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Abstract
Multiple micronutrient deficiencies are highly prevalent in sub-Saharan Africa primarily due to inadequate
dietary intake and limited diversity of fruits, vegetables, animal protein, and fortified foods. Women of
reproductive age (WRA), pregnant and lactating women, children and the chronically ill have been noted
to be at particularly high risk for micronutrient deficiencies and these deficiencies have been linked to a
range of poor health outcomes. This thesis expands the epidemiologic evidence on the role of micronutrient
deficiencies in health and the effect of supplementation and fortification interventions in these vulnerable
populations in Tanzania.
Chapter 1 assesses the effectiveness of a national food fortification program among WRA in urban
Tanzania. Using data obtained from a cohort of 600 WRA, we document that implementation of a wheat
flour folic acid fortification program resulted in significant increases in serum folate concentrations and a
large reduction in the prevalence of folate deficiency.
Chapter 2 examines the effect of prenatal zinc and vitamin A supplementation on maternal iron status and
risk of anemia and the effect of prenatal iron supplementation on maternal zinc status. We analyzed data
from two randomized controlled trials of zinc, vitamin A, and iron supplementation among Tanzanian HIVnegative pregnant women. We found no beneficial effect of zinc or vitamin A supplementation on
hematological or micronutrient status. However, we found that iron supplementation significantly reduced
the risk of iron-deficiency but did not affect zinc status.
Chapter 3 assesses the association of impaired hematological status at antiretroviral therapy (ART)
initiation with mortality and HIV-related morbidities among HIV-infected adults in Tanzania. Using data
from a trial of multivitamins (vitamin B-complex, C and E), we found that impaired hematological status
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at ART initiation was associated with increased risk of mortality and post treatment weight loss, and make
the case for further investigation of the role of iron in HIV disease progression.
Conclusions: Scaling up optimal micronutrient interventions among vulnerable populations are likely to
improve health and significantly contribute to the attainment of sustainable development in Tanzania and
in countries of similar burden of malnutrition and disease in Africa.
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ABSTRACT
There is widespread vitamin and mineral deficiency problem in Tanzania with known deficiencies of at
least vitamin A, iron, folate and zinc, resulting in lasting negative consequences especially on maternal
health, cognitive development and thus the nation’s economic potential. Folate deficiency is associated with
significant adverse health effects among women of reproductive age, including a higher risk of neural tube
defects. Several countries, including Tanzania, have implemented mandatory fortification of wheat and
maize flour but evidence on the effectiveness of these programs in developing countries remains limited.
We evaluated the effectiveness of Tanzania’s food fortification program by examining folate levels for
women of reproductive age, 18–49 years. A prospective cohort study with 600 non-pregnant women
enrolled concurrent with the initiation of food fortification and followed up for 1 year thereafter. Blood
samples, dietary intake and fortified foods consumption data were collected at baseline, and at 6 and 12
months. Plasma folate levels were determined using a competitive assay with folate binding protein. Using
univariate and multivariate linear regression, we compared the change in plasma folate levels at six and
twelve months of the program from baseline. We also assessed the relative risk of folate deficiency during
follow-up using log-binomial regression. The mean (±SE) pre–fortification plasma folate level for the
women was 5.44-ng/ml (±2.30) at baseline. These levels improved significantly at six months [difference:
4.57ng/ml (±2.89)] and 12 months [difference: 4.27ng/ml (±4.18)]. Based on plasma folate cut-off level of
4 ng/ml, the prevalence of folate deficiency was 26.9% at baseline, and 5% at twelve months. One ng/ml
increase in plasma folate from baseline was associated with a 25% decreased risk of folate deficiency at 12
months [(RR = 0.75; 95% CI = 0.67–0.85, P<0.001]. In a setting where folate deficiency is high, food
fortification program with folic acid resulted in significant improvements in folate status among women of
reproductive age.
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INTRODUCTION
Multiple micronutrients deficiencies including iron, folate and vitamin A are key contributors to morbidity
and mortality globally [1]. In Tanzania, anemia affects 40% of women of reproductive age, with
deficiencies in iron and vitamin A measuring 30% and 36%, respectively [2]. Maternal folate insufficiency
has serious consequences to newborns, and among them is the neural tube defects (NTDs) [3–5]. In
Tanzania like most developing countries, limited estimates exist on the magnitude of folate deficiency [2
6, 7]. As a proxy measure and sequel of folate deficiency among women of reproductive age, the birth
prevalence of neural tube defects (NTDs) in Tanzania is estimated to be as high as 3 NTDs per 1000 live
births [8, 9]. It is estimated that micronutrient deficiencies cost Tanzania over US$ 518 million, estimated
at 2.65% of the country’s GDP annually [10]. Beyond the economic losses, vitamin and mineral deficiencies
are a significant contributor to infant mortality, with over 27,000 infant and 1,600 maternal deaths annually
attributable to this cause [10].
Adequate consumption of folic acid before pregnancy and during the early weeks of gestation decreases
the risk of developing NTDs [11–14].Hence, there is a global recommendation for peri-conceptional
supplementation with 400 micrograms per day (μg/d) of synthetic folic acid for women of child-bearing
age beginning at least 1 month before conception through the first 3 months of pregnancy [15,16]. High
rates of unplanned pregnancies, poor adherence as well as late reporting to ante natal care severely
undermine the success of supplementation programs [1,6,17,18], and the impact of continuing with the periconceptional supplementation after the first trimester of pregnancy remains unclear [19].
Food fortification is described as the single most cost-effective public health strategy for preventing and
controlling micronutrient deficiencies [20–22]. The first cereal grain fortification recommendations issued
by the World Health Organization (WHO) was for wheat flour and maize flour [23]. And as of 2015, 83
countries have mandated wheat flour fortification with iron and/or folic acid; and 16 countries have
mandated maize flour fortification with the same nutrients [24]. Evidence on the public health impact of
these programs suggests folic acid fortification of flour is effective in reducing neonatal mortality and NTDs
4

[25], however the evidence from developing countries, particularly in Africa is limited [26,27]. This
evaluation was therefore designed first, to determine the prevalence of folate deficiency in this cohort of
women of reproductive age prior to a food fortification program rollout and hence validate potential for
benefit in Tanzania, and second, to assess the effectiveness of the national food fortification program by
examining prospective folate levels as a proxy measure for public health impact in Tanzania.
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MATERIALS AND METHODS
Food fortification program
The Tanzania National Food Fortification Program mandates fortification [28] to targeted staple foods
including salt, edible oil, wheat and maize flour Table 1.1. With the exception of salt, which has been
fortified with iodine since 1994, fortification of other food staples officially started in 2013 through a
mandate passed by the government of Tanzania requiring all industrial processed wheat, maize and edible
oils to be fortified. This study is limited to wheat flour fortification only since folic acid fortification

of maize flour had not been implemented to scale at the time of the study.
Table 1.1 Fortification of staple foods in Tanzania (food vehicles, nutrients and fortificants).
Staple
Wheat

Year started
2013

Maize

2013

Cooking Oil

2013

Nutrient
Iron
Zinc
Vitamin B12
Folate
Iron
Zinc
Vitamin B12
Folate
Vitamin A

Fortificant compound
Sodium Iron EDTA
Zinc Oxide
Vitamin B12 0.1% WSa
Folic acid
Sodium Iron EDTA
Zinc Oxide
Vitamin B12 0.1% WSa
Folic acid
Retinyl Palmitate

mg/kg
40±10
40±10
0.015±0.005
3±2
10±5
30±10
0.005±.002
1.5±1
28

aWS = Water-Soluble

Helen Keller International worked in partnership with the Ministry of Health and Social Welfare
through Tanzania Food and Drug Authority (TFDA), the Tanzania Food and Nutrition Centre
(TFNC), the Ministry of Industry and Trade, the Tanzania Bureau of Standards (TBS), and food
producers to assist in the rollout of this mandate. To date 14 large-scale food producers participate
in the national program, including all ten of the country’s wheat flour producers, and four largescale vegetable oil refineries. Production capacity for fortified products among these 14 industries
amounts to approximately one million metric tons (MT) of wheat flour and 300,000MT of
vegetable oil annually, or roughly 88% and 80% of the market share, respectively. TFDA works
6

to ensure fortified products meet the levels of quality required by standards set by Tanzania Bureau
of Standards (TBS) at production point, in the market, and at ports of entry through regular
inspections.
Using the program impact pathway adopted from a similar evaluation undertaken in Costa Rica
Supplemental file 1. [29], we mapped an impact pathway for the Tanzania Food Fortification
program and identified the scope and key areas of focus for this evaluation (Figure 1.1).

Figure 1.1 Program Impact Pathway (PIP) for large-scale food fortification programs. Adopted with modifications
from Reynaldo Martorell et al. Am J Clin Nutr 2015; 101:210–217. a,bAreas of focus for this evaluation in the context of
Tanzania National Food Fortification program
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Study design, settings and participants recruitment
We conducted a prospective cohort study comparing participant’s plasma folate levels before and after the
rollout and scale up of the national food fortification program. We enrolled non- pregnant women of
reproductive age (18–49 years) living in the Temeke and Ilala districts of Dar es Salaam. These two districts
were selected to provide a mix of urban and peri-urban populations assuming these communities would
benefit from relatively faster access to fortified foods, given their close proximity to the main food
industries in Dar es Salaam. To maintain maximum representation with high internal and external validity,
participants were recruited from 10 clinics, 5 from each of the two selected districts, providing a 90%
aggregate coverage of antenatal care for pregnant women within the population catchment area. Given the
high rates of antenatal clinic (ANC) coverage by these clinics, we assumed that eligible participants
attending Mother and Child Health (MCH) clinics from these facilities are a representative sample for
women of reproductive age in the two districts selected for this study.
One district hospital and four health centers MCH clinics were selected from each, Temeke and Ilala
districts. We invited women attending clinics with their children for immunization program appointments
to participate in this study. We randomly selected women to participate through a lottery system using
identical folded cards with “YES” and “NO” labels. Women who picked “YES” were further screened

for the study. An equal number of participants were enrolled across the ten participating sites
giving a total of 60 participants from each site.

Sample size
Since no pre-existing data on prevalence of folate deficiency and effect size from the region could
be found for reference, our sample size was calculated using estimates obtained from similarly
designed studies in Latin America [30]. Assuming a two-sided alpha of 0.05, a power of 0.8,
intraclass correlation of 0.02, and mean plasma folate levels of 10±7 and 13±9 ng/ml at baseline
and end point, respectively, we obtained a sample size of 416 participants. In order to account for
8

loss to follow up in this study, we inflated the sample size by roughly 50%, resulting in a total
sample of 600 women of reproductive age.

Enrolment and follow up
We enrolled 600 out of 827 women screened across the 10 study sites in Dar es Salaam. Inclusion
criteria was based on participants not being pregnant, based on the date of their last menstrual
period as well as a urinary test during screening, having given birth at least 9 months prior to study
inclusion, planning to remain in the study area for the next 12 months, and giving written informed
consent to participate in the study. We excluded participants who were currently or had previously
taken folic acid/iron supplements during the past 9 months, and anyone with a reported chronic
illness (Figure 1.2).
The plasma folate status of enrolled participants was assessed at baseline, and at 6 and 12 months.
During these visits, fasting blood samples of ten hours or greater were obtained to deter- mine the
plasma folate levels. To maintain contact with our participants and to enhance follow-ups, we
conducted home visits and phone calls to all participants during months where no clinic visits were
scheduled to provide nutrition counselling on nutrient rich diverse diets, use of fortified foods
water and sanitation practices. We also collected dietary intake data from those who have missed
their clinic visits as well as reminding participants on their upcoming clinic visit.
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Figure 1.2: Study flow diagram on the numbers of participants enrolled and followed up
during the evaluation of food fortification program, in Dar es Salaam, Tanzania

Ethical consideration
Written, informed consent for voluntary participation was obtained from each study participant
before enrolment. The consent process was conducted in Kiswahili, the local language. The
research protocol and the consent forms were reviewed and approved by the Medical Research
Review Council of the National Institute for Medical Research (MRRC–NIMR), Tanzania and the
Institutional Review Board of the Harvard T. H. Chan School of Public Health, USA. In
accordance to Tanzania standard of care, nutritional counselling was provided to all participants.
10

Measurement of dietary intake
A dietary intake assessment using a semi-quantitative FFQ, validated for this setting was conducted at baseline, and at 6 months, and 12 months of follow up to allow estimation of total intake
as well as isocaloric comparison and interpretation of the plasma folate results [31]. The
questionnaire was comprised of 108 food items commonly consumed. Participants were asked if
they had consumed these foods in the prior month, and if so, how often, and the frequencies were
converted to servings per day. A serving is based on food specific portion sizes, using the Tanzania
Food Composition Tables [32]. Using this table, we computed the food folate, which is comparable
to the dietary folate equivalents (DFE) [33] as well as total energy consumed. We restricted data
to FFQs with reasonable total energy intake, >600kcals and <4500kcals.

Specimen collection and quality control
Venous blood specimens (about 4 ml) were collected in purple top tubes containing K2EDTA
using standard venipuncture procedures, and samples were sent to the Africa Academy of Public
Health (AAPH) laboratory within two hours of collection. Once in the laboratory, specimens were
centrifuged at 3200 rpm for ten minutes to obtain plasma that was stored in a -20C freezer in 1 to
3ml vials. Laboratory scientists made sure that specimens were free from hemolysis, lipemia and
icterus.
Plasma folate assays were done using the Cobas e411 automated analyzer (Roche Diagnostics,
Switzerland) as per manufacturer instructions. The machine was calibrated by lyophilized human
plasma with folate. Adding 1.0 ml of distilled water carefully dissolved the contents of the
calibrators. The calibrators were mixed carefully, avoiding foam formation. Aliquots of the
reconstituted calibrators were transferred into empty vials and stored at -20˚C till needed.

11

Whenever required, a pair of calibrators were brought out and thawed before use at room
temperature. Testing proceeded after successful calibration, with 250–300μl of each sample run in
duplicate and average readings recorded. Negative and positive controls were used for quality
assurance in each run. Controls were run individually at least once per 24 hours while the test was
in use, once per new reagent kit and after each passed calibration. Printed results were certified by
one laboratory personnel and reviewed by another one, before entered into a data- base. The normal
range for the equipment is 1.5–20.0 ng/ml.

