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Blood components used for transfusion therapy in developed
countries include platelet concentrates (PCs), red cell con-
centrates (RBCs), and plasma. Current Good Manufacturing
Practices (cGMP) ensure that blood operators maintain the
Safety, Quality, Identity, Potency, and Purity of blood com-
ponents, criteria collectively encompassed by the acronym
SQuIPP. As highlighted in the review article “Quality Assess-
ment of Established and Emerging Blood Components for
Transfusion” by J. P. Acker et al. from Canada and Australia,
assuring that blood componentsmaintain high quality during
storage and benefit transfusion recipients is challenging due
to the variable nature of biological raw materials, different
manufacturing processes, and variation in quality testing
methods. Adding to this complexity is the fact that some
products are subjected to nontraditional manufacturing or
storage conditions. The authors concluded that, despite the
development of novel quality assays, current tests including
coagulation factor VIII activity for plasma, pH and platelet
yield for PCs, and hemolysis of RBCs are user-friendly and
remain valuable tools to determine blood product quality. It
is however recognized that controversy still persists among
transfusion practitioners as to the link between in vitro
quality parameters and posttransfusion clinical effectiveness
of blood components.

E. Maurer-Spurej and K. Chipperfield in Canada in their
article “Could Microparticles be the Universal Quality Indi-
cator for Platelet Viability and Function?” addressed the issue
of lack of relatedness between in vitro quality assessment and

in vivo effectiveness specifically related to PCs. The authors
cited donor variation as one of the major factors affecting PC
quality and clinical efficacy and suggested that this property
should be consideredwhen targeting different patient groups.
While homogeneous viable platelets may be ideal for pro-
phylactic treatment of cancer patients, trauma patients may
benefit more with transfusion of heterogeneous platelets.The
authors proposed that routine PC screening should include
a rapid noninvasive assay to determine microparticle content
in PCs as a universal indicator of platelet quality.

Quality testing should ensure similarity in the SQuIPP
criteria of blood components prepared by different manufac-
turing methods. A. W. Shih et al. in Canada in their article
“Quantification of Cell-Free DNA in Red Blood Cell Units
in Different Whole Blood Processing Methods” assessed the
content of cell-free DNA during RBC storage. Cell-free DNA
is released by neutrophils prior to leukocyte reduction, which
occurs at different times during unit preparation by the two
methods used in Canada, the RBC filtration method or the
whole blood filtration method. In the RBC filtration process,
whole blood units are stored at room temperature for up
to 20 h before production of RBCs, plasma, and PCs, with
leukocyte reduction occurring at room temperature. In the
whole blood filtration method, whole blood is refrigerated
within 8 hours of collection, leukoreduced in the cold,
and stored before production of plasma and RBCs within
72 h of phlebotomy. The authors detected lower cell-free
DNA content in RBC units prepared by the RBC filtration
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method compared to RBCunits produced by thewhole blood
filtrationmethod.The clinical significance of these findings is
unknown and merits further investigation.

Variation of practice for quality testing of blood products
exist not only between blood suppliers but also among related
products. W. P. Sheffield et al. in Canada in their article “Sta-
bility ofThawedApheresis Fresh-Frozen Plasma Stored for up
to 120 Hours at 1∘C to 6∘C” have demonstrated that there is
no reason to have divergent standards for storage of thawed
plasma from apheresis or whole blood collections. Current
Canadian standards mandate whole blood-derived plasma to
be frozen within 24 h after blood collection, which can be
thawed and stored for up to 5 days at 1–6∘C.However, aphere-
sis plasma should be frozen within 8 h after phlebotomy and
can only be stored refrigerated for 24 h after thawing. The
authors provided evidence that the activity of coagulation
factors and fibrinogen was significantly higher in thawed
apheresis plasma compared to whole blood-derived plasma
throughout a 5-day storage period. Results of the study can
therefore be used to propose an extension of the shelf-life
of thawed apheresis plasma to 5 days in refrigeration, which
would result in reduced wastage of this product in Canadian
hospitals.

Safety of blood components considers the relative free-
dom from harmful effect to patients, directly or indirectly,
of a prudently administered product taking into account the
character of the product and the condition of the recipient at
the time of the transfusion. To assure blood component safety,
several measures are taken into consideration during product
manufacturing and storage. Additionally, testing for infec-
tious agents, including viruses, bacteria, and parasites, is rou-
tinely or seasonally performed by different blood operators.
Variability in detection of infectious agents should be avoided
to ensure valid surveillance data. A. C. Shrestha et al. from
Australia in their article “A Comparative Study of Assay Per-
formance of Commercial Hepatitis E Virus Enzyme-Linked
Immunosorbent Assay Kits in Australian Blood Donor Sam-
ples” highlighted the poor agreement between the results
obtained with two commercial enzyme-linked immunosorb-
ent assays for the detection of IgM and IgG against hepatitis E
virus in plasma samples. The study concluded that interpre-
tation of serology results for hepatitis E virus should be done
with caution.

Results of testing for the presence of infectious agents
in blood components are one of the criteria used for donor
deferral. K. Rooks et al. in Australia in their article “Mitigat-
ing the Risk of Transfusion-TransmittedDengue inAustralia”
conducted a study to determine the prevalence of dengue
virusRNAandnonstructural proteinNS1 in plasmaof donors
living in high-risk areas during dengue outbreaks. Currently,
donors residing in Australian dengue endemic areas are not
allowed to donate fresh components and can only donate
plasma for fractionation. The authors reported no detectable
dengue RNA or antigen NS1 and no cases of dengue within
blood donors. It was concluded that the risk of transfusion-
transmitted dengue is likely low and implementing dengue
detection is not necessary. Deferring high-risk donors is still
the best practice to mitigate dengue transmission by transfu-
sion in Australia.

Bacterial contamination of blood components, in partic-
ular PCs, continues to pose the highest transfusion infec-
tious risk in industrialized countries. Measures implemented
worldwide to mitigate that risk include donor screening, skin
disinfection, first aliquot diversion, PC screening for the pres-
ence of bacteria, and pathogen inactivation technologies. M.
Maclean et al. in theUnitedKingdom and theUnited States in
their article “ANew Proof of Concept in Bacterial Reduction:
Antimicrobial Action of Violet-Blue Light (405 nm) in Ex
Vivo Stored Plasma” described a method to inactivate bac-
teria in plasma samples based on the use of a 405 nm light
emitting diode exposure system. This methodology does not
require the use of photosensitizers as other currently used
pathogen inactivation technologies.The authors showed 99%
bacterial inactivation in low-volume plasma bags. Further
validation is required to show system effectiveness in PCs, the
blood component manifesting the highest risk for bacterial
contamination.

Throughout this special issue, the authors described the
challenges faced by blood product manufacturers to meet
the highest quality and safety standards. Production of blood
components is an evolving field and the development of
new blood product containers, anticoagulants and additive
solutions, and screening and treatment technologies require
continuous optimization of procedures and consequent actu-
alization of standards that govern the transfusion industry.
Hopefully, the articles presented herein will stimulate the
publication of other studies on current and underdevelop-
ment practices related to improving the quality and safety of
blood products for the benefit of transfusion patients.

Sandra Ramirez-Arcos
Denese C. Marks

Jason P. Acker
William P. Sheffield
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Blood is donated either as whole blood, with subsequent component processing, or through the use of apheresis devices that
extract one or more components and return the rest of the donation to the donor. Blood component therapy supplanted whole
blood transfusion in industrialized countries in the middle of the twentieth century and remains the standard of care for the
majority of patients receiving a transfusion. Traditionally, blood has been processed into three main blood products: red blood
cell concentrates; platelet concentrates; and transfusable plasma. Ensuring that these products are of high quality and that they
deliver their intended benefits to patients throughout their shelf-life is a complex task. Further complexity has been added with the
development of products stored under nonstandard conditions or subjected to additional manufacturing steps (e.g., cryopreserved
platelets, irradiated red cells, and lyophilized plasma). Here we review established and emerging methodologies for assessing blood
product quality and address controversies and uncertainties in this thriving and active field of investigation.

1. Introduction

Blood component therapy became the standard of care in
transfusion medicine throughout the industrialized world in
the latter half of the twentieth century.The widespread adop-
tion and retention of component therapy were driven by
innovations in refrigeration, blood bag design, anticoagu-
lant and preservative solution composition, infectious dis-
ease testing, and other means of donor screening [1]. The
traditional trio of blood components are red cell and platelet
concentrates and plasma, which may be generated either by
the processing of whole blood donations or via apheresis.
Whole blood is processed by centrifugation, predominantly
by one of two main protocols which generate different inter-
mediates: platelet-rich plasma (PRP) or a buffy coat (BC) [2].
White blood cells may be removed from blood components
through the use of leukoreduction filters, often during blood

processing and before storage [3]. Blood components require
different storage conditions, with plasma being frozen, red
cells being refrigerated, and platelets being maintained at
ambient room temperature (RT) (see Figure 1 for an overall
schematic diagram of component manufacturing). Blood
component therapy remains widely practiced and widely
supported for the majority of patients requiring transfusions;
however in the trauma setting it has been suggested that
whole blood may be superior to component therapy [4].
Although out of the scope of this review, this controversial
concept is under active investigation. This article reviews
issues, concepts, methodology, and challenges in assessing
the quality of blood components and is not limited only to
the traditional trio but also addresses emerging products such
as cryopreserved platelets and lyophilized plasma. Below
we explore each component in this context in detail, in no
particular order.
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Figure 1: Schematic diagram of blood component manufacturing. Donations are either whole blood (left branch) or apheresis (right branch).
At left, whole blood donations are processed into red cell concentrates (RCCs), platelet concentrates (PCs), or (transfusable) plasma, with
or without leukoreduction by filtration. At right, apheresis donations (A) yield RCC(A), PC(A), or FFPA; some products may be made
concurrently (e.g., FFPA and PC(A)). FFP is frozen within 8 hours in some jurisdictions or may be defined by quality control standards
in others. FP-type plasma is frozen within 24 hours of phlebotomy. FFP or FFPA may be thawed and stored refrigerated up to 5 days prior to
transfusion in some jurisdictions, while RCC or RCC(A) may be refrigerated no more than 42 days and platelets are typically stored at RT for
5–7 days, although ∗the FDA allows refrigeration and transfusion of cold-stored platelets for 72 hours; cryopreserved platelets are also under
investigation. ∗∗FFP or FFPA may be further manipulated by drying or pathogen reduction treatment. &RCC may be further manipulated,
for example, by washing, irradiation, or cryopreservation, in licensed procedures that may reduce shelf-life.

2. Overview: Assessing the Quality of
Transfusable Plasma

Plasma is the liquid portion of an anticoagulated blood dona-
tion. Ideally, transfusable plasma would be manufactured
under controlled conditions and assayed, prior to its release,
for in vitro activities known to correlate with efficacy in
each of its clinical indications. The first aspect has been con-
sistently achieved, with impeccable control readily demon-
strated by manufacturers. However, with respect to the
second aspect, that of quality testing, there is currently no
single test or combination of tests established to correlatewith
clinical efficacy of transfusable plasma. Moreover, quality
testing is typically done on a portion of units selected from
inventory during the product’s shelf-life; prerelease testing is
currently done only for transmissible disease screening [5].
Linking quality markers to outcomes of plasma transfusion
has not been achieved to date, in large part due to the
weakness of clinical evidence of efficacy for most indica-
tions for which plasma is transfused. Physicians nevertheless
transfuse plasma frequently, relying for guidance on clinical

experience and expert opinion. Manufacturers of transfus-
able plasma and some regulatory bodies therefore rely upon
surrogate measures assumed to correlate with therapeutic
efficacy. These measures typically relate to one or more labile
coagulation factor whose decline might be an early indicator
of decreased quality. Investigational quality assessment has
evolved beyond the simple determination of regulated coag-
ulation factor activities, towards the assessment of as many
coagulation-related protein activities as is feasible, and some
work has also been done on global assays of coagulation such
as thrombin generation and viscoelastic testing.

2.1. Indications and Rationale for Plasma Transfusion. Most
recommendations from national or professional bodies indi-
cate therapeutic plasma transfusion for the correction of
clotting factor deficiencies in patients who are bleeding or
prophylactic transfusion for those judged to be at risk of
bleeding [6–12]. The deficiencies may be of single clotting
factors for which no appropriate concentrate is available to
the treating physician, or of two or more clotting factors, in
the setting of disseminated intravascular coagulation (DIC),
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vitamin K antagonist reversal, liver disease, cardiopulmonary
bypass (CPB), or massive transfusion. Plasma transfusion, or
more specifically plasma exchange (PEX), is also indicated
in the treatment of thrombotic thrombocytopenic purpura
(TTP).

Most indications for plasma transfusion are tied to
coagulopathy, defined by Hunt as “a condition in which the
blood’s ability to clot is impaired” [13]. Providing plasma by
transfusion to remedy coagulopathy is biologically plausible,
given that plasma contains all of the soluble coagulation
factors, with the caveat that platelets and red cells also con-
tribute to hemostasis, the balanced state in which blood loss
from injury is quickly stemmed by clotting [14]. For plasma
proteins for which no purified concentrate is available (e.g.,
Factor V or Protein S), transfusable plasma is the only
replacement source available to the clinician treating such
hereditary or acquired single factor deficiencies. In DIC and
CPB, coagulation factor consumption and/or bypass pump
fluid management procedures reduce circulating levels of
multiple coagulation factors. Vitamin K antagonists such
as warfarin reduce the plasma concentration of functional
factors (F) II, VII, IX, and X (FII, FVII, FIX, FX) and Proteins
C and S, all of which can be found in greater concentration
in donor plasma than that of the warfarinized patient, if the
pharmacotherapy needs to be rapidly reversed. As the liver
is the site of synthesis of most coagulation factors and most
coagulation inhibitors, plasma transfusion seems logical to
assist the bleeding patient with liver disease, unless hemosta-
sis has been rebalanced. In massive transfusion, usually
defined based on the number of red cell units transfused,
it is hard to envisage clinical care specialists being able to
establish hemostasis without the provision of the coagulation
factors found in plasma. Nevertheless, plasma is a relatively
dilute source of many coagulation factors that can only be
administered relatively slowly, and biological plausibility is no
substitute for high-level clinical evidence to guide physician
practice.

2.2. Evidence Base for Plasma Transfusion. High quality clin-
ical evidence of plasma transfusion for most of its indications
is sparse. In overlapping systemic reviews covering 1964–2011,
Yang et al. [15] and Stanworth et al. [16] found 80 completed or
near-completed randomized clinical trials (RCT) addressing
the efficacy of this medical intervention. No picture of
significant benefit across most clinical indications for plasma
transfusion emerged, with most studies being judged to be
underpowered. Murad et al. reported similar findings [17].
Prophylactic use of plasma transfusion in particular was
found to be unsupported by evidence. There were sufficient
trials in the area of cardiac surgery to perform a meta-
analysis, but in this setting no benefit could be ascribed to
plasma transfusion with respect to 24-hour postoperative
blood loss [15].

Plasma exchange for TTP is arguably the indication for
which the strongest evidence exists, specifically showing a
survival benefit of plasma exchange (PEX) versus plasma
infusion (PI) in two RCTs with appropriate randomization
[18, 19]. Meta-analysis of these trials showed a significant
reduction of mortality after seven PEX procedures, to about

31% of that seen with PI [20]. PEX may be effective in TTP
due to removal of anti-ADAMTS13 autoantibodies, removal
of pathological ultra-large von Willebrand factor (VWF)
multimers, and/or via provision of transfused ADAMTS13.

In critically bleeding patients requiring massive transfu-
sion, considerable retrospective data led many military and
civilian trauma specialists to adopt formula-driven treatment
protocols, in a ratio of one red cell unit (and platelet unit)
to one plasma unit, over the last decade or so [21]. An RCT
has now tested this approach: the Pragmatic Randomized
Optimal Platelet and Plasma Ratios (PROPPR) trial [22].This
RCT randomized 680 patients arriving at Level 1 trauma
centres in North America directly from the scene of their
injury, and predicted to require massive transfusion, to either
a 1 : 1 : 1 plasma : platelets : red cell unit treatment ratio or a
1 : 1 : 2 ratio. No difference in 24-hour or 30-day mortality,
the primary outcomes, was found, although, in the ancillary
outcome of cause of death in the first 24 hours, death by
exsanguination was significantly reduced in the 1 : 1 : 1 group.
The results may provide some support for a plasma-rich
treatment approach.

Blood component therapy, including plasma transfusion,
was introduced into medical practice prior to the estab-
lishment of modern evidence-based medicine. Most RCTs
(excepting those in TTP) have failed to find evidence of
benefit for plasma transfusion. It is not known whether this
failure derives from a true lack of benefit or from limitations
in trial design for those studies undertaken to date. This
uncertainty and the sparseness of evidence complicate the
task of assessing the quality of transfusable plasma as a
biological product but have not discouraged the evolution of
an extensive literature on plasma quality.

2.3. Nature and Amounts of Coagulation-Related Proteins in
Plasma. Proteomics has demonstrated that human plasma
contains thousands of different proteins, present over a range
of concentration spanning 10–12 orders ofmagnitude [23, 24].
Coagulation-related proteins include fibrinogen and coagu-
lation factors II (prothrombin), V, VII, VIII, X, XI, XII, and
XIII, as well as von Willebrand Factor (VWF). ADAMTS13
is also of special interest due to its role in TTP. Major coag-
ulation inhibitors include Proteins C and S, antithrombin,
alpha-1-antitrypsin, and C1-esterase inhibitor. Among the
fibrinolytic proteins, plasminogen and alpha-2-antiplasmin
are the most abundant. Most of these proteins demonstrate
a wide normal range in healthy blood donors. Reference
ranges for coagulation factor activity levels (defined as the
95% confidence limit of the mean ± two SD) were found
to vary between the smallest interval of 0.65–1.3 IU/mL for
prothrombin and the largest interval of 0.40–1.9 IU/mL for
FXII, in a study of over 400 normal men and women [25].

Which factors patients require, and how much of these
factors need to be present in transfusable plasma, is unclear,
because different plasma proteins appear to be present in
excess of physiological requirements, with different reserve
margins. FVIII levels between 0.05 and 0.40 IU/mL are con-
sidered to result in only amild bleeding tendency. In contrast,
fibrinogen levels only slightly below the lower limit of the
normal range have been suggested as triggers for fibrinogen
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supplementation in bleeding patients [26]. Apart from FIX
and FVIII, most coagulation-related protein genes are not
sex-linked but are instead found on autosomes. In conse-
quence, their deficiencies are recessive and require mutation
or inactivation of both gene copies; 50% levels of most
coagulation factors, therefore, fail to cause clinically relevant
symptoms. Rare individuals with genetic deficiencies of FV,
FVII, FX, or FXIII typically do not present with a bleeding
diathesis unless their circulating levels of these proteins fall
below 0.05 IU/mL [27]; in contrast some individuals with
prothrombin deficiency exhibit a bleeding diathesis with
activity levels as high as 18.9% [28].

A threshold of coagulation factor levels of 0.30 IU/mL
(30% of normal) is often cited as being sufficient to support
clinical or surgical hemostasis. At least one textbook asserts
this concept without attribution. Evidence in support of this
estimated threshold appears to come from two sources: a 1961
review of surgical experience in patients with single factor
deficiencies [29] and surgical studies from the 1980s and
1990s inwhich shed bloodwas replacedwith plasma-poor red
cell concentrates [30]. Aggeler found coagulation factor levels
of 20–30% of normal sufficient to avoid bleeding complica-
tions during surgery in single factor deficiency patients [29].
Murray et al. replaced blood losses occurring during major
elective surgery with colloid solutions and packedwashed red
cells to maintain a hematocrit of 30% [30]. Replacement of
one blood volume did not provoke bleeding from incision
edges or bleeding judged to be atypical for a specific surgery,
in a small series of 12 patients. Excessive bleeding, as clinically
defined, was found after greater than one calculated blood
volume replacement.Hiippala et al. performed a similar study
in 60 patients undergoing major urological or abdominal
surgery, finding by regression analysis that persistent oozing
of incision edges or surgical fields occurred after 118 ± 17%
blood volumes, when prothrombin levels were 34 ± 5% of
normal, similar to the expected 70% pan-factor depletion
calculated on the basis of exchange of one volume of blood
with equivalent packed red cells [31]. Erber summarized these
studies as defining a critical level of 30% clotting factor
activity required to maintain hemostasis, also defining a
fibrinogen concentration of 1.0 g/L and a platelet count of
100 × 109/L as critical values [32].

The 30% threshold concept provides a potential explana-
tion for the difficulty in demonstrating the clinical benefit of
plasma transfusion in coagulopathy: the “zone of therapeutic
anticoagulation” is relatively narrow [33]. Many patients
feared to be at risk of bleeding on the basis of elevated labo-
ratory clotting time values are not actually at risk of bleeding;
and some patients with severely traumatic blood losses are
not salvageable. In the plasma quality field, such uncertainties
have given rise to competing perspectives. If the goal of
plasma transfusion therapy is to restore clotting factor levels
to 30%, then from first principles this goal can be achieved
more rapidly, and with the infusion of lower volumes of
plasma, if mean factor levels in the product are as high as
possible (i.e., 100% versus lower levels). On the other hand, if
some coagulation proteins are less important determinants of
coagulability than others, then too great an attention to their

preservation could be wasteful in terms of the efficiency of
donated blood processing.

2.4. Labile Coagulation Factors. Some coagulation factors
decline more rapidly during plasma processing or storage
than others. In 1979, Counts et al. reported that FV and FVIII
were the only clotting factors to decline to less than 50% of
initial values in modified whole blood from which platelets
had been removed, over 14 days of refrigerated storage [34].
In 1984, Kakaiya et al. reported that extending the refrig-
eration of whole blood from 6 to 18–20 hours prior to
separation of plasma led to significant losses in FVIII, but not
FV activity [35]. More recently, in a multicentre, Biomedical
Excellence for Safer Transfusion (BEST) Collaborative study
employing a pool-and-split design, whole blood was cooled
to ambient temperature (18–25∘C) and processed into plasma
under two conditions: less than 8-hour hold or 24-hour
hold. FVIII was the most affected factor, declining 23% on
average relative to the shorter hold; FV, FVII, FXI, FXII,
FXIII, VWF, and antithrombin were unaffected. FII, FIX,
and FX declined <5%, while Proteins C and S lost 6 and
14% activity, respectively [36]. A stability study of thawed
refrigerated plasma over 120 hours showed that FVIII and
FV activity significantly declined, by 8.5% and 27% within
24 hours, but that fibrinogen remained stable and that FVII
remained stable for 48–72 hours of refrigerated storage [37].
Overall, the results suggest that FVIII is themost consistently
labile of the major coagulation-related proteins in plasma,
with FV, Protein C, and Protein S showing some instability in
some studies.

In spite of the reproducibility of FVIII instability, its
molecular cause is not well understood. FVIII is a het-
erodimer stabilized in plasma by copper ions and via binding
to VWF [38]. Loss of the copper ion leads to dissociation and
loss of activity. Activation of FVIII to FVIIIa by controlled
proteolysis by thrombin also promotes dissociation from
VWF. FVIIIa loses activity spontaneously due to dissociation
of its A2 domain or via proteolytic attack byActivated Protein
C. It is not knownwhether storage in anticoagulated blood or
plasmapromotes loss of activity through eithermechanismor
whether the instability of FVIII is due to alternative causes.

2.5. Plasma versus Modified Plasma for Transfusion. Plasma
for transfusion is obtained either by processing of anticoag-
ulated whole blood or from apheresis systems. Most blood
operators exploit the ability to freeze plasma to extend its
shelf-life, although never-frozen liquid plasma is licensed in
some locations (e.g., the USA) [39]. Thawed plasma may be
stored in a refrigerated state for lengths of time varying from
hours to days, depending on the jurisdiction and the specific
details of how it was handled and frozen prior to thawing.
Several modified versions of plasma also offer enhancements
over the traditional products with respect to ease of admin-
istration or safety. Dehydrated plasma is stable at room
temperature and can therefore be more easily transported
into austere environments remote from hospitals, rapidly
rehydrated, and administered in the field [40]. Specifically,
lyophilized plasma is available formilitary and/or civilian use
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in some countries, and spray-dried plasma is under investiga-
tion. Pathogen-reduced plasma is also in routine clinical use
in many countries; this product comprises plasma to which a
nucleic acid-damaging additive that can be photochemically
activated has been added. Quality comparisons of modified
plasma to standard plasmas are readily available, but they
suffer from the same difficulties in terms of extrapolation to
predicting clinical efficacy of the standard plasmas, due to the
unsatisfactory evidence base [16].

2.6. “Standard” Forms of Transfusable Plasma and Regula-
tions: FFP and FP-Type Plasma. Transfusable plasma units
vary with respect to the time from phlebotomy to the frozen
state and the methods of preparation. Fresh-frozen plasma
(FFP) may be prepared by apheresis (FFP apheresis, FFPA,
or apheresis FFP, AFFP) or whole blood processing and must
be frozen within 8 hours of phlebotomy in Canada [41]
and the United States [42]; in Australia, freezing of FFPA
must commence within 6 hours of collection and that of
FFP within 18 hours of collection [43]. In Europe, plasma
may be labeled as FFP if it is separated from whole blood
and frozen within 6–18 hours of phlebotomy and provided
that it contains ≥0.70 IU FVIII activity/mL; whole bloodmay
also be used for FFP manufacture for up to 24 hours after
phlebotomy, provided that it is rapidly cooled and held at 20
to 24∘C and that it satisfies the FVIII activity requirement
[10]. Frozen plasma (FP, also known as FP24 or PF24) must
be frozen within 24 hours of phlebotomy and is employed
in Canada and the United States. Canada specifies that 75%
of units tested must contain ≥0.52 IU FVIII activity/mL and
that 1%ofmonthly site productionmust be tested [41]; neither
American government regulations norAABB standards spec-
ify required activity levels. The United States Food and Drug
Administration (FDA) recognizes two forms of FP: PF24 and
PF24RT24 (plasma frozen within 24 hours after phlebotomy
held at room temperature up to 24 hours after phlebotomy).
PF24 must be refrigerated or be made from whole blood
refrigerated within 8 hours of phlebotomy and frozen within
24 hours of phlebotomy. PF24RT24 must be made from
apheresis devices, whereas PF24 may be manufactured using
either whole blood processing or apheresis.

In general, FP, PF24, and PF24RT24 (collectively called
FP-type plasma in this review) may show diminished levels
of some labile coagulation proteins compared to FFP. Most
recommendations concerning plasma transfusion do not
stipulate a difference in indications between FFP and FP-
type plasma, except where these products are transfused
for the treatment of individual deficiencies of labile clotting
factors such as FV, FVIII, Protein C, and Protein S. In such
instances, FFP is favoured over FP-type plasmas as they have
been shown to have lower levels of labile factors. Given
the widespread availability of FVIII concentrates and the
availability of Protein C concentrates in some jurisdictions,
operational differences between FFP and FP-type plasmas
reduce to a theoretical preference for FFP in FV and Protein
S deficiencies alone.

Those regulatory bodies that focus on FVIII activities
presumably do so because FVIII is the most labile of the
coagulation factors. However, the connection between FVIII

activity levels and the ability of transfused plasma to restore
hemostasis is dubious. Firstly, FVIII appears to be present in
considerable excess in healthy individuals; reductions below
0.4 IU/mL FVIII activity are needed on a chronic basis to
show any clinical signs of pathology [44]. Secondly, FVIII
is an acute phase reactant [45] whose levels are expected to
rise in injury or disease. Thirdly, FVIII levels in massively
transfused surgical patients decline less rapidly than other
factors as the number of transfused red cell units increases
[34].

Cryoprecipitate is a blood product derived from frozen
plasma by slow thawing at refrigerated temperatures. Under
these conditions large adhesive proteins reversibly precipitate
and are captured in a small volume following expression
of cryosupernatant. Historically cryoprecipitate served as a
source of FVIII/VWF, but it is now employed primarily as a
source of fibrinogen where fibrinogen concentrates are not
available or not nationally indicated. Plasma quality indi-
rectly affects the quality of cryoprecipitate, which remains
in use in the USA, UK, Canada, and Australia, but which
has been replaced by fibrinogen concentrates in much of
Western Europe [46]. UK regulations require that 75% of
units tested contain >140mg fibrinogen and 70 IU/mL FVIII
[47], Canada mandates at least 150mg of fibrinogen per unit
[48], the FDA stipulates a minimum of 150mg fibrinogen
and 80 IU FVIII per bag [46], and Australia specifies the
same content of fibrinogen and FVIII as the UK, as well as
a minimum of 100 IU VWF per unit [43].

2.7. Measures of Plasma Quality. Plasma quality is currently
assessed in vitro, using coagulation factor and coagulation-
related protein assays. Investigators have employed single
factor assays, more global hemostasis tests, thrombin gen-
eration, or viscoelastic approaches to characterize different
forms of plasma.

