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Estimation of adult and neonatal RBC lifespans in anemic
neonates using RBCs labeled at several discrete biotin

densities
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BACKGROUND: Prior conclusions that autologous neonatal
red blood cells (RBC) have substantially shorter lifespans than
allogeneic adult RBCs were not based on direct comparison
of autologous neonatal vs. allogeneic adult RBCs performed
concurrently in the same infant. Biotin labeling of autologous
neonatal RBCs and allogeneic adult donor RBCs permits con-
current direct comparison of autologous vs. allogeneic RBC
lifespan.

METHODS: RBCs from 15 allogeneic adult donors and from
15 very-low-birth-weight (VLBW) neonates were labeled at
separate biotin densities and transfused simultaneously into
the 15 neonates. Two mathematical models that account for
the RBC differences were employed to estimate lifespans for
the two RBC populations.

RESULTS: Mean + SD lifespan for adult allogeneic RBC was
70.1+19.1 d, which is substantially shorter than the 120 d lifes-
pan of both autologous and adult allogeneic RBC in healthy
adults. Mean + SD lifespan for neonatal RBC was 54.2+11.3 d,
which is only about 30% shorter than that of the adult alloge-
neic RBCs.

CONCLUSION: This study provides evidence that extrinsic
environmental factors primarily determine RBC survival (e.g.,
small bore of the capillaries of neonates, rate of oxygenation/
deoxygenation cycles) rather than factors intrinsic to RBC.

ed blood cells (RBC) from neonates differ substantially

from those in healthy adults. Neonatal RBCs are produced
during a period of stimulated erythropoiesis that is needed
to rapidly expand blood volume in response to rapid somatic
growth (1). In contrast, in healthy adults, RBCs are produced
under steady state (SS) erythropoiesis associated with stable
body weight and blood volume. Perhaps in part because of
these differences in erythropoietic rates, neonatal RBCs are
less deformable, larger in size, and more fragile than adult
RBCs (2,3). These intrinsic RBC differences could affect RBC
lifespan.

The environment in which the RBCs circulate might also
affect RBC lifespan. The mean in vivo lifespan (a term used
interchangeably here with long-term survival) of adult autolo-
gous and allogeneic RBCs in healthy adults is approximately
120 d (4,5). In contrast to the interpretation of previous neo-
natal studies, our recent studies indicate that adult RBCs trans-
fused into an anemic infant survive much less than 120 d (6).
Further, if neonatal RBCs are transfused into healthy adults,
these RBCs survive for longer than they would have in the
infant donor (7), suggesting that environmental circulatory
conditions may play a major and unappreciated role in relative
RBC survival.

The most commonly used RBC population labels are the
radionuclides *'Cr and **P. These labels allow only one popula-
tion of RBCs to be studied at a time in a given subject, thus pre-
cluding simultaneous direct head-to-head comparison of two
populations (e.g., neonatal vs. adult RBC). Specifically, after
an anemic infant is transfused with adult donor RBCs, there
are two separate RBC populations present in circulation. To
concurrently compare lifespan of the two RBC populations, an
alternative method capable of separately identifying and quan-
tifying persistence in circulation of each of the two RBC popu-
lations is needed. Biotin is a nonradioactive, nontoxic vitamin
that has been used to covalently label proteins on the outer
surface of the RBC membrane in RBC survival studies (5). The
biotin labeling method is well suited to study multiple (up to
4) RBC populations simultaneously in the same subject with
separate populations of RBCs being labeled at discrete biotin
density levels (8-10).

The objectives of the present study were the following: (i)
to develop a quantitative mathematical model to accurately
estimate concurrent lifespans of neonatal and adult RBCs that
have been transfused in newborn infants and (ii) to apply this
method to determine the lifespan of neonatal and adult RBCs
in very-low-birth-weight (VLBW) neonates when tracked
concurrently. Such a method can account for confounding
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Figure 1. Study protocol diagram of RBC biotinylation and population enumeration by flow cytometry. Allogeneic adult donor RBCs and autologous
neonatal RBCs were labeled at discreet biotin density levels and and transfused to VLBW anemic study subjects at the end of the first (unlabeled) RBC
transfusion given to treat anemia. Post-transfusion blood samples leftover from laboratory testing were analyzed by flow cytometry to determine the

fraction of biotin-labeled adult and neonatal RBCs that remained in circulation.

factors that include phlebotomy blood loss, RBC transfusion,
and RBC volume expansion resulting from somatic growth.

