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ABSTRACT

Background: The response of status biomarkers to an increase in
iron supply depends on several physiologic and environmental fac-
tors, which make it difficult to predict the outcome of an intervention.
Objective: We assessed effects of baseline iron status, sex, meno-
pausal status, duration of intervention, iron form, and daily dose on
the change in iron status in response to iron supplementation.
Design: A systematic review of randomized controlled trials (RCTs)
of iron-supplementation and -fortification trials that assessed effects
on hemoglobin, serum ferritin (SF), soluble transferrin receptor, or
body iron was conducted. Subgrouping and straight-line and curved
metaregression were used to describe the magnitude and dose-
responsiveness of effect modifiers with respect to changes in status.
Results: Forty-one RCTs were included; none of the RCTs were
judged at low risk of bias. Random-effects meta-analyses showed
that iron supplementation significantly improved iron status but
with high levels of heterogeneity. Metaregression explained approx-
imately one-quarter of between-study variance in effect size. There
were clear effects on SF with study duration (increase in SF con-
centration/wk: 0.51 ug/L; 95% CI: 0.02, 1.00 ug/L; P = 0.04) and
dose (increase in SF concentration/g Fe: 0.10 ug/L; 95% CI: 0.01,
0.20 ug/L; P = 0.036) and on hemoglobin concentrations with
baseline iron status [—0.08 g/dL (95% CI: 0.15, 0.00 g/dL) per
10-ug/L increase in baseline SF concentration; P = 0.02]. Insuffi-
cient data were available to assess effects on body iron, sex, or
menopausal status.

Conclusion: Quantitative relations between baseline iron status,
study duration, and iron dose on changes in iron-status biomarkers,
which were generated from the meta-analyses, can be used to pre-
dict effects of trials of iron supplementation and fortification
and to design iron-intervention programs. Am J Clin Nutr
2012;96:768-80.

INTRODUCTION

Biomarkers of iron status include hemoglobin, plasma or
serum ferritin (SF)S, soluble transferrin receptor (sTfR), and
total body iron, calculated from the ratio of SF and sTfR. He-
moglobin, which is the protein that carries oxygen around the
circulatory system, is the major iron pool in humans and,
therefore, is considered to be a functional marker of iron status.
Ferritin is the major iron storage protein, and there is a close
relation between SF and liver iron stores (1). However, ferritin is
also an acute-phase reactant that responds to inflammation, in-
fection, and other disease states, and under these conditions, it
does not accurately reflect iron stores. An increased concentra-

tion of sTfR in serum (or plasma) is an early sign of iron de-
ficiency (ID) and an indicator of the severity of the insufficiency.
sTfR is less affected than SF by an inflammatory state, but sTfR
is affected by the rate of erythropoiesis. Body iron stores can be
estimated by calculating the ratio of sTfR to SF (2).

The WHO has published a series of sex- and life stage—specific
cutoffs for anemia according to the needs and status of pop-
ulation subgroups (eg, hemoglobin concentration of 12 g/dL for
nonpregnant women). However, anemia may be caused by di-
etary deficiencies of nutrients other than iron (ie, vitamin B-12,
folate, and vitamin A) or by inflammation that results from in-
fection (3). Hence, to ascertain that anemia is caused by ID,
hemoglobin needs to be measured in conjunction with another
biomarker of iron status, such as SF. The relation between iron
intake and status is complicated by factors that determine bio-
availability (ie, dietary and physiologic factors that affect iron
absorption) (4, 5), making it difficult to predict the response to
iron supplementation.

The aim of this systematic review was to describe the relation
between supplemental iron intake and status (assessed from
hemoglobin, SF, sTfR, or body iron measurements) by using data
from randomized controlled trials (RCTs) in healthy volunteers
in whom iron intakes were changed in a quantitative manner for a
period of time that was sufficient to effect a change in iron status.
Secondary aims included the assessment of the influence of dose,
sex, menopausal status, baseline status, or the form of iron in the
supplement on this relation.
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MODIFIERS OF IRON STATUS: SYSTEMATIC REVIEW

METHODS

Methods were based on those described in the Cochrane
Handbook (6), and the protocol, which is shown on the EURopean
micronutrient RECommendations Aligned (EURRECA) intranet
(www.eurreca.org), was developed within the EURRECA Net-
work of Excellence (7).

Included studies had to fulfill all of the following criteria: 1)
enrolled a healthy adult population (mean age =18 y, with any
baseline iron status; excluding highly trained athletes, regular
blood donors, and individuals receiving erythropoietin, with
chronic disease, or with gastrointestinal infections); 2) subjects
were randomly assigned to receive an iron supplement, fortified
food, or rich natural dietary sources compared with a placebo or
no dietary intervention; 3) iron status was reported at baseline
and study end (or the change from baseline) by using hemo-
globin, SF, sTfR, and/or body iron (2); 4) iron dose reported and/
or dietary intake assessed; and 5) written in English, Dutch,
French, German, Hungarian, Italian, Norwegian, Polish, Span-
ish, Greek, Portuguese, or Serbian.

MEDLINE (http://www.ncbi.nlm.nih.gov/pubmed), EMBASE
(OvidSP; www.ovid.com), and Cochrane Library CENTRAL
(www.thecochranelibrary.com) databases were searched from in-
ception to February 2012. The complex search used text and
indexing terms, truncation, explosion, and Boolean operators and
was fully tested to ensure thorough retrieval of relevant publica-
tions. The general structure used was [randomized controlled trial]
AND [supplementation OR dietary intake OR nutritional status]
AND [iron OR ferr*] AND [human] (see Table 1 under “Sup-
plemental data” in the online issue for the full EMBASE search
strategy). Reference lists of reviews (identified in a separate
specific search) and included studies, plus 2 iron experts, were
consulted to identify additional potential RCTs. Titles and ab-
stracts, and then full-text articles, were screened (with 10% du-
plication to ensure continuity and accuracy, with disagreements
adjudicated by the review team).

Data were extracted into a specifically designed and tested
Access database (Microsoft Corp) file. Training on the optimal
use of the database was undertaken to ensure consistency and was
followed by duplicate assessment of a 10% random sample that
was discussed before the remainder of studies were data
extracted. Data were extracted by study (not by publication) and
included bibliographic information, location, aim, intervention
and control, status measures, population characteristics, results,
and statistical analyses. Authors were contacted for missing data,
and where necessary, one of the reviewers extracted data from
enlarged graphs by using a ruler.

Data for validity assessment, including sequence generation,
allocation concealment, blinding, dropouts, funding, and simi-
larity between intervention and control groups at baseline, were
extracted and assessed for each study. Other threats to validity
were also noted. All studies were included in the data analysis
regardless of the outcome of the validity assessment. Risk of bias
was determined by using a scale designed by the EURRECA
Network of Excellence [on the basis of Cochrane Collaboration
methods (6)]. Briefly, if all criteria were met (adequate sequence
generation, allocation concealment, blinding, description of
dropouts, and similarity at baseline), the study was judged at low
risk of bias; if information was missing for one of the criteria but
all other criteria were met, risk of bias was deemed unclear; and if
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more than one criterion was not met or was unclear, the study was
judged at high risk of bias.

Data analysis

Random-effects Mantel-Haenszel weighted meta-analysis of
all relevant RCTs was carried out in Review Manager software
(RevMan Version 5.1; The Nordic Cochrane Centre, The
Cochrane Collaboration) (8) to assess the effects of iron sup-
plementation on each status marker at the longest available
duration. Where available, the mean (=SD) biomarker change
from baseline in supplemented and control groups were used;
the mean (£SD) at the endpoint was used when change data
were unavailable. When more than one comparable arm was
reported (eg, different chemical forms of supplementation), data
were combined for the analyses. When the arms were too dif-
ferent (eg, dietary intervention compared with supplementation
with a single control group), control group numbers were split
between dietary and supplemental intervention groups. Data
reported as geometric means, least-square means, or medians
were excluded unless arithmetic means (*=SDs) were provided
by authors when contacted. For each biomarker, studies with
a baseline difference between supplemented and control groups
larger than the change in status after supplementation in either
group were excluded from the analyses for the specific bio-
marker. Units were standardized for analyses; specifically, when
sTfR was reported in nanomoles per liter, it was converted to
milligrams per liter by using the sTfR monomer molecular
weight (85 kDa) (9). For dose analysis, the quantity of elemental
iron was used when provided or was converted by the reviewers
by using the information provided (such as the commercial
name of the supplement) in the study publication. Positive
values (or negative in the case of sTfR) indicated that the bio-
marker responded to supplementation.

