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ABSTRACT

Background: Absorption factors are required to convert physio-
logic requirements for iron into Dietary Reference Values, but the
absorption from single meals cannot be used to estimate dietary iron
absorption.

Objective: The objective was to conduct a systematic review of iron
absorption from whole diets.

Design: A structured search was completed by using the Medline,
EMBASE, and Cochrane CENTRAL databases from inception to
November 2011. Formal inclusion and exclusion criteria were ap-
plied, and data extraction, validity assessment, and meta-analyses
were undertaken.

Results: Nineteen studies from the United States, Europe, and Mex-
ico were included. Absorption from diets was higher with an en-
hancer (standard mean difference: 0.53; 95% CI: 0.21, 0.85; P =
0.001) and was also higher when compared with low-bioavailability
diets (standard mean difference: 0.96; 95% CI: 0.51, 1.41; P <
0.0001); however, single inhibitors did not reduce absorption (pos-
sibly because of the limited number of studies and participants and
their heterogeneity). A regression equation to calculate iron absorp-
tion was derived by pooling data for iron status (serum and plasma
ferritin) and dietary enhancers and inhibitors from 58 individuals
(all from US studies): log[nonheme-iron absorption, %] = —0.73
log[ferritin, wg/L] + 0.11 [modifier] + 1.82. In individuals with
serum ferritin concentrations from 6 to 80 ug/L, predicted absorp-
tion ranged from 2.1% to 23.0%.

Conclusions: Large variations were observed in mean nonheme-
iron absorption (0.7-22.9%) between studies, which depended on
iron status (diet had a greater effect at low serum and plasma ferritin
concentrations) and dietary enhancers and inhibitors. Iron absorp-
tion was predicted from serum ferritin concentrations and dietary
modifiers by using a regression equation. Extrapolation of these
findings to developing countries and to men and women of different
ages will require additional high-quality controlled trials. Am J
Clin Nutr 2013;98:65-81.

INTRODUCTION

Anemia affects nearly 25% of the world’s population—an
estimated 1.62 billion people (1). Although data on its etiology
are limited (2), iron deficiency resulting from low intakes or low
absorption of iron is the most common cause, particularly when
coupled with high physiologic requirements. In healthy in-
dividuals, ~80% of absorbed iron is used for hemoglobin
synthesis (3), and iron absorption is used as a surrogate measure
of bioavailability. The amount of iron absorbed from a food or
meal by an individual is determined by physiologic variables

such as body iron status in combination with the modulating
effect of dietary inhibitors and enhancers (4, 5), and iron ab-
sorption from whole diets is often different from that predicted
from single-meal experiments (6, 7). The key dietary enhancers
of iron absorption include vitamin C (ascorbic acid), meat,
poultry, fish, and alcohol, and inhibitors include tannins (found
in tea and coffee), calcium and dairy products, polyphenols,
phytate, animal proteins (milk and eggs), and other micro-
nutrients, eg, zinc and copper (5, 8). Several approaches have
been used to estimate dietary iron bioavailability. The earliest
involved a semiquantitative model, based on data obtained from
single-meal radioisotope studies that incorporated the effect of
both ascorbic acid and animal flesh on nonheme-iron absorption
(9, 10). Later, algorithms were developed by using data from
single-meal absorption studies investigating the influence of
both dietary enhancers and inhibitors (11). Unfortunately, to
date, none of these approaches have generated definitive data for
predicting dietary iron bioavailability.

The composition of a diet is accepted as having an effect on
iron bioavailability, as illustrated by the global recommendations
made by the WHO/FAO, which cover diets with different bio-
availabilities (15%, 12%, 10%, and 5%) (12). However, no
transparent justification is provided for the selection of these
values, and there is also disagreement about the importance of the
effect of diet on bioavailability. The UK Scientific Advisory
Committee on Nutrition recently concluded that individual ef-
fects of dietary enhancers and inhibitors on iron absorption are
diminished when consumed as part of a whole diet. Additionally,
effects may only be detected in individuals with a higher ab-
sorptive capacity as a result of increased iron requirements (13).
The primary aim of this systematic review was to collate data on
iron absorption from whole diets to analyze the effect of various
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dietary enhancers, inhibitors, and host-related factors on ab-
sorption and to generate an evidence base from which bio-
availability values could be derived for setting dietary reference
values.

METHODS

Study selection

This review was limited to studies that met the following
inclusion criteria: /) conducted within an apparently healthy
adult or elderly human population group (=18 y of age);
2) included an appropriate control group or dietary phase (not
a historic control); 3) had a randomized or nonrandomized
controlled trial design (parallel or crossover); 4) reported an
iron-absorption outcome, measured and calculated by using an
appropriate method (radioisotope or stable isotope) from whole
diets; and 5) reported one or more of the following iron-status
biomarkers at baseline: serum or plasma ferritin, soluble trans-
ferrin receptor, hemoglobin, or body iron (14). Studies that in-
cluded participants with unspecified acute illnesses or active
disease were excluded, although subjects with iron deficiency or
iron deficiency anemia were included (other causes of anemia
were excluded). Exceptions with regard to health status were
made for studies reporting absorption in relation to genotype,
which may be associated with disease or health conditions (eg,
hemochromatosis). No limits were imposed on population size
because it was predicted that most of the studies would include
relatively few participants. Whole-diet assessments were defined
as a minimum of 1 d of 3 labeled meals or 2 d of 2 labeled meals
and could be either self-selected or standardized to be repre-
sentative of a typical whole diet. No other duration limitations
were set.

