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Abstract. Fetal RBCs are produced during a period of very rapid growth and stimulated erythropoiesis
under hypoxic intrauterine conditions. Fetal RBC life span varies with gestational age (GA) and is
shorter than that in healthy adults. Due to the special kinetic properties of life span-based survival of
human RBCs, a mathematical model-based kinetic analysis of the survival of fetal RBCs shortly after
birth provides a unique opportunity to Blook backward in time^ to evaluate fetal erythropoiesis. This
work introduces a novel method that utilizes postnatal in vivo RBC survival data collected within 2 days
after birth to study both nonsteady-state (non-SS) in utero RBC production and changing fetal RBC life
span over time. The effect of changes in erythropoiesis rate and RBC life span and the effect of multiple
postnatal phlebotomies on the RBC survival curves were investigated using model-based simulations.
This mathematical model, which considers both changes in the rate of erythropoiesis and RBC life span
and which accurately accounts for the confounding effect of multiple phlebotomies, was applied to
survival curves for biotin-labeled RBCs from ten anemic very low birth weight preterm infants. The
estimated mean fetal RBC production rate scaled by body weight was 1.07×107 RBCs/day g, and the
mean RBC life span at birth was 52.1 days; these values are consistent with reported values. The in utero
RBC life span increased at a rate of 0.51 days per day of gestation. We conclude that the proposed
mathematical model and its implementation provide a flexible framework to study in utero non-SS fetal
erythropoiesis in newborn infants.

KEY WORDS: cord blood RBCs; fetal erythropoiesis; fetal RBC life span; fetal RBC production; red
blood cells.

INTRODUCTION

Erythropoietic status in newborn infants is determined by two
phases: the fetal erythropoiesis before birth and neonatal erythro-
poiesis after birth. The former is important in understanding the
mechanisms involved in red blood cell (RBC) production
in the hypoxic intrauterine environment, while the latter
provides a better understanding of the newborn infant’s
ability to compensate for the expected decline in postnatal
erythropoietic activity that predictably results from the
increased oxygen availability and resulting downregulation
of erythropoietin synthesis and release (1–3). In anemic
preterm infants, the latter also provides information about the

critically ill infant’s ability to compensate for blood loss due to
the multiple clinical phlebotomies that commonly results from
required neonatal care. Determining the postnatal erythropoi-
esis rate would also help in assessing and improving the efficacy
of strategies such as erythropoietin therapy that are aimed at
reducing or eliminating RBC transfusions.

The RBCs present at birth have been formed during the
latter part of fetal life (4). During this period, the fetus
experiences rapid growth, and as a result, the rate of RBC
production is high (5). The progressive increase in hemoglobin
(Hb) concentration and erythrocyte content in whole blood that
is observed during the course of intrauterine development
provides ample evidence that the RBC production increases
with time in utero, leading to high Hb values at birth (6–8).

Past studies indicate that the RBC life span of a term
newborn infant is only about two thirds (60 to 80 days) that of
a healthy adult (9). Further, RBC life span is even shorter in
preterm infants than in full-term infants and appears to
decrease with birth weight (2). Likewise, in ovine fetuses, the
fetal RBC life span increases with gestational age (GA) and is
less than that in the adult (10). Since the Hb level at any time
is dependent on both the production and the survival of
RBCs, a better understanding of the intrauterine changes in
fetal RBC life span is crucial in evaluating fetal erythropoiesis
in newborn infants.
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Several studies have utilized human fetal RBCs isolated
from either umbilical cord or placentas at delivery to study in
utero erythropoiesis (2,4,11,12). These studies primarily focused
on estimating the fetal RBC life span and typically comparing
fetal RBC life span to adult RBC life span. However, these
studies did not evaluate the nonsteady-state (non-SS) conditions
under which the cord blood RBCs were produced. This
simplification may have confounded previous conclusions.
Because cord blood RBCs were formed during the latter part
of fetal life and their survival is life span based, themathematical
analysis of the survival curves of these RBCs provides a unique
opportunity to Blook backward in time^ for evaluating the phase
of fetal erythropoiesis in newborn infants.

