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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 individuals, w80% 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 absorption 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 micronutrients, 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 bioavailabilities (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 effects 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 absorptive 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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ABSTRACT
Background: Absorption factors are required to convert physiologic 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 applied, and data extraction, validity assessment, and meta-analyses
were undertaken.
Results: Nineteen studies from the United States, Europe, and Mexico were included. Absorption from diets was higher with an enhancer (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 (possibly because of the limited number of studies and participants and
their heterogeneity). A regression equation to calculate iron absorption 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, %] = 20.73
log[ferritin, mg/L] + 0.11 [modifier] + 1.82. In individuals with
serum ferritin concentrations from 6 to 80 mg/L, predicted absorption ranged from 2.1% to 23.0%.
Conclusions: Large variations were observed in mean nonhemeiron 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 absorption 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.
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dietary enhancers, inhibitors, and host-related factors on absorption and to generate an evidence base from which bioavailability values could be derived for setting dietary reference
values.
METHODS

Study selection

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 bioavailability 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 included studies were searched for further potential references,
and an expert within the field was consulted to identify additional studies. A clinical trials database (www.clinicaltrials.gov)
was also searched to identify any unpublished studies. The included 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 database 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

Quality and risk of bias
The quality of the included studies and potential sources of
bias were assessed and explored. Specific data fields were included 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 variation 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
I2 test for heterogeneity was conducted and reported. When high
levels of heterogeneity were observed, subgrouping was conducted (where sufficient data were available) to assess the effects 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 informative subgroup analysis and meta-regression, so we decided
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This review was limited to studies that met the following
inclusion criteria: 1) 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 transferrin receptor, hemoglobin, or body iron (14). Studies that included 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 representative of a typical whole diet. No other duration limitations
were set.

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 absorption were recorded for each study. Potential confounders,
such as iron status, sex, age, inhibitors and enhancers of absorption, and recent iron intake, were recorded when data and
information were provided.

IRON ABSORPTION FROM WHOLE DIETS

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,

including use of an inappropriate study design, unhealthy population 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 “nonanemic” or selected volunteers with a normal ferritin concentration 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 selected 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 involved 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 parallel design. Dropouts were often not explicitly reported; however, in most cases it appeared that there were none. Exclusions
from the data analyses were generally well reported, with adequate justification. Blinding was often not possible because of

FIGURE 1. Flow diagram of search and selection process; modified from Quality of Reporting of Meta-analyses (15).
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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 mg/L). The
corrected data were plotted to give absorption curves at a range
of ferritin concentrations, and the uncorrected data were analyzed for within-subject effects by using a repeated-measures
ANOVA. Because log transformation of percentage nonhemeiron absorption and serum ferritin suggested a straight line relation, 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 0 (for a standard
or self-selected diet), 21 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 (21 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 Corporation).
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Description: mixed sex,
healthy, nonanemic
n = 45 (15 per group)
Age: 21–40 y
Country: USA

Description: mixed sex,
healthy, nonanemic
n = 12
Age: 20–38 y (mean:
25 y)
Country: USA
Description: nonpregnant,
nonlactating women;
iron deficient (ferritin
,12 mg/L)
n = 15, absorption data
for n = 11
Age: 28.3 6 7.7 y
(mean 6 SD)
Country: Mexico
Description: healthy
females of fertile age
n = 21 (20 for second
intervention period)
Age: 21–44 y (mean 6
SE: 29.2 6 1.8 y)
Country: Sweden
Description: young
women with low iron
stores
(Hb $ 110 g/L, ferritin
#40 mg/L)
n = 14
Age: 24.2 6 3.0 y
(mean 6 SD)
Country: Denmark

Cook et al,
1991 (6)

Cook and
Reddy,
2001 (7)

Grinder-Pedersen
et al, 2004 (18)

Gleerup et al,
1995 (17)

Diaz et al,
2003 (16)

Population characteristics

Author, year,
reference

Iron absorption (%)
Absorption of reference
dose (%)

Nonheme-iron absorption
(%)
Heme-iron absorption
(mg)
Total iron absorption (mg)

Nonheme-iron absorption,
unadjusted (%)
Nonheme-iron absorption,
adjusted for ferritin (%)

Basal diet: typical rural
Mexican diet
Confounder: ascorbic acid

Basal diet: standard diet
Confounders: calcium
(milk intake)

