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Abstract
The iron status of African-American infants continues to be subject to debate. We characterized the
iron status of 198 9-month-old inner-city infants (94% fed iron-fortified formula) using a
comprehensive panel of measures and assessing lead and inflammation markers. The proportion with
iron deficiency was calculated based on three approaches (≥ 2 abnormal iron measures with or without
anemia for MCV model—NHANES II, ferritin model—NHANES III, or Sweden/Honduras study)
and a promising new measure—body iron, calculated from ferritin and transferrin receptor (TfR).
There were no sex differences for any iron measure. Hb < 110 g/l was observed in 25%; Hb ≤ 105
g/l in 10.1%. Free erythrocyte protoporphyrin (FEP) values were elevated without elevated lead
concentrations or an inflammatory response: mean FEP = 86.6 μg/dl red blood cells [75.5 μmol/mol
heme]; 52.3% were > 80 μg/dl (1.42 μmol/l), almost half of which were accompanied by a second
abnormal iron measure. The estimated prevalence of iron deficiency was 14.4, 5.3, and 2.5% for the
MCV model, ferritin model, and Sweden/Honduras cutoffs, respectively, and 4.1% for body iron <
0 mg/kg. Regulation of iron storage is immature at < 1 year of age, making estimates of iron deficiency
that depend on ferritin, including body iron, suspect in this age period. Thus, the “true” prevalence
of iron deficiency could not be established with confidence due to major differences in the results,
depending on the guidelines used. Functional indicators of poor iron status in young infants are
urgently needed.
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INTRODUCTION
There is no doubt that the iron status of US infants and toddlers has improved in the last several
decades [1–5]. For instance, in the latest published national survey (National Health and
Nutrition Examination Survey III or NHANES III, 1988–1994) [6], the prevalence of iron
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deficiency anemia and iron deficiency overall (with or without anemia) in 1- to 2-year-olds
was quite low (3 and 9%, respectively).

Despite dramatic improvement, iron deficiency is more common among some groups. Further
analysis of NHANES III data showed a higher nationwide prevalence of iron deficiency with
or without anemia among poor or minority toddlers or both, compared with that among non-
poor whites (Ogden cited in Ref. 7) [8]. A study that focused specifically on such children
reported iron deficiency anemia in 10% of 1- to 3-year-olds drawn from a cross-section of
pediatric practices in the New York City area, with an ethnically mixed population (primarily
black and Hispanic) [9]. Another study among 9- to 30-month-old predominantly black infants
in inner-city Baltimore reported iron deficiency anemia in 8% [10]. However, direct
comparisons across these and other studies are problematic, as the models to define iron
deficiency often differ between studies.

To try to clarify the iron status of inner-city black infants, a recent study in Baltimore examined
response to iron therapy [11], because an increase in hemoglobin (Hb) following iron
supplementation or therapy can confirm iron deficiency [5,12]. Even though anemia (defined
as Hb < 110 g/l) was observed in 25% of the infants, there was little or no response to iron
therapy. One interpretation is that the anemia was not due to iron deficiency. Another is that
the definition of “anemia” was inappropriate, since Hb concentrations are somewhat lower, on
average, among blacks than whites, [13–16] which could result in “nonresponders” who were
really not anemic to begin with. However, the study noted serious limitations (e.g.,
administration of iron therapy was unmonitored, only 36% were reassessed within 3 months,
etc.). Thus, failure to respond could be due to methodologic and not substantive issues.

In addition to issues specific to African-Americans, identifying individuals with iron deficiency
continues to present a number of challenges, especially in infants. Despite general agreement
with the concepts that iron deficiency exists when the iron supply is inadequate for normal
synthesis of essential iron compounds or hemoglobin increases in response to iron therapy
[17,18], detecting iron deficiency is not straightforward. Commonly utilized measures of iron
status index iron storage pools (ferritin), iron transport (serum iron, transferrin saturation), or
adequacy of delivery of iron to bone marrow (Hb, MCV, RDW, FEP, TfR). They must be
considered in combination in order to have a strong predictive value in the diagnosis of iron
deficiency [19], and some may be affected by other factors such as time of day, inflammation,
thalassemia trait, or other hemoglobinopathies, etc. [5,20–24], as well as age and gender. For
the past 2 decades or so, it has been common practice in research studies to define iron
deficiency as two or more iron measures in the deficient range. However, consensus guidelines
do not agree about the combination of measures or cutoffs [6,15,25,26], and few address
definitions of iron sufficiency or insufficiency in infants < 1 year of age.