The objectives of the present study are the following: (1)
to present a novel method that utilizes cord blood or infant
blood RBCs collected within the first days after birth to study
both the non-SS in utero RBC production and the changes in
in utero RBC life span over time and (2) to apply this method
to in vivo RBC disappearance curves of umbilical cord RBCs
from critically ill very low birth weight (VLBW) preterm
infants tracked via a biotin label.

MATERIALS AND METHODS

The Mathematical Model

Intrauterine Growth. Intrauterine growth was estimated
using birth weight as a function ofGAdata ofArbuckle et al. (13).
These data from over one million live births represent one of the
largest live birth datasets available that includes GA (13). The
50th birth weight percentile-GA data was digitally extracted for
male singleton, female singleton, male twin, and female twin live
births. A fourth-order polynomial function, which provided the
best fit to each dataset, was used to model the change in birth
weight with GA (Eq. 1 and Fig. 1). It was assumed that the data
generated from the birth weights of preterm infants was
representative of intrauterine growth of fetuses remaining in
utero up to the time of birth. ForGA less than that included in this
dataset (i.e., less than 154 days), an exponential function (Eq. 1
and Fig. 1) was used for estimating intrauterine growth. The in
utero body weight, BW(GA), can be expressed as (Fig. 1):

BW GAð Þ ¼ A⋅GA4 þ B⋅GA3 þ C⋅GA2 þD⋅GAþ E GA > 154
M⋅ eγ⋅GA−1
� �

0 < GA≤154

�
ð1Þ

where GA is the gestational age of the infant measured in days
andA, B, C,D, E,M, and γ are the parameters listed in Table I.

In Utero Erythropoiesis Rate. The in utero erythropoiesis
rate, R(t), is considered to be proportional to the body weight
and accordingly is expressed as:

R tð Þ ¼ k⋅BW t þGAð Þ t≤0 ð2Þ

where BW(t) is the in utero body weight of the infant at time
t, k is a scaling/proportionality factor, and t is the time relative
to the time of birth (t=0). At the time of birth, i.e., when t=0,
R(0) will be proportional to BW(GA), and for any time t
thereafter, R(t) will be proportional to the infant body weight at
time t+GA. For the specific case that assumes a life span-based

disposition with a fixed in uteroRBC life span (i.e., no change in
in utero RBC life span with time), the number of RBCs
produced in utero present at the time of birth is given by:

n 0ð Þ ¼
Z 0

−L 0ð Þ

R tð Þdt ð3Þ

In Eq. 3, the in uteroRBC production rate is integrated from
−L(0) to 0, where L(0) represents the fixed fetal RBC life span
that is also equal to the RBC life span at the time of birth (t=0).
To consider the more complex case of variable in utero RBC life
span, the lower integration limit in Eq. 3 has to be modified.
Previously published data in ovine fetuses indicate that the fetal
RBC life span increases approximately linearly with GA (10).
Considering a similar case in humans, the linear change in in utero
fetal RBC life span with time can be expressed as:

L tð Þ ¼ L 0ð Þ þ αt t≤0 ð4Þ
where α is the slope parameter that describes the rate of
change in fetal RBC life span with time. Let x be defined as
an intermediate variable defining the integration limits for the
number of RBCs produced in utero, which are eliminated
after birth, obtained as follows:

x ¼ t−L xð Þ x≤0 ð5Þ

From Eqs. 4 and 5, we get:

x ¼ t−L 0ð Þ−αx ð6Þ

x ¼ t−L 0ð Þ
1þ α

ð7Þ

Fig. 1. Intrauterine growth of newborn infants. The birth weight vs.
GA data (50th birth weight percentile) extracted from Arbuckle et al.
(13) was used to approximate the intrauterine growth for male
singleton, female singleton, male twin, and female twin infants. For
GA greater than 154 days (dashed line), each dataset was separately
fitted with a fourth-order polynomial function (Eq. 1). For GA less
than that included in this birth cohort, i.e., less than 154 days, an
exponential function (Eq. 1) was used for extrapolation of intrauter-
ine growth. The values of parameters A, B, C, D, E, M, and γ are
listed in Table I
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Equation 7 defines the integration limits in the case of a linear
change in in uteroRBC life span. Equation 3 then becomes (Fig. 2):

