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Primary bone marrow suppression and low thrombopoi-
etin levels result in a repressed platelet production rate 
[3]. The causes of increased platelet destruction include 
primary or drug-induced immune thrombocytopenia 
(ITP) and infectious diseases such as ehrlichiosis [4]. The 
increased platelet consumption occurs in disseminated 
intravascular coagulation and massive blood loss [5]. In 
clinical practice, ITP is the most common cause of canine 
thrombocytopenia [6]. The usage of platelet transfusion 
in ITP patients is controversial, as transfused platelets 
were demonstrated to be rapidly destroyed after admin-
istration [1, 6, 7]. However, for dogs with uncontrolled 
and life-threatening hemorrhage, platelet transfusion is 
recommended, although the duration of the hemostatic 
effect is limited [1].

In veterinary medical practice, the lack of readily avail-
able canine platelet products is the major limitation for 

Introduction
Platelet transfusion is used prophylactically or therapeu-
tically for bleeding in thrombocytopenic patients. In par-
ticular, it is commonly indicated for thrombocytopenic 
patients who require invasive procedures. The contribut-
ing factors of thrombocytopenia in dogs can be divided 
into those that cause decreased marrow production, 
increased destruction, and excessive consumption [1, 2]. 
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Abstract
The transfusion of stored platelets has emerged as an efficient method for treating dogs with thrombocytopenia. 
However, the availability of fresh platelets is limited in veterinary medicine due to demanding storage 
conditions. Lyophilized platelets have long shelf lives and can be easily stored, increasing their accessibility for 
thrombocytopenic dogs. Due to the lack of research and information on the dose effect, canine lyophilized 
platelets are used at a clinical dosage without research-based evidence. This study was to evaluate the dose effect 
of lyophilized canine platelets on blood coagulability. Three different concentrations of lyophilized canine platelets 
were added to in vitro hemodilution blood model, increasing the platelet count by 25, 50, and 100 × 106/ml and 
coagulation profiles were analyzed. The coagulability was evaluated via the plasma fibrinogen concentration, 
coagulation time, thromboelastography (TEG), and platelet function analyzer (PFA). Higher concentrations of 
lyophilized platelets showed dose-dependent association with decreased aPTT and R-time of TEG and increased 
alpha angle and MA of TEG. These results showed the potential that the higher dose of canine lyophilized platelets 
better improve blood coagulability than the standard dose and provided the basis for further safety and clinical 
studies.
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platelet transfusion. Due to the difficulties in collecting 
and storing canine platelets, the transfusion of platelets 
is mainly limited to platelets contained in fresh canine 
whole blood [8]. Various modalities have been devised 
to create canine platelet products to increase the clinical 
applicability of canine platelets and overcome practical 
limitations, including a lack of blood donors, low pro-
duction efficiency, and short shelf life [6, 9–11]. Recently, 
developed lyophilized canine platelet products showed 
several advantages in terms of shelf life and preservation 
of platelet function [9, 12]. By using the natural cryo-
protectant trehalose, canine platelets can be lyophilized 
without severe structural and functional deformation 
[13]. Trehalose agents stabilize platelet membranes and 
prevent the formation of damaging ice crystals by replac-
ing water within the platelets [14]. In contrast to fresh 
platelets, which have a shelf life of 5 days, lyophilized 
platelets can be stored for up to 2 years [1, 15].

In general, one unit of fresh platelets (6 ~ 8 × 1010 plate-
lets), platelet-rich plasma (PRP) or platelet concentrate 
(PC), per 10 kg body weight has been recommended as a 
proper dose for thrombocytopenic dogs, which theoreti-
cally raises the recipient’s platelet count by 40 × 106/ml 
[16]. In the case of cryopreserved or lyophilized platelets, 
a substantially greater total number of transfused plate-
lets is required to achieve a similar platelet increment 
compared to fresh platelets because many platelets are 
lost by freeze–thaw and lyophilization processes [13, 17–
19]. In addition, after being transfused, cryopreserved or 
lyophilized platelets are cleared from the free circulation 
faster than fresh platelets [20, 21]. Therefore, the authors 
hypothesize that the optimal transfusion dose of lyophi-
lized platelet is higher than that of fresh platelets.

Only a limited number of studies have been conducted 
on canine lyophilized platelets [12, 22]. In particular, 
there are no studies assessing the dose effects of canine 
lyophilized platelets. The aim of the present study was to 
evaluate the effect of differences in transfusion doses of 
lyophilized canine platelets on blood coagulability and, 
based on the results, to establish a basis for the clinical 
application of canine lyophilized platelets. Several doses 
of canine lyophilized platelets were added to an in vitro 
hypocoagulation blood model made by diluting canine 
whole blood with normal saline, and coagulation profiles 
were analyzed.

Materials and methods
Animals
Eight male beagle dogs (20 months old), weighing 
12–14 kg, were purchased from a commercial laboratory 
for experimental use. Dogs were clinically healthy and 
did not take any medications that could affect the coagu-
lability of the blood, such as antithrombotic, anti-inflam-
matory, and antiplatelets. The results of the blood tests, 

including complete blood counts, serum electrolytes and 
chemistries, and coagulation profiles were within the ref-
erence ranges in all dogs. This study was approved by the 
Institutional Animal Care and Use Committee at Konkuk 
University (Approval number KU21059). After comple-
tion of the study, all eight dogs were adopted to private 
homes.

