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Abstract

Background: Evaluating the impact of ionizing radiation on stored blood is relevant since blood banks are major assets in
emergency conditions such as radiation incident/attack. This study aimed to fill our knowledge gap of combined radiation and
storage effects on blood.

Methods: Blood collected from 16 anesthetized rats was anticoagulated, aliquoted into storage bags, and assigned to 8 groups
using protocols combining storage (1-day vs 3-day 4oC) plus irradiation (75 Gy vs 0 Gy - control). Bags were positioned inside an
X-ray irradiator (MultiRad-350). Complete blood count, differential white blood cell count, biochemistry, and hemostasis were
analyzed (≥7 bags/group).

Results: Na+, bicarbonate, glucose, and pH significantly reduced, while K+, Cl�, and lactate increased by storage. Coagulation
measures were not significantly altered after radiation. White blood cell count and most cell types were numerically reduced
after radiation, but changes were statistically significant only for monocytes. No significant alterations were noted in aggregation
or rotational thromboelastometry parameters between irradiated and control.

Conclusions: Evaluating cellular/biochemical parameters aids in assessing stored blood adequacy after radiation. Data suggest
that fresh or cold-stored blood can sustain up to 75 Gy without major critical parameter changes and may remain suitable for
use in critically ill patients in military/civilian settings.

Keywords
X-ray radiation, cold storage, platelets, storage lesion, cell damage, resuscitation, rat, whole blood, ionizing radiation,
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Introduction

Humans may be exposed to ionizing radiation from natural
sources such as cosmic rays, radioisotopes, and multiple ar-
tificial sources. Exposure to high-dose radiation may not be
very common, but biological damage induced by ionizing
radiation can lead to serious effects, such as gene mutation,
cellular senescence, necrosis and/or apoptosis, and cell death.1

However, the effects of radiation on blood, especially on
stored blood, are not well understood and scarcely studied. As
an efficacious intervention for critically ill patients in military
and civilian settings, whole blood (WB) is being used with
increased frequency and has become the preferred product for
resuscitation of severe traumatic hemorrhage.2 Cold-stored

WB offers the benefit of a balanced resuscitation with im-
proved survival in addition to higher hemoglobin levels.3

Nevertheless, blood storage results in biochemical, struc-
tural, and metabolic changes, referred to as storage lesion, that
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may mediate adverse effects associated with transfusion of
older red blood cell (RBC) units. These include increased
hemolysis, oxidative stress, and accelerated scavenging of
nitric oxide. Somewhat similar changes occur to other cells in
stored WB.4

X-rays are widely used for security inspection, X-ray
fluorescence, and nondestructive testing imaging. X-ray ir-
radiators and gamma irradiators produce a wide range of
ionizing radiation doses, and some studies have shown that
they provide equivalent effects for in vitro and in vivo ap-
plications. However, X-ray irradiators are being increasingly
used in clinical settings to replace gamma ray irradiators, due
to their low cost and absence of radioactive source.5

An accidental exposure or terrorist event may cause spe-
cific biological tissues such as stored blood to be also exposed
to higher levels of radiation.1,6 It is possible to experimentally
study exposure to high levels of radiation using self-contained
X-ray irradiation systems.7 These systems produce typical
ionizing radiation levels that members of the public could
undergo medical diagnosis, radiotherapy, occupational ex-
posures, or even in a radiological disaster. Their versatility
allows controlled irradiation studies of cultured cells, blood
storage bags, and experimental animals.8

This article focuses on important but poorly studied aspects
of radiation effects on blood: potential combination effects of
storage and high-dose radiation. The acquired information will
contribute to risk assessment of banked blood following ac-
cidental radiation with high-dose exposure. Additionally, in
vivo irradiation of tissues may produce deleterious effects on
nearby tissue cells (i.e., bystander effect), blood, and blood
vessels. Knowing the effects of radiation upon each com-
ponent (e.g., blood) may facilitate interpretation of in vivo
results.

Objectives and Hypotheses

The experiments were designed to examine chemical and
cellular effects of cold-storage and irradiation on WB. Mul-
tiple biochemical and hematological indices were obtained,
while several coagulation and cellular profiles, including
differential white cell count, were investigated. We tested the
hypothesis that the combined effect of irradiation on stored
blood would lead to worse levels of measured parameters
compared to nonirradiated samples. To test this hypothesis, we
used a higher dose (75 Gy) and higher dose rate (6.7 Gy/min)
than most previous studies, which could be reflected in poorer
levels of measured indices.