n 0ð Þ ¼
Z 0

−L 0ð Þ
1þα

R tð Þdt ð8Þ

Furthermore, the number of RBCs produced in utero
that are removed from circulation until time t after birth is
then given by (Fig. 2):

nE tð Þ ¼
Zt−L 0ð Þ
1þα

−L 0ð Þ
1þα

R uð Þdu ð9Þ

The number of RBCs that were produced in utero that
remain in circulation after birth at time t can then be calculated as:

n tð Þ ¼ n 0ð Þ−nE tð Þ ð10Þ

where n(0) is the number of RBCs produced in utero that are
present at the time of birth. If a small fraction of these RBCs are
removed, labeled, and reinfused back into the same infant, then:

nL tð Þ ¼ FL˙n tð Þ ð11Þ

where nL(t) is the number of labeled RBCs produced in utero that
remain in circulation after birth at time t, and FL is the fraction of
labeled RBCs relative to the total number of RBCs present. The
amount of Hb present in the labeled RBCs produced in utero that
remain in circulation after birth at time t can be given as:

HbL tð Þ ¼ MCH˙nL tð Þ ð12Þ

where MCH is the mean corpuscular hemoglobin of the
RBCs. Substituting Eqs. 1, 2, 8–11 in Eq. 12 and integrating
the final model to calculate the amount of Hb present in
labeled RBCs produced in utero and remaining in circulation
after birth at time t can be given as:

HbL tð Þ ¼ FL˙MCH ˙ k ˙
M
γ ˙S1 tð Þ þM˙S2 tð Þ þ S3

� �
t ≤ p−GAð Þ 1þ αð Þ þ L 0ð Þ

FL˙MCH˙ k ˙ S4 tð Þ L 0ð Þ≥ t > p−GAð Þ 1þ αð Þ þ L 0ð Þ

8<
:

ð13Þ

where p=154 days (Eq. 1) and

S1 tð Þ ¼ eγ⋅p−eγ⋅ GAþt−L 0ð Þ
1þαð Þ ð14Þ

S2 tð Þ ¼ GA−pþ t−L 0ð Þ
1þ α

ð15Þ

S3 ¼
A
5
⋅ GA5−p5
� �þ B

4
⋅ GA4−p4
� �þ C

3
⋅ GA3−p3
� �þ D

2
⋅ GA2−p2
� �þ E⋅ GA−pð Þ GA≥p

0 GA < p

(

ð16Þ

S4 tð Þ ¼ A
5
⋅ GA5− GAþ t−L 0ð Þ

1þ α

� �5
 !

þ B
4
⋅ GA4− GAþ t−L 0ð Þ

1þ α

� �4
 !

þ C
3
⋅ GA3− GAþ t−L 0ð Þ

1þ α

� �3
 !

þ D
2
⋅ GA2− GAþ t−L 0ð Þ

1þ α

� �2
 !

þ E⋅
L 0ð Þ−t
1þ α

� �
ð17Þ

It is assumed that the disposition of Hb/RBCs was
life span based (i.e., RBCs were removed from circulation
through cellular aging/senescence) (14–17). The model
also assumed a single point distribution of RBC life
spans, i.e., RBCs produced at a given time in utero have
the same RBC life span.

Accurately Accounting for Phlebotomies in the Analysis

Newborn infants are subjected to multiple phleboto-
mies for clinical testing purposes; accordingly, Eq. 13 must
be modified to accurately account for the perturbations in
the Hb level caused by the phlebotomies. We accounted
for the loss of labeled RBCs from circulation as previ-
ously described (18–20). Details of the phlebotomy
correction are described in the Appendix.

Table I. Parameter Estimates Obtained by Fitting Eq. 2 to Birth Weight-GA Data Extracted from Arbuckle et al. (13)

Male, singleton Female, singleton Male, twin Female, twin

A (g·day−4) −1.21×10−5 −1.60×10−5 −9.09×10−6 −1.28×10−5

B (g·day−3) 9.37×10−3 1.28×10−2 6.72×10−3 1.01×10−2

C (g·day−2) −2.53 −3.66 −1.73 −2.87
D (g·day−1) 3.0×102 4.61×102 1.98×102 3.67×102

