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Abstract

There are limited studies of changes in blood volume after birth in preterm infants. This study aimed to develop a method
to measure blood volume in preterm piglets that could potentially be adapted for use in a clinical setting. A tracer dilution
method using fluorescent-labeled dextran was optimized and tested in vitro and in vivo in preterm (98/115 days gestation)
and term piglets. In vitro, the dextran method had an error of individual samples ranging from —14.2% to +15.9% with a
mean bias of +0.1%. Smaller tracer size (150 kDa) significantly overestimated volume with a bias of >20%, compared with
the 500 kDa tracer. Using three or four sampling time points fitted with a linear or log-linear curve had only small bias for
all groups (<2.3 mL/kg), despite significant differences compared with using a one-phase decay curve fitted to 2 h of sam-
pling (14 time points). Single samples at 10 or 20 min after injection had biases of +4 + 4mL/kg (range: —7 to +14 mL/kg)
and +8 *+ 4 mL/kg (range: —5 to +19 mL/kg), respectively. Repeated measures are feasible from birth with minimal blood
sample losses (0.5 mL). In neonates, the dextran tracer method requires use of a large tracer size (500 kDa) with multiple,
timed samples (minimum 3 samples over the first 40 min after injection). This simple fluorescent-labeled dextran method
prevents overestimation of blood volume in neonates and allows for repeat measurements from birth. This method can be
adapted for use in preterm infants, which is critical to testing the efficacy of interventions designed to support preterm
blood volume.

NEW & NOTEWORTHY There are very limited studies on blood volume in preterm babies. Early, repeated measurements of
blood volume are essential to understand rapid changes that occur after birth and test interventions to manage cardiovas-
cular function. This study found that blood volume in neonates is overestimated unless large tracers with multiple, timed
samples are used to overcome rapid tracer loss from the circulation. This simple method can be adapted for use in preterm
infants.

blood volume; cardiovascular; preterm

INTRODUCTION

Although it is widely accepted that blood volume in pre-
term infants is higher than at term, and thus hypovolemia is
unlikely to contribute to cardiovascular instability, there is
limited evidence for this. Only three publications report
blood volume in very preterm infants within one day of
birth. The reported values vary widely, and none are higher
than values reported at term (1).

Measurement of blood volume in preterm infants is
particularly challenging. Development of such a method
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is complicated by the lack of a gold standard for measure-
ment of blood volume, making validation of any method
difficult. Historically, dye dilution methods for meas-
uring blood volume were developed using adults and
relied on small plasma tracers or dyes. It was assumed
that these tracers are not lost from circulation within the
time frame of the measurement. If the tracers are lost,
they will overestimate blood volume. This is a particular
problem for preterm infants where there is evidence of
high loss from capillaries, even for albumin (2, 3). Thus,
estimates of blood volume based on these small tracers
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may be erroneously reporting higher values for preterm
than term infants (4, 5).

More recently, red blood cell (RBC) tracers were developed
for use in preterm infants, including the fetal:adult hemoglo-
bin method and biotin-labeled RBC. As these studies reported
similar average values for preterm and term infants (1), this
again raises questions about whether preterm blood volume
is higher than in term infants and highlights the need for a
simple and reliable method for measuring blood volume in
neonates.

The aims of this study were: 1) to develop a method to mea-
sure blood volume in preterm piglets, and potentially in pre-
term infants, using a large molecular weight fluorescently
labeled dye that can be measured in small sample volumes;
2) to validate this method in vitro; 3) to apply this method in
vivo, determine if the tracer is lost, and develop a method to
correct for loss; 4) to determine if accurate measurements of
blood volume could be obtained using only three to four sam-
ples; and 5) to model the effects of incorrect assumptions about
lack of tracer loss on historical volume measurements.

MATERIALS AND METHODS

This study was covered by animal ethics approvals from
The University of Queensland (UQ) (UQCCR/HMRC/592/16
and 2019/AE000534). All pigs were Large white x Landrace
and were sourced from UQ’s piggery at Gatton (Queensland,
Australia), where pigs were provided standard care and had
access to food and water, ad libitum. All pigs were eutha-
nized using phenobarbitone sodium (162 mg/kg; Virbac
Australia; piglets: 0.5 mL ip).