Materials and Methods

Research was conducted in compliance with the Animal
Welfare Act, the implementing Animal Welfare Regulations,
and the principles of the Guide for the Care and Use of
Laboratory Animals, National Research Council. The fa-
cility’s Institutional Animal Care and Use Committee

approved all research conducted in this study. The facility
where this research was conducted is fully accredited by
AAALAC.

Animals

Sixteen male Sprague–Dawley rats (body mass: 631 ± 18 g),
supplied by a single-source breeder (Charles River, Wil-
mington, MA, USA), were used as blood donors. These an-
imals were housed in an environment with controlled
temperature (20–26°C), humidity (30-70%), and illumination
(12 hours light/12 hours dark cycle). Standard diet (Lab Diet
2001, PMI Nutritional International, LLC, Brentwood, MO,
USA) and water ad libitum were provided.

Blood Collection

Blood was carefully removed from a cannulated artery of
anesthetized animals (isoflurane 2%, 100% O2) that were
breathing spontaneously. Adequacy of anesthesia was as-
sessed by monitoring cardiorespiratory responses to external
noxious stimuli. Collected whole blood was anticoagulated
with citrate-phosphate-dextrose (CPD, 9:1 ratio) and aliquoted
into individually identified 10-mL storage blood minibags
(Safe Sens, Blood Cell Storage, Inc., Seattle, WA, USA).
Blood bags were randomly assigned to various groups, de-
pending on the protocol (see below). At least 7 bags per group
were studied. Each donor animal provided ≈19 mL of blood to
the study before low blood pressure or other issues prevented
further blood withdrawal. At that point, every anesthetized
animal received a lethal dose of euthanasia solution (Fatal-
Plus; Vortech Pharmaceuticals, Ltd., Dearborn, MI, USA).

Experimental Design and Protocols

After collection, blood aliquots were assigned to either 1 of 2
protocols (Figure 1).

In the irradiated fresh blood protocol, aliquots were irra-
diated on the same day of collection and then stored in a
dedicated refrigerator at 4°C without agitation9,10 for further
measurements.

In the irradiated stored blood protocol, aliquots were im-
mediately stored for 3 days at 4°C before irradiation. For both
protocols, measurements of cellular and biochemical pa-
rameters on irradiated stored blood occurred after either 1 or
3 days after irradiation. A blood sample was also collected
from each animal on the day of surgery, before assignment to
either protocol, for baseline measurements.

Radiation Instrument and Irradiations

One self-contained X-ray irradiation system (MultiRad 350,
Precision X-Ray, North Branford, CT, USA) was used for all
irradiations (Figure 2). Before each irradiation, an automated
dose check was performed to assure that the desired radiation
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dose was accurately delivered by the equipment. The ion
chamber (dosimeter) was positioned at the turntable center
during all radiation tests. 2 to 4 blood bags at a time were

positioned around the dosimeter and exposed to either 75 Gy
at a dose rate of 6.7 Gy/min, or 0 Gy for the same amount of
time.

Figure 1. Protocols used in the experiments. In all cases, whole blood was collected from anesthetized rats, aliquoted, and stored in blood
bags. (A) Some bags were immediately exposed to either 75 Gy radiation or 0 Gy (controls). Measurements of cellular and biochemical
parameters were performed after either 1 or 3 days of cold (4°C) storage. (B) After collection, some blood bags were cold-stored for 3 days
and then irradiated. Post-irradiation measurements occurred after either 1 or 3 days of cold storage.

Figure 2. Setup used in the experiments. (A) An X-ray irradiation system (MultiRad 350, Precision X-Ray, North Branford, CT, USA) was
used with settings (B) of 75 Gy (dose), 6.7 Gy/min (rate), and ≈15 cm (field size). Diagram (C) illustrates the system that included an internal,
permanent filter (f1) and an additional tin–copper–aluminum (SnCuAl) filter (f2), placed in the X-ray path, and 1 turntable (t), where 2–4
blood bags were placed. Picture (D) shows an example of a typical experiment with 2 blood bags placed around the dosimeter, on the
turntable, inside the cabinet of the irradiation system.
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Measurements

Over 30 parameters were followed to investigate biochemical,
hematological, and cellular changes. Heparinized glass mi-
crocapillary tubes were used for hematocrit (HCT) mea-
surement. Total hemoglobin concentration (Hb), pH, K+, Na+,
Cl�, glucose, bicarbonate (HCO3

-), and lactate levels were
measured using a benchtop blood analyzer (ABL 827, Ra-
diometer, Copenhagen, Denmark). Complete blood count and
differential white blood cell (WBC) count were determined
using a comprehensive hematology system/cell counter
(Advia 120, Siemens, Erlangen, Germany).

