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Abstract
Recently, storage of thawed plasma for up to 7 days
was discussed as a potential solution to eliminate time
loss for thawing in the supply of fresh-frozen plasma
(FFP) in bleeding emergencies.
The objective of our study was to assess the quality
and haemostatic potency of thawed FFP units during
long-term storage at either +4°C or room temperature.
A substantial reduction of activities of several
coagulation factors and inhibitors, especially of FV,
FVIII and protein S, occurred during storage at both
temperatures. Activation markers of coagulation and
fibrinolysis, such as FVIIa, TAT, F1+2 or D-dimer,
increased to different extents. Furthermore, thrombin
generation potential substantially decreased,
accompanied with a prolongation of the lag times.
Single FFP units became extremely turbid during
long-term storage of thawed plasma and shifted to
acidic pH levels.
Based on these data, thawed plasma should be
administered in compliance with current transfusion
guidelines.

Introduction
Guidelines have been established specifying the
thawing and storage conditions for single-donor FFP
[1-4]. Once thawed, FFP should not be refrozen and
should be administered as soon as possible. If there is
any delay in transfusion, FFP should be stored at
+1-6°C in an approved blood storage refrigerator.
Different regulatory authorities recommend transfusion
within 4 [1] to 6 hours [2], while other transfusion
guidelines allow maximum storage times at +4°C for
up to 24 hours [3,4]. If FFP is stored longer than 24
hours, the words “fresh frozen” must be removed [4].
The extended post-thaw storage results in activity
losses of labile coagulation factors and inhibitors,
especially of FVIII and protein S [5-9]. However, it was
reported that all activities remained within the
reference range required by quality assurance
regulations even after 7 days storage at +4°C of
thawed FFP. Based on these data, the establishment
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of a +4°C-liquid plasma bank was recommended by
some working groups [8,9], with the aim to improve the
rapid availability of plasma in emergency situations
and to optimize plasma use and costs for transfusion.
Before modifying clinical practices by establishment of
liquid plasma banks, it would be prudent to investigate
the effectiveness of thawed stored plasma compared
to fresh thawed FFP in clinical studies. Multiple studies
have already shown an association between poor
outcome and the age of transfused blood [10-12].
However, these studies did not include detailed
investigation of storage times and conditions. In
addition to single factor/inhibitor quantification, cold
activation of haemostatic factors [13-17], contact
activation [14-16,18] and/or activation of the
complement system [19,20], as well as the possible
impact of storage on the haemostatic potency and the
clot forming ability of thawed plasma [21,22] must be
taken into consideration. All these additional quality
parameters were not investigated in the studies
recommending the long-term storage of thawed FFP.
The objective of this study was to assess the quality
and haemostatic integrity of single-donor FFP units
during 7 days storage at +4°C and room temperature
(RT). Beside the important coagulation factors [i.e.
factors V (FV), VII (FVII), VIII (FVIII), IX (FIX) and XI
(FXI)] and protease inhibitors [protein C, protein S and
plasmin inhibitor (also known as α2-antiplasmin),
C1-inhibitor], thrombin generation assay (TGA) was
used to study the overall haemostatic potential in vitro.
Markers of activated coagulation and fibrinolysis
[activated factor VII (FVIIa), thrombin-antithrombin
complex (TAT), prothrombin fragments 1+2 (F1+2),
D-dimer)] were quantified in addition. Moreover, pH
values, lipid and lipoprotein levels and plasma turbidity
were measured as quality control attributes.

