ORIGINAL RESEARCH
Prolonged (post-thaw) shelf life of −80°C frozen AB apheresis
plasma
Tim W.H. Rijnhout ,1,2 Femke Noorman,3 Margreet Zoodsma,3 Bob De Kort,3 and Rigo Hoencamp1,2,4,5

BACKGROUND: Early plasma transfusion is important
in the treatment of patients with major hemorrhage.
Prolonged shelf life of AB type frozen −80°C and coldstored (4°C) deep frozen plasma (DFP) will improve
strategic stock management, minimize need for resupply,
and make pre-hospital implementation more feasible.
METHODS AND MATERIALS: Plasma products type
AB of different age and origin (−30°C Fresh Frozen
[(FFP], −80°C DFP [short (1 year) and long (7 year)]
stored) were thawed (Day 0), stored at 4°C, and sampled
on Days 7 and 14. Additionally, samples of plasma
containing blood products (Octaplas LG®, whole blood
and platelets) were compared for coagulation factor
activity, phospholipid clotting time (PPL), and kaolin TEG
during 4°C or 22°C storage.
RESULTS: Coagulation proﬁles of FFP, short- and longstored −80°C DFP were not signiﬁcantly different after
thaw. Cold storage did not affect ﬁbrinogen, Protein C,
and Antithrombin III activities whereas factor V, VII, VIII,
and Protein S decreased in all blood products. After
14 days DFP still meets the guidelines for clinical use,
except for Protein S (0.4 IU/mL). With exception of
Octaplas LG®, phospholipid activity and TEG
coagulation were similar between plasma containing
blood components during storage.
CONCLUSION: AB DFP quality was unaffected by
almost 7 years of frozen storage. Quality of thawed 14day stored AB DFP met, with exception of Protein S, all
minimal guidelines which implies that its quality is
sufﬁcient for use in the (pre)-hospital (military)
environment for treatment of major hemorrhage.

I

n the treatment of major hemorrhage, the doctrine
shifted from transfusing signiﬁcant quantities of red
blood cells (RBCs) and crystalloids before laboratorybased plasma and platelet transfusion, to immediate
goal-directed resuscitation with all blood components in a
ratio that equals whole blood (WB) until the patient is
hemodynamically stable.1,2 Especially during massive transfusion, rapid availability of blood components and prudent
crystalloid use is advocated to prevent or ameliorate the
effects of hemodilution and coagulopathy.
Early plasma transfusion is beneﬁcial for survival in
patients with major hemorrhage, it is therefore widely advocated and has been used in different forms and quantities.
It contains clotting factors, clotting inhibitors, albumin,
immunoglobulins, and other components essential to maintain hemostasis and vascular integrity, including the
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regulation of coagulation and ﬁbrinolysis. However, due to
the limited shelf life of 3-4 weeks at 4°C, plasma is mostly
frozen as soon as possible after donation to extend its shelf
life. With a thawing time of approximately 15-35 minutes
(pending on volume and temperature frozen) it is not
immediately available.
Availability of thawed plasma offers opportunities to
reduce time to ﬁrst plasma transfusion and to implement
plasma transfusion in the (pre)-hospital setting.3-5 Multiple
study groups have shown that prolonged 4°C storage of
thawed plasma led to a reduction in clotting factors and
argued that quality is still sufﬁcient for treatment of major
hemorrhage.6-14
The Dutch Ministry of Defense (D-MOD) has used
−80°C AB type apheresis deep frozen plasma (DFP) since
2001 and its use is shown to be safe and effective.15,16 Currently, DFP can be stored frozen (−80°C) for up to 7 years
and cold stored (+4°C) up to 7 days post-thaw.15,17 Introduction of 7-day cold-stored DFP in Afghanistan resulted in
140 (1-5 per patient) transfused units with an average product age of 4 days. Additionally, DFP use resulted in earlier
plasma and platelet use which was associated with reduced
mortality.15
The aims of this study are to extend shelf life of both
frozen and thawed DFP for the treatment of major hemorrhage. Increased shelf life of frozen and thawed DFP will
result in more efﬁcient strategic stock management and create possibilities to reduce production frequency to maintain
a stockpile of DFP, minimize need to resupply hospitals,
reduce the logistic burden and improve the availability of
universal donor plasma for early use in (pre-) hospital care.

DFP vs. other blood (components)
As plasma of platelets and WB contribute to the treatment
of bleeding patients these products are included in this
study. DFP was compared to −30°C S/D treated AB type
plasma (omniplas (OMN); Octaplas® LG made from Dutch
FFP, Octapharma GmbH, Langenfeld Germany), cold-stored
O type CPD WB without (WB0) and with leukodepletion
(WBF), and A type leukodepleted pooled buffy coat thrombocyte concentrates in plasma (BTC) or in additive solution
(BAS). BAS units contain 35% plasma and 65% Platelet
Additive Solution-E (PAS-E). All products were analyzed
and compared during 4°C/22°C storage.
Based on the Blood Supply Act, Sanquin is the only
organization in the Netherlands authorized to manage the
need for blood and blood products. For this reason,
Octaplas LG ® and DFP are made from FFP that is procured
from Sanquin. WB and platelet products used in this study
were obtained from Sanquin after informed consent from
the donors. Eight samples (N = 8) of each product was
compared.