2.7.1. Coagulation Factor Assays. Most investigators address-
ing plasma quality issues have employed one-stage coagula-
tion tests. In these assays, anticoagulated plasma samples are
recalcified in the presence of factor-depleted plasmas, with
coagulation being initiated by the addition of either tissue
factor and anionic phospholipids (prothrombin time- (PT-)
based assay) or a silicate or other negatively charged poly-
mers combined with anionic phospholipids (activated partial
thromboplastin time- (APTT-) based assay). The time to
form a clot in such assays is thenmeasured, and factor activity
levels in the test plasma are correlated to standard plasma
sample clotting times. Most investigators in this field employ
automated coagulation analyzers.

2.7.2. Hemostasis Screening Tests. Two in vitro clotting tests
are widely used by hematologists to screen patients for
bleeding disorders or to monitor drug therapy: the PT and
the APTT [49]. These tests use the initiators of coagulation
defined above for the coagulation factor assays, but simply on
recalcified plasma. Both have also been employed in investi-
gations of plasma quality. However, these tests are typically
insensitive to reductions in single coagulation factor activity
of less than 50%. The APTT is best suited to the initial
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investigation of suspected hemophilia or the monitoring of
heparin or heparinoid drugs used to counter thrombosis.
The PT is best suited to monitoring drugs like warfarin that
disrupt vitamin K antagonism and reduce the functionality
of vitamin K dependent proteins, for antithrombotic benefit.
ThePThas been standardized as the international normalized
ratio (INR), which compares patient PT clotting times to the
geometricmean of a group of healthy controls of both genders
andwhich includes a factor related to the potency of the tissue
factor preparation used to initiate the test. BothAPTT andPT
may be performed rapidly as they can be completed in less
than one minute per sample, but several commentators have
noted that the use of these tests to guide transfusion practice
constitutes a use for which neither was designed [50].

2.7.3. Thrombin Generation. The thrombin generation assay
(TGA) relies on thrombin cleavage of a fluorogenic substrate
to follow changes in thrombin levels in test plasma during a
30- to 60-minute period. It is initiated with either low con-
centrations of tissue factor for extrinsic pathway activation
or negatively charged biopolymers such as ellagic acid or
kaolin for intrinsic pathway activation and is accelerated
through the inclusion of anionic phospholipids. TGA features
a lag phase, a period of increasing thrombin generation,
and a period during which the amount of thrombin being
generated declines back to baseline. Time to peak, peak
thrombin concentration, and endogenous thrombin potential
(ETP, the area under the thrombin versus time curve) are
typical calculated parameters. For plasma quality determina-
tion, the test is performed in plasma rather than whole blood.
Although useful for relative within study comparisons, such
as before and aftermanipulations such as pathogen reduction,
TGA is currently viewed as being too variable for routine
clinical use, a criticism that may have implications for use in
plasma quality investigations [51]. It is certainly a muchmore
time-consuming test than “time to clot” assays.

2.7.4. Viscoelastic Testing. Viscoelastic testing refers to
thromboelastography (TEG) or rotational thromboelastome-
try (ROTEM) [51, 52]. Both technologies record viscoelastic
changes during blood or platelet-rich or platelet-poor plasma
clotting by following the changes in oscillation of a pin or
wire immersed in the test fluid; in TEG the cup is mobile and
the pin or wire immobile, while in ROTEM the mobilities
are reversed. Either assay can be initiated using kaolin and
phospholipids or tissue factor. Test runs can require up to 30
minutes for completion. Both technologies have been used
as point-of-care tests to guide hemostatic therapy and have
been employed in pivotal trials of fibrinogen concentrates
[53].

2.8.Manipulations ofDonated Blood or Plasmawith the Poten-
tial to Affect Clotting Activity. Plasma samples for reference
range determinations are taken under ideal conditions, in
which a small volume of blood is taken from a volunteer
into vacutainer tubes and immediately centrifuged, and the
plasma is aspirated and snap-frozen for subsequent assay.
Transfusable plasma, in contrast, is collected on a larger scale
and subjected to additional manipulations, all of which have

the potential to decrease one or more coagulation factor
activities. Many investigations of plasma quality have focused
on the effect of suchmanipulations, to address the question of
whether or not a perceived benefit, such as leukoreduction to
reduce transfusion reactions, extended holds of whole blood
prior to processing to improve blood operator efficiency, or
extended storage of thawed plasma to reduce wastage, is
worth the cost of reduced coagulation-related protein activity.

2.8.1. Leukoreduction. Prestorage leukoreduction of whole
blood has been implemented for all blood donations in
various European countries, in Canada, and by the majority
of American blood operators. Benefits include reductions in
the frequency and severity of febrile nonhemolytic trans-
fusion reactions (FNHTRs); in the risk of cytomegalovirus
transmission; and in the risk of alloimmunization and platelet
refractoriness [3]. Cardigan et al. examined five different
whole blood filters, using a pool-and-split design, and pro-
cessed filtered or nonfiltered whole blood into plasma. Some
filters had no effect on any tested coagulation factor activity,
including fibrinogen or prothrombin; others caused amodest
increase in median PT or APTT of less than one second.
Filters associated with a reduction in coagulation factor
activity decreased median FV, FXI, and FXII activity by 13–
20%, with no effect on VWF and only a 5% reduction in
median FVIII activity [54]. Heiden et al. reported similar
findings, along with the observation that elastase released
fromneutrophils during leukoreductionwas fully neutralized
by alpha-1-antitrypsin and that complement-related C3a was
found in plasma from filtered blood as inactive C3a-desArg
[55]. Most recently Chan and Sparrow split whole blood
into pediatric-sized packs and applied 6- or 24-hour holds
with or without leukoreduction prior to plasma production
[56]. These authors found that the leukoreduction filter they
employed partially trapped microparticles and its use was
associated with 15–20% reductions in fibrinogen, FVIII, and
FXII activities. Leukoreduction slowed clot formation and
reduced clot strength as judged by kaolin-initiated throm-
boelastography; whole blood hold time did not affect these
parameters despite the reductions in clotting factor activities.

2.8.2. Holding Effects. Holding blood at either refrigerated or
ambient temperatures provides considerable logistical advan-
tages to blood operators, with respect to the ability to collect
at remote clinics and to rationalize shift work by processing
staff. Effects of hold times on component quality have been
reviewed by van der Meer and de Korte [57]. Pietersz et al.
reported mean losses of 20% of FVIII activity in whole
blood units (𝑛 = 10) rapidly cooled to 20–24∘C and held
for 24 hours prior to plasma production via the buffy coat
method without leukoreduction, less than that reported in
refrigerated whole blood held for 26 hours in a smaller study
(𝑛 = 5) [58]. O’Neill et al. split whole blood units (𝑛 = 10)
into half-units and stored them at 4∘C or 22∘C for 8 hours and
then refrigerated all half-units for the next 16 hours, making
plasma from all units at 8 or 24 hours via the platelet-rich
plasma (PRP)method. FV, FVII, FX, fibrinogen, and Proteins
C and S activities in plasma were unchanged relative to
baseline, at collection values [59]. Eight-hour storage reduced
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mean FVIII activity 13% relative to baseline values, and
twenty-four-hour storage reduced it by an additional 20%
[59]. Wilsher et al. allocated 80 whole blood donations into
four equal groups to assess FFP production within 8 hours or
after 24-hour holds at refrigerated or ambient temperatures,
finding no effect on fibrinogen activities of any condition,
and only a modest loss of FV activity associated with 24-
hour ambient temperature hold. FVIII activity losses were
limited to 21% relative to <8-hour processing with or without
active cooling and were significantly less than the 36% mean
reduction in activity seen in 24-hour refrigerated hold units
[60]. van der Meer and de Korte also reported no effect of
active cooling of whole blood held overnight on FVIII activity
in generated plasma [61].These results on holding effects have
in general been replicated by investigators using different
whole blood processingmethods and different anticoagulants
in different nations and transfusion services [36, 62–66].
There is no evidence that the declines in coagulation factor
activity associated with holding effects compromise clinical
efficacy, and therefore economic and strategic considerations
have prompted greater use of FP-type plasmas over FFP
[42, 67].

2.8.3. Speed of Freezing. Initial studies on the effect of the
speed of freezing of plasma focused on FVIII activity, since
efficient recovery of FVIII was of paramount importance
in the fractionation industry prior to the advent of recom-
binant FVIII. Carlebjork et al. noted a positive correlation
between the rate of freezing of plasma and the recovery of
FVIII activity [68]. Swärd-Nilsson et al. examined 100mL
aliquots of plasma in plastic bottles. FVIII activity in plasma
was found to be stable to prefreezing room temperature holds
of up to 4 hours. Rapid freezing to a core temperature of
−30∘C within 60 minutes, as compared to slow freezing over
24 hours, resulted in mean FVIII recoveries of 93.6 versus
68.2% [69]. Runkel et al. pooled and split whole blood
donations, generating plasma within 8 hours of phlebotomy
that was frozen at the 8-hour time point or held at either
ambient or refrigerated temperatures for an additional 16
hours prior to freezing [70]. Freezing was conducted either
in slow (transfer to −20∘C) or in fast (to −30∘C core tem-
perature) modes to imitate FDA or European requirements,
respectively. Prolonging the “time to freezer” reducedmedian
FVIII levels∼10%, while combining prolonged time to freezer
with slow freezing together reduced median FVIII levels
18.5%. Room temperature storage reduced median Protein S
activity by 27%, and prolonged storage at room temperature
correlatedwith a 7%decline in FVII activity. No changes were
noted in FV, FXI, fibrinogen, VWF, or Protein C activities.
APTT and PT values were modestly increased by prolonged
time to freezer and slow freezing. In general, available data
suggests that rapid freezing and limiting the time from
phlebotomy to freezer best preserve coagulation activity in
transfusable plasma, but it does not seem that such steps give
any clinical advantage to FFP over FP-type plasmas. Where
permitted by regulations, the selection of lower cost slow
freezing modalities for transfusable plasma has therefore not
been impeded.

2.8.4. Stability of Thawed Plasma for Transfusion. Plasma
takes time to thaw and time to infuse.Dose recommendations
in the 10–15mL/kg range translate into 700–1050mL of
plasma for a 70 kg individual or 3-4 units [33]. Two factors
spurred interest in the question of how long thawed plasma
may be refrigerated prior to use in an effective and safe
transfusion: efforts to reduce transfusion-related acute long
injury (TRALI) and efforts to facilitate early administration
of plasma to trauma patients. Shifts to predominantly male
transfusable plasma were made by several blood operators to
reduce one factor contributing to TRALI, anti-HLA antibod-
ies in previously pregnant donors [71]. This move put supply
pressure on FFP and increased interest in prolonged use of
thawed FP-type plasmas. Similarly, concern over the devel-
opment of trauma-induced coagulopathy and a perceived
need to start plasma transfusion as soon as possible led many
trauma centres in the industrialized world to adopt massive
transfusion protocols, involving, in part, the maintenance of
thawed inventory of AB-universal donor plasma [72].

Downes et al. carried out a small study (𝑛 = 5 for each
of 3 ABO blood groups) of thawed FFP stability after AABB
standards expanded its shelf-life from 24 to 120 hours. No
significant differences from day 1 to day 5 activity values
were noted for FII, FV, FVII, FX, or fibrinogen. FVIII values
dropped 35–41% during the storage period, with the majority
of the decline occurring in the first 24 hours of storage [73].
Scott et al. examined 20 FFP units at thaw or after 120 hours
of refrigerated storage, noting a 47% drop in FVIII activity
as well as losses of FV and FVII activity of 21 and 33%
and smaller losses of 3–8% in FII, FX, VWF, and Protein S
activities [74]. Scott et al. also examined the stability of 14
FP24 units, noting similar patterns; the largest losses in this
product were for FV, FVIII, VWF, and Protein S (31, 28, 17,
and 15%, resp.) [74]. Sheffield et al. probed the stability of
Canadian thawed FP (𝑛 = 54), produced using the buffy coat
method, finding it noninferior in residual FVIII activity at 120
hours to the 0.48 ± 0.12 IU FVIII/mL reported by Sheffield
et al. from PRP method FP24; mean losses of 20, 14, and
41%, in FV, FVII, and FVIII, respectively were observed, with
no alteration in fibrinogen activity and a 9% prolongation
of PT by 120 hours [37]. Similar results were obtained in
stability studies of FFPA: Sidhu et al. found FV and FVIII
decreases of 9 and 14% after 120 hours of refrigerated storage
and no change in FII, FVII, FX, FXI, and fibrinogen (𝑛 =
20, sodium citrate anticoagulant) [75]; and Von Heymann
et al. noted losses of FII, FV, FVII, FVIII, FIX, FX, and FXI
ranging from −8% (FII) to −47% (FVIII) (𝑛 = 20, acid
citrate dextrose [ACD] anticoagulant) after 144 hours of
refrigerated storage [76]. Cookson et al. observedmean losses
of 11% FV and 33% FVIII activities relative to baseline values
and lesser declines of FII, FVII, FIX, and FXII after 144
hours of refrigerated storage of thawed FP made from whole
blood held at room temperature for 24 hours. These factor
losses failed to affect thrombin generation and produced only
marginal lengthening of clot time, but no change in clot
strength, in viscoelastic testing [77].

These data have been interpreted in different ways in
different jurisdictions, likely due to the lack of clinical data
with which to anchor them to outcome measurements.



8 Journal of Blood Transfusion

American and Canadian regulators permit the transfusion
of refrigerated thawed plasma stored for up to 120 hours,
whereas the Council of Europe requires transfusionists to
administer the product as soon as possible after thaw, and in
the United Kingdom 24-hour refrigerated storage is permit-
ted [78].

2.9. Pathogen-Reduced Plasma. Plasma may also be sub-
jected to additional manipulations designed to increase the
considerable protection already afforded to patients by its
prerelease immunological and nucleic acid testing for trans-
fusion-transmitted pathogens [5]. These include treatments
of pooled plasma with solvent-detergent mixtures [79] and
of individual plasma units with agents such as methylene
blue or amotosalen, whichmust be removed prior to infusion
after illumination of units with ultraviolet or visible light,
or riboflavin (vitamin B2), for which there is no removal
requirement [80]. Quality assessment of these products has
been largely limited to comparisons to the FFP from which
they are derived. Efficacy determinations have included
clinical studies, including those leading to licensure on the
basis of similar performance to FFP.

2.9.1. Pathogen Reduction of Pooled Plasma. Solvent-deter-
gent plasma (SDP) is a pooled plasma product subjected to
solvent (tri(n-butyl)phosphate) and detergent (Triton X-100)
treatment to destroy enveloped viruses; prior to filtration,
bagging, and freezing, the solvent and detergents are removed
by oil and solid phase extraction steps [79]. The process
was originally invented by scientists at the New York Blood
Center [81]. Although several SDP are licensed in different
countries, most of the information concerning SDP in the
public domain relates to Octaplas, the SDP product manu-
factured by OctapharmaGmbH (Vienna, Austria), which has
been in continuous clinical use in Europe since 1992, and
elsewhere for lesser periods of time. Unpaired comparisons of
12 consecutive batches of Octaplas and 12 random quarantine
FFP units revealed no significant differences in FII, FV, FVIII,
FIX, FX, FXII, FXIII, VWF, antithrombin, or Protein C
activities [82]. Minor reductions in fibrinogen and FVII were
noted, and substantial reductions in mean Protein S activity
(38%) and alpha-2 antiplasmin (78%) were also observed. In
2009 the manufacturing process for Octaplas was modified
to include a prion reduction affinity chromatography (“liquid
gel”) step (Octaplas LG).After implementation of this change,
no substantial differences were noted between batches of
the first or second generation product by coagulation factor
assays, thrombin generation, or viscoelastic testing [83].

2.9.2. Pathogen Reduction of Single Plasma Units. Three
technologies, licensed in at least some parts of the world, are
available for pathogen reduction (PR) of single plasma units
[80]. All rely on photoactivation by visible or ultraviolet light
and the addition of chemicals to plasma or PRP: methylene
blue (MB); amotosalen (AS); or riboflavin (RF). All attack
pathogen nucleic acids in different ways, reducing infectivity
by many orders of magnitude. All lead to some reductions
in coagulation factor content as a potential cost of increased
safety. These effects have been most clearly demonstrated in

paired comparisons of FFP, MB-FFP, and AS-FFP. Osselaer et
al. found that losses of fibrinogen, FV, FVIII, FXI, and Protein
S activities were greater for MB-FFP than AS-FFP, although
themost affected proteins, fibrinogen and FVIII, still retained
70–80% of their FFP activity levels after treatment and
freezing and thawing of MB-FFP. The authors noted that
the mean values for all 18 plasma protein activities tested
fell within normal references ranges in all cases and that
ADAMTS-13 was unaffected by either PR treatment [84].
Backholer et al. reported similar findings in another paired
comparison in which FV, FXI, FXIII, and fibrinogen losses
were significant for MB-FFP, but not for AS-FFP, by analysis
of variation (ANOVA) of FFP,MB-FFP, andAS-FFP; six other
coagulation factors were unaffected by either treatment [85].
Cardigan et al. noted reductions of 10% in ETP and 30% in
peak thrombin in thrombin generation assays of paired MB-
FFP versus FFP, but no effect on clot formation rate and a
surprising 20% increase in clot firmness by ROTEM [86].
Hubbard et al. noted alterations in fibrin clot structure for
both AS-FFP and RF-FFP [87].

Hornsey et al. examined the recovery of coagulation-
related proteins before and after production of RF-FFP (𝑛 =
20) [88]. While Protein S and antithrombin were unaffected
by riboflavin treatment, ten other proteins exhibited dimin-
ished recoveries, with the lowest recoveries being noted for
fibrinogen, FVIII, FXI, and ADAMTS13 (68–79%). FVIII
activity levels nonetheless met Council of Europe require-
ments, at 0.76 IU/mL in the study, as did all other factors.

2.10. Dehydrated Plasma. Plasma was originally introduced
into clinical practice, during World War II, as a lyophilized
product appropriate for battlefield use [40]. Such dehydrated
plasma formulations attempt to replace conventional plasma
with a product that does not require a cold-storage chain
and which can be reconstituted more rapidly than frozen
plasma can be thawed. Plasma may be dried either in pools
(with orwithout pathogen inactivation) or as single units.The
most common approach is freeze-drying, or lyophilization,
a process by which plasma is rapidly frozen and maintained
at low temperatures under partial vacuum. Sufficient heat
is then introduced such that frozen water in the product is
driven off via sublimation. An alternative approach involves
spray drying, in which atomization and heat are used to
evaporate microdispersed water droplets. Both technologies
provide stable, reversibly dried products in which >95% of
the original water content is removed [89].

The two best characterized freeze-dried plasma (FDP)
products licensed for use in Western countries are French
lyophilized plasma (PLyo) [90] and LyoPlas N-w, produced
by the German Red Cross Blood Service West [91]. The for-
mer product is made from a pool of A, B, and AB pathogen-
inactivated FFPA plasmas from nomore than 10 donors, with
each unit containing ≥0.9 IU/mL FVIII activity; the latter is
made from a single unit of quarantined plasma. Quarantined
plasma is not released for manufacturing until the donor has
returned to the blood or plasma centre in good health and
tested negative for infectious disease markers a second time.

Martinaud et al. tested aliquots of 24 batches of PLyo
before and after lyophilization [92]. Fibrinogen, FXI, FXIII,
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ProteinsC and S, antithrombin, and alpha-2 antiplasminwere
unaffected by the process. Factors V and VIII exhibited
lyophilization-dependent losses of 20–25%. No differences
were found between the two kinds of plasma in thrombin
generation assays initiated with 5 pM tissue factor and no
differences were found in viscoelastic testing.

Bux et al. described aspects of the quality of LyoPlas N-
w, which is the single donor, quarantined plasma-derived
German FDP [91]. Compared to the thawed FFP from
which the product was made, lyophilization had no effect
on fibrinogen, Protein S, or antithrombin activities. Ten to
25% losses in activity were noted for factors V, VIII, XI, vWF,
and plasminogen, as well as a 10% prolongation in aPTT.
This product has been extensively used in both military and
civilian settings; from 2007 to 2011 more than 230,000 units
were delivered to hospitals and doctors’ offices and provided
to the Germany Army. However, no true measures of clinical
efficacy appear to have been reported in the public literature.

2.11. Fractionation versus Transfusion of Plasma. Plasma does
not have to be transfused to bemedically useful. Recovered or
source plasma can be fractionated into purified plasma pro-
tein products such as immunoglobulin or coagulation factor
concentrates [93]. Immunoglobulin therapy clearly benefits
some patients, such as those with primary or secondary
immune deficiency, immune thrombocytopenia, and chronic
inflammatory demyelinating polyradiculoneuropathy [94].
vWF [95] or fibrinogen concentrates benefit patients with
deficiencies of these factors [96], and prothrombin complex
concentrates reverse warfarin therapy more rapidly than
plasma transfusion with respect to laboratory values and
more effectively with respect to restoration of hemostasis
[97]. Fibrinogen concentrates and PCCs may provide supe-
rior therapy compared to plasma in bleeding patients without
genetic deficits due to the possibility of rapid restoration
of hemostasis and are under active investigation. Even in
TTP, a recombinant ADAMTS13 is in preclinical develop-
ment, a product that may in future supplement the most
evidence-supported indication for plasma transfusion [98].
Given the paucity of evidence of benefit for the medical
use of transfusable plasma and the existence of high-level
clinical evidence of efficacy for some of the indications for
which fractionated products are employed, it is likely that an
increasing proportion of plasma will be fractionated rather
than transfused.

2.12. Appropriateness of Plasma Transfusion and Utilization
Trends. The amount of plasma transfused in several coun-
tries has declined in recent years, including Canada, the
United Kingdom, and the United States [99, 100].The decline
has been linked to efforts to increase appropriateness of
plasma transfusion, to the increased availability of plasma
protein products such as PCCs, and to improvements in sur-
gical techniques. It seems likely that this trend will continue,
barring new clinical data supporting plasma transfusion.

Although there is disagreement among physicians as
to the value of plasma transfusion and some indications
are supported by weaker evidence than others, there is
reasonable expert consensus as to uses of transfusable plasma

which are inappropriate [33]. Multiple audits of transfusable
plasma utilization have shown that over 30% of the time,
plasma is transfused inappropriately, typically in efforts to
alter a mildly elevated INR and to nonbleeding patients [101–
104]. Although most studies of plasma quality end with an
exhortation to trialists to obtain better RCT data, it is likely
that improvements in plasma utilization could be achieved
more readily by diminishing inappropriate transfusion of
plasma.

2.13. Future Prospects for Quality Assessment of Transfusable
Plasma. An extensive literature exists regarding the effect of
different manipulations or process changes on coagulation
factor activities in transfusable plasma or its derivatives.
However, linking these changes to differences in overall
hemostatic function of plasma has not been extensively
attempted. Available data usingmore global tests of hemosta-
sis such as thrombin generation and viscoelastic testing has
started to suggest thatmany of the observed alterations in one
or more coagulation factors are not particularly relevant to
hemostasis, given its complexity and the number of mecha-
nisms that can combine to adapt to changes in procoagulant
and/or anticoagulant protein profiles within the large func-
tional reserve of this biological fluid. If thrombin generation
and viscoelastic tests can be better correlated with patient
clinical status and adapted to more rapid execution, such
assays may supplant coagulation factor assays in the effort
to answer the elusive question, “is this unit of transfusable
plasma of high quality?”

3. Quality of Platelet Concentrates

3.1. New Modes of Platelet Storage: What Should We Be Mea-
suring? Platelet transfusions are essential for the treatment
of patients with acute bleeding or hemorrhage and for pre-
vention of bleeding in severe thrombocytopenia [105–107].
When the vasculature is damaged, platelets adhere, aggregate,
and become activated, eventually forming a platelet plug, as
well as providing a catalytic surface for thrombin generation.
Platelet concentrates (PCs) for transfusion are typically pre-
pared either from whole blood or by apheresis and are stored
at RT (20–24∘C) for up to 7 days. The shelf-life of platelets
stored at RT is limited due to the risk of bacterial growth and
contamination, which can cause life-threatening transfusion-
related infections [108]. Additionally, platelets stored at RT
gradually deteriorate and undergo a decline in hemostatic
and metabolic function, which is known collectively as the
platelet storage lesion [109–112].

Due to the short shelf-life of PCs, providing platelets to
remote, rural, and austere environments is often challenging.
Alternative storage modalities such as cryopreservation and
cold or refrigerated storage are currently being explored to
overcome the challenges associated with the short shelf-life
of PCs. It is clear that platelets stored under these conditions
appear to be very different from standard, RT-stored platelets,
when assessed using in vitro assays previously applied to
RT-stored platelets alone [113–115]. Further, cryopreservation
of platelets is a relatively new field, and while cold storage
of platelets has been studied for many decades, there is a
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renewed interest in this storagemode, and the in vivo efficacy
of these novel platelet components is only now being inves-
tigated. Standard measures of activation and metabolism are
not always sufficient for cold or cryopreserved platelets and
generally do not correlate well with in vivo transfusion out-
comes. A well-defined panel of assays to measure the in vitro
quality of these components has not yet been established.
This section of the reviewwill explore the differences between
platelets stored frozen, refrigerated, or at RT and will address
the techniques that may bemost appropriate tomeasure their
in vitro function and quality.

3.2. Assays for In Vitro Assessment of Room Temperature-
Stored Platelets. Many techniques can be used to measure
platelet function, metabolism, and quality in vitro. The
simplest measurement is platelet swirl, whereby platelets
with a discoid shape refract light and hence appear to swirl
when exposed to a light source, whereas platelets that have
lost their discoid morphology do not swirl [116]. Hypotonic
shock response (HSR) is based on the ability of platelets
to extrude water when placed in a hypotonic solution, is
reflective of an intact membrane, and typically declines dur-
ing ex vivo platelet storage [117–119]. Extent of shape change
(ESC) is a photometric measurement of platelet shape change
in response to agonists such as ADP and an indicator of
the ability of platelets to maintain their discoid morphology.
As is the case with HSR, the ESC response of platelets
declines during storage [117, 120, 121]. Lactate dehydrogenase
(LDH) release into the supernatant can be measured as an
indicator of platelet lysis and loss of viability [122, 123], often
accompanied by a reduction in platelet count and swelling,
measured by an increase in mean platelet volume (MPV).

Platelets produce energy through two major metabolic
pathways: anaerobic glycolysis in the cytoplasm and oxidative
phosphorylation in the mitochondria, which contributes
approximately 80% of platelet ATP [124]. Therefore, mea-
surement of glucose consumption, lactate production, and
changes in pH during platelet storage are widely used as
indicators of active metabolism, as are measurements of pO

2
,

pCO
2
, and HCO

3
[123, 125–128]. Platelet surface markers are

also indicative of platelet activation, including CD62P (P-
selectin) and exposure of phosphatidylserine (PS) measured
by annexin V binding, and are typically measured by flow
cytometry [129, 130]. As platelets become activated, the
contents of their granules, such as RANTES, CD40L, soluble
CD62P, and platelet factor 4 (PF4), are released and accumu-
late in PCs during storage [122, 123, 129–131].

As part of the platelet storage lesion, platelets also lose
their ability to respond to agonists such as ADP, collagen,
and thrombin, which can bemeasured photometrically using
light transmission aggregometry [126, 132–134]. However, the
loss of ability to respond to agonists is reversible, and platelets
have been shown to recover their capacity to respond to
agonists following transfusion [135]. Similar instrumentation
can be used to measure HSR and extent of shape change
ESC. Assays that measure platelet hemostatic function and
procoagulant capacity can also be applied to RT-stored
platelets.These will be discussed inmore detail in subsequent
sections.

Despite the wide variety of parameters that can be mea-
sured in vitro, they do not always correlate with in vivo mea-
surements. The most commonly used in vivo measurements
are platelet recovery and survival following transfusion, as
mandated by the FDA (66.7% recovery of the same subjects
fresh platelets after 24 hours and 58% recovery of the same
subject’s fresh platelets) [136]. However, platelet components
in routine clinical use can fail tomeet these criteria, highlight-
ing a need for alternative criteria that provide information
regarding platelet function following transfusion [137–140].
Nonetheless, there are strong correlations between some in
vitro measurements and platelet recovery and survival in
vivo. For example, lactate concentration has been shown to
correlate strongly with reduced in vivo recovery and survival
following transfusion. A similar correlation was observed
for pH, which itself is influenced by lactate production
[141]. Increases in markers of activation, such as expression
of CD62P (P-selectin) and annexin V binding, have also
been strongly correlated with reduced in vivo recovery [141,
142]. More recently, metabolomics has been used to better
understand interdonor variations and identify metabolites
that may be markers of high or low in vivo platelet recovery
and survival [143]. However, the outputs of such studies
are complex, and interpretation relies on powerful bioinfor-
matics algorithms, rendering metabolomic testing not yet
applicable for routine testing laboratories assessing platelet
quality.

3.3. Alternative Modes of Platelet Storage. To circumvent
problems associated with the short shelf-life of platelets,
alternative modes of platelet storage have been investigated.
These include platelet cryopreservation, cold storage, and
lyophilization. Here we focus on cryopreservation and cold
platelet storage, as these are being most actively pursued by
several groups. Platelet cryopreservation typically involves
addition of DMSO to a final concentration of 4–6% (vol/vol)
[138, 144, 145] and storage at −80∘C for between 2 and 4 years
[146–148]. Platelet cryopreservation was pioneered by the US
military and later the Netherlands military, who have suc-
cessfully transfused over 1000 cryopreserved platelets during
military deployments to Bosnia, Iraq, and Afghanistan [149,
150]. This technology is now being adopted by many coun-
tries. Platelet cryopreservation and the subsequent thawing
processes are, however, time consuming and more expensive
than standard RT storage, and other alternatives have been
sought. One such alternative is cold storage of platelets, which
is extremely simple logistically, as such platelet products can
be stored in a refrigerator as per red cells and do not require
agitation.