Preparation of lyophilized platelets
Whole blood (90 mL each) was obtained from the eight 
beagle dogs using a 20-gauge intravenous catheter 
and transferred into 50 mL syringes containing 5 mL 
of 3.2% w/v sodium citrate. The final dilution ratio of 
blood:sodium citrate was 9:1 (v/v). The blood samples 
were centrifuged at 900×g for 5  min to harvest plate-
let concentrate (PC). The PCs of the eight dogs were 
pooled together and analyzed for complete blood count. 
The pooled PC was centrifuged at 1250×g for 10  min. 
The platelet pellet was resuspended in Tyrode’s Buffer 
(9.5 mM HEPES, 100 mM NaCl, 4.8 mM KCl, 12 mM 
NaHCO3, 10  µg/µl prostaglandin E1, and 1% ethanol) 
containing 50 mM trehalose, pH 6.8, and the platelet 
count was adjusted to 1 × 109/ml, based on the complete 
blood count results of the PC. The platelet solution was 
incubated at 37 °C for 4 h and stirred every 30 min dur-
ing incubation. Bovine serum albumin was added to a 
final concentration of 5%. The platelet solution was trans-
ferred into glass vials with rubber caps and subsequently 
frozen from 22 to -40  °C with a freezing rate of -2  °C/
minute. After freezing, the frozen platelet solutions were 
transferred onto the shelf of a programmable freeze-drier 
(LP03, ilShinBioBase, Dongducheon, Korea) with a shelf 
temperature of -40 °C. Primary drying was performed at 
-40  °C under 20 mTorr for 16  h, and during secondary 
drying, the shelf temperature was increased up to 22  °C 
at a rate of 0.2 °C/minute. The samples were kept at 22 °C 
for 16  h. Throughout the whole lyophilization process, 
the vacuum was maintained at 4 mTorr. After the lyophi-
lization process was complete, the samples were sealed 
with rubber caps and stored at room temperature (Fig. 1).

The aggregation capacity of canine lyophilized plate-
lets was evaluated using light transmission aggregome-
try (LTA, Chronolog 490, Chrono-Log Corp., PA, USA) 
and monitored by using Agrolink software (Chrono-
Log Corp., PA, USA). Lyophilized platelet samples were 
reconstituted with sterile water to prepare lyophilized 
platelet solution (LPS) prior to analysis. LTA was per-
formed on fresh PC and LPS, which were pooled from 
the eight dogs. To perform the LTA test, 500 µl (200 × 106 
plts/ml) of PC and LPS were used. Each sample was 
placed in a cuvette with a stirring bar magnet and prein-
cubated at 37 °C in the presence of 1 mM calcium chlo-
ride. An ADP agonist (Chrono-Log Corp., PA, USA) was 
added to a concentration of 10 µM, and the aggregation 
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curve was recorded for 10  min. The LTA optical detec-
tion system is based on changes in turbidity. The increase 
in light transmission is proportional to the degree of 
platelet aggregation. Therefore, platelet aggregation was 
quantified by measuring the light transmittance (%). The 
test was repeated five times on PC and LPS samples, and 
each mean value was calculated. The maintenance of the 
platelet aggregation response after lyophilization was 
analyzed by comparing these mean values.

Study design and classification of the experimental groups
Whole blood was drawn from the jugular vein of each 
beagle dog directly into the vacutainer tube containing 
3.2% sodium citrate using a 20-gauge butterfly needle. 
The ratio of whole blood to anticoagulant was 9:1 (v/v). 
From a single blood collection, the whole blood samples 
were divided into four groups: one control group and 

three experimental groups. In the control group, the 
whole blood samples were diluted 1:1 with normal saline. 
The lyophilized platelet samples were reconstituted with 
distilled water to their original volumes. Based on the 
platelet count before lyophilization, LPS was diluted with 
normal saline to concentrations of 50, 100, and 200 × 106 
plts/ml. In the experimental groups, three different con-
centrations of LPS were mixed 1:1 with the whole blood 
samples to increase the platelet count of the hypocoagu-
lation blood model by 25 (Group 1), 50 (Group 2), and 
100 (Group 3) ×106/ml compared to the control group. 
This study design represents the transfusion of lyophi-
lized platelets into a dog with severe hemorrhage or 
hypocoagulability.

The experimental design described above was repeated 
in eight beagle dogs. Coagulation profiles were ana-
lyzed to assess the dose effects of lyophilized platelets 

Fig. 1  Vials of lyophilized platelet powder. Sterile distilled water is added to reconstitute the platelet powder before use in the experiments
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via plasma fibrinogen concentration, prothrombin time 
(PT), activated partial thrombin time (aPTT), thrombo-
elastography (TEG), and platelet function analyzer (PFA). 
All tests, except TEG, were performed immediately after 
the diluted blood samples were prepared. TEG tests were 
performed after 30 min after the blood collection.