Highlighting this point, the Committee on Nutrition of the European Society of Pediatric
Gastroenterology, Hepatology, and Nutrition noted that “more appropriate cutoff values to
define anemia in infants and young children are necessary and that current prevalence data
must be interpreted with caution” [27]. Others have concurred [28]. Domellöf et al. further
challenged existing guidelines, using data from 9- to 12-month-old breast-fed infants in
Sweden and Honduras to argue that available cutoffs are incorrect for such babies [29].

A relatively new iron status indicator—body iron—promises to improve detection of iron
deficiency by capturing the full spectrum of iron status across individuals and at the population
level. This index, proposed by Cook et al. [30], is based on a quantitative evaluation of how
ferritin and TfR changed in adults as known amounts of iron were removed from their bodies
by phlebotomy [31]. However, its use with infants has been reported in only one study to date
[32].
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Our study focused on iron deficiency among African-American infants under 1 year of age
from an economically-stressed inner-city population. Based on a comprehensive panel of iron
status indicators, including such newer measures as transferrin receptor (TfR) and body iron,
we used different guidelines to characterize the iron status of 9-month-old infants—at the
beginning of the recommended window for anemia screening [33]. Due to widespread
participation in the Women, Infants, and Children (WIC) program, we expected that iron
deficiency would be uncommon in the population at this age.

MATERIALS AND METHODS
Subjects

Nine-month-old infants presenting for a health maintenance visit at the General Pediatric Clinic
of Children’s Hospital of Michigan, Wayne State University, Detroit were contacted in the
course of an ongoing study of the effects of iron deficiency on brain and behavior (protocol
approved by the Institutional Review Boards at Wayne State University and University of
Michigan). Signed informed consent was obtained separately for the screening phase of the
project, which consisted of a brief questionnaire and an extra tube of blood for additional iron
status measures, obtained at the time of the baby’s routine blood sample. Over a 12-month
period (2002–2003), the mothers/caregivers of 316 infants in this age range were contacted on
their routine health maintenance visit. Ninety percent (n = 285) agreed to screening. In some
cases, technical difficulties prevented the blood sample from being obtained or analyzed, and
in others, the child’s health care provider did not order blood drawn at the visit. As a result,
blood samples were available for 232 infants. There were no differences between the infants
with blood work and the 53 babies without in terms of gender, birth weight, gestational age,
birth by Cesarean section or maternal age, education, and marital status. However, infants
without blood work had been hospitalized somewhat more often and their mothers had more
children (P values < 0.05).

Children were excluded from this analysis if they had received medicinal iron drops (n = 15),
had a lead concentration ≥ 10 μg/dl (0.5 μmol/l) (n = 2), or a major congenital anomaly (n =
1), were not African-American (n = 20), or were in foster care (n = 7). The sample was restricted
to African-Americans because over 90% of the clinic population was black and the remainder
varied widely in ethnic origin. Infants in foster care were excluded since details of the infant’s
medical and feeding history were unknown. These exclusions resulted in a final sample for
analysis consisting of 198 infants. Infants with HIV/AIDS, sickle cell disease, or other major
hemoglobinopathies received care in specialty clinics and were not part of the sample.