3.4. Platelet Cryopreservation. Methods used today for
platelet cryopreservation were pioneered by Handin and
Valeri for the US military and first published in the 1970s
[151]. The original protocol described addition of 5 to 6%
DMSO to hyperconcentrated platelets prepared from a single
unit of whole blood using the PRP method [151, 152]. The
DMSO was not removed prior to freezing, and after thawing
the platelets were washed and resuspended in autologous
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plasma. The platelets were found to be hemostatically effec-
tive upon transfusion [153]. Subsequent protocols described
removal of DMSO prior to freezing, as this allowed platelets
to be thawed and reconstituted immediately after thawing
with reduction of DMSO content [144]. This process was
adopted by the Netherlands Military Blood Bank [149] and
many countries including the USA, Brazil, France, Turkey,
and Singapore now have programs to implement cryopre-
served platelets for civilian and/or military use, with similar
cryopreservation protocols [138, 154, 155].

In vitro data from early studies showed changes in
platelet shape and structure following cryopreservation [156].
Further studies have subsequently found that cryopreserved
platelets have impaired HSR and aggregation responses to
ADP, epinephrine, and collagen, as well as reduced oxygen
consumption; moreover platelet activation of a high propor-
tion of cryopreserved platelets was suggested by increased
P-selectin and elevated annexin V binding to PS on a high
proportion of platelets, indicative of poor in vitro quality and
function [115, 138, 144, 157, 158].

Despite these impairments, cryopreserved platelets were
shown to correct bleeding time in patients with hema-
tological disorders when transfused together with other
blood products [159] and to increase posttransfusion platelet
counts and correct bleeding times when cryopreserved HLA-
matched allogeneic or autologous platelets were used for
treatment of thrombocytopenic alloimmunized patients [160,
161]. More recent investigations have demonstrated similar
efficacy [162].

A randomized controlled comparison of cryopreserved
and liquid-stored platelets demonstrated that cryopreserved
platelets were potentially more effective than fresh, liquid-
stored platelets for controlling surgical bleeding. Although
the platelet count increment was lower in patients receiving
cryopreserved platelets, blood loss and the number of postop-
erative blood products transfused were lower in this group,
suggesting that despite increased clearance, cryopreserved
platelets may in fact be superior to conventional liquid-
stored platelets for controlling bleeding [163]. Despite in
vitro deficiencies and increased activation, the platelets were
still effective upon transfusion, supporting a hypothesis that
despite being already activated, other changes in cryop-
reserved platelets rendered them more procoagulant and
potentiallymore hemostatically active.The findings from this
study also highlight the lack of correlation between in vitro
and in vivo function in cryopreserved platelets, and hence the
need for characterization with an extended suite of platelet
assays.

More recent studies using techniques to measure the
hemostatic function of platelets in vitro have expanded upon
these earlier studies, suggesting theymay bemore appropriate
measurements for cryopreserved platelets. These include
techniques such as thrombin generation (see Section 2.7.3
above) and viscoelastic testing (see Section 2.7.4 above),
which permit measurement of the procoagulant activity
of both platelets and platelet microparticles. Consideration
must also be given to enumeration of microparticles, as they
contribute to the procoagulant function of cryopreserved
platelets and are abundant in high numbers after thawing [115,

164, 165]. It should also be noted that no one test addresses all
aspects of platelet quality and function, and several should be
used in combination.

Thromboelastography (TEG) was developed to measure
the clot formation and strength in whole blood and is now
used routinely for evaluation of coagulation dysfunction in
patients. TEG provides information regarding time to clot
formation, clot strength, and fibrinolysis through continu-
ous measurement of viscoelasticity during all stage of clot
development and dissolution [166]. Rotational thromboelas-
tography (ROTEM) provides similar information. TEG and
ROTEM can be used to assess platelet function and storage-
associated changes in liquid-stored PCs, as R-time (clot
reaction time) andK-time (time for clot amplitude to increase
from2 to 20mm) decrease during storage [167, 168]. TEG and
ROTEMmeasurements are also suited to evaluation of cryop-
reserved platelets, which have a reduced R-time compared to
liquid-stored platelet, with reduced clot strength [115]. Similar
findings have been observed with ROTEM and are supported
by perfusion studies under shear stress, whereby cryopre-
served platelets adhere to surfaces and become activated to
form stable aggregates with fibrin deposition [169].

Thrombin is a critical component of the coagulation cas-
cade, and generation of thrombin is reflective of hemostatic
function. Thrombin generation in platelet concentrates can
be assessed using calibrated automated thrombinography
(CAT) [170]. PS and tissue factor, both of which are present
in high amounts on the membrane of cryopreserved platelets
and their microparticles, have the potential to trigger throm-
bin generation [115, 171, 172]. Thus thrombin generation is
useful for measuring the procoagulant activity of cryopre-
served platelets and reveals that cryopreserved platelets and
platelet microparticles are alsomore procoagulant than fresh,
liquid-stored platelets in terms of the amount of thrombin
they generate and the lag time for thrombin generation [115,
171]. However, the influence of the solution used for recon-
stitution after thawing must be taken into consideration, as
non-plasma-based reconstitution solutions may not provide
sufficient tissue factor for detectable thrombin generation
[115].

CD62P (also known as P-selectin) is a well-characterized
marker of platelet activation, which increases when platelets
are stored at room temperature [122, 123, 173]. Given that
cryopreserved platelets are known to be activated, it would
be expected that CD62P expression would be high on cryop-
reserved platelets. However, there are variations in what has
been observed by different groups examining cryopreserved
platelets, whereby some have observed high expression
(>60%) [138, 171], some have observed partial activation
with 20–40% CD62P expression [162, 165], and others have
observed low CD62P expression [145, 174, 175].This variation
may arise due to differences in the platelets themselves,
differences arising from use of different antibody clones,
staining protocols, or instrument settings on different flow
cytometers. Exposure of PS on the outer leaflet of the platelet
membrane indicates platelet activation and increases the pro-
coagulant response of platelets [176]. Cryopreserved platelets
also express high levels of PS and shed more PS-positive
platelet microparticles when compared to fresh liquid-stored



12 Journal of Blood Transfusion

platelets. Annexin V binding to PS may therefore be a better
indicator of platelet activation in cryopreserved platelets, as it
is consistently reported as high by many groups [115, 145, 158,
171].

PS on microparticles acts as a catalytic site for the
FXa/F Va complex, accelerating thrombin formation, giving
them procoagulant activity [115, 177]. The contribution of PS
to procoagulant activity can be measured in clot-based or
chromogenic assays that provide functional measurements of
procoagulant phospholipids [178].

Platelet microparticles are best measured by flow cytom-
etry, so that expression of a platelet-specific antigen such as
CD61 may be combined with annexin V for confirmation of
PS externalization, as part of the membrane remodelling that
occurs duringmicroparticle generation [179, 180].The choice
of surface markers for quantitation and characterization of
platelet microparticles generated during cryopreservation is
also of importance, as the proportionate expression of platelet
surface markers is very different from marker expression
on microparticles found in liquid-stored platelet concen-
trates [177]. The resolution of the flow cytometer is often
a limitation in accurately identifying microparticle popula-
tions, as resolution is usually limited to 400–500 nm. How-
ever, development of newer flow cytometry instrumentation
allows quantification and characterization of microparticle
populations with high resolution ranging from 1 𝜇m to 20 nm
[181]. Dynamic light scattering can also be used to measure
platelet particle size and the relative proportions of particles,
although it does not provide information regarding the
phenotypic characteristics of the microparticle populations
[177].

There is still a paucity of published clinical data on patient
outcomes following transfusion of cryopreserved platelets,
rendering it difficult to correlate in vitro activity with efficacy
or safety. Furthermore, recovery of autologous platelets at 24-
hour posttransfusion may not be an ideal measure for cryop-
reserved platelets, as it does not take into consideration their
procoagulant phenotype and their potential to stem active
bleeding or hemorrhage more effectively. Rather, inclusion of
outcomes such as posttransfusion blood loss, bleeding time,
volume, and number of transfusions in clinical studies may
be more informative, and subsequent correlation of in vitro
function with these outcomes may advance this field. Animal
studies using wound or hemorrhage models may also help to
bridge this knowledge gap.

3.5. Cold Storage of Platelets. Platelets were stored in the
cold (at ∼4∘C) until 1969, when transfused platelets were
shown to be more rapidly cleared from the circulation
than platelets stored at RT [182]. The majority of platelet
transfusions are given prophylactically to thrombocytopenic
hematooncology patients [183]. As such, a longer lifespan
in the circulation is desirable, and cold storage of platelets
ceased, with adoption of storage at RT (20–24∘C). However,
the advantages of cold storage include prolonged shelf-life
due to reduced metabolism, enhanced hemostatic activity,
improved bacteriologic safety, and ease of storage and trans-
port, as the same infrastructure for storage and transport of
red cells could be utilized.

Platelets stored at 4∘C undergo many ultrastructural and
metabolic changes, known as the cold-storage lesion. Most
notably, cold-stored platelets undergo a shape change from
disc to sphere, with an increase in MPV and loss of swirl,
mediated by changes in localization of cytoskeletal proteins
[113, 184]. Other changes include clustering of the GPIb𝛼 sub-
unit of the von Willebrand receptor complex on the platelet
surface [185, 186] and changes in glycosylation patterns with
loss of sialylation and exposure of galactose residues that
ultimately leads to clearance by hepaticmacrophages through
Ashwell Morell receptors [187, 188].

A renewed interest in cold storage of platelets has
shown that, as with cryopreserved platelets, cold storage
leads to increased activation and more procoagulant func-
tion, with increased expression of activation markers such as
CD62P and exposure of PS, improved in vitro TEG and
ROTEM responses, more vigorous aggregation responses,
and increased thrombin generation in comparison to room
temperature-stored platelets [113, 114, 189–191]. As such,
assays for measurement of in vitro function that are suitable
for characterization of cryopreserved platelets, including
TEG or ROTEM, CAT, microparticle enumeration, and flow
cytometry, are also very useful for characterization of cold-
stored platelets.

Some measurements that are less informative for cryop-
reserved platelets, such as glucose metabolism, are, however,
more appropriate for examining differences between cold-
stored and RT-stored platelets. For example, cold storage
of platelets slows glycolysis as well as attenuating acetate
metabolism, possibly through inhibition of oxidative phos-
phorylation. Given that cold storage causes a change from
discoid to spherical shape, measurements such asMPV, swirl,
HSR, and ESC are also informative [113, 114, 192].

A shelf-life for cold-stored platelets has not yet been
rigorously defined, although FDA approval has recently been
given for the narrowly defined instance of administration of
cold-stored apheresis platelets to actively bleeding patients,
provided the product has been refrigerated for less than 72
hours after phlebotomy [193]. Further investigations with
cold-stored platelets under different storage conditions, such
as in additive solutions versus plasma, are necessary to gen-
erate data that will help establish optimal storage conditions
and determine whether a shelf-life beyond that of room
temperature-stored platelets is feasible.

Cryopreservation and cold storage lead to many changes
in platelet metabolism, surface receptor expression pro-
files, membrane and cytoskeletal structure, and impor-
tantly hemostatic function, some of which may be consid-
ered adverse and some advantageous. Measurement of these
changes as they occur in vitro and the ability to correlate
them with appropriate transfusion outcomes are essential for
defining the appropriate indications for these novel platelet
components and embedding them into routine use.

4. Overview: Quality Assessment of
Stored Red Cell Concentrates

Transfusion of red blood cell concentrates (RCCs) is a neces-
sary, lifesaving clinical therapy. RCCs are given to increase
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oxygen delivery to tissues in clinical situations where the
circulating red blood cell (RBC) level is low (anemia)
due to RBC loss (trauma/surgical hemorrhage), decreased
bone marrow production (chemotherapy, aplastic anemias),
defective hemoglobin (hemaglobinopathies, thalassemias),
or decreased RBC survival (hemolytic anemias). Approxi-
mately 1.2 million RCCs are collected and transfused each
year in Canada [194, 195], and more than 90 million units
are transfused globally [196]. RCCs are used across a variety
of medical and surgical situations with approximately 30% of
critical care patients and more than 50% of cardiac surgery
patients receiving blood products during their hospital stay
[197, 198].

To ensure that RCCs are produced in a consistent and
controlled manner, blood collection agencies routinely test
products as part of their quality assurance programmes and as
part of their continuous improvement activities prior tomak-
ing changes to equipment or processes. Acceptable standards
for product safety and quality are outlined in government
regulations and by standard-setting organizations. Despite
these stringent control mechanisms, a great deal of variability
still exists within the blood components transfused which
may affect patient outcomes. Motivated by a need for more
concerted efforts to understand the factors affecting RCC
quality, this section will review the changes that occur to RBC
during blood banking, current quality testing practices, and
the factors which affect the quality of stored RCCs.

4.1. RBC Physiology and the Storage Injury. The primary
function of RBCs is to transport oxygen from the lungs to
the body tissues, where the exchange for carbon dioxide
is facilitated through the synergistic effects of hemoglobin,
carbonic anhydrase, and band 3 protein, followed by carbon
dioxide delivery to the lungs for release. Successful oxygen
transport is dependent on the efficacy of three critical
elements: the RBC membrane, hemoglobin, and the cellular
energetics.

The RBC membrane is a fluid structure composed of a
semipermeable lipid bilayer with an asymmetrically orga-
nized mosaic of proteins. Membrane lipids compromise ap-
proximately 40% of the RBC membrane mass, with equimo-
lar quantities of unesterified cholesterol and phospholipids,
and small amounts of free fatty acids and glycolipids [199].
Membrane proteins comprise approximately 52% of the RBC
membrane mass and can be categorized into integral and
peripheral proteins according to their location relative to
the lipid bilayer [199]. Integral membrane proteins, such as
glycophorin and band 3 protein, transverse the membrane
and function as receptors and transporters. In contrast,
peripheral proteins are only found on the cytoplasmic surface
of the membrane and form the RBC cytoskeleton. The major
components of the RBC cytoskeleton are spectrin, ankyrin,
protein 4.1, actin, and adducin, which form a mesh-like net-
work of microfilaments that strengthens the RBC membrane
while maintaining RBC shape and stability [200].The unique
characteristics of the RBCmembrane and cytoskeleton afford
the cells the ability to reversibly deform as they traverse the
microvasculature and thereby deliver oxygen from the lungs
to the tissues.

The second element that has to bemaintained for the cells
to function normally is hemoglobin. Hemoglobin is a conju-
gated protein consisting of two pairs of globin chains and four
heme groups, each containing a protoporphyrin group and
an iron molecule in the ferrous form [201]. The uptake and
release of oxygen by the hemoglobin molecule are controlled
by the RBC organic phosphate 2,3-disphosphoglycerate (2,3-
DPG), which binds to the cleft between globin chains,
resulting in a deoxyhemoglobin conformation that facilitates
the release of oxygen. Therefore, increased 2,3-DPG levels
triggered by tissue hypoxia will shift the hemoglobin oxygen
dissociation curve to the right, increasing oxygen delivery to
the tissues.

Maintenance of the RBC membrane system and
hemoglobin function is dependent on energy generation
through RBCmetabolic pathways.There are four major RBC
metabolic pathways: the Embden-Mayerhof pathway, in
which most RBC adenosine triphosphate (ATP) is generated
through the anaerobic breakdown of glucose; the hexose
monophosphate shunt, which produces NADPH to protect
RBCs from oxidative injury; the Rapoport-Luebering shunt,
responsible for the production of 2,3-DPG for the control of
hemoglobin oxygen affinity; and finally, the methemoglobin
reduction pathway, which reduces ferric heme iron to the
ferrous form to prevent hemoglobin denaturation. All four
metabolic pathways are critical to RBC function.

Defects associated with any of the above described ele-
ments of RBC structure or function are related to the devel-
opment and pathogenesis of the many forms of inherited
and acquired RBC abnormalities that result in increased RBC
destruction through intra- or extravascular hemolysis and
therefore an in vivo survival of less than the normal 120
days. During a normal life span, circulating RBCs undergo
metabolic and physical changes associated with the process
of senescence, such as membrane vesiculation, decreased cell
size, increased cell density, cytoskeletal alterations, enzymatic
desialylation, and PS exposure. At the end of their life span,
RBCs are recognized and removed by the macrophages in
the reticuloendothelial system (RES). It has been estimated
that 5 million RBCs are endocytosed by RES macrophages
per second each day [202]. These RBCs are replaced by RBC
reticulocytes which are released daily from the bone marrow
storage pool.

Because hemoglobin and its constituent iron are highly
reactive molecules that can be toxic to cells and tissues, the
body has a number of protective mechanisms to avoid their
accumulation in circulation. Excessive intravascular damage
to red cells or transfusion of fragile or nonfunctional RBCs
can result in the release of large amounts of hemoglobin into
the plasma. Haptoglobin can rapidly bind free hemoglobin
in circulation and clear it through the reticuloendothelial
macrophages; however excessive hemolysis will exceed the
haptoglobin scavenging capacity of the RES [10–13]. Con-
version of excess free hemoglobin to methemoglobin is
facilitated by endothelial-derived nitric oxide (NO) allowing
for the rapid clearance of the oxidized hemoglobin from the
circulation by the binding of hemoglobin to hemopexin and
albumin [10–13].This scavenging of the toxic free hemoglobin
in circulation results in a reduced NO bioavailability, which



14 Journal of Blood Transfusion

can in turn lead to endothelial dysfunction, platelet aggre-
gation, and oxidative injury [203–205]. Hemoglobin will
accumulate within the macrophages that phagocytose senes-
cent red cells and remove hemoglobin-laden haptoglobins
and hemopexins from circulation. Through the action of
cytoplasmic heme-oxygenase-1, themacrophages convert the
hemoglobin into carbon monoxide, biliverdin, and free iron
[206]. While some iron bound to transferrin is released into
circulation, the majority of free iron accumulates within
the macrophages in the form of ferritin. Under conditions
where there is excessive intra- or extravascular hemolysis,
the iron-sequestering capacity of ferritin and transferrin can
be overwhelmed, resulting in the accumulation of free iron
within the macrophages and in the circulation [207]. As free
iron is highly reactive and able to generate hydroxyl radicals
from hydrogen peroxide it can cause significant oxidative
injury to the macrophages and tissues [208–210].

While the ability to collect, process, and store RBCs
for extended periods of time has facilitated the widespread
adoption of RCC transfusion as a clinical therapy, the storage
of RBCs outside of the body (ex vivo) in an artificial
environment impairs many natural processes required for
cell viability and function. The “storage lesion” is the name
given to all of the progressive changes that occur to blood
components during conventional blood bank storage. Refrig-
erated storage of RBCs is based on the principle that bio-
chemical events and molecular reactions can be suppressed
by a reduction in temperature. Although refrigerated storage
minimizes RBC injury, cellular metabolism is not completely
suppressed at hypothermic temperatures and the residual
metabolic activity eventually results in nutrient depletion
and accumulation of cell wastes [211, 212]. The progressive
biochemical and biomechanical effects of the storage lesion
have been well documented [211, 213–216].

A major element of the storage lesion that has been
gaining attention recently is RBC membrane injury [215–
219]. Indeed, strong evidence in the current literature suggests
that RBC viability—defined as posttransfusion survival of
RBCs—is closely related to the structural and metabolic
status of the poststorage RBC membrane [215–219]. The
membrane components implicated in the hypothermic stor-
age lesion include (i) lipid loss through microvesiculation,
which leads to decreased critical hemolytic volume, increased
internal RBC viscosity, and progressive spheroechinocytosis;
(ii) altered RBC rheological properties such as deformability,
mechanical stability, and adhesiveness; (iii) PS exposure on
the membrane surface; and (iv) decreased expression of
the CD47 antigen on the membrane surface [211, 215, 220–
225]. Collectively, these changes in RBCmembrane structure
manifest as severe changes in the deformability of the stored
RBCs, alterations that result in accelerated clearance of the
cells from circulation [226–229].

The effect that the biochemical changes that occur to
RBCs during storage have on the safety and efficacy of
transfused RCCs remains unclear. Numerous studies have
shown an association of RCC transfusion with increased
length of stay in the hospital, impaired tissue oxygen use,
proinflammatory and immunomodulatory effects, increased
infections, multiple organ system failure, and ultimately

increased morbidity and mortality (reviewed in [230–233]).
Based on our current knowledge of the RBC physiology and
the storage lesion one may propose a number of different
biological pathways that may be responsible for these adverse
events including the role of microvesicles (also known as
microparticles [234]) in stored blood in the pathogenesis
of thrombosis, inflammation, and responses to pathogens
[235]; activation of platelets in the stored RCC product that
could cause platelet-white blood cell aggregate complexes
with procoagulant activity [236]; deformability changes that
result in red cells becoming entrapped in the spleen [237];
decreased blood flow because of rigidity of transfused
red cells; and decreased oxygen delivery as microvesicle-
entrapped hemoglobin and free plasma hemoglobin serve as
potent scavengers of nitric oxide once a patient is transfused
[203]. While prospective clinical trials have failed to show a
clear relationship between the duration of RCC storage and
patient outcome [10, 238, 239], there continues to be a strong
interest in understanding how the obvious physiological
changes that occur to RBCs during ex vivo storage affect our
perceptions of RCC quality.

4.2. Impact of Manufacturing Method on RCC Quality. Blood
components are produced using methods that depend on
the blood manufacturer’s established procedures and on the
desired products. Differences in production processes can
exist across different jurisdictions and even within a single
organization. Regulatory standards are applied, in part to
address these concerns, but current standards are loose in
terms of product standardization and focus instead, not
unreasonably, on donor and recipient safety. As noted by
Högman and Meryman [240] using current standards the
hemoglobin content of a RCC unitmay range between 30 and
90 g, a fact that transfusing clinicians are generally unaware
of.

One element that is emerging as an important mediator
of RCC quality is the manufacturing methods that are used
to separate the RBCs, platelets, and plasma from whole
blood. The method used to separate blood components from
whole blood [241–244], the additive solutions used [216, 245],
and other factors such as prestorage leukoreduction [246]
have all been shown to affect the quality characteristics of
transfused products. Therefore, it has been very difficult to
achieve any level of global, or even national, standardization
of blood products, which has confounded current clinical
and laboratory-based studies aimed at examining adverse
transfusion reactions [247].

By examining the characteristics of whole blood-derived
and apheresis RCCs produced in Canada and the United
States it has been shown that RCCs distributed for transfusion
are not equivalent [248–251]. Similar studies in the US have
evaluated RCCs prepared from whole blood donations using
the PRP method for separation and RBCs collected through
an automated apheresis process [242]. Collectively, these
studies show that there are significant differences in the levels
of hemolysis, potassium, cytokine and microparticle levels,
oxidative stress, oxygen carrying capacity, deformability, and
residual plasma, platelet, and leukocyte concentrations across
the different methods used to manufacture an RCC.



Journal of Blood Transfusion 15

Studies examining the link between blood component
manufacturing and adverse clinical outcomes are extremely
limited.This is due to a number of factors. Firstly,multicentre,
randomized clinical trials examining blood component qual-
ity do not account for component manufacturing differences
amongst study sites in their study designs. Participating
hospitals assume that the blood components received by the
blood bank are the same as those used at other sites. Only
recently has there been awareness that differences in blood
component manufacturing across international sites may
need to be considered in secondary analysis of data. Sec-
ondly, RCCs prepared using differentmethods are intermixed
within the inventory of a blood center and have the same
product label and product code. This makes awareness of
potential differences difficult for clinicians or hemovigilance
programs to consider when evaluating transfusion outcomes.
Thirdly, a lack of coordination between bloodmanufacturers,
blood banks, and clinical research groups makes the ran-
domization of specific blood components for clinical trials
difficult. Fourthly, access to products manufactured using
different methods can be difficult for investigators due to
institutional, regional, or national purchasing agreements
and regulations. Finally, limited pre- and postmarketing stud-
ies are performed to assess the impact of new manufacturing
processes on patient outcomes. For example, comparison
studies between apheresis and manual methods of RCC
production have looked exclusively at conventional in vitro
quality control parameters or radiolabelling survival studies
and rarely patient outcomes [242, 252, 253]. For these reasons,
the impact of blood component manufacturing and adverse
transfusion outcomes has not been adequately evaluated in
well-designed prospective clinical studies.

In a recently published retrospective study, the method
of whole blood processing was shown to be associated with
in-hospital mortality of transfused adults [254]. Patients who
received fresh RCCs (≤7 days of storage) that were prepared
by a whole blood filtration, top/top manufacturing method,
were associated with a higher risk of in-hospital mortality
than was transfusion with mid-age RBCs (stored 8–35 days)
prepared by the red cell filtration, top/bottom method. This
work is significant in that it suggests that adverse transfusion
outcomes might be reduced by making minor changes to
blood processing methods and inventory management prac-
tices.

4.3. Impact of Donor Factors on RCC Quality. Donor factors
have long been associated with clinical outcomes in blood
transfusions, ranging from fundamental transfusion prac-
tices such as ABO/Rh blood group matching and pathogen
screening to more current concerns such as the increased
risk of TRALI associated with plasma products from female
donors [255]. Recently it has come to light that donor factors
might also influence the in vitro quality of stored red blood
cell products [256–259]. Analysis of quality control data
from national blood banking agencies suggests that storage-
associated hemolysis in stored RCCs is dependent on donor
characteristics such as sex, age, ethnicity, and heritable
genetic traits [256, 260–264].

Multiple groups have reported significantly lower hemol-
ysis in units from premenopausal female donors when
compared to donations from other donor populations [256,
261, 262, 265]. A number of theories have been suggested to
explain this trend, based on known physiological differences
between aging male and female blood donors and their
circulating RBCs [261, 266, 267]. It has been suggested that a
decrease in the surface area to cell volume ratio of circulating
RBCs results in an increase in the osmotic fragility of circu-
lating RBCs in older individuals [259]. Due to the association
between storage hemolysis and female menopausal status,
several hypotheses attribute hemolysis to the action of sex
hormones [261, 266]. Testosterone has been shown to pro-
mote erythropoiesis [268], which could explain the increased
hematocrit and hemoglobin levels observed in male donors
compared to female donors [269]. Alternatively, it has been
suggested that monthly blood loss in premenopausal female
donors results in a younger population of circulating RBCs,
which are less susceptible to stress and hemolysis during
storage [267]. As evidenced by this list of contrasting observa-
tions and ideas, we are far from reaching a consensus on the
mechanisms behind the influence of donor factors on RBC
storage.

Retrospective studies have shown that there is an associ-
ation between RCC donor factors and transfusion recipient
outcomes. Donor-recipient sex mismatch [270–273] and/or
age [271, 273] of the blood donor has been shown to be
associated with an increased risk of mortality. For example,
receiving a red cell product from young (<45 years) female
blood donor has been associated with up to an 8% increase
in the risk of death for each unit transfused compared to
receiving an RCC transfusion from a male door [271]. As
this observation has not been seen in retrospective analysis
of French or Scandinavian patient cohorts [274, 275], more
detailed retrospective data linkage studies and prospective
clinical studies are needed to help further understanding the
role that donor factors have on patient outcomes.

4.4. Quality of Irradiated RBCs. Gamma-irradiation of red
blood cell concentrates is used to prevent transfusion-
associated graft versus host disease (GVHD), a rare but
usually fatal complication in recipients at risk. Although there
is limited evidence for GVHD after transfusion of leukode-
pleted RCCs containing <5 × 106 leukocytes/unit, irradia-
tion of RCC is the standard of care for immune deficient
patients. Irradiation is also used for transfusions from 1st-
or 2nd-degree relatives, for all intrauterine transfusions and
for allogeneic stem cell recipients, even if the recipient is
immunocompetent [276]. Gamma-irradiation targets and
inactivates residual white blood cells that may be present in
RCCs [277].

It is generally known that irradiation of RCCs causes
harm to the erythrocytes, with the most prominent being
biochemical changes, including lipid peroxidation andmem-
brane damage [278, 279], reducing the function and viability
of RBCs which may impact their posttransfusion recovery
[280]. Irradiation exacerbates many of the classical hallmarks
of the red cell storage lesion [281], causing red cell swelling,
decreasing deformability [282], affecting metabolism [283],
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increasing the release of potassium [284, 285], and increasing
hemolysis [286]. Some of these changes (e.g., increased
hemolysis and potassium loss) could cause harm to certain
recipients [287, 288]. For these reasons, the timing of irradia-
tion during RCC storage and the length of the postirradiation
storage period are thought to be critical to the quality of
gamma-irradiated RCCs [289, 290].