Statistical analysis
We analyzed change in mean plasma folate levels from baseline, to 6, and 12 months of followup. Mean (±SD) values of total energy intake (in calories/day), macronutrient proportions of the
total calorie intake, as well as intake of fortified wheat-based foods (in servings/day) were
calculated to estimate folic acid intake at baseline. We estimated the change in levels of these
measures from baseline, and assessed statistical significance using a paired Student’s T-test.
The concentrations suggested for defining folate deficiency based metabolic indicators range from
3–4 ng/ml [15,16,34]. This value is derived from data related to preventing anemia and
hyperhomocysteneinemia and the public significance of applying same cut-off in isolating folate
deficiency in the context of NTDs is not fully understood [15,34]. Evidence suggests risk of NTD
increases with folate insufficiency levels higher than ranges defining folate deficiency [34]. We
dichotomized plasma folate levels based on the stringent threshold indicative of folate deficiency
using a cut-off point of 4 ng/ml [15,16]. We fit univariate and multivariate binomial regression
models to assess the degree to which each unit change in plasma folate led to a change in the risk
of folate deficiency at six and twelve months, and obtained risk ratio estimates [35]. In
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multivariate models, we included potential confounders known to be associated with folic acid
intake and/or plasma folate levels, or have been identified in regression models (p<0.2) to be
significantly related to dietary intake of folic acid at baseline. Relative risks were adjusted for
age (18 to <2 6, 26 to <36 and 36–49 years), years of formal education (0–7 years, 8–11 years and
≤12 years), occupation (business/professional, skilled formal, skilled informal, unskilled,
unemployed), body mass index (<18.5, 18.5 to <25, 25 to <30, ≤30 kg/m2), household dietary
diversity score (1–12), base- line intake of fortified wheat-based foods (servings per day), intake
of vegetables and total energy intake (kcals/day).The number of household assets were
computed from a simple count that included TV, radio, generator, fan, bike, car, couch, fridge,
as well as access to electricity and potable water, allowing classification into 3 socioeconomic
groups thus: 0–5, 6–8, and 9–10 [36]. Covariates with missing data were retained in the analysis
using the missing indicator method [37]. P-values were two-sided and significance was set at <
0.05. All statistical analyses were conducted using SAS version 9.2 (SAS Institute Inc).

RESULTS
A total of 600 non-pregnant women of reproductive age were enrolled and followed for a period
of 12 months Table 1.2. The mean age (±SD) of the participants was 28 years (±7). A majority of
the participants had completed seven years of formal education or less (68%) and were
unemployed (51%). All the participants were found to be in the low socioeconomic class. The
mean (±SD) body mass index (BMI) was 24.4 (±5.0) kg/m2. Mean dietary folic acid intake was
low (<500μg/d) at baseline in 66% of the participants.
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Table 1.2: Baseline characteristics of women of reproductive age who participated in the
evaluation of food fortification program, in Dar es Salaam, Tanzania

Age (Years)

Years of completed education

Occupation

Total household assets

Family expenditure on food
(Per Day)
Where family buys groceries
Body mass index (kg/m sq)

Dietary folic acid intake

a

Categories
Mean (±SD)
18–<26
26–<36
36+
0–7
8–11
12+
Unemployed
Unskilled
Skilled informal
Skilled formal
Business/professional
0–5
6–8
9–10
Mean (±SD)
<10,000 TZSa
a
≤10,000 TZS
Local retail shops
Others incl. supermarkets
Mean (±SD)
<18.5
18.5 to <25
25 to <30
30+
Mean (±SD)
Low (<500μg/d)
Adequate

Percent
28.4 (±6.7)
39%
43.5%
17.5%
68.3%
23.7%
8%
51.0%
29.5%
0%
3.0%
16.5%
22.3%
53.7%
24%
7,960(±4465)
66.5%
33.5%
93.5%
6.5%
24.4 (±5.0)
7.5%
58.7%
21.3%
12.5%
456 (±187)
66.2%
33.8%

10,000 Tanzania Shillings which is approximately equal to 4 USD

At baseline, the mean (±SD) energy intake based on intake surveys was 2906 kcals/day (±966).
There was significant reduction in the total energy intake among participants during follow-up,
with an average drop of 599 kcals (P<0.0001) and 700 kcals (p<0.0001), compared to baseline at
month 6 and 12 respectively. Energy intake was comprised of protein (12%), fat (32%) and
carbohydrate (56%) on average. There was a slight increase in protein intake (0.52%; p-value =
14

0.006). Besides this, dietary composition was materially unchanged over the course of follow up,
with no significant change in carbohydrate as well as fat intake at any time point. The mean (± SE)
serving per day of fortified wheat-based foods at baseline was estimated to be 0.84 (±0.56). There
was significant reduction in wheat-based foods intake (-0.23 servings/day) and (-0.25 servings per
day), compared to baseline intake by the sixth and twelve month of follow-up respectively Table
1.3.
Table 1.3: Macronutrient and fortified wheat flour intake among non-pregnant women of
reproductive age who participated in the evaluation of food fortification program in
Dar es Salaam, Tanzania.

Measure
Energy
(kcals/day)
Protein %
Fat %
Carbohydrate %
Fortified wheatbased foodsa
(mean
servings/day±SE)
a

Baseline
(n = 537)
Intake
(mean±SD)
2906 (±966)
12.2% (±2.5)
31.8% (±6.27)
56.0% (±7.9)
0.84 (±0.56)

Six months
(n = 413)
Intake
Change;
(mean±SD)
p-value
2447 (±851)
-599; <0.0001

12 months
(n = 361)
Intake
Change;
(mean±SD)
p-value
2348 (±860)
-700; <0.0001

12.7 (±2.57)
31.7 (±5.95)
55.5 (±7.36)
0.61 (±0.28)

12.5 (±2.76)
32.3 (±5.81)
55.1 (±7.39)
0.62 (±0.55)

0.52; 0.006
0.45; 0.29
-0.97; 0.06
-0.23; <0.0001

0.30; 0.17
0.88; 0.08
-1.18; 0.07
-0.25; <0.0001

Wheat-based foods included bread, pancakes, cakes and donuts

N’s are different at each time point due to FFQ inclusions for analysis

The mean plasma folate concentrations were 5.44 ng/ml (±2.30) at baseline, 10.08ng/ml (±2.57)
at six months and 9.70ng/ml (±3.75) at twelve months Table 1.4. There was an increase of mean
plasma folate of 4.57ng/ml (±2.89) from baseline to 6 months and 4.27 ng/ ml (±4.18) from
baseline to 12 months. The slight drop in folate levels from six to twelve months was not significant
(p = 0.27). We compared baseline values of all variables in those who completed the study versus
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those lost to follow-up, and we found no differences in those two groups (p>0.05). Overall, there
were significant reductions in the risk of folate deficiency at six and twelve months of follow-up
Table 1.4. There was a 25% (15%–32%) reduction in the risk of folate deficiency at 12 months
for every 1ng/ml increase in plasma folate from baseline levels.

Table 1.4: Risk of folate deficiency among non-pregnant women of reproductive age who participated
in the evaluation of food fortification program in Dar es Salaam, Tanzania

Measures
Mean (±SD)
Difference (±SD)
% Deficient
For every 1ng/ml increase in
plasma folate
Univariate RR (95% CI) a
Multivariate RR (95% CI) a,b
Folate deficiency at baselinec
Univariate RR (95% CI) a
Multivariate RR (95% CI) a,b
On restriction to participants with
complete follow-upd
For every 1ng/ml increase in
plasma folate
Univariate RR (95% CI) a
Multivariate RR (95% CI) a,b
Folate deficiency at baseline,
complete follow-upd
Univariate RR (95% CI) a
Multivariate RR (95% CI) a,b
a

Baseline
(n = 511)

Six months
(n = 410)

p-value

12 months
(n = 366)

p-value

5.44 (±2.30)

<0.0001

9.70 (±3.75)
4.27 (±4.18)
5.0%

<0.0001

26.9%

10.08 (±2.57)
4.57 (±2.89)
0.5%

1.00
1.00

0.76 (0.49, 1.18)
0.78 (0.51, 1.20)

0.23
0.26

0.74 (0.68, 0.81)
0.75 (0.67, 0.85)

<0.0001
<0.001

1.00
1.00

0.60 (0.17, 2.08)
0.47 (0.10, 2.11)

0.42
0.32

1.00
1.00

0.75 (0.67, 0.82)
0.74 (0.64, 0.86)

<0.0001
<0.0001

1.00
1.00

0.63 (0.14, 2.90)
0.82 (0.16, 4.10)

0.55
0.81

Relative risk (RR) estimates were obtained from binomial regression models. RR above 1 suggests an increased risk

of folate deficiency for every one-unit increase in the plasma folate. RR below 1 suggests a decreased risk of folate
deficiency for every one-unit increase in the plasma folate.
b

Multivariate estimates were adjusted for age in years (15–<26, 26–<36, ≤36), educational status in completed years

(0–7, 8–11, ≤12), occupation (unemployed, unskilled, skilled informal, skilled formal, business/professional), total
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assets (0–5, 6–8, 9–10), minimum dietary diversity score for women (>5, ≤5), BMI, and the intake of wheat-based
foods (<1 serving/day, ≤1 serving/day), vegetables (<1 serving/day, ≤1 serving/day) and total energy (kcal) at baseline
c

Folate deficiency was defined as plasma folate concentration <4ng/ml

d

Restricted to 298 participants with follow-up at six and twelve months

DISCUSSION
Tanzania provides a model for mandatory large-scale food fortification in Africa [38]. Our evaluation on
the effectiveness of this program demonstrates 6 months after the introduction of the program, a significant
reduction in the prevalence of folate deficiency occurred in a cohort of women of reproductive age, with
the benefit persisting up to 1 year after the program roll-out. This evaluation provides one of the first results
on effectiveness of food fortification programs in Africa, in a setting where the prevalence of folate
deficiency among women of reproductive age was high. Our results indicate that folate insufficiency
remains prevalent in this region despite existing dietary as well as peri-conceptional folic acid
supplementation pro- grams. Hence, there is an important role for fortification programs as a cost effective
large- scale intervention to address folate and other micronutrient deficiencies [20–22]. There is strong
evidence that folate insufficiency is significantly associated with higher risk of NTDs [34] and increased
neonatal mortality, as well as a contributor to anemia. Hence, preventing folate deficiency in women of
reproductive age is likely to significantly reduce child mortality [3].

To our knowledge, this is the first evaluation of folic acid intake among non-pregnant women of
reproductive age using both dietary intake information and biochemical markers of folate status in sub
Saharan Africa. On average, women of reproductive age in this study, consumed diets containing adequate
energy and macronutrient distribution in compliance with international recommendations for healthy eating
[39]. At baseline, the energy intake was comprised of protein (12%), fat (32%) and carbohydrate (56%).
The mean intake values for fat and carbohydrates did not differ markedly from the fat and carbohydrate
intakes observed in other African populations [40]. However, the vast majority of women in this study did
not meet the recommended intakes for folic acid intake before fortification. Similar inadequate intakes of
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folic acid have also been reported among Tanzanian rural and urban children as well as among the elderly
population [41].

The mean serving per day of fortified wheat-based foods at baseline was estimated at 0.84, confirming that
wheat flour is an appropriate vehicle for fortification in this population. This has direct implications for
fortification programs in sub-Saharan Africa, where cereals, including wheat flour contribute between 50–
75% of energy intake, but two-thirds of the vitamins and minerals naturally present in the unrefined staple
are removed by the milling refinement process [42]. This fact, together with the wheat consumption
observed in this study, amplifies justification for wheat flour as a potent fortification vehicle and why
mandatory fortification is essential in this setting.
Plasma folate levels improved remarkably by month six of the study follow up, consistent with the rollout
and scale-up of national food fortification program. These findings are consistent with other studies, that
assessed the impact of the folic acid fortification programs [30,43–45], where significant increases in folate
levels and declines in folate deficiency among women have been reported. A decline in the incidence of
neural tube defects in Tanzania can be anticipated based on the decreased prevalence of folate deficiency
observed, and in line with a 46% decline in NTD prevalence internationally [25]. Improving folate status
may have other critical benefits. These may include reduced a risk of cardiovascular diseases [46], a reduced
prevalence of anemia [47,48], protection against other birth defects [49,50], and against allergies and hyper
allergenic responses [51], and improved pregnancy outcomes [3–5] as well as overall healthier aging [52].
Despite above-mentioned benefits, several countries have not yet mandated fortification due to concerns
for potential adverse effects from large-scale population based folic acid fortification [53]. Although the
evidence is limited, these concerns include potential masking of vitamin B12 deficiency [54] and presence
of unmetabolized folic acid in serum [55], although this has shown to be less likely in countries where
increase in folic acid consumption does not exceed 400 μg/d [43]. Supraphysiological, and possibly even
physiological, folate status may potentially favor malaria parasite growth and inhibit parasite clearance
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effect for some anti- malarial drugs, hence increasing malaria recrudescence [56]. Further risk-benefit
analysis for folic acid fortification assessing secondary outcomes of interest such as the masking of B12
deficiency, increased levels of unmetabolized folic acid, and supraphysiologic folate status is warranted
and important for future research. It is important noticing that about 50% of women were still deficient at
12 months, suggesting that continued efforts to enhance supple- mentation would be complementary [57].
Our study has several limitations. First, we did not collect and test food samples to assess the amount of
fortificant contained. This limits our ability to correlate the rise in plasma folate levels with the levels of
the fortificant in the foods. We therefore assumed that most of the wheat-based foods consumed by the
participants following the launch of fortification were made from fortified flour. The slight reduction in the
mean change in folate levels we observed at month 12 compared to month 6 was not statistically significant,
and may have been due to chance. A Tanzania Food and Drug Authority (TFDA) post marketing
surveillance report of April 2015 implies unsatisfactory and inconsistent levels of key micronutrients added
in wheat flour and edible oil and fats [58]. Inadequate quality control at the mills, use of unacceptable
packaging materials and improper handling and storage of the fortified products along the food chain are
among the possible listed contributory factors [58]. Results from the 2015 Tanzania national fortification
assessment coverage tool (FACT) cross-sectional survey indicates great variations in the fortification
quality compared to Tanzania national standards [59]. Nationally only 18.9% of wheat flour and 3.3% of
maize flour samples were adequately fortified, meanwhile similar household consumption patterns in rural
and urban settings being reported for wheat flour and maize flour at 33.1% and 2.5% respectively [59].
Second, we experienced a gradual loss of participants over a period of 12 months of follow-up, with 33%
lost to follow up at 12 months. There was however no difference in the baseline characteristics of
participants’ loss to follow-up compared to the others in the study. When we restricted analysis to
participants with complete follow-up at six and twelve months, a stronger protective association was seen
at six months, with no significant association at twelve months. Epidemiological studies potentially suggest
less risk of bias in cohort studies with up to 60% loss to follow-up or misses when such occurs at random
[60]. The pre and post comparison design for folate levels in this cohort also reduces chances for bias. Due
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to full coverage nature of the fortification pro- gram, we chose a non-experimental design ‘before after’
design. In this case, causal attribution is not possible. However, the observed change is significantly large
to have occurred due to other secular trends. Third, the study was conducted in an urban/ peri-urban setting
where access to fortified foods may be different compared to rural parts of the country. In sub-Saharan
Africa, wheat consumption is higher in urban compared to rural settings [61]. Therefore, maize flour (also
under the fortification program but slower to start up in Tanzania) is intended to reach this rural population,
however the number and nature of the maize industries in the land- scape mean that quality control and
therefore potential effectiveness may be more limited. Further understanding of access and consumption
patterns, particularly in rural settings, remains critical for successful implementation of the National Food
Fortification program in Tanzania. Hence, impact in rural areas should be a key objective for future studies.
Finally, for logistics

and quality reasons, we performed plasma instead of red blood cell folate assays.