Methods
Stability studies
Eight single-donor FFP units of different plasma
sources (recovered and source plasma) and different
blood groups (blood groups A and O) were included.
For the stability studies, plasma containers or plasma
bags were thawed in a water bath at +37°C according
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to standard operating procedures [1,3,4]. Hundred
milliliters of thawed plasma were transferred under
sterile conditions into plastic plasma containers,
aliquots of which were stored at +4°C ± 2°C in a
temperature-controlled cooling room and in parallel at
RT (+20-25°C). Samples were collected immediately
after thawing (time 0 or baseline levels), as well as
after 1, 3 and 7 days storage at +4°C and RT. Each
sample was aliquoted (10 aliquots of 1 ml), frozen and
stored at -30°C until testing. Prior to analysis, the
plasma aliquots were thawed at timed intervals and
were tested immediately in the same setting. Residual
thawed aliquots were discarded.
Analytical assays
Analytical testing was performed at Octapharma’s
Research & Development Plasma department using
commercially available test kits and standard
operation procedures, as described previously [17,23].
aPTT was assessed by the respective clotting assay
(APTT lyophilised silica, Instrumentation Laboratories,
IL, Milan, Italy). The activities of FV, FVII, FIX and FXI
were determined by one-stage coagulation assays,
using human deficient plasmas (IL). Protein C and
protein S activities were tested by aPTT-based clotting
assays (HemosIL ProClot, and HemosIL Protein S, IL),
while FVIII and plasmin inhibitor activities were
quantified using chromogenic substrate assays
(Coamatic FVIII test kit, Chromogenix, Milan, Italy;
HemosIL Plasmin Inhibitor, IL). FVIIa was tested using
a prothrombin time-based clotting assay (Staclot
VIIa-rTF clotting assay, Diagnostica Stago, Asnières,
France). TGA was performed using the
Technothrombin TGA test kit from Technoclone GmbH
(Vienna, Austria) [24]. ELISA test kits were used for
the quantitative determination of the prothrombin split
product F1+2 (Enzygnost F1+2, monoclonal, Siemens
Healthcare Diagnostics), TAT (Enzygnost TAT micro,
Siemens Healthcare Diagnostics, Vienna, Austria) and
D-dimer levels (Asserachrom D-Dimer, Diagnostica
Stago). Cholesterol, triglycerides, phospholipids B and
apolipoprotein (A) were quantified by enzymatic
colorimetric methods (Cholesterol liquicolor and
Triglycerides liquicolor, Human Gesellschaft für
Biochemica und Diagnostica mbH, Wiesbaden,
Germany; Phospholipids B, WAKO Chemicals GmbH,
Neuss, Germany; Immunozym Lp(a), Progen
Biotechnik GmbH, Heidelberg, Germany). In addition,
pH values were measured and plasma turbidity was
monitored as optical density (OD) at 660 nm using a
photometer (Spectra Max Plus; Molecular Devices
Corporation, Sunnyvale, CA, USA).
Results are expressed as mean values ± standard
deviation (std. dev.). The student paired t-test was
used to identify differences in the quality of
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single-donor FFP units after 7 days storage relative to
baseline levels. P-value of < 0.05 was considered
significant.