Basal diet: basic diet with
low calcium content
Confounder: sources of
calcium

Hb and ferritin for each
group

Hb and ferritin

Hb and ferritin

Radioisotope 59Fe,
whole-body counter
measurement

Radioisotope 59Fe
absorption, whole-body
retention

Crossover, no
randomization

Crossover with
randomization

(Continued)

Nonheme-iron absorption,
not corrected (%)

Stable-isotope labeling
with 57Fe, 58Fe isotopes

Crossover, partly
randomized; first a selfselected diet and then
randomization to order
of high/low vitamin C
diets
Crossover, no
randomization

Parallel, nonrandomized,
3 groups each receiving
4 interventions

Ferritin for whole
population

Absorption from diet
uncorrected (%)
Absorption from diet
corrected (%)
Absorption of reference
dose (%)

Main outcome
measures

Radiolabeling, RBC
incorporation of 55Fe
and 59Fe

Diets and main
confounders tested
Basal diet: self-selected
diet
Confounders: enhancing
and inhibiting diets by
modulation of meat,
vitamin C, tannins (tea/
coffee), and phytate
Basal diet: self-selected
diet
Confounder: vitamin C

Baseline biomarkers
reported
Ferritin value given for
each parallel (diet)
group

Absorption
method
Radiolabeling, RBC
incorporation of 55Fe
and 59Fe

Study
design
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TABLE 1
Characteristics of the included studies1
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Description: healthy men;
a subset were blood
donors with lower
ferritin than nondonors
n = 31 (19 nondonors,
12 donors)
Age: 20–59 y (mean 6
SD: 29.4 6 10.8 y)
Country: Sweden
Description: healthy
women
of fertile age
n = 21
Age: 21–36 y (mean:
27.1 y)
Country: Sweden
Description: healthy,
nonanemic,
premenopausal women
n = 36 (35 included in
data analysis)
Age: 20–44 y (mean 6
SD: 32 6 7 y)
Country: USA
Description: healthy,
nonpregnant women
with low serum ferritin
(3.5–17.7 mg/L)
n = 25
Age: 20–45 y
Country: USA
Description: healthy
women (with ferritin
between 6 and 149 mg/L)
n = 21, absorption
measured in 10
Age: 20–42 y (mean 6
SD: 33.2 6 7.0 y)
Country: USA

Hallberg et al,
1997 (19)

Hunt et al,
1999 (23)

Hunt et al,
1994 (22)

Hunt et al,
2003 (21), 2004
(25)

Hulten et al, 1995
(20)

Population characteristics

Author, year,
reference

Radioisotope iron tracers
(59Fe, 55Fe),
incorporation into
blood and whole-body
counter measurement

Radioisotope labeling
(55Fe, 59Fe), wholebody scintillation
counting

Whole body scintillation
counting (59Fe) and
fecal monitoring

Whole-body scintillation
counting (59Fe) and
fecal monitoring

Parallel groups with
randomization

Crossover/parallel,
randomization unclear

Crossover with
randomization

Radioisotope iron tracers
(59Fe, 55Fe),
incorporation into
blood and whole-body
counter measurement
(59Fe)

Absorption
method

Crossover, randomization
unclear

Parallel groups, no
randomization

Study
design

Apparent iron absorption
(mg/d)

Nonheme-iron absorption
(%, mg)
Total iron absorption (mg)

Basal diet: high- and lowbioavailability diets
Confounder: adaptation to
high- and lowbioavailability diets

Basal diet: lowbioavailability diet and
typical Western diet
Confounder: ascorbic acid

Basal diet:
lactoovovegetarian (no
meat) and
nonvegetarian
Confounders: meat,
phytic acid, ascorbic
acid, and fiber intakes

Hb, ferritin, and
transferrin receptor for
each group

Hb and ferritin for each
group

Hb and ferritin

Nonheme-iron absorption
(mg)
Heme-iron absorption
(mg)
Total iron absorption (mg)

Basal diet: highbioavailability diet with
high meat intake and
low phytate content
Confounders: meat and
phytate intakes

Hb and ferritin

(Continued)

Nonheme-iron absorption
(%, mg)
Heme-iron absorption (%,
mg)
Total iron absorption (mg)

Nonheme-iron absorption
(%, mg)
Heme-iron absorption
(mg)
Total iron absorption (mg)
Absorption of reference
dose (%)