Red blood cell folate assays are recommended over plasma or serum folate assays, as they provide a
measure of long term rather than recent intake for folic acid [15]. Competitive assay with folate binding
protein used to measure folate concentration generally gives lower values compared to microbiological
assay using Lactobacillus rhamnosus, currently recommended as the most reliable assay yielding
comparable results for folate concentration across countries [15,34]. Although, it is possible that assays
performed in separate baseline, 6 and 12 months’ batches introduce bias; it is implausible for this batch
effect to explain the large effect size observed.

While improving folate status has many purported health benefits, when countries state a reason for
including folic acid in flour fortification, it is usually to reduce the risk of neural tube defects (NTDs). The
WHO new guidelines on optimal serum and red blood cell folate concentration in women of reproductive
age for prevention of neural tube defects emphasizes on the importance of assessing “folate insufficiency”,
instead of folate deficiency [34]. Folate insufficiency implies to levels below which women are at an
increased risk of having an NTD affected pregnancy whereas folate deficiency levels forms a subset. This
threshold has been recommended for blood folate assays and not for serum or plasma levels. The blood
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folate cutoff for folate insufficiency is higher than the cutoff point for folate deficiency [34]. This means
that women who are not folate deficient, can be folate insufficient and at risk of having a baby with an
NTD. Certainly the percent of women with folate deficiency represent the low end of the percent of women
at risk of having an NTD-affected pregnancy; a more accurate representation of this risk is the percent of
women with folate deficiency and insufficiency. To make pre- dictions on NTDs at population level using
plasma folate assays, relationship between both plasma and red blood cell folate needs first to be established
in this setting. And therefore establish corresponding threshold for plasma folate assays using red blood
cell folate levels.

CONCLUSSION
Similar to other countries with mandatory fortification programs, the wheat flour fortification program in
Tanzania increased folate levels for urban women of reproductive age. Using the impact pathway adopted
for this evaluation, we can make a plausible argument that a large scale wheat flour folic acid fortification
program benefits women of reproductive age and hence having public health impact in Tanzania. Our
findings are indicative of effectiveness of a large-scale food fortification program, and hence possible
positive biological response to other fortificants like iron, zinc and B12. The net economic benefit of food
fortification pro- gram in Tanzania is considerable; where $1 invested in central food fortification can result
in an economic return of $8.22 or an increase in GDP of 0.58%. In addition, it is estimated that almost 6,800
deaths per year would be averted [10]. We recommend scale up of all selected food vehicles alike, especially
maize flour fortification in settings where folate and other deficiencies are high.
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ABSTRACT
Background: Zinc and vitamin A supplementation have both been shown to affect iron status, hemoglobin
level, and anemia in animal and human studies. However, evidence on their combined use in pregnancy, in
the context of standard iron-folic acid (IFA) supplementation remains limited.

Objective: To determine the effects of zinc and vitamin A supplementation during pregnancy on iron status
and anemia at delivery. Secondly, to assess the effect of prenatal iron supplementation on maternal zinc
status at delivery among iron replete women.

Methods: We analyzed two large RCTs, one examining the effect of daily zinc (25mg) and vitamin A (2,500
IU) supplementation starting in the first trimester in pregnancy compared to placebo (N=2500), and the
second one evaluating safety and efficacy of daily iron (60 mg) supplementation among iron replete
pregnant women (N=1500). Blood samples from baseline and delivery were tested for hemoglobin, serum
ferritin, soluble transferrin receptor, plasma zinc and zinc protoporphyrin.

Results: Zinc and vitamin A supplementation were associated with lower hemoglobin concentrations at
delivery of -0.26g/dl (95% CI: -0.50,-0.02) and -0.25g/dl (95% CI: -0.49,-0.01) respectively. Vitamin A
increased mean ferritin concentrations at delivery (14.3μg/L, 95% CI: 1.84, 29.11), but was associated with
increased risk of severe anemia (RR=1.41, 95% CI: 1.06, 1.88). Among women who were iron-replete at
baseline, iron supplementation reduced the risk of iron depletion at delivery by 47% (RR= 0.53, 95% CI:
0.43, 0.65). There was no effect of zinc or iron supplements on plasma zinc levels.

Conclusion: Our findings support existing WHO guidelines on prenatal iron, vitamin A and zinc
supplementation. In this setting, scaling uptake of prenatal iron supplements is warranted, but not prenatal
zinc and vitamin A supplementation. In settings where vitamin A deficiency is endemic, the efficacy and
safety of the WHO recommended prenatal vitamin A supplementation requires further evaluation.
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INTRODUCTION
Pregnancy increases the demand for micronutrients, particularly for iron, folate, vitamin A, iodine, calcium,
and zinc (1,2). Iron deficiency (ID) is estimated to contribute to over half of 32 million cases of anemia in
pregnancy (3,4). Concurrent deficiencies of zinc and vitamin A have also been implicated in increased risk
of anemia, severe infections, and poor pregnancy and birth outcomes (5–8). Strategies to address
concurrent micronutrient deficiencies in pregnancy, including food fortification and prenatal cosupplementation with zinc, vitamin A and iron-folic acid (IFA) have been explored. However, there remains
concern about potential adverse interactions between vitamin A, zinc and iron if administered together.
Zinc and iron have similar absorption and transport mechanisms, and may compete when coadministered (9,10). Zinc supplementation has been demonstrated to reduce iron absorption, hemoglobin,
and serum ferritin concentrations in animal as well as human studies (11,12). Iron supplementation in
pregnancy may reduce dietary zinc absorption and may impair physiologic zinc homeostasis (13,14).
Limited evidence from developed countries suggests that iron indicators do not seem to improve as greatly
when iron and zinc are co-administered (5,15,16). Nevertheless, these studies were conducted in children,
and very little is known regarding the impact of co-administration of iron and zinc on iron and zinc status
in pregnant women.
There may also be negative effects of co-administration of vitamin A and iron supplements.
Vitamin A influences several aspects of iron metabolism, and has been shown to increase erythropoiesis
and iron mobilization from body stores (17). In animal studies, vitamin A deficiency has been associated
with lower levels of serum iron and accumulation of iron in storage deposits, such as the liver and the spleen
(18). Increasing evidence suggests that taking vitamin A supplements during pregnancy improves iron
status and reduces the risk of maternal anemia (19,20). However, available evidence has failed to show a
consistent effect of combining vitamin A and iron supplementation during pregnancy on maternal
hematological status (20). To our knowledge, few studies have examined the use of vitamin A supplements
in the context of standard IFA during pregnancy in resource-limited settings.
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We conducted analysis of two randomized, double-blind placebo controlled trials of zinc, vitamin
A and iron supplementation among pregnant women in Dar es Salaam, Tanzania. One trial examined the
effect of zinc and/or vitamin A supplementation on malaria in pregnancy compared to placebo, and the
second evaluated the safety and efficacy of iron supplementation among iron-replete pregnant women. In
this secondary analysis, we examine the effect of prenatal zinc and vitamin A supplementation on iron
status and anemia at delivery, and the effect of prenatal iron supplementation on maternal zinc status at
delivery.

METHODS
Study design and participants.
The study designs, data collection, and study procedures of the two RCTs used in this study have been
described in detail elsewhere (21,22). Briefly, between July 2010 and September 2013, the zinc and vitamin
A supplementation trial enrolled 2,500 women in their first trimester of pregnancy and followed them
through delivery across eight antenatal care clinics in Dar es Salaam. Eligible women were Human
Immunodeficiency Virus (HIV)-negative, primgravid or secundigravid in their first trimester (< 13 weeks
of gestation) with the intention to stay in Dar es Salaam until 6 weeks post-partum [clinicaltrials.gov
registration identifier NCT0111478]. HIV tests were conducted at the screening using two rapid assays
(Alere Determine and Uni-Gold HIV-1/2), with confirmation of discrepant results using ELISA (Enzygnost
HIV Integral II, Germany) at the Muhimbili University of Health and Allied Sciences (MUHAS) research
laboratory
In the second trial, 1,500 pregnant women were enrolled to evaluate the safety and efficacy of iron
supplementation (60 mg/ day) during pregnancy in a malaria-endemic region. Enrolled women were ironreplete (serum ferritin > 12 µg/L) and not severely anemic (hemoglobin > 8.5 g/dL). Eligible women were
all HIV-negative, primigravid or secundigravid at or before 27 weeks of gestation, and followed through
delivery from September 2010 to October 2012 [clinicalTrials.gov identifier NCT01119612].
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Both trials were approved by the Harvard T.H. Chan School of Public Health Human Subjects
Committee, the Muhimbili University of Health and Allied Sciences Research and Publications Committee,
the Tanzania National Institute of Medical research (NIMR), and the Tanzania Food and Drugs Authority
(TFDA). All participating women in both trials provided written informed consent.

Randomization and masking
In the zinc and vitamin A supplementation trial, participants were individually randomized in equal
numbers to receive single tablets containing one of the following regimens; 1) 2500 IU vitamin A, 2) 25
mg of zinc (as zinc sulfate), 3) both 2500 IU vitamin A and 25 mg zinc or 4) placebo and instructed to take
the regimen orally each day until delivery. In the iron supplementation trial, participants were randomized
to receive 60mg of elemental iron (as ferrous sulfate) or placebo from enrollment until delivery.
For each trial, supplements were indistinguishable from one another in appearance and taste.
Randomization lists were computer generated by a biostatistician not involved in the data collection, using
blocks of 20, with stratification by study clinic. All study personnel and participants remained blinded to
treatment assignments for the duration of both trials.

Procedures
In both trials, enrolled participants attend monthly study visits until delivery. All participants were provided
with standard prenatal care. In the vitamin A and zinc trial all participants received daily iron folic acid
supplements (60 mg iron and 5mg folic acid). At each study visit, a health questionnaire and an obstetric
examination were administered, and participants were provided with a monthly supply of study regimen.
Participants were followed from randomization until 6 weeks post-delivery or loss to follow-up.

Biomarkers and outcome assessment
In the zinc vitamin A supplementation study, hemoglobin levels were measured at baseline and delivery
using Hemocue (AB Hb 201 Sweden), and serum ferritin levels were obtained using colloidal gold rapid
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assays (Glory Science Co., Ltd and Victory Medicine Inc., NY). In the iron supplementation study baseline
and delivery blood samples were tested for a complete blood count using (AcT5 Diff AL; Beckman
Coulter), and serum ferritin (Cobas Integra). In both studies C-reactive protein was obtained using (CRP;
Roche Diagnostics), and soluble transferrin receptor (Roche Diagnostics). All samples were tested at a
research laboratory in Dar es Salaam. A random selection of samples from both trials was tested for plasma
zinc. In addition, samples randomly selected from the iron supplementation study were tested for zinc
protoporphyrin (ZPP) using the hematoflourimeter method (23).
Outcome assessment and selection of biomarkers and threshold concentrations representing
deficient hematological status were based on standard definitions including; Hb < 11 g/dL (anemia), Hb <
8.5 g/dL (severe anemia), ferritin ≤12 μg/L (depleted iron storage), sTfR >4.4 mg/L (depleted circulating
iron), and ZPP >70 mmol/L (iron-deficient erythropoiesis) (21,23–25). To account for the effect of
inflammation, iron deficiency anemia was defined using the hemoglobin cut-off for anemia (Hb<11g/dl)
plus inflammation-adjusted iron deficiency based on CRP-adjusted SF concentrations [(<70 µg/L; CRP, >
8.2µg/ml) or in the absence of inflammation (ferritin, <30 µg/L; CRP, ≤8.2μg/ml)] (23,26). The
transferrin/log (ferritin) ratio with a cut-off value of 1.70 was used to improve the diagnosis of iron
deficiency in the context of inflammation (27,28).

Statistical analyses
In the first study, we assessed the effect of prenatal zinc and vitamin A supplementation on iron
status and anemia at delivery, using data obtained from the 2,500 women who participated in the zinc and
vitamin A supplementation trial. For each outcome, we examined the main effects for zinc (participants
who received zinc alone, or zinc and vitamin A, n=1,250), vitamin A (participants who received vitamin A
alone, or vitamin A and zinc, n=1,250), comparing zinc to no zinc, as well as vitamin A to no vitamin A,
respectively. The effects of vitamin A and zinc supplements on hemoglobin, ferritin, and plasma zinc were
assessed within groups using a two-sample t-test on the differences of the paired delivery and baseline
samples. To enhance statistical power, given that many patients did not have both baseline and delivery
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samples, estimates of the regimen effect (between groups mean difference) were modelled using
generalized estimating equations (GEE, SAS Proc genmod). Dependent variables were modeled as a
function of time varying main effects and time (baseline or delivery), in which the time-varying regimen
was set to zero at baseline and one at delivery in the respective arms. Possible interaction of the main effects
(zinc and vitamin A), as well as the individual main effects with time and baseline anemia as well as iron
deficiency status, were tested using GEE models. We further explored the data for modification of the
regimen effects by baseline anemia, iron, and zinc deficiency status. Subgroup analyses were conducted
where interactions were found to be positive.
In the iron supplementation trial we assessed the effect of prenatal iron supplementation on
maternal zinc status at delivery, using a subset data obtained from 1,500 women who participated
(Supplementary table 2). Within group mean changes of plasma zinc and ZPP concentrations among women
who received iron compared to placebo were computed. Between groups differences of differences were
analyzed using linear regression, with outcomes modeled as change in plasma zinc (and separately change
in ZPP) and regimen as the exposure.
In both analyses, we used the normal distribution and the identity link for continuous outcomes,
while for binary outcomes we used the log link and the binomial or Poisson distribution (29). Since the
treatment groups were not different at baseline, no adjustment was necessary for the respective main effects.
Nonetheless, in sensitivity analysis, other covariates were introduced into the models including maternal
age, gestational age at randomization, education, marital status, employment, per capita expenditure on
food, body mass index (BMI), mid upper arm circumference (MUAC) and compliance to study regimen.
Covariates with missing data were retained in the analysis using the missing indicator method (30). All
statistical tests were two-tailed, and differences were considered significant at P < 0.05. SAS statistical
software, version 9.2 (SAS Institute Inc.), was used for all analyses.
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RESULTS
Table 2.1 presents characteristics of study participants by trial and randomized regimen. Among 2,500
women enrolled in the zinc and vitamin A supplementation trial, 2,398(96%) and 1,329(53%) were tested
for baseline and delivery hemoglobin respectively. Secondarily, a random subset of 580(23%) baseline, and
622(25%) delivery samples were collected and tested for serum ferritin; and similarly for plasma zinc with
374(15%) baseline, and 143(6%) delivery samples tested. Among 1,500 women enrolled in the iron
supplementation trial, 373(25%) baseline and 332(22%) delivery plasma zinc tests; and 374(25%) baseline
and 434(29%) delivery ZPP tests were randomly sampled and included in the analysis to estimate the effect
of iron supplementation on plasma zinc levels at delivery. In both trials, randomly tested participants
included in the analyses had similar baseline characteristics to participants not included (P>0.05)
(Supplementary table 2.1 and 2.2).