Plasma fibrinogen concentration and coagulation times
The plasma concentration of fibrinogen and coagulation 
times (PT, aPTT) were measured using a coagulation 
analyzer (CG02NV, A&T Corp., Tokyo, Japan). The con-
centration measurement of fibrinogen, the major plasma 
protein coagulation factor, is for evaluating the fibrino-
gen residues in the lyophilized platelet samples. The 
PT is a screening test for evaluating coagulation factors 
involved in extrinsic and common pathways. The aPTT 
is a screening test for coagulation factors of intrinsic and 
common pathways. Prolonged PT and aPTT indicate 
deficiencies or inhibition of extrinsic and intrinsic coagu-
lation factors. Plasma samples were obtained from blood 
samples by centrifugation at 3000×g for 10  min. Each 
plasma sample was used for fibrinogen, PT, and aPTT 
analyses.

Thromboelastography
TEG was performed for the viscoelastic measurement 
of clot formation, providing information on the overall 
blood coagulation status. The clotting potential of blood 
samples after kaolin activation was evaluated by TEG 
(TEG® 5000, Hemonetics Corp., MA, USA). The TEG 
process was performed with 340 µL of kaolin-activated 
blood samples and 20 µL calcium chloride, following 
the manufacturer’s recommendations. The variables 
recorded were R time (time until initial formation of 
clot), K time (time until clot reaches 20  mm from the 
start of clot formation, rapidity of clot formation), α angle 
(angle between the baseline and a tangent line intersect-
ing the tracing line, speed of clot formation), and MA 
(maximal amplitude, strength of the clot). The reference 
ranges for these parameters were determined based on 
the study by Bauer et al. [23].

Platelet function analyzer
The hemostatic activity of each blood sample was eval-
uated by using PFA (PFA-200, Seimens Health care, 
Marburg, Germany). The cartridge collagen/adenosine 
diphosphate (CADP) was used to measure the closure 
time (Ct) for platelet aggregation to occlude a miro-aper-
ture in a CADP-coated membrane under vacuum. A total 
of 900 µL of blood sample was used for the PFA assay. 
Based on the studies by Burgess and Saati et al., the refer-
ence range for CADP was set as 45–111 s [24, 25].

Statistical analysis
The test values of plasma fibrinogen concentration, PT, 
aPTT, TEG variables, and PFA were analyzed to evalu-
ate the dose effects of canine lyophilized platelets using 
the nonparametric Kruskal–Wallis test, followed by the 
Mann–Whitney post hoc test for multiple comparisons. 
All the experimental values are presented as the median 
and range. A P value under 0.05 was considered statisti-
cally significant. Statistical analysis was performed using 
IBM SPSS (v25.0, SPSS Inc., IL, USA).

Results
The hematocrit and platelet count for all dogs enrolled in 
this study were within the reference interval. The median 
hematocrit and platelet count of the control group 
blood samples were 19.75% (16.8 − 22.3%) and 155 × 106 
(132 × 106 − 183 × 106) plts/mL, respectively. The mean 
LTA values of PC and LPS were 88.4% and 71.2%, respec-
tively (Fig. 2). Table 1 shows the coagulation test results 
for the control group and three experimental groups in 
which lyophilized platelets were supplemented.

Fibrinogen
In all groups, the plasma fibrinogen concentration was 
below the reference interval (150–350  mg/dl). No sig-
nificant differences were found between all four groups. 
Canine lyophilized platelet supplementation did not sig-
nificantly increase the plasma fibrinogen concentration 
(Fig. 3A).

Prothrombin time and activated partial thrombin time 
tests
All the groups revealed prolonged PT and aPTT (refer-
ence range: PT = 7.4–8.8  s, aPTT = 12.0–28.0  s) (Fig.  3B, 
C). PT results showed no significant difference between 
the groups. For aPTT, Groups 2 and 3 showed signifi-
cantly reduced values compared to the control group 
(p < 0.05). In contrast, there was no significant difference 
in aPTT between the control group and Group 1.

Thromboelastography
The R time was significantly lower in the three lyophi-
lized platelet-supplemented groups (Groups 1, 2, and 3) 
than in the control group (p < 0.05) (Fig.  4). No signifi-
cant difference was found between these three experi-
mental groups. The mean R time value was within the 
reference range (1.8–8.6  min) in control and Group 
1. Groups 2 and 3 revealed lower mean R time values 
than the reference range. The K time was recorded only 
when MA reached 20  mm. None of the control group 
samples reached 20  mm of MA; therefore, no K time 
was recorded in the control group. Only two and three K 
time values were obtained from Groups 1 and 2, respec-
tively. All samples of Group 3 reached 20 mm of MA and 
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revealed a K time value. The mean K time value of Group 
3 was within the reference range (1.3–5.7  min). The 
experimental groups showed significantly higher values 
of α angle than the control group (p < 0.05) and revealed 
mean α angle values that were within the reference range 
(36.9–74.6 degrees). There was no significant difference 
in the α angle between the experimental groups. The 
mean α angle value of the control group was lower than 
the reference range. The MA values of Groups 2 and 3 
were significantly higher than those of the control group 
(p < 0.05). The dose increase of lyophilized platelets from 
Group 1 to Group 3 induced a significant increase in MA 

(p < 0.05). In all four groups, the mean MA values were 
less than the reference range (42.9–67.9 mm).