Basal diet: varied and
realistic highbioavailability diet
Confounder: blood
donation (iron status)

Hb and ferritin for each
group (nondonors and
donors)

Main outcome
measures

Diets and main
confounders tested

Baseline biomarkers
reported
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Description: healthy men
with ferritin $20 and
,450 mg/L
n = 31
Age: 32–56 y (mean 6
SD: 44 6 7 y)
Country: USA
Description: healthy
young omnivorous
women with
low iron stores (ferritin
12–30 mg/L)
n = 22 total, 19 analyzed
Age: 18–40 y (mean 6
SE: 25 6 5.2 y)
Country: Denmark
Description: mixed-sex
vegetarian volunteers,
healthy and nonanemic
n = 14
Age: 40 6 4 y (mean 6
SD)
Country: UK
Description: mixed sex,
healthy, nonanemic
n = 14
Age: 19–37 y (mean: 25
y)
Country: USA
Description: mixed sex,
healthy
n = 14
Age: 19–38 y (mean: 27
y)
Country: USA

Hunt, 2000
(24), 2004 (25)

Reddy et al,
2006 (29)

Reddy and Cook,
1997 (28)

Minihane et al, 1998 (27)

Kristensen et al, 2005 (26)

Population characteristics

Author, year,
reference

Crossover, partly
randomized; first selfselected diet then
randomization to order
of high/low calcium
diets
Crossover, randomization
unclear, but similar in
design to others (7, 28);
self-selected diet then
allocation to either
high-meat or low-meat
diet

Crossover, no
randomization

Crossover with
randomization to
treatment order

Parallel with
randomization

Study
design
Basal diet: highbioavailability
controlled weighed diet
Confounders: meat,
phytic acid (cereal
content), vitamin C,
tannins (tea and coffee)
Basal diet: standard lowiron-availability diet
(low vitamin C and high
phytic acid)
Confounder: pork meat

Hb, ferritin, and
transferrin receptor for
each group

Basal diet: standard diets
Confounder: calcium

Basal diet: self-selected
diet
Confounder: calcium

Basal diet: self-selected
diet
Confounder: meat

Serum ferritin for whole
population

Serum ferritin for whole
population

Radiolabeling, RBC
incorporation of 55Fe
and 59Fe

Radiolabeling, RBC
incorporation of 55Fe
and 59Fe

Hb and ferritin for whole
population

Diets and main
confounders tested

Baseline biomarkers
reported

Hb and ferritin

Stable-isotope labeling
(57Fe 54Fe, 58Fe) and
fecal collection

Whole-body counting of
59
Fe

Radioisotope labeling
(55Fe, 59Fe), wholebody scintillation
counting

Absorption
method
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TABLE 1 (Continued )

(Continued)

Iron absorption, not
corrected (%)

Iron absorption, not
corrected (%)

Nonheme-iron absorption,
corrected for reference
dose (%)
Nonheme-iron absorption,
corrected for ferritin
(%)

Nonheme-iron absorption
(%, mg)
Total iron absorption (mg)

Nonheme-iron absorption
(%, mg)
Heme-iron absorption (%,
mg)
Total iron absorption (mg)

Main outcome
measures
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Description: men
n = 35 (15 wild/wild, 15
C282Y/wild, and 5
C282Y/H63D)
Age: $40 y
Country: UK
Description: healthy
women with low
ferritin (12–30 mg/L)
but no IDA (Hb
. 110 g/L)
n = 32
Age: 21–29 y
Country: Denmark
Description: healthy
young women, Hb #
150 g/L,
and serum ferritin #50
mg/L
n = 9 total, 8 analyzed
Age: 28 6 4 y (mean 6
SD)
Country: USA
Description: healthy male
subjects
n = 12
Age: 20–30 y
Country: Netherlands

Roe et al, 2005 (30)

Basal diet: controlled
basal diet
Confounders:
oligosaccharides,
inulin,
fructooligosaccharide,
galactooligosaccharide

Hb and ferritin for each
group

Hb, hemoglobin; IDA, iron deficiency anemia; RBC, red blood cell.