Production and quality control of DFP

Both long and short −80°C stored (1 vs. almost 7 years) AB
DFP are compared to fresh thawed AB FFP. Additionally,
AB DFP quality is compared with other plasma containing
universal donor type blood products (AB Octaplas®, O WB,
A platelets) used during resuscitation. To test the hypothesis
that the maximum allowed −80°C and post-thaw 4°C shelf
life can be doubled, short- and long-stored products were
compared with each other and with the European Directorate for the Quality of Medicines (EDQM) guidelines for fresh
frozen plasma (FFP) or pathogen-reduced FFP (PR-FFP)
(see Appendix S1, available as supporting information in the
online version of this paper.).18

Leukocyte-depleted apheresis plasma (AB-Rh D positive
and negative) is fresh frozen and stored at −30°C for a minimum of 4 months by Sanquin (FFP). After release from
quarantine and delivery to the Military Blood Bank (MBB)
the product is stored at −30°C till production of DFP; FFP is
thawed in a temperature controlled 37°C water bath until a
temperature of 28-32°C is reached and subsequently transferred into a new 600 mL PVC bag (Macopharma, Utrecht,
The Netherlands), vacuum sealed in an overwrap, packed in
a cardboard box and re-frozen on the bottom of an empty
−86°C chest freezer (Snijders Labs, Tilburg, The Netherlands) to freeze the products at a rate of 1-5°C/min to −80°
C. Hereafter the DFP are transferred to upright −86°C
freezers (Snijders) for long term −80°C storage. Temperatures of freezers are continuously monitored to guarantee a
temperature below −65°C at all times.
Periodically, samples are drawn from the FFP during
production of DFP for quality control (QC) purposes. Similarly, DFP produced by the MBB was periodically thawed
for QC purposes. After −80°C storage, units of DFP were
thawed for 25-35 minutes in a temperature-controlled water
bath (37°C) until a temperature of 28-32°C is reached and
after sampling the product was stored at 4°C and sampled
again on D7 and D14. QC data of the period 2018-2019 are
used in this study.

Comparison of plasma storage results

Blood product comparison study

Short- (1 year) and long- (7 years) stored units of −80°C
DFP were thawed and compared to 1 year 30°C stored
FFP directly after thaw. Additional testing was performed
for both types of DFP on Day 7 (D7) and Day 14 (D14) of
storage at +4°C after thaw.

For the comparison experiment (period 2018-2019), n = 8,
short-stored DFP were compared to AB OMN (2 different
batches, 2 yr frozen and  4 yr frozen, N = 4/batch) and
the supernatant plasma of three different plasma containing
blood components. Fresh thawed DFP and OMN were split
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in equal portions in 150 mL PVC sample bags (TerumoBCT
Leuven, Belgium) and analyzed on Day 0 (D0) and after 4°C
storage D7 and D14. WB products (n = 16) were shipped 1
day after donation and donor testing to the MBB; half of the
units were leukodepleted by ﬁltration (WBF) with a platelet
sparing ﬁlter (Imuﬂex® WB-SP TerumoBCT, Leuven Belgium), the other half was not leukodepleted (WB0). Subsequently, all units were split and stored in 150 mL PVC bags
at 4°C before analysis on Day 2 (D2), D14, and Day 21
(D21). BTC and BAS units (n = 8 each) were shipped to the
MBB on Day 1 (D1) after donation, donor testing, and
processing by Sanquin. One 120 mL sample was stored for
14 days at 4°C and the rest of the product was stored in the
original bag at 22°C under constant agitation before sampling and analysis on D2 and D7.

Sample analysis
All measurements were performed within 6 hours of sampling/removal from storage. The number of products measured each day did not exceed 12 and the same reagent lot
numbers were used for QC and comparison studies. QC
samples of FFP, DFP, and OMN were analyzed without preanalysis centrifugation or ﬁltration. In the comparison
study, all product samples were ﬁltered with a 200 μm
transfusion ﬁlter (Codan transfusion set, Lensahn, Germany) prior to analysis. FFP, OMN, and DFP were analyzed
directly, whereas WB and BTC samples were ﬁrst centrifuged (2500 g, 15 min) to obtain supernatant plasma for
coagulation analysis. Samples were analyzed with the Sta
Compact Max 3 (Stago BNL, Leiden, The Netherlands) for
coagulation factor proﬁles according to the manufacturers’
instructions. Furthermore, the Sysmex XS1000i Hematological analyzer (Sysmex, Etten-Leur, the Netherlands) was used
to measure concentration. Stago phospholipid (PPL) activity
(measures coagulation time of a sample diluted in buffer

and PPL deﬁcient plasma, activated with Calcium and activated factor X) and Kaolin TEG (TEG 5000, Haemonetics,
Breda, the Netherlands) were measured of pure plasma and
of microparticle rich supernatant of plasma (1 × 2500 g
15 min) or microparticle rich supernatant of cellular blood
products (2 × 2500 g 15 min).19 Not all QC samples were
measured for all coagulation factors daily, as a result of temporarily insufﬁcient consumable items on different QC days.