Platelet function analysis
The Ct value decreased progressively as the concentra-
tion of lyophilized platelet solution increased; however, 
a significant difference was found only between control 
and Group 3 (p < 0.05) (Fig. 5). The mean Ct values of all 
groups were over the upper limit of the reference range.

Discussion
In human medicine, studies on the appropriate plate-
let transfusion dose have been actively conducted and 
guidelines were developed [26, 27]. Based on these data, 
approximately 3 × 1011 to 6 × 1011 plts (6 units of whole-
blood derived platelets or 1 unit of apheresis platelets) 
per person, which approximately equals to 2 ~ 4 × 1011/m2 
in 60 kg adult, is considered a standard clinical dose [28–
30]. The conversion from kg to m2 was performed based 
on the body surface area fomula [31]. In one study, low-
dose transfusion (1.1 × 1011 plts/m2) had similar effi-
cacy in preventing bleeding as medium-dose (2.2 × 1011 
plts/m2) and high-dose (4.4 × 1011 plts/m2) transfusions 
[28]. In addition, low-dose transfusions have been shown 
to reduce the total number of platelets transfused in a 
single patient [28]. As such, the optimal dose of platelet 
transfusion is controversial even in human medicine. The 
platelet transfusion protocols in veterinary clinics have 
been adopted from human studies; however, no stud-
ies have validated whether these protocols, especially 

Table 1  Data summary of coagulation profiles
Control Group 1 Group 2 Group 3

Fibrinogen 
(mg/dl)

76 (55–89) 78 (63–94) 77 (62–97) 81 (60–96)

PT (sec) 9.05 
(8.6–9.3)

9.1 (8.7–9.5) 9.15 
(8.8–9.5)

9.05 
(8.9–9.4)

aPTT (sec) 32.5 
(28.9–37.0)

27 
(25.1–32.4)

24.6 
(21.9–27.3)*

24.7 
(19.3–30.3)*

TEG R time 
(min)

4.1 
(2.8–5.2)

2.15 
(1.5–2.8)*

1.8 
(1.1–2.5)*

1.75 
(1.3–2.1)*

K time 
(min)

0 0 (0-7.8) 0 (0-4.5) 3.5 (0–7)

Angle 
(°)

34.3 
(21.1–58.3)

49.7 
(37.1–67.1)*

54.5 
(44.3–70)*

54.7 
(42.6–64.6)*

MA 
(mm)

8.7 
(3.1–16.1)

11.2 
(6.1–23.4)

15.4 
(10-24.6)*

25.2 
(172 − 31.5)*#

Ct (sec) 210 
(139–287)

169 
(131–219)

160 
(139–195)

145 
(118–162)*

Data are expressed as the median (range). *Asterisk indicates a significant 
difference compared to the Control group (p < 0.05). #Hash indicates a 
significant difference compared to the Group 2 (p < 0.05). Statistical analysis was 
not performed for K times due to the insufficient amount of data. No lyophilized 
platelets were added to the control group. The canine lyophilized platelets 
were added to the amount that could increase the platelet count by 25 (Group 
1), 50 (Group 2), and 100 (Group 3) ×106/ml

PT = prothrombin time; aPTT = activated partial thrombin time; MA = maximum 
amplitude; Ct = closure time; plts = platelets

Fig. 2  Representative light transmission aggregation traces of fresh plate-
let-rich plasma (A) and lyophilized platelet solution (B). The magnitude of 
platelet aggregation is recorded as % light transmittance. The light trans-
mission percentage at 10  min was measured in response to adenosine 
diphosphate (10 µM)
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Fig. 3  Correlation of lyophilized platelet supplementation dose with fibrinogen concentration (A), prothrombin time (B), and activated partial thrombin 
time (C). No lyophilized platelets were added to the control group. The canine lyophilized platelets were added to the amount that could increase the 
platelet count by 25 (Group 1), 50 (Group 2), and 100 (Group 3) ×106/ml. *Asterisk over bracket indicates statistical significance between the two groups 
(p < 0.05). The shaded area indicates the reference range. The plasma fibrinogen concentration was below the reference range (150–350 mg/dl) in all 
groups
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Fig. 4  Correlation of lyophilized platelet supplementation dose with thromboelastography variables: R time (A), α angle (B), and maximum amplitude 
(C). No lyophilized platelets were added to the control group. The canine lyophilized platelets were added to the amount that could increase the platelet 
count by 25 (Group 1), 50 (Group 2), and 100 (Group 3) ×106/ml. *Asterisk over bracket indicates statistical significance between the two groups (p < 0.05). 
The shaded area indicates the reference range. The maximum amplitude was below the reference range (42.9–67.9 mm) in all groups
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transfusion doses, are suitable for dogs and cats. In 
this study, to compare the clinical transfusion dosages 
between human and dog, the platelet count parameters 
(unit, /person, /kg) were converted as needed into /m2.

The lyophilization process impaired the function of 
canine platelets in the present study. The responsiveness 
of platelets to ADP was markedly decreased after lyophi-
lization. These results were consistent with previous lit-
erature suggesting impairment of platelet signaling and 
downstream responses by lyophilization [32]. In addi-
tion, various studies have demonstrated that lyophilized 
canine platelets can be removed from free circulation 
much more rapidly than fresh platelets due to the desi-
alylation mechanism [7, 20, 21, 33]. Considering these 
limits, it is unreasonable to directly apply a human plate-
let transfusion protocol to canine lyophilized platelet 
transfusion. Therefore, to maximize the therapeutic or 
prophylactic effect of platelet transfusion, a transfusion 
protocol suitable for canine lyophilized platelets should 
be formulated.