METHODS

Subjects

The BioRBC tracking data from 15 VLBW preterm anemic infants
previously reported (6) were used in this study. All infants were born
at <29wk gestation age (GA) and were cared for in the Neonatal
Intensive Care Unit (NICU) at the University of Iowa (UI) Children’s
Hospital. The University of Iowa Human Subject Internal Review
Board approved the study. Inclusion criteria included treatment with
expectation of survival and the presence of respiratory distress severe
enough to require mechanical ventilation. Exclusion criteria included
clinical evidence of diffuse intravascular coagulation, thrombo-
sis, hematological disease other than anemia attributable to either
phlebotomy loss, prematurity, or both, and an emergent transfusion
requirement that did not allow controlled sampling. For each neo-
nate, at least one parent or legal guardian provided written informed
consent as a part of the ongoing consent process.

Biotinylation of RBCs and Their Flow Cytometric Analysis
Neonatal and adult RBCs were labeled at two discrete biotin density
levels as previously described (Figure 1) (8,9). To avoid potential bias,
the biotin density levels were randomized between the adult alloge-
neic and the neonatal autologous using a balanced design. The per-
cent of BioRBCs in post-transfusion blood samples was determined
by flow cytometric enumeration after staining with Avidin conjugated
with Alexa Fluor 488 (8,9).

Study Protocol

All RBC transfusions were ordered by the subject’s attending neona-
tologist in accordance with UI NICU clinical guidelines (1). In this
study, RBCs from two sources were labeled with biotin: (i) the first
allogeneic adult RBC transfusion and (ii) autologous neonatal blood.
These BioRBCs were sequentially transfused to the study subjects
after the clinical transfusion as previously described (11). From birth
to the end of the BioRBC study period, blood samples left over from
the clinically indicated laboratory studies were weighed and recorded
immediately after collection. The weight of the blood collection
tube was subtracted from the total weight of tube and blood sample,
and this blood sample weight was converted to the volume of blood
removed using an estimated specific gravity of 1.05 for whole blood
(11). The mass of Hb removed with each phlebotomy was calculated
by multiplying the volume of blood removed times the Hb concen-
tration in that blood sample. Subjects who became anemic again
after the initial transfusion of unlabeled RBC and BioRBC received
additional unlabeled RBC transfusions at later times when clinically
indicated. For all transfusions, the volume of packed RBCs (85%
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Hct) administered was 15 ml/kg; the time of RBC transfusions were
recorded for use in the model analysis.

The Model

Model for adult donor RBC survival. RBCs from healthy adult donors
produced under normal hematologic steady state conditions were
isolated, labeled, and transfused into the study infants. The model
takes into account that a fraction of the original pool of the initially
transfused labeled RBCs will be removed from the circulation each
day, leading to a linear survival curve similar to that observed in
transfused adults in steady state erythropoiesis (5). This linear sur-
vival curve can then be extrapolated to the time axis to estimate the
adult donor RBC lifespan. The model to describe this linear decline of
labeled RBCs/Hb after transfusion at time ¢ is given as:

by (0):|1-—— <t<
Hb (1) = ) i 0 (1)

0 otherwise

where Hb, (t) represents the amount of Hb present in labeled RBCs at
time f and, L(0) is the lifespan of the labeled adult donor RBCs.

Model for neonatal RBC survival. In contrast to adult RBCs, neona-
tal RBCs are produced under non-steady state (non-SS) conditions.
To accurately model the survival of neonatal RBCs, a model that
accounts for non-SS RBC production is required. Such a model has
been derived by us previously (12) and was employed in this study. In
brief, in utero growth was estimated using the birth weight as a func-
tion of GA (13) and can be expressed as follows:

A-GA*+B-GA®+C-GA> +D-GA+E GA>154

BW(GA)= (2)
M~(ey'GA—1) 0<GA<154

where GA is the gestational age at birth measured in days and A, B, C,
D, E, M and yare fixed parameters that were set to values previously
validated for VLBW infants (Table 1) (12). The erythropoiesis rate
R(1) is assumed to be proportional to the body weight. Accordingly,
R(t) can be expressed as:
R(t)=k-BW(t+GA) <0 3)
where BW(t) is the body weight at time ¢ and k is a scaling factor
that relates the in utero growth to fetal erythropoiesis rate. The final
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Table 1. Parameter estimates obtained by fitting Equation 2 to birth
weight-GA data extracted from Arbuckle et al. (20) and previously
reported by Kuruvilla etal. (19)

Male, Female,

singleton singleton Male, twin Female, twin
A(gd™® -121x10° -1.60x10"° —9.09x10°¢ -1.28x10°°
B(g-d®) 9.37x1073 1.28x1072 6.72x1073 1.01x1072
C(g-d™) -2.53 -3.66 -1.73 -2.87
D(gd™) 3.0x10? 4.61x10? 1.98x10? 3.67x10%
E(g9) -1.30x10* -2.15x10* -8.40x 10° -1.78x10*
M>(g) 46.83 30.70 25.65 13.61
Y (d™) 1.65x 1072 1.86x 1072 1.97 %1072 2.27x107?