Outcome measures
Coagulation factor activators and inhibitors (factor V, VII,
VIII, Protein C, Protein S, Antithrombin III [ATIII]) were
compared with European EDQM guidelines 2017 for fresh
FFP; average factor VIII activity ≥0.7 IU/mL in ≥90% of the
products measured within 1 month of −30°C frozen storage
and with guidelines for PR-FFP; average factor VIII activity
≥0.5 IU/mL and ﬁbrinogen activity ≥60% of fresh donor
plasma, in ≥90% of the products measured within 1 month
of −30°C frozen storage. In the accompanying text it is
stated that PR-FFP “contains, on average, about 50 to 70% of
the labile coagulation factors and naturally occurring inhibitors present in fresh unfrozen/thawed plasma.”18 The percentage of products that comply with these guidelines was
determined for all product categories. In addition, coagulation times APTT, INR, phospholipid (PPL) clotting time, and
TEG-proﬁles were assessed.

Statistical analysis
Statistical calculations were performed using SPSS (version
25, IBM or higher). Shapiro–Wilk test was used to assess the
normality of the data distribution. Normal distributed data
are expressed with mean and 95% conﬁdence upper and
lower limits, t-tests were used to determine signiﬁcant differences. Not normally distributed data are expressed as
median and 95% conﬁdence upper and lower limits, Mann

TABLE 1. Quality control data 2018-2019; FFP and DFP coagulation factor proﬁles after thaw; effect of −80°C storage
duration
Years at −30°C
Years at −80°C
Volume mL
Plt count 109/L
MPV (fL)
APTT sec
INR
Fibrinogen gr/L
FV IU/mL
FVII IU/mL
FVIII IU/mL
Protein S IU/mL
Protein C IU/mL
ATIII IU/mL

FFP (n = 68)

DFP short stored (n = 37)

DFP long stored (n = 42)

0.6 [0.6-0.6] †,‡
ND
305 [304-306] †,‡
10 [7-13]
10.1 [9.8-10.3] †, ‡
31 [31-32] ‡
1.1 [1.1-1.2]
3.0 [3.0-3.1]
1.0 [1.0-1.1] n = 64
1.0 [1.0-1.1] n = 60
1.2 [1.2-1.3] n = 49
1.0 [1.0-1.1] n = 51
1.2 [1.2-1.3] n = 45
1.0 [1.0-1.1] n = 59

0.7 [0.7-0.8] *,‡
0.1 [0.1-0.2] *,‡
294 [291-297] *,‡
14 [10-21]
7.6 [6.9-8.2] *
31 [31-32]
1.1 [1.1-1.2]
3.0 [3.0-3.2]
0.9 [0.9-1]
1.0 [1.0-1.1]
1.1 [1.1-1.4]
1.0 [1.0-1.1]
1.2 [1.2-1.3]
1.0 [1.0-1.1]

1.0 [0.9-1.0] *,†
5.8 [5.7-6.1] *,‡
299 [296-301] *,†
13 [7-20]
7.4 [7.3-7.6] *
32 [32-33] *
1.1 [1.1-1.2]
3.0 [2.8-3.5]
1.0 [1.0-1.1]
1.0 [1.0-1.1]
1.0 [0.9-1.2]
1.0 [1.0-1.2]
1.2 [1.2-1.3]
1.0 [1.0-1.1]

Data are presented as median-[95%LCL-UCL]); All products are within EDQM guidelines for 1 month stored FFP (<10% of units. Coagulation
factors<0.65 IU/mL). Bonferroni correction p value< alpha 0.05/3 = 0.0167.
*,†,‡ = p < 0.0167 Mann Whitney test vs. respectively FFP, DFP short and long stored at −80°C.
FFP = fresh frozen plasma; DFP = deep frozen plasma.
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TABLE 2. Quality control data 2018-2019; FFP and DFP plasma coagulation factor proﬁle; effect of post-thaw 4°C
storage on thawed DFP
DFP = 79 (short and long stored at −80°C)

FFP n = 68
Days at 4°C
plt count 109/L
MPV (fL)
Fibrinogen gr/L
APTT sec
FVIII IU/mL
INR
FV IU/mL
FVII IU/mL
Protein S IU/mL
Protein C IU/mL
ATIII IU/mL