To indirectly evaluate the dose effect of canine lyophi-
lized platelet transfusion, a hypocoagulation blood model 
was used in this study. The blood model was made by 
diluting whole blood 1:1 with normal saline, and as a 
result of complete blood count and several coagula-
bility evaluation tests, it was confirmed that all values 
were lower than the normal values. This blood model 
serves as the control group, simulating a hemorrhag-
ing patient’s blood makeup, where hematocrit, platelet 
count, and coagulation factors are significantly depleted. 
The degree of change in coagulability was measured by 
adding lyophilized platelets at various concentrations 

to the hypocoagulation blood model. In general, the 
transfusion dose of canine lyophilized platelets used 
in veterinary clinical practice is 3 ~ 4 × 109/kg, which is 
approximately 0.5 ~ 1.5 × 1011/m2 in dogs with 5 ~ 50 kg of 
body weight. Considering that the actual recovery rate of 
transfused fresh autologous platelets is 51% and the aver-
age estimated blood volume is 80 mL/kg in dogs, a stan-
dard transfusion concentration of 3 ~ 4 × 109/kg would 
theoretically result in a maximum platelet increment of 
20 ~ 25 × 106/ml [34]. This transfusion dose is lower than 
the standard fresh platelet transfusion dose for dogs, 
6 ~ 8 × 109/kg, and humans, 3 ~ 6 × 1011/person [16, 28, 
29]. Although there is a study result [28] showing that 
the dose of 1.1 × 1011/m2 has a similar effect in prevent-
ing bleeding compared to the higher dose of 2.2 × 1011/m2 
or 4.4 × 1011/m2, considering that the function of lyophi-
lized platelets is lower than that of fresh platelets and, 
in comparison to humans, the expected platelet incre-
ment in dogs is lower due to the lower recovery rate of 
transfused platelets and higher blood volume in dogs. 
We hypothesized that administration of a higher dose of 
canine lyophilized platelets would be necessary for opti-
mal therapeutic or prophylactic effects. The coagulability 
was compared and analyzed by adding canine lyophilized 
platelets in an amount that could increase the platelet 
count of the hypocoagulation blood model by 0, 25, 50, 
100 × 106/ml.

Fibrinogen concentration values showed no statisti-
cally significant difference between all groups, which 
indicates that no significant amount of fibrinogen was 
left in the process of platelet lyophilization. There was 
no significant difference between the groups in the PT 

Fig. 5  Correlation of lyophilized platelet supplementation dose with platelet function analyzer closure time. No lyophilized platelets were added to the 
control group. The canine lyophilized platelets were added to the amount that could increase the platelet count by 25 (Group 1), 50 (Group 2), and 100 
(Group 3) ×106/ml. *Asterisk over bracket indicates statistical significance between the two groups (p < 0.05). The shaded area indicates the reference 
range. The closure time was over the reference range (45–111 s) in all groups

 



Page 9 of 11Kim et al. BMC Veterinary Research           (2023) 19:61 

test; in contrast, a significant improvement in coagula-
bility was confirmed in Group 3 compared to the control 
group in the aPTT test. These results suggest the possi-
bility that the lyophilized platelet sample contains signifi-
cant amounts of intrinsic coagulation factors. However, 
coagulation factors were not measured in this study. 
Another possibility is that the aPTT test is more sensitive 
to the increase in platelet count than the PT test. Further 
research is needed to determine the exact cause.

The TEG test was performed to evaluate the effect of 
lyophilized platelet transfusion on the overall coagulation 
process. No significant difference in R time was found 
between the groups; however, in Group 2 and Group 3, 
clot formation started faster than the normal range, in 
contrast to the control group and Group (1) In the case 
of K time, the difference between groups was especially 
clear because there were specific conditions for K time 
to be recorded (MA > 20 mm). In the other groups, only 
a few or no samples formed clots of sufficient strength, 
whereas in Group 3, all samples showed clot strength 
greater than 20 mm. The median value was 0 in control 
group, Group 1, and Group (2) Because K time was not 
recorded in many samples as described above, statisti-
cal analysis of K time, which represents the speed of clot 
formation, was not performed. The speed of clot forma-
tion was analyzed through the α angle, which offers simi-
lar information to the K time. The control group without 
lyophilized platelet supplementation showed an α angle 
lower than the normal range, but all groups with lyophi-
lized platelet supplementation were within the normal 
range and showed significant differences compared to 
the control group. However, there was no significant 
difference in the speed of clot formation according to 
the dose of supplemented lyophilized platelets. The MA 
value, which directly evaluates the strength of the clot, 
showed an increasing trend as the dose of lyophilized 
platelets increased, even though there was no signifi-
cant difference between groups. Langhorn et al. reported 
that whole blood and fresh frozen plasma also lead to 
improvement in TEG parameters [35]. The results of 
these TEG test variables showed that even when canine 
lyophilized platelets are administered at a higher dose 
than the standard platelet transfusion dose, coagulability 
could be improved as the administered dose is increased.