Investigation of effect modifiers

Effects of sex, menopausal status, baseline status, study du-
ration, supplementation form (tablets, meat or heme, fortified
foods), and inorganic iron dose were investigated through sub-
group meta-analyses and metaregression. Differences between
subgroups were assessed by using random-effects meta-analyses.
Baseline status was categorized according to the following WHO
cutoffs (10): ID (SF concentration <15 ug/L and hemoglobin
concentration >12 g/dL in women or >13 g/dL in men) and
iron-deficiency anemia (IDA) (SF concentration <15 ug/L and
hemoglobin concentration <12 g/dL in women or <13 g/dL in
men). Undefined anemia was used to describe a population with
hemoglobin concentrations <12 g/dL in women or <13 g/dL in
men when no other biomarkers were reported. If only SF was
reported, it was assumed that the hemoglobin concentration was
normal, and the iron-status categorization was based on the re-
ported concentration of SF and an assumed normal hemoglobin
(ID or normal). For studies carried out in mixed-sex populations,
cutoffs for women were applied because the majority of par-
ticipants were often women.

A random-effects metaregression of mean differences (MDs)
was used (with assumption of straight-line relations by using the
metareg command in the STATA IC11.2 program; StataCorp LP)
and, as a sensitivity analysis, by using 3 values {by algebraically
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deriving an estimate from each study of the regression co-
efficient (slope, b) and its SE [se(b)]} for studies that did not
directly report these and then obtaining an estimate of the re-
sponse curve, with assumption of a bivariate normal linear
model on the logarithmic scale (11) by using logistic regression
and assuming curved relations. Metaregression was used to as-
sess the effect of baseline iron status (SF), study duration, dose
(all as continuous variables), and supplementation form (cate-
gorical) on the response of the selected biomarkers to supple-
mentation. There were insufficient data to assess effects of sex
and menopausal status (as dichotomous variables) in the meta-
regression because only one study in men and one study in
postmenopausal women were included in the review.

Dose-response analysis

The presence and shape of a dose-response curve was further
assessed by using 2- and 3-dimensional plotting tools (Excel,
Microsoft Corp, and DataFit version 9.0, Oakdale Engineering).

RESULTS

The searches retrieved 5122 titles and abstracts, of which 334
potentially relevant full-text articles were collected for additional
assessment. Forty-one RCTs (presented in 43 articles) were in-
cluded in the review (Figure 1). Characteristics of included
studies are presented in Table 1. Hemoglobin was the most
frequently reported status biomarker (37 of 41 studies; 49
comparisons), SF was reported in 28 RCTs (29 comparisons),
and sTfR was reported in 16 studies (22 comparisons). Most
studies reported more than one biomarker, and body iron was
reported in only 6 RCTs (Figure 1). Study participants were
most frequently premenopausal women, often with ID or ane-
mia. Most RCTs were at high risk of bias (24 studies) and the
remainder at unclear risk because of insufficient information for
accurate assessment (17 studies). Of the quality criteria, blinding
and similarity of groups at baseline were the most frequently
described and fulfilled (Figure 2).

5122 Papers identified through
electronic, bibliographic,and expert

searches
4788 Titles and abstracts unlikely to be
relevant

y
334 Titles and abstracts appeared

potentiallyrelevant and were collected
as full texts

291 Studies excluded:
= Other designfinterest=84
Populationinadequate =58
No Cantrol= 51
o *  Supplementationinadequate= 39
2 = Blood donation/EPO treatment= 18
41 included studies (published in 43 = Missinginformation= 26

papers)

Unableto findthe full text = 7

Language=7

Invitro = 1
Hemoglobin SF sTR Body Iron
37 studies data 28 studies data 16 studies data 6 studies data
extracted extracted extracted extracted

FIGURE 1. Flow diagram of the screening and selection process for the
systematic review. Forty-one randomized controlled trials, which were
reported in 43 publications, were included in the review, each of which
measured different biomarkers of iron status. EPO, erythropoietin; SF,
serum ferritin; sTfR, soluble transferrin receptor.

Effect of increased intake from supplemental iron on iron
biomarkers

Meta-analyses suggested that iron supplementation, compared
with a placebo or control, improved hemoglobin status [MD:
+0.51 g/dL; 95% CI: 0.37, 0.65 g/dL; 49 arms (n = 3577);
P-effect < 0.00001; P = 83%; P-heterogeneity < 0.00001;
Figure 3]. The degree of heterogeneity was only slightly re-
duced for meta-analysis by using curved models (I = 72% for
the B8 model), and thus, straight-line metaregression was used to
estimate effect sizes.

SF [MD: 9.19 ug/L; 95% CI: 6.63, 11.75 pg/L; 29 arms
(n=1711); P-effect < 0.00001; I? = 73% for both straight-line
and B metaregression; P-heterogeneity < 0.00001; data not
shown], sTfR [MD: —0.46 mg/L; 95% CI: —0.68, —0.23 mg/L;
22 arms (n = 1472); P-effect < 0.0001; I’ = 75%; P-het-
erogeneity < 0.00001], and body iron [MD: 1.89 mg/kg; 95%
CI: 1.04, 2.75 mg/kg; 7 arms (n = 682); P-effect < 0.0001;
I* = 60%; P-heterogeneity = 0.02] were all also improved with
iron supplementation (meta-analyses not shown). Although the
effect of increasing iron intake on body status was consistently
positive, the high levels of heterogeneity between studies for
all biomarkers supported the need for an investigation of effect
modifiers.

Effect modifiers of supplemental iron intake-status relation
Sex and menopausal status

The assessment of effects of sex and menopausal status was
limited by the inclusion of only one study that reported effects in
men and one study that reported effects in postmenopausal
women, both with only reports on hemoglobin. Subgrouping
suggested that effects in men and in postmenopausal women on
hemoglobin were very different to those in all women and
premenopausal women, respectively (P = 0.004 and P < 0.0001,
respectively; Table 2), but the shortage of studies meant that
only sex could be included in the metaregression for hemoglobin
and neither sex nor menopausal status in the metaregression for
SF and sTfR. As expected (because the power of this analysis
was very low), there was no clear effect of sex on hemoglobin.

Baseline iron status

Subgrouping suggested that subjects with IDA at baseline
had significantly greater increases in hemoglobin concentrations
than did subjects with ID or normal status (P = 0.006; Table 2).
Straight-line and B metaregression of effects on final hemo-
globin suggested that part of the heterogeneity in effect size
could be explained by baseline SF (P = 0.018 for straight-line
metaregression and P = 0.052 for B metaregression; Table 3).
The effect size was an 0.08-g/dL (95% CI: 0.15, 0.00 g/d; P =
0.02) reduction in hemoglobin response per 10-ug/L increase in
baseline SF concentration. Although the meta-analyses seemed
to indicate an effect of baseline status on the response of SF
(P = 0.04; Table 4) and sTfR (P = 0.007; Table 5), baseline SF
did not appear to alter the effects of supplementation on SF or
STfR in the metaregression (Table 3).

Duration

Subgrouping by duration suggested a marginally greater ef-
fect of supplementation on hemoglobin concentrations when
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Study: first author, date

(reference); location Population Intervention Biomarkers Remarks
Andersson, 2010 (12);  PreMen, ID 14 mg el Fe/d in fortified margarine Hemoglobin, SFZ, sTfRz,
Switzerland compared with nonfortified margarine body iron
Duration: 32 wk
Biebinger, 2009 (13); PreMen, ID 20 mg el Fe 5 d/wk in fortified Hemoglobin, SF, sTfR,

Kuwait

Binkoski, 2004 (14);
United States

Blanco-Rojo, 2011
(15); Spain

Brutsaert, 2003 (16);
Mexico

Callender, 1969 (17);
United Kingdom
(assumed)

Charoenlarp, 1981
(18); Thailand

Davis, 1992 (19);
United States
(assumed)

de Oliveira, 1996
(20); Brazil

Edgerton, 1979 (21);
Sri Lanka

Elwood, 1970 (22);
United Kingdom

Elwood 1970 (23);
United Kingdom
(assumed)

Elwood, 1971 (24);
United Kingdom
(assumed)

Elwood, 1966 (25);
United Kingdom

Ericsson, 1970 (26);
Sweden

Flink, 2006 (27) and
2007 (28); Sweden

Florencio, 1981 (29);
Philippines

PreMen, normal

PreMen, normal

PreMen, ID

Mixed, status unclear

‘Women, normal
(assumed)

PreMen, normal
(hemoglobin
assumed)

Mixed, ID

‘Women, anemia

‘Women, status unclear

‘Women, normal
(assumed)