Based on the subject characteristics (male/female and singleton/twin), the A, 8, C, D, E,
M, and y were fixed to the values listed in Table 1.

2Mandy are parameters of the exponential function used to describe the intrauterine
growth for GA less than 154 d (Equation 2). A, B, C, D and E are parameters of the
polynomial function (Equation 2).

model to calculate the amount of Hb present in neonatal labeled
RBCs remaining in circulation at any time ¢ can then be expressed as:
B -MCH-k~l:M-Sl(t)+M-SZ (t)+S3:| t<(p-GA)(1+a)+L(0)
14
He (1) = (4)
F- MCH -k-S4(t) L(0)2¢t>(p-GA)(1+a)+L(0)

where p=154 d (Equation 2) and,

t—L(0)
7| GA+ j
Sl(t):ey'P—e ( 1+a (5)
P e () (6)
S(t)=6A P
éA(GAS—p5]+£-(GA4—p4)+£-(GA3—p3)
5 4 3
D 2 2 (7)
S3= +?(GA -p )+E~(GA—p) GA>p
0 GA<p
al s t—10Y | B . 4 t—Lo)
S4(t)=—-| GA —[GA+—] +—-| GA —[GA+—J +
5 1+a 4 1+o (8)

Q[Gﬁ—[GMwT]JrE[GAZ —[GA+ t_L(O)j2]+E~[L(O)tJ

3 1+a 2 1+a 1+a
where MCH is the mean corpuscular Hb for neonatal RBCs; MCH
was set equal to 37.5 pg/cell, a value previously determined by this
group (14). In both models, the disposition of RBCs (and the Hb
in those RBCs) was assumed to be lifespan based; specifically, we

assumed that RBCs were removed from circulation through cellular
aging/senescence (4,15-17).

Accurately Accounting for Phlebotomies in the Models

All critically ill newborn infants experience substantial phlebotomy
losses as a result of clinical testing; accordingly, Equations 1 and
4 must be corrected to accurately account for the loss of BioRBCs
due to phlebotomies. Loss of labeled RBCs from circulation was
accounted for as previously described (14,18,19). Consider that the
i™ phlebotomy was performed at time ¢ ;and that a certain fraction of
Hb was removed from circulation. After the i phlebotomy, the frac-
tion remaining F,  is given by Equation 9:

Copyright © 2017 International Pediatric Research Foundation, Inc.
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Foo= Hbr (tPi)_HbRMi

RMi = ——
' Hby (tp;)
where Hb,, is the hemoglobin removed due to the i* phlebotomy

at time ¢ . For multiple phlebotomies, the phlebotomy correction fac-
tor can be calculated as shown in Equation 10,

)

q
Fryi ifq>jandtp; <t
i=j (10)

Phlebotomy Correction Factor =

1 otherwise

where the fraction remaining after each phlebotomy are 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 phle-
botomy prior to the current time ¢. In this case, j represents the first
phlebotomy after the BioRBCs are introduced into the circulation,
and thus the Equation 10 now can be written as Equation 11.

q
Frumi
i=j (11)

ifg=landtp; <t
Phlebotomy Correction Factor =

1 otherwise

Data Analysis

Data analyses were performed in R version 3.0.3 using the RStudio
integrated development environment (20,21). All modeling were con-
ducted using WINFUNFIT, a Windows (Microsoft) version evolved
from the general nonlinear regression program FUNFIT (22), using
ordinary least squares fit to Hb amount vs. time profile for each sub-
ject. To characterize the uncertainty in the estimates of the individual
subject parameters, the standard deviation (SD) of the estimates were
calculated for each parameter. Neonatal and adult RBC lifespans were
compared using a two tailed, paired ¢-test. Statistical differences were
considered to be significant for values of P<0.05.

RESULTS

Subject Characteristics

Five males (all singletons) and 10 females (7 singletons and 3
twins) were studied. At the time of the BioRBC transfusion,
the mean body weight of the 15 anemic VLBW infants was
0.742kg (range 0.494-1.042kg), and the mean GA was 25wk
(range 23-27). During the BioRBC study period, subjects
received a mean of five additional RBC transfusions (range
1-9). The mean hematocrit at the time of the BioRBC transfu-
sion was 32.7% (range 28.6-39.8%).