4.5. Quality of Cryopreserved RBCs. Cryopreservation is the
process of preserving the biologic structure and/or function
of living systems by freezing to and storage at ultralow
temperatures. As with refrigerated storage, cryopreservation
uses the beneficial effect of decreased temperature to suppress
molecular motion and arrest metabolic and biochemical
reactions. Below −150∘C, a state of “suspended animation”
can be achieved in samples where there are no cryopro-
tectants added as there are very few biologically significant
reactions or changes to the physicochemical properties of the
system that occur below this temperature [291]. In contrast
to hypothermic storage (at 1–6∘C), RBCphysiology, including
hemoglobin structure andmembrane and cellular energetics,
is unaffected by extended storage in the frozen state [292,
293]. Cryopreservation is the only current technology that
maintains ex vivo biologic function and provides long-
term product storage. It has been recently suggested that
cryopreserved RCCs are as safe and effective as liquid-stored
products [294] and for certain patient groups may in fact be
a superior product for transfusion [295].

To take advantage of the protective effects of low tem-
perature and to successfully store RBCs for extended periods
using cryopreservation techniques, damage to the cells dur-
ing freezing and thawing must be minimized. The successful
cryopreservation of human red blood cells became possible
after the development of techniques using glycerol as a
cryoprotectant to minimize both rapid and slow cooling
injury [296, 297]. Over the last century, enormous progress
has been made in understanding the basic elements respon-
sible for low temperature injury in RBCs and in the devel-
opment of effective techniques to protect RBCs from this
cryoinjury.

Currently, there are two methods used clinically for the
cryopreservation of RCCs: low glycerol/rapid cooling [298–
300] and high glycerol/slow cooling [301, 302]. Low concen-
trations (15–20%) of glycerol, rapid cooling (>100∘C/min),
storage in liquid nitrogen (−196∘C), or nitrogen vapour
(−165∘C), with rapid thawing in a 42–45∘C water bath, is
less commonly used method for clinical cryopreservation of
RCCs. The more common cryopreservation method found
in most international blood centres is the use of a high
concentration of glycerol (40%) in conjunction with slow
cooling (∼1∘C/min), storage at <−65∘C, and rapid thawing
in a 37∘C water bath. In each case, controlled addition and
removal of glycerol are required to prevent osmotic lysis of the
RBC and tominimize the recipient’s exposure to the chemical
cryoprotectant. Both methods meet the standards set by
the regulatory agencies [223, 303] requiring the removal
of the cryoprotecting agent (CPA), minimal hemolysis, and
recovery of at least 80% of the original red blood cell volume
following deglycerolization. Deglycerolized RBCs must be

stored at 1–6∘C and achieve a 75% in vivo viability, 24 hours
after transfusion.

4.6. Quality of Washed RBCs. Washed red blood cell con-
centrates are recommended for large-volume transfusions
to potassium-sensitive patients, particularly neonates when
fresh units are not available [304], for recipients who have a
history of plasma-related transfusion reactions [305], and for
the prevention of transfusion-related acute lung injury [306].
Recently, the use of washed RCCs has been proposed as a
means to mitigate the accumulation of proinflammatory cells
andmolecules in stored RCCs to reduce the bioactivity of the
product [307] and may be an effective means to address RBC
degradation during storage.

RCCs can be washed in the blood bank using manual
centrifugation and extraction methods, semiautomated cell
processors, or just prior to transfusion using cell salvage
devices [304, 308–310]. Manual washing and use of open cell
processors hamper widespread use of washed RBCs as the
resulting washed products have a limited storage duration.
Due to concerns over the potential for bacterial contami-
nation during washing of RCCs using an open processing
system and decreased RBC viability when resuspended in
saline rather than additive solution in the postwash period,
a 24-hour expiry is applied to these products [311, 312]. This
significantly constrains the window in which units can be
prepared, transported, and transfused, resulting in high levels
of component discards and inefficient inventorymanagement
practices. In contrast, semiautomated cell processors using
closed system washing and modern additive solutions have
the potential to improve the overall utilization of washed
RCCs, as postwashing storage time of RCCs can be extended
and the process can be more closely controlled.

The washing of RCCs has been shown to be an effective
method to remove potassium, hemoglobin, and protein- or
lipid-based immunomodulatory agents [310, 313–315] and
may result in reduced adverse transfusion reactions [316–
318]. In cardiac andneonatal patients [304, 307] and anumber
of animal models [319, 320], the use of washed RCCs can
decrease the dose of labile plasma iron in the product and is
accompanied by a blunting of posttransfusion inflammation.
However, washing may also increase potassium concentra-
tion [310] while simultaneously removing a proportion of
the original unit’s erythrocytes, thereby resulting in a “low
dose” product that may be less effective [286, 321–324]. It has
been proposed that the method used to wash RCCs has an
important impact on the quality characteristics of the final
product [308, 309, 325, 326]. Provision of washed products
is therefore usually reserved only for patients who have
already developed significant adverse transfusion reactions to
unwashed products.

4.7. Relationship between RBC In Vitro Parameters and Post-
transfusion Outcomes. Quality control programs require that
a number of in vitro parameters are monitored to ensure
that component manufacturing is in a state of control and
that RCCs meet specific physical characteristics. In most
countries, blood manufacturers will ensure that RCCs meet
general requirements for hematocrit, unit volume, total
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hemoglobin per unit, sterility, residual leukocyte concentra-
tion, RBC recovery (typically for washed or cryopreserved
units), and hemolysis. As discussed below, each of these
parameters is intended to ensure that the physical char-
acteristics of the product adhere to generally acceptable
clinical specifications. However, the evidence for many of
these specifications, particularly for specific patient groups
requiring RCC, has not been clearly established.

Hematocrit or packed cell volume is a measurement of
the ratio of the volume occupied by red blood cells to the
total volume of the blood sample. Hematocrit is an important
factor influencing the administration of RBC units as a
high hematocrit will have a reduced flow and restricted
movement through leukoreduction or microparticle filters.
A low hematocrit will cause the administration of large
product volumes resulting in potential circulatory overload
in order to administer enough red blood cells to achieve the
therapeutic effect of restoring oxygen carrying capacity of the
recipient. Regulatory standards vary with each jurisdiction,
but in general, most countries require the hematocrit to be
≤0.80 L/L in the majority of units tested.

The mass of hemoglobin in a unit of RCC or the con-
centration of hemoglobin in washed and deglycerolized RCC
reflects the relative dosage of RBC transfused to patients. In
order for the transfusion of a RBC unit to restore the oxygen
carrying capacity of the recipient the RBC unit must contain
adequate hemoglobin content.The total hemoglobin per unit
metric is an indirect indication of the overall efficiency of
the collection and manufacturing system. Assuming a fixed
collection volume of whole blood with a physiologically
normal hematocrit, the total hemoglobin per unit should fall
between a set range when the manufacturing process is in
control.

The residual leukocyte count is the total number of
leukocytes in the RCC after leukoreduction processes such
as leukocyte filtration, cell washing, cryopreservation, or
pathogen reduction. Residual donor leukocytes are associ-
ated with potential adverse transfusion reactions in recipi-
ents. In an effort to avoid these adverse effects most blood
systems utilize universal prestorage leukoreduction of all
RCCs. The residual leukocyte concentration can be used as
an indirect method of the overall efficiency of the leukore-
duction process and filter performance.

Sterility is the state whereby a blood product is free from
infectious microorganisms. Blood manufacturing is specif-
ically concerned with ensuring the absence of any bacteria
within the blood components. Maintaining a closed sterile
system is essential to prevent bacterial contamination. Dur-
ing blood collection, the use of a sample diversion pouch
and effective skin disinfection are used to minimize the
probability of introducing bacteria into the whole blood unit.
Many blood systems include random RCC sterility testing as
part of their quality control program.

Unit volume is the total volume of the RCC unit following
processing. The administration of high volumes of transfu-
sion products can lead to circulatory overload. In order to
avoid these adverse effects but still administer enough red
blood cells to achieve the action of restoring the oxygen
carrying capacity of the recipient, it is important to have

consistent products with a high red blood cell mass to volume
ratio (i.e., hematocrit). As physicians may prescribe a specific
volume of a RBC product, the labeled volume should be an
accurate representation of the volume of the product in the
bag.

In the case of a RBC product, RBC recovery can be
defined as the percentage of the total RBC available in a
whole blood collection to the actual number appearing in an
end-labeled product. RBC recovery is a relative measure of
the overall efficiency of the cell washing or cryopreservation
process. This measure reflects the mass of RBC that are
lost during processing due to hemolysis and cells becoming
trapped in tubing, leukoreduction filters, or transfer bags.
Recovery is a useful measure for determining the overall
efficiency of a manufacturing process.

Hemolysis is an end-point measure of the overall struc-
tural integrity of the RBC. RBC hemolysis can increase due to
physical processing of the cells, temperature-dependent and
storage time-dependent depletion of biochemical metabo-
lites, and changes in extracellular storage solution charac-
teristics (pH, osmolality, and tonicity) [327]. Hemolysis of
stored red cells is a normal process and increases with storage
time. Some degree of hemolysis is acceptable and expected in
RCCs.

In addition to the standard quality control tests for
quality, many blood systems may perform additional in vitro
testing to evaluate the effect that their collection, processing,
storage, and distribution systems have on the quality of the
RCCs they issue to hospitals [250, 328, 329]. Gross mor-
phological examination and scoring of RBCs, measurement
of potassium leakage, analysis on an automated hematology
analyzer, and measurements of osmotic fragility can be used
to examine any prehemolytic physical changes to the RBCs.
A saline stability test and extracellular vesicle enumeration
and characterization using flow cytometry and dynamic light
scattering can be used to assess the state of the RBC
membrane. Functional assessment of glycolytic intermediates
(ATP and 2,3-diphosphoglyceric acid), hemoglobin oxygen
saturation (pO

2
and p50), and deformability (via ektacy-

tometry or other methods) can give an indication of the
O
2
delivering capacity of the RCC. In addition, advanced

metabolomics and lipidomic tools can be used to assess subtle
changes that occur to the RCC. As with many in vitro tests
used in the assessment of blood components, the general
relevance of these measures to the actual in vivo function of
the RBCs is not well established and further understanding
of the clinical relevance of these assessments is needed.

A requirement to have 75% of radiolabelled, autologous
red blood cells survival for 24 h in circulation remains the
current standard for the assessment of RCC quality by the
FDA and many other national regulatory agencies [330]. As
most damaged RBCs will be removed by circulation within
24 h, those cells that remain in circulation would be expected
to be viable and functioning [331]. Efforts to develop biotin-
labeling techniques and other methods to identify RBCs in
circulation have been pursued as replacements to the use of
radionucleii in in vivo survival testing [332]; indeed, most
countries in Western Europe prohibit the administration of
radiolabeled substances to healthy volunteers [333]. However,
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the ability to remain in circulationmay not be a true measure
of whether a red cell can deliver oxygen or not. This has
motivated groups to look to develop tools such as near-
infrared spectroscopy [334] and plethysmography [335] to
noninvasively monitor tissue oxygenation andmicrovascular
blood flow in patients receiving RCC transfusions. While
still in early development, these novel tools may provide a
significant improvement in the ability to assess the in vivo
efficacy of stored RCCs.

As the in vivo assessment of RCCquality will not be a rou-
tine quality control procedure that can be easily performed
by blood manufacturers or blood transfusion services, devel-
oping in vitro tests that accurately predict in vivo survival
and function is needed. As measurements of adenosine
triphosphate levels in stored blood components correlate
with in vivo survival, it has been suggested that levels of
ATP should be at least 2.7 𝜇mol/g Hb at the end of storage
[331]. Early work has shown that changes in membrane
deformability and microvesiculation correlate with in vivo
survival of RCCs stored in different additive solutions [336].
While correlations can be easy to identify, understanding the
pathophysiological basis for the correlation and the many
factors whichmay affect the reliability and predictability of an
in vitro biomarker of quality will be critical to the widespread
adoption of the targets.

As new analytical methods are developed to evaluate the
quality characteristics of stored red blood cells it is important
to understand the context in which they will be used.
From a blood component manufacturing perspective, having
sensitive in vitro tools available to detect subtle changes
in the collection, manufacturing, storage, and distribution
is critical to being able to detect and respond quickly to
process deviations.These measures may have no relationship
or correlationwith the efficacy or safety of the blood for trans-
fusion and may only be specific to assuring manufacturing
process control is maintained. Similarly, in vitro quality tests
that detect changes in RCCs that may be critical to patient
safety or to the efficacy of the product may be completely
insensitive to specific manufacturing process changes. For
these reasons, blood systems should not focus on developing
expertisewith one specific analyticalmethod but need to have
access to a large number of analytical methods if they are to
truly understand product quality and what it means to their
operation and to the patients that they serve.

5. Overall Conclusion

Existing determinants of blood product quality provide some
information that is plausibly linked to predicting posttransfu-
sion efficacy of their transfusion. For RCC and platelet con-
centrates, the evidence for most indications is stronger than
that currently available for transfusable plasma. Nevertheless,
controversies persist among transfusionists regarding what
constitutes an appropriate transfusion and/or an appropriate
dose of the blood product, in different clinical settings.
Emerging tests offer potential improvements in strengthen-
ing the linkages between pretransfusion quality assessments
and posttransfusion clinical efficacy and in determining
which blood products are indeed of the highest quality. It

must be remembered that blood products, unlike traditional
pharmaceutical agents, are complex, multicomponent prod-
ucts. Improved characterization and quality assessment have
an important role to play in furthering our understanding
of how these products, and their modified forms, can best
be used to benefit patients. At present there is insufficient
evidence to endorse replacing current blood component
quality tests with more complicated technologies, such as
thrombin generation assays and viscoelastic methodologies
for both platelets and plasma, or plethysmography for red
cells; nevertheless, it is only through continuing to investigate
emerging tests and cross-correlating them with existing
measures that the field can improve. The relatively simple
tests currently employed as quality markers, such as FVIII
activity for plasma, pH, and platelet count for platelets, and
hemoglobin-related parameters for red cells, remain of value
and can be conducted in many settings with locally available
instrumentation.
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High quality means good fitness for the intended use. Research activity regarding quality measures for platelet transfusions has
focused on platelet storage and platelet storage lesion. Thus, platelet quality is judged from the manufacturer’s point of view
and regulated to ensure consistency and stability of the manufacturing process. Assuming that fresh product is always superior
to aged product, maintaining in vitro characteristics should preserve high quality. However, despite the highest in vitro quality
standards, platelets often fail in vivo. This suggests we may need different quality measures to predict platelet performance after
transfusion. Adding to this complexity, platelets are used clinically for very different purposes: platelets need to circulate when
given as prophylaxis to cancer patients and to stop bleeding when given to surgery or trauma patients. In addition, the emerging
application of platelet-rich plasma injections exploits the immunological functions of platelets. Requirements for quality of platelets
intended to prevent bleeding, stop bleeding, or promote wound healing are potentially very different. Can a single measurable
characteristic describe platelet quality for all uses? Here we present microparticle measurement in platelet samples, and its potential
to become the universal quality characteristic for platelet production, storage, viability, function, and compatibility.

1. Introduction

High quality performance is achieved when the best tool or
process is employed for the intended use. Currently, with
the end-goal of high quality platelet products for transfusion,
platelet concentrate production, manipulation, and storage
are tailored to maintaining platelet viability. Anticoagulation,
consistency, and stability of the manufacturing process,
limited exposure to stress, and optimal storage conditions are
tightly controlled parameters to preserve platelet viability in
vitro and prevent degradation, also known as platelet storage
lesion. It is assumed that most donors donate viable platelets
and that viability is lost due to the storage lesion; donor
variability is not considered a major contributing factor [1].
It then follows that patients needing viable platelets that
remain in circulation for some time would benefit most

from the freshest product. Traditionally, in vitro platelet
quality measures have been based on these assumptions
[2]. Parameters like CD62 expression, response to ADP, or
hypotonic shock are measured because there is a physiolog-
ical rationale behind changes in these measures that occur
with both activation and aging of platelets. Platelet release
of microparticles has also been shown to follow platelet
activation and increase with aging of platelet products [3].
Thus, platelet quality is assessed from the manufacturer’s
point of view and regulated to ensure consistency and stability
of the manufacturing process [4].

Because the emphasis is to detect degradation from the
beginning to the end of the current 5-day shelf life [5, 6], the
resolution of current quality measures has been tuned to be
high for small changes on the “resting/viable” end of the qual-
ity spectrum but becomes low on the “activated/functional”
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end of the quality spectrum. Additional changes are seen
upon extended shelf life which become more important as
bacterially tested or pathogen inactivated platelets may be
stored for 7 days. Some sensitive markers start to fail if
the storage lesion effects are too big. However, correlation
between different in vitro tests improves with the inclusion
of data outside the highly variable normal range [7]. It is
therefore not surprising that these measures are often poor
predictors of clinical outcome [8] and that studies do not con-
sistently find that in vitro parameters correlate well with in
vivo outcome [8–11]. Irrespective of product age, we observed
that 17% (1 in 6) of platelet transfusions did not produce
the expected posttransfusion platelet count increments in
hematology-oncology patients [12]. One possible cause of
this unexpectedly high rate of poor clinical outcome is that
platelet viability is highly influenced by donor characteristics.
Indeed, approximately 33% of normal donors donate preacti-
vated platelets as indicated by high microparticle levels [13].
Cancer patients typically need platelets not because they are
actively bleeding, but because they are at risk of bleeding due
to low platelet counts secondary to disease and/or therapy.
In these patients, transfused platelets are required to stay in
circulation, ready to respond to nontraumatic microvascular
bleeding. Due to their reduced viability, preactivated platelets
are not recommended for storage or for prophylaxis in cancer
patients [14]. In contrast, preactivated platelets are thought
to be beneficial when immediate haemostatic function is
required to stop acute bleeding, particularly important for
surgical or trauma patients [15].

Platelets are used clinically for very different purposes
and platelet quality must be compatible with the respec-
tive purpose of transfusion. Consequently, the ideal quality
parameter to predict platelet performance after transfusion
must be able to differentiate between resting/viable and pre-
activated/highly functional platelets with similar resolution
across the entire viability-functionality spectrum.

Activated platelets shed microparticles [16], and platelets
are the major source of circulating microparticles [17, 18].
In this review, we explore the possibility that microparticle
content as a measure of platelet fragmentation and hetero-
geneity may fulfill the requirement for a universal quality
indicator for platelet production, storage, viability, function,
and compatibility [19–21]. We assess the heterogeneity of
platelet concentrates from the three different perspectives
of production, prophylactic transfusion, and therapeutic
transfusion.

2. Platelet Quality from
the Perspective of Production

2.1. Platelet Quality Measures. In vitro measures have been
based on the assumption that fresh platelets are better than
old platelets. Thus, discoid platelets with low expression of
CD62 [22] and other activation markers and low release
of intracellular or metabolic substances are deemed high
quality, whereas the opposite is deemed poor quality [23].
The panel of in vitro tests also includes functional measures
such as the response of platelets to ADP or hypotonic shock
[24, 25].

2.2. Homogeneous Compared to Heterogeneous Platelets. If
platelets are more viable—that is, fit to survive storage, trans-
portation, gamma irradiation, and other processes thatmight
happen prior to transfusion—then they are by definition
less functional. This has been known since the 1970s when
investigators sought to define the right storage temperature
for platelet concentrates. Several research teams reported that
preservation of platelets for storage and optimal radiolabel
recovery and survival caused a reversible dysfunction of
platelets’ hemostatic capability. In short, room temperature
stored platelets were more viable but refrigerated platelets
showed better function assessed by increased haemostasis in
aspirin-treated volunteers or thrombocytopenic patients [26,
27]. Keeping platelets viable is an important role of anticoagu-
lants. Concentrates rich in viable platelets are homogeneous
in their composition, containing primarily discoid platelets
and few or nomicroparticles ormicroaggregates (Figure 1(a))
[13].

In contrast, aged, chilled, or otherwise activated platelets
are expected to be heterogeneous, containing platelets with
high polydispersity due to a large spread of different mor-
phologies, high surface expression of activation markers,
many microparticles, and the presence of microaggregates
[21, 28, 29] (Figure 1(b)). Heterogeneous platelets are known
to be more functional but less viable. This is shown in animal
experiments where heterogeneous platelets do not survive
long in circulation, particularly in animals with inflammatory
conditions [30]. Considering that aged platelets are often
heterogeneous, these platelets are likely primed for cell death
[31].

2.3. Microparticles as Quality Indicators. The heterogeneity
of platelet concentrates increases with storage [10, 13, 32, 33]
and with pathogen-reduction processing [5, 13] and varies
greatly between normal donors [13, 34–36]. The largest con-
tributor to platelet heterogeneity is the microparticle content
(Figure 1(b)). Microparticles, also known as extracellular
vesicles, are abundant in certain platelet concentrates where
microparticles contain extracellular mitochondria [37, 38].
Microparticles are implicated as a transport and delivery
system of mediators participating in hemostasis, thrombosis,
vascular repair, and inflammation, acting both locally and
systemically under physiologic as well as pathophysiologic
conditions [17, 39–41]. Microparticles express membrane-
associated proteins and are able to transfer receptors, growth
factors, and microRNA between cells [32, 39, 40, 42]. If
microparticles contain mitochondria they might be asso-
ciated with adverse inflammatory reactions in recipients
[38]. Many of the details of the origin and composition of
microparticles are under investigation and, due to the limi-
tations of some testing systems, results may be controversial
[43].

Two important questions have long been proposed for
investigation: first, whether microparticles in blood products
have a potentially pathogenic effect, and second, how blood
product processing and storage affect microparticle release
[32]. More recently, regulatory agencies are recognizing the
importance ofmicroparticles as quality indicators due to their
potential physiological and pathophysiologic roles. The US
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Figure 1: Example of dynamic light scattering test results showing the contribution of exosome-sized particles (radii below 50 nm),
microparticles (radii 50–550 nm), platelets, and microaggregates (radii above 550 nm). (a) Homogeneous platelets (few or no microparticles,
platelets with predominantly discoid shape with low polydispersity, and narrow blue peak). (b) Heterogeneous platelets (manymicroparticles,
platelets with high polydispersity, and broad blue peak).

Food and Drug Administration acknowledged the impor-
tance of microparticles in transfusion medicine because
microparticles are present in both plasma and cellular blood
products [32]. Finally, Paul-Ehrlich Institute in Germany
licensedThromboLUX (Table 1) microparticle testing for use
in transport validation.

2.4. Assessment ofMicroparticles in Blood. Several well-estab-
lished research technologies have been used and described
in the literature for the measurement of microparticles in
blood and other body fluids (Table 1), including dynamic
light scattering (DLS) as used inThromboLUX (LightIntegra
Technology Inc.) [13, 44], flow cytometry (FC) [37], and
ELISA [45, 46]. The optical system, small sample volume,
and specific software used in ThromboLUX address the
challenges other DLS instruments face with testing platelet-
rich plasma or platelet concentrates [20, 43]. The qNano
Gold (Izon Science) uses size exclusion chromatography and
resistive pulse sensing [47], and a combination of dynamic
light scattering and particle tracking is used by NanoSight
(Malvern) [48]. Excellent recent reviews describe all but the
latest dynamic light scattering testing methods and how they
can be used in various biological media including blood
[49, 50].

2.5. Limitations ofMicroparticle Tests. Here we review studies
on the limitations of currently available microparticle tests
(Table 2). It is generally recognized that accurate determi-
nation of microparticle concentration with flow cytometric
methods is problematic [51–53]. Flow cytometric methods
have limitations in cases wheremicrovesicles form aggregates

or complexes with each other or with cells. In comparison,
dynamic light scattering assays are not designed as whole
blood assays and therefore require centrifugation to obtain
PRP. Large aggregates present in whole blood would be
removed during centrifugation but aggregates that formed in
concentrates over time orwith certain productmanipulations
would result in a broadening of the platelet population
and increase of the polydispersity index for platelets. If a
microparticle assay does not require ultracentrifugation, arti-
facts from sample preparation are unlikely, and the assay can
be conducted in the presence of platelets and other particles.
Microparticles and chylomicrons are differentiated neither by
scattering-based flow cytometry or dynamic light scattering
in platelet-rich plasma, nor by nanoparticle tracking analysis
(NTA) or tunable resistive pulse sensing (TRPS) in platelet-
poor plasma [54], which will affect accurate cell-derived
microparticle quantification in lipid-rich samples.

Use of flow cytometry could lead to an underestimation
of microparticle content if smaller microparticles are not
counted [50, 55, 56]. Flow cytometry is capable of ana-
lyzing platelet microparticles <1 micron in size in plasma
sources and may be more accurate than ELISA, which
may fail to immobilize platelet microparticles >100 nm in
diameter [55]. Smaller microparticles are not detected by
standard flow cytometry because they are excluded when
the operator cuts out electronic noise by setting thresholds
[57], but high-sensitivity flow cytometry (hs-FCM) can now
discriminate previously undetectable small microparticles
in plasma samples [56]. In contrast to flow cytometry,
underestimation of microparticle content is not relevant
to dynamic light scattering-based assays, which provide
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qualitative and quantitative information for microparti-
cles/extracellular vesicles in the radius range of 1 nm to
550 nm. However, DLS-based assays do not differentiate
between cellular fragments shed from platelets, red blood
cells, white blood cells, or endothelial cells. The NanoSight
can differentiate the cellular origin of microparticles based
on its fluorescence capability. However, the limitations of this
technique as described in the operator’s manual—chamber
leaks, bubbles, and the risk of contamination from cleaning
and reusing the chamber—suggest that this method may not
be conducive to routine use.

Selecting the right probe or marker for microparticle
detection is another important issue. Annexin V is widely
used in flow cytometry to select entire microparticle pop-
ulations based on binding to exposed phosphatidylserine.
Calcium- dependent binding can result in plasma clotting,
but a modification using heparin was successfully tested [58].
When targeting Annexin V for microparticle detection, loss
of sensitivity occurs when phosphatidylserine levels are low.
Whether all microparticles bind Annexin V and whether
a high concentration of Annexin V-binding microparticles
relates to poor viability (poor posttransfusion recovery) are
still unanswered questions.

Standardization is an unresolved issue in microparticle
detection. It is nowwell accepted that accurate bead standards
with appropriate refractive indices to gate microparticles by
flow cytometry still need to be developed [47, 59]. Currently,
comparing data from different studies is difficult due to the
wide variety of methods for microparticle determination
used by different laboratories [60]. Dedicated instruments
configured to perform microparticle screening have the
advantage of reduced assay-to-assay and system-to-system
variability. Method-to-method standardization is also being
investigated in other systems. For example, the clot-based
procoagulant phospholipid assay correlates significantly with
a thrombin generation assay [61] and the study authors
suggest that the thrombin generation assay may be the more
sensitive measure for procoagulant activity of microparticles
carrying active tissue factor.

Methods for microparticle detection show good corre-
lations of results, although comparability of counts by flow
cytometry and microparticle activity may be limited due to
different assay principles [62]. Counts are based on detecting
the intensity of scattered or fluorescent light asmicroparticles
move through the laser beam of a flow cytometer while
microparticle activity tests rely on chemical reactions of
microparticle components. Relative platelet microparticle
counts measured by flow cytometry were shown to strongly
correlate with the microparticle content measured by one
dynamic light scattering assay in both platelet-rich plasma
and apheresis platelet concentrates [20, 44]. However, when
the reported relative microparticle content is converted to
concentrations, the numbers obtained by dynamic light
scattering are 100–1000 times higher than those reported by
others (Table 2). This is possibly due to the use of native or
fixed samples without differential centrifugation to remove
platelets prior to testing. The much lower microparticle
concentrations detected by flow cytometry could be related
to (1) beads being inadequate as size standards [47], (2) loss

of microparticles below the electronic threshold [44], and (3)
limitations such as swarm detection [57, 59].

Currently there is no consensus on the best measures for
accuracy of microparticle concentration values, size detec-
tion, probe selection, standardization, or appropriateness for
testing of specific samples, and research is ongoing. Methods
such asThromboLUX cannot be used to characterize various
microparticle subpopulations; however, they do allow routine
microparticle screening of platelet concentrates at various
points of the product life cycle [12, 20, 44].

3. Platelet Quality Measures for
Prophylactic Transfusion

3.1. Platelet Viability. We observed thatThromboLUX-meas-
ured microparticle content in fresh, normal-donor platelet-
rich plasma was inversely associated with radiolabeled
platelet recovery in autologous transfusions (unpublished
results). The mechanism of how microparticles could reduce
platelet recovery after reinfusion is not known. Three sce-
narios have been suggested: (1) microparticles might have
a direct effect on the recipient’s immune system, (2) the
factors that generate microparticles also mark the platelets
for removal from circulation, and/or (3) microparticle gen-
eration indicates platelet activation and preactivated platelets
are consumed by daily vascular maintenance. In a recent
publication our collaborators on this unpublished work
found lipid oxidation products–which are linked to platelet
activation and heterogeneity–to be associatedwith poor post-
transfusion performance [63]. If homogeneous autologous
platelet transfusions give better recovery it might be expected
that patients receiving allogeneic transfusions for prophylaxis
would also benefit when platelets are homogeneous. Here it
is suggested that homogeneous, viable platelets give better
recovery measured as count increments.