E (g) −1.30×104 −2.15×104 −8.40×103 −1.78×104

M (g) 46.83 30.70 25.65 13.61
γ (day−1) 1.65×10−2 1.86×10−2 1.97×10−2 2.27×10−2
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Subjects

Ten VLBW preterm infants between 24 and 28 weeks
gestation being cared for in the Neonatal Intensive Care Unit
(NICU) at the University of Iowa Children’s Hospital were
enrolled in this study. The study was approved by the
University of Iowa Human Subject Internal Review Board.
All subject’s parents or legal guardians provided written
informed consent as part of an ongoing consent process.
Inclusion criteria included treatment with expectation of
survival and moderate to severe respiratory distress requiring
mechanical ventilation. Exclusion criteria included hemato-
logical diseases (except for anemia associated with phlebot-
omy loss and prematurity), alloimmune hemolytic anemia,
diffuse intravascular coagulation, thrombosis, and transfusion
requirements that were emergent and did not allow con-
trolled sampling.

Biotinylation of RBCs and FACs Analysis

The measurement of red cell survival using RBCs
labeled with biotin (BioRBCs) is practical, reliable, accurate,
and safe (21–23). RBCs were labeled with biotin as previously
described (21,22). Briefly, RBCs from study subjects were
washed twice and prepared at 25% hematocrit (Hct). The
biotinylation reagent sulfo NHS-biotin was dissolved and
used to label RBCs at a discrete biotin density. After a 30-min
reaction, the BioRBCs were washed twice, filtered, and
transfused. The percent of BioRBCs in posttransfusion blood
samples was determined by flow cytometric enumeration
after staining with avidin conjugated with Alexa Fluor 488 as
previously described (21,22). Cord blood/infant autologous
RBCs were biotinylated as described earlier and reinfused
back into the same infant. Each infant received only a single
BioRBC transfusion during the study period. All BioRBC
transfusions were administered within the first 2 days of life.

BioRBC Survival

Cord blood RBCs collected at the time of birth are
comprised entirely of fetal RBCs. Autologous infant
RBCs collected very close to the time of birth also are
comprised almost entirely of fetal RBCs. RBC produc-
tion falls several fold after birth, and thus, the number
of RBC produced after birth within the first 2 days is
only a very small fraction compared to the total number
of fetal RBCs that are present in the infant at the time
of birth. Because of this and due to the limited number
of infants that receive cord blood RBC transfusions,
this analysis also included infants that receive RBC
transfusions from autologous RBCs taken within the
first 2 days of birth.

Phlebotomy blood samples from birth through the
end of the BioRBC study period were weighed and
recorded immediately after collection. The blood collec-
tion tube weights were subtracted from the total weights
and converted to the volume of blood removed based on
a specific gravity of blood of 1.05 (24). The Hb mass
removed with each phlebotomy was calculated by multi-
plying the volume of blood removed times the Hb
concentration measured at the time of blood sampling.
In addition to the BioRBC transfusion, the infants also
received additional unlabeled RBC transfusions at various
times based on the severity of anemia. The decision to
treat with RBC transfusions was made by the physician in
accordance with NICU guidelines (25). The volume of
packed RBCs administered (85% Hct) and the time of
RBC transfusions were recorded for use in the analysis.
The MCH parameter was set equal to 37.5 pg/cell based
on previous estimates (18,19).

Data Analysis

The amount of Hb present in BioRBCs over time,
HbL(t) (Eq. 13), was modeled instead of the total number of
BioRBCs over time, nL(t) (Eq. 11). Flow cytometric analysis
of BioRBCs is an enumeration technique. At each BioRBC
sampling time, the fraction of BioRBCs relative to the total
number of RBCs in the sample can be accurately estimated.
To calculate the total absolute number of BioRBCs in the
infant circulation at a particular sampling time, nL(t) (Eq. 11),
this fraction has to be multiplied by the total number of infant
RBCs in circulation at that sampling time. In this study, the
total number of RBCs in circulation could not be measured at
the time of each BioRBC sample. Instead, the Hb concen-
tration measurements available for each BioRBC sampling
time were used to estimate the absolute amount of Hb
present in the BioRBCs in infant circulation over time
(Eq. 13).