Method for Measuring Blood Volume

The plasma tracer chosen for this study was dextran, as it
is stable, nontoxic, and not biologically reactive. Initially, a
very high molecular weight dextran (500 kDa) was selected
to limit the rate of tracer loss from the circulation and conju-
gated with either Fluorescein isothiocyanate (FITC) or tetra-
methylrhodamine (TRITC) (Sigma-Aldrich, St Louis). Then a
lower molecular weight dextran (150 kDa) that was conju-
gated to CF680 (Biotium) was tested to determine if it was as
accurate as the larger tracers.

A known amount of labeled dextran was added to the blood
volume to be measured to target a final concentration of 20—
40 pg/mL blood. This concentration minimizes the dose of
dextran while still using the linear section of the standard
curve. Blood samples (100-200 pL) were collected before addi-
tion of dextran (plasma blank) and after addition, allowing
time for mixing. The concentration of dextran in the sam-
ples was determined by comparison with a standard curve.
Standards were made using plasma collected from animals
of the same gestational age. Plasma from samples (40 uL)
and standards were diluted with phosphate-buffered
saline (PBS) (160 pL) to minimize variations in pH that
affect fluorescence levels. Fluorescence intensity was then
measured in duplicate (2 x 80 uL; Spark 10 M multimode
reader; Tecan, Switzerland). Following subtraction of the
fluorescent intensity of baseline plasma samples, the dex-
tran concentration of each sample was calculated using
the linear equation from the standard curve. Duplicate
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values were excluded if >2 SD difference between fluores-
cence intensity readings. Plasma and blood volumes were
calculated as below:

Plasmavolume (mL) = amount of dextran injected (ng)/
dextran concentration of plasma sample (ug/mL).
Blood volume = plasmavolume/(1 — Hct).

Hct = hematocrit.

In Vitro Validation

In newborn piglets (10-20 h old), anesthesia was induced
with 2% isoflurane before administration of propofol (5 mg/kg)
via an ear vein. Piglet blood (10-30 mL) was collected from
umbilical artery and heparinized (10 IU heparin/mL blood).

The volume of the blood sample was determined accu-
rately using an electronic pipette and confirmed gravimetri-
cally. Dextran tracer solution (known concentration) was
added as above, and the volume of tracer solution added was
confirmed gravimetrically. Tracer was mixed with the sam-
ple volume by gently inverting the tube. A single blood sam-
ple was collected, and volume was calculated as above
method for measuring blood volume. The accuracy of the
method in vitro was assessed using a one sample ¢ test to
determine whether the difference between the known and
the measured value was different to zero.

In Vivo Application and Tracer Loss

Preterm (n = 12) or term (n = 15) piglets were delivered by
cesarean section at 98 days or 114 days of gestation, respec-
tively (full term is 115 days). Piglets at 98 days gestation are
developmentally similar to a 28 wk infant and are assumed to
replicate vascular biology and leak. All piglets were delivered
by cesarean section and had cords milked before delivery (see
the study by Nguyen et al. 6 for details on sow anesthesia, pig-
let resuscitation, and blood volume values after birth). Piglets
were intubated, ventilated, and maintained in intensive care.
Sedation immediately commenced via the umbilical vein
using a loading protocol, where dosage was reduced across
the first hour to reach a target maintenance dose range (4—
6 mg/kg/h propofol and 0.89-1.33 pg/kg/h fentanyl). Both
umbilical arteries were catheterized; one to allow tracer injec-
tion and glucose (10%) infusion (3 mL/kg/h), the other for
blood sample collection to prevent cross contamination, and
heparinized saline infusion (0.5 mL/h). All animals included
in this study were appropriate for gestational age.