Model Fit to BioRBC Data
The non-SS neonatal RBC survival model (Equation 4) fit to
the Hb disappearance curves for two representative subjects
are displayed in Figure 2a,b. General agreement between the
model fit and the infant Hb amount data was observed. The
mean (+ SD) model estimated RBC lifespan of neonatal RBCs
in neonatal infants was 54.2+11.3 d. The mean estimated
value of k, the scaling parameter (Equation 3), was 0.92 x 10’
RBCs/d/g.

The steady state adult RBC survival model (Equation 1) fit to the
adult Hb disappearance curves for the same two representative sub-
jects are displayed in Figure 2¢,d. The mean model estimated RBC
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lifespan of adult donor RBCs in neonatal infants was 70.1+19.1
d. Although the mean lifespans of both adult RBCs and neonatal
RBCs in neonates were substantially shorter than that in healthy
adults (~120 d), the survival of adult RBCs was still significantly
greater than that of neonatal RBCs (P < 0.05, Figure 3).

To assess the potential contribution of developmental factors
to determining RBC lifespan, the relationship of infant body
weight (as a marker of vascular volume as well as maturation)
to RBC lifespan was assessed by plotting mean estimated lifes-
pans for adult RBCs were against body weight for the 15 infants
(Figure 4). A significant positive correlation was observed
between in vivo allogeneic adult RBC lifespan and infant body
weight (P < 0.05), but not between infant RBC lifespan and
infant body weight (data not shown).

DISCUSSION

In this study, autologous infant and allogeneic adult RBCs
labeled at discrete biotin density levels were transfused to ane-
mic VLBW preterm infants to directly and concurrently deter-
mine the RBC in vivo lifespan. In these neonates, RBC lifespans
of both adult and neonatal RBCs were much shorter than the
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120 d reported for adult RBC (autologous and allogeneic) in
healthy adults. These observations provide strong evidence that
some aspect (or aspects) in the infant circulatory environment
substantially shortens the survival of adult RBCs. In addition,
lifespan of the adult RBCs was modestly longer (about 30%)
than that of the neonatal RBCs providing evidence that some
difference in an intrinsic characteristic of the two populations of
RBCs is a significant, but less important determinant of lifespan.

Neonatal RBCs and adult RBCs are produced under different
conditions (i.e., SS where the erythropoiesis rate is constant vs.
non-SS where the RBC production rate varies with time); thus,
simple comparison of the two BioRBC disappearance curves
will be misleading concerning true RBC lifespan. To accurately
account for this complexity, two separate models were employed
in the present study for estimating the lifespans of the two RBC
populations: one describing the elimination of infant RBCs
produced under non-SS conditions and the other describing
the elimination of adult RBCs produced under SS conditions.
Additional sophistication of the models was required to account
for the complexity of the clinical circumstances of these subjects.
The factors that contribute to this complexity include additional

b
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Figure 2. Model fit to Hb amount vs. time data. Panels a and b depict the fit (solid line) of the non-SS neonatal RBC survival model (Equation 4) to the
empirical Hb amount circulating in autologous neonatal BioRBCs (open squares) for two representative study subjects. Panels c and d depict the fit (solid
line) of the steady-state adult RBC survival model (Equation 1) to the empirical Hb in circulating allogeneic adult donor BioRBCs (open squares) for the
same two subjects. Agreement is good between the model fits and the Hb amounts in circulation for each population of RBC (adult and infant) for both

subjects.
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Figure 3. The mean (+ SD) RBC lifespan of neonatal autologous and adult
allogeneic RBCs in VLBW anemic infants. The lifespan of neonatal RBCs was
significantly less than the estimated lifespan of adult transfused RBCs (P <
0.05, two tailed paired t-test).
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Figure 4. Influence of infant body weight on allogeneic adult RBC lifes-
pan. The individual data points represent the estimated adult RBC lifespan
plotted against the infant body weight for the 15 VLBW anemic preterm
infants. The mean adult RBC lifespan increased with infant body weight (P
< 0.05).

clinical transfusions administered to the infants during the lifes-
pans of the BioRBCs, multiple phlebotomies, and blood vol-
ume increasing in response to somatic growth. All of these can
perturb the BioRBC survival curves. In this study, all of these
confounders were accounted for in our model estimation of the
lifespans of the two RBC populations.

