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Abstract
BACKGROUND—Safe, accurate methods permitting simultaneous and/or repeated measurement
of red blood cell (RBC) survival (RCS) are important to investigate pathophysiology and therapy
of anemia. Methods using chromium 51 (51Cr) -labeled RBCs are unacceptable for infants,
children, and pregnant women. We report RCS measured in vivo using RBCs labeled with several
densities of biotin (BioRBCs).

STUDY DESIGN AND METHODS—Aliquots of autologous RBCs from eight healthy adult
subjects were labeled separately at four discrete biotin densities, mixed, and infused. The
proportion of each population of BioRBCs circulating was determined serially by flow cytometry
over 20 weeks. For each population, RCS was assessed by the following: 1) post-transfusion
BioRBC recovery at 24 hour (PTR24); 2) time to decrease to 50% of the enrichment at 24 hours
(T50); and 3) mean potential lifespan (MPL).

RESULTS—Among the four BioRBC densities, no significant differences in PTR24 were
observed. T50 and MPL were similar for the two lowest BioRBC densities. In contrast, the two
highest BioRBC densities demonstrated progressively decreased T50 and MPL.

CONCLUSION—RBCs labeled at four biotin densities can be used to independently and
accurately measure PTR24 and two lowest biotin densities can accurately quantitate long-term
RCS. This method provides a tool for investigating anemia in infants, fetuses, and pregnant
women with the following advantages over the standard 51Cr method: 1) study subjects are not
exposed to radiation; 2) small blood volumes (e.g., 20 μL) are required; and 3) multiple
independent RCS measurements can be made simultaneously in the same individual.
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Circulating red blood cell (RBC) kinetics are best measured directly by short- and long-term
survival of the RBC populations of interest – in contrast to indirect assessment by
mathematical modeling.1 Direct assessment of red cell survival (RCS) requires the ability to
distinguish RBC populations of interest from other RBCs circulating in the bloodstream,
which can be accomplished by labeling the RBC populations of interest and then measuring
the relative concentration of the labeled RBCs.

For decades, the method based on RBCs labeled with the radionuclide chromium-51 (51Cr)
has been the accepted reference method (i.e., the “gold standard”) for determination of RBC
volume and RCS.2 Limitations of the 51Cr method include the following: 1) only one
population of RBCs can be studied at a time; 2) elution of 51Cr from RBCs (approximately
2% per day3) has substantial intersubject variation, thereby introducing error in
measurement of RCS; and 3) radiation exposure in vulnerable populations such as fetuses,
children, and pregnant women, is considered potentially dangerous for clinical studies and
unethical for research purposes.4 Although use of nonradioactive chromium (e.g., 50Cr)
eliminates radiation exposure, the associated costs and technical difficulties remain
significant impediments.5–8 Even if these impediments could be overcome, problems of Cr
elution and limitation to single RBC population studies remain.

Needed studies of RBC circulating kinetics in infants, fetuses, and pregnant women have
been impeded by lack of a safe, accurate, and practical RBC label.4 Methods that detect
different RBC populations on the basis of antigenic differences permit study of only
allogeneic RBCs (i.e., not autologous). Methods detecting fetal versus adult hemoglobin
content in RBCs can be used for only one transfusion of allogeneic RBCs.9 A reliable and
feasible method for measuring RCS that does not require radiolabeling, while permitting
multiple RCS measurements using either autologous or allogeneic blood, would provide a
valuable tool for defining the physiology, pathophysiology, and responses to treatment for a
variety of conditions in these vulnerable patient populations in which anemia and RBC
transfusions are involved.

Here, we report a method for the simultaneous and independent measurements of RCS using
multiple densities of BioRBCs. Our hypothesis was that short-term and long-term RCS,
measured using RBCs labeled with increasingly greater densities of biotin, would agree with
RCS determined using RBCs labeled with the lowest density – our “gold standard” – which
had been previously validated against the 51Cr method.10

MATERIALS AND METHODS
Human studies

All studies were approved by the University of Iowa Committee on Research on Human
Subjects (study performance site) and the institutional review board of the University of
Arkansas for Medical Sciences (study analysis site). Written informed consent was obtained
from each subject as part of the ongoing informed consent process.