Characteristics of the final sample are shown in Table I. Infants weighed 3.26 kg at birth, on
average, with 12% < 2.50 kg. Eighteen percent had been born by Cesarean section. All but 6
births (3%) were singleton; four of the twins were low birth weight or premature. Almost all
babies (94%) were fed formula with iron, although mothers of 33% of the infants reported at
least some breastfeeding (18 weeks on average). None of the mothers reported having started
their infants on unmodified cow milk. Mothers averaged 25 years of age, and only 9 (4.5%)
were <18. Virtually all mothers and infants participated in the WIC program. The infants were
covered primarily by Medicaid insurance, and most of the mothers were single (85%). Almost
half the mothers had some education beyond high school, often vocational courses or other
training.

Procedures
A 10-min questionnaire was administered to the mother/caregiver in the examination room as
families waited to see the doctor. Questions covered demographics, birth history, dietary
history, and medical history.
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An experienced clinic phlebotomist obtained up to 5 ml of venous blood. Routine blood tests
included a complete blood count with red cell indices, lead, and free erythrocyte protoporphyrin
(FEP) or zinc protoporphyrin/heme ratio (ZPP/H) or both. An extra tube of blood was obtained
whenever possible, promptly centrifuged and frozen at −20°C for subsequent determination of
serum transferrin saturation, ferritin, transferrin receptor (TfR) and biochemical markers of
inflammation (α1-acid glyco-protein [AGP] and quantitative C-reactive protein [CRP]) in the
laboratory of John Beard, Pennsylvania State University. Because blood collection occurred
in conjunction with routine clinic visits, samples varied in time of day.

All measures assessed iron status except for CRP, AGP, and lead. These were obtained to assess
factors that can alter iron status measures in the absence of iron deficiency. For instance,
inflammation/infection can be accompanied by decreased Hb and increased ferritin. CRP rises
rapidly in response to inflammation and decreases toward normal within 36–48 hr, whereas
both ferritin and AGP may remain elevated for as long as 5–10 days after the onset of an acute
inflammatory response [34,35]. Lead concentrations above 15–18 μg/dl can impair red cell
production, reflected in elevated FEP values [36].

The Detroit Medical Center University Laboratories performed the hematologic and lead
assays. Complete blood counts were performed with a Beckman Coulter Max-M instrument
or a Sysmex SE-900 automated counter. Cell counters were calibrated daily with normal
clinical quality controls. The agreement between cell counters was 0.99 for the variables of
interest. Lead was measured by atomic absorption using a graphite furnace [37]. ARUP
Laboratories, Salt Lake City, UT performed the FEP determinations; specimens were
immediately wrapped in foil to prevent heme degradation by light and preserved at −20°C until
analysis. FEP was assayed by extraction followed by fluorometric measurement. Part-way
through the study, it became possible to perform ZPP/H determinations on site (ZP
Hematofluorometer, Model 206D, AVIV Associates, NJ). Both FEP and ZPP/H were
determined for the remainder of the year. As in NHANES II and III, red cells were not washed.
All laboratories maintained strict quality control using internal and external standards.

Serum ferritin measurement was based on radioimu-nometric assay (Dipontics Corporation,
Los Angeles, CA). Combined measurement of ferritin, soluble transferrin receptor, and C-
reactive protein was performed by a sandwich enzyme-linked immunosorbent assay technique
[38]. AGP was measured by a quantitative immunodiffusion assay (Kent Laboratories,
Bellingham, WA). The external standard for ferritin consisted of the IBS standard diluted to
19.2 μg/l ferritin. The coefficient of variation for within assay-variation was <4.5% for all
ELISA assays, with a between-batch coefficient of variation of 6.2–7.4%. For AGP and CRP,
within-batch variation was <3% and between batches, it was <5%.