Search strategy

Searches were conducted by using the Cochrane Library
CENTRAL (http://www.thecochranelibrary.com), Medline
(http://www.ncbi.nlm.nih.gov/pubmed), and EMBASE (both
OvidSP; http://gateway-di.ovid.com/) databases from inception
to November 2011 for iron-absorption studies by using both free
text terms and appropriate indexing terms. The basic search
structure was [iron or isotope terms] AND [absorption or bio-
availability terms] AND [diet or meal] AND [limited to human
studies]. The OvidSP Medline search is given as an example in
Supplementary File 1 (see “Supplemental data” in the online
issue). The reference lists of relevant review articles and in-
cluded studies were searched for further potential references,
and an expert within the field was consulted to identify addi-
tional studies. A clinical trials database (www.clinicaltrials.gov)
was also searched to identify any unpublished studies. The in-
cluded studies were limited to those published in a European
language in which the research team was competent, ie, English,
Spanish, French, or German.

Data collection and extraction

Titles and abstracts of references identified through the da-
tabase searches were screened for inclusion by 3 reviewers, each
responsible for 30% of the references. Initially, a 10% portion of
the references was screened by all 3 reviewers, and the results

were compared. In the case of any disagreements, the results were
discussed and a decision reached by consensus. The full texts of
potentially relevant articles were collected and assessed by using
an inclusion or exclusion form based on the criteria listed earlier
in this section. The assessment was carried out by 2 reviewers
with 10% duplication. When agreement could not be reached, the
articles were discussed, and a third reviewer was consulted if
necessary. During the full text assessment, articles were classified
as single-meal, multiple-meal, or whole-diet studies, although
only the latter were extracted and included in the meta-analysis.

Data from included whole-diet studies were extracted onto
paper forms by a single reviewer with a minimum duplication of
10% of studies by a second reviewer. A third reviewer randomly
selected the studies to be duplicated. The extraction form was
created and trialed by the team before the data extraction stage,
and designed to assimilate the same information from each study.
Publication details, study design, population characteristics,
study objectives, and principal outcomes relating to iron ab-
sorption were recorded for each study. Potential confounders,
such as iron status, sex, age, inhibitors and enhancers of ab-
sorption, and recent iron intake, were recorded when data and
information were provided.

Quality and risk of bias

The quality of the included studies and potential sources of
bias were assessed and explored. Specific data fields were in-
cluded in the extraction forms to collect information on methods
of randomization (if applicable), methods of analysis, numbers of
dropouts and incomplete data or selective outcome reporting. No
formal grading of the studies was possible because of the vari-
ation in study design and methods that can be used for measuring
iron absorption. A table summarizing the validity assessment
criteria is presented elsewhere (see Supplementary File 2 under
“Supplemental data” in the online issue).

Data synthesis and analysis

To maximize the number of studies included in each analysis,
standard mean differences (SMDs) were used in the forest plots to
account for presentational differences in terms of units of the
primary outcome—iron absorption. Typically, this was presented
as a percentage of the nonheme-iron dose or intake, although it
was not always explicitly clear or it was sometimes presented as
an absolute amount or as a percentage of total iron absorption.
Arithmetic means and SDs were used in the forest plots, except
where stated, and authors were contacted for missing data or
when data were presented in a manner that prevented them being
pooled. Random-effects models were used throughout, and the
I test for heterogeneity was conducted and reported. When high
levels of heterogeneity were observed, subgrouping was con-
ducted (where sufficient data were available) to assess the ef-
fects of potential confounders such as study design, age, sex, and
iron status. Sensitivity analyses were conducted to check whether
certain studies overly influenced the pooled results. Logarithms
are all natural logarithms. Forest plot analyses were all conducted
by using Review Manager 5 software (version 5.0; The Nordic
Cochrane Centre, The Cochrane Collaboration).

The limited number of included studies prevented any in-
formative subgroup analysis and meta-regression, so we decided
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post hoc to use the individual participant data provided by some
studies. Because of the skewed distributions of percentage
nonheme-iron absorption and serum ferritin, both were log
transformed and the individual data from the standard diet phases
were plotted as a scatter plot. The ferritin method developed by
Cook et al (6) was used to correct the standard diet phase data of
all studies with individual data, plus all dietary phases of 3 similar
studies, to a range of ferritin concentrations (15-60 ug/L). The
corrected data were plotted to give absorption curves at a range
of ferritin concentrations, and the uncorrected data were ana-
lyzed for within-subject effects by using a repeated-measures
ANOVA. Because log transformation of percentage nonheme-
iron absorption and serum ferritin suggested a straight line re-
lation, we carried out linear regression in a model that initially
included ferritin (log serum ferritin), presence of enhancer or
inhibitor, age, and sex as independent variables for predicting
(log) percentage nonheme-iron absorption. The presence of
enhancer or inhibitor (modifier) was coded as O (for a standard
or self-selected diet), —1 for a diet with inhibitors, and +1 for
a diet with enhancers. For each individual, data from 2 arms
were included, but for studies with >2 arms the most extreme
arms (—1 and +1) were selected. Additional analyses, including
linear regression, on individual data were carried out by using
SPSS software (PASW Statistics 18, release 18.0.0; IBM Cor-
poration).