‘Women, wide status
range

Women, wide status
range

Mixed (PostMen
and men),
normal (assumed)
Mixed, normal
(hemoglobin
assumed)
‘Women, anemia

biscuits compared with
nonfortified biscuits

Duration: 22 wk

100 mg el Fe/d as ferrous sulfate

Duration: 3 wk

18 mg el Fe/d in fortified juice
compared with nonfortified juice

Duration: 16 wk

20 mg el Fe/d as ferrous sulfate
(plus citrus juice) compared
with placebo

Duration: 6 wk

105 or 100 mg el Fe/d compared
with placebo

Duration: 2 wk

120 or 240 mg Fe/d (unclear whether
el Fe or ferrous sulfate) compared
with placebo

Duration: 14 wk

60 mg el Fe/d as ferrous fumarate
compared with placebo

Duration: 17 wk

3.75 mg el Fe/d plus ascorbic acid
in fortified water compared
with water

Duration: 16 wk

40 mg el Fe/d as ferrous sulfate
compared with placebo

Duration: 4 wk

150 mg ferrous carbonate/d
compared with placebo

Duration: 8 wk

Trial I: 10 or 30 mg el Fe/d as
ferrous fumarate compared
with placebo

Duration: 24 wk

Trial II: 5 mg el Fe/d as ferrous
fumarate compared with placebo

Duration: 24 wk

2.7 mg/d as fortified bread compared
with bread + 2.7 mg Fe/d suppl.
compared with bread plus placebo

Duration: 52 wk

200 mg el Fe/d as ferrous carbonate
compared with placebo

Duration: 8 wk

120 mg el Fe/d as ferrous fumarate
compared with placebo

Duration: 12 wk

20 mg el Fe/d as ferrous sulfate
compared with placebo

Duration: 12 wk

105 mg el Fe/d as ferrous sulfate
(500 mg ascorbic acid) compared
with placebo

Duration: 12 wk

body iron

Hemoglobin, SF

Hemoglobin, SF, sTfR

Hemoglobin, SF, sTfR

Hemoglobin

Hemoglobin

SF

Hemoglobin, SF

Hemoglobin

Hemoglobin

Hemoglobin

Hemoglobin

Hemoglobin

Hemoglobin

Excluded from analysis
(missing data)®

Excluded from analysis
(missing data)

Included volunteers =16 y old

Assumed an error in SF data

Study IT excluded as unclear
whether different populations

Excluded from analysis
(missing data)

Included volunteers =15 y old
Results presented for men and
postmenopausal women*

Included volunteers =15 y old

Included volunteers =16 y old

(Continued)
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Study: first author, date
(reference); location

Population

Intervention

Biomarkers

Remarks

Fogelholm, 1994 (30);
Finland

Gershoff, 1977 (31);
United States

Haas, 2005 (32);
Philippines

Heath, 2001 (33);
New Zealand

Hinton, 2007 (34);
United States

Brownlie, 2004 (35),
and Hinton, 2000
(36); United States

Hodgson, 2007 (37);
Australia
Hotz, 2008 (38);

Mexico

Karl, 2010 (39);
United States

Li, 1993 (40); China

Lyle, 1992 (41);
United States

Mackintosh, 1988 (42);
South Africa

McClung, 2009 (43);
United States

Miller, 1983 (44);
United States

Murray-Kolb, 2007
(45); United States

Rajaram, 1995 (46);

United States

Roughead, 2000 (47);
United States

PreMen, normal

Mixed (PostMen and
men), anemia
(men only)

PreMen, normal

PreMen, ID

Mixed, ID (suppl.
group only)

PreMen, ID

Mixed, normal

PreMen, normal
PreMen, Army
recruits

PreMen, IDA

PreMen, normal

Men, normal

PreMen

PreMen, normal

(assumed)

PreMen

PreMen, normal
(assumed)

Mixed, normal

9 or 27 mg el Fe as heme plus
iron fumarate/d compared with
placebo

Duration: 24 wk

22 mg/d as fortified wheat-based
snacks compared with nonfortified
snacks (<2.52 mg Fe)

Duration: 28 wk

Increase 1.42 mg/d from fortified
rice compared with nonfortified rice

Duration: 36 wk

50 mg el Fe/d as amino acid chelate
compared with diet intervention
compared with placebo

Duration: 16 wk

30 mg el Fe/d as ferrous sulfate
(plus citrus juice) compared
with placebo

Duration: 6 wk

20 mg el Fe/d as ferrous sulfate
(plus citrus juice) compared
with placebo

Duration: 6 wk

3.2 mg el Fe/d as increase intake
of red meat compared with
normal diet

Duration: 8 wk

13 mg el Fe 5 d/wk from fortified
rice compared with control rice

Duration: 24 wk

27.9 mg el Fe/d from fortified food bar
compared with placebo bar

Duration: 9 wk

6 or 120 mg el Fe/d as ferrous
sulfate compared with placebo

Duration: 12 wk

10 or 50 mg el Fe/d as ferrous sulfate
compared with diet intervention
compared with placebo

Duration: 12 wk

100 mg el Fe as ferric polymaltose
X2/d compared with placebo

Duration: 8 wk

1 X 15 mg el Fe/d as ferrous sulfate
compared with placebo

Duration: 8 wk

600 mg heme supplement/d compared
with placebo

Duration: 8 wk

60 mg el Fe/d as ferrous sulfate
compared with placebo

Duration: 16 wk

50 mg el Fe/d as ferrous sulfate
compared with diet intervention
compared with placebo

Duration: 24 wk

50 mg el Fe/d as ferrous sulfate
compared with placebo

Duration: 12 wk

Hemoglobin, SF?

Hemoglobin

Hemoglobin, SF, sTfR,
body iron

Hemoglobin, SF?, sTfR?

Hemoglobin, SF, sTfR

Hemoglobin, SF, sTfR

Hemoglobin, SF

Hemoglobin, SF, sTfR,
body iron
Hemoglobin, SF, sTfR

Hemoglobin, SF

Hemoglobin, SF

Hemoglobin, SF
Hemoglobin, SF, sTfR
Hemoglobin
Hemoglobin, SF, sTfR,

body iron

Hemoglobin

Hemoglobin, SF, sTfR

Women were postmenopausal

Excluded from analyses
because of missing data

Brownlie reported an intake
of 16 mg/d

Data provided for normal, ID5,
and anemic subgroups

Data combined regardless of
dose for SF

Intervention involved different
diet changes for all groups

Excluded from analysis
(missing data)®

Data provided for normal
and IDA’ subgroups

Excluded from analysis
(missing data)®

Data provided for normal, ID,
and IDA subgroups

Intervention involved different
diet changes for all groups

(Continued)
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Study: first author, date

(reference); location Population Intervention Biomarkers Remarks
Taniguchi, 1991 (48);  PreMen, IDA 6 mg el Fe/d and vitamin C compared  Hemoglobin, SF Excluded from analysis
Japan with placebo, with or without (missing data)®
exercise
Duration: 9 wk
Thuy, 2003 (49); PreMen, IDA 10 mg el Fe 6 d/wk as fortified fish Hemoglobin, SFZ, STfR?

Vietnam

Van Thuy, 2005 (50);
Vietnam

Wang, 2009 (51);

PreMen, normal

Mixed, normal

sauce compared with unfortified
fish sauce

Duration: 28 wk

7.5 mg el Fe/d as fortified fish
sauce compared with unfortified
fish sauce

Duration: 72 wk

130 mg el Fe/d as ferrous sulfate with

Hemoglobin, SF?

SF

SF data excluded
(missing data)

United States (assumed) vitamin C compared with placebo
Duration: 12 wk
Zhu, 1998 PreMen, ID 135 mg el Fe/d as ferrous sulfate Hemoglobin, SF, sTfR
(52, 53); (plus citrus juice) compared
United States with placebo
Duration: 8 wk
Zimmermann, 2005 PreMen, ID 12 mg el Fe 6 d/wk as fortified Hemoglobin, SFZ, sTfRz, Different supplementation arms

(54); Thailand snacks compared with nonfortified
snacks

Duration: 35 wk

body iron combined for analyses

el Fe, elemental iron; ID, iron deficient; IDA, iron-deficiency anemia; Mixed, men and women; PostMen, postmenopausal women; PreMen,
premenopausal women; SF, serum ferritin; sTfR, soluble transferrin receptor; suppl., supplemented.

?Data were skewed and the issue was addressed in the original report, but arithmetic means (=SDs) were provided for this systematic review.

7 Study was excluded from the analysis process because of the data format or missing information, and authors could not be contacted or could not
provide an alternative format.

