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Abstract

Background: During the storage of packed red blood cells (pRBC), packed cell volume (PCV), bacterial contamination
and percentage of haemolysis [percentage of free haemoglobin (HGB) in relation to the total HGB] are important
quality parameters. Both PCV and haemolysis are indicators of the cellular integrity of stored units. There are no
published experimental studies that evaluated these parameters during storage of feline pRBC using SAGM (adenine,
dextrose, mannitol and sodium chloride) as the additive solution. The present study aims to (1) evaluate the quality of
feline pRBCs stored in SAGM; (2) test for the semi-closed system’s suitability for use and risk of bacterial contamination;
(3) establish the maximum storage time that may be appropriate to meet the criteria established by the United States
Food and Drug Administration (US-FDA) guidelines for human blood banking; and (4) evaluate the need to calculate
the percentage of haemolysis prior to the administration of units stored for more than 4 weeks.
Four hundred eighty nine feline pRBC units were analyzed. Bacterial culture, PCV and percentage of haemolysis were
determined within 6 h after processing (t0). One hundred and eighty units were re-tested for haemolysis and PCV after
29–35 days of storage (t1) and 118 units after 36–42 days (t2).

Results: Bacterial contamination was not detected in any pRBC unit. Mean PCV at t0 was 52.25% (SD: ±5.27)
and decreased significantly (p < 0.001) during storage to 48.15% (SD: ±3.79) at t1 and to 49.34% (SD: ±4.45)
at t2. Mean percentage of haemolysis at t0 was 0.07% (SD: ±0.06) and increased significantly (p < 0.001) to 0.69%
(SD: ±0.40) at t1 and to 0.81% (SD: ±0.47) at t2. In addition, 13.88% and 19.49% of pRBC units exceeded 1%
haemolysis at t1 and t2, respectively.

Conclusions: According to the US-FDA guidelines for human blood banking that recommend a maximum of 1%
haemolysis, the results of this study show that all feline pRBC units with less than 24 h of shelf life have low levels
of haemolysis. However, units preserved up to 28 days can only be administered if tested for haemolysis before
use, since 13.88% units exceeded the 1% limit. The semi-closed system was considered safe for use as bacterial
contamination was not detected in any pRBC unit.
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Background
In the last decades, feline transfusion medicine has signifi-
cantly evolved, the use of packed red blood cells (pRBC)
rather than whole blood was described in 15% and 47% of
feline patients submitted to transfusion [1, 2].
Guaranteeing the safety of haemocomponents is essen-

tial and must be of the utmost importance for blood
banks. Reducing the risks of transfusion reaction re-
quires ensuring that the product is free of blood-borne
pathogens; that there is absence of bacterial contamin-
ation; and that erythrocyte antigens are determined to
avoid allogeneic immune reactions. Furthermore, the
viability of erythrocytes must also be guaranteed.
Reported recommendations for storage of feline pRBC

using additive solutions and citrate-based anticoagulants
vary between 30 and 42 days at 2–6 °C [3–5]. However,
there are no experimental reports aiming to evaluate
haemolysis or bacterial growth in feline pRBC units stored
in such conditions. There is just one publication that
tested for haemolysis and bacterial growth in 27 feline
fresh WB units, using an open collection system [6].
During storage, blood cells maintain their metabolic ac-

tivity, releasing byproducts to the media and suffering
from biologic and immunologic changes, which may affect
red blood cells (RBCs) function and survival. These
changes are known as storage lesions, and may cause ad-
verse effects on the recipients [4, 7–11]. Haemolysis, as
one result from these processes, may be regarded as an in-
dicator of storage lesions. Haemolysis percentage is con-
sidered the standard in human medicine to determine
pRBC’s shelf life [12].
Released byproducts, mainly produced by leucocytes

and platelets, contribute to RBC haemolysis and are an
important cause for transfusion reactions; most of them
of the febrile non-haemolytic type [13, 14].
Units’ haemolysis is highly influenced by the availability