Platelet aggregation was measured by light transmittance
with an aggregometer (Chrono-Log Model 700, Chrono-Log
Corp., Havertown, PA, USA), using platelets from platelet-rich
plasma and adenosine diphosphate as agonist.9 Hemostasis was
also assessed ex vivo using rotational thromboelastometry
(ROTEM, TEM Innovations GmbH, Germany) to measure
Extem and Fibtem clotting time (CT), maximum clot firmness
(MCF), clot formation time (CFT), and alpha angle.11 Other
parameters in the hemostasis profile that were also measured
included fibrinogen, prothrombin time (PT), and activated
partial thromboplastin time (aPTT) (Start 4, Diagnostica Stago,
Parsippany, NJ, USA).

Data Presentation and Statistics

Deviation from Gaussian distribution was tested (Shapiro–
Wilk test), and nonparametric tests were found adequate for
most cases. Values are reported as median [interquartile range,
IQR, 25th–75th percentile] or mean ± standard deviation (SD),
accordingly. The coefficient of variation (CV), the ratio of SD to
the mean, was used as a measure of variability, expressed as a
percentage. Differences among more than 2 groups were ana-
lyzed using one-way analysis of variance followed by the Holm–

Sidak test. When the normality test failed, differences between
more than 2 groups were tested using the Kruskal–Wallis test
followed by nonparametric tests (Tukey or Dunn method).
Power analysis showed that at the standard deviations obtained,
a power of .8 was typically reached (alpha = .05) using the
group sizes tested. We used commercial software (SigmaPlot
14.0, Systat Software, San Jose, CA; Excel, Microsoft Corp,
Redmond, WA). P values correspond to two-tailed tests set at
.05 significance.

Results

Baseline measurements showed that the whole blood used for
these experiments was within the normal range for all studied
parameters, which included a wide spectrum of cellular,
biochemical, hematological, and hemostasis indices. The
variability of baseline measurements for various parameters,
estimated by the CV, was usually below 10%. This indicates
that the measurements were performed in a relatively ho-
mogenous group of samples and animals.

Biochemical Changes

As storage time advanced, all parameters changed from their
respective baseline values (Figure 3). Na+, glucose, pH, and
HCO3

- progressively decreasedwithmore cold storage time,while
Cl� and lactate levels increased as a function of storage time.
Potassium levels followed a similar pattern as Cl� and lactate (i.e.,
K+ rapidly increased with storage time). However, multiple times
K+ values for stored samples were above measurable levels, and it
was not possible to accurately compute valid statistics. The effect
of radiation was statistically significant for Na+ in fresh blood
samples that were subsequently irradiated (Figure 3A).

Cellular Changes

White blood cell counts were always reduced following each
irradiation, regardless of storage time, although reductions did
not reach statistical significance (Table 1). The differential WBC
count indicated that most cell types showed reduced number after
irradiation, and statistical significance could be demonstrated for
monocytes in blood bags stored for 3 days after irradiation
(Figure 4). All cell types showed changes after storage, and
statistically significant changes could be demonstrated for ba-
sophils (Figure 4E). Among 28 pairwise comparisons between 0
and 75 Gy groups for 7 hematological parameters, values were
reduced after radiation in most cases (22/28, 79%), but changes
were not statistically significant (Table 1). Platelet-related pa-
rameters (PLTandMPV) showed increased values after radiation
in 4 groups (50%), and RBCwere higher for 75 Gy treatments in
the 3-day prior/3-day post group.

Hematology and Hemostasis

Since reductions in RBC number were relatively small, cor-
responding changes in hematological indices such as HCTand
Hb were also unimportant (Table 1). Although alterations in
platelet number were relatively small, platelet function was
significantly modified in stored samples. Aggregometry tests
showed that storage time had an inhibitory effect on aggre-
gation as expressed by progressively lower values of ampli-
tude, area under the curve, and slope (Table 2) except for 3-day
prior/75 Gy treatment, where the value is lower in the 1-day
post-group than in the 3-day post-group. These values for
aggregation were numerically higher for 3-day stored samples
after radiation, but statistical significance was not reached.
Fibtem and Extem ROTEM parameters such as CT, CFT,
MCF, and alpha angle were not significantly altered by either
storage time or radiation (Table 2). Likewise, other significant
hemostasis indices such as fibrinogen, PT, and aPTTwere not
significantly changed.