All infants had data for Hb, MCV (mean cell volume), and RDW (red cell distribution width).
Eighty-seven per cent (172/198) had determinations for FEP. ZPP/H was available for 128
infants, 120 of whom also had FEP. Combined, 180 infants had FEP or ZPP/H or both. In
reporting results, we focus on FEP due to the higher number of assessments and its use in
NHANES. However, FEP results in μg/dl red blood cells are also expressed as μmol/mol heme
for ease of consideration in relation to ZPP/H, which is currently recommended [39]. Values
for transferrin saturation, ferritin, TfR, and body iron were available for 141–147 infants (71–
74%). A total of 132 infants had complete data for the measures used to determine iron status
in NHANES II or III (i.e., Hb, MCV, FEP, transferrin saturation, and ferritin). Missing data
were due to technical problems, such as trouble obtaining sufficient blood. Children with
missing values had somewhat lower MCV and higher RDW values than children with a full
set of measures (P values < 0.05).
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Quantitative CRP and AGP data were available for 139 and 142 infants, respectively. AGP >
130 mg/l or CRP > 3 mg/l or both were considered to indicate inflammation.

Describing Iron Status
Iron status was examined in three ways.

1. Hb and iron measures were described as continuous variables and compared with data
for African-American infants in NHANES III. From the NHANESIII database [40],
we extracted data for infants most similar to those in our sample. Specifically, we
selected African-American infants 12–23 months of age with lead concentrations <
10 μg/dl (n = 178).

2. The prevalence of iron deficiency and iron deficiency anemia among study infants
was determined according to three different expert sources with different
recommendations for measures and cutoffs: MCV model—NHANES II [25], ferritin
model—NHANES III [6], and the Sweden/Honduras study [29]. The following
strategy was employed: the percentage of infants with values indicative of iron
deficiency was calculated for each parameter based on the cutoffs for a given source;
the number of abnormal iron measures was determined for each infant for each set of
cutoffs; and the proportion of the sample with two or more abnormal iron measures
(our criterion for iron deficiency) was calculated. A lower cutoff for defining anemia
among blacks is sometimes recommended [14,41]. Therefore, we calculated the
prevalence of anemia and iron deficiency anemia at both Hb < 110 g/l and lower
concentrations (<105 g/l or < 100 g/l). Anemia was defined as Hb below cutoff and
iron deficiency anemia as the combination of a low Hb concentration and two or more
abnormal iron measures. It should be noted that infants in our study were younger
than the 1- to 2-year age range covered by NHANES surveys. However, we
considered NHANES cutoffs to be applicable, since previous research has shown little
or no differences in the 6- to 24-month age range for Hb, MCV, FEP, transferrin
saturation, or ferritin [42–44].

3. The final approach was to compute the body iron content in mg iron/kg of body weight
based on the algorithm published by Cook et al. [30]. We then computed the
cumulative distribution of body iron and utilized body iron < 0 mg/kg as another
definition of “iron deficiency” in assessing prevalence.

Statistics
The Student t test was used to test for differences between the Detroit sample and African-
American 1-year-olds in NHANES III. This statistic was also used to test for differences in
iron status measures related to gender or other conditions that might affect iron status or iron
measures or both. The Chi square test was used to test differences in dichotomous variables.
In light of missing data for some iron measures, proportions were calculated with the
denominator being the number with available data for a given parameter. All statistical analyses
were performed using SAS for Windows, version 9.1 (SAS Institute, Cary, NC).

RESULTS
The mean, standard deviation, and range for Hb and iron measures are shown in Table II. The
severity of anemia was generally mild, with the lowest Hb being 95 g/l and a prevalence of
anemia of 25.3, 10.1, or 1.5 at cutoffs < 110 g/l, 105 g/l, or 100 g/l, respectively. Erythrocyte
protoporphyrin values were generally elevated. The mean FEP was 86.6 μg/dl red blood cells
(75.5 μmol/mol heme), well above the cutoff of 80 μg/dl red blood cells (1.42 μmol/l)
considered by NHANES and the Centers for Disease Control (CDC) to be the upper limit of
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normal for age [6,25,26]. ZPP/H values were also high. The mean ZPP/H was 82.5 μmol/mol
heme (94.6 μg/dl red blood cells). Higher values for ZPP/H were expected, since these were
determined in fresh whole blood within 1–2 days, whereas specimens for FEP were frozen and
shipped. Nonetheless, the correlation between FEP and ZPP/H was 0.79 for the 120 infants
with both assessments, indicating good agreement despite freezing and shipping. Lead
concentrations averaged 2.6 μg/dl (0.12 μmol/l), and, by entrance criteria, all values were <10
μg/dl. There were no gender differences on any iron measure, with or without control for birth
weight (all P values > 0.12). Comparing infants born prematurely and/or with birth weight <
2.5 kg (n = 20) to the rest of the sample, there were no differences on any iron status measure.