of ATP, produced mainly via anaerobic glycolysis through
the Embden-Meyerhof pathway, catalyzed by phospho-
fructokinase (PFK). ATP is essential to maintain erythro-
cyte function and stability [15–17]. During storage,
hydrogen ion activity inhibits PFK, and it increases with
time as lactic acid accumulates due to anaerobic glycolysis
[18, 19]. As the lack of energy sources becomes critical,
the RBC’s metabolic activity fails to maintain normal func-
tionality, its membrane elasticity reduces, intracellular vis-
cosity increases, and morphological changes occur,
resulting in haemolysis [4, 7, 20–25].
Furthermore, these changes also affect the RBCs

capacity of oxygen distribution and CO2 removal
from tissues [7]. Once in circulation, transfused RBCs
either reassume the original biconcave shape within
24 h or they will be removed by the reticuloendothe-
lial system, thus reducing their survival time on the
recipient [26–28].

By adding saline, dextrose, adenine, and mannitol to
the additive solution used to store RBCs, it is possible to
delay the loss of ATP and increase the pRBC lifetime up
to 44 days [29, 30].
Mechanical and environmental factors may also

affect the RBCs viability [28, 31]. Haemolysis is highly
influenced by the processing, storage and administra-
tion protocols, including the delay between collection
and separation, centrifugation speeds, sterility of the
units, intravenous tubing gauge, occluded needles,
storage temperature, and the units’ PCV [31–35].
Therefore, it is important that such factors are opti-

mized, standardized and monitored, and that quality
controls are periodically done to ensure that the units
are not damaged and the procedures are safe and
effective [32].
It is important to ensure that the transfused units

are minimally haemolyzed, not only to ensure that the
transfused RBCs are functional, but also because free
haemoglobin, resulting from haemolysis, may be an
important cause of transfusion reaction, mainly of the
nonimmune-mediated haemolytic type [36]. Acute fatal
or life-threatening transfusion reactions associated to
the administration of haemolysed pRBCs in dogs have
been described, with clinical signs similar to an acute
haemolytic reaction [10]. When free HGB surpasses
plasma and cellular binding capacities, it acts as an im-
portant vasoactive and redox active protein [37, 38]. It
is also important to notice that free HGB is potentially
toxic for the vascular, myocardial and renal systems,
the toxicity depending on exposure time and concomi-
tant diseases such as renal insufficiency [37, 39–46].
PCV reduction, bacterial contamination, and haem-

olysis are important pRBC quality parameters that
allow for addressing the cellular integrity of stored
units, and are limiting factors for the shelf-life of
stored red blood cells [47]. The Council of Europe and
the U.S. Food and Drug Administration (US FDA)
guidelines for human blood banking recommend that,
at the end of storage, no more than 0.8% and 1%
haemolysis, respectively, is surpassed to ensure that no
haemolysed units are transfused to patients [47, 48].
Similar recommendations, however, lack in veterinary
medicine.
The present study aimed to (1) evaluate the quality

of feline pRBCs stored in SAGM; (2) test for the semi-
closed system’s suitability for use and risk of bacterial
contamination; (3) establish which maximum storage
time may be appropriate to meet the criteria estab-
lished by the United States Food and Drug Administra-
tion (US-FDA) guidelines for human blood blanking;
and (4) evaluate the need for quality control analysis
before administration of units stored for more than
4 weeks.
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Methods
From all units collected between 2014 and 2016 at the
Animal Blood Bank in Spain and Portugal (Banco de
Sangre Animal, Barcelona, Spain\ Banco de Sangue
Animal, Porto, Portugal), one out of each 5 units was
randomly selected for quality control analysis. Thus, a
total of 489 feline fresh whole blood (FWB) units were
analyzed. All donors were indoor healthy cats weighing
4–9 Kg that had been vaccinated, dewormed, tested for
Feline Immunodeficiency Virus, Feline Leukemia virus
(Uranotest FeLV-FIV, Uranovet, El Prat de Llobregat,
Barcelona), Mycoplasma haemofelis, Candidatus Myco-
plasma haemominutum and Candidatus Mycoplasma
turicensis (PCR analysis by Genevet, Algés, Portugal).
Complete blood counts and chemistry profiles prior to
the collection procedures were within normal reference
ranges. No animals where directly involved in this study,
all the data was obtained from the routinary procedures
performed at the animal blood bank, no unnecessary
procedures were done to blood donors. All blood sam-
ples were collected after signed informed owner consent.
This study was conducted according to European legisla-
tion (86/609/EU).
Whole blood units were collected using a specific feline

