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Abstract: Iron deficiency in the fetal and neonatal period (perinatal iron deficiency) bodes poorly for
neurodevelopment. Given its common occurrence and the negative impact on brain development, a
screening and treatment strategy that is focused on optimizing brain development in perinatal iron
deficiency is necessary. Pediatric societies currently recommend a universal iron supplementation
strategy for full-term and preterm infants that does not consider individual variation in body iron
status and thus could lead to undertreatment or overtreatment. Moreover, the focus is on hemato-
logical normalcy and not optimal brain development. Several serum iron indices and hematological
parameters in the perinatal period are associated with a risk of abnormal neurodevelopment, sug-
gesting their potential use as biomarkers for screening and monitoring treatment in infants at risk
for perinatal iron deficiency. A biomarker-based screening and treatment strategy that is focused on

optimizing brain development will likely improve outcomes in perinatal iron deficiency.
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1. Introduction

Iron deficiency (ID), the most common micronutrient deficiency in the world, affects
30-60% of pregnancies globally [1-3]. In the United States, 40% of pregnant women have
evidence of ID in the third trimester with Black, Hispanic, teens, and recent immigrants
being at a higher risk [3-6]. Forty to sixty percent of infants born to mothers with ID anemia
have evidence of ID in the fetal and neonatal (perinatal) period [7,8]. Additionally, gesta-
tional conditions, such as maternal diabetes, obesity, placental dysfunction, and preterm
delivery, predispose the offspring to brain ID [9-12]. Iron is essential for mitochondrial
health, energy production, synaptogenesis, neurotransmission, and myelination. Perinatal
ID disrupts these processes and impairs brain development, leading to long-term deficits
in attention, recognition memory, executive functioning, and neurodevelopmental and
intellectual disorders in adolescence and adulthood [7,8,13-18]. Perinatal ID also predis-
poses to early ID in infancy [19,20], a period when brain development is still active, further
compounding the adverse effects. Given the risk of long-term neurological deficits, early
diagnosis and prompt treatment are necessary for ensuring normal neurodevelopment in
perinatal ID.

2. Perinatal Iron Metabolism

The fetus is dependent on the mother for iron needs. The regulation of maternal-
placental-fetal iron transport is beyond the scope of this review. Excellent reviews are
available elsewhere [21-23]. Maternal-fetal iron transport occurs throughout gestation.
However, 80% of fetal iron accretion occurs in the third trimester, when daily iron delivery
approaches 1-2 mg/kg. The total body iron content of a fetus in the third trimester is
75 mg/kg [24]. Approximately 75-80% is in red blood cells (RBC) as hemoglobin, 10% in
iron-containing proteins (e.g., cytochromes and myoglobin), and the remaining 10-15% in
storage form, primarily as ferritin [24,25].
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3. Interorgan Prioritization of Iron

Iron is prioritized to RBC over all other organs in a predetermined order during
negative iron balance. Storage and tissue iron are depleted first with the liver and skeletal
muscle becoming iron deficient prior to the heart and brain [9]. The final competition for
available iron is between RBC for heme synthesis and the brain, with the brain becoming
iron deficient prior to the onset of anemia [26]. It is brain ID that is responsible for the
adverse neurological effects in perinatal ID [27-29]. A similar prioritization favoring RBC
over other organs occurs during iron repletion, leaving the brain iron deficient even after
the resolution of anemia [30]. The efficacy of iron treatment for correcting brain ID and
preventing adverse neurological effects is time sensitive [29,31], and iron transport across
the blood-brain barrier is developmentally regulated [32,33]. Thus, there is a narrow
therapeutic window for correcting brain ID and preventing neurodevelopmental deficits in
perinatal ID. Figure 1 depicts the common causes of perinatal ID, the impact of interorgan
prioritization on the developing organ systems, and laboratory indicators reflective of
those effects.
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Figure 1. Common causes of perinatal ID, the impact of interorgan prioritization on the developing
organ systems, and laboratory indicators reflective of those effects. Abbreviations: CHD, congenital
heart disease; CSF, cerebrospinal fluid; ESA, erythropoiesis-stimulating agent; Hgb, hemoglobin;
ID, iron deficiency; MCV, mean corpuscular volume; ‘omic, proteomic and metabolomic; Ret-Hgb,
reticulocyte hemoglobin content; sTfR, soluble transferrin receptor; TIBC, total iron-binding capacity;
TSAT, transferrin saturation; UIBC, unsaturated iron-binding capacity; ZnPP/H, zinc protoporphyrin-
to-heme ratio. * based on data from preclinical models.

4. Effects of Perinatal ID on Neurodevelopment

Human data and animal models demonstrate that the hippocampus, a brain region
central to recognition or explicit memory, and the striatum, important for implicit memory,
are highly vulnerable in perinatal ID [27,34-39]. In human infants and mouse, rat, and piglet
models, perinatal ID leads to a smaller hippocampus and recognition memory deficits that
persist long term despite the resolution of ID [27,34,39-49]. Two transgenic mouse models
of hippocampal neuron-specific ID confirm that the adverse effects are due to hippocampal
neuronal ID and are independent of anemia [29,50-52]. Additional studies in full-term
infants have demonstrated that perinatal ID is associated with negative emotionality, lower
alertness, and soothability in the neonatal period [53]; impaired recognition memory and
locomotion in infancy [40,54]; and poor mental, psychomotor, cognitive, and behavioral
deficits in childhood [41,55]. Perinatal ID due to maternal gestational diabetes is associated
with impaired recognition memory at birth [27] and behavioral abnormalities at 5 years of
age [56]. In preterm infants, perinatal ID is associated with increased abnormal reflexes
indicative of a poor neurobehavioral status at 37 weeks postmenstrual age (PMA) [57],
and increased risk of behavioral abnormalities at 7 years of age [42]. In both full-term and
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preterm infants, perinatal ID is associated with abnormal auditory brain stem responses
(ABR) in the neonatal period that are indicative of delayed myelination [58,59].

5. Biomarkers of Brain Dysfunction in Perinatal ID

Given the risk of long-term neurological impairments and a narrow therapeutic win-
dow, biomarkers that predict the risk of brain dysfunction early, when it is still possible to
reverse it with iron treatment, are necessary to ensure optimal brain development in perina-
tal ID [60]. A biomarker is defined as a molecular, histologic, radiographic, or physiologic
characteristic that is measured as an indicator of normal biological processes, pathogenic
processes, or biological responses to an exposure or intervention, including therapeutic
interventions [61]. To be of practical use, such biomarkers should be present in an easily
accessible compartment (e.g., in blood), not require large specimen volumes or elaborate
collection or analytical procedures, and easily determined in a clinical laboratory with
immediate availability of results. Such a biomarker for the prevention of brain dysfunction
in perinatal ID does not exist, however, and is a major barrier to optimizing brain iron
status in neonates [62]. Some electrophysiological measures (e.g., ABR and event-related
potentials [ERP]) are sensitive for the early detection of the effects of perinatal ID on the
brain [27,40,58,59,63], but either lack specificity (as in the case of ABR) or require expertise
for administration and data interpretation (as in the case of ERP). Likewise, magnetic
resonance imaging is useful for determining the effects of ID on the developing brain
regions [34,64], but is not practical for routine screening in the clinic.

A hematology panel consisting of serum iron indices and RBC parameters is typically
employed for assessing perinatal iron status (reviewed in [60,65,66]). However, they are
primarily used for achieving hematological normalcy and lack sensitivity and specificity
for brain iron status or brain health [67,68]. Furthermore, most of the studies are based
on cord blood values [60,66]. While cord blood assessment has practical utility given the
relative ease of collection and avoidance of additional phlebotomy blood loss in the infant,
cord blood values by themselves are unlikely to provide complete information about the
perinatal iron status as they do not account for the postnatal changes due to physiological
reasons (e.g., physiological anemia), pathologic conditions (e.g., cyanotic congenital heart
defects), or iatrogenic causes (e.g., phlebotomy blood loss, RBC transfusions, the admin-
istration of an erythropoiesis-stimulating agent [ESA] and iron supplementation), all of
which affect body iron status. The advantages and disadvantages of some of the commonly
used serum iron panel and RBC parameters are given in Table 1 and discussed below.

Table 1. Hematological indices in perinatal iron deficiency.

Indicator of

Laboratory Test

Advantages

Disadvantages

Hemoglobin, hematocrit, mean
cellular volume

Anemia

Ease of determination. Immediate
availability of results.

Lack sensitivity and specificity for ID,
brain ID, and brain dysfunction.

Serum ferritin (SF)

Iron stores

Low SF is specific for ID. Known
association between cord SF and short-
and long-term neurodevelopment.

Falsely elevated in inflammation. Poor
relationship between SF after birth and
neurodevelopment.

Serum iron panel (iron, transferrin saturation,
total iron-binding capacity, unsaturated
iron-binding capacity)

Iron deficiency

Detects preanemic ID. Predicts
ID-induced brain dysfunction in the
preanemic period *.

Affected by diet and inflammation.
Requires additional blood volume. Lack
of reference values in preterm infants.

Soluble serum transferrin (sTfR)

Intracellular iron status

sTfR:SF ratio indicates body iron status
and useful for monitoring response to
iron treatment. Association between
postnatal sTfR and neurodevelopment.

No data on relationship between
cord /neonatal sTfR and
neurodevelopment.

Hepcidin

Regulation of iron
absorption

Availability of reference values across the
gestational age spectrum.

Altered by multiple factors. No data on
sensitivity for detection of brain ID or
dysfunction.

Zinc protoporphyrin-to-heme ratio

Iron-deficient
erythropoiesis

Predicts impending anemia. Association
with neurodevelopment.

Not universally available.

Reticulocyte hemoglobin

Bone marrow iron
deficiency

Predicts impending anemia, brain ID,
and brain dysfunction *. Component of
CBC in some analyzers. Does not require
additional blood volume.

Not available in all analyzers. Falsely low
in hemoglobinopathies. Sensitivity for
predicting long-term neurodevelopment
unknown.

CBC, complete blood count; ID, iron deficiency. * based on data from preclinical models.
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5.1. Serum Iron Panel

Laboratory markers of iron metabolism in serum can be categorized as (1) parameters
determining storage and functional iron pool (ferritin, serum iron, total iron-binding
capacity, transferrin, and transferrin saturation); (2) proteins regulating iron absorption
and release from tissues stores (hepcidin, soluble ferroportin-1, and soluble hemojuvelin);
and (3) proteins indicating erythropoietic activity (erythropoietin (EPO), soluble transferrin
receptor (sTfR), and erythroferrone [69,70]). Some of the more extensively studied perinatal
iron indices are reviewed below.

5.1.1. Serum Ferritin

Serum ferritin (SF) indexes storage iron. Cord blood SF levels increase between 23 and
41 weeks of gestation [11,71]. Normative cord blood SF values are available for full-term
and preterm infants [11,66]. A low SF is a reliable biomarker of ID as it is not seen in
any other condition. An SF <75 pg/L in the cord blood or neonatal period is typically
considered evidence of ID [8,65,72,73]. Such values are associated with a slower ABR in full-
term and preterm infants [58,59]; abnormal neonatal reflexes at 37 weeks PMA in preterm
infants [57]; and a poor performance in mental and psychomotor tests at 5 years of age
in full-term infants [41,56]. A cord SF < 35 ng/L likely indexes brain ID and is associated
with impaired recognition memory at birth in full-term infants of diabetic mothers [27].
A problem with SF is that levels could be increased in inflammatory conditions and after
packed RBC transfusions [74,75], making SF a poor predictor of ID under those conditions.
Similar to low SF, high cord blood SF (>188 ng/L) is also associated with impaired mental
and psychomotor development at 5 years of age in full-term infants [41], most likely due to
inflammation or other confounders. Consistent with the latter possibility, a study failed
to find an association between SF > 400 ng/L and neurodevelopmental impairment at
8-12 months of age in 24-32-week gestational age preterm infants after controlling for
confounders [76].