RESULTS

The flow diagram for the review is shown in Figure 1. The
search identified 2636 potentially relevant titles and abstracts,
437 of which were assessed as full texts as part of this review. Of
these, 19 studies (20 articles; 6, 7, 16-33) met the full list of
inclusion criteria and reported the absorption of iron from
a whole diet. Articles were excluded for a variety of reasons,

3859 References identified through electronic searches
* 1748 Medline
* 1810 EMBASE
* 301 Cochrane

including use of an inappropriate study design, unhealthy pop-
ulation group, and lack of baseline iron-status markers. Studies
that met all other inclusion criteria, but measured absorption
from single or multiple meals, were also excluded from the
meta-analysis. The latter were defined as meals that did not
represent a typical habitual whole diet. Details of the included
studies are given in Table 1.

Of the 19 included studies, 9 were undertaken in Europe (3 in
Sweden, 3 in Denmark, 2 in the United Kingdom, and 1 in the
Netherlands), 9 in the United States, and 1 in Mexico. Five of the
studies were in mixed-sex populations, 10 were in women, and 4
were in men. Most of the studies did not explicitly characterize
the status of the population other than as “healthy” or “non-
anemic” or selected volunteers with a normal ferritin concen-
tration range for sex or age (11 in total). Six studies were
conducted in individuals selected for low iron status—typically
premenopausal women. In one study, the individuals were se-
lected by genotype and in another by blood donation. Fourteen
of the studies measured iron absorption by using radioisotopes,
and 5 used stable-isotope techniques. Many of the studies in-
volved diets that were described as “typical” for their region, as
low bioavailability, or were self-selected during the control period.
Most of the studies were classed as manipulating one principal
factor (eg, the effect of an enhancer or inhibitor on absorption)
or multiple factors to create low- and high-bioavailability
diets.

The included studies were selected for high methodologic
quality (ie, used isotopes to measure absorption). Most of the
studies had small numbers of subjects (range: 8—45)—the largest
comprising 45 participants assigned to 3 groups of 15 in a par-
allel design. Dropouts were often not explicitly reported; how-
ever, in most cases it appeared that there were none. Exclusions
from the data analyses were generally well reported, with ade-
quate justification. Blinding was often not possible because of

‘I 1223 Duplicates removed

2636 References assessed on the basis of titles and
abstracts

441 Titles and abstracts appeared potentially relevant
and collected as full-text papers
1 Paper from reference lists/experts

2251 Titles and abstracts very unlikely to be
relevant

| 437 Full papers assessed

I 5 Full-text papers not located l

417 Papers excluded:

I 19 Studies (20 papers) included

* 110 measured absorption from meals rather
than the whole diet

* 97 not a primary or human study (e.g. in vitro
or review)

* 89 no iron status measures at baseline

* 60 no appropriate measurement of absorption
or absorption from a supplement etc.

* 39 inappropriate study design (e.g. no control)

* 12 not healthy at baseline

* 7 no adult/elderly data

« 3 language not covered by research group

FIGURE 1. Flow diagram of search and selection process; modified from Quality of Reporting of Meta-analyses (15).
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obvious differences in diet composition. Most of the studies
were crossover in design, which allowed a direct comparison
between intraindividual absorption values. When a parallel de-
sign was used, most of the studies corrected the absorption data
either by using the ferritin method [to 40 ug/L (6)] or to a ref-
erence dose. There was considerable variation in the assessment
of intake of iron and other nutrients from the diets, and dose
verification was seldom reported. The diets were normally an-
alyzed either by duplicate diet analysis or by using nutritional
software and food-composition databases.

The mean iron-absorption data in each study from all relevant
diets, groups, or intervention phases are shown in Table 2. Data
corrected by using ferritin values or reference dose absorption
were also presented. The lowest reported fractional nonheme-
iron absorption was 0.7%—in men with a mean ferritin con-
centration of 100 ug/L who consumed a low-bioavailability diet
(24). The highest absorption, 22.9%, was observed in women
with iron deficiency (mean ferritin: 6.4 ug/L) who consumed
a basic Mexican diet (low bioavailability) but with added
limeade (high in vitamin C) at each meal (16). Absorption
typically appeared to be ~5-8%, and it should be noted that
many of the diets were specifically designed to be of low bio-
availability.