An estimated blood volume of 80 mL/kg was used to cal-
culate the amount of labeled dextran solution (known con-
centration) required to achieve the target final concentration
of 20-40 pg/mL blood. Dextran solution was injected via an
umbilical artery catheter and flushed with 1 mL of saline.
The volume injected was confirmed gravimetrically. For the
one-phase decay curve, timed blood samples (0.1-0.2 mL
SST) were collected from the second arterial catheter over a
2 h period (5, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110,
and 120 min after injection). In a different cohort (preterm,
n = 18; term, n = 18), a 150 kDa dextran was injected along-
side the 500 kDa to compare blood volumes generated using
a smaller dextran. For this experiment, timed blood samples
were collected over the same sampling time points. In all
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Figure 1. Representative figure of the fluorescence intensity of multiple-
timed plasma samples over 2 h after injection of a 500 kDa dextran tracer
with back extrapolation to the time of injection fitted using a one-phase
decay curve. In this example, R? = 0.97.

piglets, blood volume was measured twice, at least 8 h apart
to ensure that tracer levels had plateaued. Residual levels of
the tracer from the first blood volume measurement were
accounted for by taking a baseline blood sample before the
second injection.

Correction for Tracer Loss

There was significant loss of the tracer out of the circula-
tion over the 2 h experimental period. Tracer concentration
decreased by 9% (SD 7) between 5 and 30 min after injection
for 500 kDa dextran, then reached a plateau at 29% (SD 13)
loss (e.g., Fig. 1). To correct for this tracer loss a one-phase
decay curve was fitted to fluorescence values of plasma sam-
ples, using GraphPad Prism (Version 9.4.1, San Diego, CA).
The 2 h period with multiple early samples ensured that the
curve and plateau could be determined accurately. This
type of curve was observed to have the best R? value of
curve fitting methods trialed (including linear and log-lin-
ear) (Table 1). Back extrapolation was used to calculate the
fluorescence intensity at the time of injection (Iy). Blood
volume was calculated as above using Io. Animals were
excluded if data, such as Hct, was not available to calculate
an accurate blood volume or if body weight was <10th
centile.

Can Blood Volume be Determined with Only 3 or 4
Samples?

We also calculated blood volume using only three or four
samples (GraphPad Prism). Two subsets of four samples
were tested: 1) “fast 4” using samples collected 5, 10, 15, and
20 min after injection, and 2) “slow 4” using samples col-
lected 10, 20, 30, and 40 min after injection. Two subsets of
three samples were also tested: 1) “fast 3” using samples col-
lected 5, 10, and 20 min after injection, and 2) “slow 3” using
samples collected 10, 20, and 40 min after injection. For
each sampling subset, both log-linear and linear curves were
fitted, and back extrapolation was used to determine Ij.
Blood volume values generated by minimum sampling was
compared with those calculated by fitting a one-phase decay
curve. One sample t tests were used to determine if the

H1176

difference between the values obtained using the minimal
sampling methods and one-phase decay curves were differ-
ent to zero.

Possible Historical Errors

To investigate the effect of failure to account for tracer
loss, we calculated blood volume using a single sample col-
lected at either 10 min or 20 min after injection, similar to
previous studies. These values were then compared with
blood volumes calculated using the one-phase decay curve
fitting. One sample ¢ test was used to determine whether the
difference between the values obtained using the single sam-
ple methods and one-phase decay curves were different to
Zero.

RESULTS

In Vitro Validation

The difference between the known volume of the sample
and the measurement of blood volume obtained using fluo-
rescently labeled dextran in vitro was not significant (P =
0.93, n = 23 samples). In individual experiments, the differ-
ence between the measured and the known volume ranged
from —14.2% to +15.9% with a mean bias of + 0.1%.

In Vivo Measurements and Tracer Loss

Using fluorescently labeled dextran and one-phase decay
curve fitting (Fig. 1), blood volume was measured in 12 pre-
term and 15 term piglets. Differences in body weight, sex
ratios, and blood volume measurements between groups
were analyzed using Student’s t tests are reported in Table 1.

Minimal Sampling Optimization

The differences between blood volumes obtained using
one-phase decay curve and the three or four sample methods
were significant; however, the bias was small in all groups
(<2.3 mL/kg) (Fig. 2). For preterm piglets, the faster sampling
methods had lower bias than the slower method, but the
opposite was true for term piglets.