Unlike cord blood values, SF in the postnatal period is a poor biomarker of ID, risk
of neurodevelopmental deficits, or response to iron treatment, especially in extremely
low gestational age neonates (ELGAN; gestational age at birth < 28 weeks) [77,78]. A
secondary analysis of the NICHD Darbepoetin Trial in ELGAN (Darbe Trial; NCT03169881)
found no relationship between SF and ID (defined as low reticulocyte hemoglobin or low
mean corpuscular volume) either in the early (<27 days after birth) or late (>28 days)
neonatal period [77]. An iron balance study in stable, 30-week gestation preterm infants
demonstrated a lack of relationship between SF and enteral iron absorption [79]. In another
study of ELGAN, there were no relationships between the minimum, maximum, and
median SF values during Neonatal Intensive Care Unit (NICU) stay and Bailey Scales
of Infant Development (BSID)-III scores at 24 months corrected age [78]. The correlation
between the median or maximum SF values and BSID scores improved when infants with
evidence of inflammation were excluded from the analysis, highlighting the low sensitivity
of SF for predicting neurodevelopmental impairment in the presence of inflammation.

Urine ferritin correlates with SF [80,81] and offers a non-invasive method for screening
for perinatal ID. A urine ferritin < 12 ng/mL corrected for urine creatine and specific
gravity has 82% sensitivity and 100% specificity for detecting iron-limited erythropoiesis
in neonates at risk for ID, with a positive predictive value of 100% [80]. However, the
method may not be feasible in small preterm infants as it requires a relatively large volume
of urine, and the assay lacks sensitivity in severe ID [81]. The sensitivity of urine ferritin as
a biomarker of brain iron status and health has yet to be determined.

5.1.2. Serum Iron, Iron-Binding Capacity, and Transferrin Saturation

Serum iron, iron-binding capacity, and transferrin saturation are measures of the
amount of iron being transported in the plasma. The reference ranges in the cord blood for
all three are available for full-term and preterm infants [66,82,83].
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A systematic review of 51 published studies showed that cord blood serum iron
concentrations are higher in preterm infants (46.8 pmol/L; 95% CI: 29.7, 63.8 umol/L) in
comparison to full-term infants (28.4 umol/L; 95% CI: 26.0, 31.1 umol/L) [83]. Some other
studies have found an opposite effect [84-86]. The lower serum iron levels in the preterm
infants in those studies persisted throughout infancy despite iron supplementation [84-86].
Serum iron concentration remains stable during the first month after birth, followed by
a decrease until 6 months, and is maintained at that level until 12 months [83,87]. Lower
levels are present in the cord blood of infants with perinatal ID due to maternal diabetes [82].
A similar effect was not present in infants born to mothers with ID anemia, in spite of a
greater risk for ID and anemia later in infancy [88-90]. A selective iron uptake by the fetus
is considered responsible for this effect [85]. Only infants born to mothers with severe ID
anemia evince lower serum iron levels in cord blood [91]. Serum iron increases acutely
after an RBC transfusion, earlier than serum ferritin, in preterm infants [92,93].

Total iron-binding capacity (TIBC) and unsaturated iron-binding capacity (UIBC)
reflect the capacity of transferrin, the major iron transporter in plasma, to bind to iron.
UIBC refers to the transferrin available for binding with iron (i.e., the binding capacity
of transferrin), while TIBC is the sum of serum iron and UIBC [94]. During ID, there is
a relative increase in plasma transferrin, giving rise to an increased UIBC and TIBC. In
full-term infants, TIBC increases in infancy with the values at 12 months (60 umol/L) being
approximately double of the values at 2 weeks of age (35 umol/L) [87]. Compared with
full-term infants, preterm infants have a higher TIBC throughout infancy [72,84-87]. TIBC
in the cord blood and neonatal period is increased in perinatal ID [95]. A TIBC > 60 pmol/L
is typically considered evidence of ID at 6 months, although it is prudent to rely on lab-
specific normative values [96,97]. TIBC decreases following RBC transfusions in preterm
infants [92].

Transferrin saturation (TSAT) is the percentage of serum iron that is bound to transfer-
rin and is calculated as serum iron/TIBC x 100 [94]. Gestational age-specific cord blood
TSAT reference values from 30 to 42 weeks are available [66]. Mean cord blood TSAT is
higher in full-term infants (51.7%; 95% CI: 46.5%, 56.9%) than in preterm infants (36.5%;
95% CI: 0.8%, 72.1%) [83]. The values decrease to 23% (95% CI: 10%, 33%) at 6 months of
age and are maintained at this level until 12 months of age [87]. A TSAT < 20% is typically
considered evidence of ID in the neonatal period in preterm infants [72]. A lower value
(<15% or <10%) is used after 4-6 months of age [87,95,98].

There are no human studies that have investigated the sensitivity of the serum iron
panel for predicting the risk of brain dysfunction in perinatal ID. In our experiments in a
non-human primate model of infantile ID, all four serum iron indices—serum iron, UIBC,
TIBC, and TSAT—predicted the future risk of anemia and ID-induced brain metabolic
dysfunction in the preanemic period with comparable predictive accuracy [67,99].

5.1.3. Hepcidin

Hepcidin is the central regulator of iron absorption, cycling, and storage in the body.
Hepcidin is downregulated during ID, thereby promoting iron absorption in the gastroin-
testinal tract. Hepcidin-based iron regulation is active in newborn infants [100-103]. Refer-
ence ranges for cord blood hepcidin are available from 24 to 42 weeks of gestation [104].
Compared with preterm infants, cord blood hepcidin levels are higher in full-term in-
fants [83] and the levels double in the first month after birth. A hepcidin level < 16 ng/mL
at 4 months of age indicates ID [102]. As with SF, it is possible to determine hepcidin
in urine. The urine hepcidin level correlates with the serum hepcidin level in preterm
infants [105] and offers a non-invasive screening method. The urine hepcidin/creatinine
ratio correlates positively with SF and negatively with the zinc protoporphyrin-to-heme
ratio in ELGAN [100]. Hepcidin is affected by RBC transfusions, ESA administration, iron
treatment, infection, and inflammation [100,101,104-107]. There are no data on hepcidin’s
sensitivity as a biomarker of brain dysfunction in perinatal ID.
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5.1.4. Soluble Transferrin Receptor

Plasma transferrin receptor (TfR) levels increase during infancy, paralleling nor-
mal erythropoiesis and without indicating ID [108]. The soluble transferrin receptor
(sTfR) is a cleaved fragment of the transmembrane TfR that is derived primarily from
reticulocytes [65,66]. sTfR is a marker of intracellular iron status and is increased in tissue
ID and iron-deficient erythropoiesis. sTfR is not affected by inflammation. The ratio of
sTfR to SF gives the total body iron status and is useful for monitoring responses to iron
treatment [109]. A recent study demonstrated an association between an increased sTfR at
5 months of age and poor cognitive function at 5 months and 5 years, suggesting sTfR’s
biomarker potential for predicting long-term neurodevelopmental impairments [110]. Sim-
ilar data for sTfR in the perinatal period are not available.

5.2. RBC Parameters
5.2.1. Hemoglobin

As mentioned, majority of the total body iron is in RBCs as hemoglobin (Hgb). Cord
blood Hgb levels increase in the third trimester of gestation [111]. Using Hgb for screening
has practical utility as the method is universally available and inexpensive. However, Hgb
lacks sensitivity for predicting the risk of ID, impending anemia, brain ID, and ID-induced
brain dysfunction in infancy [9,10,67,68,99]. Hgb represents the average of values from
RBCs of different ages spanning 90 to 120 days and therefore is not a good indicator of
the current iron status. The gestational conditions associated with chronic in utero or
postnatal hypoxia (e.g., maternal diabetes, placental dysfunction and cyanotic congenital
heart diseases) could be associated with brain tissue ID without affecting Hgb levels (which
in severe cases of hypoxia could be even increased) [9,50,51,72,112]. Conversely, a low
Hgb could be due to physiological reasons (e.g., physiological anemia) or causes other
than ID (e.g., hemoglobinopathies, folate deficiency). A recent study found a lack of
association between Hgb values in the first 24 h of birth and 2-year neurodevelopment in
preterm infants of <32 weeks of gestation [111], highlighting the low sensitivity of Hgb as a
biomarker of infant brain health.

5.2.2. Erythrocyte Zinc Protoporphyrin-to-Heme Ratio

The protoporphyrin ring, precursor to the heme molecule, can be detected in circulat-
ing RBC [65]. Under conditions of ID, iron is incorporated into the protoporphyrin ring
and only a trace amount of zinc is present in the protoporphyrin ring. During negative
iron balance, zinc is incorporated in the place of iron, giving rise to an increased zinc
protoporphyrin-to-heme ratio (ZnPP/H) [113-115]. Thus, increased ZnPP/H indicates
iron-deficient erythropoiesis. ZnPP/H in immature RBC has higher sensitivity for detect-
ing mild ID than whole blood ZnPP/H [116]. Reference ZnPP/H values in cord blood
and the neonatal period are available for full-term and preterm infants [66,117]. ZnPP/H
decreases during the third trimester and inversely correlates with gestational age [113].
Cord blood ZnPP/H is higher in preterm infants and in infants at risk for perinatal ID due
to maternal ID, diabetes, obesity, and intrauterine growth restriction [113,117-120]. A cord
blood ZnPP/H > 118 uM/M predicts poor recognition memory at 2 months in full-term
infants [40]. A higher cord blood ZnPP/H is also a predictor of ID at 9 months of age [19].
ZnPP/H decreases during the first 6 weeks after birth in preterm infants, followed by
an increase [114,121]. Compared with SF, ZnPP/H is affected less by inflammation and
RBC transfusions [75,115]. A head-to-head comparison shows that ZnPP/H has greater
sensitivity than SF for predicting neurodevelopmental deficits in ELGAN [40,78]. In one
study, a lower ZnPP/H while in the NICU was associated with higher mean BSID-III
scores in all three (cognitive, language, and motor) domains at 24 months corrected age in
ELGAN [78]. The results were not affected when infants with documented inflammation
were excluded [78]. A problem with ZnPP/H as a biomarker is that the levels could be
affected by RBC transfusions, ESA administration, and iron treatment [113,115,122].
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5.2.3. Reticulocyte Hemoglobin Content

Reticulocyte hemoglobin content (Ret-Hgb, typically abbreviated as CHr or RET-
He, depending on the analyzer used for determination) reflects hemoglobinization in
reticulocytes [123]. Ret-Hgb provides a more real-time information on bone marrow
iron status than Hgb since reticulocytes remain in the circulation for a short time (about
48 h). A low Ret-Hgb indicates the presence of ID. Animal studies show that Ret-Hgb
has comparable predictive accuracy for prognosticating ID and IDA as the serum iron
indices [99]. Ret-Hgpb is affected less by inflammation, diurnal variation, or diet than serum
iron indices [98,124-127]. Additional advantages of Ret-Hgb over serum iron indices are
that it can be determined using a small blood volume from a capillary sample and its lower
cost [128,129]. The small coefficient of variation also makes Ret-Hgb useful for monitoring
the iron status of individual infants during ESA administration or iron treatment [130].

Reference Ret-Hgb values for the first 90 days of birth are available for infants between
22 and 42 weeks of gestation [131,132]. The 5th to 95th percentile reference interval in
neonates is 25-38 pg [74,131,132]. Ret-Hgb levels decline after birth in both preterm
infants and full-term infants, followed by a slow increase once iron supplementation
begins [133,134]. A Ret-Hgb < 29 pg had 85% sensitivity and 73% specificity for detecting
ID at 34 months corrected age in one study [135]. Ret-Hgb provides a better indication of
perinatal ID than SF when the two parameters are discordant [74]. On the negative, a low
Ret-Hgb can be seen in certain hemoglobinopathies, such as « and {3 thalassemia, and all
the analyzers do not provide Ret-Hgb.

5.3. Maternal Peripartum Iron Biomarkers and Infant Neurodevelopment

Maternal ID during pregnancy is the most common cause of perinatal ID world-
wide [1-3]. In addition to causing perinatal ID and affecting iron-dependent developmental
processes in the brain, maternal peripartum ID is associated with poor mother—infant
interaction due to maternal depression, stress, and lower cognitive functioning, further
impacting offspring neurodevelopment [136,137]. In a prospective study of 132 mother-full-
term infant dyads from a well-nourished population at a low risk for ID, the associations
between maternal peripartum iron status (Hgb, SF, sTfR, sTfR/SF ratio, and plasma iron
at 3 months postpartum) and infant cognitive function at 3 months and 9 months were
determined using sophisticated electrophysiological tests [63]. A better maternal peripar-
tum iron status was associated with better infant cognitive performance overall. Higher
maternal plasma iron was associated with a faster speed of processing and better memory;
higher Hgb with better attention and memory; and lower sTfR and higher sTfR/SF ratio
with lower neural response variability, all at 9 months [63]. There was a negative association
between maternal plasma iron and infant neural response variability, indicating a slower
adaptation to stimuli with higher maternal plasma iron.