0

0

7

14

10 [7-13] *,†
10.1 [9.8-10.3] *,†
3.0 [3.0-3.1]
31 [31-32] *,†
1.2 [1.2-1.3] *,†
1.1 [1.1-1.2] *,†
1.0 [1.0-1.1] *,†
1.0 [1.0-1.1] *
1.0 [1.0-1.1] *,†
1.2 [1.2-1.3] †
1.0 [1.0-1.1]

14 [10-20]
7.4 [7.3-7.6]
3.0 [2.9-3.2]
32 [32-33] §,||
1.0 [1.0-1.1] §,||
1.1 [1.1-1.2] §,||
1.0 [1.0-1.1] §,||
1.0 [1.0-1.1] §,||
1.0 [1.0-1.1] §,||
1.2 [1.2-1.3]
1.0 [1.0-1.1]

20 [15-24]
7.6 [7.2-8.0] *
3.1 [3.0-3.3]
35 [35-36] ‡
0.7 [0.7-0.8] ‡
1.3 [1.3-1.4] ‡
0.8 [0.8-0.9] ‡,||
0.8 [0.8-0.9] ‡,||
0.6 [0.6-0.7] ‡,||
1.2 [1.2-1.4]
1 [1-1.1]

21 [15-28]
7.6 [7.1-8.0] †
3.0 [3.0-3.2
35 [35-36] ‡
0.7 [0.7-0.9] ‡
1.3 [1.3-1.4] ‡
0.7 [0.7-0.8] ‡,§
0.9 [0.8-1.0] ‡,§
0.4 [0.4-0.5] ‡,§
1.1 [1.1-1.2]
1.0 [1.0-1.1]

Data are displayed as median 95% LCL-UCL; Bonferroni correction p value< alpha 0.05/6 = 0.0083.
Exact n value of DFP not shown, for exact number measured see Table 3.
FFP *,† = p < 0.0083 Mann Whitney test FFP vs. respectively DFP Day 7 or 14.
DFP ‡,§,|| Mann Whitney test p < 0.0083 DFP vs. respectively DFP day 0,7 or 14.

TABLE 3. QC data 2018-2019; Nr and percentage of FFP and DFP products not within EDQM guidelines after thaw and
during 4°C post-thaw storage
DFP (short and long stored at −80°C)

FFP
Days at 4°C
Platelets<50 109/mL *, §
FVIII<0.65 IU/mL †
FVIII<0.45 IU/mL §
FV < 0.45 IU/mL §
FVII<0.45 IU/mL §
FVII≥1.45 IU/mL ‡
Protein S < 0.45 IU/mL §
Protein C < 0.45 IU/mL §
Fibrinogen<1.75 gr/L §
ATIII <0.45 IU/mL §

0

0

7

14

2/68 (3%)
0/49 (0)
0/49 (0)
0/64 (0)
0/60 (0)
0/60 (0)
0/51 (0)
0/45 (0)
0/68 (0)
0/59 (0)

2/79 (3%)
0/79 (0)
0/79 (0)
0/79 (0)
0/79 (0)
1/79 (1%)
0/79 (0)
0/77 (0)
0/79 (0)
0/79 (0)

9/79 (11%)
26/79 (33%)
1/79 (1%)
1/79 (1%)
1/79 (1%)
3/79 (4%)
10/79 (13%)
0/79 (0)
0/79 (0)
0/79 (0)

12/67 (18%)
30/79 (38%)
2/79 (3%)
2/79 (3%)
0/79 (0)
12/79 (15%)
58/78 (74%)
0/70 (0)
0/79 (0)
0/79 (0)

Number of products not within guidelines.
* Guidelines EDQM-FFP before freezing.
†
Guidelines EDQM-FFP after 1 month at −30°C.
‡
Not in EDQM guidelines.
§
EDQM-pathogen reduced FFP /total number of products after 1 month at −30°C(%).

TABLE 4. QC data 2018-2019; FFP and DFP Phospholipid (PPL) coagulation time and kaolin-TEG proﬁle after thaw and
during 4°C post-thaw storage
FFP day 0 n = 68
DFP <5y day0 n = 37
DFP >5y day0 n = 42
DFP day 0 n = 79
DFP day 7 n = 79
DFP day14 n = 67

PPL* Sec

TEGR min

TEG angle °

41 (40-43) †
46 (43-48)
49 (47-51)
47 (46-49) ‡
57 (55-59) ‡
64 (62-66)§

9 [8-9] †
9 [9-10]
10 [9-10]
9 [9-10] ‡
11 [10-11] ‡
11 [10-11] ‡

68 [67-71] †
65 [64-68]
65 [62-68]
65 [64-68]
63 [62-66]
65 [64-67]