Stable-isotope labeling
(57Fe and 58Fe) and
RBC incorporation

Basal diet: cereal-based
Confounder: milk

Hb and serum ferritin for
whole population

Stable isotope (54Fe)
labeling and fecal
collection

Crossover with
randomization to
treatment order

Crossover with
randomization (control
group and 3 groups
received different
nondigestible
oligosaccharides)

Basal diet: typical Danish
foods
Confounders: vitamin C,
meat, phytic acid

Basal diet: highbioavailability and
cereal diets
Confounder: genotype

Hb, serum ferritin, and
plasma transferrin
receptor for each
genotype group

Hb and serum ferritin for
whole population

Diets and main
confounders tested

Baseline biomarkers
reported

Whole-body counter
measurement of 59Fe

Stable-isotope labeling
(54Fe and 57Fe) and
RBC incorporation

Absorption
method

Crossover with
randomization to
treatment order (3
studies each with 2
arms)

Parallel (divided by
genotype groups) with
treatments in identical
order

Study
design
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van den Heuvel
et al, 1998 (33)

Turnlund et al, 1990 (32)

Tetens et al, 2005 (31)

Population characteristics

Author, year,
reference

TABLE 1 (Continued )

Iron absorption,
uncorrected data
presented, but corrected
for serum ferritin
during analysis (%)

Reference dose absorption
(%)
Nonheme-iron absorption
(%, mg)
Heme-iron absorption
(%, mg)
Corrected values for
nonheme iron
Iron absorption with or
without milk (%)

Isotope dose absorbed (%,
mg)
Nonheme-iron absorption
(mg)

Main outcome
measures

IRON ABSORPTION FROM WHOLE DIETS

71

Sex

M/F

M/F

F

F

F

M

F

F

F

Cook et al, 1991 (6)

Cook et al, 2001 (7)

Diaz et al, 2003 (16)

Gleerup et al, 1995 (17)

Grinder-Pedersen et al,
2004 (18)

Hallberg et al, 1997 (19)

Hulten et al, 1995 (20)

Hunt, 2003 (21), Hunt and
Zeng, 2004 (25)

Hunt et al, 1994 (22)

Self-selected, inhibiting diet

37 (range: 12–236)

10.2 6 1.9 (SD)

12.2 6 2.5 (SD)

21 (range: 4–73)

30.4 (range: 10–70)

36.8 6 15.8 (SD)

91 6 36.9 (SD)

15 (range: 6–44)

6.3 6 3.3 (SD)
6.4 6 2.3 (SD)
25.4 6 3.9 (SD)

High-bioavailability diet with high meat
intake and lower phytate
Medium-bioavailability diet with low
meat intake and 2-fold higher phytate
High-bioavailability diet + highbioavailability test diet
High-bioavailability diet + lowbioavailability test diet
Low-bioavailability diet + highbioavailability test diet
Low-bioavailability diet + lowbioavailability test diet
Low-bioavailability diet
Low-bioavailability diet + ascorbic acid
Western diet
Western diet + ascorbic acid

Standard diet, blood donors

Standard diet, nondonors

Basal diet (low calcium) + milk mineral

Basal diet (low calcium) + calcium lactate

Basal diet (low calcium) + milk

Self-selected diet
Self-selected diet, high vitamin C
Self-selected diet, low vitamin C
Typical Mexican diet
Typical Mexican diet + ascorbic acid
Standard diet + milk with lunch and dinner
Standard diet + milk with breakfast and
evening meal
Basal diet (low calcium)

Self-selected, enhancing diet

48 (range: 6–252)

31, 26–37 (61 SE)

Self-selected diet

Diet description

mg/L
34 (range: 8–242)

Baseline ferritin

5.3, 10.5 (95% CI)
1.5, 4.4 (95% CI)
3.5, 7.9 (95% CI)
1.1, 3.4 (95% CI)
5.0, 8.9 (95% CI)
1.6, 3.3 (95% CI)
3.2, 7.9 (95% CI)
1.4, 3.3 (95% CI)
1.96 (SD)
7.0 (SD)
8.4 (SD)
8.1 (SD)
0.26 (SE)
0.27 (SE)
0.21 (SE)
0.21 (SE)
7.9, 17.4 (pooled SD)
33, 48 (pooled SD)
1.6, 3.6 (pooled SD)
31, 46 (pooled SD)
6.1, 13.3 (pooled SD)
24, 35 (pooled SD)
1.5, 3.4 (pooled SD)
27, 40 (pooled SD)
3.1 (pooled SD)
3.1 (pooled SD)
2.3 (pooled SD)
2.3 (pooled SD)