The PFA test, which evaluates the coagulation proper-
ties of platelets in blood samples in response to platelet 
agonists, demonstrated that only Group 3, to which the 
highest dose of platelets was added, had a significant 
difference compared to the control group. These results 
showed that transfusion of lyophilized platelets at a stan-
dard dose, commonly used in veterinary clinical prac-
tice, may not induce a significant level of coagulation 
improvement in dogs with severe hemorrhage or hypo-
coagulation. In this study, only one agonist (collagen/

adenosine diphosphate) is used in PFA. Additional PFA 
tests with other agonist (collagen/epinephrine) may rein-
force the results.

As a result of the comprehensive analysis of the coagu-
lation profiles above, it is clearly confirmed that coagu-
lability is improved when canine lyophilized platelets 
are supplemented. However, each evaluation variable 
showed different results as to whether the supplemen-
tation of lyophilized platelets at a higher dose than the 
standard dose had significant improvement in coagulabil-
ity. The aPTT, R time, K time, MA, and Ct results showed 
that the administration of canine lyophilized platelets 
at a higher dose than the standard dose was significant; 
however, there was no significant difference in fibrino-
gen concentration, PT, or α angle. In the author’s opin-
ion, transfusion of canine lyophilized platelets at a higher 
dose than the standard dose currently used in veteri-
nary clinics may show better therapeutic or prophylactic 
effects than the existing lyophilized platelet transfusion 
protocol. However, further in vivo study should be per-
formed to clarify this point.

Because this study has the limitation of using a hypo-
coagulation blood model, it is necessary to evaluate the 
dose effect in dogs with coagulation disorders through 
in vivo studies. In addition, studies on the side effects 
of lyophilized platelets in dogs should be conducted. 
In human medicine, it has been reported that platelet 
transfusion has various potential adverse reactions and, 
among them, the leukocyte proinflammatory mediator, 
which progressively increases during the storage of plate-
lets, and bacterial contamination is considered the main 
cause [36, 37]. Proinflammatory cytokines are produced 
by platelets and leukocytes in platelet products, and bac-
terial contamination is mainly caused by skin bacteria 
during phlebotomy [37, 38]. The risk of these two factors 
increases during platelet storage [39]. These side effects 
can be minimized in lyophilized platelets because unlike 
fresh platelets, lyophilized platelets undergo several 
washing processes to remove inflammatory substances in 
plasma, and infectious agents can be eliminated through 
radiation sterilization after lyophilization. However, there 
is a possibility that the rejection reaction is induced by 
additives used for platelet lyophilization and that various 
infectious agents are introduced during the lyophiliza-
tion preparation process. Therefore, the optimal dose of 
canine lyophilized platelets in dogs should be established 
to maximize the therapeutic effect while minimizing 
side effects based on the study results on canine lyophi-
lized platelets. To date, no studies have analyzed the side 
effects of lyophilized platelets in human or veterinary 
medicine.

In conclusion, this study suggests potential benefits of 
transfusion dose escalation of canine lyophilized plate-
lets. However, further in vivo safety and efficacy studies 
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with carefully controlled clinical settings should be con-
ducted to confirm whether a higher transfusion dose of 
canine lyophilized platelets in dogs is of practical sig-
nificance. The authors expect this study to inspire more 
studies to explore the dose effect of a canine lyophilized 
platelet.

Abbreviations
ITP	� immune thrombocytopenia
PRP	� platelet-rich plasma
PC	� platelet concentrate
PT	� prothrombin time
aPTT	� activated partial thrombin time
TEG	� thromboelastography
PFA	� platelet function analyzer
CADP	� catridge collagen/adenosine diphosphate
Ct	� closure time
SD	� standard deviation

Acknowledgements
The authors would like to thank for Ji-Youn Eun for all the help and insightful 
suggestions. We also thank the National Research Foundation of Korea for 
funding our research.

Author Contribution
MYK and HJH performed the research, analyzed the data, and wrote the 
manuscript.

Funding
This work was supported by the National Research Foundation of Korea (NRF) 
grant funded by the Korea government (MSIT). (No. 2020R1A2C101378712)

Data Availability
The datasets that support the findings of this study are available from the 
authors upon reasonable request.

Declarations

Ethics approval and consent to participate
This study was approved by the Institutional Animal Care and Use Committee 
(IACUC) at Konkuk University (Approval number KU21059). All experiments 
were performed in accordance with the IACUC guidelines.

Consent for publication
Not applicable.

Competing Interest
The authors declare that they have no competing interests.

Received: 3 August 2022 / Accepted: 27 February 2023

References
1.	 Davidow EB, Brainard B, Martin LG, Beal MW, Bode A, Ford MJ, Ramsey N, 

Fagella A, Jutkowitz A. Use of fresh platelet concentrate or lyophilized 
platelets in thrombocytopenic dogs with clinical signs of hemorrhage: a 
preliminary trial in 37 dogs. J Vet Emerg Crit Care. 2012;22:116–25.

2.	 Mitchell O, Feldman DM, Diakow M, Sigal SH. The pathophysiology of throm-
bocytopenia in chronic liver disease. Hepatic Med. 2016;8:39–50.