As shown in Table II, the Detroit sample was similar to African-American 1-year-olds (12–23
months) in NHANES III with respect to Hb and MCV. FEP values were 25 μg/dl higher in the
Detroit sample (86.6 vs. 61.5 μg/dl red blood cells, P < 0.001). RDW, transferrin saturation,
ferritin, and lead were worse in the NHANES subsample (P values 0.03 to <0.001)

The prevalence of iron deficiency was estimated based on the proportion of infants with two
or more iron measures in the “abnormal” range as defined by different sources (Table III). The
MCV model utilized in NHANES II (FEP, transferrin saturation, and MCV) yielded an estimate
of 14.4% iron deficiency overall. The ferritin model utilized in NHANES III (FEP, transferrin
saturation, and ferritin) resulted in a considerably lower estimate of 5.3% iron deficiency
overall. Corresponding estimates of iron deficiency with anemia were 6.1 and 2.3%,
respectively, using Hb < 110 g/l, the cutoff in NHANES II and III. The approach recommended
in the Sweden/Honduras study of breast-fed infants at 9–12 months of age, with more stringent
cutoffs given for five iron status measures and Hb, yielded prevalence estimates of 2.5% for
iron deficiency and 1.5% for iron deficiency anemia. There are as yet no established norms for
TfR in infants, but the Sweden/Honduras study considered “abnormal” TfR > 11 mg/l. Only
one infant in our study had a value above this cutoff.

Values for the new body iron index (mg/kg body weight) were normally distributed. The 50th
percentile was 5.3 mg/kg, with 4.1% of values < 0 mg/kg (“iron deficient”) (Fig. 1). There was
no greater prevalence of low Hb or MCV or elevated FEP in infants with body iron < 0,
compared with those between 0 and 1 or between 1 and 2 mg iron/kg (data not shown). Body
iron was highly correlated with ferritin (r values = 0.87 for serum ferritin and 0.99 for log
ferritin). Among the other iron measures, body iron was modestly related only to Hb and RDW
(r values = −0.17 and −0.21, respectively, P < 0.05). Table IV provides correlations among all
iron status measures.

FEP stands out among the indicators of iron status as showing a high prevalence of values in
the range consistent with iron deficiency. As shown in Table IV, FEP (and ZPP/H to an even
greater degree) significantly correlated with all iron status measures except transferrin
saturation. Correlations with Hb, MCV, log ferritin, and body iron were moderate (r magnitude
0.19–0.30); those for RDW and TfR were considerably higher (r magnitude 0.30–0.53). Over
half the infants (52.3%) had values above the NHANES cutoff of 80 μg/dl red blood cells (69
μmol/mol heme), and 23.3% were above the Sweden/Honduras cutoff of 103 μg/dl red blood
cells (90 μmol/mol heme). Infants with FEP > 80 μg/dl red blood cells, compared with those
with values below cutoff, had lower values for Hb (114 vs. 117 g/l, P < 0.05) and higher values
for RDW (13.3 vs. 12.8%, P < 0.001) and TfR (5.6 vs. 5.0 mg/l, P < 0.05). In 44% of them, a
second iron measure also indicated iron deficiency (MCV, ferritin, or transferrin saturation per
NHANES cutoffs or RDW > 14% per Centers for Disease Control cutoff [26]). However, there
was no relationship to ferritin at any concentration.