3.2. Platelet Refractoriness and Platelet Compatibility. Platelet
refractoriness, a situation in which the patient does not
show the expected response to the platelet transfusion [64],
is a complication seen in up to 27% of platelet recipi-
ents [65]. Platelet refractoriness is defined as two consecu-
tive platelet transfusions resulting in insufficient corrected
(platelet) count increments (CCI). The threshold below
which a CCI is deemed insufficient depends on the time point
of measurement: a CCI less than 5,000–7,500 platelets/𝜇L
measured in the recipient’s blood sample drawn 1 hour after
transfusion characterizes poor recovery; aCCI less than 5,000
platelets/𝜇L in a sample drawn 24 hours after transfusion
characterizes poor survival. Patients with immune refractori-
ness show low posttransfusion CCI at both 1 hour and 24
hours after transfusion which may or may not be addressed
with HLA/HPAmatched platelet concentrates [65, 66]. How-
ever, often, evenwhen there is no documented alloimmunisa-
tion, the 1-hour platelet increment is satisfactory followed by
a significant decrease in platelet count at 24-hour posttrans-
fusion. Poor platelet quality was suggested as one reason why
transfused cancer patients may show especially poor platelet
survival at 24 hours [12]. In addition to the impact on patient
care, inpatient hospital costs for a platelet-refractory patient
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(approximatelyUS$ 104,000) aremore than double compared
to nonrefractory patients, with hospital stays 21 days longer
[67].

Microparticles are prothrombotic inflammatorymarkers.
Patients who become refractory to platelet transfusion often
have concurrent fever or systemic inflammation that might
be detectable as elevated microparticles [68, 69]. Homoge-
neous platelets may therefore be the best choice for cancer
patients at risk for platelet refractoriness while heteroge-
neous platelets may be incompatible with patients chal-
lenged by preexisting inflammation. It follows that platelet
transfusions from donors with high microparticle content
may only be compatible with patients without preexisting
inflammation. It is conceivable that transfusing heteroge-
neous platelets to patients whose immune systems are more
activated can push them to the tipping point to become
platelet-refractory. Avoiding transfusion of heterogeneous
platelets for prophylactic use might prevent refractoriness.
Interestingly, a very similar two-hit concept has been sug-
gested for red blood cell transfusions based on dog studies:
dogs with bacterial infection (first hit) receiving older red
blood cells containing higher concentrations of micropar-
ticles (second hit) had a much higher risk of mortality
[70, 71].

4. Platelet Quality for Therapeutic Use

4.1. PlateletHemostatic Function. Heterogeneous platelet con-
centrates contain preactivated platelets, which are fit to
react quickly once they enter circulation [15, 21, 28]. Thus,
heterogeneous platelets are highly functional and have been
shown to stop bleeding faster than homogeneous, viable
platelets [28].

5. Platelet Quality for
Platelet-Rich Plasma Injections

Platelet-rich plasma (PRP) injections are currently not
managed by blood operators because they are autologous
products: patients are phlebotomized of a small volume
of whole blood which is then processed and reinjected
to treat a variety of conditions including chronic tendon
injuries, osteoarthritis, and bone regeneration. There are no
clear quality standards for PRP injections and the current
existing variability has been described previously [72]. The
mechanism by which PRP injections exert their healing
properties is still not known but the abundance of growth
factors present in platelets [73] and the bactericidal and other
immune functions platelets possess [74] are thought to play a
major role. In the context of this review it is conceivable that
microparticles also play a role in these autologous treatments.
Samples from patients who already suffer from systemic
inflammation might show microparticles as indicators of
systemic inflammation and thus be predictors of a reduced
likelihood of treatment success. On the other hand, it has
been suggested that microparticles are carriers of growth
factors and might significantly contribute to the healing
properties of PRP [75]. This is an area that requires further
study.

6. Future Direction

Implementation of microparticle measurements for quality
control of platelet concentrates could address the impact of
pathogen inactivation, platelet additive solutions, and 7-day
storage. Inventory management based on this measure could
lead to optimization of patient care and reduce cost at the
same time.

Platelet viability would best be described in terms of post-
transfusion platelet recovery at 24 hours, which is inversely
associated with microparticle content. Clinical studies are
needed to confirm our currently unpublished pilot data as
well as the animal experiments that seem to support the
hypothesis that patients with existing inflammation (first hit)
receiving a transfusion of heterogeneous platelets (second
hit) have a high risk of becoming refractory.

7. Conclusion

The technology for testing of microparticle content as a
marker of the heterogeneity of platelet concentrates is a
developing field. The selection of the most appropriate
method of measurement for each situation remains to be
determined. However, the compatibility of homogeneous
versus heterogeneous platelet concentrates for clinical use
is becoming clear. For prophylaxis, giving homogeneous,
viable platelets to cancer patients should be advantageous
because these are expected to circulate and not be imme-
diately removed from circulation. For use as a therapeu-
tic agent to stop bleeding, concentrates rich in hetero-
geneous platelets might react better, as was shown with
chilled and preactivated platelets. Thus, by measuring the
composition of a platelet concentrate, the performance of
the concentrate during storage and its resilience to addi-
tional stress could be determined and inform its optimal
use.

Implementation of routine screening of platelet con-
centrates requires a quick and easy, noninvasive test that
measures platelet characteristics meaningful to all aspects
of platelet quality. We have proposed microparticle con-
tent to be that characteristic parameter. The FDA recom-
mends determination of platelet microparticle content but
until recently there was no quick and easy test method
to achieve this. Some technological challenges of dynamic
light scattering have been resolvedwithThromboLUX, which
does not characterize microparticle subpopulations and as
such is not an in-depth research tool but allows routine
microparticle screening of platelet-rich plasma or platelet
concentrates.

Potential new research could address the reason for the
heterogeneity of platelet donors, ways to influence the sub-
sequent heterogeneity of the donated product, which could
either decrease the heterogeneity for prophylactic use, for
example, by nanofiltration [76], or increase the heterogeneity
for therapeutic use, for example, by chilling. Finally, the
clinical and health economic impact of platelet quality deter-
mination and subsequent inventory management warrants
investigation.
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Regulations concerning the storage of transfusable plasma differ internationally. In Canada, plasma obtained from whole blood
donations and frozen within 24 hours of phlebotomy (frozen plasma, FP) may be thawed and transfused within 120 hours of
refrigerated storage.However, plasma frozenwithin 8 hours of phlebotomy following apheresis donation (FFPA)must be transfused
within 24 hours of thawing and refrigeration. Our objectives were to measure coagulation factors (F) V, VII, and VIII, fibrinogen
activities, and the prothrombin time (PT) in thawed refrigerated FFPA at 0, 24, and 120 hours of storage and to compare these
values to those in thawed refrigerated FP. Fibrinogen activity remained unchanged over time, while mean factor levels in 28
FFPA units declined by 17% (FV), 19.7% (FVII), and 54.6% (FVIII) over 120 hours, while PT values rose to 7.6%. Factor activities
were significantly higher in FFPA than FP after 120 hours of refrigerated storage. Residual FVIII activities in thawed FFPA met
predefined noninferiority criteria compared to thawed FP after 120 hours. These results support a change in Canadian regulations
to permit transfusion of thawed FFPA made in a closed system and refrigerated for up to 120 hours, one that could reduce wastage
of transfusable plasma.

1. Introduction

The ability to freeze transfusable plasma provides both ad-
vantages and disadvantages to blood operators and transfu-
sionists. Freezing plasma preserves coagulation factor and
other plasmaprotein activities andmakes possible a long shelf
life of the frozen product, ranging from one to three years [1].
It also complicates the rapid provision of plasma therapy to
patients in urgent need of this intervention because of the
time required to thaw frozen plasma. Transfusable plasma
is indicated for the prevention or treatment of bleeding
due either to genetic deficiencies of coagulation factors for
which no purified concentrate is available or to acquired
coagulopathy in the setting of disseminated intravascular
coagulation, cardiac surgery, warfarin reversal, or massive
transfusion [2–8]. It is also indicated as a replacement fluid in
plasma exchange for thrombotic thrombocytopenic purpura
(TTP), a high volume procedure [9, 10]. European regulations

require that plasma be infused as soon as possible after
thawing, but in North America, a longer shelf life for thawed,
refrigerated plasma is permitted [1].

In the United States and in Canada, the designation
“fresh-frozen plasma” (FFP) is applied to plasma that is
frozen within 8 hours of phlebotomy. In Canada, transfusable
plasma may also be obtained from whole blood donations
maintained at 20 to 24∘C provided that it is frozen within
24 hours of phlebotomy, yielding frozen plasma (FP). In the
United States, two FP-type products may be produced for
transfusion: PF24, which is plasma frozen within 24 hours
of phlebotomy from whole blood that has been refrigerated
within 8 hours of phlebotomy, and PF24RT24, which differs
from PF24 only in that the whole blood from which it is
derived may be maintained at room temperature for up to
24 hours. FDA guidelines permit FFP, PF24, and PF24RT24
to be thawed and refrigerated for up to 24 hours prior
to transfusion; they may all also be relabelled as “Thawed
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Plasma” and refrigerated for a total of 120 hours (5 days)
prior to transfusion, provided that they have been produced
in a functionally closed system and are not used in interstate
commerce [11]. In large part, the three products are used
interchangeably by transfusion medicine practitioners [12,
13]. In Canada, FP may be thawed and refrigerated up to 120
hours prior to transfusion, but thawed FFPmust currently be
transfused after at most 24 hours of refrigerated storage.

Prior to 2011, Canadian regulators enforced the same 24-
hour outdate for thawed refrigerated FP or FFP. We obtained
data that allowed for these regulations to be changed by
conducting a stability study of refrigerated thawed FP [14].
We demonstrated noninferiority of Canadian FP to PF24
(called FP24 at that time) with respect to coagulation factor
VIII (FVIII) activity values in thawed FP refrigerated for
120 hours in an American study by Scott et al. [15], one
now cited in FDA guidance documents and a Circular of
Information prepared by the AABB, the American Red Cross
(ARC), America’s Blood Centers (ABC), and the Armed
Services Blood Program (ASBP) [11]. We further demon-
strated similarity of fibrinogen, FV, and FVII activities and
of prothrombin time values to those reported by Scott et al.
[14, 15].

We previously elected not to include FFP in our stability
studies of thawed plasma. In Canada, excepting the province
of Quebec, FFP is currently only available if produced by
apheresis (FFPA) [8]. With a view to a potential extension
in shelf life of thawed FFPA, in the present study we tested
the hypothesis that FVIII activity in thawed refrigerated
FFPAwas noninferior to FVIII activity in thawed refrigerated
FP. We framed the hypothesis in this manner for statistical
purposes, and because Canadian regulators accepted this
kind of design in our previous study [15] that led to shelf
life extension for FP. FVIII is the coagulation factor whose
quality control in transfusable plasma is regulated in Canada.
Biologically one would expect thermolabile FVIII activity to
be better conserved in FFPA due to shorter exposure time of
plasma to elevated temperatures. We report data in support
of this hypothesis and further show acceptable conservation
of fibrinogen, FV, and FVII activities and prothrombin time
in thawed refrigerated FFPA.

2. Materials and Methods

2.1. Design. This study was designed to test the hypothesis
that FVIII activity in FFPA would be noninferior to that
in FP after both products had been thawed and maintained
at 1∘–6∘C for 120 hours. Because such a shelf life is only
considered safe in a transfusable product made in a function-
ally closed system, we specifically investigated Concurrent
Plasma, which is FFPA produced in ∼200mL volumes using
a Trima Accel device (Terumo BCT, Lakewood, CO, USA)
at the same time as an apheresis platelet product, using
Anticoagulant Citrate Dextrose-Formula A (ACD-A) (ACD-
FFPA). Sample sizewas estimated on the basis of the observed
FVIII values at 120 hours in our FP stability study [14] and
the conservative assumption that themeanACD-FFPA FVIII
values and standard deviations would be identical, which
yielded a noninferiority margin of >0.423 IU/mL for 𝑛 = 28.

Noninferiority was defined a priori as being confirmed if the
lower bound of the 95% confidence interval of the data set
was greater than the predetermined noninferiority margin.

Accordingly, 28 ACD-FFPA units produced following
standardCanadianBlood Services operating procedureswere
removed from inventory as an extension of quality control
and designated for use in this study. This group comprised
14 non-O type (A, B, or AB) and 14 type O units. Units were
tested prior to their one-year expiry date, after having being
frozen for between 5 and 11.5 months. For comparisons to FP,
we used data from our previous study [14], specifically select-
ing the results of the 27 units processed using MacoPharma
collection sets because these remain in use by the Canadian
blood operator and because of the similarity in the size of that
data set to the current 𝑛 = 28 study.

2.2. Unit Sampling. All ACD-FFPAunits were shipped frozen
on dry ice from two production sites to the testing site.
Units were then stored at −80∘C until they were thawed by
immersion in a 37∘C DH8 (Helmer, Noblesville, IN, USA)
quick thaw water bath. Units were then transferred to a
Biological Safety Cabinet and mixed gently by brief end-
to-end rocking, and aliquots were removed via a sterile
sampling coupler using a syringe and a needle. The process
was repeated 24 and 120 hours after thaw. At each time point,
aliquots were removed and immediately tested, with a backup
sample being frozen at −80∘C. Units were then returned to
the laboratory, where they were stored in a Helmer IB125
refrigerator maintained at 1∘–6∘C.

2.3. Unit Testing. Units were tested in groups of 9 or 10 over
a three-week period at the timed intervals described above.
All samples were tested on an STA Compact Max automated
coagulation analyzer following manufacturer’s instructions
(Diagnostica Stago, Asnieres, France).

2.4. Graphical and Statistical Analysis. Graphical represen-
tations of data were produced using GraphPad Prism 6.04
(GraphPad Software, San Diego, CA, USA). Statistical anal-
ysis was facilitated using GraphPad InStat or Statistical
Package for the Social Sciences (SPSS; IBM, Armonk, NY,
USA). Additional details are provided in the text and/or
figure legends.

3. Results

3.1. Noninferiority of Thawed ACD-FFPA after 120 Hours
of Refrigerated Storage to FP. After 120 hours of refriger-
ated storage, the FVIII activity of ACD-FFPA was 0.786 ±
0.23 IU/mL (mean ± SD, 𝑛 = 28). The lower bound of
the 95% confidence interval of the data set was calculated
to be 0.7124 IU/mL; given that this was greater than the
predeterminednoninferioritymargin of 0.423, noninferiority
of stored ACD-FFPA was confirmed with respect to FVIII
activity.

3.2. Effects of Extended Storage on Coagulation-Related Test
Parameters. As shown in Figure 1 and Table 1, all coagulation
factor activities that were tested in ACD-FFPA declined with
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Figure 1: Coagulation parameters in ACD-FFPA. ACD-FFPA units were tested for the activities or times shown on the 𝑦-axes after thawing
(0 hours) and after 24 or 120 hours of refrigerated storage. Grey points represent individual values, while horizontal lines depict the mean and
error bars one SD above or below the mean. Lines with arrowheads identify statistical differences among groups by two-way ANOVA with
Tukey’s post hoc tests: ∗𝑝 < 0.05; ∗∗𝑝 < 0.01; and ∗∗∗𝑝 < 0.001.
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Table 1: Stability of coagulation parameters in ACD-FFPA.

TEST Time of refrigerated storage (hours)
0 24 120

FV (IU/mL) 0.971 ± 0.18 0.864 ± 0.15 (89)∗ 0.806 ± 0.15 (83)∗∗∗

FVII (IU/mL) 1.08 ± 0.22 0.955 ± 0.19 (88)∗ 0.904 ± 0.16 (84)∗∗∗

FVIII (IU/mL) 1.73 ± 0.46 1.07 ± 0.30 (62)∗∗∗ 0.786 ± 0.23 (45)∗∗∗

Fibrinogen (grams/L) 2.79 ± 0.50 2.76 ± 0.45 (99) 2.77 ± 0.47 (99)
PT (seconds) 13.1 ± 0.62 13.7 ± 0.53 (105)∗∗∗ 14.1 ± 0.53 (108)∗∗∗

Values are reported as the mean ± one standard deviation; ∗𝑝 < 0.05 and ∗∗∗𝑝 < 0.001 versus 0 hours value for each parameter. Parenthetical values are the
activity or clotting time at time 𝑡 as a percentage of that at time 𝑡 = 0.

refrigerated storage time, with the exception of fibrinogen
activity, which remained unchanged. The largest decline was
observed in FVIII activity, which declined by 38.2% in the
first 24 hours and by 54.6% over 120 hours. Part of the
magnitude of this decline could be ascribed to the high FVIII
activity of ACD-FFPA at thaw (1.73 ± 0.46 IU/mL, compared
to our previously determined FP FVIII activity values of
0.901 ± 0.32) [14]. All units in this study had ≥0.70 IU/mL
FVIII at thaw, a proportion declining to 96.4% after 24 hours
of refrigerated storage and 53.6% after 120 hours.

Reductions in FV and FVII activity followed a similar
trajectory, declining on average 11.0 and 11.6%, respectively,
in the first 24 hours, and 17.0 and 19.7% after 120 hours. PT
values increased by 4.6% in the first 24 hours and by 7.6% after
120 hours.

3.3. Comparison to FP Stored under the Same Conditions.
All parameters tested with ACD-FFPA were compared to
previous values for FP following 120 hours of refrigerated
storage [14]. As shown in Figure 2 and Table 2, four of
the five parameters indicated a greater capacity to support
coagulation of ACD-FFPA than FP. FVIII, FVII, and FV
activities were significantly higher in ACD-FFPA following
extended refrigerated storage. Similarly, mean PT values were
also significantly lower, indicative of more rapid clotting of
stored ACD-FFPA than stored FP. Only mean fibrinogen
activities in stored ACD-FFPA were lower than in stored FP,
by approximately 15%.

4. Discussion

Theprimary finding of this studywas thatACD-FFPA thawed
and maintained at 1∘–6∘C for 120 hours was noninferior with
respect to FVIII activity to FP treated in the same way.
Regulators in Canada, the United Kingdom, and Europe, but
not the United States, require quality control of transfusable
plasma for this labile coagulation factor; in Canada and
the United Kingdom, 75% of units tested must contain at
least 0.7 IU/mL FVIII activity at thaw [1]. All units tested
in this study surpassed this threshold at thaw. As there are
no regulations regarding minimum FVIII levels that must
be maintained for thawed plasma prior to transfusion, we
compared those in ACD-FFPA to those in FP at the end of the
storage period. A historical control group published in 2012
was used for the FP data set [14]. Not only were FVIII activity
levels significantly higher than those in FP, this finding also

held true for another factor considered labile (FV), for a
vitamin K-dependent factor (FVII), and for a more global
hemostasis test, the PT. Only in fibrinogen activity did stored
FP exhibit an apparent minor advantage of 15% greater levels
than stored FFPA. It is not clear why fibrinogen activity would
be greater in FP than FFPA, but our data set for such values
in the current study of ACD-FFPA (with a range of 2.05 to
3.85 g/L) is fully consistent with a study of over 1000 healthy
blood donors, 98% of whomwere found to exhibit fibrinogen
activity levels of 1.8 to 4.2 g/L [16].

Higher levels of FVIII, a labile coagulation factor, are
expected in FFP over FP due to the shorter [15] time
period between phlebotomy and freezing of the product
[17]. Kakaiya et al. reported that plasma from CPDA-1-
anticoagulated whole blood donations contained 1.02 ±
0.25 IU FVIII/mL if frozen within 8 hours of phlebotomy,
compared to units prepared from refrigerated whole blood
donations and frozen within 18–20 hours of phlebotomy,
which contained significantly less FVIII activity, 0.55 ±
0.20 IU FVIII/mL; slower processing was associated with
reduced FVII but not FV or FXI activities [18]. Similarly
Scott et al. reported 0.81 ± 0.19 IU/mL for FFP and 0.66 ±
0.17 IU/mL (𝑝 < 0.05) for FP24 for FVIII activities at thaw,
without significant differences among other clotting factors
[15]. We previously demonstrated, at a time when both FFP
and FP were made from Canadian whole blood donations,
significantly greater FVIII activity in FFP than FP in type O
donations (0.89 ± 0.23 IU/mL versus 0.72 ± 0.23 IU/mL) [19].

Our study design allowed us to eliminate trivial expla-
nations for the differences in FVIII activity between ACD-
FFPA and FP, such as the known association between ABO
blood type and FVIII levels because we compared balanced
groups of 14 type O and 14 type A ACD-FFPA units to 14
type O and 13 type non-O FP units [15]. Donors with type O
blood have approximately 25% lower levels of FVIII activity, a
phenomenon thought to reflect protection by ABO antigens
of clearance determinants on von Willebrand Factor, which
carries FVIII in the circulation [20].

Although we did not test FFPA or FP for ADAMTS13 in
this study or its predecessor, others have demonstrated that
this plasma component, of probable importance in plasma
exchange in TTP, is present in similar amounts in FFP, FP-
type plasma, and cryoprecipitate-poor plasma and is stable in
each case to refrigerated storage for 5 days [21]. In addition,
we also found ADAMTS13 to be stable in cryosupernatant
plasma thawed and refrigerated for 5 days [22].
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Figure 2: Comparison of coagulation parameters in ACD-FFPA and FP. ACD-FFPA units (solid bars) or FP units (open bars) were tested
for the activities or times shown on the 𝑦-axes after 120 hours of refrigerated storage. Lines with arrowheads identify statistical differences
between the two groups, with 𝑝 values above the lines. Data sets (b–e) passing tests of normality and of similarity of standard deviation were
tested using the unpaired 𝑡-test, while Welch’s 𝑡-test was applied to the data in (a).

Only a single previous report in the biomedical literature
concerning the quality of ACD-FFPA prepared concurrently
to platelets in a functionally closed environment can be
found. Sidhu et al. prepared a group of 20 ACD-FFPA units,
comprising five units from each ABO blood group [23].

Because these investigators did not sample the units at thaw,
but instead at 24, 72, and 120 hours after thaw, a comparison
of recoveries between studies is not possible. However, FVIII
activities of 0.767 ± 0.048 (mean ± SE) after 120 hours
of refrigerated storage were observed, values very similar
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Table 2: Comparison of coagulation parameters in ACD-FFPA and FPa at 120 h.

TEST ACD-FFPAb FPc 𝑝 value
FV (IU/mL) 0.806 ± 0.15 0.697 ± 0.14 0.0068
FVII (IU/mL) 0.904 ± 0.19 0.761 ± 0.16 0.0039
FVIII (IU/mL) 0.786 ± 0.23 0.542 ± 0.20 <0.0001
Fibrinogen (grams/L) 2.77 ± 0.47 3.193 ± 0.81 0.0209
PT (seconds) 14.1 ± 0.53 14.6 ± 0.69 0.0158
aValues are reported as the mean ± one standard deviation. Statistical comparisons were made using an unpaired 𝑡-test in all cases, except for FVIII, for which
the unpaired 𝑡-test, Welch corrected, was employed. bFrom current study. cFrom [11].

to those observed in our current study, although it is not
clear if the differences in ABO distribution in their sample
population had any effect. We elected to use 50% type O
and 50% nontype O in our group of analyzed units to more
closely mimic our donor population in Canada (46% type
O), whereas Sidhu et al. used a 25% type O and a 75%
nontype O mixture of units [20]. Sidhu et al. also found no
change in fibrinogen or FVII levels between Days 1 and 5
of refrigerated storage and a statistically significant loss of
FV activity, mirroring our results [23]. Similarly, Neisser-
Svae et al. found residual FVIII activities in thawed FFP of
0.75 ± 0.13 IU/mL (mean ± SD) after 5 days of refrigerated
storage [24], and von Heymann et al. reported median FVIII
values of 0.75 with an interquartile (25–75%) range of 0.68 to
0.88 IU/mL for thawed FFP, again showing strong similarity
to our results with ACD-FFPA [25].

In our previous stability studies of thawed FP and thawed
cryosupernatant plasma, at the conclusion of the studies,
we tested the residual products in the bag for bacterial
contamination [14, 22]. A total of 90 units were negative
for growth in the BacT-ALERT system employed in Canada
for mandatory screening of platelet products. Since bacterial
contamination of plasma is a very rare event, these findings
suggested that our procedures were sufficiently robust to
avoid contamination of plasma units by airborne microbes
despite multiple sampling events. For this reason BacT-
ALERT testing was not performed in the current study.

One reason that we did not study FFPA stability when
we previously addressed the issue of thawed FP stability was
that some FFPA in the Canadian blood operator’s inventory is
generated in a functionally open system, necessitating trans-
fusion within four hours of thawing, and some (ACD-FFPA)
is not. However, in the interval since that initial study, the
trend towards the maintenance of trauma packs containing
prethawed FP units by Canadian trauma centres for use in
massive transfusion has intensified [26]. Hospitals cannot
currently follow plasma-sparing practices, such as releasing
thawed traumapack FP for transfusion to nontraumapatients
on Day 4 of refrigerated storage with FFPA due to its current
short regulated shelf life. Concerns over potential confusion
between FFPA from functionally open and closed systems
have also dissipated, as Concurrent Plasma, ACD-FFPA, is
now uniquely identifiable in the Canadian Blood Services
inventory due to not only its anticoagulant, but also more
importantly due to its being the only FFP distributed to
Canadian hospitals in ∼200mL volumes. The results of this
study provide support to changing the permitted refrigerated

shelf life of ACD-FFPA to 120 hours, aligning Canadian
practice to that in the United States, where transfusion of
thawed relabeled FFP or PF24 stored refrigerated for up to
120 hours has been permitted since 1998, with no apparent
negative consequences for patients [12, 13].

Disclosure

Since the Canadian Blood Services Centre for Innovation
receives funding from Health Canada, a department of the
Federal Government of Canada, this article must contain the
statement, “The views expressed herein do not necessarily
represent the views of the federal government [of Canada].”

Competing Interests

All authors declare they have no relevant conflict of interests.

References

[1] R. Cardigan and L. Green, “Thawed and liquid plasma—what
do we know?” Vox Sanguinis, vol. 109, no. 1, pp. 1–10, 2015.

[2] B. J. Barrett, “Practice parameter for the use of fresh-frozen
plasma, cryoprecipitate, and platelets,” Journal of the American
Medical Association, vol. 271, no. 10, pp. 777–781, 1994.

[3] E. Crosby, D. Ferguson, H. A. Hume et al., “Guidelines for
red blood cell and plasma transfusion for adults and children,”
Canadian Medical Association Journal, vol. 156, no. 11, pp. S1–
S24, 1997.

[4] “BCSH guidelines for the use of fresh frozen plasma (updated),”
British Journal of Haematology, vol. 126, pp. 11–28, 2004.

[5] CAN/CSA-Z902-10: Blood and Blood Components, Canadian
Standards Association, 2010.

[6] Council of Europe, Council of Europe: Guide to the Preparation,
Use and Quality Assurance of Blood Components, Directorate
for the Quality of Medicines & Health Care of the Council of
Europe, Strasbourg, France, 18th edition, 2015.

[7] AABB, Standards for Blood Banks and Transfusion Services,
AABB Press, Bethesda, Md, USA, 30th edition, 2016.

[8] Circular of Information, Canadian Blood Services, Ottawa,
Canada, 2016.

[9] G. Rock, D. Anderson, W. Clark et al., “Does cryosupernatant
plasma improve outcome in thrombotic thrombocytopenic
purpura? No answer yet,” British Journal of Haematology, vol.
129, no. 1, pp. 79–86, 2005.

[10] G. A. Rock, K. H. Shumak, N. A. Buskard et al., “Comparison
of plasma exchange with plasma infusion in the treatment of



Journal of Blood Transfusion 7

thrombotic thrombocytopenic purpura. Canadian Apheresis
Study Group,” The New England Journal of Medicine, vol. 325,
no. 6, pp. 393–397, 1991.

[11] Circular of Information for the Use of Human Blood and Blood
Components, AABB/American Red Cross/America’s Blood
Centers/The Armed Services Blood Program, Puget Sound,
Washington, DC, USA, 2013.

[12] A. F. Eder and M. A. Sebok, “Plasma components: FFP, FP24,
and thawed Plasma,” Immunohematology, vol. 23, no. 4, pp. 150–
157, 2007.

[13] D. Triulzi, J. Gottschall, E. Murphy et al., “A multicenter study
of plasma use in the United States,” Transfusion, vol. 55, no. 6,
pp. 1313–1319, 2015.

[14] W. P. Sheffield, V. Bhakta, C. Mastronardi, S. Ramirez-Arcos, D.
Howe, and C. Jenkins, “Changes in coagulation factor activity
and content of di(2-ethylhexyl) phthalate in frozen plasma units
during refrigerated storage for up to five days after thawing,”
Transfusion, vol. 52, no. 3, pp. 493–502, 2012.

[15] E. Scott, K. Puca, J. Heraly, J. Gottschall, and K. Friedman,
“Evaluation and comparison of coagulation factor activity in
fresh-frozen plasma and 24-hour plasma at thaw and after 120
hours of 1 to 6∘C storage,” Transfusion, vol. 49, no. 8, pp. 1584–
1591, 2009.

[16] O. Weisert and M. Jeremic, “Plasma fibrinogen levels in 1,016
regular blood donors. I. The influence of age and sex on mean
values and percentiles,”Vox Sanguinis, vol. 27, no. 2, pp. 176–185,
1974.

[17] P. F. van der Meer and D. de Korte, “The effect of holding times
of whole blood and its components during processing on in
vitro and in vivo quality,” TransfusionMedicine Reviews, vol. 29,
no. 1, pp. 24–34, 2015.