Effects of vitamin A and zinc supplementation on hematologic and micronutrient status.
The effects of prenatal zinc and vitamin A supplementation on hemoglobin, serum ferritin, and plasma zinc
are presented in Table 2.2. We found no evidence of interaction between vitamin A and zinc on change in
hemoglobin concentration, ferritin and anemia status (all P-values >0.05). Participants who received zinc,
had a 0.26 g/dL (95% CI:-0.50,-0.02), reduction in their mean Hb concentration from randomization to
delivery as compared to those who received no zinc. Similarly those who received vitamin A, compared
to those who did not receive vitamin A had a 0.25 g/dL (95% CI:-0.49,-0.01) mean reduction in hemoglobin
concentration.

38

Table 2.1. Selected baseline characteristics and comparability of treatment groups in supplementation studies of zinc and vitamin A (trial
1) and iron (trial 2) among pregnant women in Dar es Salaam, Tanzania, 2010 – 2013.
Trial 1: Zinc and Vitamin A supplementation
Characteristics
Mean maternal age (Years) Mean (SD)
Primigravida (%)
Mean gestation age at randomization, weeks(SD)
Education (Years)
0<5
5<8
8 < 12

Zinc

Vitamin A

Yes
(N=1250)
23 (4.8)
52%
10 (2.5)

No
(N=1250)
23 (3.9)
52%
10 (2.4)

Yes
(N=1250)
23 (4.4)
52%
10 (2.4)

No
(N=1250)
23 (4.4)
52%
10 (2.4)

8%
64%
23%

9%
63%
24%

9%
63%
23%

8%
64%
24%

Trial 2: Iron
Supplementation
Iron
Placebo
(N=750)
(N=750)
24 (4.1)
60%
18 (4.3)

24 (4.2)
56%
18 (4.4)

2%
55%
29%

2%
54%
28%
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≥ 12
5%
5%
5%
5%
14%
16%
Marital status
Married / cohabiting
90%
91%
90%
91%
80%
81%
Other
10%
9%
10%
9%
20%
19%
Employment status
Skilled
6%
6%
6%
6%
19%
20%
Unskilled or informal
24%
24%
24%
24%
30%
30%
Housewife / unemployed
56%
55%
55%
56%
48%
46%
Other
14%
15%
15%
14%
3%
4%
Per Capita daily Expenditure on Food, Mean TZSa
2090 (1157)
2080 (935)
2115 (1147)
2054 (947)
5864 (3773)
5714 (2827)
(SD)
Body mass index (BMI) (Kg/m2), Mean(SD)
23.3 (4.3)
23.2 (4.5)
23 (4.4)
23.1 (4.3)
24.5 (4.4)
24.5 (4.7)
< 18.5
10%
11%
12%
10%
4%
5%
18.5-24.9
61%
62%
62%
61%
58%
56%
25+
29%
27%
27%
29%
37%
39%
MUAC (Cm), Mean (SD)
26.2 (3.4)
26.3 (3.5)
26.1(3.4)
26.4 (3.5)
26.4 (3.9)
26.3 (4.1)
Malaria in current pregnancyb
18%
19%
19%
19%
7%
7%
Regularly uses a bed net
91%
93%
90%
94%
89%
89%
Regimen compliance 90% or more
72%
75%
72%
75%
76%
78%
MUAC = mid upper arm circumference; SD = standard deviation.
Mean (standard deviation) for continuous variables and N (%) for categorical variables. Total percentage may not be 100 exact, due to rounding.
a
2,300 Tanzania Shillings is approximately equal to 1 USD
b
Malaria diagnosis (post randomization) by either microscopy, placental histopathology and/or polymerase chain reaction (PCR).
No significant differences were found between the Zinc/no Zinc or Vitamin A/No Vitamin A groups in trial 1; and separately between iron and placebo groups in
trial 2 (P > 0.05 in all cases)
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Table 2.2: Hemoglobin, serum ferritin, and plasma zinc concentrations at baseline and delivery, among pregnant women
participating in the zinc and vitamin A study, Dar es Salaam, Tanzania, 2010-2013[4].

Treatment Groups

Baseline

Within Group
Mean Difference
(Delivery - Baseline)
Paired analysis

Delivery

Difference in
Change in biomarker
between treatment
arms

Between
group
pvalue[3]

40

Hemoglobin, g/dl
Zinc

n

Mean (SD)

N

Mean (SD)

n

Δ (95% CI)[1]

(95% CI)[2,3]

1205

11.5 (1.5)

663

10.4 (2.3)

641

-1.03 (-1.23,-0.83)

-0.26 (-0.50, -0.02)

0.03

No zinc

1199

11.6 (1.5)

669

10.7 (2.2)

639

-0.85 (-1.03,-0.67)

Vitamin A

1204

11.5 (1.4)

661

10.4 (2.3)

635

-1.04 (-1.23, -0.85)

-0.25 (-0.49, -0.01)

0.04

No Vitamin A

1200

11.5 (1.5)

671

10.6 (2.2)

645

-0.84 (-1.04, -0.65)

Serum ferritin, µg/L
Zinc

-11.31 (-26.19, 3.56)

0.14

14.29 (1.84, 29.11)

0.05

-6.64 (-15.71, 2.43)

0.15

2.25 (-6.64, 11.14)

0.62

276

44.9 (52.0)

305

40.8 (78.9)

230

-9.23 (-18.80, 0.35)

No zinc

307

47.3 (56.5)

320

52.0 (111.0)

249

8.17 (-7.04, 23.38)

Vitamin A

297

47.9 (58.5)

320

53.7 (117.7)

249

2.60 (-12.10, 17.31)

No Vitamin A

286

44.5 (49.7)

305

39.0 (67.8)

230

-3.20 (-13.80, 7.37)

Plasma zinc, µg/dl
Zinc

190

70.2 (16.2)

72

54.9 (23.2)

64

-17.70 (-24.40, -11.00)

No zinc

186

69.3 (13.6)

71

61.8 (34.2)

62

-5.44 (-15.20, 4.31)

Vitamin A

200

68.4 (14.6)

76

59.7 (33.1)

66

-8.50 (-18.50, 1.49)

No Vitamin A

176
71.3 (15.3)
67
56.8 (24.4)
60
-15.10 (-21.10, -9.16)
CI = confidence interval; SD = standard deviation; IQR = interquartile range
[1] Difference and 95% confidence intervals based on paired analysis
[2] Difference, 95% confidence intervals and p-values obtained from GEE models adjusted for sample time (enrolment or delivery).
[3] Estimates of regimen effect (between group mean difference) based on GEE modelling dependent variables as a function of time-varying Zinc,
Vitamin A, and time of measurement (baseline or delivery), where time-varying regimen = 0 at baseline and 1 at delivery in the respective arms. Since
not all subjects who had delivery samples had baseline samples and we maximized use of baseline and delivery data, the difference in change scores is
not equal to the simple subtraction of the within group differences
[4] Number of observations included for hemoglobin = 3736, Serum Ferritin = 1208, and Zinc = 519
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We present an analysis of the effect of zinc and vitamin A on change in hemoglobin concentration
from baseline to delivery stratifying by baseline anemia status in Table 2.3. Zinc supplementation had a
negative effect on change in hemoglobin concentration among women without anemia at baseline, but not
among those with anemia (P-value for effect modification: <0.01). In contrast, vitamin A was found to
have a more negative effect on change in hemoglobin concentration among women with baseline anemia
as compared to those without (P-value for effect modification <0.01). Table 2.4 presents overall prevalence
of anemia and severe anemia for women participating in the zinc and vitamin A trial. We found no
difference in risk of anemia between participants who received zinc or vitamin A when compared to no
zinc or no vitamin A supplementation, respectively. However, participants who received vitamin A
supplementation had a 41% increased risk of severe anemia (95% CI: 6%, 88%) compared to those who
did not (Table 2.4). We found no increase in risk of severe anemia among those who received zinc
supplementation compared to those who did not.
We examined the effect of zinc and vitamin A supplementation on change in ferritin from baseline
to delivery. Compared with no zinc group, zinc supplementation resulted in a decrease in serum ferritin
levels between baseline and delivery (difference in change = -11.31), but the effect was not statistically
significant (P =0.14). In contrast vitamin A had a 14.3 μg/L (95% CI: 1.84, 29.11) greater change in serum
ferritin concentration as compared to those who did not receive vitamin A (Table 2.2). We analyzed the
effect of zinc and vitamin A on change in SF concentration by baseline iron deficiency status. Baseline iron
deficiency did not modify the effect of zinc, but the protective effect of vitamin A was larger among those
who had iron deficiency (P=0.03) (Supplementary Table 2.3). Neither zinc nor vitamin A supplementation
had an impact on change in plasma zinc levels at delivery when compared to no zinc (P=0.15), and no
vitamin A (P=0.62), respectively (Table 2.2).

Effect of iron supplementation on micronutrient status
Among participants enrolled in the iron supplementation study, iron supplementation had no significant
effect on change in plasma zinc concentration from baseline to delivery (P=0.84) (Table 5). However, iron
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supplementation was associated with an average reduction in ZPP level by 22.8 mmol/L (95% CI: -36.7, 8.8) compared to placebo at delivery (Table 2.5). Iron supplementation among those who were iron replete
at baseline reduced the risk of developing iron depletion at delivery by 47%, (RR = 0.53, 95% CI: 0.43,
0.65) (Supplementary Table 2.4).

Table 2.3: Modification of zinc and vitamin A effect on change in hemoglobin at delivery,
by baseline anemia among women receiving Zinc and Vitamin A during pregnancy, Dar es
Salaam Tanzania, 2010-2013.
Baseline anemia status[1]
No Anemia
Anemia
(Nsubj=1676,Nobs=2565)
(Nsubj=824,Nobs=1171)
Pvalue

Mean
Delivery
Hb(g/dl)

Estimated
Mean Change
(95% CI)*

Pvalue

Effect
Modification
P-value[2]

Ref

-

10.1

Ref

-

-

10.4

-0.35 (-0.62,-0.08)

0.01

10.1

-0.10 (-0.57,0.37)

0.67

< 0.01

10.7

Ref

-

10.1

Ref

-

-

10.7

-0.19 (-0.46,0.08)

0.17

9.9

-0.38 (-0.85,0.09)

0.12

< 0.01

Groups

Mean
Delivery
Hb(g/dl)

Estimated
Mean Change
(95% CI)*

No Zinc

10.8

Zinc
No
Vitamin A
Vitamin A

CI = confidence interval; Nsubj = number of participants contributing data into the GEE models; Nobs = number of observations
included in the GEE models
*based on GEE models controlling for time of the sample. GEE models with normal distribution, identity link, using
exchangeable working correlation structure
[1] Sub-group analysis based on anemia status at baseline. Anemia is defined as Hb < 11 g/dl.
2] P-value obtained from a three way interaction between time, regimen and baseline anemia status incorporated into GEE
modelling dependent variables as a function of time-varying Zinc, Vitamin A, baseline anemia status and time of measurement
(baseline or delivery). Time-varying regimen = 0 at baseline and 1 at delivery in the respective arms.
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Table 2.4: Prevalence and Relative risk for anemia, iron and zinc deficiency at delivery among women receiving Zinc and
Vitamin A during pregnancy.
Delivery

Baseline
Outcome

Zinc

Vitamin A

Overall
n (%)

Zinc
n (%)

No Zinc
n (%)

RR (95% CI)

PValue

Vitamin A
n (%)

Anemia (Hb < 11 g/dl)

824 (33%)

236 (55%)

223 (49%)

1.13 (0.99, 1.28)

0.07

225 (51%)

Severe anemia (Hb < 8.5 g/dl)

181 (7%)

0.70

99 (16%)

318 (54%)

82 (13%)
116 (64%)

1.06 (0.80, 1.40)

Iron deficiency [1]

87 (14%)
118 (64%)

1.01 (0.86, 1.17)

0.93

115 (63%)

1.20 (0.96, 1.51)

0.11

1.19 (0.92, 1.54)

0.19

Iron deficiency anemia[2]
Zinc deficiency ( Zn <
60µg/dl)

137 (23%)

95 (43%)

84 (36%)

95 (25%)

43 (74%)

34 (62%)

No Vitamin A
n (%)

RR (95% CI)

P-Value

234 (52%)

0.98 (0.86, 1.11)

0.75

70 (11%)
119 (66%)

1.41 (1.06, 1.88)

0.02

0.95 (0.81, 1.11)

0.51

87 (37%)

92 (42%)

0.86 (0.68, 1.08)

0.18

42 (71%)

35 (65%)

1.07 (0.84, 1.38)

0.57

RR = risk ratio; CI = confidence interval
Estimates computed using PROC GENMOD with the Poisson distribution and log link.
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n (%) for total number (percentage) tested for respective biomarkers at baseline (overall) and delivery based on the main effects
[1] Iron deficiency (stored iron) is defined using serum ferritin concentrations adjusted for CRP, [Normal>=70 µg/L, iron deficiency (<70 µg/L; CRP, >
8.2µg/ml) or in the absence of inflammation (ferritin, <30 µg/L; CRP, ≤8.2μg/ml).
[2] Iron deficiency anemia was defined using Hb concentration < 11 g/dL with iron deficiency based on CRP-adjusted SF concentrations iron
deficiency (<70 µg/L; CRP, > 8.2µg/ml) or in the absence of inflammation (ferritin, <30 µg/L; CRP, ≤8.2μg/ml).
Note: Prevalent cases at baseline were excluded. Inclusion of prevalent cases at baseline did not result in significant differences from findings above.
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Table 2.5: Concentration of Plasma Zinc and Zinc Protophyrin (ZPP) among iron replete pregnant women who received
iron compared to those who did not.