NH: 7.4 (G)
corr F: 2.6 (G)
NH: 5.2 (G)
corr F: 1.9 (G)
NH: 6.7 (G)
corr F: 2.3 (G)
NH: 5.1 (G)
corr F: 2.1 (G)
NH: 4.5
H: 23.2
NH: 17.4
H: 34.9
NH: 1.91 mg/d
T: 2.31 mg/d
NH: 1.22 mg/d
T: 1.32 mg/d
NH: 11.8 (G)
H: 40 (G)
NH: 2.4 (G)
H: 38 (G)
NH: 9.0 (G)
H: 29 (G)
NH: 2.3 (G)
H: 33 (G)
4.3 mg/d
5.8 mg/d
6.4 mg/d
6 mg/d

SE)
SE)
SE)
SE)
SE)
SE)
SE)
SE)
SE)

SE, SD, or 95% CI
%
5.6–9.9 (6 1
5.5–7.3 (6 1
5.4–8.0 (6 1
7.0–9.2 (6 1
2.6–4.6 (6 1
2.8–3.6 (6 1
3.39–6.17 (6 1
5.93–9.99 (6 1
4.76–6.80 (6 1
3.0 (SD)
12.6 (SD)
4.76 (SE)
2.20 (SE)

Mean

Iron absorption

%
NH: 7.4 (G)
corr F: 6.4 (G)
NH: 6.6 (G)
corr F: 8.0 (G)
NH: 3.4 (G)
corr F: 3.2 (G)
NH: 4.57 (G)
NH: 7.69 (G)
NH: 5.69 (G)
NH: 6.6
NH: 22.9
NH: 12.1
NH: 15.9
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Author, year, reference

TABLE 2
Summary of iron absorption from all included studies1

(Continued)

Balance study 9 d

2 3 2 d (3 meals/d)

2 3 5 d (4 meals/d)

5 d (4 meals/d)

4 d (3 meals/d)

4 3 5 d (4 meals/d)

14 d (2 meals/d)

5 d (3 meals/d)

14 d (2 meals/d)

Labeling period
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20.2 6 1.4 (SE)

M/F

M/F

M/F

M

F

F

M

Minihane et al, 1998 (27)

Reddy et al, 1997 (28)

Reddy et al, 2006 (29)

Roe et al, 2005 (30)
(wildtype only)
Tetens et al, 2005 (31)

Turnlund et al, 1990 (32)

van den Heuvel et al,
1998 (33)

6
6
6
6
48
58
53
49

(SD)
(SD)
(SD)
(SD)

Control
Control
Control
Control

diet
diet + inulin
diet + fructooligosaccharide
diet + galactooligosaccharide

Cereal based diet + milk

Self-selected diet
Self-selected diet, high calcium
Self-selected diet, low calcium
Self-selected diet
Self-selected diet + high meat
Self-selected diet (no meat)
Cereal diet
High-bioavailability diet
Typical Danish foods with low meat,
low vitamin C, and high phytic acid
Typical Danish foods with low meat,
high vitamin C, and high phytic acid
Typical Danish foods with low meat,
low vitamin C, and high phytic acid
Typical Danish foods with high meat,
low vitamin C, and high phytic acid
Typical Danish foods with high meat,
high vitamin C, and low phytic acid
Typical Danish foods with high meat,
high vitamin C, and high phytic acid
Cereal based diet (no milk)

Basal diet + calcium

Low bioavailability diet
Diet + Danish pork meat
Diet + Polish pork meat
Basal diet

NH:
NH:
NH:
NH:

5.1
5.5
6.1
5.3

NH: 8.97

2.1–6.7 (6 1 SD)
0.6–2.1 (6 1 SD)
2.4–4.8 (6 1 SD)
22–31 (6 1 SD)
0.5–1.0 (6 1 SD)
18–26 (6 1 SD)
0.6 (SE)
1.1 (SE)
1.0 (SE)
2.1 (SE)
3.0 (SE)
3.1 (SE)
1.4 (SE)
1.5 (SE)
1.0 (SE)
4.08–6.17 (6 1 SE)
3.80–5.85 (6 1 SE)
4.65–7.30 (61 SE)
3.72–6.22 (6 1 SE)
4.76–8.81 (6 1 SE)
3.76–6.87 (6 1 SE)
2.0 (SD)
6.8 (SD)
0.57 (SE)
0.5 (SE)
0.60 (SE)
0.4 (SE)
0.59 (SE)
0.6 (SE)
0.5 (SE)
0.6 (SE)
0.93 (SE)
0.9 (SE)
0.9 (SE)
0.7 (SE)
2.56 (SD, calculated from
chart)
2.18 (SD, calculated from
chart)
1.5 (SE)
1.6 (SE)
1.9 (SE)
1.9 (SE)