TEG MA mm
28 [27-30]
27 [25-30]
27 [25-31]
27 [26-30]
28 [28-30]
29 [29-32]

‡
‡

Data are presented as median [95% Lower conﬁdence interval – Upper conﬁdence interval].
* PPL normally distributed data represented as mean - (95% Lower conﬁdence interval – Upper conﬁdence interval) Bonferroni correction p
value< alpha 0.05/6 = 0.0083.
†
p < 0.0083 Mann Whitney. test FFP vs. DFP (short or long stored, Day 0,7 or 14 (PPL t-test).
‡
p < 0.0083 Mann Whitney. DFP day 0 vs. DFP Day 7 or 14 (PPL t-test).
§
p < 0.0083 t-test DFP day 7 vs. DFP Day 14 (PPL).

4 TRANSFUSION

PROLONGED SHELF LIFE OF AB PLASMA

Whitney tests
differences.

were

used

to

determine

signiﬁcant

comparisons of DFP, OMN, and supernatant plasma from
WB0, WBF, BTC, and BAS (8 units per products). Data were
not distributed normally with exception of PPL clotting time
and are presented accordingly.

RESULTS
Presentation of results is separated in quality control (QC)
data (68 units of FFP, 37 units of short stored DFP, and
42 units of long stored DFP) and data from product

Effect of frozen storage on DFP quality
Table 1 compares product characteristics and coagulation
factor activity between FFP and short and long stored DFP.

Fibrinogen gr/L
1,5

1,0

FV IU/mL

WB0 d21
WBFd21

DFP d14
OMN d14
WB0 d14
WBFd14
BTC d14
BAS d14

DFP d7
OMN d7
BTC d7
BAS d7

0,0

DFP d0
OMN d0
WB0 d2
WBFd2
BTC d2
BAS d2

WB0 d21
WBFd21

DFP d14
OMN d14
WB0 d14
WBFd14
BTC d14
BAS d14

DFP d7
OMN d7
BTC d7
BAS d7

0,5

DFP d0
OMN d0
WB0 d2
WBFd2
BTC d2
BAS d2

4,0
3,5
3,0
2,5
2,0
1,5
1,0
0,5
0,0

FVIII IU/mL

FVII IU/mL

1,5
2,0

1,0

1,5
1,0

0,5

Protein S IU/mL

WB0 d21
WBFd21

DFP d14
OMN d14
WB0 d14
WBFd14
BTC d14
BAS d14

DFP d7
OMN d7
BTC d7
BAS d7

0,0

DFP d0
OMN d0
WB0 d2
WBFd2
BTC d2
BAS d2

WB0 d21
WBFd21

DFP d14
OMN d14
WB0 d14
WBFd14
BTC d14
BAS d14

DFP d7
OMN d7
BTC d7
BAS d7

0,0

DFP d0
OMN d0
WB0 d2
WBFd2
BTC d2
BAS d2

0,5

Protein C IU/mL

1,4

1,5

1,2
1,0

1,0

0,8

0,6
0,5

0,4

WB0 d21
WBFd21

DFP d14
OMN d14
WB0 d14
WBFd14
BTC d14
BAS d14

DFP d7
OMN d7
BTC d7
BAS d7

0,0

DFP d0
OMN d0
WB0 d2
WBFd2
BTC d2
BAS d2

WB0 d21
WBFd21

DFP d14
OMN d14
WB0 d14
WBFd14
BTC d14
BAS d14

DFP d7
OMN d7
BTC d7
BAS d7

0,0

DFP d0
OMN d0
WB0 d2
WBFd2
BTC d2
BAS d2

0,2

Fig 1. Coagulation factors in plasma, comparison of products (n = 8). Coagulation factor activities measured in plasma (DFP, OMN) and
supernatant plasma of 1 × 2500 g 15 min centrifuged cellular blood components. DFP, −80°C apheresis plasma; OMN, omniplasma;
WB0, whole blood; WBF, leukodepleted whole blood; BTC, leukodepleted buffy coat pool platelets in 100% plasma; BAS, leukodepleted
buffy coat pool platelets in 65% platelet additive solution E/35%plasma. Gray line = QC FFP value after thaw (see Table 1), dotted
line = 70% activity (0.7 IU/mL) intermittent fat line = Minimum EDQM guideline PR-FFP: 50% activity (0.5 IU/mL) or 60% ﬁbrinogen
(1.8 gr/L). [Color ﬁgure can be viewed at wileyonlinelibrary.com]
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TABLE 5. Nr of plasma containing blood components not within EDQM guidelines after thaw and during (post-thaw)
storage (n = 8/product)
DFP after thaw
DFP 7 days 4°C
DFP 14 days 4°C
OMN after thaw
OMN 7 days 4°C
OMN 14 days 4°C
WB0 2 days 22/4°C
WB0 14 days 4°C
WB0 21 days 4°C
WBF 2 days 22/4°C
WBF 14 days 4°C
WBF 21 days 4°C
BTC 2 days 22°C
BTC 7 days 22°C
BTC 14 days 4°C
BAS 2 days 22°C
BAS 7 days 22°C
BAS 14 days 4°C