Results
Biochemical characteristics of FFP units during
storage at +4°C and RT for 7 days are presented in
Illustrations 1-3.
Coagulation factors
Single-donor FFP units showed high variations in
coagulation factor activities directly after thawing.
Activities below (0.4 IU/ml for FVIII) and above (1.7
IU/ml for FVII and 1.6 IU/ml for FIX) the reference
ranges [25] were observed. FIX and FXI levels
remained stable during 7 days storage at both
temperatures. FV and FVIII activities substantially
decreased over time. During storage at RT, FV activity
losses were more pronounced, reaching statistical
significance after 3 days (FV losses by 45-50%, p <
0.01), while statistically significant reduction of FVIII
levels (by 40-45%, p < 0.05) was observed during
storage at both temperatures. FVII levels increased
significantly in a single FFP unit (from 1.26 IU/ml to
2.62-5.80 IU/ml and 1.91-2.66 IU/ml after storage at
+4°C and RT, respectively). Differently, in all other
FFP units FVII activities decreased by 10-40% during
storage at both temperatures.
Protease inhibitors
A substantial variation in activities of protease
inhibitors was observed among different FFP units at
baseline (0.72-1.22 IU/ml for protein C, 0.60-1.78
IU/ml for protein S, 0.81-1.19 IU/ml for plasmin
inhibitor and 0.72-1.22 IU/ml for C1-inhibitor,
respectively). At +4°C, protein S levels declined
significantly (by approx. 45% after 7 days storage, p <
0.05), whereas protein C, plasmin inhibitor and
C1-inhibitor activities remained stable throughout the 7
days storage period. After storage at RT for 7 days, all
protease inhibitors decreased to different extents; i.e.
protein C by 29%, protein S by 76% (p < 0.005),
plasmin inhibitor by 28% (p < 0.05) and C1-inhibitor by
38% (p < 0.05), respectively.
Thrombin Generation Assay (TGA)
TGA results are presented in Illustrations 3-4. Peak
thrombin (i.e. maximum thrombin concentration)
decreased over time during storage at both
temperatures, from 311 nM at time 0 to 251 nM and
184 nM (p < 0.05) after 7 days storage at +4°C and RT,
respectively. Along with a decrease in thrombin
generation, lag phase was prolonged from 13.8 min to
14.4 min and 19.6 min after 7 days storage at +4°C
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and RT, respectively. In 1 FFP unit, after 7 days
storage at RT, no clotting was observed within 60
minutes.
Activation markers of the coagulation and fibrinolytic
system
FVIIa levels of single-donor FFP units varied
considerably already at baseline (30-121 mIU/ml).
There was a substantial activation of FVII to FVIIa in a
single FFP unit (FVIIa levels increased from 69 mIU/ml
to 613-3159 mIU/ml at +4°C and to 463-648 mIU/ml at
RT). This correlated well with the increase of apparent
FVII levels in the same FFP unit (Illustration 3). TAT
and D-dimer levels remained stable during storage at
+4°C, but increased significantly in single FFP units
during storage at RT (TAT levels in 4 units by
180-5278%, and D-dimer levels in 2 units by
155-519%). After 7 days storage, F1+2 in single FFP
units increased significantly relative to baseline (in 2
units by 151-731% at +4°C or in 5 units by 145-714%
at RT), whereas in other FFP units, F1+2 levels
remained stable or showed a trend towards lower
levels.
Lipids, lipoproteins, turbidity and pH-values
Lipid and lipoprotein levels in the single-donor FFP
units were measured at baseline levels, i.e. directly
after thawing; mean levels were 144, 112, 188 and 7.6
mg/dl for cholesterol, triglycerides, phospholipids and
lipoprotein (a), respectively (data not shown). There
was a direct correlation between triglyceride
concentrations and turbidity, i.e. clear FFP units
(OD660nm 0.10-0.13) had the lowest triglyceride
levels (43-62 mg/dl). The presence of a white layer
and/or sediment was distinctive for turbid plasma,
especially after centrifugation. Interestingly, 2 FFP
units remained clear during 7 days storage at +4°C,
but became extremely turbid after 7 days storage at
RT (i.e. OD660nm levels increased from 0.10/0.13 to
2.36/2.19; Illustration 3). The same FFP units shifted
from neutral to acidic pH values during storage at RT
(pH changed from 7.4-7.6 to 5.3-5.8). Turbidity in other
FFP units remained stable over time at both
temperatures.