Study population
Inclusion criteria included the following: 1) 18 to 65 years of age; 2) weight of more than 50
kg; 3) hemoglobin level of 125 g/L or more; and 4) negative direct antiglobulin test (DAT).
Exclusion criteria included the following: 1) presence of an active chronic illness; 2)
consumption of biotin supplements or raw eggs within 30 days; 3) blood donation in the
previous 8 weeks; 4) blood loss in the previous 8 weeks due to epistaxis, gastrointestinal
bleeding, trauma, diagnostic phlebotomy (> 30 mL), or other bleeding; 5) premenopausal
women, to avoid menstrual blood loss; and 6) treatment with antibiotics in the week prior to
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initiating study participation to avoid suppression of erythropoiesis, which may accompany
infection.

Eight healthy adults (five women) participated. Determination of red blood cell volume
(RCV) by the BioRBC method in these same subjects has been previously reported.11
Briefly, in vivo circulating RCV was determined for each subject at each of three post-
transfusion times (10, 20 and 60 minutes) simultaneously and independently by enumeration
of autologous RBCs labeled at four discrete densities of biotin and calculation of the RCV
using the dilution principle.

Age ranged from 23 to 62 years. Body mass ranged from 57.2 to 115.2 kg. Throughout the
20-week study period, hematologic blood testing was obtained at the intervals described
below; neither blood hemoglobin concentration nor reticulocyte count changed importantly
(Table 1). Likewise, RBC indices including hematocrit, mean red cell volume, and red cell
distribution width changed little during the study (data not shown). These data provide
evidence that the subjects remained in steady-state erythropoiesis during the study.

Study protocol
In each subject, aliquots of autologous RBCs were labeled with biotin at four discrete
densities (see below), mixed together, and infused. Survival of each population of BioRBCs
was determined at 20 minutes, at 24 hours, and at one- to two-week intervals until the
percentage of that population had decreased to less than 0.06% (about 4% of the original
enrichment measured at 20 minutes following infusion).

Biotinylation of RBCs
Blood was drawn from study subjects as previously described.11 Briefly, 250 mL of blood
was obtained by venipuncture and collected into a citrate-phosphate-dextrose solution
containing collection bag (Baxter Healthcare Corporation, Fenwal Division, Deerfield, IL).
The RBCs were biotinylated to produce four distinct densities of BioRBCs as previously
described.12 Plasma was removed from four 50-mL aliquots of the anticoagulated blood;
RBCs were washed twice to remove residual plasma and then labeled with biotin at
increasing concentrations of sulfo-succinimido-biotin (Pierce Chemical Co., Rockford, IL).
12 As previously reported in our in vitro studies, a linear relationship between the density of
biotin labels/RBC and the concentration of sulfo-succinimido-biotin reagent/mL of RBC
was observed.13

A reagent concentration of 6 μg/mL of RBC (17 nmol/mL of RBC) was chosen as the lowest
biotinylation density because complete separation for this population of biotinylated RBCs
from the endogenous fluorescence of unlabeled RBCs was observed in the population
histogram of RBCs complexed with the fluorescent dye (Fig. 1). The biotinylation reagent
concentration was increased in three-fold increments (i.e., 18, 54, and 162 μg of sulfo-
succinimido-biotin/mL = 53, 158, and 474 nmol/mL, respectively) relative to the RBCs
labeled at the 6 μg/mL (18 nmol/mL) of RBC. Choice of this increment balanced two
opposing objectives: 1) avoid overlap between the adjacent populations in the fluorescent
intensity histogram (Fig. 1), and 2) minimize the increments in reagent concentration in
order to maximize the number of RBC populations studied. There was a limit on the highest
concentration of biotinylation reagent because our previous experience (unpublished data)
documented that reagent concentrations greater than approximately 250 μg/mL of RBC
shortened long-term RCS. After incubation for 30 minutes at the four biotinylation reagent
concentrations, each biotinylation reaction was stopped by washing the four RBC
populations twice. This also served to remove remaining biotinylating reagent and reaction
byproducts.
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Post-transfusion testing for hemolysis and for antibodies to BioRBCs
Prior to transfusion of the mixture of BioRBCs and every 4 weeks for approximately 20
weeks (see below), 1 mL of venous blood was collected from subjects for determination of
hemoglobin, hematocrit, reticulocyte count, DAT, plasma free hemoglobin concentration,
plasma haptoglobin concentration, and detection of antibodies to biotinylated antibodies.
Plasma free hemoglobin concentration was measured spectrophotometrically. Plasma
haptoglobin concentration was measured immuno-turbometrically. Free plasma hemoglobin,
haptoglobin, and DAT testing were performed at the University of Iowa Hospital using
commercial kits (Roche Diagnostics, Indianapolis, IN) and a Roche/Hitachi Modular
Analyzer (Laval, QC, Can). In testing for antibodies to BioRBCs, plasma samples were
tested using an antiglobulin technique against aliquots of group O RBCs from an adult
human donor in which one aliquot was biotinylated and another was not (i.e., test and
control RBCs) as previously described.14 A positive reaction was defined as visible
agglutination in a test tube system. In a separate tube, RBCs with the K1 antigen (Kell) were
reacted with anti-K1 in an antiglobulin phase, serving as a positive control.