5.4. Biomarkers of Iron-Dependent Brain Health

The above-mentioned biomarkers primarily index iron status in the heme compart-
ment and not brain iron status or brain health. Molecular biomarkers of iron-dependent
brain health are needed for optimizing brain development through early detection and
treatment. Two recent developments in this area are reviewed below.

In a study involving human newborn infants at risk for perinatal ID due to ma-
ternal anemia, diabetes, or obesity, cord blood exosomal contactin-2 and brain-derived
neurotrophic factor (BDNF), both of which are important for brain development [34,138],
correlated with cord blood SF [12]. Exosomes are small, cell-derived vesicles found in all
the biofluids, carry the same classes of molecules as the parent cell, and thus function as
a snapshot of their cell of origin. Exosomal contactin-2 levels were lower in male infants
at risk for perinatal ID, while BDNF levels were higher in female infants, suggesting their
potential use as sex-specific biomarkers of brain health [12]. Lower cord blood BDNF
concentration with maternal anemia has been reported previously and was associated with
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decreased hippocampal volume at birth [34]. The influence of sex was not assessed in
that study.

Our research wusing a well-characterized nonhuman primate model
of infantile ID [30,139-144] and proteomic and metabolomic analyses of paired serum and
cerebrospinal fluid (CSF) samples has discovered serum biomarkers of metabolic brain dys-
function in the preanemic stage of ID [67,99,141,145-148]. Several neurologically important
metabolites (dopamine, serotonin, and N-acetyl-aspartyl-glutamate) were present in the sera
in the preanemic period and perturbed by parenteral iron treatment [146-148]. Additional
studies in this model confirmed the presence of many neurologically important proteins
and metabolites representing lipid metabolism, precursors of neurotransmitters, purines,
and xenobiotic molecules, and acute phase proteins in the serum and CSF in the preane-
mic period [67,146]. Among these, homostachydrine and stachydrine demonstrated parallel
changes in comparable magnitude in the two compartments [67]. Homostachydrine and
stachydrine are derivatives of pipecolic acid betaine and proline betaine, respectively. Whereas
the biological role of homostachydrine has yet to be completely understood, stachydrine is
known to have neuroprotective effects [149]. Lower homostachydrine and stachydrine in ID
is consistent with our previous study in this model, which also showed that both metabolites
respond to parenteral iron treatment [148]. Given that nonhuman primate infants have a
similar trajectory of brain development and metabolic demand as human infants, and the two
species have identical metabolites and in similar concentrations in the sera [150,151], these
data have translational relevance.

Our recent study also evaluated the sensitivity of conventional iron panel and RBC
indices for predicting the risk of metabolic brain dysfunction in this nonhuman primate
model [67]. Serum iron indices (TSAT, TIBC, and UIBC) and RET-He, but not Hgb or
other RBC indices, predicted the future risk of metabolic brain dysfunction. The predictive
accuracy of RET-He was comparable to that of serum iron indices. A RET-He < 30 pg
at 2 weeks of age accurately predicted the risk of an abnormal CSF metabolite profile at
4 months of age in all infants [67]. These promising results require corroborating studies
in human infants before Ret-Hgb could be recommended for screening and treatment of
perinatal ID in clinical practice.

6. Biomarker-Based Iron Supplementation for Optimizing Neurodevelopment

Pediatric societies in North America and Europe currently recommend a universal iron
supplementation strategy for full-term and preterm infants [152-155]. These recommen-
dations lack uniformity in iron dose, time of initiation, and duration of supplementation.
They also do not consider the iron status of individual infants. Thus, there is a potential
for under- or over-treatment. Moreover, the recommendations focus on hematological
normalcy and not optimization of brain development. Recent data suggest that a stan-
dardized biomarker-based iron dosage strategy in preterm infants addresses some of these
limitations and results in a higher cumulative iron dose, fewer transfusions, and potentially
better neurodevelopment without increasing morbidities [45,156,157]. A biomarker-based
supplementation strategy would also avoid or delay unnecessary iron supplementation in
iron-replete infants [156].

Studies reporting a biomarker-based iron supplementation strategy, typically in the
context of ESA administration in ELGAN, have used TSAT, SF, or ZnPP/H for determining
the timing of supplementation and adjusting the iron dose [45,72,156,157]. Among these,
only the study by German et al. has evaluated the effects on neurodevelopment [45].
This secondary analysis of ELGAN enrolled in the Preterm Erythropoietin (Epo) Neuro-
protection Trial (the PENUT Trial; NCT01378273) [158] found that a standardized iron
supplementation strategy with dosage adjustments based on SF or ZnPP/H at 14 days
and 42 days after birth resulted in a higher daily iron delivery at 60 days in the placebo
and Epo groups (3.6 mg/kg in the placebo group and 4.8 mg/kg in the Epo group; range,
0 to 14.7 mg/kg; IQR 2.1-5.8 mg/kg) than the dose currently recommended by the pedi-
atric societies (2-3 mg/kg per day) [152,154]. There was a positive association between
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cumulative iron dose at 60 days and BSID-III cognitive scores at 2 years of age. A higher
cumulative iron dose was also associated with better, but statistically not significant, motor
and language scores. In all three domains, infants treated with Epo had better scores than
those treated with placebo [45]. A similar association between cumulative iron dose at
90 days and BSID scores could not be demonstrated, highlighting the importance of a post-
natal age-specific dosage strategy. The recently completed Darbe trial (NCT03169881) and
two ongoing trials (Iron Supplementation and Neurodevelopmental Outcome in ELGANSs
[NCT04691843], and the Darbe Plus IV Iron to Decrease Transfusions While Maintaining
Iron Sufficiency in Preterm Infants [DIVI; NCT05340465]), all of which employ a biomarker-
based iron dosage strategy and neurodevelopment as the outcome, are expected to provide
additional information.

There are limitations for instituting a biomarker-based iron supplementation strategy.
A single biomarker is unlikely to be sensitive for predicting both the risk of brain dysfunc-
tion and efficacy of treatment. For example, whereas SF may be useful for monitoring
for the risk of brain ID (e.g., during ESA therapy) in ELGAN [72], it does not appear to
be sensitive to assessing response to iron treatment. A recent study found a negative
association between SF and cumulative iron dosage, an opposite effect than expected [77].
It is also probably futile to aim for the normalization of SF during iron treatment since
storage iron is the last compartment to get replenished. In a previous study, despite close
monitoring for ID during ESA therapy and meticulously adjusting the iron dose to maintain
TSAT > 20%, 60% of ELGAN had evidence of ID (SF < 75 pug/L) at the conclusion of ESA
therapy [72]. An RBC-based biomarker is probably better for monitoring response to iron
therapy since iron is prioritized to RBC for heme synthesis during treatment [77,79,113].
Both ZnPP/H and Ret-Hgb appear to be better biomarkers for this purpose. Both are
altered in the preanemic period and respond to iron treatment [77,122,134]. Our recent
data in nonhuman primate studies suggest that Ret-Hgb may be superior to ZnPP/H
for predicting the risk of metabolic brain dysfunction in infantile ID [67,99]. The small
coefficient of variation of Ret-Hgb is also conducive for monitoring response iron treatment
in individual patients [130].

7. Conclusions

Perinatal ID is common and has negative effects on neurodevelopment. A major
barrier to optimizing brain development in perinatal ID is the lack of sentinel biomarkers in
an easily accessible compartment that predict the risk of impending brain dysfunction and
could be used for deciding the timing, dosage, and duration of iron supplementation [62].
Conventional RBC indices lack sensitivity for the early detection of brain dysfunction [67].
While serum iron indices can predict the risk of brain dysfunction in the preanemic pe-
riod [67], they are not practical for routine screening. Multiple indices have to be determined
for assessing the iron-status in various heme compartments [69,70], which requires a rel-
atively large volume of blood via venipuncture. Moreover, the tests may not be readily
available in the clinic setting and the results may not be immediately available. Several iron
indices lack gestational-age specific reference values, especially in preterm infants. Many
are affected by diurnal variation, diet, inflammation, and analytical variability, leading to
a large within-subject variability [65,130,159,160]. There are promising serum indicators
of iron-dependent brain health in human neonates and animal models [12,34,67,146], but
they require additional studies before they can be recommended for clinical use. Preclinical
studies show that Ret-Hgb has comparable predictive accuracy as the serum iron panel
for predicting the risk of anemia and brain dysfunction in ID [67,99]. Given that Ret-Hgb
is a standard component of the hematology panel in some analyzers and thus does not
require additional blood collection, with additional supportive data on improved long-term
neurodevelopment with a Ret-Hgb-based screening and supplementation strategy, it could
become a cost-effective and phlebotomy-sparing single biomarker in perinatal ID.



Nutrients 2024, 16, 1092 10of 16

Funding: Cited preclinical studies from the author’s laboratory were funded by grants from the Na-
tional Institute of Health/Eunice Kennedy Shriver National Institute of Child Health and Development
(HD089989, HD080201, HD057064 and HD39386) and Sysmex America, Inc., Lincolnshire, IL, USA.
Sysmex America, Inc., also provided the Sysmex XN-V Hematology Analyzer (Model XN-1000N), all
reagents, and other materials.

Conflicts of Interest: The author declares no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Stevens, G.A.; Paciorek, C.J.; Flores-Urrutia, M.C.; Borghi, E.; Namaste, S.; Wirth, J.P; Suchdev, P.S.; Ezzati, M.; Rohner, F;
Flaxman, S.R.; et al. National, regional, and global estimates of anaemia by severity in women and children for 2000-2019: A
pooled analysis of population-representative data. Lancet Glob. Health 2022, 10, 627-€639. [CrossRef]

Bora, R; Sable, C.; Wolfson, J.; Boro, K.; Rao, R. Prevalence of anemia in pregnant women and its effect on neonatal outcomes in
Northeast India. . Matern. Fetal Neonatal Med. 2014, 27, 887-891. [CrossRef]

Benson, A.E.; Shatzel, ].].; Ryan, K.S.; Hedges, M.A.; Martens, K.; Aslan, J.E.; Lo, J.O. The incidence, complications, and treatment
of iron deficiency in pregnancy. Eur. |. Haematol. 2022, 109, 633-642. [CrossRef] [PubMed]

O’Brien, K.O.; Ru, Y. Iron status of North American pregnant women: An update on longitudinal data and gaps in knowledge
from the United States and Canada. Am. J. Clin. Nutr. 2017, 106 (Suppl. S6), 16475-1654S. [CrossRef] [PubMed]

Campbell, R.; Wang, H.; Ahmed, R. Risk factors contributing to racial/ethnic disparities in iron deficiency in US women. Curr.
Dev. Nutr. 2021, 5, 725. [CrossRef]

Barton, ]J.C.; Wiener, H.H.; Acton, R.T.; Adams, P.C.; Eckfeldt, ].H.; Gordeuk, V.R.; Harris, E.L.; McLaren, C.E.; Harrison, H.;
McLaren, G.D,; et al. Prevalence of iron deficiency in 62,685 women of seven race/ethnicity groups: The HEIRS Study. PLoS
ONE 2020, 15, €0232125. [CrossRef]

Bora, R.; Akhtar, S.S.; Venkatasubramaniam, A.; Wolfson, J.; Rao, R. Effect of 40-cm segment umbilical cord milking on hemoglobin
and serum ferritin at 6 months of age in full-term infants of anemic and non-anemic mothers. J. Perinatol. 2015, 35, 832-836.
[CrossRef] [PubMed]

Bora, R.; Ramasamy, S.; Brown, B.; Wolfson, J.; Rao, R. Effect of iron supplementation from neonatal period on the iron status
of6-month-old infants at-risk for early iron deficiency: A randomized interventional trial. ]. Matern. Fetal Neonatal Med. 2021,
34, 1421-1429. [CrossRef]