All modeling and simulations were conducted using
WINFUNFIT, a Windows (Microsoft) version evolved from
the general nonlinear regression program FUNFIT (26),
using ordinary least squares fit to each individual subject’s
Hb amount-time profile. To characterize the uncertainty in
the estimates of the individual subject parameters, the
standard deviation (SD) and the percent coefficient of
variation (CV %) of the estimates were calculated for each
parameter.

Fig. 2. Non-SS fetal erythropoiesis in newborn infants. The solid line
represents the changes in fetal erythropoiesis rate up to the time of
birth. R(0) represents the RBC production rate at time of birth (t=0).
The fetal erythropoiesis rate is proportional to the in utero infant
body weight (Eq. 2). Fetal RBC life span, L(x), varies linearly with
time (Eq. 3)
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RESULTS

Subject Characteristics

The mean GA of the ten newborn subjects was
180.7 days (range, 162 to 194). The mean birth weight
was 0.815 kg (range, 0.564 to 1.250 kg). Three males (all
singletons) and seven females (six singletons and one
twin) were studied. Of the ten infants, three received cord
blood BioRBCs and seven received biotin-labeled autolo-
gous RBCs drawn within the first 2 days of birth. The
infants underwent an average of 142 phlebotomies (range,
50 to 271). The average number of RBC transfusions was
4.7 (range, 1 to 12). For all transfusions administered, the
volume of packed RBCs (85% Hct) administered was
15 mL/kg.

Model Simulations

Figure 3 shows the effect of varying individual
parameters (α, k, and L(0)) and the effect of multiple
clinical phlebotomies on the model-predicted BioRBC
survival curves. Figure 3a shows the effect of varying α,
the slope associated with the rate of change in fetal
RBC life span (Eq. 4), on the simulated BioRBC

survival curve with all other model parameters fixed at
specified values: L(0)=80 days; k=0.60×108 RBCs/day g;
no clinical phlebotomies. Similarly, Fig. 3b shows the
effect of varying L(0), the RBC life span at the time of
birth, on the simulated BioRBC survival curve with fixed
parameters of α=0, k=0.60×108 RBCs/day g, and no
clinical phlebotomies. Figure 3c shows the effect of
multiple clinical phlebotomies on the simulated
BioRBC survival curve with fixed parameters of L(0)=
80 days, k=0.60×108 RBCs/day g, and α=0. Finally, the
effect of varying k, the scaling factor associated with the
fetal RBC production rate, on the model-predicted
BioRBC survival curve is depicted in Fig. 3d with fixed
parameters of α=0, L(0)=80 days, and no clinical
phlebotomies.

Model Fit to Infant Data

The model (Eq. 13) fit to the Hb amount-time profiles,
along with the cumulative amount of Hb removed for four
representative subjects, is displayed in Fig. 4. General
agreement between the model fit and the Hb amount data
was observed. The estimates of the parameters are summa-
rized in Table II.

Fig. 3. Model simulated cord blood RBC survival curves. a The effect of varying α (Eq. 5), on the simulated RBC
survival curve. All other model parameters were fixed at specified values (L(0)=80 days, k=0.60×108 RBCs/day g
with no clinical phlebotomies). b The effect of varying L(0) on the simulated RBC survival curve (α=0.0, k=0.60×
108 RBCs/day g with no clinical phlebotomies). c The effect of multiple clinical phlebotomies on the simulated RBC
survival curve (L(0)=80 days, k=0.60×108 RBCs/day g and α=0.0). The effect of varying k on the model-predicted
RBC survival curve can be observed in d (α=0.0, L(0)=80 days with no clinical phlebotomies)
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DISCUSSION

This study introduces a novel method for utilizing the
in vivo disappearance of cord blood RBCs of newborn infants
labeled ex vivo to evaluate fetal erythropoiesis. Although
RBC survival curves have been used previously for estimating
fetal RBC life span, the use of these data for evaluating fetal
erythropoiesis has not been previously described.

