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ABSTRACT
Background: During pregnancy iron can be obtained from the diet,
body iron stores, or iron released from RBC catabolism. Little is
known about the relative use of these sources to support fetal iron
acquisition.
Objectives: To describe longitudinal change in iron absorption and
enrichment across gestation and partitioning of RBC iron to the fetus.
Methods: Fifteen pregnant women ingested an oral stable iron
isotope (57Fe) in the second trimester (T2) of pregnancy (weeks 14–
16) to label the RBC pool, and a second oral stable isotope (58Fe) in
the third trimester (T3) (weeks 32–35). Absorption was measured at
T2 and T3. Change in RBC 57Fe enrichment was monitored (18.8–
26.6 wk) to quantify net iron loss from this pool. Iron transfer to
the fetus was determined based on RBC 57Fe and 58Fe enrichment in
umbilical cord blood at delivery.
Results: Iron absorption averaged 9% at T2 and increased sig-
nificantly to 20% (P = 0.01) by T3. The net increase in iron
absorption from T2 to T3 was strongly associated with net loss in
maternal total body iron (TBI) from T2 to T3 (P = 0.01). Mean
time for the labeled RBC 57Fe turnover based on change in RBC
enrichment was 94.9 d (95% CI: 43.5, 207.1 d), and a greater
decrease in RBC 57Fe enrichment was associated with higher iron
absorption in T2 (P = 0.001). Women with a greater decrease in RBC
57Fe enrichment transferred more RBC-derived iron to their fetus
(P < 0.05).
Conclusions: Iron absorption doubled from T2 to T3 as maternal TBI
declined. Women with low TBI had a greater decrease in RBC iron
enrichment and transferred more RBC-derived iron to their neonate.
These findings suggest maternal RBC iron serves as a significant
source of iron for the fetus, particularly in women with depleted body
iron stores. Am J Clin Nutr 2022;115:1069–1079.
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Introduction
The developing fetus relies on placental transfer of iron

from maternal sources such as recently absorbed dietary iron,
mobilization of body iron reserves, or iron released from
catabolized RBCs. Whereas human and animal studies have
assessed transfer of dietary iron to the fetus (1–6), little is
known about the relative proportion of fetal iron that can be
obtained from the maternal RBC pool. In addition, little is known
about factors that influence maternal RBC catabolism or RBC
iron turnover across pregnancy. More work on understanding
the dynamics of iron partitioning between the mother and her
placental/fetal unit is needed to ensure that the mother has
enough iron during pregnancy along with adequate neonatal iron
endowment at birth.

Iron requirements increase by ∼7-fold during pregnancy to
>7 mg/d in the third trimester (7). In recognition of these
increased iron demands, the RDA for iron increases from 18 mg/d
in nonpregnant women to 27 mg/d during pregnancy (8). This
requirement was in part informed by early iron absorption
estimations that were based on the acute recovery of an orally
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administered isotope in serum, an approach that does not reflect
longer term utilization of iron for RBC production (9). Early
studies were dependent on less precise mass spectrometric
approaches. Furthermore, data on maternally absorbed iron did
not account for absorbed iron that was rapidly transferred to
the fetus (10). Further understanding of maternal iron dynamics
across gestation using current methodology is needed.

The majority of iron in the body is contained within the RBC
pool. This pool recycles ∼20 mg of iron daily as RBCs are
catabolized. In nonpregnant women, iron that is released is either
reutilized to support erythropoietic demands or sequestered into
storage reserves. During pregnancy, some of this iron can be
shunted to the fetus to support fetal iron demands. The lifespan
of a RBC has been monitored in older studies using intravenous
radioactive chromium (51Cr) or biotinylated labeled RBCs (11–
17). These studies estimated RBC lifespan to be ∼120 ± ∼30 d
in adult men and women. Analogous data in pregnant women are
lacking, as are data on fetal use of iron released from the maternal
RBC pool.

The developing fetus relies on maternal iron sources for
adequate iron accretion in utero. It is likely that some of this
iron is obtained from the maternal RBC pool (18), but to date
our understanding of iron recycling from RBC catabolism comes
primarily from radioisotope studies in adult men (11–13). To fill
these gaps in knowledge, the goals of this study were to: 1) obtain
longitudinal measures of maternal iron absorption from early to
late gestation; 2) evaluate change in RBC stable iron isotope
enrichment and determinants of this change across pregnancy;
and 3) evaluate possible correlations between change in RBC
stable iron isotope enrichment and the amount of stable iron
isotope recovered in the newborn at birth.

Methods

Participants

Twenty-three women were recruited from University of
Rochester Medical Center Midwifery Group and from the
Rochester Adolescent Maternity Program (RAMP) in Rochester,
NY early in gestation (13–15 wk of gestation). Women were
eligible to participate if they had an uncomplicated pregnancy,
were carrying a singleton, were not previously treated for
lead exposure, and did not have any malabsorption diseases,
hemoglobinopathies, or were taking a medication that might
alter iron homeostasis. One participant withdrew before receiving
the first iron tracer dose, 3 participants were ineligible due to
subsequent health complications across gestation [gallbladder
removal (n = 2), Gestational Diabetes Mellitus (n = 1)],
and dosing errors occurred in 4 women resulting in a final
study population of 15 women. The study was approved by
the Institutional Review Board of Cornell University and the
University of Rochester Research Subjects Review Board, and
written consent was obtained from all participants.