“Data were excluded from analysis because of excessive baseline differences between intervention and control groups.

°These groups were reclassified by our criteria as of normal iron status.

compared with that of controls in shorter-term studies [P-
differences between subgroups = 0.03; the effect at =13 wk
was an MD of 0.70 g/dL (95% CI: 0.47, 0.94 g/dL), at >13-26 wk
was an MD of 0.39 g/dL (95% CI: 0.15, 0.63 g/dL), and at >26

wk was an MD of 0.20 g/dL (95% CI: —0.12, 0.52 g/dL); Table 2].
Metaregression did not suggest any effect of study duration on
the change in hemoglobin concentrations by assuming either
straight-line (P = 0.43) or curved relations (P = 0.56, Table 3).

Overall risk of bias Unclear
Validity otherwise satisfied
Similarity of gr. at baseline

Funder description

Dropout description

Blinding adequacy

Allocation concealment

Sequence generation

0% 20% 40% 60% 80% 100%

FIGURE 2. Risk of bias assessment. Dark gray (yes) denotes that the criterion was described and fulfilled the validity assessment, medium gray (no)
denotes that the criterion was described and did not fulfill the validity assessment, and light gray (unclear) denotes that either the criterion was not described
or no decision could be made on the basis of the information provided. Validity was judged as otherwise satisfied if no other source of bias could be identified.
gr., group.
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Supplemented Placebo Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
dose up to 10mg el Fe/d

de Oliveira 1996 137 17 24 125 13 18 14% 1.20(0.29, 2.11)

Elwood 1971 -0.09 093 226 -034 088 96 31% 0.25(0.02, 0.48]

Elwood | 1970 10mg 0 024 29 -1 019 29 33% 1.00(0.89,1.11)

Elwood 11 1870 -05 027 26 -08 013 33 33% 0.30(0.19,0.41)

Fogelholm 1894 9mg 142 087 18 134 106 27 22% 0.80(0.23,1.37)

Hodgson 2007 138 09 29 137 17 31 19% 0.10 [-0.58, 0.78] —

Lyle 1992 10mg 125 16 10 115 15 14 08% 1.00(-0.27, 2.27) =

Thuy 2003 057 01 B4 -028 087 72 31% 0.85 (0.65, 1.05]

van Thuy 2005 1311 115 189 1286 123 183 31% 0.25(0.01, 0.49]

Subtotal (95% Cl) 625 509 22.1% 0.58 [0.29, 0.88]

Heterogeneity: Tau*= 0.15; Chi*= 104.24, df= 8 (P =< 0.00001); I*= 92%

Test for overall effect: Z= 3.86 (P = 0.0001)

dose >10 to 50mg el Feid
Andersson 2010 Comb 1354 0.79 67 133 089 38

Biebinger 2009 129 09 B3 125 11 61
Blanco-Rojo 2011 136 08 B4 132 08 58
Brutsaert 2003 139 063 10 134 126 10
Edgerton 11979 Lo 125 082 17 113 188 22
Edgerton | 1879 Mid 128 134 45 116 23 33
Edgerton 1 1979 Oor 125 1.04 27 115 1.72 33
Edgerton 1 1979 Top 128 1.87 14 11 256 8
Elwood | 1970 30mg -02 022 27 -1 019 29
Fogelholm 1994 27mg 141 082 19 134 1.06 a7
Gershoff 1977 Men 131 138 13 142 06 7
Gershoff 1977 Women 118 08 100 12 06 40
Heath 2001 Diet 1322 077 22 1329 072 10
Heath 2001 Suppl 1334 087 16 1329 072 g
Hinton 2000 1352 094 22 1308 13 20
Hinton 2007 1386 1 10 131 09 10
Hotz 2008 142 11 75 138 13 70
Karl 20101D 135 08 9 128 08 8
Karl 2010 IDA 126 13 68 115 11 13
Karl 2010 Normal 132 06 38 131 08 37
Lyle 1992 50my 124 14 10 M5 15 14
Lyle 1992 Meat 124 13 13 M5 14 7
MeClung 2009 ID 13.3 06 14 128 07 14
MeClung 2009 IDA 122 1.2 18 16 1.3 17
MeClung 2009 Norm 1341 07 52 132 07 51
Rajaram 1995 50mg 13.9 1 16 129 1.2 B
Rajaram 1995 Meat 139 14 13 129 1.2 7
Roughead 2000 1456 1.29 30 14.48 117 27
Zimmermann 2005 Comb  12.37 1.1 160 121 1.2 56
Subtotal (95% CI) 990 742

Heterogeneity: Tau*= 0.14; Chi*= 116.42, df= 28 (P < 0.00001); F=76%

Testfor overall effect: Z= 4.46 (P < 0.00001)

dose >50to 100mg el Fe/d

Li 1993 ID-hi 112 095 34 -017 084 35
Li1993 IDA 278 1.38 6 -018 0.86 4
Murray-Kolb 2007 ID 131 08 25 132 1 28
Murray-Kolb 2007 IDA 125 09 17 121 049 13
Murray-Kolb 2007 Norm 134 141 14 142 11 16
Subtotal (95% CI) 96 96

Heterogeneity: Tau®= 0.95; Chi*= 41.63, df = 4 (P < 0.00001); F=90%
Testfor overall effect. Z=1.36 (P=0.17)

dose >100mg el Fefd
Charoenlarp 1981 Comb 1261 104 183 1206 126 101

Elwood 1966 0.4 095 40 -016 077 49
Florencio 1981 Mild Anem  12.79 052 20 12 064 13
Florencio 1981 Norm 13.08 048 42 126 054 17
Florencio 1981 Sev Anem 1254 085 10 10.54 047 7
Zhu 1998 1363 08 20 13.22 0.76 17
Subtotal (95% CI) 315 204

Heterogeneity: Tau®= 0.17, Chi*= 20.33, df= 5 (P = 0.001), F=76%
Testfor overall effect: Z= 3.79 (P = 0.0001)

L 4

28%  0.24[0.10,0.58) F—

28%  0.40(0.05,0.75] —

29%  0.40(0.12,0.68] —

14%  050[0.37,1.37) —_1

14%  1.20(0.32,2.08]

14%  1.20(0.32,2.08]

18%  1.00[0.29,1.71)

04%  1.80[0.23,3.83] -

33%  0.80(0.69,0.91] -

22%  0.70(0.16,1.24] _—

11%  -1.10[-2.17,-0.03] Emm—

30%  -0.20 [-0.46, 0.06] —

22%  -0.07 [0.62, 0.48] —_—

20%  0.05[-0.58, 0.68] —_—

18%  0.44[0.251.13] -

15%  0.50[0.33,1.33] s

26%  0.40[0.01,0.79] —

17%  0.60[-0.16,1.36] —

10%  1.10[0.10,2.30] 1

29%  0.10[0.22,0.42] -
10%  0.80[0.27,2.07] —
09%  0.90[-0.35 2.15] —
24%  0.50(0.02,0.98] ——
15%  0.60[0.23,1.43] +—
30%  -010[0.37,0.17] -1
11%  1.00[0.08, 2.08] 1
10%  1.00[017,217] -1
20%  0.08[0.56,0.72] ——
27%  0.27 [0.09,0.63] =

559%  0.42[0.23,0.60] *

26%  1.29[0.87,1.71] —_—

08% 296157, 4.35] —_—
24%  -0.10[-0.59,0.39] —

19%  0.40[0.25,1.05] -

16% -0.80 [1.59,-0.01] —

9.2%  0.64[-0.28, 1.56] e
02%  0.55[-2.33,3.43] +
27%  0.56(0.20,0.92] —_—
26%  0.79[0.37,1.21] —_
29%  0.48[0.19,0.77] ——
20%  2.00[1.37,2.63] _—
23%  0.41[0.09,0.91] T—
12.8%  0.79[0.38, 1.20] -5

Total (95% Cl) 2026 1551 100.0% 0.51[0.37, 0.65] L

Heterogeneity: Tau®= 0.15; Chi*= 290.88, df= 48 (P < 0.00001), *= 83%

Test for overall effect: Z= 7.24 (P < 0.00001)
Test for subaroup differences: Chi*= 3.08, df= 3 (P =0.38), F= 2.5%

.
2 - 12
Intervention lower Intervention higher

FIGURE 3. Forest plot of the effect of el Fe supplementation on hemoglobin status (mg/dL) subgrouped by supplementation dose. Mean and SDs shown
refer to the change in hemoglobin from baseline to study end in the intervention and control arms and the difference between the intervention and control. For
each study, the mean difference is represented by a square and the 95% CI by a line; the overall effect (for each subgroup and all studies) is represented by
a diamond. Comb, study arms combined; el Fe, elemental iron; ID, iron deficiency; IDA, iron-deficiency anemia; ID-hi, study subgroup with ID or mild IDA
(higher hemoglobin value); IV, inverse variance; Lo, “lower-division” study subgroup; Mid, “middle-division” study subgroup; Mild Anem, mildly anemic
study subgroup (hemoglobin 11-11.9 mg/dL); Norm, normal baseline status; Oor, “Ooragalla division” study subgroup; Sev Anem, moderately to severely
anemic study subgroup (hemoglobin 8.5-10.9 mg/dL); Top, “top-division” study subgroup; I, study trial 1; II, study trial 2.