Model Simulations

The effect of individual parameters (α, k, and L(0)) and
the effect of multiple clinical phlebotomies on the model-
predicted BioRBC survival curves are displayed in Fig. 3.
Parameter α describes the rate of change (slope) in fetal RBC
life span with time (Eq. 4). When α is 0 (Fig. 3a), the fetal
RBC life span is fixed in utero, i.e., the fetal RBC life span
does not change with development during this time. When α
is negative, the model assumes that the fetal RBC life span
decreases with fetal development and approaches L(0), the
life span at time of birth (t=0). Finally, when α is positive, the
model assumes that the fetal RBC life span increases with
fetal development and approaches the RBC life span at the
time of birth. The last case is likely the most physiologically
relevant because previous studies are consistent with the
inference that infant RBCs have shorter life spans than those
of healthy adults and that RBC life span is shorter in preterm
infants than in term infants (2,9,10).

L(0) describes the RBC life span at the time of infant
birth (t=0). Since the model describes the survival of cord
blood RBCs, the RBCs produced at the time of birth are the
youngest RBCs in the collected cord blood sample. When this
sample is labeled and reinfused back into the same infant, the
youngest RBCs will remain in the circulation the longest.
Thus, L(0) represents the time the youngest RBCs in the
population will survive. For example, if L(0) was 80 days,
then the youngest labeled cord blood RBCs will be removed
from circulation 80 days after these cells where introduced
into the circulation. Beyond 80 days, none of the labeled
RBCs will be present in infant circulation. Thus, L(0)
determines the end point of the RBC survival curve (Fig. 3b).

Newborn infants, especially critically ill preterm anemic
low birth infants, are subjected to multiple clinical blood
sampling as part of their routine care and management. Any
phlebotomy following the transfusion of labeled RBCs will
perturb the RBC survival curve. This perturbation becomes
increasingly significant as infants are subjected to more and

Fig. 4. a–d Model fit to Hb amount-time data for four subjects. The open squares represent Hb amount data points
and the solid line shows the model fit (Eq. 10). The dashed line represents the cumulative amount of Hb removed
from the infant during the same time interval

Table II. Estimated Parameter Summary from the Hb Mass Model
(n=10)

α (days/day) L(0) (day) k (×107 RBCs/day g)

Mean 0.5076 52.06 1.07
SD 0.0648 10.80 0.51
CV (%) 12.76 20.75 47.75

SD standard deviation, CV coefficient of variation
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more phlebotomies. Each phlebotomy removes a certain
fraction of the labeled RBCs from the circulation resulting
in a decline in RBC survival curve. As shown in Fig. 3c, the
effect of 109 clinical phlebotomies on labeled RBCs signifi-
cantly affected the shape of the model-predicted RBC
survival curve.

Finally, k is the scaling parameter that relates the in utero
growth of the infant to the rate of fetal erythropoiesis (Eq. 2).
When all the other factors in the model are kept the same
(i.e., same GA, gender, singleton/twin), a larger value of k
indicates that the infant has a higher fetal erythropoiesis rate
as compared to an infant with lower k value (Fig. 3d).

Model Fit to Infant data

The applicability of the model has been described using an
example dataset of cord blood/autologous RBCs from ten
VLBW preterm infants that were labeled with biotin. The
model successfully described the elimination of cord blood/
autologous BioRBCs in these infants (Fig. 4) and accounted for
(1) all blood removed and transfused and (2) an increase in body
weight due to infant growth and blood volume expansion.

A positive value for α indicates that the fetal RBC life
span increases with fetal development. In the present study,
the mean model estimate for α of 0.5076 (Table II) suggests
that fetal RBC life span increased at a rate of ~0.51 day/day
gestation in the ten subjects, and is similar to what has been
previously reported in ovine fetuses (10).

The mean RBC life span at the time of birth, L(0), was
52.06 days (Table II). This is similar to the previous range of
RBC life span estimates of 35 to 50 days based on 51Cr-
labeled RBCs (27). As expected, the estimated infant RBC
life spans were shorter than the reported adult RBC life span
of 120 days (28). The reduced fetal RBC life span as
compared to adult RBC life span may be due to the
differences in the conditions under which these RBCs were
produced. RBCs in healthy adults are produced under steady-
state conditions. In contrast, fetal RBCs are produced under
hypoxic intrauterine conditions during a period of rapid
increase in the number of circulating RBCs. This results in a
forced accelerated maturation of fetal RBCs and thus
resembles Bstress erythropoiesis^ of later life.