NH: 3.8 (G)
NH: 1.1 (G)
NH: 3.4 (G)
H: 26 (G)
NH: 0.7 (G)
H: 22 (G)
NH: 5.3
NH: 7.9
NH: 6.8
NH: 15.8
corr F: 11.1
corr R: 16.7
NH: 4.7
corr F: 3.8
corr R: 4.3
NH: 5.01 (G)
NH: 4.71 (G)
NH: 5.83 (G)
NH: 4.81 (G)
NH: 6.47 (G)
NH: 5.08 (G)
NH: 4.9
NH: 6.8
NH: 1.5
corr R: 1.9
NH: 2.7
corr R: 3.4
NH: 2.9
corr R: 3.5
NH: 3.4
corr R: 3.5
NH: 4.9
corr R: 4.9
NH: 3.7
corr R: 3.8
NH: 8.04

7 d (3 meals/d)

2 d (3 meals/d)

3 d (2 meals/d)
2 d (3 meals/d)
2 3 5 d (3 meals/d)

5 d (3 meals/d)

5 d (2 meals/d)

1 d (3 meals/d)

5 d (3 meals/d)

2 3 2 d (3 meals/d)

2 d (3 meals/d)

Labeling period

corr F, corrected/adjusted for ferritin data; corr R, corrected/adjusted for reference dose; G, geometric mean; H, heme-iron absorption; NH, nonheme-iron absorption; T, total iron absorption.

84
84
86
82

Day 1: 31.9 6 16.1 (SD)

34, 26–46 (61 SE)

50, 42–60 (61 SE)

39 6 9 (SD)

19 (range: 12–28)

SE, SD, or 95% CI

Iron absorption
Mean

Downloaded from ajcn.nutrition.org by guest on June 28, 2016

1

62 6 50 (SD)

F

Kristensen et al, 2005 (26)

Low-bioavailability diet

100, 86–118 (61 SE)

M

Hunt and Roughead, 2000 (24),
Hunt and Zeng, 2004 (25)

Omnivorous diet
Lactoovovegetarian
High-bioavailability diet

Diet description

38.3 (range: 6–149)
43.6 (SD)
118, 102–139 (6 1 SE)

F

Hunt and Roughead, 1999 (23)

Baseline ferritin

Sex

Author, year, reference

TABLE 2 (Continued )
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statistical significance (SMD: 20.44; 95% CI: 20.90, 0.02; P =
0.06; n = 81 control participants; P-heterogeneity = 0.07, I2 =
52%) or a 1.7% reduction in iron absorption (23.4%, 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 significant 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 inhibitors 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, I2 = 48%)—an increase in iron absorption of 2.4% (95%
CI: 0.4%, 4.4%). The effect remained significant with the removal 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, I2 =
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, I2 = 82%), which suggested an increase 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 statistically significant (P , 0.0001, Table 3).
Because of the different aims of the included studies, subgroup 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 highbioavailability 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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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 design was used, most of the studies corrected the absorption data
either by using the ferritin method [to 40 mg/L (6)] or to a reference 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 analyzed 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 nonhemeiron absorption was 0.7%—in men with a mean ferritin concentration of 100 mg/L who consumed a low-bioavailability diet
(24). The highest absorption, 22.9%, was observed in women
with iron deficiency (mean ferritin: 6.4 mg/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 w5–8%, and it should be noted that
many of the diets were specifically designed to be of low bioavailability.
Meta-analyses were undertaken to assess the effect of enhancers 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 enhancing or inhibitory factor was altered are shown in Figure 2;
these included studies, where a diet rich in an inhibitor or enhancer was compared with one low in the inhibitor or enhancer
and those that gave the diet alone or with the inhibitor or enhancer, 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; I2 = 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 mg/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 reduce iron absorption from whole diets which did not quite reach