Study procedure and isotope dosing

This study was carried out from 2012 to 2015. All participants
were asked to discontinue iron or prenatal supplement use 2 d
prior to each stable isotope dosing study. Figure 1 depicts the
timeline for the study and the study measures collected at each

visit (V1–V5). During the second trimester (T2) of pregnancy
(V1: 14–16 wk of gestation), women came to the RAMP clinic or
Midwifery Group office after an overnight fast. Their height and
weight were measured with a stadiometer and calibrated scale. A
venous blood sample (5 mL) was collected to determine baseline
iron status. To label the maternal RBC pool, each woman ingested
a 20-mg dose of 57Fe as ferrous sulfate in a small amount of
flavored syrup (Humco). Women were then given a packaged
lunch (canned vegetable soup and pretzels) and were instructed
to wait ≥1.5 h before consuming this meal. Women returned
for 5 more visits over gestation to have blood samples taken:
V2 (weeks 16–18), V3 (weeks 24–26), V4 (weeks 33–35), V5
(weeks 35–37), and at delivery. Subsequent measures of 57Fe
RBC enrichment were obtained in V3, V4, V5, and at delivery
to monitor the change in RBC enrichment from weeks 16–18 of
pregnancy until delivery.

At V4, after the fasting blood sample was obtained, women
ingested a second oral stable iron isotope (1.1 mg 58Fe and
18.9 mg iron as ferrous sulfate for a final total iron dose of 20 mg).
They returned home with the same standardized lunch meal and
were again instructed to wait ≥1.5 h before consuming this meal.
Iron absorption in the third trimester (T3) was measured 2 wk
postdosing using the V5 sample based on 58Fe RBC enrichment.
At delivery, a cord blood sample (30 mL) was collected for
analysis of neonatal iron status biomarkers and to determine the
net transfer of 57Fe and 58Fe to the fetus based on neonatal RBC
enrichment at birth.

Laboratory analysis

All newborn iron status indicators were measured using cord
blood samples. Hemoglobin (Hb) concentrations were measured
using a HemoCue Analyzer at the University of Rochester.
Maternal anemia was defined as Hb concentration <11.0 g/dL
in T1 and T3, and <10.5 g/dL in T2. Data were also evaluated
using CDC race-adjusted cutoffs for black women [<10.2 g/dL
in T1 and T3 and <9.7 g/dL in T2 (19)]. Using either the
race-adjusted or the nonadjusted cutoffs did not change any of
the key findings so all data presented are non–race-adjusted.
Neonatal anemia at birth was defined when cord blood Hb
was <13 g/dL (19, 20). Cord blood Hb measures are known to
be significantly correlated with neonatal venous Hb measures
(21). Serum was separated from whole blood and stored at
−80◦C until used. Serum ferritin (SF) and soluble transferrin
receptor (sTfR) were measured using commercially available
kits (Ramco Inc). Hepcidin and erythropoietin were measured
by commercially available ELISA kits (Bachem; R&D systems,
respectively). The limit of detection (LOD) for the hepcidin
assay was 0.39 ng/mL, and for statistical purposes a value
of 0.195 ng/mL was assigned and values <0.39 ng/mL were
classified as undetectable. All analytes were measured once the
study was completed except for erythroferrone (ERFE), which
was measured in 2019 when a commercially available ELISA
for this hormone became available (Intrinsic Lifesciences). Prior
research using this assay has found that ERFE measures were
appropriately elevated in serum from thalassemia patients that
had been stored at −80 C for 8–9 y (22). The ERFE kit provides
quantitative measures below the stated LOD (1.5 ng/mL), and
absolute values were used for statistical analysis. Total body iron
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• Baseline iron and hemoglobin status

•Maternal anthropometric measurements

Visit 2 (week 16-18)
• 10 mL blood sample

•Maternal anthropometric measurements

Visit 3 (week 24-26)
• 10 mL blood sample

•Maternal anthropometric measurements

Visit 4 (week 33-35)
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FIGURE 1 Study timeline for dosing and iron analysis showing the study design and when each study visit occurred over the course of gestation. Arrows
indicate the study measures obtained at each of the scheduled visits. T, trimester.

(TBI) was calculated from SF and sTfR as previously described
(23, 24). All samples were run in duplicate.

Iron isotope preparation

Iron isotopes (57Fe at 94.69% enrichment and 58Fe at 93.34%
enrichment) were purchased in metal form (Trace Sciences
International) and were converted into a ferrous sulfate solution
containing ascorbic acid at a 2:1 ratio as previously detailed
(25). The isotopic composition of each tracer solution was
validated using a Triton TI Magnetic Sector Thermal Ionization
Mass Spectrometer (Thermo Fisher Scientific), and the total
iron content of each tracer solution was measured using atomic
absorption spectrophotometry (Perkin-Elmer Analyst 800).