The best curve fitting for the 500 kDa dextran method
using fast and slow sampling with both log-linear and linear
curve fitting was determined by assessing the R* values. The
R? values demonstrate that all minimum sampling methods
had similar R? values to each other and that all were lower
than the one-phase decay curve fitting (Table 2).

Comparison with Historical Methods

Blood volume calculated from a single at 10 or 20 min after
injection was significantly higher than blood volume calcu-
lated using results from the one-phase decay curve. The

Table 1. Body weight, sex ratios, and blood volume of
term and preterm piglets

Preterm Term P Values
n, %male 12 (50) 15 (60)
Body weight, g 933+120 1,439+159 <0.0001
Blood volume, mL/kg 78+18 92+7 0.026

Values are represented as means + SD. n = number of animals.
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difference in methods was +4 * 4 mL/kg (range: —7 to
+14 mL/kg) for a10 min sample and + 8 + 4 mL/kg (range: —5
to + 19 mL/kg) for a 20 min sample (both P < 0.0001; Fig. 2).

Large Tracers Are Necessary for Accurate Blood
Volume Measurement

Blood volume was significantly higher when calculated
using a smaller 150 kDa tracer compared with a SO0 kDa
tracer, regardless of the method used (Fig. 3). Blood volume
was overestimated by 20 + 10 mL/kg (range: —14 to + 35 mL/
kg) when using the fast sampling log-linear method and
30 +14 mL/kg (range: —13 to +54 mL/kg) when using the
slow sampling linear method.

DISCUSSION

This paper describes a new method for measuring blood
volume in preterm piglets using fluorescently labeled dex-
tran, a method that could be adapted for use in preterm
infants. This method uses a large tracer (500 kDa) with mul-
tiple samples (minimum 3) to overcome errors associated
with loss of the tracer from the circulation and avoids the
likely overestimation in earlier studies in preterm infants.

The fluorescently labeled dextran method performed very
well in vitro with a very low bias (0.1%). The maximum error
was ~16% but most errors were less than 1%. This means
that although a small number of individual measurements
could have some error, there is negligible systematic bias
and the mean of group measurements is likely to be very
accurate.

Ideally, we would have also validated the blood volume
measurement method in vivo. However, in vivo validation is
very difficult as there is no gold standard method for mea-
surement of blood volume. An alternative would have been
to conduct accurately known manipulations of blood volume
and assess the ability of the method to correctly measure the
changes. There are several problems with this approach.
Preterm piglets are extremely sensitive to removal of blood

volume (7) and therefore only a small volume (<8%) could
be removed. It is very difficult to accurately measure these
small changes, and this would not provide a good indication
of the performance of the method when measuring the larger
total blood volume. Alternatively, we could increase blood
volume by injecting a known amount of blood. However, the
capillaries of the preterm piglet are very permeable, and it is
likely that when blood volume is expanded by a large enough
amount to measure, the increase in blood pressure will lead
to a significant plasma loss (8) and thus the actual volume
increase will be unknown.

Our results indicate that even though we used a very large
tracer, there was a significant loss of the tracer from the cir-
culation. This tracer loss, if not accounted for, will result in
reduced tracer levels at the time of sampling and overesti-
mation of blood volume. This is accounted for in our
method by fitting a one-phase decay curve and back
extrapolation to the time of injection. This method was
treated as our “best estimate” against which other sam-
pling protocols were assessed.

We compared results using this method with those
obtained using only three or four samples, and values were
significantly different; however, the bias was very small
(<2.3 mL). This small error is clinically insignificant. Total
sample volume collected for three or four sample calcula-
tions was 0.8-1.0 mL. This volume could be reduced by
using fluorescence enhancers, increasing its suitability for
use in preterm neonates. In preterm piglets, a shorter sam-
pling period (5-20 min) had small bias than the longer sam-
pling period (10-40 min), but the reverse was true in term
piglets. As the magnitude of bias was <2.3 mL/kg across all
groups, this difference in bias between preterm and term
piglets is not clinically relevant allowing the application of a
standard methodology across gestational ages.