Meta-analyses were undertaken to assess the effect of en-
hancers and inhibitors of iron absorption. Studies were initially
grouped into 3 categories: manipulation of one enhancing factor,
manipulation of one inhibitory factor, or manipulation of multiple
factors (ie, high- compared with low-bioavailability diet). The
studies in each forest plot, or subgroup of a forest plot, were
ordered by the mean baseline ferritin concentration of the study
population (low to high). SMDs were translated into percentage
absorption units by using the SD of the Kristensen et al study
(26); the translated units are given in the text for each figure and
are presented in Table 3 and Table 4 for the sensitivity and
subgroup analyses, respectively. The Kristensen et al study (26)
was selected for the translation of SMDs because it was one of
the largest included studies and reported results in the most
common format (% iron absorption). Studies in which one en-
hancing or inhibitory factor was altered are shown in Figure 2;
these included studies, where a diet rich in an inhibitor or en-
hancer was compared with one low in the inhibitor or enhancer
and those that gave the diet alone or with the inhibitor or en-
hancer, usually as a supplement or in a drink. Enhancers (meat
and ascorbic acid) significantly increased iron absorption from
whole diets (SMD: 0.53; 95% CI: 0.21, 0.85; P = 0.001; n =102
control participants; P-heterogeneity = 0.26; I = 21%); 8
studies were included in the plot. Reconverting these data into
units of absorption [by using the SD in the Kristensen et al study
(26)] suggested an increase in iron absorption of 2.0% (95% CI:
0.8%, 3.2%) when enhancers were added to the diet or were
naturally present in high quantities in the diet. The study by Diaz
et al (16) showed a far larger effect of the enhancer on iron
absorption from the standard diet, but this study was conducted
in women with very low iron stores (mean ferritin concentration:
6.3 ng/L). However, removal of this study from the plot did not
change the overall result, which remained significant. All of the
sensitivity analyses conducted and the effect on the overall
pooled results for each analysis are summarized in Table 3. A
trend for inhibitory factors (milk, calcium, and phytate) to re-
duce iron absorption from whole diets which did not quite reach

statistical significance (SMD: —0.44; 95% CI: —0.90, 0.02; P =
0.06; n = 81 control participants; P-heterogeneity = 0.07, I* =
52%) or a 1.7% reduction in iron absorption (—3.4%, 0.1%) is
shown in Figure 2. Removal of the Minihane et al study (27), in
which absorption was measured over only 1 d, eliminated the
observed heterogeneity and showed a smaller but nearly sig-
nificant reduction in iron absorption (Table 3).

The single inhibitory and enhancing effects pooled in Figure 2
are shown by subgroup of individual dietary enhancers and in-
hibitors in Figure 3 and Figure 4. The effect of ascorbic acid on
iron absorption from whole diets was assessed in 4 studies and
increased iron absorption significantly (SMD: 0.63; 95% CI:
0.10, 1.16; P = 0.02; n = 58 control participants; P-heterogeneity =
0.10, ? = 48%)—an increase in iron absorption of 2.4% (95%
CI: 0.4%, 4.4%). The effect remained significant with the re-
moval of the Diaz et al (16) study (P = 0.05; Table 3). The effect
of meat on nonheme-iron absorption reached only borderline
significance (SMD: 0.43; 95% CI: 0.01, 0.86; P = 0.05; n = 44
control participants; 3 studies; P-heterogeneity = 0.67, I* =
0%)—an increase in iron absorption of 1.6% (95% CI: 0.0%,
3.2%). Three inhibitory factors were assessed in the included
studies; calcium, milk, and phytate. Milk contains significant
amounts of calcium but was analyzed separately because it also
contains casein, which is also thought to be an inhibitor (5).
Although a significant inhibitory effect was not observed for any
of the 3 dietary components (Figure 4; P = 0.36 for milk, P =
0.12 for calcium, and P = 0.38 for phytic acid), there were very
limited data, particularly for phytate (only one study).

Six included studies manipulated multiple dietary components
to maximize and minimize bioavailability. Iron absorption was
significantly higher in diets specifically selected to be high in
bioavailability (ie, low in inhibitors and high in enhancers)
compared with those of low bioavailability (SMD: 0.96;
95% CI: 0.51, 1.41; P < 0.0001; n = 96 control participants;
P-heterogeneity < 0.0001, I* = 82%), which suggested an in-
crease of 3.6% in iron absorption (1.9%, 4.3%). A sensitivity
analysis was performed to remove the study by Hulten et al (20),
because this was the only study to report results in milligrams
rather than as a percentage. The effect remained highly statis-
tically significant (P < 0.0001, Table 3).

Because of the different aims of the included studies, sub-
group analyses could only be completed by using subsets of the
data. The analyses were conducted in the studies presenting data
for single enhancing factors and high- or low-bioavailability
diets separately, because these included the greatest number of
studies. The results are summarized in Table 4. Because of the
limited number of studies in each subset, it was not possible to
complete all the subgroup analyses as originally planned (sex,
age, iron status, and study design). The effect of parallel and
crossover methodologic designs in studies comparing high- with
low-bioavailability diets is shown in Figure 5. Both study
designs showed a significantly higher absorption from high-
bioavailability diets, although the effect was more pronounced
in studies of parallel design (P for subgroups = 0.04). Because
of inconsistencies in the presentation of results in these studies,
it was not possible to use corrected absorption data in the forest
plots; correction to the reference dose absorption or to a mean
iron status could help to eliminate or reduce these differences.
The other subgroup analyses were limited by the number of
studies available in each subgroup, and no other significant
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Enhancedinhibted diet Control diet

Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.1.1 Single enhancing factors

Diaz 2003 (16) 229 12,6 " 6.6 3 11 87% 1.71[0.71,2.72]