Isolation and measurement of iron isotope

Maternal and umbilical cord blood (1 mL) was digested with
2 mL ultrapure nitric acid (Ultrex; JT Baker). The digested
residue was reconstituted in 2 mL ultrapure hydrochloric acid
(Ultrex; JT Baker) and iron was extracted using anion exchange
chromatography. The eluate was dried on a hot plate and
reconstituted in 30μL 3% ultrapure nitric acid (Ultrex; JT Baker).
The extracted iron (8 μL) was loaded onto a degassed rhenium
(H Cross) filament with 6 μL silica gel (Sigma-Aldrich) and
2 μL phosphoric acid (Sigma-Aldrich). Iron isotopic ratios

(57/56Fe, 58/56Fe, and 54/56Fe) were measured using a Triton TI
Magnetic Sector Thermal Ionization Mass Spectrometer (Thermo
Fisher Scientific).

Calculation of RBC iron enrichment

Maternal blood samples taken 2 wk postdosing (V2) were used
to measure maternal RBC iron enrichment. The 2-wk postdosing
sample collection time is based on early radiotracer data obtained
in men that found the majority of ingested tracer was incorporated
into RBC by 2 wk postdosing (26). The delta percentage (�%)
excess of each iron isotope was calculated as the degree to
which the iron isotopic ratios (57/56Fe or 58/56Fe) differed from
the baseline natural abundance ratios (0.02317 and 0.00307,
respectively). Maternal circulating iron during pregnancy was
calculated using measured maternal Hb concentration (grams
per deciliter) at each study visit, the estimated iron content of
Hb (3.47 g/kg) (27), maternal weight (kilograms) at each study
visit, and an assumed blood volume of 70 mL/kg (28). Using the
�% excess and circulating iron concentration, the net quantity
(milligrams) of tracer incorporated into the maternal RBC pool
was calculated after assuming that 80% of absorbed iron was
incorporated into erythrocytes, following similar methodology
that has been utilized in pregnant women (29–32).

Neonatal RBC iron incorporation was calculated using the
same approach as detailed above except that the assumed blood
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volume was estimated as 80 mL/kg (1). We assumed that 80% of
iron was incorporated into neonatal RBCs based on data obtained
from neonatal autopsy studies at birth (20, 33–37). This amount
is lower than the value of 90% that is often used in similar studies
carried out in older infants (38). Should actual incorporation be
closer to the 90% estimate used in older infants this would serve
to increase the net amount of iron transferred to the fetus.

We previously reported that absorption estimations are un-
derestimated when only utilizing iron isotope incorporated into
maternal RBCs (10), because some tracer is rapidly transferred
to the fetus (2). Therefore, absorption was calculated as the net
quantity (milligrams) of tracer incorporated into the maternal
RBC pool at 2 wk and the tracer recovered in the baby at delivery
divided by the tracer dose consumed by the mother.

Approaches to evaluate change in RBC enrichment across
pregnancy

Change in RBC 57Fe enrichment across gestation was
determined by 3 methods: 1) the net change in RBC enrichment
was calculated as observed difference between the V2 and
delivery measure; 2) the slope of change was estimated for
each woman individually using all timepoints; and 3) random
slope and intercept models were also used to assess longitudinal
changes in RBC enrichment over time. To further quantify the
change in RBC enrichment, the time to clear half of the RBC
iron tracer was calculated from using the equation: T1/2 = ln(2)/λ,
where λ is the observed slope of change in RBC enrichment
from V2 to V4 when observed change over time was linear for
all women. Additionally, length of time for the labeled RBC
iron to turnover (τ ) was calculated using the equation ln(2)/λ
= τ ln(2). The RBC enrichment AUC for each participant was
also calculated using the trapezoidal method (39). The total net
iron released from the maternal RBC pool was calculated using
maternal circulating iron, as discussed above, and the percentage
of iron tracer (milligrams) released from RBCs. This method
assumes the 57Fe tracer is incorporated into RBCs in an identical
fashion to native dietary iron. Decreases in RBC enrichment
across gestation can occur as a consequence of dilution of tracer
from an increase in the size of the iron pool as well as from a loss
of iron tracer as RBCs are catabolized and the tracer released is
transferred to the neonate.

Approaches to evaluate net transfer of iron to the neonate
and iron partitioning

Net transfer of 57Fe and 58Fe to the fetus was examined using
3 approaches. Net transfer was calculated as the net milligrams
of tracer recovered in neonatal RBCs presented as a fraction of
1) the mass of maternal iron tracer ingested (milligrams), 2) the
mass of absorbed iron tracer recovered in maternal RBCs 2 wk
postdosing (milligrams), and 3) the mass of 57Fe tracer lost from
the maternal RBC pool from V2 to delivery (milligrams).