Similarly, an improvement in sTfR was not dependent on the
length of supplementation as shown by both meta-analyses
(P-difference between duration subgroups = 0.13; Table 5) and
metaregression (P = 0.39 for straight-line metaregression and
P = 0.29 for curved-relation metaregression; Table 3). However,

although subgrouping was not significant (Table 4), meta-
regression analyses showed a clear effect of duration of sup-
plementation on SF compared with control [0.51-ug/L (95%
CI: 0.02, 1.00-ug/L; P = 0.04) increase in SF concentration
per 1-wk increase in duration; Table 3].
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TABLE 2

Effect of sex, menopausal status, duration, supplement form, and baseline iron status on response of hemoglobin to iron
supplementation, including all relevant studies in subgrouping’

Studies; P-differences between
Factor and status Difference’ participants3 P subgroups
g/dL n %
Overall analysis (all) 0.51 (0.37, 0.65) 49; 3577 83 —
Sex 0.004
Men —1.10 (=2.17, —0.03) 1; 20 —
Women (all) 0.51 (0.37, 0.66) 41; 3295 83
Menopausal status <0.00001
Premenopausal 0.43 (0.26, 0.60) 28; 2017 71
Postmenopausal —0.20 (—0.46, 0.06) 1; 140 —
Duration 0.03
=13 wk 0.70 (0.47, 0.94) 24; 1039 74
>13-26 wk 0.39 (0.15, 0.63) 15; 1128 85
>26 wk 0.20 (—0.12, 0.52) 7, 1327 88
Supplement form 0.03
Tablet (nonheme) 0.63 (0.43, 0.83) 28; 1493 84
Meat or heme 0.63 (0.25, 1.00) 4; 177 10
Fortified foods 0.27 (0.07, 0.46) 14; 1870 77
Baseline iron status 0.006
IDA 1.01 (0.59, 1.43) 6; 299 66
D 0.27 (0.12, 0.42) 11; 716 0
Normal 0.38 (0.17, 0.59) 19; 1659 85
Dose 0.38
=10 gel Fe/d 0.58 (0.29, 0.88) 9; 1134 92
>10-50 g el Fe/d 0.42 (0.23, 0.60) 29; 1732 76
>50-100 g el Fe/d 0.64 (—0.28, 1.56) 5; 192 90
>100 g el Fe/d 0.79 (0.38, 1.20) 6; 519 75

’ All meta-analyses were conducted by using a random-effects methodology. el Fe, elemental iron; ID, iron deficient;

IDA, iron-deficiency anemia.
2 All values are means; 95% Cls in parentheses.

J Number of comparisons do not always add up to 49, as listed in the Figure 3 forest plot, because some studies were

not classifiable for some criteria or were mixed.

Supplementation form

Subgrouping suggested that fortified foods had less effect on
hemoglobin than iron supplements or meat (heme) interventions
(P = 0.03 for subgroup differences; Table 2), but there were no
clear differences in the effect between different iron forms for
SF or sTfR (Tables 4 and 5). Metaregression suggested no clear
effects of the supplementation type on the change in hemoglo-
bin, SF, or sTfR (Table 3).

Dose

Subgrouping and metaregression did not suggest clear dose-
response effects on hemoglobin. For sTfR, an effect for dose
was observed in the subgroup analyses (P-difference between
groups < 0.00001; Table 5). Although only one study was in-
cluded for each group, the sTfR response was greater in studies
that supplemented with the lowest and highest doses, which
suggested an absence of a dose effect for sTfR in metaregression
analyses. A possible dose effect for SF was observed (with
significant effects of dose seen in subgrouping and straight-line
metaregression but not in 8 metaregression) (Table 5). Metare-
gression suggested an effect size of 0.10 ug/L (95% CI: 0.01,
0.20 ug/L; P = 0.036) increase in the SF concentration per 1-g
elemental iron increase in dose.

Overall, the following straight-line metaregression equation
could predict only 24% of the study variance for the change in
hemoglobin on supplementation:

Change in hemoglobin
concentration (g/dL) = — 0.15 — [0.008 X baseline SF (ug/L)]
—[0.001 X dose (mg Fe/d)] — (0.004 X weeks duration)
+ (0.12 supplement type where nonheme tablets = 1,
heme supplement or meat diet = 2, and food fortification = 3)
+ (0.52 X sex where 1 = women,
3 = men, and 2 = mixed)

(1)

Similarly, metaregression explained 26% of between-study
variance for SF as follows:

Change in SF(ug/L) = 0.012 + [0.101 X baseline SF (ug/L)]
+ [0.104 X dose (mg Fe/d)]
+ (0.508 X weeks duration)
— (2.394 supplement type where nonheme tablets = 1,
heme supplement or meat diet = 2

and food fortification = 3)

2

For sTfR, only 4% of between-study variability was explained
by straight-line metaregression.

The meta-analysis of the effect of an increasing dose on SF
(only in ID premenopausal women to reduce the influence of
other factors) is shown in Figure 4. Because both dose and
duration seemed to be potential modifiers of SF status in the
meta-analysis and metaregression, their combined effect was
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TABLE 3

CASGRAIN ET AL

Summary of effect modifiers on change in hemoglobin, serum ferritin, and soluble transferrin receptor as assessed by subgrouping, straight-line

metaregression, and metaregression that assumed a curved relation’

Straight-line

Curved-relation

Subgrouping Py metaregression (P) metaregression (P) Conclusion Effect size
Baseline status, SF°

Hemoglobin Yes (0.006) Yes (0.018) Marginal (0.052) Possibly Mean (95% CI) reduction in serum
hemoglobin per 10-ug/L increase
in baseline SF: 0.08 g/dL
(0.15, 0.00 g/dL); P = 0.02

SF Yes (0.04) No (0.28) No (0.61) No —

sTfR Yes (0.007) No (0.84) No (0.21) No —

Sex

Hemoglobin Yes (0.004) No (0.11) — No —

SF — — — Insufficient data —

sTfR — — — Insufficient data —

Menopausal status

Hemoglobin Yes (<0.0001) — — Insufficient data —

SF — — — Insufficient data —

sTfR — — — Insufficient data —

Duration

Hemoglobin Yes (0.03) No (0.43) No (0.56) No —

SF No (0.58) Yes (0.043) Yes (0.003) Yes Mean (95% CI) increase in SF
per 1-wk increase in duration:
0.51 pg/L (0.02-1.00 ng/L);

P =0.04
sTfR No (0.13) No (0.39) No (0.29) No —
Supplement form

Hemoglobin Yes (0.03) No (0.17) No (0.17) No —

SF No (0.88) No (0.28) Marginal (0.06) No —

sTfR No (0.16) No (0.36) Marginal (0.09) No —

Dose

Hemoglobin No (0.38) No (0.65) No (0.21) No —

SF Yes (0.002) Yes (0.036) No (0.78) Possibly Mean (95% CI) increase in SF
per 1-g elemental iron increase
in dose: 0.10 wg/L (0.01, 0.20 ug/L);
P =0.036

sTfR Yes (<0.00001) No (0.93) No (0.30) No —

! SF, serum ferritin; sTfR, soluble transferrin receptor.

2Yes implies P <0.05 for chi-square test for differences between subgroups.
% Subgrouping was by iron-deficiency anemia, iron-deficient, or normal iron status (as defined by using the WHO criteria); metaregression used SF at

baseline as a continuous variable.

explored by using 3-dimensional modeling (Figure 5A). Addi-
tional analyses of the duration effect only [studies with similar
doses (ie, 12-20 mg/d); Figure 5B] or the supplementation effect
only [studies of approximately the same duration (ie, 9-22 wk);
Figure 5C] were carried out to explore this phenomenon. As
shown in Figure 5, with lower doses, the time required to in-
crease SF was longer (Figure SA). The collective results from
several studies suggested that it takes =32 wk for SF to increase
(Figure 5B) and a dose of =50 mg Fe/d is needed to effect
a meaningful increase in SF (Figure 5C). These preliminary
analyses illustrated the link between the dose and length of
supplementation for SF response and should be further explored
through modeling analysis.