Treatment
Groups

Baseline

Delivery

Within Group
Mean
Difference
(Delivery Baseline)

Between Group
Mean
Difference

Between
group
pvalue[2]

Plasma
zinc, µg/dl
Iron

n

Mean (SD)

Median (IQR)

n

Mean (SD)

Median (IQR)

n

(95% CI)[1]

(95% CI)[2]

185

56.6 (16.7)

60.3 (101.6)

49.2 (41.2,59.4)

114

4.6 (-17.5,26.8)

4.4 (-13.1, 21.8)

0.62

188

55.4 (14.3)

55.2(48.2,64.2)
55.0(46.2,63.3)

160

Placebo

172

55.9 (51.7)

49.8 (41.2,58.1)

123

2.2 (-8.2,12.6)

189

58.9(29.7)

50.0(41.0,68.0)

215

75.0 (47.4)

61.0 (45.0,85.0)

76

16.0 (7.0,25.0)

-23.3 (-36.9,-9.7)

<0.01

185

61.5 (41.4)

52.0 (41.0,68.0)

219

110.5 (72.0)

90.0(68.0,132.0)

60

39.5(28.6,50.3)

ZPP ,
mmol/L
Iron
Placebo
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[1] Difference and 95% confidence intervals were obtained from proc means
[2] Difference, 95% confidence intervals and p-values were obtained from linear regression models adjusted for baseline iron deficiency adjusted for CRP.
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DISCUSSION
To our knowledge, this is the first study to examine the effect of zinc and vitamin A supplementation
starting early in pregnancy on hematological outcomes, in a setting where infectious diseases, micronutrient
deficiencies and anemia commonly co-exist. Zinc supplementation reduced hemoglobin level at delivery,
with significant effect among women who were not anemic but no effect among anemic women. Zinc
supplementation was also associated with lower serum ferritin concentration at delivery with significant
changes found among those who were iron deficient at baseline. We found no effect of zinc supplementation
on plasma zinc concentrations at delivery. Vitamin A improved serum ferritin levels at delivery, but this
benefit was not seen among participants who were iron deficient at baseline. Compared to placebo, iron
replete participants supplemented with iron almost halved their risk of iron depletion at delivery, with no
effect observed on plasma zinc concentrations.
Our findings show that adding zinc to standard IFA supplementation reduced hemoglobin level at
delivery. Baseline hematological status modified the impact of zinc supplements; as the effect of zinc on
hemoglobin level was different depending on the anemia status at baseline. A large study that was done in
Nepal involving 4926 pregnant women reported zinc supplementation provided no additional benefit in
improving maternal hematologic status during pregnancy compared with folic acid plus iron (16). In Ghana
and Peru iron-zinc supplementation was shown to be effective in raising hemoglobin and serum ferritin
among women who were iron deficient in early pregnancy but not among iron sufficient women (15,31).
The failure of the zinc supplementation to increase hemoglobin is suspected to be due to the zinc effect on
blocking iron uptake (32). Our observed effect modification by the baseline anemia status may be attributed
to the zinc derived insulin-like growth factor 1 (IGF-1) which together with erythropoietin produced in
response to anemia has been shown to increase hematopoiesis (33).
Consistent with our findings on hemoglobin, zinc supplementation negatively affected iron status.
Similar findings have been presented from a study conducted in 459 Guatemalan women, where zinc (as
zinc gluconate) and iron (as ferrous sulphate), co-supplementation was assessed in four groups: (1) weekly
120 mg iron with 30 mg zinc, (2) weekly 120 mg iron, (3) daily 60 mg iron with 15 mg zinc, and (4) daily
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60 mg iron. Compared to weekly or daily iron alone, addition of zinc did not improve zinc status and
resulted into smaller effects on iron status compared to iron alone supplementation (34). A small study
conducted in California, examining the effect of 22mg zinc gluconate given daily to young adult women
with low iron reserves using radio-labelled iron and stable isotopes of zinc assays, demonstrated that
supplemental zinc lowers measures of iron status. (35). Our study, similar to the one conducted in
Guatemala used a dose of zinc, that was approximately twice the RDA, which could possibly be sufficient
to interferes with the absorption of iron and affect hemoglobin and serum ferritin levels (36). In contrast, a
study of iron-zinc supplementation among 354 Ghanaian pregnant women, with 40mg zinc as zinc
gluconate and 40mg iron as ferrous sulphate demonstrated a positive effect with increase in hemoglobin
and serum ferritin among women who were iron deficient in early pregnancy (15).
The effect of vitamin A supplementation on hemoglobin, serum ferritin and anemia has been widely
studied with conflicting findings (37). Recent meta-analyses, including studies from low-and middleincome countries (LMICs), have shown that vitamin A supplementation reduce the risk of anemia, by
improving hemoglobin and ferritin levels in individuals with low serum retinol levels (20,38). However, in
most of these studies, vitamin A supplementation was initiated later in pregnancy than our study which
initiated women in the first trimester. The positive effect of vitamin A on serum ferritin concentration shown
with our findings, may be explained by vitamin A’s formation into a soluble complex with iron in the
intestinal lumen, increasing iron absorption while preventing the inhibitory effect of phytates and
polyphenols (39). In spite of a beneficial effect of vitamin A on serum ferritin levels, we noted an increased
risk of severe anemia. While it is possible that this is a chance finding, it may also be attributable to
prolonged supplementation given that we initiated supplementation in the 1st trimester. In a recent study
conducted in preschool children in Tanzania, vitamin A supplementation significantly reduced
erythropoietin, perhaps by increasing cellular iron availability through an anti-inflammatory effect of
vitamin A, which in turn may impair erythropoietin production (40). While there is some indication that
low doses of vitamin A supplements given to pregnant women on a daily or weekly basis, starting in the
second or third trimester, can reduce the severity of vitamin A deficiency during late pregnancy, current
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evidence indicates that vitamin A supplementation during pregnancy or post-partum does not reduce the
risk of illness or death in mothers or their infants (41,42). In a separate study, we have found the prevalence
of maternal vitamin A deficiency (< 0.70 µmol/L serum retinol A) during pregnancy in this setting to be as
low as 8%, while a similar designed study in Ghana found the prevalence to be < 3% (43,44). Currently,
WHO recommends routine vitamin A supplementation during pregnancy or lactation only in areas with
endemic vitamin A deficiency (where night blindness occurs) (45).
Several factors may explain our finding of a lack of effect from zinc supplementation on zinc status.
In this region diets are predominantly cereal based, low in animal-source foods and rich in phytates that
may impair zinc absorption (46,47). Further evidence from animal as well as human studies implicates the
competitive inhibition of zinc uptake by iron (10,48). A significant reduction in zinc absorption has been
reported when zinc is added to IFA during pregnancy (49,50). There is also some evidence that folic acid
given as standard IFA supplements may also impair zinc absorption by inhibition across intestinal transport
channels or by forming an insoluble chelate in the lumen (50,51). Further plasma zinc decline have been
related to physiologic response to pregnancy including hemodilution, hormonal changes, increased urinary
zinc excretion, increased uptake by maternal tissue, and active maternal-fetal transfer of zinc (36,52).
Consistent with our findings, zinc supplementation studies among high dietary zinc intake women in the
US, and zinc-replete women in Peru, with daily doses of 15mg/day and 25mg/day, respectively, could not
prevent the maternal plasma zinc decline (53,54). This suggests that the decline in plasma zinc is unlikely
to be from insufficient dietary or supplemental zinc intake. Zinc hemostasis has been implicated to have a
primary role in balancing zinc intestinal absorption and excretion involving adaptive mechanisms
programmed by levels of dietary intake, and not zinc status (55,56). Intestinal absorptive capacity for zinc
has been shown to be inversely related to dietary zinc intake and increases at low levels of zinc intake
(52,56). In most settings, dietary intake of zinc does not improve during pregnancy and zinc homeostasis
may be primary in meeting increased zinc requirements during pregnancy (54,55). Therefore, use of plasma
zinc concentrations may be more reflective of the homeostasis adjustments of zinc than the actual maternal
zinc status (47).
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Our observation that prenatal iron supplementation group had significantly low levels of ZPP
concentrations at delivery, indicates a beneficial effect of iron supplementation on maintaining iron stores
and hence reduce the risk for iron deficiency among women who were iron replete at baseline. In iron
deficiency states, Zn is substituted for Fe, resulting in increased ZPP levels (57). Use of ZPP may potentially
lead to overestimation of iron deficiency in conditions of inflammation, lead poisoning and increased
erythropoiesis (due to hemolysis, sickle cell anemia, thalassemia) (58). However these conditions would
instead lead to increased levels of ZPP. Our findings are consistent with existing evidence that iron
supplementation is safe and beneficial in pregnancy with demonstrated improvement on hemoglobin level,
anemia status and substantial increases on birth weight (6,22,59). This is consistent with our earlier findings
where we have shown benefit of daily iron supplementation on increasing serum ferritin, hemoglobin, and
reducing risk of anemia even among pregnant women who were iron-replete and non-anemic at baseline
and living in a malaria-endemic region (22). Collectively, these findings support existing WHO
recommendations on universal iron supplementation and especially in settings where anemia in pregnancy
is a severe public health problem (40% or higher) (60).
This study has some limitations. Not all participants had both baseline and delivery samples,
therefore in addition to modeling difference of differences, we maximized the use of data by modelling
difference in change scores for each outcome at delivery. Since all women enrolled in the zinc vitamin A
study received standard IFA, we could not assess potential interactions between zinc and iron in our analysis
of the zinc and vitamin A supplementation study. Our findings may be generalizable to settings where
nutritional anemias are common and good coverage of malaria control methods, including screening for
malaria and provision of intermittent preventive therapy in pregnancy is standard of care.

CONCLUSION
Zinc supplementation during pregnancy and in the context of standard IFA negatively affected
hematological status at delivery. Our findings support WHO position on limited public health benefit of
zinc supplementation during pregnancy and hence future focus on identifying ways of improving the overall
48

nutritional status of women in resource limited settings. Similarly vitamin A supplementation reduced
hemoglobin level and increased the risk of severe anemia at delivery. WHO recommends vitamin A
supplementation in pregnancy only in settings where vitamin A deficiency among pregnant women is
endemic (night blindness). In these settings, the efficacy and safety of the WHO recommended prenatal
vitamin A supplementation requires further evaluation. Prenatal iron supplementation significantly
benefited iron status at delivery and approaches to enhancing its delivery in resource limited settings would
be beneficial to pregnant women including the iron-replete and non-anemic.
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Supplementary Table 2.1: Comparability of baseline characteristics between participants included and not included in the
assessment of zinc and vitamin A effects on delivery hemoglobin, serum ferritin and plasma zinc.
Delivery Hemoglobin

Delivery Serum Ferritin

Characteristics

Included
(n=1332)

Missing
(n=1168)

Included
(n=625)

Missing
(n=1875)

Included
(n=143)

Missing
(n=2357)

Mean maternal age (Years) Mean (SD)

23 (4.4)

23 (4.4)

23 (3.9)

23 (4.6)

22 (3.6)

23 (4.6)

53%

51%

56%

50%

61%

51%

10 (2.4)

10 (2.5)

10 (2.4)

10 (2.5)

10 (2.5)

10 (2.4)

0<5

8%

9%

9%

8%

10%

8%

5<8

65%

61%

67%

62%

63%

63%

8 < 12

22%

25%

21%

24%

20%

24%

≥ 12

5%

5%

3%

6%

7%

5%

Married / cohabiting

90%

91%

91%

90%

87%

91%

Other

10%

9%

9%

10%

13%

9%

Skilled

6%

5%

6%

6%

1%

6%

Unskilled or informal

24%

25%

22%

25%

21%

24%

Housewife / unemployed

55%

56%

58%

54%

64%

55%

15%

14%

14%

14%

15%

15%

2093 (1143)

2075 (942)

1902 (868)

2144 (1097)

1902 (868)

2144 (1097)

23.3 (4.4)

23 .2 (4.3)

23.3 (4.4)

23 .2 (4.3)

23.3(4.0)

23 .3 (4.4)

< 18.5

11%

10%

10%

11%

12%

11%

18.5-24.9

60%

63%

60%

62%

60%

62%

25+

29%

27%

30%

27%

57%

62%

26.2 (3.5)

26.3 (3.4)

26.1( 3.5)

26.3 (3.5)

26.1( 3.0)

26.3 (3.5)

94%

93%

86%

91%

Primigravida (%)
Mean gestation age at randomization, weeks (SD)

Delivery Plasma Zinc

Education (Years)

Marital status
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Employment status

Other
Per Capita Expenditure on Food, Mean TZSa
(SD)
Body mass index (BMI) (Kg/m2), Mean(SD)

MUAC (cm), Mean (SD)

91%
90%
Regular bednet use
MUAC = mid upper arm circumference; SD = standard deviation.
Mean (standard deviation) for continuous variables and N (%) for categorical variables.
a
2,300 Tanzania Shillings is approximately equal to 1 USD
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Supplementary Table 2.2: Comparability of baseline characteristics between participants included and not included in the
assessment of iron supplementation effects on delivery serum ferritin, ZPP and plasma zinc.
Delivery Serum Ferritin

Delivery ZPP

Delivery Plasma Zinc

Characteristics

Included
(n=958)

Missing
(n=542)

Included
(n=434)

Missing
(n=1066)

Included
(n=332)

Missing
(n=1168)

Mean maternal age (Years) Mean (SD)

24 (4.2)

24 (3.9)

24 (4.3)

23.7 (4.1)

24 (4.1)

56%

62%

57%

58%

24 (4.4)
55%

19 (4.3)

18 (4.5)

19 (4.6)

18 (4.4)

19 (4.1)

18 (4.4)

0<5

2%

3%

2%

3%

2%

2%

5<8

55%

55%

54%

56%

52%

53%

8 < 12

29%

26%

31%

26%

30%

27%

≥ 12

14%

16%

13%

15%

14%

15%

Married / cohabiting

81%

79%

80%

80%

78%

80%

Other

19%

21%

20%

20%

22%

20%

Skilled

29%

27%

35%

36%

30%

28%

Unskilled or informal

21%

20%

21%

21%

18%

21%

Housewife / unemployed

46%

50%

42%

49%

47%

48%

4%

3%

2%

4%

5%

3%

5757 (2876)

5844 (4020)

5978 (2788)

5712 (3530)

5792 (2932)

5788 (3440)

24.6 (4.5)

24.3 (4.7)

24.8 (4.9)

24.4 (4.5)

24.5 (4.1)

24.1 (4.7)

< 18.5

5%

4%

5%

5%

4%

5%

18.5-24.9

57%

58%

54%

58%

56%

57%

25+

38%

38%

41%

37%

40%

38%

26.3 (4.0)

26.4 (3.4)

26.4 (4.1)

Primigravida (%)
Mean gestation age at randomization, weeks (SD)

59%

Education (Years)

Marital status
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Employment status

Other
Per Capita Expenditure on Food, Mean TZSa
(SD)
Body mass index (BMI) Kg/m2, Mean(SD)

26.5 (3.7)
26.2 (4.4)
26.6 (3.9)
MUAC (cm), Mean (SD)
MUAC = mid upper arm circumference; SD = standard deviation; ZPP = zinc protoporphyrin
Mean (standard deviation) for continuous variables and N (%) for categorical variables.
a
2,300 Tanzania Shillings is approximately equal to 1 USD
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Supplementary Table 2.3 Modification of zinc and vitamin A effect on change in serum ferritin at delivery, by baseline iron
deficiency among women receiving Zinc and Vitamin A during pregnancy, Dar es Salaam Tanzania, 2010-2013.