2

60
0
53

0.0002
,0.00001
,0.0001

0.77 (0.45, 1.10)
3.62 (1.83, 5.42)2

50

0

0

0

59

0

%
72

Heterogeneity (I2)

1.03 (0.48, 1.57)

0.77

20.13 (21.01, 0.75)

0.16

20.25 (20.59, 0.09)

0.36

0.10

20.50 (21.08, 0.09)

20.25 (20.78, 0.28)

0.005

0.42 (0.12, 0.72)

0.05

0.02

%
2.84 (0.52, 5.15)2

0.41 (20.00, 0.82)

P-overall
effect

SMD (95% CI)

MD, mean differemce; NA, not applicable; SMD, standard mean difference.
MD.

Removal of 2 arms from Hunt et al (22);
only study that measured “apparent
absorption” and reported in mg/d rather
than as %; analyzed as MD because all
units were comparable
Removal of Diaz et al (16); effect size
considerably greater in this study
Removal of Gleerup et al (17); study
administered milk with different meals
(breakfast/evening meal or lunch/dinner)
Removal of Minihane et al (27); effect size
considerably greater than that of other
studies; only study to measure absorption
over only 1 d
Removal of Diaz et al (16); effect size
considerably greater in this study
Removal of Minihane et al (27); effect
size considerably greater than that of
other studies; only study to measure
absorption over only 1 d
Removal of Gleerup et al (17). Study
administered milk with different meals
(breakfast/evening meal or lunch/dinner)
Removal of Cook et al (6); data presented
as geometric means only
Removal of Hunt et al (24); effect size
considerably greater in this study
Removal of Hulten et al (20); only study
to report data only in mg/d; analyzed as
MD because all units were comparable

Modified analysis
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1

Multiple enhancing and
inhibiting factors
(Figure 5)

Milk (Figure 4)

Calcium (Figure 4)

Ascorbic acid (Figure 3)

Single inhibiting factors
(Figure 2)

Single enhancing factors
(Figure 2)

Analysis

TABLE 3
Sensitivity analyses1

1.5 (0.0, 3.1)
20.9 (22.9, 1.1)

20.5 (23.8, 2.8)

Borderline significance with this study
removed, no heterogeneity
Only 2 studies now included

Only 2 studies now included

NA

2.9 (1.7, 4.1)

3.9 (1.8, 5.9)

20.9 (22.2, 0.3)

No; remains a nonsignificant effect, but
removes all heterogeneity

No; remains a significant effect,
does not reduce heterogeneity
No; remains a significant effect, removes
all heterogeneity
No; remains a significant effect,
but has no effect on heterogeneity.

21.9 (24.1, 0.3)

1.6 (0.5, 2.7)

%
NA

SMD translation into
percentage (95% CI)

No; remains a nonsignificant effect

No; remains a significant effect

No; remains a significant effect, though
heterogeneity now significant

Results altered
after modification?
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1

Ferritin
Ferritin
Ferritin
Ferritin

,
$
,
$
60
60
15
15

mg/L
mg/L
mg/L
mg/L
(4;
(2;
(3;
(5;

64)
32)
36)
66)

0.88 (0.51, 1.24)
1.17 (20.44, 2.77)
0.68 (20.30, 1.65)
0.49 (0.14, 0.84)

0.88 (0.51, 1.24)
1.17 (20.44, 2.77)
NA

0.94 (0.50, 1.58)
1.17 (20.44, 2.77)
NA
0.57 (0.14, 1.01)
NA
0.43 (20.13, 0.98)

Females only (3; 49)
Males only (2; 32)
Mixed sex (1; 15)
Females only (6; 76)
Males only (0; 0)
Mixed sex (2; 26)
Age , 40 y (4; 64)
Age $ 40 y (2; 32)
All populations ,40 y of age

%
1.31 (0.60, 2.03)
0.61 ( 0.19, 1.03)
NA

SMD (95% CI)

Parallel (3; 50)
Crossover (3; 46)
All studies crossover

Subgroup analysis (no. of
studies; no. control group)

NA, not applicable; SMD, standard mean difference.