FVIII <0.65 IU/mL *

FVIII <0.45 IU/mL †

FV <0.45 IU/mL †

3
5
8
8
3
8
8
2
7
8
1
8
8
8

1
2
4
7
3
4
8
8
8

4
1
4
8
8
8

FVII ≥1.45 IU/mL
2
6
1
-

‡

ProtS <0.45 IU/mL †
2
7
3
8
8
1
6
1
2
1
8
5
6
8
8

DFP, −80°C apheresis plasma; OMN, omniplasma; WB0, whole blood; WBF, leukodepleted whole blood; BTC, leukodepleted buffy coat pool
platelets in 100% plasma; BAS, leukodepleted buffy coat pool platelets in 65% platelet additive solution E/35%plasma.
* Guidelines EDQM-FFP after 1 month at −30°C.
†
EDQM-pathogen reduced FFP total number of products after 1 month at −30°C (%).
‡
Not in EDQM guideline.

Median storage time at −30°C was signiﬁcantly longer in
both short- (0.7 year) and long-stored DFP (1 year) in comparison with FFP (0.6 years) (p < 0.0167). Median additional
−80°C storage time was 0.1 and 5.8 years, which added up
to a median total storage time of 0.9 and 6.8 years for shortand long-stored DFP respectively. Immediately after thaw,
only APTT was signiﬁcantly increased (1 second) in longer
stored DFP. All FFP and DFP units contained an average
coagulation factor activity of ≥0.7 IU/mL after thaw.

Effect on DFP quality during post-thaw +4°C
storage
During post-thaw cold storage there were no signiﬁcant differences between short and long stored DFP (data not
shown). Table 2 compares clotting factors, inhibitors. and
clotting times between fresh thawed FFP and thawed DFP
(short and long stored) during post-thaw cold storage. No
statistically signiﬁcant differences were found between DFP
and FFP on D0 after thaw except a decreased mean platelet
volume (MPV) in DFP. There were signiﬁcant reductions in
coagulation activity of factor V, VII and VIII, Protein S, and
signiﬁcant increases in APTT and INR during post-thaw cold
storage of DFP, whereas platelet count and MPV non-significantly increase and ﬁbrinogen levels, Protein C and ATIII
remained stable.
Table 3 summarizes the number and percentage of
units that did not meet minimum quality thresholds set by
the EDQM for fresh thawed (PR-)FFP. At D7 and D14, units
of DFP did not meet these guidelines for platelet count (1118%) and Protein S (13-74%). In some plasma units factor
6 TRANSFUSION

VII increased to above normal during cold storage. Table 4
shows the phospholipid coagulation times and kaolin-TEG
proﬁles. PPL clotting time, TEG R time, and TEG MA signiﬁcantly increased during post-thaw storage (p < 0.0083).

Comparison of plasma containing blood products
Figure 1 and Appendix S2, available as supporting information in the online version of this paper, lists main characteristics and trend of clotting factor proﬁle in plasma containing
blood components. The total number of products not meeting quality thresholds is shown in Table 5. ATIII and Protein
C activities were not affected by cold storage in any product,
and except in BAS, both inhibitor activities were between 0.91.3 IU/mL (data not shown). Directly after thaw, Protein S in
OMN is below the minimum EDQM threshold for PR-FFP
(0.5 IU/mL). At D7, OMN Protein S, BTC factor V, and Protein S no longer met these guidelines. After 14 days of cold
storage, factor VIII was below this guideline in all products
except in OMN and BTC. BAS did not meet (PR-)FFP guidelines at all. In some DFP, almost all OMN and one WB0 factor VII increased to above normal during cold storage.
OMN showed no clot formation in TEG within
30 minutes and no clot formation in PPL within 120 seconds
(see Appendix S3, available as supporting information in the
online version of this paper.). Supernatant PPL clotting time
increased in thawed DFP and decreased for both types of
WB and platelets during storage, however, supernatant TEG
R time was not signiﬁcantly shortened in the cellular blood
products during storage. Supernatant TEG angle reduced
for DFP and showed an increase for BAS during storage.
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DISCUSSION