Fluorescently labeled dextran has been used for measure-
ment of blood volume in human adults and is safe (9).
Testing of a carboxy-methylated 150 kDa conjugated to FITC
in 89 adults found no serious side effects, likely because the
carboxymethyl substitution has been demonstrated to

Table 2. R? values for different curves fitted to slow and fast sampling methods

Three Samples

Four Samples

Fast Slow Fast Fast Slow Slow

R? One-Phase Decay Linear Linear Log-lin Linear Log-lin Linear
Mean (SD) n = 43 0.82 (0.13) 0.64 (0.27) 0.65 (0.30) 0.59 (0.31) 0.54 (0.28) 0.57 (0.30) 0.55 (0.28)
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markedly improve immunological tolerance (10). The dose
given to adults was higher than that used in the current
study (2 vs. 20-40 pg/mL blood) due to the treatment of the
plasma sample with a fluorescence-enhancing reagent. So,
our method using a 500 kDa with repeated sampling is likely
to be safe for use in babies by the addition of these steps;
using a carboxymethyl substitution at a lower dose coupled
with a fluorescence-enhancing reagent.

Another advantage of the dextran method is that repeated
measurement of blood volume is possible using dextran-
labeled with different fluorophores. Also, repeat dosing with
the same color is possible with at least a 3-h gap between
measurements to allow the tracer levels to plateau so that
background levels can be subtracted (Fig. 1). As there are
substantial changes in blood volume after birth, this new
method that allows measurement of blood volume at multi-
ple time points across the first hours and days of life is essen-
tial to characterizing the dynamic changes that are likely
occurring and for testing interventions to support newborn
blood volume. This new information is now available for a
preclinical piglet model (6).

An alternative method involves using a red blood cell
tracer rather than a plasma tracer. In this case, the tracer is
attached to red blood cells and so loss is negligible. Several
options are available including biotin labeling and >!Cr label-
ing. Ideally, autologous cells would be used; however, this
has several disadvantages. The volume of blood that needs
to be removed for labeling is prohibitive for neonates. The
time required to label the cells prevents early assessment of
blood volume. The dextran method can be used as soon as
vascular access is secured allowing measurements very close
to birth. The use of donor cells or the fetal:adult hemoglobin
method, which can be used at birth, carries all the standard
risks associated with transfusion.

We also calculated the likely error when volume is assessed
using a single sample taken 10 or 20 min after tracer adminis-
tration. This protocol partially mimics many of the early stud-
ies of blood volume in preterm and term neonates, where
small tracers were used and only one sample was collected to
measure tracer concentration. In fact, the early studies used
smaller tracers than the current study and thus the error was
likely to be even greater than we have estimated. Results were
significantly higher than those obtained using one-phase
decay curves. The average error was +4 mL/kg for 10 min
samples and + 8 mL/kg for 20 min samples. These high val-
ues may explain why early estimates of newborn blood
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volume are higher than those obtained in more recent studies
where tracer loss is corrected for.

Volume measurements obtained by this method in pre-
term and term piglets averaged 69 and 81 mL/kg, respec-
tively. These values are lower than the 90-100 mL/kg
estimated in clinical guidelines for preterm infants (4, 5),
this underlines the critical importance of further studies
assessing early blood volume in preterm infants. More recent
studies in preterm neonates (<24 h after birth) that account
for tracer loss report very variable volumes (45-103 mL/kg)
(11-13). The current study and others in preterm piglets also
report variable volumes (37-101 mL/kg) (6) and substantial
changes in volume in the hours after birth suggesting that
large differences exist between individuals. If this also
occurs in preterm infants, then some preterm infants may
become hypovolemic soon after birth.

Conclusions

This study provides a simple new method for measuring
blood volume in piglets. The method accounts for loss of
tracer from the circulation and therefore avoids the overesti-
mation of blood volume that likely occurred in early studies
in neonates. This method allows repeated measurements of
blood volume from very soon after birth to capture rapid
changes in blood volume that occur in the hours after birth.
Importantly, this method can be adapted for use in infants.
There is an urgent need to measure blood volume in preterm
neonates to understand the dynamic changes in blood vol-
ume that occur in the hours after birth and how this contrib-
utes to cardiorespiratory instability.
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