[18] R. M. Kakaiya, E. E. Morse, and S. Panek, “Labile coagulation
factors in thawed fresh frozen plasma prepared by two meth-
ods,” Vox Sanguinis, vol. 46, no. 1, pp. 44–46, 1984.

[19] W. P. Sheffield, V. Bhakta, C. Jenkins, and D. V. Devine, “Con-
version to the buffy coat method and quality of frozen plasma
derived from whole blood donations in Canada,” Transfusion,
vol. 50, no. 5, pp. 1043–1049, 2010.

[20] L. Gallinaro, M. G. Cattini, M. Sztukowska et al., “A shorter von
willebrand factor survival in O blood group subjects explains
how ABO determinants influence plasma von willebrand fac-
tor,” Blood, vol. 111, no. 7, pp. 3540–3545, 2008.

[21] E. A. Scott, K. E. Puca, B. C. Pietz, B. K. Duchateau, and K. D.
Friedman, “Comparison and stability of ADAMTS13 activity in
therapeutic plasmaproducts,”Transfusion, vol. 47, no. 1, pp. 120–
125, 2007.

[22] V. Bhakta, C. Jenkins, S. Ramirez-Arcos, and W. P. Sheffield,
“Stability of relevant plasma protein activities in cryosuper-
natant plasma units during refrigerated storage for up to 5 days
postthaw,” Transfusion, vol. 54, no. 2, pp. 418–425, 2014.

[23] R. S. Sidhu, T. Le, B. Brimhall, and H. Thompson, “Study of
coagulation factor activities in apheresed thawed fresh frozen
plasma at 1–6∘C for five days,” Journal of Clinical Apheresis, vol.
21, no. 4, pp. 224–226, 2006.

[24] A. Neisser-Svae, L. Trawnicek, A. Heger, T. Mehta, and D.
Triulzi, “Five-day stability of thawed plasma: solvent/detergent-
treated plasma comparable with fresh-frozen plasma and
plasma frozen within 24 hours,” Transfusion, vol. 56, no. 2, pp.
404–409, 2016.

[25] C. von Heymann, M. K. Keller, C. Spies et al., “Activity of
clotting factors in fresh-frozenplasmaduring storage at 4 Cover
6 days,” Transfusion, vol. 49, no. 5, pp. 913–920, 2009.

[26] J. L. Callum and S. Rizoli, “Plasma transfusion for patients with
severe hemorrhage: what is the evidence?” Transfusion, vol. 52,
supplement 1, pp. 30S–37S, 2012.



Research Article
Mitigating the Risk of Transfusion-Transmitted
Dengue in Australia

Kelly Rooks,1 Clive R. Seed,2 Jesse J. Fryk,1 Catherine A. Hyland,1 Robert J. Harley,3

Jerry A. Holmberg,4 Denese C. Marks,5 Robert L. P. Flower,1 and Helen M. Faddy1,6

1Research and Development, Australian Red Cross Blood Service, Brisbane, QLD, Australia
2Medical Services, Australian Red Cross Blood Service, Perth, WA, Australia
3Medical Services, Australian Red Cross Blood Service, Brisbane, QLD, Australia
4Grifols Diagnostic Solutions, Inc., Emeryville, CA, USA
5Research and Development, Australian Red Cross Blood Service, Sydney, NSW, Australia
6School of Medicine, The University of Queensland, Brisbane, QLD, Australia

Correspondence should be addressed to Helen M. Faddy; hfaddy@redcrossblood.org.au

Received 18 August 2016; Accepted 16 October 2016

Academic Editor: Erwin Strasser

Copyright © 2016 Kelly Rooks et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Dengue viruses (DENV 1–4) are a risk to transfusion safety, with several transfusion-transmitted (TT) cases reported globally.
DENV 1–4 are endemic in over 100 countries, with seasonal outbreaks occurring in northeastern Australia. To mitigate TT-DENV
risk in Australia, fresh blood components are not manufactured from donors returning from any area (domestic/overseas) with
known dengue transmission. Alternatively, TT-DENV risk may be mitigated using an appropriate blood donor screening assay. We
aimed to determine the rate of dengue infection in donors during dengue outbreaks in Australia. Plasma samples were collected
fromblooddonors during local dengue outbreaks.All sampleswere tested for the presence ofDENVRNAand selected sampleswere
tested for DENV antigen (nonstructural protein 1, NS1) with two assays. No donors residing in high risk areas had detectable levels
of DENV RNA or NS1 and no cases of DENV viremia were detected in blood donors residing in areas of Australia experiencing
DENV outbreaks. Definitive conclusions could not be drawn from this study; however, the lack of detection of DENV RNA or
antigen in donations suggests that the current risk of TT-DENV is low and maintaining the fresh component restriction for “at-
risk” donors is appropriate.

1. Introduction

Dengue is one of the most important arboviral pathogens
worldwide, with an estimated 390 million infections per year
[1]. Of these estimated dengue infections, only 96 million
manifest clinically, with the majority of infections therefore
asymptomatic [2]. Dengue is emerging or reemerging across
the globe, with transmission occurring in over 100 countries
each year [3].

There are four serotypes of dengue virus (DENV):DENV-
1, DENV-2, DENV-3 and DENV-4. DENV are mosquito-
borne, with the primary vector being Aedes aegypti. This
urban-adapted mosquito is distributed throughout tropical
and subtropical climates, giving rise to endemic and epi-
demicDENV transmission in both developing and developed

nations [4]. A secondary vector capable of transmitting
DENV,Aedes albopictus, has increased in geographic range in
recent years, which may contribute to the increasing number
of dengue infections [4].

Almost 75% of the DENV global disease burden is in the
Southeast Asian and Western Pacific Regions [5]. In Aus-
tralia, seasonal outbreaks occur in the northeast of the coun-
try [1, 6]. One of the largest DENV epidemics in Australia’s
history occurred in 2008/2009, with distinct outbreaks in
Cairns, Innisfail, and Townsville [7]. Collectively, this epide-
mic resulted in over 1,000 confirmed infections. Another size-
able DENV outbreak occurred in northeastern Australia in
the summer of 2012/2013, resulting in 534 confirmed cases
[8].
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Given the high rate of asymptomatic DENV infection,
this virus poses a risk to transfusion safety [9]. Transfusion
transmitted-DENV (TT-DENV) has been reported in Singa-
pore, Hong Kong, Puerto Rico, and Brazil [10–13]. To date, no
cases of TT-DENV have occurred in Australia.The incidence
of TT-DENV is likely to be higher than what has been
published, due to underreporting. Moreover, DENV viremia
has been detected in blood donors from Honduras, Puerto
Rico, and Brazil, reinforcing the potential risk of TT-DENV
[12, 14, 15].

To help mitigate the risk of TT-DENV in Australia,
donors are unable to donate fresh blood components for 4
weeks upon their return from countries endemic for DENV
or areas in northernAustralia experiencing dengue outbreaks
[16]. Plasma may still be collected during this 4-week restric-
tive period if destined for fractionation, as themanufacturing
process includes viral inactivation steps that have been shown
to effectively inactivate DENV, allowing plasma derivatives to
be considered safe with respect to this virus [17]. Currently,
there is no approvedDENV test in Australia for blood screen-
ing, and although some pathogen inactivation (PI) technolo-
gies have been demonstrated to effectively inactivate DENV
in plasma and platelet components [18–21] these methods are
not approved for use in Australia at present. Our approach
of restricting donations from “at-risk” individuals results in
fresh component losses and considerable cost, which may
potentially impact on the ability tomeet clinical demand [22].
However, this approach is deemed suitable in the absence of
other approved risk mitigation strategies.

It is clear that DENV poses a risk to the safety of Aus-
tralia’s blood supply, which may justify these relatively high-
cost risk-reduction strategies. However, alternative testing
technologies for DENV detection may be utilised for donor
screening, if deemed appropriate and licenced for such use.
Therefore, this study aimed to determine the rate of viremia
in Australian blood donors during local dengue outbreaks, by
testing plasma samples for the presence of DENV RNA and
DENV antigen (nonstructural protein 1, NS1).

2. Materials and Methods

2.1. Sample Collection. Samples were collected from donors
in North Queensland during two dengue outbreaks: 2008/
2009 (𝑛 = 973) and 2012/2013 (𝑛 = 5,518). For samples
collected during the 2008/2009 outbreak, an extra sample
was collected from all donations during the outbreak. These
samples were collected in plasma preparation tubes (PPT,
BDVacutainer Plasma Preparation Tubes, BectonDickinson,
Plymouth, UK) and centrifuged at a relative centrifugal force
(RCF) of 1,100 for 10 minutes as per routine procedure.
Demographic data were obtained for all donations to allow
identification of donors at “higher risk” of exposure toDENV,
defined as residence in areas of Cairns that reported more
than 20 laboratory confirmed dengue cases. Samples from
2012/2013 were collected from both Cairns and Townsville
during the dengue outbreak. Additional control samples (𝑛 =
1,601) were obtained from Melbourne in southern Australia
in 2012/2013, where transmission of DENV does not occur.
Samples collected in 2012/2013 were recovered after routine

testing was completed, representing a convenience sample.
Samples from2012/2013were collected into ethylenediamine-
tetraacetic acid (EDTA) spray-coated tubes (BD Vacutainer
Whole Blood Collection Tube with Spray-Coated K2EDTA,
Becton Dickinson) and centrifuged at 1,258 RCF for 10
minutes as per routine procedure. All samples were stored at
−20∘Cuntil testing.This studywas carried out under approval
by the Blood Service Human Research Ethics Committee.

2.2. Dengue NS1 Testing. Samples from donors residing in
“higher-risk” areas during the 2008/2009 DENV outbreak
(𝑛 = 973) were tested for the presence of DENV NS1 using
both the PanBio Dengue Early ELISA (Alere, Brisbane,
Queensland, Australia) and the Platelia Dengue NS1 Ag Kit
(Bio-Rad, Hercules, CA, USA) as per the manufacturer’s ins-
tructions, which included positive, negative, and internal
controls. Both kits utilised a one-step sandwich format ELISA
for the detection of DENV NS1 in either plasma or serum.
Samples were first tested in singlicate on both assays, with ini-
tial reactive or equivocal samples being retested in duplicate.
Samples were only classified positive if they were reactive 2 or
3 times on both assays. Results from the PanBioDengue Early
ELISA Kit were calculated in “PanBio units” and considered
negative if the results were<9, equivocal if 9–11, and positive if
≥11 (sensitivity: 72.3% and specificity: 100% [23]).The Platelia
Dengue NS1 Ag Kit results were calculated in ratios and
considered negative if results were <0.5, equivocal if between
0.5 and 1, and positive if ≥1 (sensitivity: 83.6% and specificity:
98.7% [23]).

2.3. Dengue RNA Testing. The following samples were tested
for the presence of DENV RNA: 664 samples from higher-
risk areas during the 2008/2009 DENV outbreak (repre-
senting all samples remaining with an adequate volume);
5,518 samples from the 2012/2013 DENV outbreak; and 1,601
control samples from southernAustralia. Samples were tested
with a Procleix DENV assay on a Procleix Panther System
(Grifols Diagnostic Solutions, Inc., Emeryville, CA, USA,
and Hologic, San Diego, CA, USA) as per manufacturer’s
instructions, which included positive, negative, and internal
controls, at theAmericanRedCross laboratories inCharlotte,
North Carolina. The Procleix DENV assay is based on
transcription mediated amplification (TMA) and can detect
all four DENV serotypes [4]. The 95% limit of detection is
reported to be approximately 15 copies/mL (95%CI, 11.5–20.9
copies/mL), with a specificity of >99.91% [4].

2.4. Analyses. Data were stored using Microsoft Excel 2010
(Microsoft, Redmond, WA, USA) databases and analyses
were also performed using this software. Individual propor-
tions were calculated, along with the corresponding exact
95% confidence intervals (CI) using a standard method [24].
Specifically, for zero-risk estimates, the 95% CIs were calcu-
lated as follows:

Upper 95% CI = 1 −0.025(1/𝑛), where 𝑛 = number of
samples tested.
Lower 95% CI = 0.
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Table 1: Detection of DENV NS1 in donations from Australian
blood donors collected during local DENV outbreaks.

Sample Platelia Dengue NS1
(# positive, # tested)

PanBio Dengue
Early ELISA

(# positive, # tested)

Overall
result

1 N (0, 3) P (3, 3) Negative
2 N (0, 3) P (3, 3) Negative
3 N (0, 3) P (3, 3) Negative
4 E (1, 3) N (2, 3) P (3, 3) Negative
5 N (0, 3) P (3, 3) Negative
6 N (0, 3) P (3, 3) Negative
7 N (0, 3) P (3, 3) Negative
8 N (0, 3) P (3, 3) Negative
9 N (0, 3) P (3, 3) Negative
10 N (0, 3) E (1, 3) P (2, 3) Negative
11 N (0, 3) P (3, 3) Negative
12 N (0, 3) P (3, 3) Negative
13 N (0, 3) P (3, 3) Negative
14 N (0, 3) P (3, 3) Negative
15 N (0, 3) P (3, 3) Negative
16 N (0, 3) P (3, 3) Negative
17 N (0, 3) E (1, 3) P (2, 3) Negative
18 N (0, 3) E (1, 3) P (2, 3) Negative
19 N (0, 3) P (3, 3) Negative
20 N (0, 3) P (3, 3) Negative
21 N (0, 3) P (3, 3) Negative
22 N (0, 3) P (3, 3) Negative
23 N (0, 3) E (1, 3) P (2, 3) Negative
24 N (0, 3) P (3, 3) Negative
25 N (0, 3) P (3, 3) Negative
26 N (0, 3) P (3, 3) Negative
27 N (0, 3) P (3, 3) Negative
28 N (0, 3) P (3, 3) Negative
29 N (0, 3) P (3, 3) Negative
30 N (0, 3) P (3, 3) Negative
31 N (0, 3) P (3, 3) Negative
32 N (0, 3) E (1, 3) P (2, 3) Negative
N = negative, P = positive, and E = equivocal.

3. Results

Samples from areas of Cairns with higher numbers of con-
firmed DENV cases during the 2008/2009 outbreak were
selected for DENV NS1 antigen testing (𝑛 = 973). Of the
samples tested, 32 were positive (overall either 2/3 or 3/3)
with the PanBio Dengue Early ELISA (Table 1). Using the
Platelia Dengue NS1 Ag Kit, only one sample tested initially
equivocal; however, it was negative on duplicate repeat testing
(Table 1). As no samples tested positive on both assays, all
samples were deemed negative for DENV antigen.

Samples collected from the 2008/2009 and 2012/2013
DENV outbreaks, as well as control samples, were tested for

Table 2: Detection of DENV RNA, by TMA, in donations from
Australian blood donors.

Samples # tested
DENV RNA
positive

# % 95% CI
Dengue outbreak (2008/2009 and
2012/2013) 6,182 0 — 0–0.06

2008/2009 DENV epidemic 664 0 — 0–0.55
2012/2013 DENV outbreak 5,518 0 — 0–0.07

Control region 1,601 0 — 0–0.23

the presence of DENV RNA by TMA. None of the samples
collected during local dengue outbreaks were positive for
DENV RNA (zero estimate, with a one-sided 95% CI: 0–
0.06%), despite a subset being collected from “higher-risk”
areas (Table 2). All of the control samples were also negative
for DENV RNA (zero estimate, with a one-sided 95% CI: 0–
0.23%).

4. Discussion

Dengue is an emerging disease of global significance and a
current concern for the international transfusion community
given the increasing number of transfusion transmitted (TT)
cases [10–13]. DENV viremia has been detected in blood
donors fromHonduras, Puerto Rico, and Brazil, highlighting
the potential risk for TT-DENV [25]. Countries have different
risk mitigation approaches for managing the risk of TT-
DENV, which in part depend on the level of dengue endemic-
ity, the “risk appetite” of local clinicians and the public, and
the size of their healthcare budget. These and additional fac-
tors should be considered in risk-based decision-making for
blood safety. Currently, in Australia, donations of fresh blood
components are restricted from “at-risk” donors travelling
from areas where DENV transmission occurs, both within
Australia and overseas. In this study, we were unable to detect
DENV viremia in blood donors residing in areas of Australia
experiencing local DENV outbreaks. Given that the upper
confidence interval from this studywas 0.06% (1 in 1,667), the
current precautionary strategy of restricting “at-risk” donors
to donating plasma for fractionation only is reasonable to
mitigate the risk of a viremic donation.

None of the donors tested had detectable DENV infec-
tion, as evidenced by the absence of detecting either DENV
RNA or DENV antigen. These results are concordant with
earlier studies during previous outbreaks [4]. We previously
estimated the risk of collecting a viremic donation during
the 2008/2009 DENV outbreak to be 1 in 7,147 (95% CI: 1 in
2,218 to 1 in 50,021) [22], and modelling based on notification
data obtained during a DENV outbreak in 2004 estimated
the overall transmission risk to be 1 in 19,759 (95% CI: 1
in 3,404 to 75,486) with a peak of 1 in 5,968 (95% CI: 1 in
1,028 to 22,800) [26]. While this previous data suggests a
low likelihood of finding a viremic sample in our study the
absence of detectable evidence of DENV infection in donors,
despite the higher number of reported cases during these
outbreaks [6, 8], provides reassurance that our existing risk
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modelling does not substantially underestimate the risk of
TT-DENV. While future studies using a larger sample size
would refine the risk estimate, the small donor population in
areas of Australia with DENV transmission means that such
studies would not be practicable.

In Australia TT-DENV risk is mitigated through dona-
tion restrictions for “at-risk” donors, which has the potential
to impact on availability of blood components for clinical use.
Therefore, a blood donation screening assay that is capable
of detecting donations containing an infectious virus could
be used as an alternative. DENV antibody assays (IgM/IgG)
would not be suitable for such a purpose, as DENV IgM is
typically not present within blood until 3–5 days after the
presentation of clinical symptoms and DENV IgG is not
present for 1–14 days [27]. Detection of DENV antigen could
be suitable for detecting asymptomatic and early infections
in blood donors, as high levels of the antigen NS1 have been
shown to be detectable within 72 hours of disease onset [28]
and the assay format can be applied for high-throughput
use. In this study two DENV NS1 antigen detection assays
were used to determine the efficacy of detecting early DENV
infection.We founddiscordant results between the two assays
used, which is consistent with other studies. The Platelia
Dengue NS1 Ag kit has been shown to have a higher sensitiv-
ity compared to the PanBio Dengue Early ELISA [23, 29, 30].
Although NS1 has been suggested as a useful tool in early
DENV screening, sensitivity and specificity remain a major
concern. Blood donor samples collected during a DENV
outbreak in 2010/2012 in Puerto Rico were initially tested for
NS1 antigen and later tested for DENV RNA (with TMA)
to assess the possibility of TT-DENV from blood donors
[25]. This study found that only 20% of RNA positive donor
samples were positive on the Platelia Dengue NS1 Ag Kit,
resulting in 42 patients being transfused with DENV RNA
positive components [25]. This highlights the limitations of
using DENV NS1 detection as a basis for blood donation
screening assays for detecting DENV [25]; however, it should
be noted that DENV NS1 still has a place in diagnostics.
Therefore, detection of DENV RNA appears to be the most
suitable for blood donation screening for DENV; however,
testing may become costly. With the absence of detectable
DENV RNA in any of the samples tested in this study, our
current strategy of restricting fresh components from “at-
risk” donors but continuing to collect plasma for fraction-
ation appears an effective method for reducing the risk of
TT-DENV in Australia. The strategy is also cost-effective
because of the increasing demand in Australia for plasma to
manufacture plasma derived immunoglobulin products [22].
Such an approach may also be suitable in other nonendemic
areas, particularly those that experience episodic outbreaks
and where source plasma is collected.

The levels of DENV viremia in blood donors during
DENV outbreaks in Puerto Rico, Brazil, and Honduras (all
considered endemic for dengue) were 0.19% [12], 0.04% [4],
and 0.3% [4], respectively. Interestingly, DENV viremia was
lower, 0.07%, in Puerto Rico in blood donors in a nonout-
break period but during the seasonally heightened peak of
dengue activity [41]. In contrast, no DENV viremic samples
were found in Australian blood donors during the 2003

outbreak, although this study involved a relatively small
number of donations from outbreak-affected areas [4]. The
rate of dengue viremia in blood donors differs between areas
endemic for DENV and also those considered episodic or
nonendemic. Therefore, blood operators around the world
require different risk-based decision-making strategies for
dengue, depending on a number of factors including but
not limited to the degree of dengue endemicity (endemic,
episodic, and nonendemic); the acceptance of TT risk among
local clinicians, as well as the public; the perceived severity of
DENV infection among clinicians as well as the public com-
pared to other infections; the proportion of the donor pop-
ulation travelling abroad and subject to travel-related blood
donation restrictions; and, perhapsmost importantly, the size
of the healthcare budget. There are several approaches for
reducing the risk of TT-DENVutilised by various blood oper-
ators across the world (Table 3). For example, in Hong Kong,
where there is a constant high risk of dengue introduction
from nearby mainland China [33], TT-DENV is mitigated
through deferral of donors for 6 months who have previously
had a dengue infection and a 2-week deferral for history of
fever; however, no travel-related deferrals are in place [31].
However, in countries with minimal risk of DENV infection,
such asNewZealand, TT-DENV isminimised through defer-
ral of donors for 4 weeks who have previously had a DENV
infection. In the future, other approaches may be used,
for example, PI, particularly in areas endemic for dengue.
The Theraflex UV-Platelets System (MacoPharma) has been
shown to inactivate DENV in spiked platelet units to the limit
of detection of the assay used [19], as has the Theraflex-MB
Plasma System (MacoPharma) for DENV spiked into plasma
[20]. Similarly the Intercept Plasma Inactivation System
(Cerus Corporation) demonstrated inactivation of DENV in
spiked plasma to the limit of detection [21]. In contrast the
Mirasol PRT System (TerumoBCT) only partially inactivated
DENV in spiked platelet units [42]. PI has the potential to
assist with managing the TT-DENV risk in areas endemic
for dengue or with episodic transmission and also has the
potential to replace travel-related donation restrictions [43].
However, current technologies are not available for all blood
products and therefore limit their application.

5. Conclusion

In this study we did not find evidence of DENV infection in
the blood donors tested [6, 8]. The upper confidence interval
of our blood donor viremia estimate of 1 in 1,667 suggests that
the risk of collecting a viremic donation may be significant
and supports the current precautionary strategy of restricting
“at-risk” donors to donating plasma for fractionation only. It
is clear that there is no overarching approach for the man-
agement of TT-DENV that is suitable for all countries. Each
area should therefore assess TT-DENV risk based on local
epidemiology and perform region-specific cost and risk anal-
yses, which should collectively be considered in any future
risk-based decision-making. The latter should consider that,
as well as directly addressing transfusion risk, routine surveil-
lance for infectious diseases in the blood donor population,
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Table 3: Dengue endemicity and approaches used by blood operators for managing TT-DENV risk. Adapted from Teo et al., 2009 [31].

Country Endemicity Management approach

Australia Nonendemic/episodic outbreaks in
Queensland [6, 8]

(i) 4-week deferral for history of dengue infection [16]
(ii) 4-week deferral for persons returning from dengue affected areas [16]

Canada Nonendemic
3-week travel-related deferral for travel outside of Canada, continental
USA, or Europe [32]

Hong Kong Nonendemic [33]
(i) 6-month deferral for history of dengue infection [31]
(ii) 2-week deferral for history of fever [31]
(iii) No travel-related deferral for dengue [31]

Netherlands Nonendemic

(i) 2-week deferral for history of dengue infection [34]
(ii) 2-week deferral for history of fever [34]
(iii) 4-week travel-related deferral for donors returning from dengue risk
areas [34]

New Zealand Nonendemic
(i) 4-week deferral for history of dengue infection [35]
(ii) No travel-related deferral for dengue [35]

Puerto Rico Endemic [36]
Pathogen inactivation (Intercept) recently implemented for use on
plasma and platelet products [37]

Singapore Endemic [38]
(i) 6-month deferral for history of dengue infection [31]
(ii) 3-week deferral for history of fever [31]
(iii) No travel-related deferral for dengue [31]

Sri Lanka Endemic [39]
(i) No specific deferral for history of dengue infection [31]
(ii) 2-week deferral for history of fever [31]
(iii) No travel-related deferral for dengue [31]

United Kingdom Nonendemic
(i) 2-week deferral for history of dengue infection [31]
(ii) No travel-related deferral for dengue [31]

United States of
America

Nonendemic/episodic outbreaks in some
states [8, 40]

(i) 4-week deferral for history of dengue infection [31]
(ii) No travel-related deferral for dengue [31]

including DENV, also serves as an important disease surveil-
lance tool.
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Hepatitis E virus (HEV) is transfusion-transmissible and therefore poses a risk to blood transfusion safety. Seroprevalence
studies are useful for estimating disease burden and determining risk factors. Considerable variability in the sensitivity of HEV
antibody detection assays exists. This study aimed to compare the performances of commercially available HEV enzyme-linked
immunosorbent assays (ELISA) in Australian blood donor samples. Plasma samples that tested positive (𝑛 = 194) or negative
(𝑛 = 200) for HEV IgG (Wantai HEV IgG ELISA) were selected. Of the 194 HEV IgG positive samples, 4 were positive for HEV
IgM (Wantai HEV IgM ELISA). All samples were tested with the MP Diagnostics: HEV IgG ELISA, total (IgG, IgM, and IgA)
HEV antibody ELISA, and HEV IgM ELISA. Of the 194 Wantai HEV IgG positive samples, 92 (47%) tested positive with the MP
Diagnostics HEV IgG ELISA (𝜅 = 0.47) and 126 (65%) with MP Diagnostics total HEV antibody assay (𝜅 = 0.65). There was
poor agreement between Wantai and MP Diagnostics HEV IgM assays. This study demonstrated poor agreement between the
assays tested. These observations are consistent with previous reports demonstrating significant variability between HEV ELISAs,
highlighting that results of HEV serology should be interpreted with caution.

1. Introduction

Hepatitis E virus (HEV) is a nonenveloped, RNA virus,
classified in the genus Hepevirus of the Hepeviridae family
[1].There are 4 genotypes of HEV [1–4], representing a single
serotype, which infect humans [2]. This classification into
genotypes is based on variation in the nucleotides within
open reading frame-2 (ORF-2) [3, 4]. HEVwas first observed
under immune electron microscopy in stool samples from a
volunteer experimentally infected with non-A, non-B hep-
atitis [5]. Isolation of cDNA identified this virus as being
different from hepatitis A [6] and facilitated the development
of serological assays for HEV.

HEV causes self-limited acute phase disease with known
cases of chronic hepatitis [7]. The incubation period on aver-
age is 40 days [8]. Clinical features include anorexia, nausea,
vomiting, diarrhoea, epigastric pain, fever, jaundice, eleva-
tion of serum transaminase, and hepatomegaly [5, 7, 9–11].
Chronic HEV infections have been reported in solid-organ
transplant recipients [12] and in immune suppressive condi-
tions [13, 14]. A case fatality rate of 0.5–4% has been reported
in developing countries [7], which is as high as 10–25% in
pregnant women during the third trimester [2, 15, 16].

HEV is transfusion-transmissible and causes chronic
infections in immunocompromised individuals [17].The risk
of transfusion-transmission from a donorwith asymptomatic
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viraemia can be identified through the detection of HEV
RNA. However, the detection of HEV antibodies provides
useful information on the immune status or stages of HEV
infection in blood donors and may assist with the identi-
fication of risk factors for exposure. Seroprevalence is also
important for assessing the overall disease burden in a pop-
ulation, and studies have shown that HEV exposure in blood
donors varies widely between geographical regions [18, 19].
For example, 6%ofAustralian blood donors have been shown
to be HEV IgG positive, while 52% of donors in southwestern
France were HEV IgG positive with the same assay [20, 21].

Serology-based HEV tests for the detection of viral-
specific antibodies include the detection of HEV IgG, HEV
IgM, and HEV IgA in serum or plasma. Antibody testing
assays are generally based on the detection of antibodies
against epitopes of the gene products from ORF2 and ORF3
[22]. Many enzyme immunoassays with antigens derived
from one HEV genotype are able to detect antibodies against
a different genotype [23]. Detection of HEV IgG in an
individual indicates a previous HEV infection.This antibody
may persist in an infected individual for more than 12 years
[24].The acute phase of HEV infection can be detected by the
detection of HEV IgM. This class of antibody is detectable
after the onset of acute hepatitis and can last for up to 6
months following infection [25].

Studies with different commercial HEV IgG enzyme
immunoassays have shown variability in sensitivity [26–28].
A study using anti-HEV reference serum (from the World
Health Organisation) and including known HEV cases has
shown 98% seropositivity with the Wantai IgG assay com-
pared to 56% with the Genelabs IgG assay [27]. In a Korean
study, HEV IgG seroprevalence was measured to be 23.1%
with the Wantai assay, compared to 14.3% with the Genelabs
assay [29]. Moreover, a study in HEV infected individuals
has shown positivity of 83.3%, 100%, and 96.7% with the MP
Diagnostics assay, Axiom Diagnostics assay (developed by
Wantai), and Mikrogen assay, respectively [30]. Seropreva-
lence determined with different assays therefore needs to be
interpretedwith caution. Evaluation ofHEV IgMcommercial
assays has also shown variability in sensitivity and specificity
[31]. Given the importance of reliable seroprevalence esti-
mates, this study aimed to compare the performances of
commercially available HEV antibody detection assays (IgG
and/or IgM) using a panel of Australian blood donor samples,
made up of preselected positive and negative samples by one
widely used assay.