3.	 Grindem CB, Breitschwerdt EB, Corbett WT, Page RL, Jans HE. Thrombocyto-
penia associated with neoplasia in dogs. J Vet Intern Med. 1994;8:400–5.

4.	 Brandao LP, Hasegawa MY, Hagiwara MK, Kohayagawa A. Platelet aggre-
gation studies in acute experimental canine ehrlichiosis. Vet Clin Pathol. 
2006;35:78–81.

5.	 Lewis DC, Bruyette DS, Kellerman DL, Smith SA. Thrombocytopenia in 
dogs with anti-coagulant rodenticide-induced hemorrhage: eight cases 
(1990–1995). J Am Anim Hosp Assoc. 1997;33:417–22.

6.	 Callan MB, Appleman EH, Sachais BS. Canine platelet transfusions: state-of-
the-art review. J Vet Emerg Crit Care. 2009;19:401–15.

7.	 Cho J, Kim H, Song J, Cheong JW, Shin JW, Yang WI, Kim HO. Platelet storage 
induces accelerated desialylation of platelets and increases hepatic thrombo-
poietin production. J Transl Med. 2018;16:1–9.

8.	 Callan MB, Appleman EH, Shofer FS, Mason NJ, Brainard BM, Groman RP. Clini-
cal and clinicopathologic effects of plateletpheresis on healthy donor dogs. 
Transfusion. 2008;48:2214–21.

9.	 Michael Fitzpatrick G. Novel platelet products under development for the 
treatment of thrombocytopenia or acute hemorrhage. Trnasfus Apher Sci. 
2019;58:7–11.

10.	 Guillaumin J, Jandrey KE, Norris JW, Tablin F. Analysis of a commercial 
dimethyl-sulfoxide-stabilized frozen canine platelet concentrate by turbidi-
metric aggregometry. J Vet Emerg Crit Care. 2010;20:571–7.

11.	 Bode AP, Read MS. Lyophilized platelets: continued development. Transfus 
Sci. 2000;22:99–105.

12.	 Goggs R, Brainard BM, LeVine DN, Calabro J, Harrell K, Mills T, Stone R, 
Davidson B, Iacovetta C, Harris L, Gicking J, Aslanian M, Ziegler A, Fulcher B, 
Lightfoot T, Miller M, Loftus J, Walton R, Blong A, Hale AS. Lyophilized platelets 
versus cryopreserved platelets for management of bleeding in thrombo-
cytopenic dogs: a multicenter randomized clinical trial. J Vet Intern Med. 
2020;34:2384–97.

13.	 Pietramaggiori G, Kaipainen A, Ho D, Orser C, Pebley W, Rudolph A, Orgill 
DP. Trehalose lyophilized platelets for wound healing. Wound Repair Regen. 
2007;15:213–20.

14.	 Crowe JH, Carpenter JF, Crowe LM. The role of vitrification in anhydrobiosis. 
Annu Rev Physiol. 1998;60:73–103.

15.	 Standards for Blood Banks and Transfusion Services. American Association of 
Blood Banks. 2022. https://www.aabb.org/standards-accreditation/standards/
blood-banks-and-transfusion-services. Accessed 15 May 2022.

16.	 Abrams-ogg ACG. Triggers for prophylactic use of platelet transfusions and 
optimal platelet dosing in thrombocytopenic dogs and cats. Vet Clin North 
Am Small Anim Pract. 2003;33:1401–18.

17.	 Appleman EH, Sachais BS, Patel R, Drobatz KJ, Groman RP, Kennedy DR, 
O’Donnell PA, Bryan C, Callan MB. Cryopreservation of Canine platelets. J Vet 
Intern Med. 2009;23:138–45.

18.	 Guillaumin J, Vet D, Jandrey KE, Norris JW, Tablin F. Assessment of a dimethyl 
sulfoxide-stabilized frozen canine platelet concentrate. Am J Vet Res. 
2008;69:1580–6.

19.	 Wang JX, Yang C, Wang Y, Liu MX, Ren SP, Quan GB, Han Y. Stability of 
lyophilized human platelets loaded with small molecule carbohydrates. Cryo-
Letters. 2011;32:123–30.

20.	 Fischer TH, Merricks E, Bellinger DA, Hayes PM, Smith RS, Raymer RA, Read MS, 
Nichols TC, Bode AP. Splenic clearance mechanisms of rehydrated, lyophilized 
platelets. Art Cells Blood Subs Biotech. 2001;29:439–51.

21.	 Rumjantseva V, Hoffmeister KM. Novel and unexpected clearance mecha-
nisms for cold platelets. Transfus Apher Sci. 2010;42:63–70.

22.	 Bode AP, Lust RM, Read MS, Fischer TH. Correction of the bleeding time with 
lyophilized platelet infusions in dogs on cardiopulmonary bypass. Clin Appl 
Thromb Hemost. 2008;14:38–54.

23.	 Bauer N, Eralp O, Moritz A. Establishment of reference intervals for kaolin-
activated thromboelastography in dogs including an assessment of the 
effects of sex and anticoagulant use. J Vet Diagn Invest. 2009;21:641–8.