semi-closed system without leukocyte depletion filters,
consisting of a 50 ml syringe and a primary blood bag col-
lection attached to the syringe with a sterile connector
(CompoDock, Fresenius SE, Hesse, Germany). The collec-
tion system was sealed, sterilized with Ethylene Oxide
(EtO), and 8 mL of CPD (tri-sodium citrate, sodium phos-
phate and dextrose) were added as anticoagulant to the
syringe, under sterile conditions using a laminar flow hood
(Cruma FL-1, Diantech Solutions S.L., Barcelona, Spain).
After a complete physical examination, an intravenous

catheter was placed on the cephalic vein, and mild sed-
ation was applied intravenously using ketamine and di-
azepam. The use of NMDA receptor antagonist and
benzodiazepine combination is commonly reported in
the bibliography [49]. A combination of tiletamine and
zolazepam has been reported safe for feline blood dona-
tion [50]. Once sedated, donors were placed in sternal
recumbency, and the puncture area over the jugular vein
was shaved and aseptically prepared using chlorhexidine
and alcohol. Jugular venipuncture was performed and
blood was withdrawn applying negative pressure by gen-
tly pulling manually the syringe plunger. A maximum of
10–12 ml/kg was collected [49]. During collection, the
syringe was gently stirred to allow proper contact of the
blood with the anticoagulant. The collected blood was
then transferred to the blood bag through the sterile
connection ensuring the maintenance of a closed envir-
onment. After that, the tubing was sealed (Composeal,
Fresenius Kabi, Hesse, Germany), units were stored at
room temperature (22 ± 2 °C) and processed within

24 h. The volume of pRBC units was calculated on the
basis of their weight, considering that 1 mL of pRBC
weights 1.085 g [51].
Units were gently mixed and placed in the centrifuge

cups (Megafuge 40R, Thermo Scientific, Massachusetts,
USA) eliminating void space by using manufactured
plastic adaptors. Weight differences under 0.3 g between
opposite cups were tolerated. Whole blood units were
centrifuged at 2000 g for 15 min at 20 °C (64.4 °F), with
80 s of acceleration and 110 s of deceleration.
Plasma was then expressed into a secondary transfer

bag using a sterile connection of polyvinyl chloride tub-
ing (CompoDock, Fresenius SE, Hesse, Germany), and
10 mL of SAGM (adenine, dextrose, mannitol and so-
dium chloride) were added to the pRBC unit under a
laminar flow hood (Cruma FL-1, Diantech Solutions S.L.
, Barcelona, Spain).
For sampling purposes, pRBC units were gently mixed

by inversion, and a 3 mL aliquot was aseptically col-
lected using a sterile connection with a sample bag
(Macopharma, Mouvaux, France), and analyzed (t = 0)
for PCV, total HGB and supernatant HGB.
PCV was measured by microhaematocrit centrifuga-

tion [52]. Total HGB was measured using a specific
analyzer (Hb 201 System, HemoCue Inc., California,
USA), according to the manufacturer’s protocol. After
centrifugation (Centrifuge IEC Centra CL3R, Thermo
Scientific, Massachusetts, USA), supernatant HGB was
determined by spectrophotometry using an analyzer for
low values of HGB (Plasma Low Hb, HemoCue Inc.,
California, USA), according to the manufacturer’s proto-
col. The percentage of haemolysis was obtained using
the following formula [32]:
% haemolysis = Supernatant HGB (g/L) x (100-PCV) /