Hunt 1994 W (22) 6 45 12 64 21 12 12.7% -0.11 [-0.91, 0.69] =
Hunt 1994 LBA (22) 58 31 13 43 2 13 13.0% 0.56 [-0.23,1.34] 2y S
Kristensen 2005 (26) 7.9 4.79 19 53 262 19 171% 0.66 [0.00, 1.31] —
Tetens 2005a (31) 27 19 10 15 18 10 10.4% 0.62 [-0.28,1.52] p——
Tetens 2005b (31) 34 1.66 " 29 1986 11 11.7% 0.26 [-0.58,1.11] — =
Cook 2001 (7) 10.77 8.38 12 667 367 12 121% 0.61 [-0.21,1.43] E—————
Reddy 2006 (29) 1113 1115 14 844 775 14 142% 0.27 [-0.47,1.02] [t
Subtotal (95% CI) 102 102 100.0% 0.53 [0.21, 0.85] E
Heterogeneity: Tau®= 0.04; Chi*=8.84, df=7 (P=0.26), F=21%

Test for averall effect: Z=3.24 (P = 0.001)

2.1.2 Single inhibiting factors

Grinder-Ped. 2004 M (18) 6.3 3.65 14 85 447 13 17.2% -0.52[-1.29, 0.25] — |
Tetens 2005¢ (31) 37 2.98 1 49 308 11 157% -0.38 [-1.23, 0.46] L
Gleerup 1895 (17) 121 2181 21 159 1008 21 21.0% -0.22 [-0.83, 0.39] .
Turnlund 1990 (32) ] 218 8 805 256 g 131% 0.38 [-0.61,1.37] — T
Minihane 1998 (27) 47 52 14 158 79 14 152% -1.61[-2.48,-0.74) —

Reddy 1997 (28) 6.32 5.19 14 797 641 14 17.8% -0.27 [-1.02, 0.47] b
Subtotal (95% Cl) 82 81 100.0% -0.44 [-0.90, 0.02] i
Heterogeneity: Tau*=0.17; Chi*=10.34, df=5(P=007); F=52%

Test for overall effect: Z=1.86 (P = 0.06)

2 10 1 2
Ahsorplion decreased Ahsorption increased

FIGURE 2. Forest plot showing the effect of single enhancing and inhibiting factors on iron absorption from a whole diet. IV, inverse variance; LBA, low

bioavailability; M, milk; std., standard; W, Western diet.

differences were identified for subgroups based on sex, age, and
iron status (Table 4).

Five of the included articles (all from studies in the United
States) presented data for each individual in the study (7, 23, 28,
29, 32). A scatter plot of log(% nonheme absorption) plotted
against log(serum ferritin) for the standard or control dietary
phases of the interventions for each individual (n = 58) is shown
in Figure 6. Uncorrected values were used for absorption and
ferritin, but because both variables had a skewed distribution
when tested for normality using the Shapiro-Wilk test, they were
subsequently log transformed, which resulted in a normal dis-
tribution. The individual data from the standard diet phases were
corrected to a range of ferritin concentrations (15-60 wg/L) by
using the ferritin method developed by Cook et al (6). Ab-
sorption was plotted against serum ferritin, as shown in Figure
7A. Three of the 5 studies with individual data had an identical
design structure; they compared a self-selected dietary phase

with phases in which calcium (28), vitamin C (7), or meat (29)
consumption were high or low. The intervention phases were
grouped as self-selected, low bioavailability (high calcium, low
vitamin C, no meat), and high bioavailability (low calcium, high
vitamin C, high meat), and the absorption was corrected to the
same range of ferritin concentrations (15-60 ug/L) at an
individual level. The means are plotted in Figure 7B. The
uncorrected absorption values from the 3 intervention phases
across the 3 Cook and Reddy studies were significantly different
within subjects when tested with a repeated-measures ANOVA
(test for within-subject effects: F = 5.878, P = 0.004). Pairwise
comparisons indicated that absorption from the high-bio-
availability phases was significantly higher than that from both
the self-selected and low-bioavailability diets. The individual
data analyses are summarized in Table 5.

The absorption data from these 58 individuals were further
analyzed by using a linear regression model that initially included

Enhancing factor Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
3.1.1 Ascorbic acid
Diaz 2003 (16) 229 1286 1" 6.6 3 11 8.7% 1.71(0.71,2.72]
Hunt 1994 W (22) 6 45 12 64 21 12 12.7% -0.11 [-0.91, 0.69] — = =
Hunt 1994 LBA (22) 5.8 31 13 43 2 13 13.0% 0.56 [-0.23,1.34] T
Tetens 2005a (31) 2.7 1.9 10 15 18 10 10.4% 0.62 [-0.28,1.52) T
Cook 2001 (7) 1077 838 12 6.67 367 12 121% 0.61 [0.21,1.43) T
Subtotal (95% CI) 58 58 57.0% 0.63[0.10, 1.16] -
Heterogeneity: Tau*=0.18; Chi*=7.74, df=4 (P=0.10); F= 48%
Testfor overall effect Z=2.32 (P=0.02)
3.1.2 Meat
Kristensen 2005 (26) 79 479 19 53 262 19 17.1% 0.66 [0.00,1.31] —
Tetens 2005b (31) 34 166 1 29 1.96 1M1 11.7% 0.26 [[0.58,1.11] ——laE——=
Reddy 2006 (29) 1113 1115 14 844 775 14 142% 0.27 [0.47,1.02] N
Subtotal (95% Cl) 44 44 43.0% 0.43[0.01, 0.86] -
Heterogeneity: Tau*= 0.00; Chi*=0.79, df= 2 (P = 0.67); F= 0%
Test for overall effect Z= 2.00 (P = 0.05)
Total (95% CI) 102 102 100.0% 0.53[0.21, 0.85] -
Heterogeneity: Tau?= 0.04; Chi*= 8.84, df= 7 (P = 0.26); F= 21% '2 '1 3 1‘ '2