DISCUSSION

Forty-one RCTs were included in this analysis; 37 RCTs
measured hemoglobin, 28 RCTs measured SF, 16 RCTs mea-
sured sTfR, and 6 RCTs measured body iron. None of the in-
cluded studies met all of the quality criteria or described them all

fully, and thus, none of the included studies were judged to be at
low risk of bias. Random-effects meta-analyses showed that iron
supplementation significantly improved the status of all measured
biomarkers but with high levels of heterogeneity. When the re-
sults of the different types of analysis (subgrouping and meta-
regression with straight-line and curved relations; Table 3) were
compiled, the data suggested that there were clear effects of study
duration with an increase in SF response of 0.51 ug/L (95% CI:
0.02, 1.00 pg/L; P = 0.04) per 1-wk increase in duration. Al-
though not as statistically clear, we also observed a tendency for
effects of dose on SF response with a 0.10 ug/L (95% CI: 0.01,
0.19 ug/L; P = 0.027) increase in SF per 1-g elemental Fe in-
crease in supplementation dose. A metaregression of the effect
of dose on SF indicated that dose was not the only factor that
influenced SF response to supplementation (Figure 4); the sup-
plementation duration also affected the SF response (Table 3).
Conversely, there was no effect of iron dose on hemoglobin or
sTfR response, but there was a significant effect of baseline iron
status on the change in hemoglobin concentration, with a 0.08-g/dL
(95% CI: 0.15, 0.00 g/dL; P = 0.02) reduction in hemoglobin
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Effect of sex, menopausal status, duration, supplement form, and baseline iron status on response of SF to iron
supplementation, including all relevant studies in subgroupings’

Studies; P-difference between
Factor and status Difference’ participantsj P subgroups
g/dL n %
Overall analysis, all 9.07 (6.55, 11.58) 30; 1742 72 —
Sex —
Men — 0; 0 —
Women (all) 8.70 (5.91, 11.48) 24; 1510 75
Menopausal status —
Premenopausal 8.70 (5.91, 11.48) 24; 1510 75
Postmenopausal — 0; 0 —
Duration 0.58
=13 wk 8.85 (5.89, 11.80) 17; 695 50
>13-26 wk 8.54 (3.37, 13.70) 9; 567 82
>26 wk 12.12 (6.33, 17.91) 3; 449 74
Supplement form 0.84
Tablet (nonheme) 9.03 (6.26, 11.80) 17; 665 51
Meat or heme 5.48 (—8.42, 19.39) 2; 80 0
Fortified foods 9.12 (4.19, 14.05) 10; 966 87
Baseline iron status 0.04
IDA 13.18 (6.99, 19.37) 5; 300 74
D 5.69 (2.28, 9.10) 10; 664 74
Normal 10.78 (7.31, 14.24) 14; 747 43
Dose 0.0002
=10 gel Fe/d 15.45 (10.68, 20.22) 3; 220 0
>10-50 g el Fe/d 7.20 (4.53, 9.87) 20; 1249 73
>50-100 g el Fe/d 13.51 (8.43, 18.60) 5; 218 0
>100 g el Fe/d 19.52 (9.82, 29.22) 2; 55 0

’ All meta-analyses were conducted by using random-effects methodology. el Fe, elemental iron; ID, iron deficient;

IDA, iron-deficiency anemia; SF, serum ferritin.
2 All values are means; 95% Cls in parentheses.

7 Number of comparisons do not always add up to 29 (including study subgroups) because some studies were not

classifiable for some criteria or were mixed.

response per 10-ug/L increase in baseline SF, although there
was no effect of baseline status on SF or sTfR. Straight-line
metaregression by using supplementation dose, supplement
type, duration, and baseline SF (plus sex for hemoglobin) ac-
counted for about one-quarter of the between-study variability in
hemoglobin and SF responses but only 4% of sTfR response.
Because of the high level of heterogeneity in the overall re-
sponse to supplementation, other factors besides those associated
with diet were investigated. Heterogeneity remained high
throughout the process and could not completely be explained
despite exhaustive subgroup and sensitivity analysis. For all
biomarkers addressed, meta-analysis results showed that the
responses of different population subgroups were significantly
different, and the improvement observed was only significant for
premenopausal women for all biomarkers and in the mixed
population for hemoglobin (Table 2). However, data were scarce
for the other populations of interest (men and postmenopausal
women), which prevented any analyses. From the meta-analysis,
it was clear that the presence of IDA at the start of an intervention
was a significant determinant of the response to supplementation;
subgroup analysis showed an improvement in hemoglobin and
SF, but although hemoglobin is widely used to screen for IDA, it
has low specificity and sensitivity as a biomarker of iron status
(55). The form of iron supplement also had an influence on the
response of each biomarker, although the effects were not
consistent in the different biomarkers. Body iron is a more recent

biomarker of iron status, and not enough data were available to
explore how it is influenced by modifiers of iron metabolism.
However, as body iron becomes a more common measure of iron
status, it will be important to assess its responsiveness to iron
intake and the degree to which it is affected by various modifiers.

In this systematic review, the following 3 types of analyses
were used: a meta-analysis (including a subgroup analysis), linear
metaregression (with assumption of a straight-line relation be-
tween the factor and the biomarker), and 8 metaregression (with
assumption of a curved relation between the factor and bio-
marker). These analyses were used to investigate the influence
of iron status at baseline, the duration of supplementation, and
the supplementation form and dose on the response of hemo-
globin, SF, and sTfR. We used the 3 methods because the full
nature of any relations (whether straight-line or curved) between
the factor and each biomarker is not known. Subgrouping allows
major groupings to be investigated, and metaregression makes
better use of the data for continuous variables (especially im-
portant when data are limited). A lack of a significant straight-
line relation may result from a highly curved relation. However,
it should be remembered that a lack of significant straight-line or
curved relations does not necessarily mean a lack of a relation. It
may simply mean that the relation is different, perhaps a normal
curve, or that the flat part (saturation) of a sinusoidal curve has
been entered. The results obtained suggested that the straight-
line model explained as much heterogeneity as the curved model
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TABLE 5

CASGRAIN ET AL

Effect of sex, menopausal status, duration, supplement form, and baseline iron status on response of sTfR to iron
supplementation, including all relevant studies in subgrouping’

Factor and Studies; P-difference between
status Difference’ participant53 P subgroups
g/dL n %
Overall analysis (all) —0.46 (—0.68, —0.23) 22; 1472 75 —
Sex —
Men — 0;0 —
Women (all) —0.51 (—=0.77, —0.26) 20; 1395 76
Menopausal status —
Premenopausal —0.51 (—=0.77, -0.26) 20; 1395 76
Postmenopausal — 0;0 —
Duration 0.13
=13 wk —0.13 (—0.30, 0.03) 11; 454 36
>13-26 wk —0.31 (—0.56, —0.06) 8; 561 23
>26 wk —2.05 (—4.28, 0.17) 3; 457 94
Supplement form 0.16
Tablet (nonheme) —0.32 (—0.54, —0.10) 12; 480 37
Meat or heme 0.50 (—0.65, 1.65) 1; 32 —
Fortified foods —0.61 (—1.04, —0.18) 9; 960 88
Baseline iron status 0.007
IDA —1.71 (=3.61, 0.19) 4; 220 91
1D —0.69 (—1.06, —0.32) 10; 674 0
Normal —0.13 (—=0.27, 0.00) 8; 578 51
Dose <0.00001
=10 gel Fe/d —4.50 (—5.66, —3.34) 1; 136 —
>10-50 g el Fe/d —0.17 (—=0.30, —0.05) 17; 1186 29
>50-100 g el Fe/d —1.14 (—1.88, —0.40) 3; 113 0
>100 g el Fe/d —1.32 (—2.87, 0.23) 1; 37 —

’ All meta-analyses were conducted by using a random-effects methodology. el Fe, elemental iron; ID, iron deficient;
IDA, iron-deficiency anemia; sTfR, soluble transferrin receptor.