Total HGB (g/L).
Bacterial cultures were performed in all units at t0 by

adding, under sterile conditions, 2,5 mL of pRBC to aer-
obic culture bottles with specific growth medium (Bact/
Alert PF, Biomerieux, Marcy l’Etoile, France), followed
by incubation at 37 °C (98.2 °F) and continuous examin-
ation for 14 days using a specific analyzer (Bact/Alert
3D, Biomerieux, Marcy l’Etoile, France).
Packed RBCs units were stored at 4 °C in a dedicated

refrigerator (Medika 250, Fiocchetti, Luzzara, Italy). One
hundred and ninety-one units were used for clinical pur-
poses, and 298 units were retested for haemolysis and
PCV after storage.
Data was grouped, according to storage times, in 3

groups; group 1 evaluated within 6 h after processing
(t0); group 2 re-tested after 29–35 days of storage (t1);
group 3 re-tested after 36–42 days of storage (t2).
Results were analyzed with statistical software (SPSS,

version 22.0.0, IBM, Illinois, USA). Normal distribution
of data was assessed with the Kolmogorov-Smirnov test.
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ANOVA F de Snédècor and Tukey’s post hoc Test were
used to assess for haemolysis, PCV, or total HGB differ-
ences between evaluation moments. The relationship
between the number of units that exceeded 1% of haem-
olysis and the storage duration was assessed using Chi
Square. Values were considered significant at p < 0.001.

Results
A total of 489 pRBC units where tested for bacterial
contamination, PCV and haemolysis at t0, 180 were
retested for PCV and haemolysis after 29–35 days of
storage (t1) and 118 units tested for these same parame-
ters after 36–42 days of storage (t2). The remaining
units were used before retesting.
Data for all variables were normally distributed.

Haemolysis, PCV and total HGB values from pRBC units
are displayed in Table 1. There were significant PCV and
haemolysis differences between the evaluation moments
(p < 0.001) (Table 1).
The mean percentage of haemolysis at t0 was 0.07%,

(SD: ±0.06), with all units below the maximum of 1%
allowed by the US FDA, and the mean PCV was 52.2%
(SD: ±5.27). At t1, the mean percentage of haemolysis was
0.69% (SD: ±0.4), with 25 (13.88%) units surpassing 1%
haemolysis, and the mean PCV was 48.15% (SD: ±3.79).
At t2, the mean percentage of haemolysis was 0.81% (SD:
±0.47), with 23 (19.49%) units presenting more than 1%
haemolysis, and the mean PCV was 49.34% (SD: ±4.45)
(Table 2).
Results show that PCV decreased between t0 and t1,

and between t0 and t2, while haemolysis increased be-
tween t0 and t1, between t0 and t2 and between t1 and
t2. There was no statistical difference in PCV between
t1 and t2 (Figs. 1 and 2 and Table 3). There was a statis-
tically significant relation between the evaluation mo-
ments and the number of units exceeding 1% of
haemolysis (χ2 (2) = 46.694; p < 0.001).

Discussion
Percentage of haemolysis is the mostly used parameter
to establish the viability of pRBC manufacturing and
conservation protocols [12]. It is influenced by blood
cells metabolic activity and release of substances into the

supernatant, but also by environmental factors such as
temperature, or collection and processing protocols. As
an indicator of storage-related cell damage, it is also an
important parameter for the transfusion safety. The
United States Food and Drug Administration guidelines
for human blood banking recommend a maximum of
1% haemolysis to ensure that no haemolytic products
are transfused to patients, and use haemolysis as one of
the main parameters to approve additive solutions and
conservation protocols [53, 54].
Only two recent studies aimed to evaluate storage le-

sions in feline pRBCs [11, 12]. Significant supernatant
increases of lactate, ammonia, sodium and chloride, and
decreases of glucose and potassium levels were
described.
To the authors’ knowledge, there are no previous pub-

lications on the quality control of feline pRBC that re-
ported their haemolysis after collection and during
storage with SAGM or other preservative solutions.
Similar to studies performed in human and canine pRBC
units, there was an increase in the haemolysis levels over
storage time. We can assume that this might be due to
the progressive depletion of ATP and the effect of the
proinflammatory substances produced mainly by leuco-
cytes and platelets [4, 16, 55, 56]. Our results indicate
that after 29–35 days of storage, nearly 14% of the units
suffered more than 1% haemolysis, and such value in-
creased to almost 20% after 36–42 days. Hence, it could
be postulated that units preserved for more than 28 days