-

Zinc

46.8

-12.3 (-38.7,14.0)

0.36

25.5

-25.3 (-46.4,-4.2)

0.02

No VitA

52.8

Ref

-

37.1

Ref

-

Vitamin A

56.8

5.5 (-20.7,31.7)

0.68

44.8

11.5 (-10.1,33.1)

0.29

0.15
0.03

45.7

Ref

-

75.3

Ref

-

37.6

-11.3 (-29.5,6.9)

0.22

32.2

-60.7 (-116.0,-5.4)

0.03

42.9

Ref

-

60.8

Ref

-

46.1

5.2 (-12.7,23.1)

0.57

80.4

29.6 (-30.7,89.8)

0.34

Effect Modification
P-value[3]

Ref

P-value

43.2

Estimated
Mean Change
(95% CI)*

P-value

-

Mean Delivery SF
(µg/L)

Estimated
Mean Change
(95% CI)*

Ref

P-value

Mean Delivery SF
(µg/L)

56.1

Iron deficient
(Nsubj=105,Nobs=182)

Estimated Mean
Change (95% CI)*

P-value

No Zinc

Groups

No iron deficiency
(Nsubj=405,Nobs=742)
Mean Delivery SF
(µg/L)

Estimated
Mean Change
(95% CI)*

Iron deficient
(Nsubj=318,Nobs=582)

Mean Delivery SF
(µg/L)

No iron deficiency
(Nsubj=265,Nobs=483)

Baseline iron deficiency status, based on Ferritin Index[2]

Effect Modification
P-value[3]

Baseline iron deficiency, CRP adjusted[1]

0.67
0.04
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CRP = C - reactive protein; SF = serum ferritin; CI = confidence interval.
Nsubj = number of participants contributing data into the GEE models; Nobs = number of observations included in the GEE models
*based on GEE models controlling for time of the sample. GEE models with normal distribution, identify link, using exchangeable working correlation structure
[1]Sub-group analysis based on CRP adjusted iron deficiency at baseline. Iron deficiency is defined using serum ferritin levels adjusted for CRP, [Normal>=70
µg/L, iron deficiency (<70 µg/L; CRP, > 8.2µg/ml) or in the absence of inflammation (ferritin, <30 µg/L; CRP, ≤8.2μg/ml)
[2] Sub-group analysis based on iron deficiency status at baseline defined using the ferritin Index [sTFR/log (Ferritin)]. Ferritin Index <= 1.7 is normal, and
Ferritin Index > 1.7 indicates Iron Deficiency.
[3] P-value obtained from a three way interaction between time, regimen and baseline anemia status incorporated into GEE modelling dependent variables as a
function of time-varying Zinc, Vitamin A, baseline iron deficiency status and time of measurement (baseline or delivery). Time-varying regimen = 0 at baseline
and 1 at delivery in the respective arms.
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Supplementary Table 2.4: Prevalence and Relative risk for plasma zinc deficiency and iron
depletion at delivery among women receiving Iron versus Placebo during pregnancy.

Baseline

Delivery

Overall
n (%)

Placebo
n (%)

Iron
n (%)

RR (95% CI)[1]

P-Value

Zinc deficiency ( Zn < 60µg/dl)

244 (65%)

27 (75%)

29 (74%)

0.99 (0.76, 1.29)

0.95

Iron depletion (ZPP >= 70 g/dl)

86 (23%)

130 (76%)

64 (40%)

0.53 (0.43, 0.65)

< 0.01

Outcomes

ZPP = zinc protoporphyrin
N (%) =number (percentage) of prevalent cases in overall at baseline, and placebo, and iron groups at delivery
respectively;
RR = risk ratio; CI = confidence interval
Note: Prevalent cases at baseline were excluded. Inclusion of prevalent cases at baseline did not result in significant
differences from findings above.
[1] Estimates computed using PROC GENMOD with the Poisson distribution and log link.
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ABSTRACT
Background: Hematological status may predict HIV disease progression and mortality among adults
initiating ART. We examined the relationship of anemia and iron status at ART initiation with survival and
morbidity outcomes.
Methods: We conducted a case-cohort study of 570 HIV-infected adults initiating ART who were enrolled
in a trial of multivitamins in Tanzania. Hemoglobin, serum ferritin and hepcidin concentrations were
assessed at ART initiation and participants were followed-up monthly. We adjusted serum ferritin for
inflammation using a regression correction method to characterize hematological status. Cox proportional
hazards models were used to estimate hazard ratios (HRs) for mortality and incident clinical outcomes.
Results: We found an 83% prevalence of anemia, 15% prevalence iron deficiency anemia (IDA) and 66%
anemia of chronic diseases (ACD). The prevalence of elevated iron was 33% and 19% had iron deficiency
(ID). After multivariate adjustment, severe anemia (HR, 2.57; 95% CI, 1.49-4.45), and ACD (HR, 4.71;
95% CI, 2.91-7.62) were associated with increased risk of mortality as compared to non-anemic
participants. In addition, both ID (HR, 2.65; 95% CI, 1.08-7.78) and elevated iron (HR, 2.83; 95% CI,
2.10-3.82) were associated with increased risk of mortality as compared to normal iron concentrations.
Severe anemia and elevated iron concentrations were associated with incident wasting and >10% weight
loss (p-values <0.05).
Conclusion: Anemia and both ID and elevated iron were associated with increased mortality among HIVinfected adults initiating ART. Randomized trials to examine the efficacy and safety of oral iron
supplementation among adults initiating ART appears to be warranted.
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INTRODUCTION
Anemia is the most frequent hematological complication in HIV-infected patients with
studies documenting prevalences ranging from 11% to 69% [1–3]. The causes of anemia in HIV
are multifactorial and include nutritional deficiencies, opportunistic infections (OIs), antiretroviral
treatment and direct effects of HIV infection on bone marrow [4]. Anemia has been shown to
predict HIV disease progression and mortality independent of CD4 cell count, viral load, and other
prognostic factors [1,2,5]. In addition, iron deficiency (ID) and inflammation-induced iron
maldistribution and elevation may be associated with a cycle of impaired immunity, treatment
failure and disease progression in HIV-infected individuals [6–8]. The potential risks of impaired
hematological status, including anemia and high or low iron, are of particular relevance for HIV
treatment programs in sub-Saharan Africa where the largest global burden of HIV and anemia coexists [9].
Many studies have determined that anemia is associated with adverse HIV-related outcomes
including suboptimal immune recovery, HIV viral persistence, and increased susceptibility to
infections [1,2,10,11]. Evidence from a large cohort study of HIV-infected adults in Europe
demonstrated a 13-fold increased risk of death among adults with severe anemia at ART initiation
[12]. Further findings from 10 collaborative HIV cohort studies of over 12,000 HIV-infected
adults in North America and Europe indicated that anemia severity at ART initiation was
associated with increased risk of mortality.[13] Although HIV-related anemia is common and is
an important predictor of mortality, limited guidance exists for resource-limited settings. Oral iron
supplementation is widely available and effective in managing iron deficiency anemia (IDA)
outside the context of chronic inflammation [14]. However, iron supplementation has also been
associated with growth of microbial pathogens, increased risk of opportunistic infections including
tuberculosis (TB), and it could potentially worsen HIV disease [9,15]. Nevertheless, there is sparse
data on the relative contribution of iron status and anemia (types and severity) at ART initiation in
sub-Saharan Africa and the implications for HIV progression and mortality.
To address the need for a comprehensive evaluation of hematological status in HIV in the
context of sub-Saharan Africa, we undertook a case-cohort study among HIV infected adults
enrolled in a trial of multivitamins in Tanzania. We examined the association of impaired
hematological status at ART initiation with mortality and incident morbidity outcomes. This study
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is intended to inform the need for randomized trials of iron supplementation among adults
initiating ART.

METHODS
We conducted a case-cohort study of hematological status among HIV-infected men and
women initiating ART and who were enrolled in the Trial of Vitamins and HAART in HIV Disease
Progression, conducted in Dar es Salaam, Tanzania, during 2006-2010 (Clinicaltrials.gov
NCT00383669) [16]. Detailed methods of the parent trial have been published elsewhere [16].
Briefly, this double-blind, randomized controlled trial assessed the effect of daily oral supplements
of vitamins B-complex, C, and E, at high versus standard levels of the recommended dietary
allowance on HIV disease progression or death. The criteria for enrollment were the following:
age 18 years or older, HIV-infected, initiated ART at enrollment, and intended to stay in Dar es
Salaam for at least 2 years. Women who were pregnant or lactating were excluded from the study.
Individuals with World Health Organization (WHO) clinical stage IV disease or CD4+ T-cell count
less than 200 cells/L, or with WHO clinical stage III disease and CD4+ T-cell count of less than
350/μL were initiated on ART as recommended by the Tanzania national HIV treatment guidelines
at the time of this study [17]. First-line ART combinations included stavudine (d4T), lamivudine
(3TC), and nevirapine (NVP). Zidovudine (AZT) was substituted for d4T for individuals who had
peripheral neuropathy or could not tolerate d4T, for patients who could not tolerate NVP, efavirenz
(EFV) was substitute for NVP. Treatment for opportunistic infections and cotrimoxazole
prophylaxis for patients with CD4+ T-cell count less than 200 cells/L was provided as standard
of care.
Case-cohort Sampling Procedure
A total of 3418 participants consented and were enrolled in the parent trial. Among them,
a random sample of 1103 participants were later randomly selected for baseline biomarker
assessment. We randomly selected a subcohort of 500 participants among those with archived
samples. We then enriched the sample with 70 deaths among participants with samples not in the
subcohort (Figure 3.1). The sampling fraction of the subcohort was 0.45 based on using the Cai
and Zeng sample size calculations [18] under the following assumptions of 80% power, 40%
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prevalence of iron deficiency, mortality risk of 13%, and a hazard ratio of 1.5 for the relationship
of ID with mortality.

Enrolled participants in the Trial of Vitamins and
HAART in HIV Disease Progression (n=3418)

Participants baseline serum samples randomly selected
and archived for secondary analyses (n=1103)

Non-subcohort deaths
(n=83)

Randomly drawn subcohort
(n=569)

Subcohort with baseline samples
(n=500)

Non-subcohort deaths
with samples (n=70)

Figure 3.1: Study flow chart for the selection of participants who participated in the study
of hematological status, and mortality and morbidity outcomes among HIV-infected adults
initiating ART in Dar es Salaam, Tanzania

Baseline Covariate Assessment
At enrollment, a full clinical examination was conducted, and a structured interview was
completed to collect information on demographic characteristics. A medical examination was
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performed by study physicians’ and HIV disease stage was assessed in accordance with the WHO
guidelines. Blood specimens were collected at baseline and every 4 months post-enrollment for
determination of absolute CD4 T-cell count (FACSCalibur flow cytometer, Becton Dickinson, San
Jose, CA) and complete blood count (AcT5 Diff AL analyzer, Beckman Coulter, Miami, FL).
Further details on the assays have been published elsewhere [16,19]. Height and weight
measurements were obtained by trained research assistants using calibrated instruments and
standard operating procedures.
Exposure Assessment and Definitions
A total of 570 baseline ART initiation samples were tested for iron biomarkers and
hemoglobin concentration. The iron storage biomarker, serum ferritin, was quantified using
electrochemiluminescence immunoassay, (Roche Diagnostics, Indianapolis, IN) at Children’s
Hospital in Boston, USA. Serum samples were first extracted and centrifuged, and the supernatant
was mixed with biotinylated and ruthenium-labelled ferritin specific antibodies, to capture the
sample ferritin in a sandwich complex. The immune complexes were magnetically entrapped using
an electrode, and unbound reagents as well as sample were washed away. Voltage was applied to
the electrode stimulating an illuminescent reaction, the intensity of the light being directly
proportional to the amount of ferritin present in the sample. Day-to-day precision (defined as the
coefficient of variation expressed as a percentage) at various concentrations of ferritin ranged from
4.3% to 6.4%. Levels of high sensitivity C-reactive protein (hsCRP) and soluble transferrin
receptor (sTfR) were determined using an immunoturbidimetric assay on the Roche P Modular
system (Roche Diagnostics - Indianapolis, IN). Hepcidin concentrations were measured using
hepcidin-25 bioactive enzyme immunoassay (EIA) (ALPCO Diagnostics, Salem, NH). Day-today variability for the hsCRP, sTfR and hepcidin assays ranged from 1.9-3.8%, 2.2-1.4% and 4.89.7%, respectively.
We applied the BRINDA method regression-correction (RC) approach to adjust ferritin
concentrations for hsCRP [20]. This approach uses linear regression to adjust ferritin by the hsCRP
concentrations on a continuous scale and has been found to better reflect the relation of ferritin
concentrations with inflammation than the other methods [21]. Iron status was defined using
adjusted ferritin levels obtained from the regression correction method [ferritinadjusted =
ferritinunadjusted – β1 (hsCRP

obs

– hsCRP

ref]

[20–22]. A reference limit for hsCRP was set at 10
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mg/L [6,9]. Using this approach, we first log transformed ferritin and hsCRP to approximate
normality on the basis of regression diagnostics. Second, we estimated the linear regression
coefficients for hsCRP with unadjusted ferritin as the outcome. Third, an ln-hsCRP reference value
was subtracted from the ln-hsCRP value in the regression equation. The correction was therefore
only applied to individuals with hsCRP greater than hsCRPref to avoid over-adjustment [20].
Next, we categorized iron status at baseline as low (adjusted ferritin < 15 µg/L); normal
(adjusted ferritin 15 - 300 µg/L in men or 15 - 200 µg/L in women); or elevated (adjusted ferritin
> 300 µg/L in men or > 200 µg/L in women) [23,24]. Anemia was defined as a hemoglobin level
of <13.0 g/dL, for men, and <12.0 g/dL, for women. Severe anemia was defined as a hemoglobin
level of <8.5 g/dL, for both sexes [25]. Among those with anemia, iron deficiency anemia (IDA)
was defined based on the adjusted ferritin threshold < 15 µg/L threshold [23,25]. Among those
with non-IDA, anemia of chronic diseases (ACD) was defined based on adjusted ferritin levels >
336.2ng/ml. The transferrin/log(ferritin) ratio and hepcidin concentration were used to further
differentiate ACD among those with non-IDA and adjusted ferritin ≤ 336.2 ng/ml (ratio < 1.0, or
1.0-2.0 and hepcidin > 20 ng/ml)[8,26,27]. An elevated hepcidin concentration was defined as >
20 ng/ml, as this cut-off has shown good utility for predicting non-responsiveness to oral iron
therapy among patients with IDA [26,28].
Outcome Assessment and Definitions
The primary outcome was all-cause mortality post ART initiation. Monthly clinic follow
up visits were conducted and during these visits participants received a clinical examination. .
Pulmonary tuberculosis was diagnosed according to Tanzanian National Tuberculosis and Leprosy
Programme guidelines. Participants with symptoms of pulmonary tuberculosis were requested to
provide a spot sputum specimen at the study visit during which symptoms were noted, an early
morning specimen before a second clinic visit scheduled for the next day, and a third sputum
specimen at the second clinic visit. Individuals received a diagnosis of pulmonary tuberculosis if
at least 1 of the 3 sputum smears was positive for acid-fast bacilli, using Ziehl-Nielsen staining
techniques, or when a chest radiograph showed features consistent with tuberculosis in the absence
of positive sputum smear results [29]. Pneumonia and oral thrush were diagnosed on the basis of
symptoms reported by patients and signs assessed by study physicians. Malaria was diagnosed
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based on clinical symptoms and microscopic confirmation of any parasitemia in a peripheral blood
smear.
At each scheduled visit, height and weight were measured by study nurses. Wasting was
defined as a body mass index (BMI) of <18.5 kg/m2 [30]. HIV-related weight loss of >10% was
also examined as an outcome [31]. Immunological failure was defined using either the WHO
definition (a decline of CD4+ T-Cell count to less than 100 cells/µL at least six months after
initiating treatment with ART) or the Tanzania HIV treatment guidelines definition (a decline of
CD4+ T-Cell count to less than the baseline (at ART initiation) level, at least six months after
initiating treatment with ART [32,33].