Iron partitioning of 57Fe between the maternal and neonatal
compartment was assessed. Iron partitioning to the neonatal com-
partment was calculated as the net 57Fe recovered (milligrams)
in neonatal RBCs as a fraction of the total 57Fe recovered (mil-
ligrams) in the maternal and neonatal compartments (maternal
RBC pool 2 wk postdosing + neonatal RBC pool at birth).
Similarly, iron partitioning to the neonatal compartment was
calculated as net 58Fe (milligrams) recovered in the neonatal RBC

TABLE 1 Maternal and neonatal characteristics1

Maternal characteristics Value (n = 15)

Age at entry, y 27.31 ± 4.14
Race: white, % 67
Ethnicity: non-Hispanic, % 86
Parity ≥1, % 56
Prepregnancy BMI, kg/m2 25.12 ± 7.99
Gestational weight gain, kg 11.58 ± 11.02
Newborn characteristics (n = 15)
Gestational age, wk 39.23 ± 1.86
Birthweight, g 3282.44 ± 451.37
LBW, % [n] 6.7 [1/15]
Sex: female, % 44

1Data presented as mean ± SD or percentage. LBW, low birthweight:
defined as birthweight <2500 g.

pool as a fraction of the total 58Fe recovered in both the maternal
and neonatal compartments (maternal RBC pool + neonatal RBC
pool).

Statistical analysis

Participant characteristics and iron status indicators are
presented as the mean ± SD, geometric mean (95% CI),
or frequency and proportion. Possible changes in iron status
indicators and participant characteristics between baseline and
delivery were evaluated using t test, Wilcoxon rank sum test, or
χ2 test as appropriate. Change in absorption was calculated as the
difference in RBC iron enrichment between T2 and T3. Similarly,
change in iron status indicators was calculated as the difference
between each indicator from dosing week in T2 and T3. Random
slope and intercept models were used to assess change in RBC
enrichment across gestation. Data from women who were not
dosed with a second stable iron isotope at V4 (n = 2) were
not included in the longitudinal data analysis. For individual
timepoint analyses, analyses were run with, and without, these
2 women to determine if significant findings differed. Because
none of the significant findings differed, data from these
2 women were included in all nonlongitudinal analyses. Linear
regression models were used to assess correlation between
variables and determinants, and standardized β coefficients
(sβ) and SEs were reported. For multiple regression models,
dependent variables with bivariate correlation P values <0.2
were tested simultaneously and eliminated by backward selection
until only statistically significant variables remained. Statistical
analyses were conducted with JMP Pro 14.

Results

Subject characteristics and iron status

A total of 15 women completed the study (Supplemental
Figure 1). Maternal and neonatal characteristics are presented
in Table 1. One participant delivered at week 35, before
the second stable iron isotope could be administered, and an
additional woman missed the second dosing visit. One of the
participants in the study was an adolescent (aged 17 y), and
the rest were >20 y of age. Based on self-report, none of the
study volunteers were current cigarette smokers. Two neonates
were born prematurely (13%) and 1 of the preterm neonates was
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TABLE 2 Longitudinal changes in maternal and neonatal iron status1

Trimester 2 (visit 1:
57Fe dose)

Trimester 3 (visit 4:
58Fe dose) Delivery Neonate

Gestational age, wk 15.0 ± 0.7 34.0 ± 0.7 39.4 ± 1.8 39.4 ± 1.8
n 15 13 15 15
Weight, kg 68.9 ± 21.2a 77.7 ± 18.8b 79.9 ± 20.7c 3.4 ± 0.3
Hemoglobin, g/dL 12.2 ± 1.9 11.0 ± 1.3 11.6 ± 1.2 13.7 ± 2.3
Anemia, % 7a 54b 23a 33
Serum ferritin, ug/L 50.1 [30.6, 82.2]a 22.7 [12.1, 42.8]b 33.8 [17.6, 64.6]c 205.8 [141.5, 299.3]
Serum ferritin <12 ug/L, % 7 25 8 —
Transferrin receptor, mg/L 3.6 [2.6, 5.0]a 4.9 [3.6, 6.6]b 5.3 [3.83, 7.4]c 6.2 ± 1.8
Total body iron, mg/kg 8.0 ± 3.4a 4.0 ± 3.5ab 5.2 ± 4.1b 11.3 ± 3.0
Erythroferrone, ng/mL 0.7 [0.4, 1.5] 0.8 [0.4, 1.7] 0.7 [0.4, 1.3] 1.6 [0.8, 3.3]
Erythropoietin, mIU/mL 18.5 [12.4, 27.7]a 30.4 [17.6, 52.3]b 29.5 [16.3, 53.2]a 27.4 [16.6, 45.0]
Hepcidin, ng/mL 10.8 ± 7.5 5.4 ± 5.1 — 36.0 ± 18.1
Undetectable hepcidin, % 7 0 — 0

1Data are presented as mean ± SD for normally distributed data or geometric mean [95% CI] for nonnormally distributed data. Values with different
superscripts within a row significantly differ from one another, P < 0.05. Neonatal iron status was determined using umbilical cord blood. Undetectable
hepcidin was classified as values <0.39 ng/mL.

classified as low birthweight (7%). At birth, 33% of newborns
were anemic (cord Hb <13 g/dL). Data on maternal and neonatal
iron status are presented in Table 2. Maternal iron status
decreased significantly from baseline (∼week 15) to delivery (SF,
P = 0.03; TBI, P = 0.01), but prevalence of anemia did not
significantly differ between baseline and delivery (P = 0.23).

