lies below 1 (RR 0.66; credible interval 0.35, 1.18) with a Bayes
Factor of 21.2, still indicating strong evidence for effectiveness.[19]

Fig 1. Flow Chart of Selection Process of Reviewed Studies.

doi:10.1371/journal.pone.0120113.g001
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Further, a sensitivity analysis employing frequentist methodology yielded a similar 40% re-
duction in the rate of progression to clinical disease stages (RR = 0.60; 0.46, 0.78; p = 0.00008)
for subjects on MNS (S1 Fig.). Omitting the observational study slightly improved the point es-
timate and narrowed the credible interval.

Mortality. We identified seven pertinent RCTs with data (see Table 1) from 4,095 adults,
the RR for mortality was 0.84 (95% credible interval, 0.38–1.85) (Fig. 3). Of note, in 3 of the
studies, subjects were co-infected with tuberculosis.[25],[27,30] This represented 1,513 sub-
jects. We estimated the NNT as 25 to prevent one death, with a credible interval of (4.3,1), re-
flecting our inability to conclude statistically that micronutrients reduce mortality rates.
However, the posterior probability that micronutrients reduce mortality is 91.4%. The Bayes
Factor (BF), a measure of the increased credibility of the hypothesis based on the new data was
10.6, suggesting positive evidence for the effectiveness of micronutrients according to the
guidelines of Kass & Raftery.[19] Notably, one study observed a mortality benefit among those
with CD4<100 (p = 0.03)[23] underscoring the importance of baseline CD4 count along with
study duration. In a sensitivity analysis using frequentist techniques, mortality across studies
yielded a RR of 0.85 (0.70, 1.05; p = 0.12) (S2 Fig.).

We performed a study-level sensitivity stratified analysis controlling for TB co-infection. In
a frequentist analysis, we estimated a RR of 0.70 (0.53, 0.93; p = 0.02) for the studies not includ-
ing patients with TB (S3 Fig.). For those studies including patients with TB at baseline, the RR
is 0.91 (0.64, 1.31; p = 0.62) (S4 Fig.). This frequentist analysis estimates the between-study var-
iability as zero between the non-TB studies (τ2 = 0) (S3 Fig.).

Our Bayesian analysis, which assumed a non-zero between study variability, found that
the posterior probability that micronutrients reduce mortality rates in the non-TB population
is 96%; the estimate of the risk ratio is 0.73 (0.47, 1.10; p = 0.04). The estimate for the studies
including patients with TB at baseline is RR 0.93 (0.59, 1.32; p = 0.29). The Bayesian ap-
proach led to wider credible intervals, because of the assumption of a non-zero between
study variability.

Adverse events. 6 of 8 studies explicitly reported on adverse events. Of these, none re-
ported any serious side effects from MNS, with minor events being reported in one study more
frequently among placebo recipients.[23] Assessment of the 49 studies qualitatively evaluated
revealed no evidence of adverse events. Of note, however, Vitamin A/beta carotene and seleni-
um were suggested to increase vaginal shedding of HIV.[31],[32]

Discussion

Summary of Evidence
Our evidence synthesis demonstrates that micronutrient supplementation substantially and
significantly reduces the risk of HIV disease progression by 38% in adults not on ARV therapy.
For disease progression, the NNT is 9.7. The probability that MNS slow HIV disease progres-
sion is 98.2%. The slowed rate of progression offers individuals not yet on ARV a potentially
life-extending stopgap as the goal of ARV access for all remains elusive. Other clinical benefits
may additionally accrue (discussed below), with little evidence of risk of harm or excessive cost.

For mortality, the NNT was 25 (credible interval, 4.3—1), with a 91% probability that MN
supplement reduces mortality. This is particularly evident among individuals with low CD4
counts, although clearly such individuals should be on ARV therapy. With the current dataset,
we cannot definitively assert an effect of MNS on mortality.

In our stratified analysis controlling for opportunistic co-infection, we found a stronger ef-
fect in studies that did not include patients with TB at baseline, both in the frequentist and the
Bayesian analysis. We hypothesize that micronutrients may moderately reduce mortality risk
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among adults without concurrent opportunistic infection. However, we caution that this was
an ex post facto exploratory analysis.

Our Bayesian analysis included a positive value for between study variability, estimated to
be 0.02 (0.0006, 0.15), i.e., about 2% of the observed variation could be said to be between
study variation.

Fig 2. Density Strip Plot of Relative Risk of Progression to Clinical Disease/AIDS. Bayesian random effects analysis (favors treatment on the left of 1.0);
density plots on the figure on the left represent combined data; on the right accounts for individual study arms and the impact of adding selenium or vitamin A
to MNS [55].

doi:10.1371/journal.pone.0120113.g002
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Fig 3. Density Strip Plot of Effect of MNS on Mortality. Bayesian random effects analysis (favors treatment on the left of 1.0); density plots on the figure on
the left represent combined data; on the right accounts for individual study arms and the impact of adding selenium, vitamin A or zinc to MNS.

doi:10.1371/journal.pone.0120113.g003
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Clinical impact and implications. Our analyses demonstrate a significant and marked
clinical benefit for adults with HIV not yet on ARV. However, benefits of MNS for those not on
ARV should not serve as a rationale for delaying[33] or deferring[34] access to ARV.

The annual cost per patient of MNS reported ranged from about $12 to $40/patient/year.
One of the least costly ($12/pt/year) yet most comprehensive MVM formulae was the one
clinically evaluated by Jiamton’s group.[35] Fawzi’s group estimated a cost of $15/pt/year.
[18] A global perspective on managing malnutrition among women and children has provid-
ed a figure of $9.6 billion to achieve 90% coverage in 34 focus countries.[36] A formal cost-ef-
fectiveness analysis would be useful; however, because of the very low cost of MNS, it is likely
to be favorable.