24.	 Burgess HJ, Woods JP, Abrams-Ogg ACG, Wood RD. Evaluation of laboratory 
methods to improve characterization of dogs with von Willebrand disease. 
Can J Vet Res. 2009;73:252–9.

25.	 Saati S, Abrams-Ogg ACG, Blois SL, Wood RD. Comparison of Multiplate, 
platelet function Analyzer-200, and Plateletworks in healthy dogs treated 
with aspirin and clopidogrel. J Vet Intern Med. 2018;32:111–8.

26.	 Estcourt LJ, Birchall J, Allard S, Bassey S, Hersey P, Kerr J, Mumford A, 
Stanworth S, Tinegate H. Guidelines for the use of platelet transfusions. Br J 
Haematol. 2017;176:365–94.

27.	 Kaufman RM, Djulbegovic B, Gernsheimer T, Kleinman S, Tinmouth AT, 
Capocelli KE, Cipolle MD, Cohn CS, Fung MK, Grossman BJ, Mintz PD, O’Malley 
BA, Sesok-Pizzini DA, Shander A, Stack GE, Webert KE, Weinstein R, Welch BG, 
Whitman GJ, Wong EC, Tobian AAR. Platelet transfusion: a clinical practice 
guideline from the AABB. Ann Intern Med. 2015;162:207–13.

28.	 Slichter SJ, Kaufman RM, Assmann SF, McCullough J, Triulzi DJ, Strauss RG, 
Gernsheimer TB, Ness PM, Brecher ME, Josephson CD, Konkle BA, Woodson 

https://www.aabb.org/standards-accreditation/standards/blood-banks-and-transfusion-services
https://www.aabb.org/standards-accreditation/standards/blood-banks-and-transfusion-services


Page 11 of 11Kim et al. BMC Veterinary Research           (2023) 19:61 

RD, Ortel TL, Hillyer CD, Skerrett DL, McCrae KR, Sloan SR, Uhl L, George JN, 
Aquino VM, Manno CS, McFarland JG, Hess JR, Leissinger C, Granger S. Dose 
of prophylactic platelet transfusions and Prevention of Hemorrhage. N Engl J 
Med. 2010;18:600–13.

29.	 Stanworth SJ, Hyde C, Brunskill S, Murphy MF. Platelet transfusion prophylaxis 
for patients with haematological malignancies: where to now? Br J Haematol. 
2005;131:588–95.

30.	 Tinmouth AT, Freedman J. Prophylactic platelet transfusions: which dose is 
the best dose? A review of the literature. Transfus Med Rev. 2003;17:181–93.

31.	 Schlich E, Schumm M, Schlich M. 3-D-Body-scanals anthropometrisches 
Verfahren zur Bestimmung der spezifischen Korperoberflache. Ernahrungs 
Umschau. 2010;57:178–83.

32.	 Goggs R, Cremer S, Brooks MB. Evaluation of cytokine concentrations in a 
trehalose-stabilised lyophilised canine platelet product: a preliminary study. 
Vet Rec Open. 2020;7:1–10.

33.	 Jansen AJG, Josefsson EC, Rumjantseva V, Liu QP, Falet H, Bergmeier W, 
Cifuni SM, Sackstein R, Von Andrian UH, Wagner DD, Hartwig JH, Hoff-
meister KM. Desialylation accelerates platelet clearance after refrigeration 
and initiates GPIbα metalloproteinase-mediated cleavage in mice. Blood. 
2012;119:1263–73.

34.	 Slichter SJ, O’Donnell MR, Weiden PL, Storb R, Schroeder ML. Canine platelet 
alloimmunization: the role of donor selection. Br J Haematol. 1986;63:713–27.

35.	 Langhorn R, Bochsen L, Willesen JL, Sorensen TM, Kristensen AT. Thrombo-
elastography-guided transfusion in dogs with hypocoagulable disorders: a 
case series. Acta Vet Scand. 2019;61:35.

36.	 Tobian AAR, Savage WJ, Tisch DJ, Thoman S, King KE, Ness PM. Prevention of 
allergic transfusion reactions to platelets and red blood cells through plasma 
reduction. Transfusion. 2011;51:1676–83.

37.	 Jacobs MR, Good CE, Lazarus HM, Yomtovian RA. Relationship between 
bacterial load, species virulence, and transfusion reaction with transfusion of 
bacterially contaminated platelets. Clin Infect Dis. 2008;46:1214–20.

38.	 Chen BZ, Xia R. Pro-inflammatory effects after platelet transfusion: a review. 
Vox Sang. 2020;115:349–57.

39.	 Callan MB, Marryyott K. Platelet products. In: Kenichiro Y, Marie KH, editors. 
Manual of Veterinary Transfusion Medicine and Blood Banking. Wiley-black-
well; 2016. pp. 55–69.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	﻿Dose-dependent effect of canine lyophilized platelet on an in vitro hemodilution model
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Animals
	﻿Preparation of lyophilized platelets
	﻿Study design and classification of the experimental groups
	﻿Plasma fibrinogen concentration and coagulation times
	﻿Thromboelastography
	﻿Platelet function analyzer
	﻿Statistical analysis

	﻿Results
	﻿Fibrinogen
	﻿Prothrombin time and activated partial thrombin time tests
	﻿Platelet function analysis

	﻿Discussion
	﻿References