Iron absorption across gestation

Maternal iron absorption at T2 (15.0 ± 0.7 wk) averaged 8.7%
(95% CI: 5.0, 15.4%) and more than doubled across the ∼19-wk
period that elapsed from T2 to T3 (at 34.0 ± 0.8 wk) to 20.3%
(95% CI: 13.82, 26.86%) (P = 0.01) (Tables 3 and 4). Our data on
maternal iron absorption were compared with previous published
iron isotope data in pregnant women using orally administered
iron tracers (Tables 4 and 5). Results reported in the study by
Hahn et al. (40) were adjusted to assume 80% of absorbed iron
was incorporated into RBCs, because their original publication
assumed 100% of orally absorbed isotope was incorporated into
RBCs.

The mean increase in absorption from T2 to T3 was
8.5 ± 11.6%, and the mean change in TBI from T2 to T3 was
−4 ± 4 mg/kg. For every 1 mg/kg decrease in total body iron
from T2 to T3, iron absorption increased on average by 1.4%, and
change in absorption was significantly associated with change in
maternal TBI status from T2 to T3. Change in TBI from T2 to
T3 explained 58% of variance in the change of iron absorption
from T2 to T3, whereas change in maternal weight from T2 to
T3 explained 43% of variance (P = 0.02). There was a trend for
the change in iron absorption to be associated with the change
in maternal hepcidin from T2 to T3 (P = 0.06). The observed
increase in iron absorption was not significantly influenced by
maternal age (P = 0.5) or observed change in Hb from T2 to T3
(P = 0.3). TBI at time of dosing explained 57% of variance in
iron absorption in T2 (P = 0.003) and 34% of variance in iron
absorption in T3 (P = 0.05), and TBI explained more variance in
iron absorption than either SF (26%) or sTfR (18%) alone. Iron
absorption at either timepoint was not significantly associated
with Hb concentration (P = 0.3, P = 0.9).

Change in maternal red blood cell enrichment across
gestation

To obtain an estimate of iron released from the maternal RBC
pool across gestation, changes in RBC 57Fe enrichment were
monitored over a 150-d period postdosing (Figure 2, Table 3).
Change in RBC 57Fe enrichment was nonlinear (P = 0.02),
because there was a linear decrease in RBC enrichment from
V2 to V4 in all women followed by a slight increase in RBC
enrichment at V5 and delivery. Because tracer recovery is based
on estimates of maternal RBC mass, this nonlinear change
in RBC enrichment can be driven by the observed change in
plasma volume that leads to an increase in Hb concentrations
in late gestation (Figure 2, Table 3). Our observed changes in
RBC 57Fe enrichment and Hb across gestation mirror reported
data on changes in hematocrit across gestation (Figure 2) (41).
When assessing the decrease in RBC 57Fe enrichment from V2
to V4, RBC enrichment decreased on average by 20%, which
translates to a 0.03% decrease in RBC 57Fe enrichment per day
over 118 d (P = 0.08). Because RBC 57Fe enrichment was
strongly inversely associated with TBI, controlling for TBI across
gestation strengthened the relation between RBC enrichment
decrease per day (0.04%/d, P = 0.04). Using the linear portion
of the RBC 57Fe enrichment disappearance (V2 to V4), the time
to clear half of the RBC 57Fe tracer was 66 d (95% CI: 30, 144 d).
Using this calculation, the length of labeled RBC 57Fe turnover
was 94.9 d (95% CI: 43.5, 207.1 d). Women with greater change
in RBC 57Fe enrichment from V2 to V4 absorbed significantly
more iron in T2 (β = –0.84, SE = 0.2, P = 0.001). RBC 57Fe
enrichment increased on average by 5% from V4 to delivery, and
greater increases were observed in women who exhibited greater
increases in SF (sβ = 0.57, SE = 0.01, P = 0.05) or hepcidin (sβ
= 0.66, SE = 1.1, P = 0.04).

Net mass of 57Fe present in the RBC pool was calculated at
each sampling point. An average of 11% (95% CI: 2.6, 20.9%)
of the total 57Fe mass incorporated into maternal RBCs was lost
over the ∼150-d period from V2 to delivery (0.12%/d, P = 0.03).
Assuming the 57Fe tracer behaves in the same manner as does the
native Fe in RBCs, this magnitude of loss would reflect a net Fe
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TABLE 3 Iron enrichment, weight, and hemoglobin measures across gestation1

Visit 1 (weeks
14–16)

Visit 2 (weeks
16–18)

Visit 3 (weeks
24–26)

Visit 4 (weeks
33–35)

Visit 5 (weeks
35–37)