Table 1 PCV, Total Haemoglobin and haemolysis values at t0, t1 and t2: t0: units evaluated within 6 h after processing; t1: units
re-tested after 29–35 days of storage; t2: units re-tested after 36–42 days of storage

t0 t1 t2 F p

M SD M SD M SD

PCV (%) 52.25 5.27 48.15 3.79 49.34 4.45 55.078 <.001

Total Haemoglobin 11.15 8.49 10.13 7.87 10.24 8.04 2.069 .127

Haemolysis (%) .07 .06 .69 .40 .81 .47 578.540 <.001

M mean value, SD standard deviation, PCV Packed cell volume, F F-value
Significant value p < 0.001

Table 2 Differences between t0, t1 and t2: t0: units evaluated
within 6 h after processing; t1: units re-tested after 29–35 days
of storage; t2: units re-tested after 36–42 days of storage

Group Dif SE p

PCV (%) t0-t1 4.107 .419 <.001

t0-t2 2.915 .492 <.001

Haemolysis (%) t0-t1 −.620 .023 <.001

t0-t2 −.743 .028 <.001

t1-t2 −.123 .032 <.001

Dif differences between mean values of each group, SE standard error,
PCV Packed cell volume
Significant value p < 0.001
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should only be administered once tested for haemolysis
to ensure that its value does not compromise safety and
efficacy of the transfusion.
In one previous study, 164 human units were analyzed

after 42 days of storage in a hospital-based transfusion
service, and 13.4% exceeded 0.8% of haemolysis [55]. In
our series, haemolyzed units after similar storage times
were more common, possibly due to higher difficulties
in the collection processes associated to the need for
negative pressure, smaller vein diameters, and a shorter
lifespan of feline pRBC (77 days) [57].
Previous studies of our group in dogs concluded that 6%

of the units surpassed 1% haemolysis at 35 days, although
this number increased to 51% at 42 days of storage [58].

Interestingly, feline pRBCs showed a higher proportion of
haemolysed units at fifth week of storage, but much lower
than canine at sixth week (18.57% vs 51%). The explan-
ation for such difference may reside in the distinct RBC
metabolism between species or be due to differences in
the feline blood bags that, being smaller and with a higher
surface-to-volume ratio, allow for a higher capacity for gas
exchange and faster temperature homogenization.
In blood banks and clinical practices, pRBC units

should always be checked for visible alterations indicat-
ing haemolysis before its use. Although clinically useful,
it is considered a non-reliable and subjective method, as
it often overestimate the haemolytic status of the pRBC
units since even as little as 0.09% of haemolysis causes
the appearance of an evident pink discoloration of the
supernatant [53, 54]. HaemoCue has been compared to
the gold standard tetramethylbenzidine spectrophoto-
metric method and reported to be a reliable objective
method to measure plasma HGB for routine quality con-
trol and validation process, being a faster, easier and reli-
able system [54].
In our series, mean PCV was maintained during storage,

with a slight decrease over time, from 52.2% (SD: ±5.27)
at t0 to 48.15% (SD: ±3.79) at t1, and to 49.34% (SD: ±4.
45) at t2. These results contradict those previously re-
ported in canine or human pRBC. Canine and human
pRBC PCV increased during storage, a phenomenon ex-
plained by the influx of water into RBCs caused by cell
membrane damage during storage and the osmotic effects
of the supplementary solutions [56, 58].
The differences between other mammalian and cats

may be attributed to physiologic and metabolic par-
ticularities of the latter that may lead to different mor-
phologic changes during storage. One other possible
cause for these differences could be the smaller size
and surface to volume ratio of the feline pRBC that
may result in a lower RBC osmotic fragility and conse-
quently a reduced capability of swelling, when
compared to canine RBCs, leading to a membrane de-
struction earlier in the swelling process, thus not
allowing for PCV to increase [59]. These hypotheses
warrant future studies on the morphologic changes of
feline erythrocytes during storage.