Testfor overall effect: Z= 3.24 (P = 0.001)
Testfor subgroup differences: Chi*=0.31, df=1 (P=0.58), F=0%

Decreases absorption Increases absorption

FIGURE 3. Forest plot showing the effect of enhancing factors (ascorbic acid and meat) on iron absorption from a whole diet. IV, inverse variance; LBA,

low bioavailability; std., standard; W, Western diet.
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Inhibiting factor Control

Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
4.1.1 Milk

Grinder-Ped. 2004 M (18) 63 365 14 85 447 13 31% -0.521.29, 0.25] —
Gleerup 1985 (17) 121 2131 21 159 1008 21 401% -0.22 -0.83, 0.39] —
Turnlund 1980 (32) 9 218 8 805 256 3 18.8% 0.38 [F0.61,1.37] —
Subtotal (95% CI) 43 42 100.0% -0.20 [-0.63, 0.23] i
Heterogeneity: Tau®= 0.00; Chi*=1.89, df=2(P=0.37), F=0%

Test for overall effect Z=0.92 (P = 0.36)

4.1.2 Calcium

Grinder-Ped, 2004 Ca (18) 7.9 423 14 895 447 12 341% -0.22 [-0.98, 0.53] ——
Minihane 1998 (27) 4.7 52 14 158 7.9 14 31.4% -1.61[-2.48,-0.74] L —

Reddy 1997 (28) 632 519 14 797 641 14 345% -0.27 1.02, 0.47] — T
Subtotal (95% CI) 42 41 100.0% -0.68 [-1.52, 0.17] i
Heterogeneity: Tau*=039; Chif=687, df=2(P=003);F=71%

Test for overall effect Z=1.57 (F=0.12)

4.1.3 Phytic acid

Tetens 2005¢ (31) 3.7 298 " 49 308 11 100.0% -0.38 [1.23, 0.46) 1—
Subtotal (95% CI) 1 11 100.0% -0.38 [-1.23, 0.46]

Heterogeneity: Mot applicable

Test for overall effect Z=0.88 (P = 0.38)

-2 -1 0 1 2
Decreases absorption Increases absorption

FIGURE 4. Forest plot showing the effect of individual inhibiting factors on iron absorption from a whole diet. Two comparisons from the Grinder-
Pedersen study are included; as a result, no pooled total is presented. Ca, calcium lactate; IV, inverse variance; M, milk; std., standard.

ferritin, presence of enhancer or inhibitor, age, and sex as in-
dependent variables; however, because age (P = 0.44) and sex (P
= 0.63) were found not to be influential, the regression was re-
run with ferritin and dietary modifiers (enhancers/inhibitors) as
the only variables (R2 = 0.384, ANOVA F = 35.193, P <
0.0001). This generated the following equation:

Log[nonheme — ironabsorption, %] = — 0.731og|ferritin, ug/L]
+ 0.11]modifier]
+1.82

(1)

where [modifier] is O for standard diets, —1 for diets that include
an inhibitor, and 1 for diets that include an enhancer. The equa-
tion was used to predict the effect of enhancers and inhibitors on
percentage absorption in individuals with low to high serum
ferritin concentrations (680 wg/L). These are shown in Table 6
and range from 2.1% to 23.0%, depending on iron status and
type of diet. In individuals with a serum ferritin concentration of

12 wg/L, absorption is predicted to be between 8.4% and
13.9%—values that are considerably lower than those corrected
to a ferritin concentration of 15 ug/L (Table 5) with the Cook
et al equation (6), namely 16.7-22.6%.

DISCUSSION

Most of the published iron-absorption studies have been un-
dertaken by using the single-meal approach, which tends to
exaggerate the effect of inhibitors and enhancers. Whereas
confirmation of the effects of dietary enhancers and inhibitors of
iron absorption underpinned the subsequent analyses, our pri-
mary aim was to collate data on bioavailability factors that could
be applied when setting dietary reference values for population
groups. Our systematic approach showed the potential utilization
of individual absorption data corrected for iron status to calculate
iron bioavailability from whole diets.