Petry, C.D.; Eaton, M.A.; Wobken, ].D.; Mills, M.M.; Johnson, D.E.; Georgieff, M.K. Iron deficiency of liver, heart, and brain in
newborn infants of diabetic mothers. J. Pediatr. 1992, 121, 109-114. [CrossRef]

Georgieff, M.K.; MM, M.L; Gordon, K.; Wobken, J.D. Reduced neonatal liver iron concentrations after uteroplacental insufficiency.
J. Pediatr. 1995, 127, 308-311. [CrossRef]

Siddappa, A.M.; Rao, R,; Long, ].D.; Widness, J.A.; Georgieff, M.K. The assessment of newborn iron stores at birth: A review of
the literature and standards for ferritin concentrations. Neonatology 2007, 92, 73-82. [CrossRef] [PubMed]

Marell, P.S.; Blohowiak, S.E.; Evans, M.D.; Georgieff, M.K.; Kling, P.J.; Tran, P.V. Cord Blood-Derived Exosomal CNTN2 and
BDNF: Potential Molecular Markers for Brain Health of Neonates at Risk for Iron Deficiency. Nutrients 2019, 11, 2478. [CrossRef]
[PubMed]

Algarin, C.; Nelson, C.A.; Peirano, P.; Westerlund, A.; Reyes, S.; Lozoff, B. Iron-deficiency anemia in infancy and poorer cognitive
inhibitory control at age 10 years. Dev. Med. Child. Neurol. 2013, 55, 453—458. [CrossRef] [PubMed]

Lukowski, A.E; Koss, M.; Burden, M.].; Jonides, J.; Nelson, C.A.; Kaciroti, N.; Jimenez, E.; Lozoff, B. Iron deficiency in infancy
and neurocognitive functioning at 19 years: Evidence of long-term deficits in executive function and recognition memory. Nutr.
Neurosci. 2010, 13, 54-70. [CrossRef] [PubMed]

Lozoff, B.; Brittenham, G.M.; Viteri, EE.; Wolf, A.W.; Urrutia, ].J. The effects of short-term oral iron therapy on developmental
deficits in iron-deficient anemic infants. J. Pediatr. 1982, 100, 351-357. [CrossRef]

Lozoff, B.; Jimenez, E.; Hagen, ].; Mollen, E.; Wolf, A.W. Poorer behavioral and developmental outcome more than 10 years after
treatment for iron deficiency in infancy. Pediatrics 2000, 105, E51. [CrossRef] [PubMed]

Arija, V.; Hernandez-Martinez, C.; Tous, M.; Canals, J.; Guxens, M.; Fernandez-Barres, S.; Ibarluzea, ].; Babarro, I.; Soler-Blasco, R.;
Llop, S.; et al. Association of Iron Status and Intake during Pregnancy with Neuropsychological Outcomes in Children Aged 7
Years: The Prospective Birth Cohort Infancia y Medio Ambiente (INMA) Study. Nutrients 2019, 11, 2999. [CrossRef] [PubMed]
Wiegersma, A.M.; Dalman, C.; Lee, B.K.; Karlsson, H.; Gardner, R. M. Association of Prenatal Maternal Anemia with Neurodevel-
opmental Disorders. JAMA Psychiatry 2019, 76, 1294-1304. [CrossRef] [PubMed]

Shao, J.; Richards, B.; Kaciroti, N.; Zhu, B.; Clark, K.M.; Lozoff, B. Contribution of iron status at birth to infant iron status at 9
months: Data from a prospective maternal-infant birth cohort in China. Eur. J. Clin. Nutr. 2021, 75, 364-372. [CrossRef]
Akkermans, M.D.; Uijterschout, L.; Abbink, M.; Vos, P.; Rovekamp-Abels, L.; Boersma, B.; van Goudoever, ].B.; Brus, F. Predictive
factors of iron depletion in late preterm infants at the postnatal age of 6 weeks. Eur. J. Clin. Nutr. 2016, 70, 941-946. [CrossRef]


https://doi.org/10.1016/S2214-109X(22)00084-5
https://doi.org/10.3109/14767058.2013.845161
https://doi.org/10.1111/ejh.13870
https://www.ncbi.nlm.nih.gov/pubmed/36153674
https://doi.org/10.3945/ajcn.117.155986
https://www.ncbi.nlm.nih.gov/pubmed/29070557
https://doi.org/10.1093/cdn/nzab046_022
https://doi.org/10.1371/journal.pone.0232125
https://doi.org/10.1038/jp.2015.92
https://www.ncbi.nlm.nih.gov/pubmed/26226248
https://doi.org/10.1080/14767058.2019.1638358
https://doi.org/10.1016/S0022-3476(05)82554-5
https://doi.org/10.1016/S0022-3476(95)70317-9
https://doi.org/10.1159/000100805
https://www.ncbi.nlm.nih.gov/pubmed/17361090
https://doi.org/10.3390/nu11102478
https://www.ncbi.nlm.nih.gov/pubmed/31623079
https://doi.org/10.1111/dmcn.12118
https://www.ncbi.nlm.nih.gov/pubmed/23464736
https://doi.org/10.1179/147683010X12611460763689
https://www.ncbi.nlm.nih.gov/pubmed/20406573
https://doi.org/10.1016/S0022-3476(82)80428-9
https://doi.org/10.1542/peds.105.4.e51
https://www.ncbi.nlm.nih.gov/pubmed/10742372
https://doi.org/10.3390/nu11122999
https://www.ncbi.nlm.nih.gov/pubmed/31817835
https://doi.org/10.1001/jamapsychiatry.2019.2309
https://www.ncbi.nlm.nih.gov/pubmed/31532497
https://doi.org/10.1038/s41430-020-00705-4
https://doi.org/10.1038/ejcn.2016.34

Nutrients 2024, 16, 1092 11 of 16

21.
22.
23.
24.
25.
26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Srai, S.K.; Bomford, A.; McArdle, H.J. Iron transport across cell membranes: Molecular understanding of duodenal and placental
iron uptake. Best. Pract. Res. Clin. Haematol. 2002, 15, 243-259. [CrossRef] [PubMed]

Sangkhae, V.; Nemeth, E. Placental iron transport: The mechanism and regulatory circuits. Free Radic. Biol. Med. 2019, 133, 254-261.
[CrossRef]

Zaugg, J.; Solenthaler, E.; Albrecht, C. Materno-fetal iron transfer and the emerging role of ferroptosis pathways. Biochem.
Pharmacol. 2022, 202, 115141. [CrossRef] [PubMed]

Widdowson, E.M.; Spray, C.M. Chemical development in utero. Arch. Dis. Child. 1951, 26, 205-214. [CrossRef] [PubMed]
Josephs, H.-W. Iron metabolism and the hypochromic anemia of infancy. Medicine 1953, 32, 125-213. [CrossRef] [PubMed]
Zamora, T.G.; Guiang, S.F,, 3rd; Widness, ].A.; Georgieff, M.K. Iron is prioritized to red blood cells over the brain in phlebotomized
anemic newborn lambs. Pediatr. Res. 2016, 79, 922-928. [CrossRef]

Siddappa, A.M.; Georgieff, M.K.; Wewerka, S.; Worwa, C.; Nelson, C.A.; Deregnier, R.A. Iron deficiency alters auditory recognition
memory in newborn infants of diabetic mothers. Pediatr. Res. 2004, 55, 1034-1041. [CrossRef] [PubMed]

Carlson, E.S.; Fretham, S.J].B.; Unger, E.; O’Connor, M.; Petryk, A.; Schallert, T.; Rao, R.; Tkac, I.; Georgieff, M.K. Hippocampus
specific iron deficiency alters competition and cooperation between developing memory systems. |. Neurodev. Disord. 2010,
2,133-143. [CrossRef] [PubMed]

Fretham, S.J.; Carlson, E.S.; Wobken, J.; Tran, P.V,; Petryk, A.; Georgieff, M.K. Temporal manipulation of transferrin-receptor-1-
dependent iron uptake identifies a sensitive period in mouse hippocampal neurodevelopment. Hippocampus 2012, 22, 1691-1702.
[CrossRef]

Geguchadze, RN.; Coe, C.L.; Lubach, G.R.; Clardy, T.W.; Beard, ].L.; Connor, ].R. CSF proteomic analysis reveals persistent iron
deficiency-induced alterations in non-human primate infants. J. Neurochem. 2008, 105, 127-136. [CrossRef]

Beard, J.L.; Unger, E.L.; Bianco, L.E.; Paul, T.; Rundle, S.E.; Jones, B.C. Early postnatal iron repletion overcomes lasting effects of
gestational iron deficiency in rats. J. Nutr. 2007, 137, 1176-1182. [CrossRef]

Siddappa, A.J.; Rao, R.B.; Wobken, ].D.; Leibold, E.A.; Connor, J.R.; Georgieff, M.K. Developmental changes in the expression of
iron regulatory proteins and iron transport proteins in the perinatal rat brain. J. Neurosci. Res. 2002, 68, 761-775. [CrossRef]
Connor, J.R. Iron acquisition and expression of iron regulatory proteins in the developing brain: Manipulation by ethanol
exposure, iron deprivation and cellular dysfunction. Dev. Neurosci. 1994, 16, 233-247. [CrossRef]

Basu, S.; Kumar, D.; Anupurba, S.; Verma, A.; Kumar, A. Effect of maternal iron deficiency anemia on fetal neural development. J.
Perinatol. 2018, 38, 233-239. [CrossRef]

deUngria, M.; Rao, R.; Wobken, J.D.; Luciana, M.; Nelson, C.A.; Georgieff, M.K. Perinatal iron deficiency decreases cytochrome ¢
oxidase (CytOx) activity in selected regions of neonatal rat brain. Pediatr. Res. 2000, 48, 169-176. [CrossRef]

Rao, R.; Tkac, I.; Townsend, E.L.; Gruetter, R.; Georgieff, M.K. Perinatal iron deficiency alters the neurochemical profile of the
developing rat hippocampus. J. Nutr. 2003, 133, 3215-3221. [CrossRef]

Ward, K.L.; Tkac, L; Jing, Y.; Felt, B.; Beard, J.; Connor, J.; Schallert, T.; Georgieff, M.K.; Rao, R. Gestational and lactational
iron deficiency alters the developing striatal metabolome and associated behaviors in young rats. J. Nutr. 2007, 137, 1043-1049.
[CrossRef]

Unger, E.L.; Hurst, A.R.; Georgieff, M.K,; Schallert, T.; Rao, R.; Connor, J.R.; Kaciroti, N.; Lozoff, B.; Felt, B. Behavior and
monoamine deficits in prenatal and perinatal iron deficiency are not corrected by early postnatal moderate-iron or high-iron diets
in rats. J. Nutr. 2012, 142, 2040-2049. [CrossRef]

Schmidt, A.T.; Alvarez, G.C.; Grove, WM.; Rao, R.; Georgieff, M.K. Early Iron Deficiency Enhances Stimulus-response Learning
of Adult Rats in the Context of Competing Spatial Information. Dev. Cogn. Neurosci. 2012, 2, 174-180. [CrossRef]

Geng, F; Mai, X.; Zhan, J.; Xu, L.; Zhao, Z.; Georgieff, M.; Shao, J.; Lozoff, B. Impact of Fetal-Neonatal Iron Deficiency on
Recognition Memory at 2 Months of Age. J. Pediatr. 2015, 167, 1226-1232. [CrossRef]

Tamura, T.; Goldenberg, R.L.; Hou, J.; Johnston, K.E.; Cliver, S.P.; Ramey, S.L.; Nelson, K.G. Cord serum ferritin concentrations
and mental and psychomotor development of children at five years of age. J. Pediatr. 2002, 140, 165-170. [CrossRef]

Berglund, S.K.; Chmielewska, A.; Starnberg, J.; Westrup, B.; Hagglof, B.; Norman, M.; Domellof, M. Effects of iron supplementation
of low-birth-weight infants on cognition and behavior at 7 years: A randomized controlled trial. Pediatr. Res. 2018, 83, 111-118.
[CrossRef]

Radlowski, E.C.; Johnson, R.W. Perinatal iron deficiency and neurocognitive development. Front. Hum. Neurosci. 2013, 7, 585.
[CrossRef]