Autologous blood transfusion and sampling
Weighed aliquots of 30 to 50 mL of each of the four populations of BioRBCs were mixed
together and were infused into an antecubital vein over three to four minutes. The exact
volume of the blood mixture infused was determined gravimetrically. The RBC counts
(RCC) expressed as the total number of RBCs/μL for the populations of biotinylated RBCs
were measured before and after mixing, prior to infusion, and in the timed venous blood
samples using a hematology analyzer (Sysmex SE2100, Sysmex Corp, Kobe, JP). The end
of the BioRBC infusion was designated Time 0 for determining results.

The amount of each BioRBC population added to the mixture was chosen to produce a final
percentage of each population of about 1.5% of the total number of RBCs in each subject's
circulation. One mL of venous blood was drawn at 20 minutes, 24 hours, and subsequently
at one- to two-week intervals. Each distinct population of BioRBCs was enumerated by flow
cytometry as previously described.15 Blood sampling continued until the percentage of
BioRBCs remaining was below the lower limit of quantitation for each population of
BioRBCs (< 0.06%). This lower limit of quantitation was defined empirically using
conservative criteria and demanding conditions as follows. Using sheep RBCs (which are
not biotinylated as readily as human RBCs)12 and twofold rather than threefold
biotinylation reagent increments (which produce about 25% overlap of peaks),16 four
BioRBC densities (18, 36, 72, and 144 μg/ml) were prepared in triplicate and serial dilutions
of the labeled cells were prepared at BioRBCs percentages from 0.25% to 0.0156%. The
overall mean accuracy was −6% (underestimate), and the mean precision was ±8%; at
dilutions greater than 0.0156%, both accuracy and precision deteriorated. We chose four-
fold greater than 0.0156% as the lower limit of quantitation.

Determination of RCS parameters
PTR 24 —For each population of biotinylated RBCs, PTR24 was determined as the
percentage of biotin-labeled cells remaining in the circulation 24 hours after transfusion
relative to the 20-minute post-infusion blood sample. This time was chosen for convenience;
extrapolation of 10, 20, and 60 minute sample time enrichments to Time 0 did not produce a
significant change.

T50—For each population of BioRBCs, T50 was defined as the time when 50% of BioRBCs
remained in the circulation relative to the percentage in circulation at 20 minutes. Rarely did
any sample have an enrichment of a particular population that was exactly equal to 50% of
the proportion of BioRBCs at 24 hours. Moreover, even should that rare event occur,
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choosing a single point would have allowed the analytical uncertainty in the assay to
disproportionately influence the T50. To optimally determine the T50 for each population of
BioRBCs, interpolation from a four point linear interpolation (the two nearest points with
less than 50% loss and the two nearest points with greater than 50% loss) was used to
determine the point at which the percentage of each population of BioRBCs population had
decreased to 50% of the value at 24 hours.

MPL—For each population of BioRBCs, MPL was defined as the mean time when 100% of
the biotin-labeled cells disappeared from the circulation – a measure that only approximates
the RBC life span because it is impossible to precisely quantitate the final few RBCs as they
are removed from the bloodstream. To determine MPL for each population of biotinylated
RBCs, the percentage of each population remaining in circulation was plotted against the
time after transfusion. In this study, the survival curves were fit by linear least-squares
regression curve until about 10% of each population of BioRBCs remained; the
extrapolation of this linear regression of all data points with greater than 10% remaining to
the intersection with the time axis was designated the mean potential lifespan (MPL).