Protein S (0.4 IU/mL) which is in line with other studies.69,11,13,27-31

Patients with major hemorrhage are in need of massive volume resuscitation. Rapid initiation of a 1:1:1 massive transfusion protocol with early transfusion of (pre-thawed) blood
components and reduced use of crystalloids improve chances
of survival.20 Thawing of plasma often causes delay, making it
difﬁcult to start balanced resuscitation with all blood components. Plasma transfusion remains essential since additional
medication such as prothrombin complex concentrate and/or
ﬁbrinogen concentrate is not sufﬁcient to restore or compensate all diluted or lost coagulation factors.21,22
We demonstrated that DFP quality after almost 7 years
of frozen storage was equal in clotting factors and inhibitors
in comparison with fresh thawed 1-year stored FFP and
DFP. The higher platelet count and decreased MPV in
thawed cold stored DFP compared to FFP is probably
related to formation of small microparticles. During cold
storage the platelet count and MPV slightly increase which
indicates swelling and/or fusion of microparticles, thus
becoming large enough to be detected as a ‘platelet’ in the
hematological analyzer. Given the fact that plasma quality
was not affected by 7 years of frozen storage, it is expected
that extending the shelf life at −80°C beyond 7 years will
also not affect plasma quality. This is consistent with results
presented in 2005 by Valeri and colleagues who showed that
14-year −80°C storage of plasma did not cause signiﬁcant
changes in coagulation factor V, VIII, and ﬁbrinogen
levels.23 We show that there is no reason to discard 7-year
stored AB DFP. Therefore, the MBB has prolonged its storage time to 14 years for now and will continue to monitor
the oldest and newest DFP units in stock with periodical QC
measurements (6 times/year). We will report on outcome
in future studies.
European guidelines for PR-FFP guidelines indicate
that it should contain about 50-70% of labile coagulation
factor and inhibitor activities compared to fresh donor
plasma for clinical use. Guidelines for fresh thawed FFP are
set higher, since this product is also used as a source for the
production of isolated coagulation factors.24 For this reason,
European guidelines state that 90% of 1 month stored −30°
C FFP units should contain factor VIII activity ≥0.7 IU/mL.
Similarly, UK guidelines stipulate a minimum level of
0.7 IU/mL factor VIII activity in 75% of all plasma units
tested, furthermore units found to have <0.3 IU/mL should
not be issued for transfusion.25
There are no guidelines for the minimum quality of
cold-stored (PR-)FFP at the end of storage time. Currently
thawed (PR-)FFP can be stored for 5 days at 4°C. However,
particularly in smaller trauma centers, thawed plasma wastage will increase as demand is often too low.6,26 During
(post-thaw) storage all blood products show decreased
clotting factor activities and increased clotting times. DFP
coagulation factor activity still meets fresh thawed PR-FFP
requirements after 14 days of cold storage, except for

BAS products contain 35% plasma and 65% PAS-E
which explains the low level of clotting factors in this product. It is important to consider clinical implications of the
reduced plasma volume when switching to additive solutions for platelet suspension. BAS is still suitable for transfusion since it is primarily transfused for platelet support and
has a higher safety proﬁle, however the product will contribute less to patient’s clotting factor activities compared to
platelets in plasma. Similarly, it can be argued that although
clotting factors are reduced, 14-day cold-stored thawed DFP
will be primarily used in the early resuscitation of major
hemorrhage instead of crystalloids. Its implementation can
thus result in better patient outcome. In addition, it can be
used by forward surgical teams and reduce the frequency of
resupply, which is especially in military environments
advantageous to minimize risks for material and personnel.
It has been argued that plasma with coagulation factor
activity above 30% of normal is sufﬁcient to support clinical
or surgical hemostasis.32 Most products described in the
current study would comply with the latter prerequisite
except BAS, 7-14-day cold stored OMN, 7 day 22°C stored
BTC and 21 days cold stored WB. Regarding European
guidelines, DFP Protein S activity is below 0.5 IU/mL in
more than 10% of units on day 7 and 14 of cold storage.
However, fresh thawed OMN also did not meet this guideline, probably because the OMN used in this study had
been stored for 2-4 years at −30°C. According to the OMN
insert, Protein S level is at 0.6  0.1 IU/mL (n = 5) with a
guaranteed level above 0.2 IU/mL. Low Protein S activity is
caused by the solvent-detergent (S/D) treatment of
Octaplas® and has been improved with the introduction of
Octaplas LG®.11,14 Despite the low Protein S activity, thawed
S/D plasma (e.g., OMN) is successfully used for years in
many countries including The Netherlands.14,33 Although
14-day cold-stored thawed DFP is inferior to fresh thawed
DFP, pre-hospital availability of hemostatic capacity is
important and can be followed with in-hospital transfusion
of fresh thawed plasma. The complex question whether the
early transfusion of cold stored DFP offers advantages rather
than disadvantages because of reduced Protein S activity
remains to be investigated.
A potential concern is the increase in factor VII activity
at D14 in 3 units of DFP, 7 units of OMN and 1 unit of WB0.
Cold activation is associated with an increase in contact and
coagulation systems, however, adverse events in patients
receiving cold activated plasma have not been demonstrated.33,34 The occurrence of cold activation was previously reported for all plasma containing blood components
and is more frequent in female plasma, but no related clinical side effects have been reported.35,36 Furthermore,
beyond the scope of this study, blood components are cold
stored in PVC bags containing the plasticizer di(2ethylhexyl) phthalate (DEHP), which is soluble in oil and
TRANSFUSION 7