2 All values are means; 95% Cls in parentheses.

7 Number of comparisons do not always add up to 22 (including study subgroups) because some studies were not

classifiable for some criteria or were mixed.

did and allowed the size of the relations between some factors
and SF to be quantified. None of the models clearly described
relations between factors and hemoglobin or sTfR, which il-
lustrated the difficulty in the determination of the relation be-
tween iron intake and the response of biomarkers of status.
Within this review, as many potential modifiers as possible were

removed (through strict inclusion criteria), such as inflammation
and high levels of physical activity, and by limiting the included
studies to RCTs, which thereby minimized the disparity between
study groups. However, other factors, such as ethnicity or body
weight, could not be assessed because of the lack of information
reported in most of the included studies. The restriction of study

Supplemented Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
a Heath 2001 1.4moid 146 75 22 135 4.8 17 9.3% 1.10[-2.78, 4.98) T
b Thuy 2003 10mugid 187 149 64 28 147 72 85% 1590(10.91,20.89) T
¢ Zimmermann 2005 12ma/d 33 2741 156 19 16 56 7.8% 14.00(7.99, 20.01) ——
d Andersson 2010 14maid 2213 1312 64 152 96 37 89%  6.93(2.47,11.39 -
e McClung 2009 15mafd 145 87 18 97 55 17 87% 4.80(0.01,9.59] —
Biebinger 2008 20maid 2082 116 10 1518 1223 10 51% 5064 [4.81,16.09 -1
g Brutsaert 2003 20mard 1502 7.02 10 1618 7.24 10 7.7% -1.16 [-7.41,5.09] e
h Hinton 2000 20maofd 1452 7.04 22 811 4.02 20 9.6% 6.41(2.98, 9.84) -
i Heath 2001 47muold 187 85 14 135 48 18 86%  520(0.25,10.15) T
j Karl 2010 56magid 372 114 6 136 123 13 46% 23.60([12.29,34.91)
k Murray-Kolb 2007 60maofd 246 224 25 147 142 28 5.2%  9.90[-0.34, 20.14]
| Murray-Kolb 2007 60mag/d 228 17.7 17 9.2 7.7 13 5.6% 13.60(4.20,23.00) -
m Li 1983 90mard 203 188 40 82 194 40 6.2% 1210(3.71,20.49) ———
n Zhu 1988 135mofd 36.9 24 20 162 135 17 4.2% 20.70(8.38,33.02] —_——
Total (95% Cl) 488 369 100.0%  8.84 [5.61, 12.08] <&
Heterogeneity: Tau®= 2536, Chi*= 5094, df=13 (P < 0.00001); F= 74%

Test for overall effect: Z=5.36 (P < 0.00001)

4 " f 4
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FIGURE 4. Forest plot of the effect of supplementation ordered by increasing supplemental dose on serum ferritin status after intervention. For each study,
the mean difference is represented by a square and the 95% CI by a line; the overall effect (for each subgroup and all studies) is represented by a diamond. IV,

inverse variance.
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FIGURE 5. A: Three-dimensional scatter plot that shows the effect of dose and duration of supplementation on SF response. To observe the effect of dose
and duration alone, only studies in premenopausal women with ID are included in the graph. B: Effects of the duration of intervention in 6 studies with similar
iron doses [references 16, 36, and 43 (IDA arm) and 13, 12, and 54 in columns from left to right, respectively) on mean (£SD) SF concentrations presented for
each study. C: Effects of increasing dose in 6 studies of similar duration [references 33 (diet arm), 13 and 33 (supplement arm), 39 (IDA arm; shortest study),
and 40 and 45 (both ID and anemic arms combined) in columns from left to right, respectively] on mean (*SD) SF concentrations presented for each study.
Dark-gray columns denote the supplemented group, and light-gray columns denote the placebo group. ID, iron deficiency; IDA, iron-deficiency anemia; SF,

serum ferritin.

inclusion by using a number of modifiers meant that many
studies were excluded from this review. However, because of the
high heterogeneity of the data, it was judged that such tight
inclusion criteria were necessary to assess the intake-status re-
lation in the context of this review.

It is difficult to design effective interventions to address ID in
populations because of the numerous factors that affect iron
absorption (5). However, the results of our meta-analyses can
inform strategies to improve the iron status of populations and of
individuals in the clinical setting, in particular, the dose of iron
and the length of time required to increase SF, with due allowance
for the effect of baseline iron status.

The original conception of the systematic review was undertaken by the
EURRECA Network of Excellence and coordinated by partners who are
based at Wageningen University (WU) and the University of East Anglia
(UEA). Lisette de Groot (WU), Kate Ashton (UEA), Adriénne Cavelaars
(WU), Rosalie Dhonukshe-Rutten (WU), and Esmée Doets (WU) contrib-
uted to the design and development of the review protocol and search
strategy. We thank authors who have kindly provided data when requested
and Richard Hurrell and Maria Andersson, who reviewed the list of in-
cluded studies. We also thank Jennifer Anssett and Ben Thompson, who
contributed to the data extraction and duplicate assessment processes; Olga
Soverein and Carla Dullemeijer for calculation of B values; and Leland
Miller for Figure 5A.

The authors’ responsibilities were as follows—AC and RC: conducted
electronic searches; AC, RC, and LJH: assessed the studies for inclusion,
extracted data, and assessed validity; AC and LH: conducted the analyses
and tabulated data; AC: wrote the first draft of the manuscript; RC, LJH, LH,
and SJF-T: significantly contributed to the writing of the manuscript and

approved the final version; and all authors: contributed to the design and
development of the review protocol and search strategy. None of the authors
had a conflict of interest.

REFERENCES

1. Worwood M. Serum ferritin. CRC Crit Rev Clin Lab Sci 1979;10:
171-204.

2. Cook JD, Flowers CH, Skikne BS. The quantitative assessment of body
iron. Blood 2003;101:3359-64.

3. Joint World Health Organization/Centers for Disease Control and
PreventionTechnical Consultation on the Assessment of Iron Status at
the PopulationLevel. Assessing the iron status of populations. Geneva,
Switzerland: WHO, 2004.

4. Hurrell R, Egli I. Iron bioavailability and dietary reference values. Am
J Clin Nutr 2010;91(suppl):1461S-7S.

5. Fairweather-Tait SJ, Collings R. Estimating the bioavailability factors
needed for setting dietary reference values. Int J Vitam Nutr Res 2010;
80:249-56.

6. Higgins JPT, Green S. Cochrane handbook for systematic reviews
of interventions version 5.1.0. The Cochrane Collaboration, 2011.
Updated March 2011. Available from: www.cochrane-handbook.org
(cited February 2012).

7. Matthys C, van ’t Veer P, de Groot LCP, Hooper L, Cavelaars AEIM,
Collings R, Donutske-Rutten R, Harvey LJ, Casgrain A, Rollin F, et al.
EURRECA'’s approach for estimating micronutrient requirements. Int J
Vitam Nutr Res 2011;81:256-63.

8. The Nordic Cochrane Centre, The Cochrane Collaboration. Review
Manager (RevMan). Version 5.1. Copenhagen, Denmark: The Nordic
Cochrane Centre, The Cochrane Collaboration, 2011.

9. Baynes RD. Assessment of iron status. Clin Biochem 1996;29:209-15.

. UNICEF/UNU/WHO. Iron deficiency anaemia: assessment, prevention

and control. Geneva, Switzerland: World Health Organisation, 2001.



780

12.

14.

15.

16.

17.

18.

20.

21.

22.
23.
24.
25.
26.

27.

28.

29.

30.

31.

32.

34.

CASGRAIN ET AL

. Souverein OW, Dullemeijer C, van ‘t Veer P, van der Voet H. Trans-

formations of summary statistics as input in meta-analysis for linear
dose-response models on a logarithmic scale: a methodology devel-
oped within EURRECA. BMC Med Res Methodol 2012;12:57.
Andersson M, Theis W, Zimmermann MB, Foman JT, Jikel M,
Duchateaus GS, Frenken LG, Hurrell RF. Random serial sampling to
evaluate efficacy of iron fortification: a randomized controlled trial of
margarine fortification with ferric pyrophosphate or sodium iron ede-
tate. Am J Clin Nutr 2010;92:1094-104.

. Biebinger R, Zimmermann MB, Al-Hooti SN, Al-Hamed N, Al-Salem

E, Zafar T, Kabir Y, Al-Obaid I, Petry N, Hurrell RF. Efficacy of wheat-
based biscuits fortified with microcapsules containing ferrous sulfate
and potassium iodate or a new hydrogen-reduced elemental iron:
a randomised, double-blind, controlled trial in Kuwaiti women. Br J
Nutr 2009;102:1362-9.

Binkoski AE, Kris-Etherton PM, Beard JL. Iron supplementation does
not affect the susceptibility of LDL to oxidative modification in women
with low iron status. J Nutr 2004;134:99-103.

Blanco-Rojo R, Perez-Granados AM, Toxquil L, Gonzalez-Vizcayno
C, Delgado MA, Vaquero MP. Efficacy of a microencapsulated iron
pyrophosphate-fortified fruit juice: a randomised, double-blind, placebo-
controlled study in Spanish iron-deficient women. Br J Nutr 2011;105:
1652-9.