2. Materials and Methods

2.1. Samples. Plasma samples from individual donors (𝑛 =
394) selected from a previous HEV seroprevalence study [20]
were included in this study.These included samples (𝑛 = 194)
that tested positive for HEV IgG with the Wantai HEV IgG
ELISA (BeijingWantai Biological Pharmacy, Beijing, China).
These positive samples were all of the HEV IgG positive
samples obtained from the previous seroprevalence study,
which included 3,237 donors randomly selected for sex and
age group [20]. Of the HEV IgG positive samples, 4 were
also positive for HEV IgM with Wantai HEV IgM ELISA. In

addition, age-matched negative samples (𝑛 = 200) were also
sourced from the same seroprevalence study. Blood samples
were collected in EDTA tubes (BD Vacutainer�Whole Blood
Collection tube with spray-coated K2EDTA 6mL, Becton
Dickinson, Plymouth, UK), centrifuged at 1,258 g for 5 min-
utes and stored at −20∘C until testing. Convenience samples
no longer required after routine viral screening were utilised
for this study and all samples were collected between August
and September, 2013.The age of the donor was obtained from
Blood Service records. This study was approved by Blood
Service Human Research Ethics Committee.

2.2. Sample Testing:Wantai HEV ELISAs. The above-selected
samples were tested for HEV IgG with the Wantai HEV
IgG ELISA (Beijing Wantai Biological Pharmacy Enterprise
Co., Ltd.). Samples reactive for HEV IgG were tested for
HEV IgM with the Wantai HEV IgM ELISA (Beijing Wantai
Biological Pharmacy Enterprise Co., Ltd.). Samples were
tested as per the manufacturer’s instructions and absorbance
was measured using a Hybrid Multimode Microplate Reader
(BioTek Instruments, Inc., Winooski, USA) at 450 nm. Sam-
ples initially reactive for HEV IgG or HEV IgM were retested
in duplicate with the respective assay and considered positive
if reactive at least twice. After testing, samples were aliquoted
into microtubes (Axygen Inc., USA) and stored at −20∘C
prior to testing with secondary commercial assays.

The Wantai HEV IgG assay is based on a recombinant
HEVPE2protein containing 211 amino acids ofORF2 derived
from HEV genotype 1 [26, 27]. Sensitivity and specificity of
the HEV IgG assay have been shown to be 97.96% and 99.6%,
respectively [32, 33].TheWantai HEV IgM assay is also based
on a recombinant protein derived from HEV ORF2 [34].
Sensitivity of HEV IgM assay has been shown to be 97.10%
[34]. Both the assays required 10 𝜇L of sample, which was
diluted with diluent (1 : 11) [32, 34].

2.3. Sample Testing: MP Diagnostics ELISAs. The above-
selected samples were tested in singlet for HEV IgG with the
MP Diagnostics HEV ELISA (MP Biomedicals Asia Pacific,
Singapore), total (IgG, IgM, and IgA) HEV antibody with
the MP Diagnostics HEV ELISA 4.0 (MP Biomedicals); and
HEV IgMwith theMPDiagnostics HEV IgM ELISA 3.0 (MP
Biomedicals). Samples were tested as per the manufacturer’s
instructions and absorbance was measured using a Hybrid
Multimode Microplate Reader (BioTek Instruments, Inc.)
at 450 nm. Samples initially reactive with each assay were
retested in duplicate with the same assay and considered
positive if reactive at least two out of three times.

The MP Diagnostics HEV IgG assay uses three recombi-
nant proteins, consisting of 42-amino acid sequence derived
from ORF2 of genotype 2, 33-amino acid sequence from
ORF3 of genotype 3, and ORF3 sequence from genotype 1
[26]. The assay has a reported sensitivity of 98% and specific-
ity of 97% [35]. The assay required 10 𝜇L of sample and was
diluted with diluent (1 : 21).

MP Diagnostic HEV ELISA 4.0 detects IgG, IgM, and
IgA antibodies.The assay uses highly conservedHEVORF2.1
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Table 1: Comparison of test results between the Wantai HEV IgG
ELISA and MP Diagnostics HEV ELISA (IgG).

Wantai (HEV IgG) MP Diagnostics (HEV IgG) Total
Positive Negative

Positive 92 (47.4%) 102 194
Negative 1 199 (99.5%) 200
Total 93 301 394
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Figure 1: S/Co Wantai HEV IgG versus MP Diagnostics HEV IgG.

antigen, which is able to detect all antibody isotypes [36].The
test required 20 𝜇L of sample and was diluted with diluent
(1 : 50). The assay has a reported sensitivity of 99.2% and
specificity of 99.2% [35].

MP Diagnostic HEV IgM ELISA is based on genotype 1
and 2 antigens derived from ORF2 and ORF3 [37]. The assay
has a reported sensitivity of 98% and specificity of 96.7% [35].
The assay used 10 𝜇L of sample and was diluted with diluent
(1 : 21).

2.4. Data Analysis. Sample to cut-off ratio was calculated,
and results were interpreted based on criteria from the
manufacturers’ instructions. Concordance between assays
was determined by calculating Kappa (𝜅) correlation, which
measures the agreement between two assays, using IBM SPSS
Statistics 23 (IBM Centre, NSW, Australia).

3. Results

Of the 194WantaiHEV IgG reactive samples, 92 were reactive
with the MP Diagnostics HEV IgG ELISA. One of the 200
negative samples with the Wantai HEV IgG assay tested
positive with MP Diagnostics HEV IgG ELISA. There was
a poor agreement between these assays (𝜅 = 0.47) (Table 1,
Figure 1). However, the agreement between MP Diagnostics
total HEV antibody assay and Wantai HEV IgG was higher
(𝜅 = 0.65) with 126/194 testing positive (Table 2, Figure 2).
All the Wantai HEV IgG negative samples were also negative
with MP Diagnostics total HEV antibody assay. Of the 4
Wantai HEV IgM positive samples, none tested positive for
HEV IgM on the MP Diagnostics HEV IgM ELISA (Table 3).

Table 2: Comparison of test results between the Wantai HEV IgG
ELISA and MP Diagnostics HEV ELISA 4.0 (IgG, IgM, and IgA).

Wantai
(HEV IgG)

MP Diagnostics (HEV IgG, IgM, and IgA) Total
Positive Negative

Positive 126 (64.94%) 68 194
Negative 0 200 (100%) 200
Total 126 268 394

Table 3: Comparison of test results between the Wantai HEV IgM
ELISA and MP Diagnostics HEV IgM ELISA 3.0.

Wantai
(HEV IgM)

MP Diagnostics (HEV IgM) Total
Positive Negative

Positive 0 4 4
Negative 5 385 (98.7%) 390
Total 5 389 394
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Figure 2: S/Co Wantai HEV IgG versus MP Diagnostics HEV
ELISA 4.0 (IgG, IgM, and IgA).

All Wantai HEV IgM positive samples were positive with MP
Diagnostics total HEV antibody assay.

Comparing the test results between the MP Diagnostics
total HEV antibody ELISA and MP Diagnostics HEV IgG
ELISA, 82 of 126 (88.17%) tested positive with the latter (𝜅 =
0.65). However, 11 of the samples that tested negative withMP
Diagnostics total HEV antibody ELISA were positive with
MPDiagnosticsHEV IgGELISA (Table 4, Figure 3).Of these,
10 samples were positive with Wantai HEV IgG ELISA.

4. Discussion

HEV is a causative agent of acute hepatitis. The majority of
HEV cases in developed countries are in travellers returning
from developing countries endemic for HEV [25]; however,
autochthonous HEV related to zoonotic transmission [2] and
transfusion-transmission [17] have also been reported. HEV
serological assays have allowed seroprevalence studies, which
provide useful surveillance data on the distribution of this
virus, and have also assisted with identifying risk factors for
exposure to HEV. However, studies have shown variability in
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Table 4: Comparison of test results between the MP Diagnostics
HEV ELISA (IgG) and MP Diagnostics HEV ELISA 4.0 (IgG, IgM,
and IgA).

MP Diagnostics
(HEV IgG)

MP Diagnostics (HEV IgG, IgM, and IgA) Total
Positive Negative

Positive 82 (88.17%) 11 93
Negative 44 257 (85.38%) 301
Total 126 268 394
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Figure 3: S/Co MP Diagnostics HEV IgG versus MP Diagnostics
HEV ELISA 4.0 (IgG, IgM, and IgA).

estimates with different commercial assays [21, 28], and the
results presented herein are consistent with such findings.

In this study, a poor concordance of test results between
the two tested commercial HEV IgG ELISAs was observed.
Only 47% (92/194) ofWantai HEV IgG positive samples were
positive with the MP Diagnostics HEV IgG (𝜅 = 0.47). This
observation is similar to aKorean study, which also compared
Wantai and Genelabs (nowMPDiagnostics) HEV IgG assays
(𝜅 = 0.31) [29]. One of the samples negative with Wantai
HEV IgG assay was positive with the MP Diagnostic HEV
IgG assay (0.50%), similar to an observation in a French study
(0.69%) using a Fortress Diagnostics assay that uses Wantai
recombinant proteins [26]. Previous studies have shown that
the Wantai HEV IgG ELISA is one of the most sensitive
commercial assays available for the detection of HEV IgG
[27, 29, 30].

Our study also showed a higher agreement between the
Wantai HEV IgG and MP Diagnostic HEV total antibody
assay (𝜅 = 0.65). The total antibody ELISA is more recently
developed (compared to the MP Diagnostics HEV IgG
assay) incorporating an improved antigen with the ability to
detect total antibodies (IgG, IgM, and IgA) against all HEV
genotypes [36]. It is possible that the Wantai HEV IgG could
have given nonspecific results, but the majority of Wantai
HEV IgG negative samples still tested negative with the MP
Diagnostic HEV IgG assay (199 of 200). In addition, there
was also nonconcordance between MP Diagnostic total and
IgG assays. The proportion of samples positive with the MP
Diagnostics IgG assay compared to the proportion positive
with the MP Diagnostics total assay was unexpected (88%)

and therefore questions the performance of the IgG assay
assuming that the samples represented true positives.

Comparison of theWantai HEV IgM andMPDiagnostics
HEV IgM assays also showed poor agreement between these
assays. A prior study has shown good specificity of the MP
Diagnostic HEV IgM assay (99.5%) [37]. However, in our
study, oneHEV IgMpositive sample with theMPDiagnostics
HEV IgM assay was negative with MP Diagnostic total anti-
body assay. All four samples positive with Wantai HEV IgM
assay were also positive with MP Diagnostic total antibody
assay, demonstrating agreement between these assays.

The observed variability in assay performance could
be explained by differences in recombinant proteins, assay
formats, or other components (e.g., diluents) used in each
assay, as well as sample selection given they were primar-
ily preselected Wantai IgG-positive. Additional studies are
required to elucidate the exact mechanism; however, it is
clear that a “gold standard” for HEV antibody detection is
desperately needed. The validity of serological assays for use
in a particular study should be assessed prior to their use,
and control samples from individuals diagnosed with HEV
should be included wherever possible. Given that neither the
infection history nor the exact serostatus (positive or negative
based on confirmatory assays) of the samples was known,
sensitivity and specificity of these assays could not be assessed
in the present study. Thus, the findings of this study should
be interpreted considering this limitation. Further studies
including pedigreed seropositive/negative samples or those
from individuals with a known history of HEV infection are
clearly required.

5. Conclusion

In this study, a poor concordance of test results between
the Wantai and MP Diagnostics HEV ELISAs was observed.
Variability in results was likely due to differences in antigens,
assay format, or other components used in each assay, as well
as the fact that assumed seropositive samples were primarily
preselectedWantai IgG-positive samples. These observations
are consistent with previous reports demonstrating signifi-
cant variability between HEV ELISAs, highlighting that due
caution is required when interpreting the results of HEV
serology.There is still a need for the development of sensitive,
specific, and cost-effective HEV antibody assays, including
confirmatory tests, to aid in estimating disease burden and
determining risk factors for HEV exposure.
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Bacterial contamination of injectable stored biological fluids such as blood plasma and platelet concentrates preserved in plasma
at room temperature is a major health risk. Current pathogen reduction technologies (PRT) rely on the use of chemicals and/or
ultraviolet light, which affects product quality and can be associated with adverse events in recipients. 405 nm violet-blue light is
antibacterial without the use of photosensitizers and can be applied at levels safe for human exposure, making it of potential interest
for decontamination of biological fluids such as plasma. As a pilot study to test whether 405 nm light is capable of inactivating
bacteria in biological fluids, rabbit plasma and human plasma were seeded with bacteria and treated with a 405 nm light emitting
diode (LED) exposure system (patent pending). Inactivation was achieved in all tested samples, ranging from low volumes to
prebagged plasma. 99.9% reduction of low density bacterial populations (≤103 CFUmL−1), selected to represent typical “natural”
contamination levels, was achieved using doses of 144 Jcm−2. The penetrability of 405 nm light, permitting decontamination of
prebagged plasma, and the nonrequirement for photosensitizing agents provide a new proof of concept in bacterial reduction in
biological fluids, especially injectable fluids relevant to transfusion medicine.

1. Introduction

Bacterial contamination of ex vivo stored injectable biological
fluids such as blood and blood components preserved in
plasma is a major complication for transfusion medicine,
resulting in both wasteful discarding of valuable blood
products and, more significantly, health risks for recipients
of contaminated donor blood [1, 2]. Major progress has been
made in the provision of a safe supply of blood compo-
nents, and measures such as more effective donor screening,
extensive laboratory testing protocols, and the application
of bacterial reduction methods have significantly reduced
the risk of transfusion-transmitted bacterial infections [1–
3]. Nevertheless, the risk of bacterial transmission has not
been completely eliminated and there is a recognised need for

continued research to improve the efficacy of these methods
and to minimise incidental adverse changes in biological flu-
ids, such as cellular blood components preserved in plasma,
which can compromise product quality and safety [4–6].

A number of bacterial reduction methods have been
developed for plasma treatment, and pathogen reduced
plasma is routinely used [7], with several of these methods
now licensed for use in North America and Europe [5]. The
original methods developed for plasma treatment included
the use of solvent/detergent and methylene blue in com-
bination with visible light [8–11]. More recently, developed
methods have employed ultraviolet (UV) light. Exposure to
amotosalen (S-59) plus long-wave ultraviolet (UVA) light
[12, 13] and treatment with riboflavin and UV light [7, 14]
have been developed to treat both plasma and platelets.

Hindawi Publishing Corporation
Journal of Blood Transfusion
Volume 2016, Article ID 2920514, 11 pages
http://dx.doi.org/10.1155/2016/2920514

http://dx.doi.org/10.1155/2016/2920514


2 Journal of Blood Transfusion

Whilst light-based processes have typically used photosen-
sitive chemicals to generate microbicidal effects, a UV-C-
based pathogen reduction system without a requirement for
photoactive substances has been developed and is undergoing
clinical efficacy and safety testing [15–17].

It is generally accepted that all these methods have limi-
tations [5, 7], and because the full extent of future microbi-
ological challenges cannot be predicted, pathogen reduction
technologies will remain an active area of investigation in
transfusion medicine well into the future [1, 4].

Here, we report the first proof-of-concept results on the
use of a novel visible violet-blue light method that does
not require the addition of photosensitive chemicals for
inactivation of bacterial pathogens in plasma. This method
utilises light with a peak wavelength of 405 nm, which
causes photoexcitation of endogenous microbial porphyrin
molecules and oxidative damage through reactive oxygen
species [18]. 405 nm light has previously been shown to
inactivate a wide range of bacterial pathogens in laboratory
tests [19–28] as well as in hospital settings with use as
an environmental disinfection technology [29–31] and also
potential for wound decontamination applications in clinical
settings [32–34]. An advantage of this technology over UV
light for certain applications is that, even at irradiance values
anddose levels that are bactericidal, it can be applied safely for
human exposure. Therefore, we envisioned that this feature
makes 405 nm light of potential interest for decontamination
of injectable stored biological fluids such as blood plasma
or plasma containing cellular blood components. Tests on
bacterial-seeded plasma were carried out on both small-
scale liquid samples and artificially contaminated prebagged
plasma. Direct treatment of prebagged plasma was facilitated
by the highly transmissible properties of 405 nm light, and
the bacterial inactivation results obtained using this novel
approach are described for the first time in this paper.

2. Materials and Methods

2.1. Bacterial Cultures. Theorganisms used in this study were
Staphylococcus aureus NCTC 4135, Staphylococcus epider-
midisNCTC 11964, and Escherichia coliNCTC 9001. Cultures
were obtained from the National Collection of Type Cultures
(NCTC), Colindale, UK. For experimental use, bacteria were
cultured in 100mL nutrient broth at 37∘C under rotary
conditions (120 rpm) for 18 h. Broths were centrifuged at
3939×g for 10 minutes and the pellet was resuspended in
100mL phosphate buffered saline (PBS) and serially diluted
to obtain the required cell density (colony-forming units per
millilitre, CFUmL−1) for experimental use. All culturemedia
were sourced from Oxoid Ltd. (UK).

2.2. Plasma. Lyophilised rabbit plasma (LRP020, E&O Labo-
ratories, UK) was reconstituted using sterile distilled water.
Fresh frozen human plasma (approximately 300mL bag
volume) was obtained from the Scottish National Blood
Transfusion Service (SNBTS, UK) and defrosted before
experimental use. Study involving human subjects protocol
was approved by FDA Risk Involved in Human Subjects
Committee (RIHSC, Exemption Approval # 11-036B) and

by the University of Strathclyde Ethics Committee (letter
dated 10 February 2011). Rabbit plasma and human plasma
suspensions were seeded with known concentrations of
bacterial contaminants by adding bacterial-PBS suspension
to the plasma.

2.3. 405-nm Light Source. The 405 nm light sources used
were rectangular arrays of 99 LEDs in an 11 × 9 matrix
(Opto Diode Corp., USA).The array had a centre wavelength
close to 405 nm, with a bandwidth of approximately 10 nm
at full width at half maximum (FWHM). The LED array
was powered by a direct current supply, and, for thermal
management, the LED array was bonded to a heat sink and
fan, thus ensuring that heating had no effect on the test
samples exposed to the 405 nm light (device patent pending
[35]).

2.4. 405 nm Antimicrobial Light Treatment. Three arrange-
ments were employed for exposure of three different sample
volumes: 3mL, 30mL, and approximately 300mL (whole
plasma transfusion bags). For exposure of 3mL sample
volumes, the samples were held in the well of a 12-well
microplate (without the lid), and the LED array wasmounted
in a polyvinyl chloride (PVC) housing which positioned
the array approx. 3 cm directly above the sample. Irradiance
at the sample surface was measured to be approximately
100mWcm−2 (measured by using a radiant power meter and
photodiode detector; LOT-Oriel Ltd.).

For exposure of 30mL sample volumes, the human
plasma was held in a sterile 90mm Petri dish with the lid
on. The LED array was positioned 8 cm directly above the
closed sample dish, providing irradiance of approximately
8mWcm−2, through the lid, at the centre of the sample
dish.

For exposure of plasma bags, a test rig was constructed
which held two 405 nm LED arrays at a distance of 12 cm
above the horizontally positioned plasma bag. This arrange-
ment provided irradiance of approximately 5mWcm−2 at the
centre position of the plasma bag, taking into account a 20%
reduction in irradiance as the light transmits through the bag
layer. In order to investigate the influence of higher irradiance
on bacterial inactivation, plasma bags were also exposed
using irradiance of 16 and 48mWcm−2.This higher irradiance
was achieved by using two high-power 405 nm LED arrays
(PhotonStar Technology, UK), with 14 nm FWHM.

All experimental systems were held in a shaking incuba-
tor (72 rpm; 25∘C) to allow continuous sample agitation and
maintain exposure conditions. Samples seeded with bacterial
contamination were treated with increasing exposures of
405 nm light. Control samples were held in identical condi-
tions but shielded from the 405 nm light.

The optical profiles of the light distribution across the
Petri dishes and transfusion bags (plotted using MATLAB
R2012b software) demonstrate the nonuniform irradiance
of the plasma (Figures 2(a) and 3(a)); however, continuous
agitation of the plasma samples during treatment ensures
uniform mixing of the plasma contaminants. Negligible
variationwas recorded across the 22mmdiameter of the 3mL
samples.
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2.5. Determination Whether Light Induces Toxicity within
Human Plasma. To ensure that bacterial inactivation was
not the result of the plasma becoming toxic upon exposure
to 405 nm light, S. aureus (1 × 103 CFUmL−1) was seeded
into 3mL plasma that had been preexposed to 1.08 kJcm−2
405 nm light at irradiance of 100mWcm−2 (the highest dose
employed in the present study) and samples were taken at
30min intervals for up to 3 hr.

2.6. Bacterial Enumeration. Following 405 nm light expo-
sure, samples were either plated onto nutrient agar using
an automatic spiral plater (Don Whitley Scientific, UK)
or manually spread by using sterile L-shaped spreaders,
depending on the expected population density of the samples.
Sample plates were incubated at 37∘C for 24 hours and then
enumerated with the surviving bacterial load reported as
colony-forming units per millilitre (CFUmL−1).

2.7. Inactivation Data Analysis. Results are reported as sur-
viving bacterial load (log

10
CFUmL−1) as a function of dose

and are presented as mean values from triplicate indepen-
dent experiments (𝑛 = 3). Dose (J cm−2) is calculated as
the product of the irradiance (W cm−2) multiplied by the
exposure time (sec), with the irradiance value being the
maximum measured at the centre position of the sample
dish/bag. Significant differences in the results were identified
using 95% confidence intervals and one-way analysis of
variance (ANOVA) with Minitab software Release 16. For
dose response curves the dose that reduces log

10
CFU count

at 0 dose by 50%was estimated.This 50% log
10
reduction was

estimated using curve fitting software (GraphPad Prism V6)
and quadratic or 5PL variable slope sigmoidal curves with R-
squared fits in excess of 90%.

2.8. Optical Analysis of Plasma. The transmission values
for rabbit plasma and human plasma, PBS, and the blood
bag material were measured by using a BioMate 5 UV-
Visible Spectrophotometer (Thermo Spectronic). Analysis
was carried out in thewavelength range of 220–700 nm. Fluo-
rescence spectrophotometry (RF-5301 PC spectrofluoropho-
tometre; Shimadzu, US) was used to determine whether
plasma or PBS contained photosensitive components which
could be excited by 405 nm light. Excitation was carried out
at 405 nm and emission spectra were recorded between 500
and 700 nm.

3. Results

3.1. Inactivation of Microbial Contaminants in 3mL PBS and
Plasma. Results from the exposure of PBS, rabbit plasma,
and human plasma seeded with bacterial contamination
(105 CFUmL−1) to 100mWcm−2 405 nm light are presented
in Figure 1. Results demonstrate that bacterial inactivation
in PBS is achieved using the lowest dose. Data for S.
aureus (Figure 1(a)) show that near complete inactivation
(<10 CFUmL−1 surviving) of the organism in PBS was
achieved after exposure to a dose of 60 Jcm−2. To achieve a
comparable reduction in rabbit plasma and human plasma,

4.5 times the dose was required (270 Jcm−2 compared to
60 Jcm−2). 50% log

10
reductions were estimated to occur at

doses of 23, 224, and 181 Jcm−2 for PBS, rabbit plasma, and
human plasma, respectively.

Similar inactivation kinetics was observed for S. epider-
midis (Figure 1(b)), although this species showed compar-
atively greater susceptibility to 405 nm light when exposed
in plasma. The 50% log

10
reductions were obtained in PBS,

rabbit plasma, and human plasma at 36, 121, and 174 Jcm−2
respectively. Reduction of E. coli contamination required
markedly increased doses (Figure 1(c)).The 50% log

10
reduc-

tions required doses of 328, 585, and 742 Jcm−2 for PBS, rabbit
serum, and human serum, respectively. For inactivation in
PBS, 450 Jcm−2 was required for near complete inactivation
(<10 CFUmL−1 surviving): 7.5 times more than observed
with the staphylococci. Inactivation of E. coli contamination
in plasma again required increased doses compared to sus-
pension in PBS, with a 5-log

10
reduction in human plasma

achieved after a dose of 1.08 kJcm−2.

3.2. Determination of Light Induced Toxicity within Human
Plasma. No significant change in the seeded 103 CFUmL−1
population [𝑃 = 0.663] was evident in the bacterial contam-
ination added to plasma after exposure, thus indicating no
residual toxicity in 405 nm light-exposed plasmawhich could
induce the inactivation of microbial contaminants.

3.3. Inactivation of Contaminants in Larger Volumes of
Human Plasma

3.3.1. 30mL Volume in Covered Sample Dish. Figure 2 dem-
onstrates the inactivation of low density S. aureus contamina-
tion in 30mL plasma in a closed Petri dish using irradiance of
∼8mWcm−2. Results for a seeding density of 103 CFUmL−1
(Figure 2(b)) demonstrate that exposure to doses of greater
than 100.8 Jcm−2 caused significant inactivation of the con-
tamination [𝑃 = 0.030], with near complete inactivation
achieved with 230.4 Jcm−2. Control contamination levels rose
significantly by approximately 1-log

10
over the course of the

experiment [𝑃 < 0.001]. Similar results were observed
for inactivation of the 102 CFUmL−1 contamination levels
(Figure 2(c)): significant inactivation became evident after
exposure to a dose of 115.2 Jcm−2 [𝑃 = 0.009], with
near complete inactivation achieved with 187.2–230.4 Jcm−2.
Control contamination levels remained relatively unchanged
[𝑃 = 0.255]. Significant inactivation of a 101 CFUmL−1
seeding population was shown after a dose of 115.2 Jcm−2
[𝑃 = 0.031], with near complete inactivation achieved by
exposure to doses of 201.6–230.4 Jcm−2 (Figure 2(d)). Control
contamination levels showed no significant change compared
to the exposed samples [𝑃 = 0.054].

3.3.2. Decontamination of Plasma in a Blood Bag. Inactiva-
tion of low density (101–102 CFUmL−1) bacterial contam-
inants within plasma transfusion bags was achieved using
irradiance as low as 5mWcm−2 (Figure 3(b)). A notable
downward trend in contamination was observed after expo-
sure to 108 Jcm−2, with a significant 0.6 log

10
reduction
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Figure 1: Inactivation of bacterial contamination: (a) S. aureus, (b) S. epidermidis, and (c) E. coli, in phosphate buffered saline (PBS) rabbit
plasma and human plasma by exposure to 405 nm light with irradiance of approximately 100mWcm−2 (n = 3 ± SD). Nonexposed control
samples for all experiments demonstrated no significant change in population over the exposure period [𝑃 ≥ 0.05].

in contamination [𝑃 ≤ 0.001]. Complete/near complete
inactivation was achieved after exposure to 144 Jcm−2 [𝑃 =
0.017]. This slightly reduced inactivation rate, compared to
that found within the sample dishes, is due to the lower
irradiance light being used for exposure. Contamination
levels in the control plasma bags rose by approximately 0.5-
log
10
[𝑃 = 0.052]. Similar inactivation kinetics was obtained

for seeded transfusion bags exposed to irradiance of 16
and 48mWcm−2, with contamination levels decreasing upon
exposure to increasing treatment. Comparison of the results
for the three irradiance levels used demonstrated that when

looking at exposure time (Figure 4(a)) the decontamination
effect observed with 16 and 48mWcm−2 is relatively com-
parable, with inactivation being slightly slower when using
the lowest irradiance of 5mWcm−2. However, when looking
at the actual dose levels applied (Figure 4(b)), it is apparent
that the germicidal efficiency (defined as log

10
reduction of a

bacterial population [log
10
(𝑁/𝑁

0
)] by inactivation per unit

dose in Jcm−2 [23]) of the 5mWcm−2 irradiance is greater
than that of the irradiance of 16 and 48mWcm−2 (𝑃 = 0.007
and 0.013, resp.). Comparison of exposure to doses in the
region of 140–180 Jcm−2 highlights this difference in efficacy,
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Figure 2: Inactivation of S. aureus contamination in 30mL volumes of human plasma held in a closed sample dish by exposure to 405 nm
light. (a)Three-dimensional model demonstrating the irradiance profile across the sample dish, with irradiance of ∼8mWcm−2 at the centre.
Populations of (b) 103, (c) 102, and (d) 101 CFUmL−1 were used as the seeding densities (n = 3 ± SE). Asterisks (∗) represent data points,
where the bacterial levels in light-exposed plasma were significantly different from the equivalent nonexposed control [𝑃 ≤ 0.05].
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Figure 3: 405 nm light exposure of contaminated humanplasma transfusion bags. (a)Three-dimensionalmodel demonstrating the irradiance
profile across the plasmabag,with irradiance of∼5mWcm−2 at the centre. (b) Inactivation of S. aureus contamination in 300mLbags of human
plasma by exposure to 405 nm light (n = 3 ± SE). Asterisks (∗) represent data points, where the bacterial levels in light-exposed plasma were
significantly different from the equivalent nonexposed control [𝑃 ≤ 0.05].

with a 1.91 log
10

reduction being achieved after exposure to
5mWcm−2 for 8 h (144 Jcm−2), a 1.14 log

10
reduction being

achieved after exposure to 16mWcm−2 for 3 h (172.8 Jcm−2),
but only a 0.08 log

10
reduction observed after 1 h exposure to

48mWcm−2 (172.8 Jcm−2).