Riggins, T.; Miller, N.C.; Bauer, PJ.; Georgieff, M.K.; Nelson, C.A. Consequences of low neonatal iron status due to maternal
diabetes mellitus on explicit memory performance in childhood. Dev. Neuropsychol. 2009, 34, 762-779. [CrossRef]

German, K.R; Vu, PT.; Comstock, B.A.; Ohls, R.K.; Heagerty, PJ.; Mayock, D.E.; Georgieff, M.; Rao, R.; Juul, S.E.; Consortium,
P. Enteral Iron Supplementation in Infants Born Extremely Preterm and its Positive Correlation with Neurodevelopment; Post
Hoc Analysis of the Preterm Erythropoietin Neuroprotection Trial Randomized Controlled Trial. J. Pediatr. 2021, 238, 102-109.e8.
[CrossRef]

Ranade, S.C.; Nawaz, S.; Chakrabarti, A.; Gressens, P.; Mani, S. Spatial memory deficits in maternal iron deficiency paradigms are
associated with altered glucocorticoid levels. Horm. Behav. 2013, 64, 26-36. [CrossRef]

Ranade, S.C.; Rose, A.; Rao, M.; Gallego, J.; Gressens, P.; Mani, S. Different types of nutritional deficiencies affect different domains
of spatial memory function checked in a radial arm maze. Neuroscience 2008, 152, 859-866. [CrossRef]


https://doi.org/10.1053/beha.2002.0003
https://www.ncbi.nlm.nih.gov/pubmed/12401306
https://doi.org/10.1016/j.freeradbiomed.2018.07.001
https://doi.org/10.1016/j.bcp.2022.115141
https://www.ncbi.nlm.nih.gov/pubmed/35700759
https://doi.org/10.1136/adc.26.127.205
https://www.ncbi.nlm.nih.gov/pubmed/14857788
https://doi.org/10.1097/00005792-195305000-00001
https://www.ncbi.nlm.nih.gov/pubmed/13054208
https://doi.org/10.1038/pr.2016.20
https://doi.org/10.1203/01.pdr.0000127021.38207.62
https://www.ncbi.nlm.nih.gov/pubmed/15155871
https://doi.org/10.1007/s11689-010-9049-0
https://www.ncbi.nlm.nih.gov/pubmed/20824191
https://doi.org/10.1002/hipo.22004
https://doi.org/10.1111/j.1471-4159.2007.05113.x
https://doi.org/10.1093/jn/137.5.1176
https://doi.org/10.1002/jnr.10246
https://doi.org/10.1159/000112115
https://doi.org/10.1038/s41372-017-0023-5
https://doi.org/10.1203/00006450-200008000-00009
https://doi.org/10.1093/jn/133.10.3215
https://doi.org/10.1093/jn/137.4.1043
https://doi.org/10.3945/jn.112.162198
https://doi.org/10.1016/j.dcn.2011.07.014
https://doi.org/10.1016/j.jpeds.2015.08.035
https://doi.org/10.1067/mpd.2002.120688
https://doi.org/10.1038/pr.2017.235
https://doi.org/10.3389/fnhum.2013.00585
https://doi.org/10.1080/87565640903265145
https://doi.org/10.1016/j.jpeds.2021.07.019
https://doi.org/10.1016/j.yhbeh.2013.04.005
https://doi.org/10.1016/j.neuroscience.2008.01.002

Nutrients 2024, 16, 1092 12 of 16

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Leyshon, B.J.; Radlowski, E.C.; Mudd, A.T.; Steelman, A.].; Johnson, R.W. Postnatal Iron Deficiency Alters Brain Development in
Piglets. J. Nutr. 2016, 146, 1420-1427. [CrossRef]

Mudd, A.T; Fil, J.E.; Knight, L.C.; Lam, F,; Liang, Z.P,; Dilger, R.N. Early-Life Iron Deficiency Reduces Brain Iron Content and
Alters Brain Tissue Composition Despite Iron Repletion: A Neuroimaging Assessment. Nutrients 2018, 10, 135. [CrossRef]
[PubMed]

Carlson, E.S.; Tkac, I.; Magid, R.; O’Connor, M.B.; Andrews, N.C.; Schallert, T.; Gunshin, H.; Georgieff, M.K.; Petryk, A. Iron is
essential for neuron development and memory function in mouse hippocampus. J. Nutr. 2009, 139, 672—-679. [CrossRef] [PubMed]
Fretham, S.J.; Carlson, E.S.; Georgieff, M.K. Neuronal-specific iron deficiency dysregulates mammalian target of rapamycin
signaling during hippocampal development in nonanemic genetic mouse models. J. Nutr. 2013, 143, 260-266. [CrossRef]

Barks, A.; Fretham, S.J.; Georgieff, M.K.; Tran, P.V. Early-Life Neuronal-Specific Iron Deficiency Alters the Adult Mouse
Hippocampal Transcriptome. J. Nutr. 2018, 148, 1521-1528. [CrossRef]

Wachs, T.D.; Pollitt, E.; Cueto, S.; Jacoby, E.; Creed-Kanashiro, H. Relation of neonatal iron status to individual variability in
neonatal temperament. Dev. Psychobiol. 2005, 46, 141-153. [CrossRef]

Santos, D.C.C.; Angulo-Barroso, R.M.; Li, M,; Bian, Y.; Sturza, J.; Richards, B.; Lozoff, B. Timing, duration, and severity of iron
deficiency in early development and motor outcomes at 9 months. Eur. . Clin. Nutr. 2018, 72, 332-341. [CrossRef]

Hua, M,; Shi, D.; Xu, W.; Zhu, L.; Hao, X.; Zhu, B.; Shu, Q.; Lozoff, B.; Geng, F.; Shao, ]J. Differentiation between fetal and postnatal
iron deficiency in altering brain substrates of cognitive control in pre-adolescence. BMC Med. 2023, 21, 167. [CrossRef]
McCarthy, E.K.; Murray, D.M.; Hourihane, J.O.B.; Kenny, L.C.; Irvine, A.D.; Kiely, M.E. Behavioral consequences at 5 y of neonatal
iron deficiency in a low-risk maternal-infant cohort. Am. J. Clin. Nutr. 2021, 113, 1032-1041. [CrossRef] [PubMed]
Armony-Sivan, R.; Eidelman, A.L; Lanir, A.; Sredni, D.; Yehuda, S. Iron status and neurobehavioral development of premature
infants. J. Perinatol. 2004, 24, 757-762. [CrossRef]

Amin, S.B.; Orlando, M.; Eddins, A.; MacDonald, M.; Monczynski, C.; Wang, H. In utero iron status and auditory neural
maturation in premature infants as evaluated by auditory brainstem response. . Pediatr. 2010, 156, 377-381. [CrossRef]

Amin, S.B.; Orlando, M.; Wang, H. Latent iron deficiency in utero is associated with abnormal auditory neural myelination in
>/= 35 weeks gestational age infants. J. Pediatr. 2013, 163, 1267-1271. [CrossRef] [PubMed]

Lynch, S.; Pfeiffer, C.M.; Georgieff, M.K.; Brittenham, G.; Fairweather-Tait, S.; Hurrell, R.F.; McArdle, H.]J.; Raiten, D.]. Biomarkers
of Nutrition for Development (BOND)-Iron Review. J. Nutr. 2018, 148 (Suppl. S1), 10015-1067S. [CrossRef] [PubMed]
FDA-NIH Biomarker Working Group. BEST (Biomarkers, EndpointS, and Other Tools) Resource; Food and Drug Administration:
Silverspring, MD, USA; National Institutes of Health: Bethesda, MD, USA, 2016.

German, K.R.; Juul, S.E. Serum Measures of Brain Iron Status—A Major Barrier to Optimizing Iron Status in Neonates. J. Nutr.
2024, 154, 797-798. [CrossRef]

Thomas, D.G.; Kennedy, T.S.; Colaizzi, J.; Aubuchon-Endsley, N.; Grant, S.; Stoecker, B.; Duell, E. Multiple Biomarkers of Maternal
Iron Predict Infant Cognitive Outcomes. Dev. Neuropsychol. 2017, 42, 146-159. [CrossRef]

Vlasova, RM.; Wang, Q.; Willette, A.; Styner, M.A.; Lubach, G.R.; Kling, PJ.; Georgieff, M.K.; Rao, R.B.; Coe, C.L. Infantile Iron
Deficiency Affects Brain Development in Monkeys Even After Treatment of Anemia. Front. Hum. Neurosci. 2021, 15, 624107.
[CrossRef]

Beard, J.; deRegnier, R.A.; Shaw, M.D.; Rao, R.; Georgieff, M. Diagnosis of Iron Deficiency in Infants. Lab. Med. 2007, 38, 103-108.
[CrossRef]

Lorenz, L.; Peter, A.; Poets, C.E; Franz, A.R. A review of cord blood concentrations of iron status parameters to define reference
ranges for preterm infants. Neonatology 2013, 104, 194-202. [CrossRef]

Sandri, B.J.; Kim, J.; Lubach, G.R,; Lock, E.E; Ennis-Czerniak, K.; Kling, PJ.; Georgieff, M.K.; Coe, C.L.; Rao, R.B. Prognostic
Performance of Hematological and Serum Iron and Metabolite Indices for Detection of Early Iron Deficiency Induced Metabolic
Brain Dysfunction in Infant Rhesus Monkeys. J. Nutr. 2024, 154, 875-885. [CrossRef] [PubMed]

Ennis, K.M.; Dahl, L.V.; Rao, R.B.; Georgieff, M.K. Reticulocyte hemoglobin content as an early predictive biomarker of brain iron
deficiency. Pediatr. Res. 2018, 84, 765-769. [CrossRef]

Styczynski, J.; Slomka, A.; Lecka, M.; Albrecht, K.; Romiszewski, M.; Pogorzala, M.; Kubicka, M.; Kurylo-Rafinska, B.; Tejza,
B.; Gadomska, G.; et al. Soluble Hemojuvelin and Ferritin: Potential Prognostic Markers in Pediatric Hematopoietic Cell
Transplantation. Cancers 2023, 15, 1041. [CrossRef]

Carter, R.C.; Georgieff, M.K.; Ennis, K.M.; Dodge, N.C.; Wainwright, H.; Meintjes, E.M.; Duggan, C.P.; Molteno, C.D.; Jacobson,
J.L.; Jacobson, S.W. Prenatal alcohol-related alterations in maternal, placental, neonatal, and infant iron homeostasis. Am. J. Clin.
Nutr. 2021, 114, 1107-1122. [CrossRef] [PubMed]

Mukhopadhyay, K.; Yadav, R K.; Kishore, S.S.; Garewal, G.; Jain, V.; Narang, A. Iron status at birth and at 4 weeks in preterm-SGA
infants in comparison with preterm and term-AGA infants. J. Matern. Fetal Neonatal Med. 2012, 25, 1474-1478. [CrossRef]
[PubMed]

Siddappa, A.M.; Olson, R.M.; Spector, M.; Northrop, E.; Zamora, T.; Brearley, A.M.; Georgieff, M.K.; Rao, R. High Prevalence
of Iron Deficiency Despite Standardized High-Dose Iron Supplementation during Recombinant Erythropoietin Therapy in
Extremely Low Gestational Age Newborns. |. Pediatr. 2020, 222, 98-105.e3. [CrossRef]


https://doi.org/10.3945/jn.115.223636
https://doi.org/10.3390/nu10020135
https://www.ncbi.nlm.nih.gov/pubmed/29382055
https://doi.org/10.3945/jn.108.096354
https://www.ncbi.nlm.nih.gov/pubmed/19211831
https://doi.org/10.3945/jn.112.168617
https://doi.org/10.1093/jn/nxy125
https://doi.org/10.1002/dev.20049
https://doi.org/10.1038/s41430-017-0015-8
https://doi.org/10.1186/s12916-023-02850-6
https://doi.org/10.1093/ajcn/nqaa367
https://www.ncbi.nlm.nih.gov/pubmed/33515035
https://doi.org/10.1038/sj.jp.7211178
https://doi.org/10.1016/j.jpeds.2009.09.049
https://doi.org/10.1016/j.jpeds.2013.06.020
https://www.ncbi.nlm.nih.gov/pubmed/23932211
https://doi.org/10.1093/jn/nxx036
https://www.ncbi.nlm.nih.gov/pubmed/29878148
https://doi.org/10.1016/j.tjnut.2024.01.003
https://doi.org/10.1080/87565641.2017.1306530
https://doi.org/10.3389/fnhum.2021.624107
https://doi.org/10.1309/7KJ11RX758UKLXXM
https://doi.org/10.1159/000353161
https://doi.org/10.1016/j.tjnut.2023.10.031
https://www.ncbi.nlm.nih.gov/pubmed/38072152
https://doi.org/10.1038/s41390-018-0178-6
https://doi.org/10.3390/cancers15041041
https://doi.org/10.1093/ajcn/nqab165
https://www.ncbi.nlm.nih.gov/pubmed/34091657
https://doi.org/10.3109/14767058.2011.643328
https://www.ncbi.nlm.nih.gov/pubmed/22122236
https://doi.org/10.1016/j.jpeds.2020.03.055

Nutrients 2024, 16, 1092 13 of 16

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.
95.