Fig. 2 Progression of PCV of feline pRBC units during storage. PCV:
Packed cell volume; t0: units evaluated within 6 h after processing;
t1: units re-tested after 29–35 days of storage; t2: units re-tested after
36–42 days of storage

Table 3 Number of packed red blood cells (pRBC) units
exceeding 1% of haemolysis at t0, t1 and t2

≤ 1% (n = 739) > 1% (n = 48)

t0 (n = 489) 100% (n = 489) 0%

t1 (n = 180) 86.12% (n = 155) 13.88% (n = 25)

t2 (n = 118) 80.51% (n = 95) 19.49 (n = 23)

χ2 (2) = 87.778; p < .001
t0: units evaluated within 6 h after processing; t1: units re-tested after
29–35 days of storage; t2: units re-tested after 36–42 days of storage;
≤ 1%: units not exceeding 1% of haemolysis; > 1%: units exceeding 1%
of haemolysis; n: number of units

Fig. 1 Progression of haemolysis during storage of feline pRBC units
t0: units evaluated within 6 h after processing; t1: units re-tested after
29–35 days of storage; t2: units re-tested after 36–42 days of storage
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Closed collection systems are not always available in
feline transfusion medicine. The alternatives are semi-
closed or open systems, which are used in many blood
banks and veterinary hospitals, but the latter preclude
storage due to the high risk of bacterial contamin-
ation, leading some blood banks to use semi-closed
collection systems [49]. The semi-closed system, used
in this study, was considered safe since no bacterial
contamination was detected in any pRBC unit and
haemolysis (mean 0.07%, SD ±0.06) was under 1% in
all units before storage, similar to the results of canine
collections using close systems (0.09%, SD ±0.06) [58].
To the authors’ knowledge there are no previous

reports aiming to validate the semi-closed collection
systems for use in blood banking. In previous studies,
contamination by Serratia spp. and Pseudomona spp.
have been described in feline WB and pRBC units
using open collection systems, and one pRBC unit
collected with a semi-closed system was tested posi-
tive to Pseudomonas fluorescens after color changes
were noted [60, 61]. Moreover, two studies performed
blood cultures in feline pRBC collected with open sys-
tems, testing 10 feline pRBC at day 32 of storage in
one study and 6 units at day 42 of storage on the
other. Both studies reported negative blood cultures at
the end of storage [12, 62].
One limitation of this study was that blood culture

was performed only 24 h after collection, and not re-
peated after the storage period, although contamin-
ation during storage is considered unlikely, sensitivity
for bacterial contamination during processing might
be higher after a long storage period. However, no
units showed signs of bacterial growth (e.g. dark
purple to black or green discoloration) or visible signs
of clotting or fibrin in the blood bag at any time
during storage, although the absence of these indica-
tors does not preclude de possibility of bacterial
contamination [61, 63].
Another limitation was that units were not re-tested

for haemolysis before 29 days, which was because feline
pRBC are a valuable resource, and the design of the
study was thought to optimize the availability of the
pRBC for clinical use.
Other quality parameters that were not analyzed in

our study but might have been necessary for a
complete quality control analysis include, as routinely
performed in human medicine, biochemical measure-
ments and RBC morphology analysis, including red
cell shape, size, cell surface markers, glucose utilization
rates, lactate production rates, and ATP levels and
utilization rates. Our aim, by analyzing the storage
times and processing methods in regard to haemolysis
and PCV, was to describe representative indicators for
red blood cell storage damage.

Conclusions
Considering the U.S. FDA guidelines for human blood
banking that recommend a maximum of 1% haemolysis to
ensure that no haemolytic products are transfused to pa-
tients, our results evidenced that all pRBC units with less
than 24 h of shelf life have negligible haemolysis. However,
units preserved for more than 28 days can only be safely
administered if tested for haemolysis before its use, since
13.88% units exceeded the 1% limit at 35 days of storage.
Furthermore, our results indicate that the semi-closed col-
lection systems, when manipulated in sterile conditions,
are reliable for feline blood banking. Further studies are
needed to assess storage lesions and erythrocyte morpho-
logic changes in feline RBCs during storage of pRBC.
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