Delivery
(weeks 35–41) Neonate

Trimester 2 3
n 15 15 13 13 13 15 15
Weight, kg 68.9 ± 21.2 70.1 ± 20.6 70.2 ± 17.1 77.7 ± 18.8 77.9 ± 19.1 79.8 ± 20.7 3.31 ± 0.5
Hb, g/dL 12.2 ± 1.9 11.9 ± 1.5 11.2 ± 1.0 11.0 ± 1.3 11.5 ± 1.3 11.6 ± 1.2 13.7 ± 2.3
57Fe �% excess — 3.2 ± 2.1 2.9 ± 2.1 2.1 ± 1.3 2.1 ± 1.3 2.1 ± 1.2 2.2 ± 1.4
57Fe, mg — 1.0 [0.6, 1.8] 0.9 [0.5, 1.6] 0.7 [0.4, 1.3] 0.7 [0.4, 1.4] 0.8 [0.5, 1.3] 0.1 ± 0.04
57Fe RBC enrichment, % — 8.7∗ [5.0, 15.4] 7.7 [4.5, 13.3] 5.5 [2.9, 10.4] 5.9 [3.0, 11.7] 7.2 [4.4, 11.7] 0.5 ± 0.3
58Fe �% excess — — — — 2.4 [1.6, 3.7] 2.8 [2.1, 3.9] 3.6 ± 1.9
58Fe, mg — — — — 0.2 [0.1, 0.2] 0.2 [0.1, 0.2] 0.01 ± 0.01
58Fe RBC enrichment, % — — — — 20.3 ± 8.7∗ 21.8 ± 10.5 —

1Data presented as mean ± SD for normally distributed data or geometric mean [95% CI] for nonnormally distributed data. Hb, hemoglobin; �%, delta
percentage.

∗Indicates the values that represent iron absorption.

loss of 295 mg (95% CI: 145, 602 mg) from the RBC pool over
the ∼150 d. The AUC for RBC 57Fe enrichment across the 150-d
period was also calculated. The AUC was greater in women who
absorbed more 57Fe in T2 (sβ = 0.87, SE = 0.01, P < 0.001), and
these women also experienced a significantly greater decrease in
RBC enrichment over time (P < 0.001).

Net transfer of iron released from the maternal RBC iron
pool to the neonatal compartment

The net quantity of 57Fe recovered in neonatal RBCs was
60 ± 40 μg, which translates to 0.5% (95% CI: 0.28, 0.66%)
of the 20-mg 57Fe dose consumed by the mother at week 15
of gestation. In these women that absorbed ∼8% of their oral
iron dose, the 60 μg recovered in neonatal RBCs translates to
5.9% (95% CI: 4.5, 7.2%) of the amount of 57Fe absorbed by
the mother. Additionally, the 60 μg 57Fe recovered in neonatal
RBCs reflects 26% (95% CI: 10.2, 67.0%) of the amount of
57Fe released from maternal RBCs based on change in RBC 57Fe
enrichment over time. When put into perspective in relation to the
total mass of iron lost from the maternal RBC pool, this translates
to an uptake of 87.1 ± 32.4 mg, or 33% of the total 295 mg
iron released from the maternal RBC pool. One-third of the iron
released from the maternal RBC pool was diverted to the fetus
and not available to be reutilized in support of maternal RBC
formation.

Net 57Fe recovered in neonatal RBC (milligrams) was strongly
positively associated with the amount of iron absorbed by the
mother at T2 (R2 = 0.78, P < 0.001) and with maternal 57Fe
AUC (R2 = 0.73, P = 0.0002). Women who exhibited a greater
decrease in RBC 57Fe enrichment over the 150 d between dosing
and delivery [calculated either as a slope from V2 to delivery
or as change in 57Fe (milligrams) over this interval], transferred
more 57Fe to their neonate (slope sβ = −0.69, SE = 0.6,
P = 0.02; change sβ = −0.76, SE = 0.02, P = 0.003). This
was a stronger association than seen between the decrease in
maternal 57Fe enrichment and maternal TBI at delivery (sβ =
−0.48, SE = 0.002, P = 0.12) or change in TBI across pregnancy
(sβ = −0.38, SE = 0.003, P = 0.25).

Net transfer of dietary iron to the neonatal compartment
in T3

The net 58Fe recovered in neonatal RBCs was 10 ± 10 μg,
which reflects 1.3% (95% CI: 0.90, 1.71%) of the 58Fe dose
consumed by the mother at approximately week 34 of gestation.
With the average absorption at this time being nearly 20%, the
10 μg recovered in neonatal RBCs translates to 9.0% (95%
CI: 5.8, 13.9%) of the amount of 58Fe absorbed by the mother.
Net 58Fe recovered in the neonatal RBCs was not as strongly
associated with absorbed iron in T3 (P = 0.06) as seen with 57Fe.
However, net 58Fe recovered in neonatal RBCs was inversely
associated with maternal delivery SF (sβ = −0.70, SE = 0.01,
P = 0.03), and was more strongly associated with SF than TBI
(sβ = −0.61, SE < 0.01, P = 0.06).