96.

97.

98.

99.

Shao, J.; Lou, J.; Rao, R.; Georgieff, M.K_; Kaciroti, N.; Felt, B.T.; Zhao, Z.Y.; Lozoff, B. Maternal serum ferritin concentration is
positively associated with newborn iron stores in women with low ferritin status in late pregnancy. J. Nutr. 2012, 142, 2004-2009.
[CrossRef] [PubMed]

Bahr, TM.; Baer, V.L.; Ohls, R.K,; Christensen, T.R.; Ward, D.M.; Bennett, S.T.; Christensen, R.D. Reconciling markedly discordant
values of serum ferritin versus reticulocyte hemoglobin content. J. Perinatol. 2021, 41, 619-626. [CrossRef] [PubMed]

German, K.; Vu, P.T,; Grelli, K.N.; Denton, C.; Lee, G.; Juul, S.E. Zinc Protoporphyrin-to-Heme Ratio and Ferritin as Measures of
Iron Sufficiency in the Neonatal Intensive Care Unit. ]. Pediatr. 2018, 194, 47-53. [CrossRef]

Amin, S.B.; Myers, G.; Wang, H. Association between neonatal iron overload and early human brain development in premature
infants. Early Hum. Dev. 2012, 88, 583-587. [CrossRef]

Bahr, T.M.; Tan, S.; Smith, E.; Beauman, S.S.; Schibler, K.R.; Grisby, C.A.; Lowe, ].R,; Bell, E.F.; Laptook, A.R.; Shankaran, S.; et al.
Serum ferritin values in neonates <29 weeks’ gestation are highly variable and do not correlate with reticulocyte hemoglobin
content. J. Perinatol. 2023, 43, 1368-1373. [CrossRef]

German, K.R; Vu, PT.; Neches, S.; Juul, S.E. Comparison of two markers of iron sufficiency and neurodevelopmental outcomes.
Early Hum. Dev. 2021, 158, 105395. [CrossRef] [PubMed]

Cooke, R.J.; Griffin, I. Iron Balance and Iron Nutritional Status in Preterm Infants During the First Four Months of Life. J. Pediatr.
Gastroenterol. Nutr. 2021, 73, 403-407. [CrossRef]

Gerday, E.; Brereton, J.B.; Bahr, TM.; Elmont, ].O.; Fullmer, S.; Middleton, B.A.; Ward, D.M.; Ohls, R K.; Christensen, R.D. Urinary
ferritin; a potential noninvasive way to screen NICU patients for iron deficiency. J. Perinatol. 2021, 41, 1419-1425. [CrossRef]
Bahr, TM.; Christensen, R.D.; Ward, D.M.; Meng, E; Jackson, L.K,; Doyle, K.; Christensen, D.R.; Harvey, A.G.; Yaish, H.M. Ferritin
in serum and urine: A pilot study. Blood Cells Mol. Dis. 2019, 76, 59-62. [CrossRef]

Amarnath, U.M.; Ophoven, ].J.; Mills, M.M.; Murphy, E.L.; Georgieff, M.K. The relationship between decreased iron stores, serum
iron and neonatal hypoglycemia in large-for-date newborn infants. Acta Paediatr. Scand. 1989, 78, 538-543. [CrossRef] [PubMed]
Cross, ].H.; Prentice, A.M.; Cerami, C. Hepcidin, Serum Iron, and Transferrin Saturation in Full-Term and Premature Infants
during the First Month of Life: A State-of-the-Art Review of Existing Evidence in Humans. Curr. Dev. Nutr. 2020, 4, nzaal04.
[CrossRef] [PubMed]

Brozovic, B.; Burland, W.L.; Simpson, K.; Lord, ]. Iron status of preterm low birthweight infants and their response to oral iron.
Arch. Dis. Child. 1974, 49, 386-389. [CrossRef] [PubMed]

Yamada, R.T.; Leone, C.R. Hematological and iron content evolution in exclusively breastfed late-preterm newborns. Clinics 2014,
69, 792-798. [CrossRef] [PubMed]

Sweet, D.G.; Savage, G.A.; Tubman, R.; Lappin, T.R.; Halliday, H.L. Cord blood transferrin receptors to assess fetal iron status.
Arch. Dis. Child. Fetal Neonatal Ed. 2001, 85, F46-F48. [CrossRef] [PubMed]

Saarinen, U.M.; Siimes, M.A. Developmental changes in serum iron, total iron-binding capacity, and transferrin saturation in
infancy. J. Pediatr. 1977, 91, 875-877. [CrossRef] [PubMed]

Balai, K.S.; Pendse, V.; Gupta, R.; Gupta, S. Effect of maternal anemia on iron status of the new born. Indian. ]. Matern. Child
Health 1992, 3, 54-56. [PubMed]

Lao, T.T.; Loong, E.P; Chin, RK.; Lam, C.W.; Lam, Y.M. Relationship between newborn and maternal iron status and haematolog-
ical indices. Biol. Neonate 1991, 60, 303-307. [CrossRef]

Paiva Ade, A.; Rondo, PH.; Pagliusi, R.A.; Latorre Mdo, R.; Cardoso, M.A.; Gondim, S.S. Relationship between the iron status of
pregnant women and their newborns. Rev. Saude Publica 2007, 41, 321-327. [CrossRef]

Basu, S.; Kumar, N.; Srivastava, R.; Kumar, A. Maternal and Cord Blood Hepcidin Concentrations in Severe Iron Deficiency
Anemia. Pediatr. Neonatol. 2016, 57, 413-419. [CrossRef]

Stripeli, F.; Kapetanakis, J.; Gourgiotis, D.; Drakatos, A.; Tsolia, M.; Kossiva, L. Post-transfusion changes in serum hepcidin and
iron parameters in preterm infants. Pediatr. Int. 2018, 60, 148-152. [CrossRef]

Ng, P.C,; Lam, C.W.,; Lee, C.H.; To, K.E,; Fok, T.E; Chan, .H.; Wong, E. Hepatic iron storage in very low birthweight infants after
multiple blood transfusions. Arch. Dis. Child. Fetal Neonatal Ed. 2001, 84, F101-F105. [CrossRef]

Farugqi, A.; Mukkamalla, S.K.R. Iron Binding Capacity. In StatPearls; StatPearls: Treasure Island, FL, USA, 2024.

Chelchowska, M.; Laskowska-Klita, T. Effect of maternal smoking on some markers of iron status in umbilical cord blood. Rocz.
Akad. Med. Bialymst. 2002, 47, 235-240.

Leblanc, C.P.,; Rioux, EM. Iron deficiency anemia following prenatal nutrition interventions. Can. J. Diet. Pract. Res. 2007,
68, 222-225. [CrossRef]

Chandyo, R K,; Henjum, S.; Ulak, M.; Thorne-Lyman, A.L.; Ulvik, R.J.; Shrestha, P.S.; Locks, L.; Fawzi, W.; Strand, T.A. The
prevalence of anemia and iron deficiency is more common in breastfed infants than their mothers in Bhaktapur, Nepal. Eur. J.
Clin. Nutr. 2016, 70, 456—462. [CrossRef]

Ullrich, C.; Wu, A.; Armsby, C.; Rieber, S.; Wingerter, S.; Brugnara, C.; Shapiro, D.; Bernstein, H. Screening healthy infants for iron
deficiency using reticulocyte hemoglobin content. JAMA 2005, 294, 924-930. [CrossRef]

Rao, R.B.; Lubach, G.R.; Ennis-Czerniak, K.M.; Lock, E.E; Kling, PJ.; Georgieff, M.K.; Coe, C.L. Reticulocyte Hemoglobin
Equivalent has Comparable Predictive Accuracy as Conventional Serum Iron Indices for Predicting Iron Deficiency and Anemia
in a Nonhuman Primate model of Infantile Iron Deficiency. J. Nutr. 2023, 153, 148-157. [CrossRef] [PubMed]


https://doi.org/10.3945/jn.112.162362
https://www.ncbi.nlm.nih.gov/pubmed/23014493
https://doi.org/10.1038/s41372-020-00845-2
https://www.ncbi.nlm.nih.gov/pubmed/33012780
https://doi.org/10.1016/j.jpeds.2017.10.041
https://doi.org/10.1016/j.earlhumdev.2011.12.030
https://doi.org/10.1038/s41372-023-01751-z
https://doi.org/10.1016/j.earlhumdev.2021.105395
https://www.ncbi.nlm.nih.gov/pubmed/34082259
https://doi.org/10.1097/MPG.0000000000003183
https://doi.org/10.1038/s41372-020-0746-6
https://doi.org/10.1016/j.bcmd.2019.02.001
https://doi.org/10.1111/j.1651-2227.1989.tb17933.x
https://www.ncbi.nlm.nih.gov/pubmed/2782069
https://doi.org/10.1093/cdn/nzaa104
https://www.ncbi.nlm.nih.gov/pubmed/32793848
https://doi.org/10.1136/adc.49.5.386
https://www.ncbi.nlm.nih.gov/pubmed/4834019
https://doi.org/10.6061/clinics/2014(12)01
https://www.ncbi.nlm.nih.gov/pubmed/25627989
https://doi.org/10.1136/fn.85.1.F46
https://www.ncbi.nlm.nih.gov/pubmed/11420322
https://doi.org/10.1016/S0022-3476(77)80880-9
https://www.ncbi.nlm.nih.gov/pubmed/925813
https://www.ncbi.nlm.nih.gov/pubmed/12288489
https://doi.org/10.1159/000243421
https://doi.org/10.1590/S0034-89102007000300001
https://doi.org/10.1016/j.pedneo.2015.09.012
https://doi.org/10.1111/ped.13478
https://doi.org/10.1136/fn.84.2.F101
https://doi.org/10.3148/68.4.2007.222
https://doi.org/10.1038/ejcn.2015.199
https://doi.org/10.1001/jama.294.8.924
https://doi.org/10.1016/j.tjnut.2022.11.002
https://www.ncbi.nlm.nih.gov/pubmed/36913448

Nutrients 2024, 16, 1092 14 of 16

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

German, K.R.; Comstock, B.A.; Parikh, P.; Whittington, D.; Mayock, D.E.; Heagerty, PJ.; Bahr, T.M.; Juul, S.E. Do Extremely Low
Gestational Age Neonates Regulate Iron Absorption via Hepcidin? J. Pediatr. 2022, 241, 62-67.el. [CrossRef] [PubMed]
Berglund, S.; Lonnerdal, B.; Westrup, B.; Domellof, M. Effects of iron supplementation on serum hepcidin and serum erythropoi-
etin in low-birth-weight infants. Am. J. Clin. Nutr. 2011, 94, 1553-1561. [CrossRef] [PubMed]

Berglund, S.K.; Chmielewska, A.M.; Domellof, M.; Andersson, O. Hepcidin is a relevant iron status indicator in infancy: Results
from a randomized trial of early vs. delayed cord clamping. Pediatr. Res. 2021, 89, 1216-1221. [CrossRef]

Bahr, TM.; Ward, D.M.; Jia, X.; Ohls, R K.; German, K.R.; Christensen, R.D. Is the erythropoietin-erythroferrone-hepcidin axis
intact in human neonates? Blood Cells Mol. Dis. 2021, 88, 102536. [CrossRef] [PubMed]