Because greater than 98% the BioRBCs remain in circulation for the first 24 hours, choice
of 20 minutes for the reference time point is some what arbitrary. Choice of the 10-minute
point or 60-minute point produced very similar results. The notable exception is density 162
μg/mL for Subject 4 (see Results).

Statistical analysis
Central tendency and variability of RCS parameters (PTR24, T50, or MPL) for each
population of BioRBCs were expressed as the mean ± 1 standard deviation (SD).
Differences in means for RCS parameters among the populations of biotinylated RBCs were
tested for significance by one-way ANOVA with repeated measures. If differences were
detected, post hoc testing was performed using Fisher's test with Bonferroni correction for
multiple comparisons. These statistical analyses were performed with software (Statview,
Abacus Concepts, Berkeley, CA). Significance was chosen as p ≤ 0.05.

RESULTS
Short-term RCS: PTR24

For the eight study subjects (excluding density 162 for Subject 4 as discussed below), the
mean PTR24 values were not different among the four populations of fresh autologous
BioRBCs. Expressed as percent of the 20-minute value, the mean ± standard deviation (SD)
PTR24 values were 99.0 ± 3.2% for RBCs biotinylated with 6 μg/mL, 97.9 ± 3.6% for 18 μg/
mL, 98.4 ± 2.1% for 54 μg/mL, and 96.3 ± 5.2% for 162 μg of biotinylating reagent/mL of
RBC. Because the most of removal of BioRBCs labeled at density 162 for Subject 4 was
occurred before 20 minutes, inclusion of this datum changes the mean PTR24 for density
162 very little (96.7 ± 4.9%) and did not change results of the statistical analysis.

Long-term RCS: T50 and MPL
Figs. 2 and 3 depict the survival curves for the four populations of BioRBCs for each of the
eight subjects. Examination of the survival curves revealed many similarities among
subjects, but there were also a few striking differences. For most subjects, the survival
curves encompassing most of the life span of each population of BioRBCs were well fit by
linear least-squares regression until only about 10% of each population remained in the
circulation. In all subjects, survival of RBCs biotinylated at 6 and 18 μg/mL was nearly
identical to at least 100 days. Thereafter, survival of RBCs biotinylated at 6 and 18 μg/mL
exhibited a curvilinear approach to the time axis, as expected, given the well-established
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variability of several days in the survival of RBCs released from the marrow on the same
day.

For all eight subjects, the RBCs biotinylated at 162 μg/mL did not survive as long in the
circulation as the 6 and 18 μg/mL populations; the 54 μg/mL populations exhibited
intermediate shortening of RCS with variability among subjects (Figs. 2 and 3). These
observations are consistent with our a priori hypothesis that heavier biotinylation can cause
shortening of long-term RBC survival and, hence, when used to measure long-term RCS,
can introduce artifactual underestimates in RCS of RBC populations of interest.

In Subject 4, the disappearance 162 μg/mL BioRBCs was far more rapid than in any other
subject (Fig. 2). Although the number of 162 μg/mL RBCs should have produced an initial
enrichment of about 1.7% (similar to the other three populations of biotinylated RBCs) in
Subject 4, three-fourths of these BioRBCs were removed from circulation by 20 minutes.
Moreover, this most heavily biotinylated population was undetectable after only seven days.
Because these results were so strikingly different from the other subjects, the 162-μg/mL
data for Subject 4 were excluded from the 162 group statistics (Fig. 4), and all data from
Subject 4 were excluded from the ANOVA described below.

The initial observations concerning long-term RCS were confirmed by statistical
comparisons of group means for T50 and MPL. For the two lowest biotinylation densities (6
and 18 μg/mL), neither mean T50 nor the mean MPL were significantly different (Fig. 4). In
contrast, the two highest biotinylation densities showed progressive decreases in T50 and
MPL, indicative of more rapid elimination and artifactually shortened RCS. For the two
lowest biotinylation densities, the mean T50 values (58 ± 4 d and 57 ± 4 d, respectively)
were similar to values calculated from a previous study that used a single biotin density (55
± 4 d) or the elution-corrected 51Cr method (52 ± 4 d).10 Likewise, for the two lowest
biotinylation densities, mean MPL (115 ± 8 d and 113 ± 9 d, respectively) were similar to
values reported from a study that used a single biotin density (103 ± 8 d) or the elution
corrected 51Cr method (116 ± 16 d).10 The MPL values are approximately twice those of
the T50. This is not surprising because the survival curves are well modeled by a linear
regression until only 10% to 15% of the labeled RBCs remain in circulation.