Discussion

Despite its critical importance, combined effects of storage
and radiation on blood have been poorly documented. Our
knowledge on storage and irradiation derives mostly from
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studies on their isolated effects upon blood.12,13 This study
provides new data on combined effects of high-dose irradi-
ation and storage upon blood. Blood was irradiated and then
cold-stored up to 3 days or cold-stored for up to 3 days and
then irradiated. To our knowledge, this is the most complete
study on combined effects of irradiation and storage on blood
components to date.

However, irradiation of collected blood has been used to
prevent transfusion-associated graft-versus-host disease.14 In
these cases, blood has been irradiated frequently using gamma
rays and lower doses than those used in our study (25-50 Gy).
Only limited scope studies have been performed combining

storage and radiation, for example, using human neutrophils
and low-dose radiation.15 The overall conclusion from these
studies was that irradiation of cellular components was safe for
general use. The number and range of parameters measured in
these initial studies were relatively limited. More recent and
specific studies on X-ray irradiated (35 Gy) RBCs have found
that storage lesion was accelerated by irradiation.16 We used a
higher radiation dose and dose rate than all previous studies,
and the range of parameters evaluated was relatively wide.
Special attention was given to hemostasis since whole blood is
the gold standard for resuscitation after traumatic hemorrhage2,3

and because coagulopathy is a major issue.17

Figure 3. Blood biochemical changes after cold storage and irradiation. As a trend, Na+, glucose, pH, and bicarbonate (HCO3-) progressively
decreased with cold storage time, while Cl- and lactate levels increased as storage time advanced. For Na+, some pairwise comparisons of
irradiated samples against controls were statistically significant (A). BL, baseline. Data are median with interquartile ranges. * Significantly
different from blood bags stored for less time (3 days vs 1 day). # Significantly different from blood bags stored for similar periods of time but
not irradiated (75 Gy vs 0 Gy).
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While some effects were noted in our study, most were
associated with storage time alone, and only a small number
were significantly altered by irradiation. Therefore, the

irradiation level of 75 Gy did not seem to significantly impact
the changes of most parameters studied in whole blood stored
up to 3 days.

Figure 4. Differential white blood cell count after cold storage and irradiation. As a trend, all cell types showed changes after storage,
although statistically significant changes could be demonstrated only for basophils (E). Most cell types showed reduced number after
irradiation, but statistical significance could be demonstrated only for monocytes in blood stored for 3 days after irradiation (C). BL, baseline.
Data are median with interquartile ranges. * Significantly different from blood bags stored for less amount of time (3 days vs 1 day). #
Significantly different from blood bags stored for similar periods of time but not irradiated (75 Gy vs 0 Gy).

Table 1. Hematological Parameters After Whole Blood Cold Storage and Irradiation.

Storage Time prior
Irradiation 0 Days 3 Days

Storage Time after
Irradiation

—
1 Day 3 Days 1 Day 3 Days

Irradiation Dose — 0 Gy 75 Gy 0 Gy 75 Gy 0 Gy 75 Gy 0 Gy 75 Gy

Parameter ↓ Baseline
WBC (103 cells/μL) 3.8 ± 1.6 3.8 ± 1.0 3.5 ± 0.9 4.8 ± 1.3 4.4 ± 0.9 3.3 ± 1.7 3.2 ± 1.2 5.6 ± 1.6 5.0 ± 1.7
RBC (106 cells/μL) 6.4 ± 0.6 6.8 ± 1.5 6.4 ± 1.1 7.8 ± 1.6 7.8 ± 1.7 6.5 ± 0.5 6.2 ± 1.0 7.0 ± 0.8 7.8 ± 2.4