Lorenz, L.; Herbst, J.; Engel, C.; Peter, A.; Abele, H.; Poets, C.F.; Westerman, M.; Franz, A.R. Gestational age-specific reference
ranges of hepcidin in cord blood. Neonatology 2014, 106, 133-139. [CrossRef]

Muller, K.F; Lorenz, L.; Poets, C.F.; Westerman, M.; Franz, A.R. Hepcidin concentrations in serum and urine correlate with iron
homeostasis in preterm infants. J. Pediatr. 2012, 160, 949-953.€2. [CrossRef] [PubMed]

Lorenz, L.; Muller, K.E; Poets, C.F,; Peter, A.; Olbina, G.; Westerman, M.; Franz, A.R. Short-Term Effects of Blood Transfusions on
Hepcidin in Preterm Infants. Neonatology 2015, 108, 205-210. [CrossRef] [PubMed]

Hsu, Y.C,; Huang, H.C,; Tang, K.S.; Su, L.T.; Huang, Y.H.; Huang, H.C.; Chen, L.L. Elevated Urinary Hepcidin Level and
Hypoferremia in Infants with Febrile Urinary Tract Infection: A Prospective Cohort Study. Children 2023, 10, 870. [CrossRef]
[PubMed]

Kling, PJ.; Roberts, R.A.; Widness, ]J.A. Plasma transferrin receptor levels and indices of erythropoiesis and iron status in healthy
term infants. J. Pediatr. Hematol. Oncol. 1998, 20, 309-314. [CrossRef] [PubMed]

Cook, ].D.; Flowers, C.H.; Skikne, B.S. The quantitative assessment of body iron. Blood 2003, 101, 3359-3364. [CrossRef] [PubMed]
McCann, S.; Mason, L.; Milosavljevic, B.; Mbye, E.; Touray, E.; Colley, A.; Johnson, W.; Lloyd-Fox, S.; Elwell, C.E.; Moore, S.E.;
et al. Iron status in early infancy is associated with trajectories of cognitive development up to pre-school age in rural Gambia.
PLoS Glob. Public. Health 2023, 3, €0002531. [CrossRef] [PubMed]

Gire, C.; Fournier, N.; Pirrello, J.; Marret, S.; Patural, H.; Flamant, C.; Pierrat, V.; Kaminski, M.; Ancel, PY.; Tosello, B.; et al. Impact
of Early Hemoglobin Levels on Neurodevelopment Outcomes of Two-Year-Olds in Very Preterm Children. Children 2023, 10, 209.
[CrossRef]

Widness, J.A.; Seward, V.J.; Kromer, L].; Burmeister, L.F; Bell, E.E; Strauss, R.G. Changing patterns of red blood cell transfusion in
very low birth weight infants. ]. Pediatr. 1996, 129, 680-687. [CrossRef]

Juul, S.E.; Zerzan, ].C.; Strandjord, T.P.; Woodrum, D.E. Zinc protoporphyrin/heme as an indicator of iron status in NICU patients.
J. Pediatr. 2003, 142, 273-278. [CrossRef] [PubMed]

de Waal, C.G.; Ujjterschout, L.; Abbink, M.; Boersma, B.; Vos, P.; Rovekamp, WW.; Hudig, F.; Akkermans, M.D.; van Goudoever,
J.B.; Brus, F. Zinc protoporphyrin/heme ratio as parameter of iron status in moderately preterm infants: Natural course and
associations in the first 4 months. J. Perinatol. 2017, 37, 690-694. [CrossRef] [PubMed]

Abd Almonaem, E.R.; Mostafa, M.A.; El-Shimi, O.S.; Saeed, Y.A.; Abdulsamea, S. Effectiveness of zinc protoporphyrin/heme
ratio and ferritin for assessing iron status in preterm infants. J. Neonatal Perinatal Med. 2023, 16, 627-638. [CrossRef] [PubMed]
Blohowiak, S.E.; Chen, M.E.; Repyak, K.S.; Baumann-Blackmore, N.L.; Carlton, D.P,; Georgieff, M.K.; Crenshaw, T.D.; Kling, PJ.
Reticulocyte enrichment of zinc protoporphyrin/heme discriminates impaired iron supply during early development. Pediatr.
Res. 2008, 64, 63—67. [CrossRef] [PubMed]

Cheng, C.F; Zerzan, ].C.; Johnson, D.B.; Juul, S.E. Zinc protoporphyrin-to-heme ratios in high-risk and preterm infants. J. Pediatr.
2012, 161, 81-87.el. [CrossRef] [PubMed]

Lott, D.G.; Zimmerman, M.B.; Labbe, R.F; Kling, P.J.; Widness, ].A. Erythrocyte zinc protoporphyrin is elevated with prematurity
and fetal hypoxemia. Pediatrics 2005, 116, 414—422. [CrossRef]

Baumann-Blackmore, N.L.; Goetz, E.; Blohowiak, S.E.; Zaka, O.; Kling, PJ. Cord blood zinc protoporphyrin/heme ratio in
minority neonates at risk for iron deficiency. J. Pediatr. 2008, 153, 133-136. [CrossRef] [PubMed]

Phillips, A.K; Roy, S.C.; Lundberg, R.; Guilbert, T.W.; Auger, A.P.; Blohowiak, S.E.; Coe, C.L.; Kling, P.J. Neonatal iron status is
impaired by maternal obesity and excessive weight gain during pregnancy. J. Perinatol. 2014, 34, 513-518. [CrossRef] [PubMed]
Griffin, 1.].; Reid, M.M.; McCormick, K.P.; Cooke, R.J. Zinc protoporphyrin/haem ratio and plasma ferritin in preterm infants.
Arch. Dis. Child. Fetal Neonatal Ed. 2002, 87, F49-F51. [CrossRef]

Miller, S.M.; McPherson, R.J.; Juul, S.E. Iron sulfate supplementation decreases zinc protoporphyrin to heme ratio in premature
infants. J. Pediatr. 2006, 148, 44-48. [CrossRef]

Piva, E.; Brugnara, C.; Spolaore, F.; Plebani, M. Clinical utility of reticulocyte parameters. Clin. Lab. Med. 2015, 35, 133-163.
[CrossRef]

Toki, Y.; Ikuta, K.; Kawahara, Y.; Niizeki, N.; Kon, M.; Enomoto, M.; Tada, Y.; Hatayama, M.; Yamamoto, M.; Ito, S.; et al.
Reticulocyte hemoglobin equivalent as a potential marker for diagnosis of iron deficiency. Int. J. Hematol. 2017, 106, 116-125.
[CrossRef] [PubMed]

Di Pinto, D.; Paz, M.; Adragna, M.; Lopez, L. Clinical usefulness of the reticulocyte hemoglobin equivalent in children on
hemodialysis. Arch. Argent. Pediatr. 2020, 118, 411-417. [CrossRef] [PubMed]

Chinudomwong, P; Binyasing, A.; Trongsakul, R.; Paisooksantivatana, K. Diagnostic performance of reticulocyte hemoglobin
equivalent in assessing the iron status. J. Clin. Lab. Anal. 2020, 34, €23225. [CrossRef] [PubMed]


https://doi.org/10.1016/j.jpeds.2021.09.059
https://www.ncbi.nlm.nih.gov/pubmed/34626672
https://doi.org/10.3945/ajcn.111.013938
https://www.ncbi.nlm.nih.gov/pubmed/22071701
https://doi.org/10.1038/s41390-020-1045-9
https://doi.org/10.1016/j.bcmd.2021.102536
https://www.ncbi.nlm.nih.gov/pubmed/33450539
https://doi.org/10.1159/000360072
https://doi.org/10.1016/j.jpeds.2011.12.030
https://www.ncbi.nlm.nih.gov/pubmed/22284565
https://doi.org/10.1159/000437132
https://www.ncbi.nlm.nih.gov/pubmed/26304233
https://doi.org/10.3390/children10050870
https://www.ncbi.nlm.nih.gov/pubmed/37238418
https://doi.org/10.1097/00043426-199807000-00005
https://www.ncbi.nlm.nih.gov/pubmed/9703002
https://doi.org/10.1182/blood-2002-10-3071
https://www.ncbi.nlm.nih.gov/pubmed/12521995
https://doi.org/10.1371/journal.pgph.0002531
https://www.ncbi.nlm.nih.gov/pubmed/37910494
https://doi.org/10.3390/children10020209
https://doi.org/10.1016/S0022-3476(96)70150-6
https://doi.org/10.1067/mpd.2003.101
https://www.ncbi.nlm.nih.gov/pubmed/12640375
https://doi.org/10.1038/jp.2017.3
https://www.ncbi.nlm.nih.gov/pubmed/28181998
https://doi.org/10.3233/NPM-230161
https://www.ncbi.nlm.nih.gov/pubmed/38143383
https://doi.org/10.1203/PDR.0b013e31817328e5
https://www.ncbi.nlm.nih.gov/pubmed/18360311
https://doi.org/10.1016/j.jpeds.2011.12.048
https://www.ncbi.nlm.nih.gov/pubmed/22306048
https://doi.org/10.1542/peds.2004-1601
https://doi.org/10.1016/j.jpeds.2008.01.032
https://www.ncbi.nlm.nih.gov/pubmed/18571551
https://doi.org/10.1038/jp.2014.42
https://www.ncbi.nlm.nih.gov/pubmed/24651737
https://doi.org/10.1136/fn.87.1.F49
https://doi.org/10.1016/j.jpeds.2005.08.052
https://doi.org/10.1016/j.cll.2014.10.004
https://doi.org/10.1007/s12185-017-2212-6
https://www.ncbi.nlm.nih.gov/pubmed/28299633
https://doi.org/10.5546/aap.2020.eng.411
https://www.ncbi.nlm.nih.gov/pubmed/33231049
https://doi.org/10.1002/jcla.23225
https://www.ncbi.nlm.nih.gov/pubmed/32043622

Nutrients 2024, 16, 1092 150f 16

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Neef, V.; Schmitt, E.; Bader, P.; Zierfuss, F.; Hintereder, G.; Steinbicker, A.U.; Zacharowski, K.; Piekarski, F. The Reticulocyte
Hemoglobin Equivalent as a Screening Marker for Iron Deficiency and Iron Deficiency Anemia in Children. J. Clin. Med. 2021,
10, 3506. [CrossRef]

Shaker, M.; Jenkins, P; Ullrich, C.; Brugnara, C.; Nghiem, B.T.; Bernstein, H. An economic analysis of anemia prevention during
infancy. J. Pediatr. 2009, 154, 44-49. [CrossRef] [PubMed]

Honemann, C.; Hagemann, O.; Doll, D.; Luedi, M.M.; Ruebsam, M.-L.; Meybohm, P. Reticulocyte Haemoglobin as a Routine
Parameter in Preoperative Iron Deficiency Assessment. Endocrinol. Metab. 2021, 5, 154.