We sought to assess the effect on the precision of the estimates of T50 and MPL using
reduced intervals of observation. To accomplish this, we reanalyzed the data sets for the
subjects reported here, limiting the linear extrapolations to the data available for the first 7,
14, 21, 28, and 43 days of observation. Results provided in Fig. 5 A and B provide evidence
that the precision of estimates for T50 and MPL is substantially reduced unless at least 28
days of data are used. For densities 6, 18, and 54 using 28 days, the percent differences from
the estimate using the full data set (mean ± 1SD) were −2% ± 4% and −5% ± 5%,
respectively for T50 and MPL. These percent differences are within the analytical error of
the method (± 5%).

Tests for hemolysis of transfused autologous BioRBCs
Serial blood samples were drawn before transfusion of BioRBCs (range 6 to 26 hours) and
at 60 minutes and 24 hours after transfusion of BioRBCs to detect acute changes in blood
hemoglobin concentration, reticulocyte count, plasma free hemoglobin, and haptoglobin. In
additional, blood hemoglobin and reticulocyte count were measured every one to two weeks.
Comparison of pre- and post-transfusion values did not suggest hemolysis (Tables 1 and 2)
including Subject 4, despite the rapid removal of RBCs biotinylated at 162 μg/mL.

Subject 6 is of interest because all plasma haptoglobin concentrations are undetectable,
including the pre-transfusion value. The subject had no history of hemolysis nor did
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members of the subject's family. This subject was not of Japanese ancestry, and hence
congenital ahaptoglobinemia was not a likely explanation. The subject had a normal
appearance, general health history, blood hemoglobin concentration, and reticulocyte count.
Importantly, MPL and T50 were normal and the shape of the survival curve was similar to
the other subjects (Fig. 2 and 3), providing evidence against significant chronic hemolysis.

Antibody formation to transfused autologous BioRBCs
Blood samples obtained monthly for four months were assayed for antibodies to BioRBCs.
Only Subject 1 developed a transient positive test for antibody to BioRBCs. This female
subject had no detectable antibody until week 12 at which point she developed weakly (+/−)
positive antibodies; the strength of the reaction remained weakly positive through the end of
the study. When next tested at 11 months post-transfusion, antibodies to BioRBCs had
disappeared. The RCS was not altered noticeably in Subject 1 by the presence of this
antibody, similar to previous reports.14

DISCUSSION
In the 1960's, concerns were raised about exposing fetuses, children, and pregnant women to
radiation, and use of 51Cr and other radioisotopes was largely abandoned, greatly limiting
subsequent investigations.4 Although methods based on RBC antigen mismatches between
donors and recipients9 or the dilution of RBCs containing hemoglobin F in fetal and infant
recipients by donor RBCs containing hemoglobin A are sufficiently sensitive for RBC
volume studies post-transfusion, few studies in infants have been reported using either
method17–20 and none in fetuses. Moreover, no RCS studies have been reported in infants,
with only a few semi-quantitative studies in fetuses.21 There have been a few RCS studies
of fetal erythrocytes in maternal circulation using fetal-maternal mismatched RBC antigens.
22