Iron partitioning between maternal and neonatal
compartments

The total amounts of each of the 57Fe and 58Fe tracers
recovered in the maternal and neonatal compartments were
summed, and the relative fraction of the total iron partitioned
to the maternal or neonatal compartments was calculated. Of
the total 57Fe recovered in the mother 2 wk postdosing and
in the newborn, 4.7% (95% CI: 3.6, 5.8%) was partitioned to
the neonatal compartment. The fraction of total 58Fe recovered
that was partitioned to the neonatal compartment was higher,
although this did not reach statistical significance (6.5%; 95%
CI: 4.4, 9.8%; P = 0.12). Neonates with a larger fraction of
total 57Fe recovered in their RBCs also had a higher fraction
of total 58Fe recovered in their RBCs (R2 = 0.75, P = 0.006).
Partitioning of each isotope to the neonatal compartment was
positively associated with neonatal ERFE concentrations at birth
(57Fe: sβ = 0.61, SE = 0.7, P = 0.03; 58Fe: sβ = 0.56, SE = 1.1,
P = 0.06), although only partitioning of 57Fe was associated with
maternal ERFE (57Fe: sβ = 0.64, SE = 0.5, P = 0.02; 58Fe: sβ
= 0.32, SE = 1.4, P = 0.33). Women with greater decreases
in TBI across gestation partitioned a greater fraction of orally
ingested iron to their neonatal compartment (57Fe, P = 0.03; 58Fe,
P = 0.08).
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TABLE 5 Absorption estimations from radioactive iron isotope studies across gestation1

Radioactive isotope (59Fe as FeSO4, FeCl2, or ferric ammonium citrate)

Balfour et al.4

(63) (n = 13)
Svanberg et al.2,5

(64) (n = 30)

Svanberg et al.2,5

(64) (n = 30) Iron
treated

Hahn et al.4 (65)
(n = 12–56)

Svanberg et
al.2,5,6 (66)

(n = 22)

Total iron load, mg 1–122 100 100 2–9 4
Week of gestation Percentage uptake

[range]
Mean [range] Mean [range] Median

percentage uptake
Mean [range]

<10 — — — 13.8 —
10–14 2.7 6.5 [1.2–11] 6.7 [3.4–14.5] 13.8 1.5 [0–6.7]
15–19 4.2 — — 21.3 —
20–24 3.2 9.2 [3.2–17.9] 6.0 [1.1–13.1] 40 5.8 [0–15.4]
25–29 2.5 — — 41.3 —
30–34 16.4 — — 50.6 —
>35 9.1 [2.2–27.7] 14.3 [5.9–24.7] 8.6 [2.7–15.0] 51.3 14.6 [5.7–28.3]
Fold change weeks 10–14 to >35 3.3 2.2 1.3 3.7 9.7

1Compared with nonpregnant women (DRI 18% absorption). Hahn et al. (65) estimations were adjusted to assume 80% incorporation into RBCs
because 100% incorporation was used in their publication.

2Longitudinal study/measures across gestation.
3Serum iron measured shortly after dosing to calculate absorption.
4RBC iron incorporation used to calculate absorption.
5Absorption measures using whole body counter.
6Iron isotope dose given with food.

Discussion
To our knowledge this is the first longitudinal isotope study that

sought to quantify the kinetics of RBC iron enrichment across
pregnancy. Furthermore, these longitudinal data, and use of
2 stable iron isotopes, allowed changes in maternal iron
absorption to be evaluated from T2 to T3 as a function of
decreasing maternal iron stores. We report that mean length of
time for labeled RBC iron turnover was 95 d during pregnancy,
and women with quicker RBC iron turnover absorbed more iron

in early gestation and transferred a larger net fraction of absorbed
iron to their neonate.

In T2 of pregnancy, iron absorption averaged ∼ 9% and
doubled to >20% in T3. The increase in absorption is consistent
with early data, and the observed 2.2-fold increase in absorption
falls within the range of increases noted previously (range 1.3–
10-fold increase) (Tables 3 and 4). In the current study, the
percentage iron absorption at T3 (20%) was lower than previous
stable iron isotope studies (range: 36–66%) (10, 28, 32, 35). This
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FIGURE 2 Change in RBC enrichment across gestation. (A) The observed changes in RBC 57Fe enrichment (%) over gestation in 15 pregnant women
who received oral 57Fe at weeks 14–16 of gestation. Data are presented as geometric mean and 95% CI. (B) The observed percentage change in hemoglobin
from visit 1 onwards (black stars), at each of the study timepoints. The percentage change from prepregnancy values of hematocrit in non–iron-supplemented
pregnant women (black circles, n = 39) and in iron-supplemented pregnant women (gray squares, n = 39) are presented as adapted from Vricella (41).
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could be due to the total load of iron given (20 mg), which was
higher than that used in previous studies (5–10 mg), and iron
absorption is known to decrease as the load of iron ingested
increases (40). Additionally, the women in this study appeared to
be more iron replete (higher SF or TBI) than those in previous
studies. Maternal iron absorption is inversely associated with
maternal iron status (9, 10, 32, 42). This finding is also evident
in the current study, where women had greater increases in iron
absorption from T2 to T3, when they also exhibited a greater loss
in total body iron. Although we did observe inverse associations
between SF and iron absorption, maternal TBI was more strongly
predictive of maternal iron absorption than was hepcidin, a
finding that is consistent with other data in nonpregnant adults
(43). The 2.2-fold increase in iron absorption we observed from
T2 to T3 falls within the range that has been reported in other
studies, although the range reported in the published literature is
wide.