Van Wyck, D.B.; Alcorn, H., Jr.; Gupta, R. Analytical and biological variation in measures of anemia and iron status in patients
treated with maintenance hemodialysis. Am. J. Kidney Dis. 2010, 56, 540-546. [CrossRef]

Christensen, R.D.; Henry, E.; Bennett, S.T.; Yaish, H.M. Reference intervals for reticulocyte parameters of infants during their first
90 days after birth. J. Perinatol. 2016, 36, 61-66. [CrossRef]

Lorenz, L.; Peter, A.; Arand, ].; Springer, E.; Poets, C.F; Franz, A.R. Reference Ranges of Reticulocyte Haemoglobin Content in
Preterm and Term Infants: A Retrospective Analysis. Neonatology 2017, 111, 189-194. [CrossRef]

Lorenz, L.; Peter, A.; Arand, ].; Springer, F.; Poets, C.F.; Franz, A.R. Reticulocyte Haemoglobin Content Declines More Markedly
in Preterm than in Term Infants in the First Days after Birth. Neonatology 2017, 112, 246-250. [CrossRef] [PubMed]

German, K.; Vu, P.T; Irvine, ].D.; Juul, S.E. Trends in reticulocyte hemoglobin equivalent values in critically ill neonates, stratified
by gestational age. J. Perinatol. 2019, 39, 1268-1274. [CrossRef] [PubMed]

Lorenz, L.; Arand, J.; Buchner, K.; Wacker-Gussmann, A.; Peter, A.; Poets, C.E; Franz, A.R. Reticulocyte haemoglobin content as a
marker of iron deficiency. Arch. Dis. Child. Fetal Neonatal Ed. 2015, 100, F198-F202. [CrossRef] [PubMed]

Perez, E.M.; Hendricks, M.K.; Beard, J.L.; Murray-Kolb, L.E.; Berg, A.; Tomlinson, M.; Irlam, J.; Isaacs, W.; Njengele, T.; Sive,
A.; et al. Mother-infant interactions and infant development are altered by maternal iron deficiency anemia. J. Nutr. 2005,
135, 850-855. [CrossRef]

Beard, J.L.; Hendricks, M.K.; Perez, E.M.; Murray-Kolb, L.E.; Berg, A.; Vernon-Feagans, L.; Irlam, J.; Isaacs, W.; Sive, A.; Tomlinson,
M. Maternal iron deficiency anemia affects postpartum emotions and cognition. J. Nutr. 2005, 135, 267-272. [CrossRef] [PubMed]
Tran, P.V.; Fretham, S.J.; Carlson, E.S.; Georgieff, M.K. Long-term reduction of hippocampal brain-derived neurotrophic factor
activity after fetal-neonatal iron deficiency in adult rats. Pediatr. Res. 2009, 65, 493-498. [CrossRef] [PubMed]

Lubach, G.R.; Coe, C.L. Preconception maternal iron status is a risk factor for iron deficiency in infant rhesus monkeys (Macaca
mulatta). . Nutr. 2006, 136, 2345-2349. [CrossRef] [PubMed]

Patton, S.M.; Coe, C.L.; Lubach, G.R.; Connor, ].R. Quantitative proteomic analyses of cerebrospinal fluid using iTRAQ in a
primate model of iron deficiency anemia. Dev. Neurosci. 2012, 34, 354-365. [CrossRef]

Rao, R.; Ennis, K.; Oz, G.; Lubach, G.R.; Georgieff, M.K.; Coe, C.L. Metabolomic analysis of cerebrospinal fluid indicates iron
deficiency compromises cerebral energy metabolism in the infant monkey. Neurochem. Res. 2013, 38, 573-580. [CrossRef]
Bicknese, E.J.; George, ].W.; Hird, D.W.; Paul-Murphy, J.; Anderson, J.A.; Roberts, ]J.R. Prevalence and risk factors for iron
deficiency anemia in weanling rhesus macaques. Lab. Anim. Sci. 1993, 43, 434-438.

Coe, C.L.; Lubach, G.R.; Busbridge, M.; Chapman, R.S. Optimal iron fortification of maternal diet during pregnancy and nursing
for investigating and preventing iron deficiency in young rhesus monkeys. Res. Vet. Sci. 2013, 94, 549-554. [CrossRef] [PubMed]
Coe, C.L,; Lubach, G.R;; Bianco, L.; Beard, J.L. A history of iron deficiency anemia during infancy alters brain monoamine activity
later in juvenile monkeys. Dev. Psychobiol. 2009, 51, 301-309. [CrossRef]

Rao, R.; Ennis, K.; Lubach, G.R; Lock, E.E.; Georgieff, M.K.; Coe, C.L. Metabolomic analysis of CSF indicates brain metabolic
impairment precedes hematological indices of anemia in the iron-deficient infant monkey. Nutr. Neurosci. 2018, 21, 40-48.
[CrossRef] [PubMed]

Sandri, B.J.; Kim, J.; Lubach, G.R.; Lock, E.F.; Guerrero, C.; Higgins, L.; Markowski, TW.; Kling, P.J.; Georgieff, M.K.; Coe, C.L.;
et al. Multiomic Profiling of Iron Deficient Infant Monkeys Reveals Alterations in Neurologically Important Biochemicals in
Serum and CSF Prior to the Onset of Anemia. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2022, 322, R486-R500. [CrossRef]
Sandri, B.J.; Lubach, G.R.; Lock, E.F,; Georgieff, M.K; Kling, P.J.; Coe, C.L.; Rao, R.B. Early-Life Iron Deficiency and Its Natural
Resolution Are Associated with Altered Serum Metabolomic Profiles in Infant Rhesus Monkeys. J. Nutr. 2020, 150, 685-693.
[CrossRef] [PubMed]

Sandri, B.J.; Lubach, G.R.; Lock, E.E; Kling, PJ.; Georgieff, M.K.; Coe, C.L.; Rao, R.B. Correcting iron deficiency anemia with iron
dextran alters the serum metabolomic profile of the infant Rhesus Monkey. Am. J. Clin. Nutr. 2021, 113, 915-923. [CrossRef]
Cheng, F; Zhou, Y.; Wang, M.; Guo, C.; Cao, Z.; Zhang, R; Peng, C. A review of pharmacological and pharmacokinetic properties
of stachydrine. Pharmacol. Res. 2020, 155, 104755. [CrossRef] [PubMed]

Erecinska, M.; Cherian, S.; Silver, L A. Energy metabolism in mammalian brain during development. Prog. Neurobiol. 2004,
73,397-445. [CrossRef]

O’Sullivan, A.; He, X.; McNiven, E.M.; Hinde, K.; Haggarty, N.-W.; Lonnerdal, B.; Slupsky, C.M. Metabolomic phenotyping
validates the infant rhesus monkey as a model of human infant metabolism. J. Pediatr. Gastroenterol. Nutr. 2013, 56, 355-363.
[CrossRef]

Baker, R.D.; Greer, F.R.; Committee on Nutrition American Academy of Pediatrics. Diagnosis and prevention of iron deficiency
and iron-deficiency anemia in infants and young children (0-3 years of age). Pediatrics 2010, 126, 1040-1050. [CrossRef]


https://doi.org/10.3390/jcm10163506
https://doi.org/10.1016/j.jpeds.2008.06.038
https://www.ncbi.nlm.nih.gov/pubmed/18760421
https://doi.org/10.1053/j.ajkd.2010.05.009
https://doi.org/10.1038/jp.2015.140
https://doi.org/10.1159/000450674
https://doi.org/10.1159/000477124
https://www.ncbi.nlm.nih.gov/pubmed/28704831
https://doi.org/10.1038/s41372-019-0434-6
https://www.ncbi.nlm.nih.gov/pubmed/31350450
https://doi.org/10.1136/archdischild-2014-306076
https://www.ncbi.nlm.nih.gov/pubmed/25491423
https://doi.org/10.1093/jn/135.4.850
https://doi.org/10.1093/jn/135.2.267
https://www.ncbi.nlm.nih.gov/pubmed/15671224
https://doi.org/10.1203/PDR.0b013e31819d90a1
https://www.ncbi.nlm.nih.gov/pubmed/19190544
https://doi.org/10.1093/jn/136.9.2345
https://www.ncbi.nlm.nih.gov/pubmed/16920852
https://doi.org/10.1159/000341919
https://doi.org/10.1007/s11064-012-0950-7
https://doi.org/10.1016/j.rvsc.2012.11.017
https://www.ncbi.nlm.nih.gov/pubmed/23312499
https://doi.org/10.1002/dev.20365
https://doi.org/10.1080/1028415X.2016.1217119
https://www.ncbi.nlm.nih.gov/pubmed/27499134
https://doi.org/10.1152/ajpregu.00235.2021
https://doi.org/10.1093/jn/nxz274
https://www.ncbi.nlm.nih.gov/pubmed/31722400
https://doi.org/10.1093/ajcn/nqaa393
https://doi.org/10.1016/j.phrs.2020.104755
https://www.ncbi.nlm.nih.gov/pubmed/32173585
https://doi.org/10.1016/j.pneurobio.2004.06.003
https://doi.org/10.1097/MPG.0b013e31827e1f07
https://doi.org/10.1542/peds.2010-2576

Nutrients 2024, 16, 1092 16 of 16

153.

154.

155.

156.

157.

158.

159.

160.

Agostoni, C.; Buonocore, G.; Carnielli, V.P.; De Curtis, M.; Darmaun, D.; Decsi, T.; Domellof, M.; Embleton, N.D.; Fusch, C,;
Genzel-Boroviczeny, O.; et al. Enteral nutrient supply for preterm infants: Commentary from the European Society of Paediatric
Gastroenterology, Hepatology and Nutrition Committee on Nutrition. J. Pediatr. Gastroenterol. Nutr. 2010, 50, 85-91. [CrossRef]
[PubMed]

Domellof, M.; Braegger, C.; Campoy, C.; Colomb, V.; Decsi, T.; Fewtrell, M.; Hojsak, I.; Mihatsch, W.; Molgaard, C.; Shamir, R.;
et al. Iron requirements of infants and toddlers. . Pediatr. Gastroenterol. Nutr. 2014, 58, 119-129. [CrossRef] [PubMed]

Unger, S.L.; Fenton, T.R,; Jetty, R.; Critch, ].N.; O’Connor, D.L. Iron requirements in the first 2 years of life. Paediatr. Child.
Health 2019, 24, 555-556. [CrossRef]

Lamport, L.; Schanler, R.; Weinberger, B. Optimizing iron supplementation by monitoring serum ferritin levels in premature
infants. J. Neonatal Perinatal Med. 2022, 15, 567-574. [CrossRef] [PubMed]

Garcia, M.R.; Comstock, B.A.; Patel, R.M.; Tolia, V.N.; Josephson, C.D.; Georgieff, M.K.; Rao, R.; Monsell, S.E.; Juul, S.E.; Ahmad,
K.A; et al. Iron supplementation and the risk of bronchopulmonary dysplasia in extremely low gestational age newborns. Pediatr.
Res. 2023, 93, 701-707. [CrossRef] [PubMed]

Juul, S.E.; Comstock, B.A.; Wadhawan, R.; Mayock, D.E.; Courtney, S.E.; Robinson, T.; Ahmad, K.A.; Bendel-Stenzel, E.; Baserga,
M.; LaGamma, E.F,; et al. A Randomized Trial of Erythropoietin for Neuroprotection in Preterm Infants. N. Engl. |. Med. 2020,
382, 233-243. [CrossRef] [PubMed]

Burns, E.R.; Goldberg, S.N.; Lawrence, C.; Wenz, B. Clinical utility of serum tests for iron deficiency in hospitalized patients. Am.
J. Clin. Pathol. 1990, 93, 240-245. [CrossRef]

Suchdev, PS.; Williams, A.M.; Mei, Z.; Flores-Ayala, R.; Pasricha, S.R.; Rogers, L.M.; Namaste, S.M. Assessment of iron status in
settings of inflammation: Challenges and potential approaches. Am. J. Clin. Nutr. 2017, 106 (Suppl. S6), 16265-1633S. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1097/MPG.0b013e3181adaee0
https://www.ncbi.nlm.nih.gov/pubmed/19881390
https://doi.org/10.1097/MPG.0000000000000206
https://www.ncbi.nlm.nih.gov/pubmed/24135983
https://doi.org/10.1093/pch/pxz148
https://doi.org/10.3233/NPM-210912
https://www.ncbi.nlm.nih.gov/pubmed/35661022
https://doi.org/10.1038/s41390-022-02160-2
https://www.ncbi.nlm.nih.gov/pubmed/35725917
https://doi.org/10.1056/NEJMoa1907423
https://www.ncbi.nlm.nih.gov/pubmed/31940698
https://doi.org/10.1093/ajcp/93.2.240
https://doi.org/10.3945/ajcn.117.155937

	Introduction 
	Perinatal Iron Metabolism 
	Interorgan Prioritization of Iron 
	Effects of Perinatal ID on Neurodevelopment 
	Biomarkers of Brain Dysfunction in Perinatal ID 
	Serum Iron Panel 
	Serum Ferritin 
	Serum Iron, Iron-Binding Capacity, and Transferrin Saturation 
	Hepcidin 
	Soluble Transferrin Receptor 

	RBC Parameters 
	Hemoglobin 
	Erythrocyte Zinc Protoporphyrin-to-Heme Ratio 
	Reticulocyte Hemoglobin Content 

	Maternal Peripartum Iron Biomarkers and Infant Neurodevelopment 
	Biomarkers of Iron-Dependent Brain Health 

	Biomarker-Based Iron Supplementation for Optimizing Neurodevelopment 
	Conclusions 
	References