We also considered a possible role for inflammation/infection. Biochemical evidence of an
inflammatory response was present in only 18 infants (8 with AGP > 130 mg/l, 8 with CRP >
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3 mg/l, and 2 with both parameters altered). These values constituted 7.0 and 7.2% of the
available AGP and CRP specimens, respectively. Infants with elevated AGP or CRP values or
both did not have higher FEP or ZPP/H values than the rest of the sample, and those with high
FEP values did not have higher AGP or CRP. However, infants with evidence of inflammation
showed lower transferrin saturation (24.4% vs. 17.7%) and higher ferritin concentrations (52.4
μg/l vs. 34.7 μg/l) (P values < 0.01).

DISCUSSION
In this sample of 9-month-old African-American infants in inner-city Detroit, we expected iron
deficiency to be uncommon, since virtually all infants received iron-fortified formula. The
proportion with Hb concentrations < 110 g/l was about 25%, like that reported in other
impoverished African-American populations [11,45,46]. In keeping with the use of iron-
fortified formula, the proportion meeting NHANES III criteria for iron deficiency (5.3%) was
lower than the national average for older infants and toddlers (9%) [6]. However, the proportion
meeting criteria for iron deficiency was considerably higher using NHANES II criteria—
14.4%, indicating that inclusion of MCV as a criterion measure, rather than ferritin as in
NHANES III, substantially altered the estimate of iron deficiency. Thus, estimates of the
prevalence of iron deficiency varied substantially, depending on the approach used.

An elevated erythrocyte protoporphyrin concentration is considered a good indicator of iron
deficiency [47–50], as it can reflect the functionally significant condition of inadequate iron
for hemoglobin synthesis. In fact, several investigators conclude that hemoglobin is no longer
the preferred way to screen for iron deficiency in US infants [51–53]. In the current study,
average FEP (and ZPP/H) values were unexpectedly high. The overall mean FEP of 86.6 μg/
dl red blood cells (75 μmol/mole heme) was substantially higher than that of African-American
12- to 23-month-olds in NHANES III (61 μg/dl red blood cells), US national averages for 1-
to 2-year-olds in NHANES II and III (63–69 μg/dl red blood cells) [6,25], and average ZPP/
H values in 9-month-old infants (47–56 μmol/mol heme) in more recent studies [29,54].
Laboratory error is unlikely to account for the differences. FEP determinations were performed
by ARUP Laboratories, a national reference laboratory at the University of Utah that maintains
rigorous standards and is utilized by over half the university teaching hospitals and children’s
hospitals in the US. High ZPP/H values were also observed as a hematofluorometer became
available to the project. Thus, two different laboratories, utilizing different equipment and
different techniques, obtained elevated values. We found no evidence that inflammation
accounted for the high values. A newborn screening program has not identified higher than
usual prevalence of hemoglobinopathies in this population. That iron deficiency contributes to
the high FEP and ZPP/H concentrations is supported by the modest to substantial correlations
between FEP and ZPP/H with other measures of iron status and the fact that almost 50% of
infants with an elevated FEP had another iron measure in the abnormal range. Nonetheless,
this interpretation cannot be proved with the available data, and our observation of high
erythrocyte protoporphyrin concentrations in these young inner-city African-American infants
warrants further investigation.

The study’s comprehensive panel of iron status indicators included a relatively new measure
—total body iron, which depends on both ferritin and TfR. The estimated prevalence of iron
deficiency using body iron (4.1%) was quite similar to that in the ferritin model (NHANES
III). The body iron calculation has been reported in young children in only one previous study
(in Bolivia) [32]. In that analysis, body iron < 0 mg/kg was associated with some hematologic
changes indicating inadequate delivery of iron to bone marrow. We found no relationship
between body iron < 0 mg//kg and indicators of inadequate delivery. However, our results
cannot be directly compared with the Bolivia study, because the above analysis was not
reported separately for infants < 1 year of age. Iron fortification/supplementation was not
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routine in the Bolivia study, whereas it was close to universal in the Detroit sample. In our
sample, body iron was so highly correlated with ferritin (whether or not log transformed) that
it added little or no information about iron status. Thus, despite the promise of this new index,
its usefulness in young infants is unclear.