Our results and their interpretations are consistent with
observations of RBC survival in other clinical situations.
Indeed, a substantial effect of the circulatory environment
on RBC survival has been previously reported based on RBC
survival in cross-transfusion studies. When healthy recipients
were transfused with RBCs from uremic patients, the uremic
RBC survival increased (relative to autologous survival in
uremic patients), whereas survival of RBCs from the healthy
donors decreased in uremic patients (relative to autologous
survival in the healthy donors) (23,24). Similarly, fetal RBCs

Copyright © 2017 International Pediatric Research Foundation, Inc.
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from a fetomaternal hemorrhage had a lifespan in the maternal
circulation close to that of adult RBCs (25). These studies indi-
cate that the environment in which the RBCs circulate is the
major determinant of long-term survival of RBCs.

We postulate that the shortened RBC lifespan of allogeneic
adult RBCs in anemic VLBW infant circulation is attributable to
a substantial environmental effect. Although the exact mecha-
nism or mechanisms causing the shortening remains unclear, we
speculate that one mechanism could be the increased mechani-
cal shear damage of adult RBCs in infant circulation. A previous
study in which adult donor RBCs were transfused to severely
anemic D+ fetuses found that adult RBCs had decreased deform-
ability after being introduced into the fetal environment (26).
The impaired deformability would shorten the adult RBC sur-
vival due to the increased mechanical stress during the passage
through the capillaries. A significant increase of the cholesterol-
to-phospholipid (C/P) ratio in adult RBCs was considered as
the primary cause for the decreased deformability of the donor
RBCs. In addition, donor RBCs also undergo a larger number
of capillary passages per unit time in the infant circulation com-
pared to that in healthy adults. The combination of decreased
RBC deformability and increased number of capillary passages
of adult RBCs in infant circulation would cause a cumulative
mechanical shear damage that could lead to shortened survival
of adult RBCs in VLBW infant circulation.

The results from this study provide strong evidence for a sub-
stantial effect of the anemic premature infant’s circulation in
decreasing RBC lifespan. Because allogeneic adult RBCs have
substantially reduced lifespan, the number of allogeneic donor
RBC:s transfusions that anemic infants receive is greater relative
to anemic adults (assuming that other factors such as laboratory
phlebotomy loss were the same). In light of our observation that
the lifespan of allogeneic adult RBCs is only about 30% longer in
infants than autologous neonatal RBCs, we contend that clini-
cal strategies such as delayed cord clamping and umbilical cord
milking are almost as effective (per gram of Hb) as allogeneic
donor RBC transfusions for VLBW preterm infants.

Because the mean adult RBC lifespan in infant circulation
significantly increased with infant body weight (Figure 4),
we deduce that allogeneic donor RBCs will survive longer in
larger infants as compared to smaller infants. We hypothesize
that this reduced survival of allogeneic donor RBCs in smaller
infants contributes to the greater number of RBC transfusions
required for these VLBW and extremely low birth weight (<
1,000 g) infants (27-29).

Our study has several limitations. The total RBC count could
not be measured at the time of each BioRBC sample because of
sample volume and economic limitations. Instead, the Hb pres-
ent in the BioRBCs was calculated from the measured BioRBC
enrichment data, using the measured blood volume and infant
body weight data. The estimated Hb present in the BioRBCs
was subsequently modeled instead of the number of BioRBCs
present in the infant circulation. This study assumed that the
erythropoiesis rate R(t) to be proportional to the body weight. In
contrast to healthy adults, neonatal RBCs are produced during
a period of stimulated erythropoiesis that is needed to rapidly
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expand blood volume in response to rapid growth. This rapid
growth increases the demand for oxygenation of the tissues and
must be met by a proportional increase in rate of erythropoiesis.
Further experimental evidence including studies with fetal sam-
pling is needed to validate this assumption. Another limitation
of the present study is that the sample size of 15 study subjects is
relatively small; yet, considering the difficulty of studying these
infants, 15 is a substantial number, and the observations offered
are novel. Based on demographics and clinical characteristics,
these VLBW study subjects appear to be representative of most
VLBW preterm infants. In future studies, a larger number of
study subjects encompassing a greater GA and body weight
spectrum would improve confidence in the generalizability of
the interpretations and postulated mechanisms.

In summary, the present study introduces a quantitative
method to estimate in vivo RBC lifespan of neonatal RBCs
produced under non-SS conditions and of adult RBCs pro-
duced under SS conditions as well as accounting for the major
confounding factors including multiple phlebotomies, clinical
transfusions, and RBC volume increase in response to somatic
growth. The method was successfully applied to estimate the
in vivo RBC lifespan of allogeneic adult RBCs and autologous
infant RBCs in anemic VLBW preterm infants.
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