For several reasons, biotin labeling of RBCs provides an important tool to study RBC
physiology, anemia, and the response to RBC transfusions in fetuses, infants, children and
pregnant women. Biotin labeling of RBCs has been safely applied in studies of circulating
RBC kinetics.23 As with 51Cr, biotin permits labeling of either allogeneic or autologous
RBCs and is sufficiently sensitive to perform RBC kinetic studies in fetuses and very low
birth weight neonates. Unlike RBC labeling with 51Cr, biotin labeling of RBCs has the
following additional advantages: 1) radiation exposure is avoided; 2) no error is introduced
by label loss; and 3) multiple populations of RBCs can be studied simultaneously in the
same individual by labeling with biotin at different densities.11,16,24,25 An important
caveat here is that two RBC populations can be labeled with two different long-lived
radionuclides, permitting the tracking of RCS in individuals for whom radiation exposure is
not an issue. In addition, the biotin RBC labeling method is practical because 1) the required
biotinylation reagents are inexpensive and commercially available, 2) the required
measurement and synthesis equipment (a flow cytometer and sterile hood) are readily
available, and 3) technician time required for analysis is modest.10,25 The present studies
document that results of PTR24 measurements are nearly identical when assessed by
separate populations of RBCs labeled with biotin at densities less than or equal to 162 μg/
mL. We also found that that results of long-term RCS measurements are nearly identical
when assessed by separate populations of RBCs labeled with biotin at densities less than or
equal to 18 μg/mL. Hence, labeling of RBCs at discrete biotin densities provides a tool for
measuring RCS of multiple separate populations of BioRBCs simultaneously without
radiation exposure.

Multiple distinct populations of BioRBCs can be reproducibly and predictably prepared,
transfused, and enumerated individually in vivo.12 10 Our observation that the two lowest
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densities had both short-term and long-term RCS that were nearly identical and that short-
term and long-term RCS values were similar to those reported using other methods, provides
evidence that biotinylation of RBCs at these densities does not injure RBCs, at least to the
extent of measurably shortening RCS. We conclude that these two densities provide accurate
quantitation of RCS. Using these two lowest densities, RCS of two allogeneic or autologous
RBC populations can be determined simultaneously in the same subject. For example,
PTR24 and long-term RCS of both fresh and stored RBCs from the same donor could be
measured in the same subject when two RBC transfusions are given a few weeks apart.
Moreover, RCS of RBCs from an allogeneic donor and harvested from autologous placental
blood could be compared in the same infant.

Of particular note is the rapid removal of the RBCs biotinylated at 162 μg/mL for Subject 4.
We have no explanation for this phenomenon. The observation that similar rapid removal of
162 μg/mL BioRBCs was seen is the subsequent study repeated in this same individual
(again but not the lower biotin densities) suggests a biologic mechanism specific to the
Subject, rather than a technical error in the study. In a pilot study, we saw rapid removal of
RBCs biotinylated at densities greater that 162 μg/mL in another subject (data not shown).
We speculate that biotinylation density greater than 250 μg/mL likely will lead to rapid
removal of BioRBCs in a greater proportion of individuals.

The present results add to previous studies using BioRBCs to assess RCS in animals and in
humans.23,26–29 There is currently no evidence for toxicity from the biotin label. Biotin
has been administrated intravenously and orally in amounts several orders of magnitude
higher than the amount used here without any reported toxic effects.30 Notwithstanding, we
feel that BioRBCs should be infused into research subjects or patients with a positive direct
antibody test against BioRBCs only with very careful supervision including the following a
physician present by the bedside and medical precautions appropriate for an anaphylactic
reaction, which we think this is very unlikely.