Discussion
Plasma is a complex blood product, containing
numerous proteins, among them coagulation and
fibrinolytic factors and protease inhibitors responsible
for the regulation of the overall haemostatic balance.
Any disturbances of this balance can cause
hyper-coagulant or hyper-fibrinolytic activities resulting
in thrombotic or bleeding risks. Although levels of
haemostasis factors and inhibitors may vary
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significantly between individual blood donations,
resulting in wide “normal ranges” for FFP, recent
reports suggest that thawed FFP would comprise
sufficient potential and haemostatic balance even after
5 to 7 days storage [5-9].
In similar studies, the stability of clotting factors and
inhibitors during storage for 2-7 days after thawing
was investigated in methylene-blue treated FFP and
the pharmaceutical plasma products employing S/D
treatment to increase pathogen safety. Due to more
pronounced changes in clotting factor activities, the
use of methylene-blue treated FFP at +4°C for 7 days
could not be recommended [8,9]. For thawed S/D
plasma (i.e. Octaplas®), sufficient coagulation activity
of labile FV and FVIII was reported after 6 days
storage at +4°C [26-27] or 5 days storage at RT [28].
Caution was warranted by decreases in protein S and
plasmin inhibitor levels in Octaplas® immediately after
thawing [17,26,28]. Due to changes in the
manufacturing process, activities of both protease
inhibitors are remarkable higher in the new generation
product OctaplasLG® at baseline levels [29,30] and
during storage after thawing (Keller MK, personal
communication).
In our studies, single FFP units with clotting factor
activities both below (e.g. for FVIII) and above (e.g. for
FVII and FIX) the reference ranges [25] were found.
During storage at different temperatures, significant
decreases of activities of several coagulation factors
and inhibitors were observed, in particular of FV, FVIII
and protein S. Activity losses were more substantial at
higher temperatures (i.e. at RT vs. +4°C) and longer
storage periods (i.e. ≥ 3-days vs. ≤ 1-days storage).
Activation markers, such as FVIIa, TAT, F1+2 and
D-dimer concentrations increased variably in single
FFP units, indicating activation of the coagulation
and/or fibrinolytic system during storage after thawing,
as described previously by different working groups
[13-17]. Significant increase of apparent FVII activities
(as was the case in single FFP units), together with
decreased protein S activities (protein S levels
declined significantly in all FFP units during storage at
both temperatures), may shift the overall haemostatic
balance. In addition, contact activation and/or
activation of the complement system in thawed and
stored plasma were reported as well. An increase in
kallikrein-like activity was accompanied by a decrease
in C1-inhibitor activity [15,16,18]. Activation of the
complement system was evidenced by a rapid
increase in the concentrations of C3 and C4 fragments
(i.e. C3a-desArg and C4a-desArg) [19,20]. In our
studies, the decrease of C1-inhibitor activities was
also confirmed (by 5 and 39% during 7 days storage at
+4°C and RT), while complement factors were not
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investigated.
Parallel to single factor/inhibitor quantification and the
use of established global coagulation assays, we
included TGA to study the overall haemostatic
potential in vitro. TGA has become state-of-the-art for
the assessment of the overall haemostatic potential in
vitro, supporting clinical diagnosing, optimization and
monitoring of appropriate therapies including blood
components. It is current understanding that the in
vivo consequences of a low thrombin generation
potential can result in insufficient fibrin generation, clot
formation and subsequent wound closure enhancing a
bleeding risk. In recent studies, Matijevic et al [21-22]
showed that despite individual factor levels remained
above 50% of normal levels in thawed plasma, which
was stored for 5 days at +4°C, the overall haemostatic
potential decreased by 58%. While activation of
coagulation factors, thus marker proteins/complexes,
may suggest an enhanced pro-coagulant potential, we
observed substantially decreased thrombin generation
capacities and a trend to prolonged lag times in
thawed and stored single-donor FFP units at both
storage temperatures. Most probably, major
contributors to this overall reduced potential are the
significantly reduced activities of the cofactors FV and
FVIII.
The statistical power of the data is limited by the
relatively small number of FFP units investigated.
However, our studies confirmed that important
coagulation factors and protease inhibitors, especially
FV, FVIII and protein S, substantially decrease during
storage of thawed plasma. This further increases the
clotting factor and inhibitor variability between
single-donor FFP units. These changes in single factor
levels may be accompanied by activation of the
coagulation, fibrinolytic system and/or complement
system. TGA parameters reflected the impact on the
overall in vitro haemostatic/coagulation potential. As
this variability between single plasma units is not
known to the treating physician at the time of infusion,
insufficient restoration of the in vivo haemostatic
capacity may result, if the plasma is stored for longer
periods. Administering plasma with impaired thrombin
generation capacity may provide adequate
haemostasis for minor surgery or in case of single
factor deficiencies, however, may be insufficient to
correct bleeding and coagulopathy in cases of
massive transfusion. In conclusion, based on the
above data and previous reports, thawed single-donor
FFP units should be administered complying with
current recommendations for the use and storage of
thawed plasma [1-4], at least until their effectiveness
despite individually decreased haemostatic capacity
was proven in clinical studies.
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Illustrations
Illustration 1
Storage of thawed FFP at 4Ã‚Â°C. Statistically significant differences relative to baseline values: *p < 0.05; #Reference range
according to test kits. n.d., not determined.

Storage time at +4°C after thawing [days]
Parameters

Change [%]

Reference range [25]
0

1

3

7

after 7 days

Factor V [IU/ml]

0.54-1.45

0.66 ± 0.12

0.60 ± 0.14

0.54 ± 0.13

0.59 ± 0.09

-11

Factor VII [IU/ml]

0.62-1.65

1.15 ±0.29

1.52 ± 1.73

1.26 ± 1.28

1.08 ± 0.65

-7

Factor VIII [IU/ml]

0.45-1.68

0.67 ± 0.22

0.45 ±0.19

0.42 ± 0.19*

0.40 ± 0.18*

-62

Factor IX [IU/ml]

0.45-1.48

0.96 ± 0.34

0.96 ± 0.39

0.91 ± 0.32

0.95 ± 0.35

-1

Factor XI [IU/ml]

0.42-1.44

0.84 ± 0.23

0.84 ± 0.23

0.84 ± 0.24

0.83 ± 0.25

-2

aPTT [sec]

28-40

34.8 ± 4.1

37.3 ± 6.2

38.1 ± 5.9

37.3 ± 5.6

+7

Protein C [IU/ml]

0.58-1.64

0.98 ±0.15

0.96 ± 0.15

0.98 ± 0.15

1.00 ± 0.13

+3

Protein S [IU/ml]

0.56-1.68

0.97 ± 0.39

0.75 ± 0.40

0.63 ± 0.32

0.53 ± 0.23*

-45

Plasmin inhibitor [IU/ml]

0.72-1.32

1.03 ± 0.13

1.00 ± 0.11

0.97 ± 0.09

0.99 ± 0.08

-3

C1-inhibitor [IU/ml]

0.60-1.24

0.96 ± 0.15

n.d.

n.d.