RIJNHOUT ET AL.

slowly leaks into plasma during 4°C storage.28,37 There are
several concerns regarding the deleterious effects of DEHP,
but toxicology in humans has not been demonstrated and
leakage will occur in all plasma containing blood products
that are cold stored in PVC.
Despite the lack of clinical data to support limitation of
its storage time after thaw and lack of EDQM guidelines for
plasma quality in any cold-stored blood product, the current guidelines do mention a maximum 5-day shelf life for
(PR-)FFP after thaw. In the 1980s it was already shown that
prolonged storage time of thawed FFP at +4°C for up to 7 or
14 days is acceptable for clinical use.7,38 More recently,
Tholpady and colleagues argued that clotting factor activity
remained at sufﬁcient levels for up to 10 days.39 Furthermore never frozen plasma can be stored in the United Kingdom for 7 days because of concerns for contact activation,
in Sweden for 7 to 14 days whereas in the US it is approved
for 26 days by the Food and Drug Administration. In 2017,
83000 units were distributed and  14000 units of never
frozen plasma were transfused in the US.40 The current data
of 14 days cold-stored AB DFP show similar clotting factor
activities as reported for 20 days never frozen plasma.41,42
Cold-stored thawed DFP is indeed inferior in comparison with fresh thawed DFP, but similar to that of plasma
in cold-stored WB and platelets. Leukodepletion of WB
with a platelet sparing ﬁlter did not affect plasma quality,
which has been observed with other leukodepletion ﬁlters.43,44 Based on the data of this study, WB has equal
ﬁbrinogen content as a unit of apheresis plasma despite its
higher plasma volume, which is due to the higher citrate
dilution of WB compared to apheresis plasma.45 Furthermore universal donor type O required for early transfusion
of WB, has lower factor VIII activities compared to other
blood groups.46 In clinical practice these small differences
in coagulation factor activity will probably have minimal
impact on the clinical outcome of patients with major
hemorrhage. The reduction of plasma in PAS stored platelets may have a signiﬁcant effect compared to platelets
stored in plasma in this patient category, though this has
yet to be shown.
Supernatant PPL clotting time is performed in buffer to
which sample, activated factor X and PPL deﬁcient plasma
is added. The clotting time decreases with increased microparticle concentration in plasma samples.47 Microparticle
content of plasma is thought to be beneﬁcial in the treatment of bleeding trauma patients. This study shows signiﬁcant shorter PPL-time, TEG R time, and TEG angle at
baseline in FFP in comparison with both fresh thawed
short- and long-stored DFP. Likely, this results from the
extra thaw–freeze cycle to produce DFP from FFP, as PPL
activity was not signiﬁcantly different between short- and
long-stored DFP. It is however questionable if the absence
of PPL activity in OMN, the reduced PPL activity in coldstored thawed DFP and fresh cellular blood products compared to fresh thawed FFP and cold-stored cellular blood
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products, will have clinical effects in the treatment of these
patients as multiple products of different ages are given in a
ﬁxed 1:1:1 ratio.13,27

Strength and limitations
Different ages and blood types of products makes interpretation of the data presented more difﬁcult. For example,
plasma frozen within 24 hours after extraction from 1-6°C
WB or room temperature stored WB, differ in coagulation
factor VIII and Protein C activity.48,49 In the current study
WB was stored at room temperature overnight before
leukodepletion, splitting and storage at 4°C and BTC were
prepared and stored at 22°C under continuous rotation and
the 4°C sample was drawn and stored 1.5 days after donation. Routinely processed cold-stored platelets and WB are
likely to be stored at 4°C more quickly after production.
Thus, quality results of routinely processed products may be
better. Furthermore, in the comparison study, all products
(with exception of 22°C stored BTC and BAS) were stored in
sample bags and the smaller volume may have inﬂuenced
outcome, although no signiﬁcant differences were observed
between DFP stored in 600 mL bags or 150 mL bags during
cold storage.
The strength of this study is that only blood types and
products were studied that are actually used in acute resuscitation. Furthermore, the current study measured all clotting
factors without ﬁrst freezing samples prior to analysis thus
eliminating effects of an additional freeze–thaw step.

CONCLUSION
Coagulation factor activities were not affected by frozen
storage duration of almost 7 years. Future research will
determine at which cut-off −80°C shelf life, the quality of
DFP is reduced compared to 1 year −30°C stored FFP.
Clotting factor activity in cold-stored thawed AB DFP still
meets minimum quality guidelines after 14 days and its
quality is similar to plasma quality of other cold-stored
blood components. Therefore 14-day cold-stored thawed
AB DFP can be implemented for the early treatment of
major hemorrhage.
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