Single enhancing factors

Single enhancing factors
Iron status (mean ferritin)
Multiple enhancing and inhibiting factors

Mean age
Multiple enhancing and inhibiting factors

Single enhancing factors

Study design
Multiple enhancing and inhibiting
factors (Figure 5)
Single enhancing factors
Sex
Multiple enhancing and inhibiting factors

Subgrouping and analysis

3.3 (1.9, 4.7)
4.4 (21.7, 2.77)
2.6 ( 21.1, 6.2)
1.8 ( 0.5, 3.2)

3.3 (1.9, 4.7)
4.4 (21.7, 2.77)
NA

3.5 ( 1.9, 5.9)
4.4 (21.7, 2.77)
NA
2.1 (0.5, 3.8)
NA
1.6 (20.5, 3.7)

%
4.9 (2.3, 7.6)
2.3 (0.7, 3.9)
NA

SMD translation into %
absorption (95% CI)
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TABLE 4
Subgroup analyses1

Heterogeneity (I2)
%
60
0
NA
6
87
NA
40
NA
0
0
87
NA
0
87
74
0

P-overall
effect
0.0003
0.004
NA
,0.0001
0.15
NA
0.009
NA
0.13
,0.00001
0.15
NA
,0.00001
0.15
0.17
0.005

0

0.77

0

0.67

0

0

0.69

0.67

0

%
77.5

I2

0.78

NA

0.04

P

Subgroup
differences

76
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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 distribution. The individual data from the standard diet phases were
corrected to a range of ferritin concentrations (15–60 mg/L) by
using the ferritin method developed by Cook et al (6). Absorption 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 mg/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-bioavailability 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

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

12 mg/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 mg/L (Table 5) with the Cook
et al equation (6), namely 16.7–22.6%.

DISCUSSION

Log½nonheme  ironabsorption; % ¼ 2 0:73log½ferritin; lg=L
þ 0:11½modifier
þ 1:82
ð1Þ
where [modifier] is 0 for standard diets, 21 for diets that include
an inhibitor, and 1 for diets that include an enhancer. The equation was used to predict the effect of enhancers and inhibitors on
percentage absorption in individuals with low to high serum
ferritin concentrations (6–80 mg/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

Most of the published iron-absorption studies have been undertaken 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 primary 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 industrialized countries) showed a wide range in mean iron absorption (0.7–22.9%) in the volunteers, which is likely to reflect

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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ferritin, presence of enhancer or inhibitor, age, and sex as independent variables; however, because age (P = 0.44) and sex (P
= 0.63) were found not to be influential, the regression was rerun 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:

IRON ABSORPTION FROM WHOLE DIETS

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.

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 lowbioavailability 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 exemplified 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 individuals. 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,

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 mg/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 (3),
low (high calcium, low vitamin C, no meat) (–), or high (+; low calcium,
high vitamin C, high meat).
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the real-life situation in populations from industrialized countries. 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). Initially, it was planned to subgroup according to predetermined
cutoffs: ,15 mg/L indicating depleted iron stores, 15–60 mg/L
suggested suboptimal iron status, and .60 mg/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 highbioavailability 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. Similarly, 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 conducted in which each factor would be entered as a variable.
Despite the potential benefits offered by a combined systematic review/mathematical modeling approach, it is essential to
be aware of potential caveats. Whereas we did not include studies
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TABLE 5
Summary of analyses using individual absorption and ferritin data1
Nonheme-iron absorption

Diet

Uncorrected

Corrected to a ferritin
concentration of 15 mg/L (6)

Corrected to the mean ferritin
concentration of the study population (6)

Self selected
Low bioavailability
High bioavailability

%
7.09 6 6.75a
7.17 6 5.80a
9.92 6 8.78b

%
16.89 6 17.30
16.72 6 13.37
22.60 6 21.76

%
5.11 6 5.74
5.03 6 3.72
6.87 6 6.40

1

All values are means 6 SDs; n = 3 studies, n = 40 participants. Values with different superscript letters are significantly different, P , 0.05.

TABLE 6
Predicted nonheme-iron absorption from diets containing enhancers and
inhibitors in individuals with different iron statuses
Absorption
Serum ferritin
6 mg/L
12 mg/L
15 mg/L
40 mg/L
60 mg/L
80 mg/L
100 mg/L

With inhibitor

Standard diet

With enhancer

%
13.9
8.4
7.1
3.5
2.6
2.1
1.8

%
17.9
10.8
9.2
4.5
3.3
2.7
2.3

%
23.0
13.9
11.8
5.8
4.3
3.5
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, because 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 mg/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 mg/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 systematic 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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