3.4. Optical Analysis of Plasma. Spectrophotometric analysis
shows that transmission of 405 nm light through plasma is
low (1-2%) compared with transparent PBS (99%), and this
correlates with the longer exposure times/increased doses
required for comparative microbial inactivation in plasma
compared to PBS. Figure 5(a) highlights the transmissi-
bility of the Petri dish material and the blood bag, with
results showing that 405 nm light can transmit through
these materials, thus permitting decontamination of the
blood plasma whilst being contained in the sample dish
and blood bag. The fluorescence emission spectra of rabbit
plasma and human plasma and PBS demonstrated that exci-
tation of the suspensions at 405 nm produced no prominent

fluorescence emission peaks between 500 and 700 nm
(Figure 5(b)).

4. Discussion

In order to assess the potential of 405 nm light for decontam-
ination of blood plasma, the penetrability and antimicrobial
efficacy of 405 nm light in plasma required evaluation, and
the aim of this studywas to determine the antibacterial effects
of 405 nm light at varying irradiance on bacteria seeded
in blood plasma ranging from small volume samples up to
prebagged plasma.

Initial investigation of the inactivation of bacterial con-
taminants in low volume (3mL) plasma samples using
100mWcm−2 405 nm light demonstrated that successful
inactivation could be achieved in both rabbit plasma and
human plasma. Significantly greater doses were required for
inactivation of bacterial contaminants when being suspended
in plasma compared to PBS, and this is accredited to the
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Figure 4: Comparison of the exposure times (a) and doses (b) required for inactivation of S. aureus contamination in human plasma
transfusion bags. (a) Inactivation kinetics was achieved utilising irradiance of 5, 16, and 48mWcm−2 at the centre of the bags. Results are
presented as log

10
reduction (CFUmL−1) as compared to the equivalent nonexposed control samples (n = 3 ± SD). Germicidal efficiency

(GE) values for each irradiance are shown in (b). (GE is defined as log
10
reduction of a bacterial population [log
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(𝑁/𝑁
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)] by inactivation

per unit dose in Jcm−2).
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Figure 5: Optical analysis. (a) Transmission properties of the Petri dish and blood bag material, highlighting 405 nm and UV-C light
wavelengths for reference. (b) Fluorescence emission spectra of PBS and plasma (500–700 nm), detected using an excitation wavelength
of 405 nm.

differing optical properties of these suspending media. The
opacity, and consequent low transmissibility of plasma (Fig-
ure 5(a)), reduces photon penetration through the suspen-
sion, resulting in the requirement for greater doses, compared
with suspension in clear, transparent liquids such as PBS.
Despite this, these proof-of-principle results demonstrate

that significant inactivation of bacterial contaminants in
human plasma can be achieved; and the higher the irradiance
of light applied, the shorter the exposure time required for
successful inactivation.

Despite the optical transmission properties of rabbit
plasma and human plasma being relatively similar, slight
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differences were recorded between the susceptibilities of the
bacterial contaminants when seeded in these media. This
is likely due to the batch-to-batch variation in color and
opacity of the rabbit plasma and, in particular, the human
plasma. Indeed, optical analysis of a number of human
plasma bag samples (𝑛 = 30) demonstrated variation in
transmission at 405 nm between 0.2 and 25% (Maclean,
Anderson, MacGregor, and Atreya; unpublished data). This
is likely the reason for the large standard deviation in some of
the data points in the inactivation kinetics for the prebagged
plasma.

The bacterial species used in this study were selected
to represent significant contaminants associated with blood
components [3]. Although only three organisms were
utilised, the wide antimicrobial efficacy of 405 nm light has
been reported in a number of publications [20, 22, 23, 25, 36].
It is therefore expected that these organisms would also be
successfully inactivated by 405 nm light when suspended
in plasma. Typically, Gram-positive bacteria tend to have
greater susceptibility to 405 nm light than Gram-negative
bacteria [23], and this is consistent with the results reported
here, with approximately 4 times greater dose required to
inactivate E. coli in plasma, compared to the staphylococci.
Interestingly, the difference between the susceptibilities of
the staphylococci and E. coli was less pronounced when
suspended in plasma compared to in PBS (4 versus 7.5 times
the dose required).

The initial exposure tests in this study to establish proof
of principle utilised low volumes of plasma seeded with
high population densities of bacterial contaminants at a level
of 105 CFUmL−1. A more realistic scenario involves larger
volumes of plasma contaminated with low microbial densi-
ties. Indeed, it has been reported that the levels of naturally
occurring bacterial contamination in plasma are likely to be
as low as 10–100 bacterial cells per product at the beginning
of storage [37]. Accordingly, experiments were scaled up 10-
fold and 100-fold using larger plasma volumes seeded with
bacterial contamination levels down to 101 CFUmL−1, using
S. aureus as the model organism. Results demonstrated that
bacterial contamination levels, even less than 10CFUmL−1,
can be significantly reduced in larger volumes of plasma by
exposure to 405 nm light. It was interesting to note that when
using similar irradiance values the bacterial inactivation rates
in the 30mL and 300mL sampleswere very similar (∼1.5 log
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reductions with a dose of 144 Jcm−2—Figures 2(c) and 3(b))
despite the 10-fold difference in sample volume. Although the
sample volumes were different, the depths of plasma were
similar (∼1-2 cm in both cases), thus indicating that when
using similar irradiance values it is the depth of plasma that
is likely to influence the light inactivation efficacy rather
than the overall sample volume. Also, results demonstrated
that use of lower irradiance is likely to be more efficient,
in terms of both optical energy and antimicrobial activity,
compared to higher irradiance.This is possibly due to the fact
that there is a critical level of photons that can be involved
in the photoexcitation of the bacterial porphyrin molecules,
and above this irradiance level, there is provision of excess
photons which, although exposing the cells, are unable to

contribute to the reaction due to the fact that there is a limit
on the free porphyrin to photon ratio.

In addition to demonstrating efficacy when applied to
larger volumes of plasma, these experiments highlighted that
the 405 nm light disinfection effect can be achieved through
transparent packaging. A similar effect was reported in a
recent study which highlighted the ability of 405 nm light
to decontaminate biofilms on the underside of transpar-
ent materials [38]. The ability of 405 nm light to transmit
through the PVC bag layer to treat the plasma is particularly
advantageous as it opens up the possibility for prebagged
plasma to be treated immediately prior to storage, without
the need for addition of photosensitizers, and/or passing the
plasma through external decontamination systems, which
can potentially introduce new contamination into the plasma
products [6]. The transmissibility of 405 nm light is also a
significant advantage over UV-C light, which is blocked by
the PVC bag material (Figure 5(a)). Measurements in the
present study demonstrated that transmission of 405 nm light
through the blood component bag material resulted in an
approximate 20% loss in irradiance; however, light irradiance
can be increased through the use of higher power light
sources in order to compensate for this loss if required. Future
developments would also look to improve the uniformity of
the light systems used to treat the plasma.

Published studies have identified microbial endogenous
porphyrin molecules as the key photosensitive targets which
initiate the lethal oxidative damage exerted by 405 nm and
other violet light wavelengths [19, 32]. Since human blood
also contains porphyrins and porphyrin derivatives, it was
important to establish that inactivation by 405 nm light in our
study was a result of the photoexcitation reaction within the
microbial contaminants and not a consequence of excitation
of any photosensitive molecules within the plasma, and this
was evidenced by the absence of antimicrobial toxicity to
bacterial contaminants seeded into the 405 nm light-exposed
plasma. Qualitative analysis of the rabbit plasma and human
plasma also detected no notable fluorescence emission peaks
between 500 and 700 nm when excited at 405 nm, thus
indicating no significant levels of free porphyrins or other
photoexcitation sources within the plasma which might have
acted as exogenous photosensitizers for the inactivation of the
microbial contaminants.

The 405 nm light doses required in this study for the
decontamination of blood plasma have been in the region
of 158 Jcm−2 and above. These doses are relatively high
compared to those typically required for other light-based
methods, and this is due to the higher germicidal efficacy of
UV light compared to 405 nm light [39], and the involvement
of photosensitizing compounds such as riboflavin, methy-
lene blue, and amotosalen also accelerates the antimicrobial
effects of light, with doses as low as 6.24 JmL−1 being
reported as sufficient for use [7, 40], significantly lower
than 83 JmL−1 used in the present study (calculated based
on the 158 Jcm−2 dose, transfusion bag dimensions, and
volume). This benefit, however, is counterbalanced by the
fact that photosensitizers are added to the blood products,
and significant care must be taken to ensure that there is
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no toxicity to the blood components or the recipient due to
the presence of residual photosensitizers [6]. Methods util-
ising UV-C light are currently under development and also
demonstrate efficient microbial inactivation [16]. Although
it does not require photosensitizers, UV-C is naturally more
germicidal than 405 nm light; however, as mentioned, the
limited penetrability of shortwave UV-C radiation means
it is unable to decontaminate plasma packed in blood
bags, as evidenced in the present study using 405 nm light
(Figure 4(a)). The longer wavelength of 405 nm light also
confers other benefits when compared to UV light, including
reduced polymer degradation and increased human safety
[41, 42].

Due to the absence of cells, solvent/detergent treatment,
methylene blue and visible light, amotosalen and UV-A light,
riboflavin and UV, and UV-C light are generally accepted
as being suitable for plasma decontamination. This study
has generated significant evidence of the efficacy of 405 nm
light for decontamination of blood plasma as a model system
to study injectable biological fluids. Since person-to-person
variation in the activity of plasma proteins in healthy indi-
viduals is known to be significant, any loss in plasma integrity
due to 405 nm light treatment is unlikely to have noticeable
clinical impact. Further, since violet-blue light (405 nm) is
relatively safer compared to already accepted UV light-based
methods [39], its impact on plasma integrity has the potential
to be reduced. Nonetheless, it is important in future studies
to establish what effects are imparted onto plasma proteins
when exposed to antimicrobial levels of 405 nm light relative
to UV light exposure.

5. Conclusions

Overall, this study provides the first evidence that 405 nm
light has the ability to inactivate bacterial contamination
within biological fluids such as blood plasma. Significant
inactivation of microbial contaminants was achieved in
plasma samples of varying volumes held in different contain-
ers including prebagged plasma. The penetrability of 405 nm
light and the nonrequirement for photosensitizing agents
provide this antimicrobial method with unique benefits that
could support its further development as a potential alter-
native to UV light-based systems. Further work is, however,
required not only to extend the microbiological data but also
to investigate the compatibility of 405 nm light with plasma
components before its potential for plasma decontamination
can be fully assessed. Although this study has focused on the
antimicrobial effects of 405 nm light for the decontamination
of plasma, it will also be of interest to establish whether
bacterial reductions can be achieved in platelets stored ex
vivo in plasma-based suspensions, which have a significantly
greater risk of contamination due to the limitations of their
storage conditions.
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Background. Whole blood donations in Canada are processed by either the red cell filtration (RCF) or whole blood filtration
(WBF) methods, where leukoreduction is potentially delayed in WBF. Fresh WBF red blood cells (RBCs) have been associated
with increased in-hospital mortality after transfusion. Cell-free DNA (cfDNA) is released by neutrophils prior to leukoreduction,
degraded during RBC storage, and is associatedwith adverse patient outcomes.We explored cfDNA levels in RBCs prepared byRCF
andWBF and different storage durations.Methods. Equal numbers of fresh (stored ≤14 days) and older RBCs were sampled. cfDNA
was quantified by spectrophotometry and PicoGreen. Separate regression models determined the association with processing
method and storage duration and their interaction on cfDNA. Results. cfDNA in 120 RBC units (73 RCF, 47 WBF) were measured.
Using PicoGreen, WBF units overall had higher cfDNA than RCF units (𝑝 = 0.0010); fresh WBF units had higher cfDNA than
fresh RCF units (𝑝 = 0.0093). Using spectrophotometry, fresh RBC units overall had higher cfDNA than older units (𝑝 = 0.0031);
fresh WBF RBCs had higher cfDNA than older RCF RBCs (𝑝 = 0.024). Conclusion. Higher cfDNA in fresh WBF was observed
compared to older RCF blood. Further study is required for association with patient outcomes.

1. Introduction

Transfusion of red blood cells (RBCs) is one of the most
widely used therapies in clinical medicine. In Canada,
approximately 1.5 million transfusions were given each year
from 2006 to 2012, with the majority being red blood cells
(RBC). Emerging data suggests that there is variability inRBC
product quality depending on the method used to process
the whole blood donations and the duration of RBC storage
[1]. Since 2008, Canadian Blood Services (CBS) produce
RBCs using two different methods in an approximately 1 : 1
ratio, the red cell filtration (RCF) (also called buffy coat)

method and the whole blood filtration (WBF) method [2].
In the RCFmethod, whole blood is held at room temperature
for a maximum 20 hours before separation into platelets,
plasma, andRBCs and red cell leukoreduction occurs at room
temperature. In the WBF method, the whole blood is cooled
within 8 hours of collection to 4∘C and then leukoreduced in
the cold and processed into plasma andRBCs any timewithin
72 hours of the collection.

Differences in processing method may have a negative
impact on patient outcomes [1, 3]. A retrospective review
of over 23,000 patients receiving approximately 92,000 RBC
transfusions over a six-year period in three tertiary care
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centers demonstrated higher in-hospital mortality in patients
who received WBF products with a shorter storage duration
(less than 8 days) compared to patients who received RCF
products with a longer storage duration [4]. One difference
between the two methods of whole blood processing is the
timing and temperature of leukoreduction. In blood products
that have not undergone leukoreduction, there are significant
levels of cfDNA and associated histones that increase with
time [5]. Both are released in the form of neutrophil extracel-
lular traps (NETs) by neutrophils in the presence of microbial
or inflammatory stimuli [6]. cfDNA activates coagulation
via the contact pathway [7]. Interactions with platelets and
neutrophils can result in microvascular thrombosis, leading
to tissue hypoxia and endothelial damage. Histones activate
platelets [8], induce neutrophil accumulation in organs [9],
and cause endothelial cell toxicity [10]. cfDNA can also be
released frommitochondria, in which case it is not associated
with histones. Mitochondrial DNA (mtDNA) has similar
procoagulant and platelet-stimulating potential as nuclear
cfDNA but also has distinct proinflammatory properties
[11, 12]. In animal models, reducing NETs with a DNA-
digesting enzyme or inhibiting NETs with anti-histone anti-
bodies results in improved survival in an animal model of
transfusion-associated lung injury [13], and neutralizing his-
tones with antibodies can rescue mice from lethal sepsis [14].
In humans, circulating cfDNA levels have been associated
with deep vein thrombosis, increased risk of mortality in
septic patients [15], increased severity in trauma patients, and
thrombosis in cancer patients [16]. Thus, the cfDNA released
from white blood cells is potentially harmful.

We hypothesized that the delay in leukoreduction in
blood processed by the WBF method may lead to higher
amounts of cfDNA released from leukocytes, thereby poten-
tially explaining the observed association with increased
mortality when the WBF product is transfused. We also
hypothesized that DNases in blood may contribute to degra-
dation of DNA over time and thus fresh blood will have
higher amounts of cfDNA compared to older blood. To test
these hypotheses, we measured cfDNA in RBC products
and correlated these levels with the method of whole blood
processing and duration of storage.

2. Materials and Methods

2.1. Sample Collection. Approximately 5mL was sampled
from packed RBC units in the Transfusion Medicine labora-
tory at theMcMaster site of HamiltonHealth Sciences using a
sterile docking device. Samples were consecutively collected
to meet a 1 : 1 ratio of fresh blood (defined as having a storage
time of 14 days or less) or older (storage time greater than
14 days) blood. We utilized a cutoff of 14 days or less for
fresh blood as it was the most common definition utilized
for fresh blood [17]. The samples were immediately spun at
1700 g for 10 minutes, and the supernatant was aliquoted and
frozen at −80∘C. DNA from 200𝜇L of thawed supernatant
was extracted into 200𝜇L of AE buffer (elution buffer) using
the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany)
as per the manufacturer’s directions.

Anonymized data including product number and storage
duration were recorded from the unit at the time of sampling.
The unique product numbers were documented and sent
to Canadian Blood Services who provided the method of
processing for each unit. The protocol was approved by the
Hamilton Integrated Research Ethics Board and the Research
Ethics Board at Canadian Blood Services.

2.2. Measurement of Cell-Free DNA Concentration. DNA
concentration was determined by spectrophotometry, with
concentration of DNA measured with UV absorbance at
260 nm on an Eppendorf Biophotometer Plus (Eppendorf,
Hamburg, Germany). The PicoGreen assay (Life Technolo-
gies, Carlsbad, CA) was performed as per the manufacturer’s
directions, where a smaller volume of 100𝜇L per sample was
used and read in 96-well opaque black plates.

2.3. Statistical Analysis. Statistical analysis was performed
using computer software (SAS Version 9.3, Cary, North
Carolina). Descriptive analyses of continuous variables were
reported as mean and standard deviations. General linear
regression models were conducted to determine the asso-
ciation between age of blood and whole blood processing
method independently with cfDNA concentration by spec-
trophotometry or PicoGreen. Age of bloodwas analyzed both
as a dichotomous variable (with fresh blood denoted as being
stored for 14 days or less and older blood denoted as being
stored for 15 days or more) and a continuous variable. The
interacting effect between age of blood as a dichotomous
variable and processing method on cfDNA measurements
was also assessed in a separate regression model with an
interaction term. Bonferroni adjustment was used for mul-
tiple comparisons and results were considered significant at
𝑝 values of less than 0.025. As a secondary analysis, we also
assessed if longer duration before leukoreduction predicted
higher levels of cfDNA.

2.4. Sample Size Calculation. In another study analyzing
cfDNA levels in stored blood [5], healthy control donors
had a mean plasma cfDNA level of approximately 50 ng/mL.
The mean level of cfDNA found in nonleukoreduced RBC
units stored for 42 days was approximately 100 ng/mL (SD
30 ng/mL), an increase of 100%.We hypothesized that cfDNA
will increase by approximately 50% in WBF units compared
with RCF units. Calculating sample size using a two-sided
test, an alpha of 0.05, and a desired power of 0.80, the sample
size for each group was determined to be 48 samples. The
method by which a unit of blood is processed is not known
when the RBC arrives at the hospital; however, the ratio of
RCF and WBF units produced by Canadian Blood Services
is approximately 1 : 1; hence, we estimated that sampling 120
RBC units would provide a 95% probability of having at least
48 samples by each production method.

3. Results

120 units were sampled in total, with 60 being fresh units
(≤14 days of storage duration) and 60 being older units. Of
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Table 1: Differences in cfDNA between red blood cells (RBCs) processed by whole blood filtration (WBF) and red cell filtration (RCF).

RBCs processed by WBF RBCs processed by RCF 𝑝 value
cfDNA by PicoGreen
(mean ng/mL ± SD)

1.08 ± 0.90
(𝑛 = 44)

0.50 ± 0.77
(𝑛 = 73) 0.0010

cfDNA by Spectrophotometry
(mean 𝜇g/mL ± SD)

3.57 ± 1.99
(𝑛 = 47)

3.28 ± 1.28
(𝑛 = 73) 0.088

Table 2: The Interaction between storage duration and processing method on differences in cfDNA.

Assay Red cell storage
duration

Method of whole blood processing
𝑝 valueWhole blood

filtration (WBF)
Red cell filtration

(RCF)

cfDNA by PicoGreen (mean ng/mL ± SD)
Fresh (≤14 days) 1.16 ± 1.14

(𝑛 = 15)
0.37 ± 0.77
(𝑛 = 44) 0.0093

Older (>14 days) 1.04 ± 0.78
(𝑛 = 29)

0.68 ± 0.74
(𝑛 = 29) 0.33

cfDNA by spectrophotometry (mean 𝜇g/mL ± SD)
Fresh (≤14 days) 4.15 ± 2.47

(𝑛 = 16)
3.63 ± 1.25
(𝑛 = 44) 0.67

Older (>14 days) 3.27 ± 1.65
(𝑛 = 31)

2.75 ± 1.15
(𝑛 = 29) 0.57

the 60 fresh units, 48 (80%) had a storage duration of less
than 8 days. After the method of processing was provided
by Canadian Blood Services, it was determined that 73 units
were made with the RCF method and 47 were made by the
WBF method.

3.1. WBF Processed RBC Units Had Higher cfDNA Compared
to RCF Units Processed Units by PicoGreen. To test our
hypothesis that WBF processed RBC units have higher
amounts of cfDNA, we compared cfDNA concentrations in
WBF and RCF RBC units. cfDNA was significantly higher
in WBF RBCs compared to RCF units when quantified by
PicoGreen (1.08 ± 0.90 ng/mL versus 0.50 ± 0.77 ng/mL,
𝑝 = 0.0010) (Table 1). When the interaction between
storage duration and processing method was considered
for cross-comparisons, fresh WBF RBCs had significantly
higher levels of cfDNA than fresh RCF RBCs as measured
by PicoGreen (1.16 ± 1.14 ng/mL versus 0.37 ± 0.77 ng/mL,
𝑝 = 0.0093) (Table 2). No significant difference was seen
between cfDNA in WBF and RCF RBCs when measured by
spectrophotometry (𝑝 = 0.088), although the absolute values
were concordant with the findings by PicoGreen. Similar
results were obtained when age of blood was analyzed as
a continuous variable. In this analysis, there was a trend
towards increased cfDNAmeasured by spectrophotometry in
WBF compared to RCF RBCs overall (𝑝 = 0.063).

3.2. Fresh RBC Units Had Higher cfDNA Compared to Older
RBC Units by Spectrophotometry. Fresh RBCs were found
overall to have a significantly higher concentration of cfDNA
compared to older RBCs using spectrophotometry (3.77 ±
1.66 𝜇g/mL versus 3.02 ± 1.44 𝜇g/mL, 𝑝 = 0.0031) (Table 3).
This association strengthened when age of blood was ana-
lyzed as a continuous variable (𝑝 = 0.00066). When the
interaction between storage duration and processing method

was considered, fresh WBF RBCs had significantly higher
cfDNA compared to older RCF RBCs (𝑝 = 0.024) (Table 2).
No significant difference overall was seen when comparing
cfDNA quantified by PicoGreen in fresh compared to older
units (𝑝 = 0.33), even when age of blood was analysed as a
continuous variable (𝑝 = 0.39).

We examined whether longer time to leukoreduction
predicted higher levels of cfDNA but did not demonstrate an
association, possibly because of relatively small numbers of
products for which data was available (𝑛 = 32).

4. Discussion

Differences in RBC production method could affect clinical
outcomes, with retrospective data suggesting that fresh blood
produced by the WBF method could be associated with
an increased risk of in-hospital mortality [18]. Retrospec-
tive studies of this nature could always be susceptible to
confounding; however, if this association is true, biological
mechanisms that could explain this finding need to be
explored. In this study, we investigated the possibility that
cfDNA levels could vary in different RBC products and
possibly be an explanation for the clinical observations that
have been observed. We found that RBC products produced
by the WBF method have higher levels of cfDNA than
products produced by the RCF method. We also found that
fresh RBC products have higher levels of cfDNA than older
products. Hence, the results of this study are consistent with
the hypothesis that cfDNA in transfused RBC products could
have an impact on patient outcomes.

The results of our study are consistent with other data
showing that the in vitro quality of RBCs varies by method
of processing and storage duration. RBCs processed by
WBF have qualitative differences from RBCs processed by
RCF such as higher residual plasma [19], smaller red cell
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Table 3: Differences in cfDNA between fresh and older blood.

Assay
Duration of red blood cell storage

𝑝 valueFresh blood
(≤14 days)

Older blood
(>14 days)

cfDNA by PicoGreen
(mean ng/mL ± SD)

0.57 ± 0.93
(𝑛 = 59)

0.86 ± 0.78
(𝑛 = 58) 0.33

cfDNA by spectrophotometry
(mean 𝜇g/mL ± SD)

3.77 ± 1.66
(𝑛 = 60)

3.02 ± 1.44
(𝑛 = 60) 0.0031

microvesicles [20], higher amounts of hemolysis at expiry,
lower ATP levels [21], and higher MCV at expiry [1]. A previ-
ous study demonstrated highermtDNAwith RBCs processed
by WBF, where our testing for cfDNA encompasses mtDNA
as well as nuclear cfDNA [21]. mtDNA may potentially have
immunomodulatory properties [11], where nuclear cfDNA
may be more procoagulant [7]. The clinical significance of
these differences is unclear.

There are several limitations to our study. While we
demonstrated the correlation betweenWBF processed blood
with a shorter duration of storage and increased cfDNA
compared to RCF blood with a longer duration of storage, we
cannot conclusively state that methods of blood preparation
and storage duration are causative for our findings. How
NETosis is affected by specific processing variables such as
temperature, centrifugation force, extraction method, filter
design, blood bags used, storage solution, and anticoagulant
was not studied in our exploratory analysis. Other variables
such as donor characteristics were also not assessed and could
also be playing a role in patient outcomes [22]. However,
consecutive sampling of units avoids selection bias and our
sample size was appropriately conservative to account for
potential variation amongst units. We also could not prove
that cfDNA is linked to the pathobiology of fresh WBF units
causing harm as we did not prospectively follow patients
transfused with these units. A prospective study to link
clinical outcomes would require a much larger sample size to
demonstrate a conclusive effect.

A second issue is the difficulty inmeasurement of cfDNA.
We found poor correlation between cfDNA levels measured
by the two methods. This could be due to differences in
sensitivities and specificities of each assay, where PicoGreen is
specific for double-stranded DNA.The significance of single-
stranded DNA and double-stranded DNA is unknown. Both
assays are potentially affected by protein contamination,
most notably with the spectrophotometry method. We also
observed a high degree of variance with cfDNA measure-
ments, where donor factors, specific parameters within whole
blood processing, or poor precision in current methods
of cfDNA measurement could be potential contributors.
However, the higher levels of cfDNA in WBF and in fresher
products by both methods, accounting for multiple tests of
significance, suggest robustness of this finding. We did not
perform testing for histones or nucleosomes. Our results do
not differentiate between nuclear and mitochondrial DNA.

Our study has several strengths. We sampled a relatively
large number of units in relation to our calculated sample
size and explored the effect of duration of storage of blood as

well as the method of whole blood processing. Concordance
of findings in the quantification of cfDNA increases the
robustness of our conclusion of increased cfDNA in fresh
compared to older blood and in WBF compared to RCF
blood. Our finding that older products had less cfDNA
is consistent with results from recent randomized trials
comparing fresh to standard issue (older) blood, as these
studies have not shown that fresh blood is superior [23–25],
with some trials suggesting a trend towards harmwith fresher
blood [18, 24, 26].

A prospective study with patients transfused blood pro-
duced via different methods of whole blood processing
could link adverse patient outcomes to sampled transfused
blood products and recipients. This would allow for testing
of cfDNA levels as well as other biomarkers to elucidate
the mechanisms by which transfusion of specific types of
RBC products lead to adverse patient outcomes. Given its
procoagulant nature, potential outcomes linked to cfDNA
in RBC units that could be studied prospectively include
cardiovascular events such as myocardial infarction, cere-
brovascular accidents, or venous thromboses such as deep
vein thrombosis and pulmonary embolism. In addition,
presence of mtDNA in platelet concentrates has been linked
to nonhemolytic transfusion reactions [27]. A prospective
study may be able to confirm this finding in RBC units.

In conclusion, our study found that red blood cells
processed by the WBF method and red blood cells with a
shorter duration of storage were associated with increased
concentrations of cfDNA. These findings are consistent with
the clinical observations that fresh WBF blood may be
associated with increased mortality in transfused patients.
Further studies are required to confirm these observations
and to understand the pathobiology.
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[24] J. Lacroix, P. C. Hébert, D. A. Fergusson et al., “Age of transfused
blood in critically ill adults,” The New England Journal of
Medicine, vol. 372, no. 15, pp. 1410–1418, 2015.

[25] M. E. Steiner, P. M. Ness, S. F. Assmann et al., “Effects of red-cell
storage duration on patients undergoing cardiac surgery,” The
New England Journal of Medicine, vol. 372, no. 15, pp. 1419–1429,
2015.

[26] C. Aubron, G. Syres, A. Nichol et al., “A pilot feasibility trial of
allocation of freshest available red blood cells versus standard
care in critically ill patients,”Transfusion, vol. 52, no. 6, pp. 1196–
1202, 2012.

[27] K. Yasui, N. Matsuyama, A. Kuroishi, Y. Tani, R. A. Furuta, and
F.Hirayama, “Mitochondrial damage-associatedmolecular pat-
terns as potential proinflammatory mediators in post-platelet
transfusion adverse effects,” Transfusion, vol. 56, no. 5, pp. 1201–
1212, 2016.