The biotin method using low biotin biotinylation densities and flow cytometric detection
allows tracking of RBC survival than the 51Cr method. Elution rates for 51Cr method vary
among individuals; in our hands, this has limited accuracy of estimates of survival.10,
Assuming an enrichment similar to that used in the study presented here (approximately
2%), flow cytometric enumeration allows tracking of disappearance of at least 97% of
BioRBCs. This greater sensitivity arises from the large linear dynamic range of flow
cytometers. Reinfusion of labeled cells of a volume as little 0.05% is needed for measuring
circulating RCV.11 However, duration of transfusion medicine studies in very low birth
weight infants is often limited to the time during which these neonates are inpatients in a
tertiary referral, neonatal, intensive care unit. Moreover, given the considerable effort and
expense of studies in which RCS is followed though most of the MPL, we assessed the
accuracy of determining T50 and MPL using reduced intervals of observation. For the three
lowest biotin densities, reducing the interval of observation to the first four weeks does not
introduce a meaningful bias in the group mean values of long-term RCS, and the precision
as judged by the group standard deviation of the error relative to the value from the full data
sets is similar to the analytical error of the method (± 5%).11 From a feasibility standpoint,
we can successfully enumerate one million RBCs in a population histogram using as little as
15 μL of blood per sample for RCS studies. To follow the RCS for the minimum 28 days
(instead of ≥100 days), an enrichment of as little as 0.15% would still yield acceptable
counting statistics through 28 days. Thus, for an adult, as little as 5 mL and, for a 1000 g
infant, as little as 70 μL of 100% labeled, single density BioRBCs would suffice for short-
and long-term RCS quantitation.
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In summary, this study documents that RBCs labeled with biotin at different densities can be
used to study RCS of multiple RBC populations simultaneously and/or sequentially in adult
humans. Survival of RBCs based on enumeration of biotinylated RBCs using flow
cytometry is linear – establishing that the research subjects were in an erythropoetic steady
state. The RBC survival data presented here agree well with the published observations of
others. The PTR24 of 99% for each of the biotin densities is quite similar to the 96%-PTR24
reported by Mollison et al. using 51Cr31 and the 98.8%-PTR24 reported by Bentley et al.
using 51Cr.32 Likewise, the mean MPL obtained using the two lowest densities (115 ± 8 d
and 113 ± 9 d, respectively) were similar to those reported using 51Cr by us (116 ± 16 d)10
and others (Mollison et al.,31 115 days, and Bentley et al.,32 110 ± 21 days). The biotin
label method is safe and offers advantages over the standard 51Cr method that extend
beyond its use in pregnant women, neonates, infants, and children.
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Abbreviations

BioRBC biotinylated red blood cells
51Cr chromium 51

DAT direct antibody test

MPL mean potential red blood cell life span in circulation

PTR24 post transfusion recovery of red blood cells after 24 hours in the circulation

RCC red blood cell count

RCS red blood cell survival

RCV red blood cell volume

T50 time to disappearance of 50 percent of the labeled red blood cells from the
circulation
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Fig. 1.
Flow cytometry histogram (Subject 1, Day 3 of survival) relating number of RBCs
enumerated to log of fluorescent intensity for four populations of biotinylated human RBCs
demonstrates the complete separation observed between each biotinylated RBC population
and from the unlabeled RBC peak. “6, 18, 54, and 162 μg/mL” denote the populations of
biotinylated RBCs produced by successive three-fold incremental increased of the
biotinylation reagent, sulfo-succinimido-biotin.
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Fig. 2.
RBC survival for Subjects 1–4. RCS determined independently and simultaneously from the
four populations of autologous BioRBC densities is depicted for Subjects 1–4.

Mock et al. Page 13

Transfusion. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
RBC survival for Subjects 5–8. RCS determined independently and simultaneously as per
Fig. 2.
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Fig. 4.
Mean T50 and MPL for each density of BioRBCs. Mean T50 values (A) for the four
populations of autologous BioRBCs agree for the two lowest densities but are progressively
shorter for the two highest densities. Mean MPL values (B) for the four populations of
autologous BioRBCs agree for the two lowest densities but are progressively shorter for the
two highest densities.
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Fig. 5.
Effect of Length of Observation on Precision of Estimates of Long-Term RCS. For each the
three lowest densities of autologous BioRBCs, mean ± 1 standard deviation of the difference
in T50 (A) and in MPL (B) from the value obtained from the full data set is plotted against
the interval of observation.
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TABLE 2

Plasma haptoglobin concentrations before, 1, and 24 hours after transfusion of BioRBCs

Subject Time Plasma free hemoglobin (mg/dL) Haptoglobin

1 Before transfusion 6 70

60 minutes 83 52

24 hours 10 61

2 Before transfusion 3 71

60 minutes 11 66

24 hours 7 65

3 Before transfusion 29 32

60 minutes 54 38

24 hours 27 49

4 Before transfusion 7 85

60 minutes 9 70

24 hours 10 72

5 Before transfusion 11 86

60 minutes 8 71

24 hours 5 89

6 Before transfusion 0 <20

60min 40 <20

24 hours 2 <20

7 Before transfusion 22 77

60 minutes 5 64

24 hr 29 80

8 Before transfusion 3 114

60 minutes 25 95

24 hours 7 108

Laboratory normal ranges are 0–5 mg/dL for plasma free hemoglobin and 30 to 200 mg/dL for plasma haptoglobin.
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