Brutsaert TD, Hernandez-Cordero S, Rivera J, Viola T, Hughes G,
Haas JD. Iron supplementation improves progressive fatigue resistance
during dynamic knee extensor exercise in iron-depleted, nonanemic
women. Am J Clin Nutr 2003;77:441-8.

Callender ST. Quick- and slow-release iron: a double-blind trial with
a single daily dose regimen. BMJ 1969;4:531-2.

Charoenlarp P. Iron supplementation studies. Experimental design and
interpretation of results. Prog Clin Biol Res 1981;77:355-61.

. Davis CD, Greger JL. Longitudinal changes of manganese-dependent

superoxide dismutase and other indexes of manganese and iron status
in women. Am J Clin Nutr 1992;55:747-52.

de Oliveira JE, Scheid MM, Desai ID, Marchini S. Iron fortification of
domestic drinking water to prevent anemia among low socioeconomic
families in Brazil. Int J Food Sci Nutr 1996;47:213-9.

Edgerton VR, Gardner GW, Ohira Y, Gunawardena KA, Senewiratne
B. Iron-deficiency anaemia and its effect on worker productivity and
activity patterns. BMJ 1979;2:1546-9.

Elwood PC, Hughes D. Clinical trial of iron therapy of psychomotor
function in anaemic women. BMJ 1970;3:254-5.

Elwood PC, Waters WE, Greene WJ. Evaluation of iron supplements in
prevention of iron-deficiency anaemia. Lancet 1970;2:175-7.

Elwood PC, Waters WE, Sweetnam P. The haematinic effect of iron in
flour. Clin Sci 1971;40:31-7.

Elwood PC, Wood MM. Effect of oral iron therapy on the symptoms of
anaemia. Br J Prev Soc Med 1966;20:172-5.

Ericsson P. The effect of iron supplementation on the physical work
capacity in the elderly. Acta Med Scand 1970;188:361-74.

Flink H, Tegelberg A, Thorn M, Lagerlof F. Effect of oral iron sup-
plementation on unstimulated salivary flow rate: a randomized, double-
blind, placebo-controlled trial. J Oral Pathol Med 2006;35:540-7.
Flink H. Studies on the prevalence of reduced salivary flow rate in
relation to general health and dental caries, and effect of iron supple-
mentation. Swed Dent J Suppl 2007;192:3-50.

Florencio CA. Effects of iron and ascorbic acid supplementation on
hemoglobin level and work efficiency of anemic women. J Occup Med
1981;23:699-704.

Fogelholm M, Suominen M, Rita H. Effects of low-dose iron supple-
mentation in women with low serum ferritin concentration. Eur J Clin
Nutr 1994;48:753-6.

Gershoff SN, Brusis OA, Nino HV, Huber AM. Studies of the elderly in
Boston. I. The effects of iron fortification on moderately anemic peo-
ple. Am J Clin Nutr 1977;30:226-34.

Haas JD, Beard JL, Murray-Kolb LE, Del Mundo AM, Felix A, Gregorio
GB. Iron-biofortified rice improves the iron stores of nonanemic filipino
women. J Nutr 2005;135:2823-30.

. Heath AL, Skeaff CM, O’Brien SM, Williams SM, Gibson RS. Can

dietary treatment of non-anemic iron deficiency improve iron status?
J Am Coll Nutr 2001;20:477-84.

Hinton PS, Sinclair LM. Iron supplementation maintains ventilatory
threshold and improves energetic efficiency in iron-deficient non-
anemic athletes. Eur J Clin Nutr 2007;61:30-9.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Brownlie T, Utermohlen V, Hinton PS, Haas JD. Tissue iron deficiency
without anemia impairs adaptation in endurance capacity after aerobic
training in previously untrained women. Am J Clin Nutr 2004;79:
437-43.

Hinton PS, Giordano C, Brownlie T, Haas JD. Iron supplementation
improves endurance after training in iron-depleted, nonanemic women.
J Appl Physiol 2000;88:1103-11.

Hodgson JM, Ward NC, Burke V, Beilin LJ, Puddey IB. Increased
lean red meat intake does not elevate markers of oxidative stress and
inflammation in humans. J Nutr 2007;137:363-7.

Hotz C, Porcayo M, Onofre G, Garcia-Guerra A, Elliott T, Jankowski
S, Greiner T. Efficacy of iron-fortified Ultra Rice in improving the iron
status of women in Mexico. Food Nutr Bull 2008;29:140-9.

Karl JP, Lieberman HR, Cable SJ, Williams KW, Young AJ, McClung
JP. Randomized, double-blind, placebo-controlled trial of an iron-
fortified food product in female soldiers during military training:
relations between iron status, serum hepcidin, and inflammation. Am J
Clin Nutr 2010;92:93-100.

Li R, Chen XC, Yan HC, Deurenberg P, Garby L, Hautvast JG. Prev-
alence and type of anaemia in female cotton mill workers in Beijing,
China. Br J Nutr 1993;70:787-96.

Lyle RM, Weaver CM, Sedlock DA, Rajaram S, Martin B, Melby CL.
Iron status in exercising women: the effect of oral iron therapy vs
increased consumption of muscle foods. Am J Clin Nutr 1992;56:
1049-55.

Mackintosh W, Jacobs P. Response in serum ferritin and haemoglobin
to iron therapy in blood donors. Am J Hematol 1988;27:17-9.
McClung JP, Karl JP, Cable SJ, Williams KW, Nindl BC, Young AJ,
Lieberman HR. Randomized, double-blind, placebo-controlled trial of
iron supplementation in female soldiers during military training: ef-
fects on iron status, physical performance, and mood. Am J Clin Nutr
2009;90:124-31.

Miller E, Brown B, Gorman D. The effects of hemoglobin supplements
on maximal oxygen uptake in females. J Manipulative Physiol Ther
1983;6:189-95.

Murray-Kolb LE, Beard JL. Iron treatment normalizes cognitive
functioning in young women. Am J Clin Nutr 2007;85:778-87.
Rajaram S, Weaver CM, Lyle RM, Sedlock DA, Martin B, Templin
TJ, Beard JL, Percival SS. Effects of long-term moderate exercise
on iron status in young women. Med Sci Sports Exerc 1995;27:
1105-10.

Roughead ZK, Hunt JR. Adaptation in iron absorption: iron supple-
mentation reduces nonheme-iron but not heme-iron absorption from
food. Am J Clin Nutr 2000;72:982-9.

Taniguchi M, Imamura H, Shirota T, Okamatsu H, Fujii Y, Toba M,
Hashimoto F. Improvement in iron deficiency anemia through therapy
with ferric ammonium citrate and vitamin C and the effects of aerobic
exercise. J Nutr Sci Vitaminol (Tokyo) 1991;37:161-71.

Thuy PV, Berger J, Davidsson L, Khan NC, Lam NT, Cook JD, Hurrell
RF, Khoi HH. Regular consumption of NaFeEDTA-fortified fish sauce
improves iron status and reduces the prevalence of anemia in anemic
Vietnamese women. Am J Clin Nutr 2003;78:284-90.

Van Thuy P, Berger J, Nakanishi Y, Khan NC, Lynch S, Dixon P. The
use of NaFeEDTA-fortified fish sauce is an effective tool for control-
ling iron deficiency in women of childbearing age in rural Vietnam.
J Nutr 2005;135:2596-601.

Wang J, O’Reilly B, Venkataraman R, Mysliwiec V, Mysliwiec A.
Efficacy of oral iron in patients with restless legs syndrome and a low-
normal ferritin: a randomized, double-blind, placebo-controlled study.
Sleep Med 2009;10:973-5.

Zhu YI, Haas JD. Response of serum transferrin receptor to iron
supplementation in iron-depleted, nonanemic women. Am J Clin Nutr
1998;67:271-5.

Zhu YI, Haas JD. Altered metabolic response of iron-depleted non-
anemic women during a 15- km time trial. J Appl Physiol 1998;84:
1768-75.

Zimmermann MB, Winichagoon P, Gowachirapant S, Hess SY,
Harrington M, Chavasit V, Lynch SR, Hurrell RF. Comparison of
the efficacy of wheat-based snacks fortified with ferrous sulfate,
electrolytic iron, or hydrogen-reduced elemental iron: randomized,
double-blind, controlled trial in Thai women. Am J Clin Nutr 2005;
82:1276-82.

Zimmermann MB. Methods to assess iron and iodine status. Br J Nutr
2008;99(suppl 3):S2-9.