Future studies might assess optimized formulae and dosages. In the Fawzi study, increasing
the dosage of the vitamin A may have blunted the impact on progression rate.[18] By contrast,
Baum’s group found that adding the mineral selenium improved the outcome significantly
when adjustment was made for the interaction (0.46, 95% CI 0.25, 0.85).[11] The addition of
zinc to a MNS reduced mortality (RR 0.29; 95% CI 0.10, 0.80).[25] Range et al. reported that
zinc supplementation increased CD4 counts.[37] Vitamin D3 was not included in some formu-
lae, while a variety of studies have underscored widespread deficiency among HIV+ individuals
and a relationship between deficiency and poor outcomes.[38,39]

Others have noted numerous clinical benefits of MNS were reported, including improved
birth outcomes and gastrointestinal function, reduction in hospital stay, improvement in he-
matology and quality of life.[40,41] Other data suggest on the one hand an increased resistance
to malaria but potential for increase parasitemia of uncertain clinical significance when a MNS
is provided [42].

MNS formulae that include a comprehensive array of vitamins and minerals (such as potas-
sium, calcium, magnesium and selenium) may be more biologically relevant in the context of
gut damage, mitochondrial toxicity, increased resting energy expenditure and oxidative stress
observed in HIV infection and with chronic ARV treatment.[43] The finding that pyroptosis is
a primary feature of HIV pathogenesis through the inflammatory suicide of bystander CD4
cells[44] generates a hypothesis of the potential benefit of limiting this effect via MNS.[45]

The strongest effect on mortality among those with CD4<200 used a formula with a range
of micronutrients including vitamin D3, zinc, copper and selenium, which also happened to be
one of the least expensive.[23] However, studies of the effect of MNS on mortality for people
on ARV would be prohibitively large and long to ascertain any effect.

Use of MN supplements in the context of ARV therapy should be further assessed. While
one study using a comprehensive intervention with high dosages showed increased CD4
among North Americans on ARV [43], another among Tanzanians was stopped early due to
elevations in ALT liver enzymes [46]. Research might also be directed to assess the potential
for drug interactions, side effects (such as increased ALT among those on ARV) or ancillary
benefits such as reducing or limiting neuropathy[27] [47] [46] or on other clinical condi-
tions, such as anemia.[48]

Certainly, addressing food and clean water needs is paramount. Food insecurity increases
HIV+ individuals’ vulnerability in developing and developed countries, even in the United
States.[49],[50] The deleterious effects of food insecurity include accelerating HIV disease pro-
gression at a biological level, weight loss, clinical disease, inability to work and/or riskier activi-
ty among sex workers and a cycle of decline leading inexorably to early death[49],[51] and may
contribute to non-adherence to ARV.[52],[53] Wasting and cachexia still constitute a signifi-
cant source of mortality, often in settings of adequate caloric intake.[54]
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Strengths
Our findings are robust to the statistical approach chosen: both Bayesian and frequentist analy-
ses give similar estimates. Typical for a meta-analysis, our findings are sensitive to assumptions
regarding the variability between studies. The effects are significant in spite of our very conser-
vative estimate of the between study-variability in our Bayesian model.

Bayesian evidence synthesis produces a posterior distribution of the probability for each
possible value of the summary statistic, in our case the NNT. This gives an intuitive representa-
tion of likely effect sizes. Bayesian credible intervals provide evidence in favor of the null hy-
pothesis instead of just a rejection of the null hypothesis. To reflect this difference we present
the Bayesian estimates with posterior density strips.[55] To aid the reader we have also marked
the 95% equal-tailed Bayesian credible interval on each density strip (Figs. 2 and 3). By defini-
tion they contain the true value with a 95% probability, giving a clearer indication of the likely
range of results in our meta-analysis.[56],[57]

Limitations
The included studies were conducted in different settings (industrialized versus developing
countries). On one hand, the populations studied in the included trials differ, not only in gender
but also in racial, ethnic or genetic factors and, to some degree, nutritional status. On the other
hand, the baseline BMI in the gay men in California was around 24 versus 23 kg/m2 among the
Tanzanian women, suggesting similar nutritional status, as other data support.[58],[59]

The MNS interventions varied in content and strength. Some included minerals such as
iron, zinc and selenium while others did not. However, for the progression analysis, there were
greater similarities in the intervention used, including in terms of dosage.

Our conclusions are somewhat weakened by the small number of included studies; meta-
analysis of only few studies may exaggerate the effect estimate.[60] The inclusion of an observa-
tional study may be controversial, however, arguments support such inclusion with appropri-
ate precautions.[61],[62],[63] What is more, omission of the one observational study only
increased the estimate of the effect of MVM in HIV. While we did not detect significant evi-
dence for heterogeneity in the effect size for progression between the studies, lack of evidence
for heterogeneity is not proof of homogeneity. However, the consistency of the treatment effect
across different populations and interventions supports the robustness of our findings and
their generalizability across different settings.[64]

Conclusions
We recommend micronutrient supplementation among HIV+ adults not on ARV therapy.
Some 35 million people are living with HIV, millions of whom despite clinical eligibility, are
yet to be treated. While food and clean water as well as access to ARV remain priorities, poten-
tially cost-effective micronutrient supplementation to slow disease progression and reduce
mortality is compelling. Further studies of optimal micronutrient formulae among individuals
receiving ARV are warranted.
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