RBCs are anucleate and have a finite lifespan. Catabolism
occurs when RBCs become senescent, and iron is released from
catabolized RBCs to be recycled or stored. During pregnancy
length of time for labeled RBC 57Fe turnover averaged 95 d,
although there was a wide range of variability (95% CI: 43.5,
207.1 d). Although we did not see a linear decrease in RBC
iron enrichment over pregnancy, our change in RBC iron
enrichment mirrored observed changes in maternal Hb and was
also consistent with expected shifts in plasma volume reported
from normative data (41) (Figure 1). Interestingly, our data on
length of time for RBC iron turnover based on change in 57Fe
enrichment were comparable to the few data published on RBC
lifespan during pregnancy. Only 1 study to our knowledge has
estimated RBC lifespan at 120 d in a small group of pregnant
women (n = 6); this study removed RBCs, labeled them ex
vivo with 51Cr, and then reinfused them into the participants
and monitored change in enrichment over time (44). Studies in
pregnant rats that also labeled RBCs ex vivo with 51Cr found that
RBC lifespan was shortened by 9% during pregnancy compared
with values obtained in nonpregnant rats (36.9 d to 33.6 d,
P = 0.001) (45). Further studies are needed to better quantify
RBC lifespan and change in RBC iron enrichment in larger
sample sizes that include both pregnant and nonpregnant women.

The developing fetus relies on maternal iron stores and
efficient placental transport of iron across gestation. The current
study found that iron recycled from the maternal RBC pool
provides a significant source of iron for the fetus, and reliance
on this pool of iron is greatest in women with low body iron.
The majority of RBC catabolism occurs extravascularly, releasing
∼20 mg iron back into circulation as diferric transferrin (46),
and the placenta is known to upregulate transferrin receptor in
relation to maternal iron status so it can better capture diferric
transferrin (47). However, 10–20% of RBC catabolism occurs
intravascularly, releasing free Hb and heme, which bind to their
respective carriers (13, 46). The placenta also expresses a number
of heme transport proteins (48–55). Whether the iron released
from the maternal RBC pool is transferred to the neonatal
compartment as diferric transferrin or within a heme-containing
protein is unknown, but the maternal RBC pool appears to be a
significant source of iron for the fetus, and this pool is utilized to
a far greater extent in women with depleted iron reserves.

The fetus relies on maternal iron sources for its accretion of
this mineral in utero, such as from maternal dietary sources. The

current study demonstrated that greater maternal decreases in
TBI were associated with a greater fetal uptake of maternally
absorbed tracer. This finding is consistent with previous studies
demonstrating that maternal iron status was inversely associated
with iron transfer to the fetus (3, 10, 29, 47). The current
study is the first in which maternal or neonatal ERFE has
been assessed in relation to fetal iron transfer and partitioning.
Neonatal ERFE concentrations were positively associated with
partitioning of iron from both the maternal RBC pool and
dietary iron. ERFE is known to decrease circulating hepcidin
concentrations when erythropoietic iron demand is high (56).
Previous studies have measured neonatal hepcidin, and found
that this indicator explained the greatest variation in neonatal
iron status (10, 57–59), but these studies were published before
an ERFE assay was commercially available (22). Recent animal
data have demonstrated that fetal hepatic hepcidin acts in an
autocrine fashion to secure in utero liver iron stores (60). Due
to the mediatory role of ERFE in hepcidin suppression, umbilical
cord ERFE could be indicative of increased neonatal iron demand
in utero.

Although this study assessed RBC iron dynamics in pregnancy
and iron transfer to the fetus that was derived from the maternal
RBC pool, there are limitations. The current sample size was
limited, and we do not have data on iron absorption and change in
RBC enrichment across a similar interval of time in nonpregnant
women to serve as a control. We dosed women with a large load
of iron (20 mg), which could lead to an underestimation of true
iron absorption. We were only able to assess change in RBC iron
enrichment. Alterations in the rate of RBC production, plasma
volume expansion and Hb concentrations across gestation add
variability to our estimates. In addition, the labeled RBC pool
consists of recently synthesized RBCs, whereas the nonlabeled
RBC pool consists of RBCs at variable stages of their lifespan.
Similar to previous stable iron isotope studies during pregnancy
(1, 30, 42, 47), we assumed a constant blood volume as
a function of maternal weight across gestation, although we
know that plasma and blood volume increase from 12 to 28
wk of gestation and then plasma volume expansion plateaus
whereas Hb production continues to increase (41), with plasma
volume nearly doubling in T3 compared with nonpregnant
values (61). We were also unable to distinguish the relative
amount of neonatal 57Fe that was derived from rapid transfer
of maternally absorbed tracer compared with that obtained
after it was released from the maternal RBC pool. Further
studies are needed with larger sample sizes to confirm these
results.

In conclusion, the current longitudinal study has found that
iron absorption increases across gestation as a function of
decreasing maternal TBI. We also report for the first time that
labeled RBC iron turnover during pregnancy averages 95 d and is
quicker in women with diminished iron stores. The women with
greater decreases in RBC iron enrichment transfer a greater net
amount of iron to their neonates, suggesting in times of increased
iron demand maternal RBC iron becomes a significant source for
fetal iron.
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