Hb (g/dL) 10.9 ± 0.8 11.7 ± 2.1 10.9 ± 1.4 13.4 ± 2.8 13.3 ± 2.6 11.7 ± 1.1 10.8 ± 1.4 12.6 ± 1.3 12.2 ± 1.2
HCT (%) 33.2 ± 2.5 34.6 ± 7.1 31.0 ± 4.4 39.0 ± 9.3 37.1 ± 8.3 32.2 ± 3.1 29.4 ± 4.6 34.2 ± 4.0 32.9 ± 3.9
MCV (μm3) 52.1 ± 2.3 51.0 ± 2.3 49.1 ± 2.3 49.7 ± 2.2 47.5 ± 2.0 48.7 ± 1.9 47.6 ± 1.8 48.9 ± 1.7 47.9 ± 1.8

PLT (103 cells/μL) 881 ± 117 748 ± 149 795 ± 149 843 ± 96 819 ± 121 868 ± 368 902 ± 172 769 ± 297 766 ± 173
MPV (fL) 9.6 ± 0.6 6.8 ± 0.5 7.1 ± 0.4 7.3 ± 1.7 7.7 ± 1.9 11.3 ± 7.5 8.5 ± 3.1 13.1 ± 4.1 11.7 ± 4.1

Values are mean ± SD, n = 8-15 per group.
WBC, white blood cells; RBC, red blood cells; Hb, hemoglobin concentration; HCT, hematocrit; MCV, mean corpuscular volume; PLT, platelets; MPV, mean
platelet volume.
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When irradiation studies are performed in vivo,18 interpretation
of changes in peripheral blood cells is difficult due to multiple and
complex actions occurring to other structures interacting with
blood cells. Although limited in scope, ex vivo studies using
irradiated whole blood, as in the current work, allow separating
the direct effects of radiation solely on the blood compartment.

Although the anticoagulant used lacked adenosine, which
would support cell metabolism and help counteract RBC
storage lesion, the data showed little RBC damage. As noted
below, this could be partially due to the limited duration of the
storage. The observed RBC resistance to high dose ionizing
radiation could possibly be explained by the presence of high
oxygen concentrations in blood bags, maintaining Hb iron in a
reduced state (i.e., methemoglobin).19,20

In our study, alterations associated with storage were ob-
served in several parameters. It has been suggested that species-
specific differences in the structure and metabolism could be
responsible for storage lesion that is 4 times faster in rats than in
humans.21 Therefore, a 3-day storage would be approximately
equivalent to 12 days. Only in some cases, we measured in-
cremental changes that were apparently induced by irradiation.

Our total platelet count, white cell count, and leukocyte
differential results were in agreement with previously pub-
lished measurements for rats.9,22,23 We observed only small
alterations in WBC and PLT although PLT counts have been
reported to decrease by 1–2% per day in cold-stored WB.4

Most cell types showed reduced number after irradiation, and
statistical significance was demonstrated for monocytes stored
for 3 days after irradiation. Interestingly, higher sensitivity to
radiation specific for monocytes has been previously reported
following in vitro irradiation.24

Albumin may have contributed to the overall resistance to
high-dose ionizing radiation observed in our study. Generally,
albumin constitutes the major plasma protein target of oxidant
stress. Unlike red blood cell concentrates, the plasma present in
whole blood bags is less diluted (without filtration and addition
of additives). In our experiments, the presence of a relatively
normal albumin concentration in WB can decrease oxidative
stress caused by high-dose X-ray radiation, since albumin
represents the major and predominant antioxidant in plasma.25

Limitations and Applications

This study has several limitations that we must acknowledge,
including the limited number of irradiation levels, and the fact
that we did not use leukoreduced samples. However, the leu-
koreduction process removesmost white cells and platelets.26,27

By using nonleukoreduced blood, unique data were provided
on storage and radiation effects on platelets, WBC, and dif-
ferential WBC count. While platelet function was evaluated,
functional assessments of white cells were not performed. We
used CPD as anticoagulant, while CPDA-1 is commonly used
for storage, particularly for its beneficial effects on RBCs.28

However, we noted only nonsignificant changes in RBC,
possibly due to the limited storage time in our study.

Conclusions

Assessment of a wide range of cellular and biochemical pa-
rameters showed that alterations observed are primarily as-
sociated with storage. Only in a few instances, these changes
are further altered by radiation, likely because mechanisms of
cellular injury caused by high-dose X-ray radiation are mostly
indirect. Data suggest that cold-stored blood can sustain up to
75 Gy radiation without major changes in critical parameters
and therefore remain suitable for in vivo use. Evaluating fresh
and cold-stored blood parameters after radiation ex vivo aids
in interpreting radiation effects on blood/blood vessel systems
in vivo and assessment of stored blood adequacy after radi-
ation exposure.
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