Regulation of iron absorption and storage is not fully mature in young infants [55–57], making
it difficult to interpret measures connected to iron storage, such as ferritin and body iron. The
phlebotomy studies in adults that established the progression from iron sufficiency to iron
deficiency [58,59] and were used to calculate body iron [31] may not apply to young infants.
In phlebotomized adults, for instance, FEP does not become elevated until iron stores are
depleted [19]. Yet in the present study, most infants with elevated FEP had normal ferritin
values, and there was no level of ferritin at which FEP was consistently high. If the high FEP
values reflect inadequate iron for normal erythropoiesis, as other findings in the study indicate,
this would imply that the progression of changes in iron status measures is different in young
infants. Other research suggests this is the case. For instance, Lind et al. concluded that iron
regulation is dynamic in infancy, with dietary iron channeled to red cell production in the 1st
year of life and not to storage until the 2nd year [57]. Thus, it seems imperative to confirm
which iron status indicators show functional limitations of available iron in young infants and
be cautious about applying approaches based on phlebotomized adults.

Turning to other results, we found no differences between male and female infants on any
individual iron measure or the proportion meeting criterion for iron deficiency with or without
anemia. These results are in contrast to the gender differences observed in some other studies
[60–62]. Although the explanation for the differing findings is not readily apparent, iron
supplementation may play an important role. In a recent analysis of a large Chilean sample
[63], we found that male infants were not at increased risk for iron deficiency under conditions
of iron supplementation. Taken together with results in the Detroit sample, where infants were
also on iron-fortified formula, the findings indicate that gender-specific standards for iron
measures in infancy should not be adopted without further research among infants of different
ethnic origin and in different circumstances regarding iron supplementation.

Limitations
The data were collected in the course of identifying infants for a study of brain and behavior
in early iron deficiency. Thus, there was no mechanism for monitoring iron therapy or
hematologic response to iron or both in the clinic population in general. Dietary information
was not collected prospectively or in detail. Our results may underestimate the prevalence of
iron deficiency among inner-city African-American infants and toddlers. At 9 months, study
infants were still consuming iron-fortified formula and were just entering the age period at
highest risk for iron deficiency. It seems reasonable to expect lower iron stores and more iron-
deficient erythropoiesis as infants switch from iron-fortified formula to unmodified cow milk.
Our results may also be conservative because infants with the complete panel of iron status
measures seemed to have better iron status than infants missing the extra blood work. Despite
these limitations, the study provides current data on a comprehensive set of iron status
indicators in young inner-city black infants.

In sum, Hb < 110 g/l was observed in about a quarter of this sample of 9-month-old African-
American infants in inner-city Detroit. FEP and ZPP/H concentrations were considerably
higher than generally observed in US infants and toddlers. The high values did not appear to
be due to laboratory error or inflammation. Associations with other iron status measures
suggested iron deficiency as a possible cause. However, the true prevalence of iron deficiency
with or without anemia could not be established with confidence due to differences in the
estimates, depending on the approach and whether or not measures related to iron storage were
criterion measures. The regulation of iron storage is not mature in the first year of life, and
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hence, the utility of serum ferritin and the calculated body iron measure is uncertain. Functional
definitions of iron deficiency in young infants are urgently needed but remain elusive.
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Fig 1.
Cumulative distribution plot of body iron in African-American 9-month-old infants. The
median body iron (5.3 mg/kg) is shown, along with the proportion with body iron < 0 mg/kg
(shaded area), indicating iron deficiency in 4.1%.