Statistical Methods
Means and prevalence of study participant characteristics among the randomly selected
subcohort were summarized. The analysis of hematological status with mortality was conducted
among all cases (deaths) and the subcohort. Cox proportional hazards models with robust variance
were used to investigate the relationship of baseline iron status, anemia severity and type of anemia
with mortality. Prentice weights were used to account for oversampling of deaths by design in a
case-cohort study [34]. To assess the proportional hazards assumption, we included interaction
terms of the predictors and the survival time in the model and used the Likelihood ratio test.
Secondarily, Cox proportional hazard models with robust variance in the randomly selected
subcohort data were used to investigate the relationship between baseline hematologic status and
first occurrence of immunological failure, pulmonary tuberculosis, pneumonia, malaria, oral
thrush, wasting and >10% loss of weight [35]. Baseline prevalent outcomes were excluded from
respective models. Individuals without incident events were censored at the date of the last followup visit.
Confounders considered for multivariate models were selected based on literature of risk
factors for impaired hematological status and the outcomes of interest [6,10,16,19]. Covariates
included in multivariate models include: sex, age, education, season, district, body mass index
(BMI), World Health Organization HIV disease, CD4+ T-Cell count, ART regimen and study
regimen. The relationship of baseline iron status, anemia severity and type (as exposures) with
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primary and secondary outcomes was analyzed using SAS PHREG with the robust variance
estimator [36]. The missing indicator method was used to handle missing covariate data [37]. All
p-values were 2 sided, and a p-value of <.05 was considered statistically significant. Statistical
analyses were performed using SAS version 9.2 (SAS Institute, Cary, NC).
Ethics Statement
The trial protocol was approved by the institutional review boards (IRBs) of the Harvard
T. H Chan School of Public Health (HSPH), Muhimbili University of Health and Allied Sciences,
the Tanzania Food and Drug Authority, and the Tanzania National Institute of Medical Research.

RESULTS
Baseline characteristics of the 500 participants in the subcohort cohort are presented in
Table 3.1. The mean age (SD) was 38 (8.0) years, and 336 (67%) of participants were females.
Pre-ART initiation a total of 386 (80%) participants had CD4 T-cell count of ≤ 200 cells/µL and
three quarters of participants presented with WHO stage III or IV. A total of 348 (76%) of
participants were anemic at baseline, including 70 (14%) participants who were severely anemic
(Hb < 8.0g/dl). Almost half of the subcohort had normal iron status at baseline, while a third
presented with elevated levels of iron. Iron deficiency and anemia due to other or mixed forms
accounted for 18% and 3%, respectively. Anemia of chronic disease was the most common type
of anemia at ART initiation and accounted for nearly 80% of all anemia cases at baseline.
Table 3.2 presents the relationship of anemia severity, iron status and type of anemia with
the risk of mortality. A total of 139 deaths occurred, 69 in the subcohort and 70 outside the
subcohort. After multivariate adjustment, participants who presented with severe anemia had 2.57
times (95% CI, 1.49-4.45; P < 0.001) the hazard of death as compared to participants without
anemia at baseline. Participants with iron deficiency at ART initiation had 2.65 times (95% CI,
1.08-7.78; P = 0.04) the hazard of death compared to participants with normal iron status. We also
found that elevated iron levels at baseline were associated with 2.83 times (95% CI, 2.10-3.82; P
< 0.001) the hazard of death compared to participants with normal iron status. Participants
presenting with ACD at baseline had 4.71 times (95% CI, 2.91-7.62; P < 0.001) the hazard of death
compared to participants without anemia. IDA at baseline also appeared to be associated with
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increased risk of death, but did not reach statistical significance (HR, 1.43; 95% CI, 0.75-2.73; P
= 0.28) (Table 3.2).

Table 3.1: Baseline characteristics, hematological status and iron biomarkers among randomly
selected sub-cohort of 500 Human Immunodeficiency Virus (HIV)-Infected Adults Initiating
Antiretroviral Therapy (ART) in Dar es Salaam, Tanzania
N (%) or Mean (SD)1
38.0 (8.0)
336 (67%)
21.0 (3.9)
138 (28%)
285 (57%)
73 (15%)
137.4 (98.6)
97 (20%)
95 (20%)
194 (40%)
100 (21%)

Characteristic
Age, mean (SD), Years
Female sex
BMI (kg/m2), mean (SD)
Underweight (<18.5)
Normal (18.5-25.0)
Overweight (>25.0)
CD4 count (cells/µL), mean (SD)
<50
50 to < 100
100 to ≤ 200
> 200
WHO HIV Disease Stage
I or II
III
IV
HAART regimen prescribed at baseline
d4T,3TC,NVP
d4T,3TC,EFV
AZT,3TC,NVP
AZT,3TC,EFV
Hemoglobin concentration, g/dl
Anemia status2
No Anemia
Moderate Anemia
Severe Anemia
Serum ferritin (unadjusted), µg/L
Serum ferritin (adjusted), µg/L 3
Iron status (using adjusted SF)4
Low
Normal
High
Serum CRP, mg/L5
> 10
Type of anemia6
No Anemia
Iron deficiency anemia (IDA)
Anemia of chronic Disease (ACD)
Others
Hepcidin, ng/ml 7
High > 20
Hepcidin ≤ 20 (among IDA)

108 (24%)
287 (63%)
61 (13%)
263 (60%)
59 (13%)
45 (10%)
71 (16%)
10.3 (2.3)
83 (17%)
347 (69%)
70 (14%)
457.3 (1275.3)
381.5 (1246.8)
94 (19%)
239 (48%)
167 (33%)
187.5 (351.9)
400 (80%)
83 (17%)
74 (15%)
330 (66%)
13 (3%)
96.1 (105.7)
370 (74%)
54 (61%)
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Table 3.1 (Continued)
Abbreviations: BMI, body mass index, calculated as weight in kilograms divided by height in meters squared; Hb,
Hemoglobin; CRP, C-reactive protein; HAART, highly active antiretroviral therapy; d4t, stavudine; 3TC,
lamivudine; NVP, nevirapine; AZT, zidovudine; EFV, efavirenz
1

Data are No. (%) unless otherwise indicated. Because of missing values and rounding, sums and percentages may

be less than the totals and more than 100% respectively.
2

Severity of anemia was defined based on Hb level; Severe anemia, Hb < 8.0 g/dL; Moderate anemia, Hb = 8.0 < 12

g/dL for females, and 8.0 < 13 g/dL for males; no anemia, Hb ≥ 12 g/dL for females, and ≥ 13 g/dL for males.
3

Serum ferritin levels adjusted for inflammation using regression correction method (BRINDA). Correction factor

applied to values with corresponding hscrp > 10 mg/L5
4

Iron status defined using adjusted Serum Ferritin levels for inflammation using regression correction method

[ferritin adjusted = ferritin unadjusted – β1 (CRP obs – CRP ref]. A CRP reference limit was set at 10 mg/L (Ref). Adjusted
SF < 15 µg/L = low iron; Adjusted SF 15 to 300 µg/L in men or adjusted SF 15 to 200 µg/L in women = normal iron
status; Adjusted SF > 300 µg/L in men or Adjusted SF > 200 µg/L in women = elevated iron.
5

CRP > 10mg/L is indicative of inflammation

6

Type of Anemia was defined using Hb, adjusted serum ferritin levels, transferrin/log(ferritin) ratio and hepcidin

concentration: IDA = Anemia with adjusted SF < 15 µg/L; ACD = non-IDA with adjusted ferritin levels >
336.2ng/ml, or non-IDA with transferrin/log(ferritin) ratio ( ratio < 1.0, or 1.0-2.0 and hepcidin > 20 ng/ml); Other
forms of anemia = non-IDA and adjusted ferritin ≤ 336.2 ng/ml with transferrin/log(ferritin) ratio ( > 2.0, or 1.0-2.0
and hepcidin ≤ 20 ng/ml).
7

Hepcidin > 20ng/ml cut-off used to define elevated hepcidin concentration and predicts non-responsiveness to oral

iron therapy among patients with IDA.
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Table 3.2: Risk of Mortality by Iron Status and Anemia at ART initiation among 570 Human Immunodeficiency Virus (HIV)-Infected
Adults Initiating Antiretroviral Therapy (ART) in Dar es Salaam, Tanzania.

Outcome
(No. of events)

No Anemia
(n/N=10/89)

Deaths (139)
Unadjusted
Adjusted5

Ref
Ref

Anemia Severity at Baseline 1
(n = Number of deaths , N = Number of participants in exposure category)
Moderate Anemia
Severe Anemia
(n/N=88/392)
(n/N=41/89)
HR (95% CI)
P-value
HR (95% CI)
1.89 (1.35,2.64)
1.24 (0.80,1.91)

<0.01*
0.33

5.10 (3.54,7.32)
2.57 (1.49,4.45)

P-value
<0.01**
<0.01**

Baseline Iron Status 2
(n = Number of deaths , N = Number of participants in respective exposure categories)
Normal iron
(n/N=34/228)

73

Deaths (139)
Unadjusted
Adjusted5

Low iron
(n/N=15/86)
HR (95% CI)

P-value

High iron
(n/N=90/256)
HR (95% CI)

P-value

Ref
1.11 (0.41,2.98)
0.28
3.19 (2.57,3.96)
<0.01**
Ref
2.65 (1.08,7.78)
0.04
2.83 (2.10,3.82)
<0.01**
Type of Anemia at Baseline (ACD based on unadjusted ferritin, ferritin index and hepcidin) 3
(n = Number of deaths , N = Number of participants in respective exposure categories)4
No Anemia
(n/N=10/89)

Deaths (139)
Unadjusted
Adjusted5

Ref
Ref

Iron Deficiency Anemia
(n/N=15/82)

Anemia of Chronic Disease
(n/N=113/386)

HR (95% CI)

P-value

HR (95% CI)

P-value

1.00 (0.63,1.60)
1.43 (0.75,2.73)

0.99
0.28

2.74 (1.97,3.82)
4.71 (2.91,7.62)

<0.01**
<0.01**

*P-value < 0.001, ** P-value < 0.0001
Based on Cox models including the random subcohort and the non-subcohort deaths, weighted (Prentice weights), and with the robust variance.
1

Severity of anemia was defined based on Hb level; Severe anemia, Hb < 8.0 g/dL; Moderate anemia, Hb = 8.0 < 12 g/dL for females, and

8.0 < 13 g/dL for males; no anemia, Hb ≥ 12 g/dL for females, and ≥ 13 g/dL for males.
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Table 3.2 (Continued)
2

Iron status defined using adjusted Serum Ferritin levels for inflammation using regression correction method [ferritin adjusted = ferritin unadjusted – β1 (CRP obs –

CRP ref]. A CRP reference limit was set at 10 mg/L (Ref). Adjusted SF < 15 µg/L = low iron; Adjusted SF 15 to 300 µg/L in men or adjusted SF 15 to 200 µg/L
in women = normal iron status; Adjusted SF > 300 µg/L in men or Adjusted SF > 200 µg/L in women = elevated iron.
3

Type of Anemia was defined using Hb, adjusted serum ferritin levels, transferrin/log(ferritin) ratio and hepcidin concentration: IDA = Anemia with adjusted SF

< 15 µg/L; ACD = non-IDA with adjusted ferritin levels > 336.2ng/ml, or non-IDA with transferrin/log(ferritin) ratio ( ratio < 1.0, or 1.0-2.0 and hepcidin > 20
ng/ml); Other forms of anemia = non-IDA and adjusted ferritin ≤ 336.2 ng/ml with transferrin/log(ferritin) ratio ( > 2.0, or 1.0-2.0 and hepcidin ≤ 20 ng/ml).
Totals excludes 13 participants (including 1 death) who had mixed or other forms of anemia.

5

Adjusted for sex (male, female) and baseline age (<30, 30<40, 40<50, ≥ 50), education (primary, secondary / college, informal), season (Long rain, harvest,
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4

post-harvest, short rain), district, body mass index (<18.5, 18.5-25.0, > 25.0; calculated as the weight in kilograms divided by the height in meters squared),
World Health Organization HIV disease stage (stage I or II, stage III, stage IV) , CD4+ T-Cell count (<50, 50 < 100, 100 ≤ 200, > 200), ART regimen (d4T 3TC
NVP, d4T 3TC EFV, d4T 3TC NVP, missing ART regimen), and study regimen.
baseline anemia severity and mortality.
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Models were adjusted for anemia at baseline, except the second model on

We present the relationship of hematological markers with diagnosis of incident clinical,
hematological and immunological outcomes among the subcohort in Tables 3.3, 3.4 and
Supplementary Table 3.1. After multivariate adjustment, participants with severe anemia had
3.34 times (95% CI, 1.22-9.21; P=0.02) the hazard of incident wasting and 5.48 times (95% CI,
1.56-19.32; P<0.01) the hazard of experiencing >10% weight loss as compared to participants
without anemia at baseline. Elevated iron (HR, 2.13; 95% CI, 1.05-4.34; P = 0.04) and iron
deficiency anemia (HR, 3.84; 95% CI, 1.14-12.98; P = 0.03) were associated with > 10% weight
loss as compared to normal iron and no anemia, respectively. We found no relationship of anemia
severity, type and iron status with pulmonary tuberculosis, oral thrush, or immunological failure
(P > 0.05).
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Table 3.3: Risk of Incident Clinical and Immunological Outcomes by Baseline Anemia, among 500 Human Immunodeficiency Virus
(HIV)-Infected Adults Initiating Antiretroviral Therapy (ART) in Dar es Salaam, Tanzania.

No Anemia1
Outcome (n/N)

Moderate Anemia1

Severe Anemia1

n/N = number of incident events / number of the subcohort participants without the event at baseline
n/N

n/N

HR (95% CI)

P-value

n/N

HR (95% CI)

P-value

16/343

1.34 (0.39,4.58)

0.65

3/81

0.49 (0.05,4.66)

0.53

1.89 (0.40, 9.10)

0.42

0.93 (0.08,11.00)

0.95

1.44 (0.92,2.24)

0.11

1.77 (1.01,3.11)

0.05

1.29 (0.79, 2.11)

0.32

1.59 (0.84,3.02)

0.15

0.90 (0.58,1.39)

0.63

1.30 (0.73,2.33)

0.38

0.85 (0.52,1.38)

0.52

1.17 (0.60,2.89)

0.65

1.23 (0.60,2.54)

0.57

1.79 (0.71,4.51)

0.22

0.99 (0.40,2.46)

0.98

1.78 (0.58,5.46)

0.32

1.09 (0.48,2.48)

0.85

4.43 (1.82,10.78)

<0.01

0.82 (0.34,1.95)

0.65

3.34 (1.22,9.21)

0.02

1.63 (0.69,3.84)

0.26

3.27 (1.24,8.61)

0.02

2.58 (0.89,7.49)

0.08

5.48 (1.56,19.32)

0.001

1.04 (0.35,3.08)

0.95

0.74 (0.14,4.05)

0.73

0.57 (0.14,2.30)

0.43

1.99 (0.23,16.97)

0.53

Pulmonary tuberculosis (20/493)
Unadjusted

1/69

Adjusted5

Ref
Ref

Pneumonia (182/469)
Unadjusted

23/79

Adjusted5

Ref

133/326

Ref

26/64

Malaria (144/463)

76

Unadjusted

26/75

Adjusted5

Ref

98/327

Ref

20/61

Oral Thrush (59/464)
Unadjusted
Adjusted

9/83

5

Ref

41/319

Ref

9/62

Wasting, BMI < 18.5 (52/343)2
Unadjusted

7/65

Adjusted5
> 10% Weight loss (61/470)

29/237

Ref

16/41

3

Unadjusted
Adjusted

Ref

6/81

5

Ref

42/326

Ref

13/63

Immunological failure (23/403)4
Unadjusted
Adjusted5

4/74

Ref

17/283

Ref

76

2/46

Table 3.3 (Continued)
Abbreviations: CI = Confidence Interval
1

Severity of anemia was defined based on Hb level; Severe anemia, Hb < 8.0 g/dL; Moderate anemia, Hb = 8.0 < 12 g/dL for females, and 8.0 < 13 g/dL for

males; no anemia, Hb ≥ 12 g/dL for females, and ≥ 13 g/dL for males.
2

Calculated as the weight in kilograms divided by the height in meters squared.