The studies included in our meta-analysis (all from in-
dustrialized countries) showed a wide range in mean iron ab-
sorption (0.7-22.9%) in the volunteers, which is likely to reflect

Higher BA diets Lower BA diets Std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Randeom, 95% CI
5.1.1 Crossover
Hulten 1995 (20) 191 1189 21 122 096 21 20.0% 0.63[0.01,1.25] —
Hunt 1999 (23) 5 385 10 189 184 10 13.4% 0.99 [0.05,1.93] "
Roe 2005 (30) 6.8 6.8 15 49 > 15 17.6% 0.37 [-0.35,1.09] O
Subtotal (95% CI) 46 46 51.0% 0.61[0.19, 1.03] -
Heterogeneity: Tau®= 0.00, Chi#=1.05, df= 2 (P = 0.59), F= 0%
Testfor overall effect: Z= 2.84 (P = 0.004)
5.1.2 Parallel
Hunt 2003 {21) 137 102 19 35 27 19 174% 1.34[0.61, 2.07) —_—
Cook 1991 (6) 6.6 5.03 15 34 387 15 17.2% 0.69 [-0.05,1.43] T —
Hunt 2000 (2124)) 39 21 14 08 05 17 14.3% 201112, 2.90] S
Subtotal (95% CI) 47 50 49.0% 1.31[0.60, 2.03] -=eufifie—
Heterogeneity: Tau®=0.24; Chi®= 6.03, df= 2 (P = 0.08); I*= 60%
Testfor overall effect: Z=3.59 (P = 0.0003)
Total (95% CI) 93 96 100.0% 0.96 [0.51, 1.41] gl
Heterogeneity: Tau?= 0.16; Chi*= 10.51, df = 5 (P = 0.06); F= 52% 52 ‘r1 3 ‘i Ié

Testfor overall effecl. Z=4.18 (P < 0.0001)
Testfor subgroup differences: Chi*= 2.75, df=1 (P=0.10), = 63.6%

Fawors low BA Favors high BA

FIGURE 5. Forest plot showing the effect of manipulating multiple dietary factors on iron absorption from a whole diet, including subgrouping by study

design. BA, bioavailability; IV, inverse variance; std., standard.
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16 4

R’Linear = 0.384

1.4 4 o

1.2 4

1.0 1

0.8 A

log[non heme-iron absorption %]

0.2 A

0.0 T T T T 1
0.0 0.5 1.0 15 2.0 2.5
log[ferritin pg/L]

FIGURE 6. Scatter plot of individual data (n = 58) from 5 studies (7, 23,
28, 29, 32) showing the relation between percentage iron absorption (from
standard or control diets/phases) and serum ferritin. Both variables were log
transformed.

the real-life situation in populations from industrialized coun-
tries. Further data are required from the developing world in
order for our findings to have worldwide application. Iron status
is currently considered to be the principal factor that determines
the efficiency of iron absorption, and our results indicate that
dietary composition also affects iron absorption from whole
diets. The results of the meta-analysis of iron-absorption and
iron-status relations underpinned the subsequent regression
analyses. Although the studies in each forest plot were ordered
by mean baseline ferritin status (low to high), this did not appear
to show any consistent patterns of decreasing absorption with
increasing iron status, and subsequent subgrouping potential was
restricted because of the lack of similar studies (Table 4). Ini-
tially, it was planned to subgroup according to predetermined
cutoffs: <15 ug/L indicating depleted iron stores, 15-60 wg/L
suggested suboptimal iron status, and >60 ug/L indicated iron
repletion. In the 2 data subsets used for subgrouping, however, it
was only possible to use one of these cutoffs in each analysis.
Variations in study design, isotope methods, and presentation of
the absorption data may have masked the effects of iron status.
The subgroup analyses for sex were split into female, all male,
and mixed-sex populations. The effects of enhancers or high-
bioavailability diets remained significant only in the all-female
studies; however, because there were limited data for the other sex
groups, it was not possible to say whether the absence of an effect
was real or whether it was the result of insufficient power. Sim-
ilarly, for age, most of the populations were young healthy adults,
which limited the potential for subgrouping. Two studies that
measured the effects of manipulating multiple dietary factors were
conducted in slightly older adults; therefore, a cutoff of 40 y of age
was used, but the number of studies was too few to draw any firm
conclusions. Ultimately, many of the subject-related confounders
explored in the subgroup analysis were not distinct. Age and sex
are accepted predictors of iron status, so, ideally, had sufficient
studies been identified, a meta-regression would have been con-
ducted in which each factor would be entered as a variable.
Despite the potential benefits offered by a combined sys-
tematic review/mathematical modeling approach, it is essential to
be aware of potential caveats. Whereas we did not include studies

of single meals, many of the included studies were still of very
short duration. Two of the included studies (21, 24) investigated
the effect of adaptation on iron absorption (over 10 wk) and
concluded that individuals tend to absorb less iron over time when
consuming a high-bioavailability diet compared with a low-
bioavailability diet. The potential importance of such an effect
must not be overlooked when interpreting the results of this
review. Caution should also be applied when using a systematic
approach, because included studies are often not designed to
address the same specific question as the overall review, as ex-
emplified by the Hallberg et al study (19). That study could not be
included in any meta-analyses because of the different primary
aim of the original study (comparing absorption between blood
donors and nondonors), but it serves as an important example of
the importance of iron status in determining absorption (Table 2).