0.93 ± 0.26

-5

Factor VIIa [mIU/ml]

25-170

70 ± 27

431 ± 1103

255 ± 639

96 ± 209

+39

1.0-4.1#

3.0 ± 1.3

n.d.

n.d.

3.1 ± 1.2

+10

F1+2 [nmol/l]

0.07-0.23#

0.19 ± 0.09

n.d.

n.d.

0.28 ± 0.33

+71

D-dimer [ng/ml]

< 500#

108 ± 67

n.d.

n.d.

118 ± 72

+11

TAT [µg/l]
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Illustration 2
Storage of thawed FFP at RT. Statistically significant differences relative to baseline values: *p < 0.05; **p < 0.01; ***p < 0.005;
#Reference range according to test kits. n.d., not determined.

Reference

Storage time at RT after thawing [days]

range [25]

0

1

3

7

after 7 days

Factor V [IU/ml]

0.54-1.45

0.66 ± 0.12

0.53 ± 0.13

0.35 ± 0.20**

0.37 ± 0.26*

-44

Factor VII [IU/ml]

0.62-1.65

1.15 ±0.29

1.06 ± 0.27

0.99 ± 0.44

1.05 ± 0.69

-10

Factor VIII [IU/ml]

0.45-1.68

0.67 ± 0.22

0.50 ± 0.20

0.40 ± 0.23

0.37 ± 0.20*

-46

Factor IX [IU/ml]

0.45-1.48

0.96 ± 0.34

0.95 ± 0.34

0.72 ± 0.42

0.81 0.45

-17

Factor XI [IU/ml]

0.42-1.44

0.84 ± 0.23

0.84 ± 0.22

0.82 ± 0.20

0.74 ± 0.26

-12

aPTT [sec]

28-40

34.8 ± 4.1

38.2 ± 4.5

41.4 ± 7.0*

34.3 ± 4.0

+2

Protein C [IU/ml]

0.58-1.64

0.98 ± 0.15

0.98 ± 0.13

0.67 ± 0.40

0.72 ± 0.35

-29

Protein S [IU/ml]

0.56-1.68

0.97 ± 0.39

0.64 ± 0.22

0.23 ± 0.24***

0.21 ± 0.17***

-76

Plasmin inhibitor [IU/ml]

0.72-1.32

1.03 ± 0.13

0.98 ± 0.08

0.80 ± 0.23*

0.74 ± 0.29*

-28

C1-inhibitor [IU/ml]

0.60-1.24

0.96 ± 0.15

n.d.

n.d.

0.62 ± 0.39*

-38

Factor VIIa [mIU/ml]

25-170

70 ± 27

56 ± 22

141 ± 158

159 ± 216

+138

TAT [µg/l]

1.0-4.1#

3.0 ± 1.3

n.d.

n.d.

30.3 ± 48.2

+1288

F1+2 [nmol/l]

0.07-0.23#

0.19 ± 0.09

n.d.

n.d.

0.52 ± 0.44

+219

108 ± 67

n.d.

n.d.

134 ± 87

+52

Parameters

D-dimer [ng/ml]
< 500#
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Illustration 3
Biochemical characteristics of thawed FFP during storage at 4Ã‚Â°C and RT. Median levels, 25% and 75% quartiles and
minimum-maximum intervals in FFP units at time 0, as well as after 7 days storage at 4Ã‚Â°C and RT are presented. Statistically
significant differences relative to baseline values: *p
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Illustration 4
Thrombin generation capacities in thawed FFP during storage at 4Ã‚Â°C and RT. Peak thrombin [nM] and lag phase [min] in
single-donor FFP units at time 0, as well as after 7 days storage at 4Ã‚Â°C and RT are indicated. Statistically significant differences
relative to baseline values: *p
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