3

Percentage decrease from baseline weight measurement.

4

Immunological failure was defined using the WHO definition (a decline of CD4+ T-Cell count to less than 100 cells/µL six months after initiating treatment

with ART) or Tanzania HIV treatment guidelines definition (a decline of CD4+ T-Cell count to less than the baseline (at ART initiation) level, at least six months
after initiating treatment with ART.
5
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Adjusted for sex (male, female) and baseline age (<30, 30<40, 40<50, ≥ 50), body mass index (<18.5, 18.5-25.0, > 25.0; calculated as the weight in kilograms

divided by the height in meters squared), World Health Organization HIV disease stage (stage I or II, stage III, stage IV) , CD4+ T-Cell count (<50, 50 < 100,
100 ≤ 200, > 200), ART regimen (d4T 3TC NVP, d4T 3TC EFV, d4T 3TC NVP, missing ART regimen), and study regimen.

77

Table 3.4: Risk of Incident Clinical, Hematological and Immunological Incident Outcomes by Baseline Iron Status, among 500 Human
Immunodeficiency Virus (HIV)-Infected Adults Initiating Antiretroviral Therapy (ART) in Dar es Salaam, Tanzania.
Normal Iron1
Outcomes (n/N)

Low Iron1

High Iron1

n/N = number of incident events / number of the subcohort participants without the event at baseline
n/N

n/N

HR (95% CI)

P-value

n/N

HR (95% CI)

P-value

8/77

3.13 (1.13,8.65)

0.03

5/205

0.80 (0.25,2.51)

0.70

2.23 (0.68,7.22)

0.17

0.61 (0.16,2.27)

0.46

1.39 (0.91,2.10)

0.12

1.43 (1.03,1.97)

0.03

1.24 (0.79,1.95)

0.35

1.43 (0.97,2.11)

0.07

1.35 (0.87,2.11)

0.19

1.11 (0.77,1.60)

0.56

1.12 (0.68,1.79)

0.68

1.41 (0.93,2.13)

0.11

1.59( 0.84,3.00)

0.15

0.81 (0.45,1.49)

0.50

1.14 (0.51,2.55)

0.74

0.82 (0.39,1.74)

0.61

2.22 (1.08,4.53)

0.03

1.59 (0.86,2.98)

0.15

2.08 (0.93,4.61)

0.07

1.57 (0.76,3.23)

0.22

2.16 (1.07,4.35)

0.03

1.87 (1.03,3.37)

0.04

2.00 (0.89,4.50)

0.09

2.13 (1.05,4.34)

0.04

0.61 (0.13,2.90)

0.54

1.90 (0.79,4.60)

0.15

2.29 (0.31,16.94)

0.42

0.46 (0.13,1.66)

0.24

Pulmonary Tuberculosis (20/491)
Unadjusted
Adjusted

7/209

5

Ref
Ref

Pnemonia (182/467)
Unadjusted
Adjusted

70/202

5

Ref

33/73

Ref

79/192

Malaria (144/462)
Unadjusted

78

Adjusted

59/199

5

Ref

29/73

Ref

56/190

Oral Thrush (59/462)
Unadjusted

26/202

Adjusted5
18/163

5

Ref

13/53

Ref

21/126

3

Unadjusted
Adjusted

18/186

2

Unadjusted
> 10% Weight loss (61/469)

15/74

Ref

Wasting, BMI < 18.5 (52/352)
Adjusted

Ref

18/203

5

Ref

14/71

Ref

29/195

Immunological failure (23/403)4
Unadjusted
Adjusted

5

8/185

Ref
Ref

2/65

78

13/153

Table 3.4 (Continued)
Abbreviations: CI = Confidence Interval
1

Iron status defined using adjusted Serum Ferritin levels for inflammation using regression correction method [Ferritin

adjusted

= ferritin unadjusted – β1 (CRP obs –

CRP ref]. A CRP reference limit was set at 10 mg/L (Ref). Adjusted SF < 15 µg/L = Low Iron; Adjusted SF 15 < 300 µg/L in men or adjusted SF 15 < 200 µg/L
in women = Normal iron status; adjusted SF > 300 µg/L in men or Adjusted SF 15 > 200 µg/L in women = High Iron.
2

Calculated as the weight in kilograms divided by the height in meters squared.

3

Percentage decrease from baseline weight measurement.

4

Immunological failure was defined using the WHO definition (a decline of CD4+ T-Cell count to less than 100 cells/µL six months after initiating treatment

with ART) or Tanzania HIV treatment guidelines definition (a decline of CD4+ T-Cell count to less than the baseline (at ART initiation) level, at least six months
after initiating treatment with ART.

79

5

Adjusted for sex (male, female) and baseline age (<30, 30<40, 40<50, ≥ 50), body mass index (<18.5, 18.5-25.0, > 25.0; calculated as the weight in kilograms

divided by the height in meters squared), World Health Organization HIV disease stage (stage I or II, stage III, stage IV) , CD4+ T-Cell count (<50, 50 < 100,
100 ≤ 200, > 200), ART regimen (d4T 3TC NVP, d4T 3TC EFV, d4T 3TC NVP, missing ART regimen), and study regimen.
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DISCUSSION
We found a high prevalence of impaired hematological status among Tanzanian HIVinfected adults initiating ART. Individuals with impaired hematological status, including severe
anemia, ACD, and deficient or elevated levels of iron had increased risk of mortality post-ART
initiation. Severe anemia and elevated iron were associated with increased risk of wasting and
weight loss .We did not identify a relationship of baseline iron status, anemia severity and type of
anemia with pulmonary tuberculosis, oral thrush and immunological failure.
To the best of our knowledge, this is the first study to systematically characterize anemia
among HIV adult patients initiating ART in SSA using the BRINDA correction method to adjust
serum ferritin for inflammation [38]. The prevalence of iron deficiency in our study (19%) was
comparable to other studies of HIV-infected adults initiating ART in low- and middle-income
country settings [39,40]. However, we found the prevalence of elevated iron status (33%)
(hyperferritinemia) was slightly less compared to 40% and 48% among Ugandan and Tanzanian
HIV-TB co-infected patients [9,39]. There have been inconsistent findings on the proportion of
IDA and ACD among HIV patients initiating ART in SSA. Some studies classified about half of
the anemia cases in HIV as IDA [6,41], while other studies have shown ACD to be more prevalent,
particularly among HIV-TB coinfected patients [26,42]. In our study, ACD accounted for almost
80% of anemia cases at ART initiation, IDA 18% and other forms of anemia 3%. In South Africa,
a study designed to determine the contributions of ACD and ID to anemia in patients with HIV/TB
coinfection found the prevalence of anemia to be 80% of which 95% were attributed to ACD [26].
The predominance of ACD among anemic HIV-infected individuals may explained by high levels
of inflammation, HIV associated up-regulation of pro-inflammatory cytokines and stimulation of
CRP and hepcidin synthesis by hepatocytes [42].
Our finding that anemia and iron status were associated with mortality is consistent with
prior studies [39,42,43]. Iron status has been shown to predict treatment failure, with elevated iron
being associated with increased reverse transcriptase activity and availability of iron dependent
enzymes that promote viral replication that can lead to impaired immunity, treatment failure and
increased risk of mortality from TB and other opportunistic infections [9,44–46]. In addition, we
found a stronger association with mortality for participants with elevated iron status as compared
to those with normal iron status. Consistent to our findings on ACD, increased risk to mortality
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could be explained by the iron redistribution occurring in the context of chronic inflammation and
its effect on increasing viremia and opportunistic infections. We also found a strong association
with mortality among participants with severe anemia as compared to those without anemia which
is consistent with existing knowledge on inflammation mediated pathways for HIV associated
anemia [26,39,42].
About 60% of participants with IDA had low hepcidin concentrations (≤ 20ng/ml) and
therefore might respond to oral iron therapy. This proportion is higher than that found in HIV/TB
co-infected adults in South Africa, where an the proportion of IDA cases that might respond to
oral iron supplementation was estimated to be 15% [26]. Non-responsiveness to oral iron
supplementation among patients with IDA and elevated hepcidin suggests concurrent ACD , and
that these patients are likely to benefit less from oral iron supplementation unless the
accompanying pro-inflammatory response resolve [8,26,28]. While oral iron supplementation may
be effective in treating IDA especially when inflammatory responses are relatively low, the safety
and efficacy of iron supplements in the majority of HIV-infected patients initiating ART iron
supplements has not been established. Increased dietary or supplemental iron may be associated
with a range of side effects including gastrointestinal effects that may interfere with adherence to
essential medications e.g. ART or anti-tuberculosis drugs [47]. The safety and efficacy of oral
iron therapy in HIV-infected adults initiating ART remains unclear.
The study has several important limitations. First, despite adjusting for a number of
potential confounders in the analysis, there is a possibility that residual and unmeasured
confounding. . In addition, we did not investigate additional etiologies of anemia, including noniron nutritional deficiencies (folate, B12), infections and genetic disorders. Therefore we may have
misclassified a small proportion of mixed forms of anemia or those resulting from sickle cell
disease or thalassemia. In addition, we only assessed hematological biomarkers at the time of ART
initiation and therefore we were not able to assess the association of hematological status postART initiation with mortality and disease progression.
In summary, we found a high prevalence of impaired hematological status among HIVinfected adults initiating ART in Tanzania. ACD was the predominant anemia etiology and was a
strong risk factor for mortality. We also found that elevated iron, iron deficiency and severe
anemia were associated with increased risk of mortality. Low hepcidin concentrations were
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common among participants with IDA and this suggest that these anemia cases may respond to
oral iron therapy. We conclude that etiology-informed management of anemia in HIV presents an
opportunity to improve survival and treatment outcomes for HIV infected adults initiating ART.
Further research and randomized trials are warranted to determine the safety and efficacy of iron
supplementation among HIV-infected adults initiating ART.
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Supplemental Table 3.1: Risk of Incident Clinical and Immunological Outcomes by Type of Anemia at Baseline, among 500 Human
Immunodeficiency Virus (HIV)-Infected Adults Initiating Antiretroviral Therapy (ART) in Dar es Salaam, Tanzania.

No Anemia1
Outcome (n/N)

Iron Deficiency Anemia1

Anemia of Chronic Diseases1

n/N = number of incident events / number of the subcohort participants without the event at baseline
n/N

n/N

HR (95% CI)

P-value

n/N

HR (95% CI)

P-value

7/73

2.70 (0.70,10.47)

0.15

10/324

0.91 (0.25,3.31)

0.89

3.32 (0.58, 18.96)

0.18

1.27 (0.26,6.29)

0.77

1.50 (0.87,2.59)

0.14

1.46 (0.94,2.28)

0.10

1.34 (0.73, 2.52)

0.33

1.30 (0.79,2.14)

0.29

1.12 (0.65,1.94)

0.68

0.90 (0.58,1.39)

0.62

0.87 (0.45,1.61)

0.65

0.90 (0.55,1.46)

0.67

1.92 (0.83,4.45)

0.13

1.14 (0.55,2.38)

0.73

1.32 (0.44,3.94)

0.62

1.01 (0.40,2.51)

0.99

2.33 (0.93,5.85)

0.07

1.36 (0.60,3.08)

0.46

1.70 (0.62,4.67)

0.31

0.98 (0.41,2.32)

0.96

2.40 (0.91,6.31)

0.08

1.75 (0.74,4.13)

0.20

3.84 (1.14,12.98)

0.03

2.65 (0.91,7.72)

0.07

0.26 (0.03,2.28)

0.22

1.24 (0.42,3.66)

0.70

0.61 (0.05,7.66)

0.70

0.65 (0.16,2.59)

0.54

Pulmonary tuberculosis (20/491)
Unadjusted
Adjusted

3/81

5

Ref
Ref

Pneumonia (182/467
Unadjusted
Adjusted

23/79

5

Ref

30/69

Ref

123/307

Malaria (144/462)

83

Unadjusted
Adjusted

26/75

5

Ref

26/69

Ref

87/306

Oral Thrush (59/462)
Unadjusted

9/83

Adjusted5
Wasting, BMI < 18.5 (52/342)

14/70

Ref

34/299

2

Unadjusted
Adjusted

Ref

7/65

5

Ref

13/51

Ref

32/217

> 10% Weight loss (61/469)3
Unadjusted

6/81

Adjusted5
Immunological failure (23/403)
Unadjusted
Adjusted

5

Ref

13/67

Ref

41/309

4

4/74

Ref
Ref

1/61

83

18/258

Supplemental Table 3.1 (Continued)
Abbreviations: CI = Confidence Interval
1

Type of Anemia was defined using Hb, adjusted serum ferritin levels, transferrin/log(ferritin) ratio and hepcidin concentration: IDA = Anemia with adjusted SF

< 15 µg/L; ACD = Non-IDA with adjusted ferritin levels > 336.2ng/ml, or Non-IDA with transferrin/log(ferritin) ratio ( ratio < 1.0, or 1.0-2.0 and hepcidin > 20
ng/ml); Other forms of anemia = Non-IDA and adjusted ferritin ≤ 336.2 ng/ml with transferrin/log(ferritin) ratio ( > 2.0, or 1.0-2.0 and hepcidin ≤ 20 ng/ml).
2

Calculated as the weight in kilograms divided by the height in meters squared.

3

Percentage decrease from baseline weight measurement.

4

Immunological failure was defined using the WHO definition (a decline of CD4+ T-Cell count to less than 100 cells/µL six months after initiating treatment

with ART) or Tanzania HIV treatment guidelines definition (a decline of CD4+ T-Cell count to less than the baseline (at ART initiation) level, at least six months
after initiating treatment with ART
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5

Adjusted for sex (male, female) and baseline age (<30, 30<40, 40<50, ≥ 50), body mass index (<18.5, 18.5-25.0, > 25.0; calculated as the weight in kilograms

divided by the height in meters squared), World Health Organization HIV disease stage (stage I or II, stage III, stage IV) , CD4+ T-Cell count (<50, 50 < 100,
100 ≤ 200, > 200), ART regimen (d4T 3TC NVP, d4T 3TC EFV, d4T 3TC NVP, missing ART regimen), and study regimen
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