The comparison of studies was impeded by the combination of
studies of parallel and crossover design, and the inconsistencies
in correcting absorption data. The forest plot meta-analysis
method underestimates the effect of a crossover design by
considering the control and intervention groups as distinct in-
dividuals. When parallel groups were used, there was no standard
method of correcting and reporting the absorption data presented.
General data presentation was also an issue for the absorption
data, which varied greatly between studies. Both geometric and
arithmetic means and various units of absorption were presented,

A 18 -

< 16 A }
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FIGURE 7. Mean corrected percentage nonheme-iron absorption from
whole diets. Individual data were corrected by using the ferritin method (6)
at a range of ferritin concentrations (15-60 ug/L). A: Data from the standard
or control phase (n = 58) for 5 studies (7, 23, 28, 29, 32); error bars indicate
SEs. B: Means of individual corrected data (n = 40) from 3 studies of similar
design (7, 28, 29); the diets were categorized into 3 types: self-selected (X),
low (high calcium, low vitamin C, no meat) (=), or high (+; low calcium,
high vitamin C, high meat).
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TABLE 5
Summary of analyses using individual absorption and ferritin data’

Nonheme-iron absorption

Corrected to a ferritin

Corrected to the mean ferritin

Diet Uncorrected concentration of 15 ug/L (6) concentration of the study population (6)
% % %

Self selected 7.09 * 6.75% 16.89 = 17.30 5.11 = 5.74

Low bioavailability 7.17 £ 5.80° 16.72 + 13.37 5.03 = 3.72

High bioavailability 9.92 + 878" 22.60 = 21.76 6.87 = 6.40

" All values are means + SDs; n = 3 studies, n = 40 participants. Values with different superscript letters are significantly different, P < 0.05.

and, in some instances, it was difficult to determine what fraction
of absorption was presented (heme, nonheme, or total).

The results of this review indicate that iron absorption, even
under test conditions, can vary greatly between individuals and
across relatively similar diets. A bioavailability factor of ~15% is
typically used in setting iron Dietary Reference Values, and this is
normally set based on the absorption of people with no iron stores
(serum ferritin concentration =15 pg/L). The data collated in this
review (Table 2) suggest that the vast majority of populations,
even those with low iron stores, may not absorb iron to this extent,
particularly if consuming a diet low in bioavailable iron. Hunt
et al (24) measured nonheme-iron absorption from whole diets
(by using PFe labeling) in men with high ferritin concentrations
(~100 pg/L) and observed absorption values of 2.1% to 3.4%
from a high-bioavailable diet and of 0.7% to 0.9% from a low-
bioavailable diet. Absorption was measured by both blood and
fecal isotope monitoring and the data were in agreement. Cal-
culated absorption from whole diets with the use of our regression
equation (Table 6) ranged from 1.8% to 3.0% in people with
a ferritin concentration of 100 wg/L, which is similar to the
results of Hunt et al (24). Average absorption appeared to be
~5-8% across all studies, although many studies used a low-
bioavailability diet within their study design.

The results of this systematic review confirm the effect of
known enhancers of iron absorption on whole diets, but the effect
of inhibitors is less clear. With the use of the newly developed
regression equation, nonheme-iron absorption was predicted to
be 10.8% in individuals with low iron stores (serum ferritin:
12 wg/L) consuming a standard diet, rising to 13.9% in a higher-
bioavailability diet and falling to 8.4% in a lower-bioavailability
diet. In addition, it is important when estimating Dietary Ref-
erence Values to include an allowance for the intake of heme

TABLE 6
Predicted nonheme-iron absorption from diets containing enhancers and
inhibitors in individuals with different iron statuses

Absorption

Serum ferritin With inhibitor Standard diet With enhancer

% % %
6 pg/L 13.9 17.9 23.0
12 pg/L 8.4 10.8 139
15 pg/L 7.1 9.2 11.8
40 pg/L 35 45 58
60 pglL 2.6 33 43
80 pe/L 2.1 2.7 35
100 pg/L 1.8 2.3 3.0

iron from meat, poultry, and fish in the population. Although the
contribution of heme iron to total iron intake is low, recently
estimated to be 4-6% in the United Kingdom, it is generally
more efficiently absorbed and less influenced by iron status than
is nonheme iron (13).

One of the key outputs of this review is the equation derived
from the regression analysis of the individual absorption data,
pooled from several studies conducted in the United States, be-
cause this can be used to predict absorption from whole diets in
relation to iron status in similar populations. The combined effect
of iron status and dietary enhancers and inhibitors included in the
regression model showed a large effect of diet on percentage
absorption when iron stores are low, with absorption values ranging
from 13.9% to 23.0% when serum ferritin concentrations were
6 g/l (Table 6). However, with higher iron status, absorption
was very much reduced, ranging from 1.8% to 3.0% with a serum
ferritin concentration of 100 wg/L. The use of this equation
permits a more transparent process to be followed for estimating
dietary iron absorption and only requires information on the iron
status of the population together with an assumption about the
type of diet in relation to the presence of enhancers and inhibitors.
Because different bioavailability factors need to be applied to
very different types of diets, extrapolation of the equation will
require data on iron absorption from diets that deviate markedly
from the ones described in the included studies in industrialized
countries. It is hoped that the combination of a rigorous sys-
tematic review and appropriate mathematical modeling will
provide a useful approach for selecting bioavailability factors for
the future derivation of dietary reference values for iron.
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