Lozoff et al. Page 13

Am J Hematol. Author manuscript; available in PMC 2007 July 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Lozoff et al. Page 14

TABLE I
Sample Description

Infant characteristics
 Gender (female) 54% (107)
 Birth weight (kg) 3.26 ± 0.73
 Premature (<37 weeks) 10% (20)
 Low birth weight (<2.5 kg) 12% (23)
 Cesarean section 18% (36)
 Formula with iron 94% (185)
 Some breast feeding 33% (66)
 If breast fed, duration (weeks) 18.5 ± 12.9
Family characteristics
 Mother’s age (years) 25.3 ± 5.9
 Teen birth (<18 years) 4.5% (9)
 Number of children 1.8 ± 1.0
 Marital status (married) 15% (29)
 Mother’s education (years) 12.8 ± 1.5
 Type of insurance (Medicaid) 87% (172)

Values are percent (number) for categorical variables and mean ± SD for continuous variables.
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TABLE II
Hematologic and Biochemical Measures: Detroit Sample vs. African-American 1-Year-Olds in NHANES III

Detroit sample NHANES III subsample

n Mean ± SD n Mean ± SD

Hb (g/l) 198 116.2 ± 9.1 (95.0–137.0)a 178 116.6 ± 8.0 (92.5–143.0)a
MCV (fl) 198 77.3 ± 4.6 (63.3–88.2) 178 77.1 ± 5.4 (61.9–90.5)
RDW (%)* 198 13.2 ± 1.1 (11.0–20.0) 178 13.5 ± 1.3 (11.2–18.2)
FEP (μg/dl red blood cells)**
[μmol/mol heme]

172 86.6 ± 32.0 (27–218) [75.5 ± 27.9
(24–190)]

178 61.5 ± 28.3 (27–204) [53.6 ± 24.7 (24–
178)]

ZPP/H μmol/mol heme 82.5 ± 29.9 (22–222) NA
Transferrin saturation (%)** 141 23.6 ± 9.1 (6.1–52.6) 178 15.6 ± 8.0 (3.0–44.1)
Ferritin (μg/l)* 147 37.0 ± 25.3 (2.5–152.4) 178 29.3 ± 37.1 (3–369)
TfR (mg/l) 145 5.3 ± 1.7 (2.0–11.2) NA
Body iron (mg/kg) 147 5.0 ± 2.8 (±6.82–14.25) NA
AGP (mg/l) 142 76.6 ± 32.8 (26.3–187.1) NA
CRP (mg/l) 139 0.9 ± 2.0 (0–16.5) NA
Lead (μg/dl)*** 167 2.6 ± 1.6 (0–8.0) 178 4.8 ± 2.1 (0.7–9.8)

Significance levels of differences between the Detroit sample and 12- to 23-month-old African-American infants in NHANES III are based on the Student
t test.

a
Values in parentheses indicate range.

*
P < 0.05,

**
P < 0.001. NA, not available.
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TABLE III
Percent Abnormal in Detroit Sample by Different Iron Status Criteria

NHANES II NHANES III Sweden/Honduras

n Cutoff %
Abnormal

(n)

Cutoff %
Abnormal

(n)

Cutoff %
Abnormal

(n)

Individual iron measures
 Hb (g/l) 198 <110 25.3 (50)a <110 25.3 (50)a <100 1.5 (3)a

 MCV (fl)b 198 <74 23.2 (46) NA <71 8.6 (17)
 FEP (μg/dl red blood
cells) [μmol/mol heme]

172 >80 [>69] 52.3 (90) >80 [>69] 52.3 (90) >103 [>90] 23.3 (40)

 
Transferrin saturation

141 <12 7.8 (11) <10 5.0 (7) NA

 Ferritin (μg/l) 147 NA <10 4.8 (7) <5 1.4 (2)
 TfR (mg/l) 145 NA NA >11 0.7 (1)
Iron deficiency/iron
deficiency anemia (n)

132c 132c 198

 Iron deficiency (≥2
abnormalities)

14.4 (19) 5.3 (7) 2.5 (5)

 Anemia + iron
deficiency

6.1 (8) 2.3 (3) 1.5 (3)

a
Values in parentheses indicate number of cases.

b
As recommended by the CDC (26), the MCV cut-off was 74 fl (instead of 73 fl) to reflect changes in methods for determining hematocrit and possibly

red cell counts.

c
The n for estimating the proportion with iron deficiency or iron deficiency anemia using NHANES criteria was based on infants with complete data for

Hb, MCV, FEP, transferrin saturation, and ferritin.
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