The mean body weight-scaled fetal RBC production rate,
k, of 1.07×107 RBCs/day g (which corresponds to an
erythropoiesis rate of 1.07×1010 RBCs/day in a 1000-g infant)
was similar to previously reported in utero Hb stimulation
rate of 0.414 g/day kg3/4 (which corresponds to 1.104×1010

RBCs/day in a 1000-g infant) (18). The estimated in utero
erythropoiesis rate was also approximately threefold higher
than the RBC production rate after birth (18). Previous
studies of bone marrow, reticulocytes, and iron kinetics have
unequivocally substantiated this drop in erythropoiesis after
birth (8).

Clinical Significance

Due to practical and ethical concerns with fetal blood
sampling, there is very limited information available on the
dynamic changes associated with in utero RBC production.
This study introduces a novel method to utilize cord blood
RBCs collected at the time of birth to look Bbackward in

time^ to evaluate fetal erythropoiesis. The proposed model
can be used to study fetal erythropoiesis under nonsteady-
state conditions while also accounting for in utero changes in
fetal RBC life span. Given the gestational age of a newborn
infant, this model can be used to estimate the RBC
production rate at the time of birth and also to estimate
how soon the RBCs present at the time of birth are removed
from infant circulation after birth. The data derived from this
study are clinically relevant in that they enhance understand-
ing fetal and neonatal anemia and can help to guide the
evaluation of therapeutic interventions in the future.

Limitations of the Model

The proposed model assumes that the fetal RBC life
span varies linearly with GA. Although this assumption is
based on previously published studies in ovine fetuses
(10), it has yet to be verified in humans. Due to obvious
ethical and regulatory concerns with fetal sampling, there
is limited information regarding the intrauterine changes
in human fetal RBC life span. The aim of the proposed
model was to introduce a novel approach of utilizing cord
blood RBC survival data to better understand fetal
erythropoiesis. A similar model to that which we proposed
here can be derived for nonlinear intrauterine changes in
RBC life span with gestation.

The model also assumes that the fetal erythropoiesis rate
is a function of the in utero growth of the fetus. During the
latter part of fetal life, the fetus grows rapidly and there is a
rapid increase in fetal weight. This increases the demand for
oxygenation of the fetal tissues and must be met by a
proportional increase in in utero RBC production rate.
Further experimental evidence is needed to validate this
assumption.

CONCLUSION

The present study for the first time demonstrates a
novel and versatile method for utilizing labeled cord
blood RBCs of newborn infants to study non-SS fetal
erythropoiesis. This method also accounts for changes in
fetal RBC life span with GA. The model was successfully
applied to cord blood/autologous BioRBC survival data
from ten VLBW preterm anemic infants. The estimated
parameters of the model were consistent with previously
reported literature values, further supporting the utility of
this model. Future investigations that study a greater
number of infants encompassing a greater GA spectrum
are needed to allow for identification of associations
between the rate of fetal erythropoiesis and important
factors influencing fetal erythropoiesis and fetal RBC life
span.
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APPENDIX

Correction for Phlebotomies

Let us consider the ith phlebotomy was performed at
time tPi that removed a certain fraction of Hb from
circulation. The fraction remaining after the ith phlebotomy,
FRMi, is given by Eq. 18:

FRMi ¼ HbT tPið Þ−HbRMi

HbT tPið Þ ; ð18Þ

where HbRMi is the hemoglobin removed due to the ith
phlebotomy at time tPi. For multiple phlebotomies, the phlebot-
omy correction factor (PCF) can be calculated as shown in Eq. 19,

PCF ¼ ∏
q

i¼ j
FRMi ifq≥ jand tPi < t1otherwise

(
; ð19Þ

where the fraction remaining after each phlebotomy is
ordered from the first to the last phlebotomy, j is the first
phlebotomy after entry of the RBCs into the systemic
circulation, and q is the last phlebotomy prior to the current
time t. In this case, j represents the first phlebotomy after the
BioRBCs are introduced into the circulation, and thus, Eq. 19
now can be written as Eq. 20. The derived PCF is then
multiplied with Eq. 13 to account for loss of labeled RBCs
due to multiple clinical phlebotomies.

PCF ¼ ∏
q

i¼1
FRMi ifq≥1and tPi < t1otherwise

(
ð20Þ
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