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Abstract
Background—The hemostatic property of “fresh” whole blood (WB) has been observed in
military application and cardiac surgery and is associated with reduced blood loss, transfusion
requirements, and donor exposures. The time from donation to transfusion defining “fresh” has not
been systematically studied. We undertook an in vitro study of coagulation properties of
refrigerated WB stored for 31 days.

Study design and methods—Twenty-one WB units were obtained from healthy volunteer
donors and stored under standard AABB refrigerated conditions. Samples were obtained on the
day after donation and again on Days 2, 4, 7, 11, 14, 17, 21, 24, and 31. Tests included complete
blood count, pH, pO2, pCO2, glucose, lactate, thromboelastography (TEG), and platelet function
by light transmission aggregometry (LTA).

Results—There was progressive decline in pH, pO2, glucose, and sodium, but progressive
increase in potassium, pCO2, and lactate. TEG variables in all units were normal through Day 11;
abnormal values in some variables in some units began on Day 14. Final aggregation levels
exhibited no change from Day 1 to Day 21 with adenosine diphosphate and epinephrine, but a
decline with collagen (Day 7) and ristocetin (Day 17).

Conclusion—This in vitro study of coagulation properties demonstrates preservation of normal
integrated coagulation function to a minimum of 11 days under standard conditions of refrigerated
storage of WB for transfusion. These observations strongly suggest that the hemostatic quality of
WB may extend beyond current transfusion practices. If confirmed clinically, this would increase
availability and extend benefits of reduced donor exposure and transfusion requirements.

The replacement of large volumes of lost blood (massive transfusion) requires
administration of red blood cells (RBCs), plasma, and platelets (PLTs) or, alternatively,
whole blood (WB). There is a similar requirement with unique dilutional conditions, as in
the use of extracorporeal circuits for pediatric cardiac surgery. The hemostatic properties
and reduced transfusion requirements associated with “fresh” WB has been observed in
military application (Vietnam, Iraq, and Afghanistan)1-5 and in pediatric cardiac surgery.6,7

WB use in military settings has been considered fresh up to 24 hours when stored at room
temperature, after which it is considered neither fresh nor safe and is discarded.8 WB
currently used in pediatric cardiac surgery is considered fresh for up to 48 hours of

Address correspondence to: David R. Jobes, MD, Department of Anesthesiology and Critical Care Medicine, 12NW48, The Children's
Hospital of Philadelphia, 34th Civic Center Boulevard, Philadelphia, PA 19104; jobes@email.CHOP.edu.

Conflict of Interest: The authors have no conflict of interest to declare.

NIH Public Access
Author Manuscript
Transfusion. Author manuscript; available in PMC 2013 November 08.

Published in final edited form as:
Transfusion. 2011 January ; 51(1): . doi:10.1111/j.1537-2995.2010.02772.x.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



refrigerated storage. This limit reflects the minimum time from donation to administration
required to complete routine processing, testing, and delivery from donor site to hospital for
scheduled surgery.6,7,9 In hospitals that obtain fresh WB for pediatric cardiac surgery, it is
often processed after 48 hours into RBCs, while plasma and PLTs are discarded; thus
postponed surgeries currently result in waste. The limits of “freshness” in both military and
civilian practices do not appear to be based on specific assessments of the duration of
functional coagulation proteins and PLTs in stored WB. A literature search suggests the only
serial assessment of storage longer than 24 hours on multiple coagulation properties of intact
WB was in 2007 by Hughes and colleagues.10 They determined that a major degree of
functionality was retained at least up to 72 hours of warm storage and urged further study.
Reports of refrigerated storage on coagulation properties of WB are virtually limited to
coagulation proteins but not PLTs,11 and there are no evaluations of integrated coagulation
function. Storage effects have been studied extensively on refrigerated separated blood
components of plasma and PLTs, suggesting that the integrity of plasma protein factors and
PLT function may not fall below clinically useful levels during refrigerated storage until
well beyond our current 48-hour limit.11-14 Stimulated by the reports from the military and
our observations in pediatric cardiac surgery, we wanted to learn the limits of storage of WB
with regard to preservation of its beneficial hemostatic properties. Therefore, as a first step
we undertook an in vitro study of the coagulation and PLT function properties of
refrigerated WB.

Materials and Methods
WB units

After approval by the institutional review board for the protection of human subjects, 21
blood units were obtained from healthy donors following standard clinical procedures,
predonation screening, and written informed consent at the American Red Cross' Penn-
Jersey Regional donor center. These donors were also screened for aspirin, nonsteroidal
anti-inflammatory drugs, and herbal medications. Each unit contained 450 ± 50 mL of WB
and 63 mL of citrate-phosphate-dextrose-adenine (CPDA-1) anticoagulant solution. All
units were stored in the blood bank of the Children's Hospital of Philadelphia at 1 to 6°C in
accordance with standard AABB storage procedure.

Sampling technique
Each unit was mixed by gently tilting the bag horizontally (2 min) and vertically (2 min)
before sampling. Aliquots of 35 to 40 mL were placed into 50-mL plastic syringes via a
sterile connection to maintain a closed system. Each aliquot was rationed into 7 mL red-top
glass tubes, 2 × 2-mL samples for thromboelastography (TEG) and complete blood count
(CBC), and 5 × 5-mL samples for light transmission aggregometry (LTA).

Laboratory measurements
All measurements were conducted in the clinical laboratory of the Children's Hospital of
Philadelphia following standard clinical practice. Blood pH, pO2, pCO2, sodium, and
potassium were determined using a blood gas and/or electrolytes analyzer (Rapidlab 1265,
Siemens, Deerfield, IL). A standard cell counter (Advia 2120, Siemens) determined CBC.
PLT function was determined by PFA-100 (Siemens) using collagen/adenosine diphosphate
(ADP) and collagen/epinephrine agonist mixtures (Siemens) and standard LTA (PLT
aggregometry profiler-4, Bio Data Corp., Horsham, PA) using ADP, collagen (Bio Data
Corp.), epinephrine (CURA Pharmaceutical, Eatontown, NJ), and ristocetin (Helena
Hemostasis, Beaumont, TX) agonists. TEG was conducted using a thromboelastograph
(TEG 5000, Haemoscope Corp., Niles, IL) with kaolin activation.
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Testing schedule
A pilot study assessing only TEG measurements from a single unit of WB daily for 31 days
showed no change from Day 1 until Day 14 and the variables remained in the range of
normal until Day 21. To minimize the potential effect of sampling frequency and to retain
maximum volume of blood within each unit, a staggered testing schedule was created based
on these observed changes. The day of the initial collection was designated as Day 0.
Samples from all units were drawn on Days 1 (baseline), 7, 14, 21, and 31 and were
subjected to TEG, CBC, blood gas, and PFA-100. Additional TEG and CBC tests were
performed on samples drawn on Days 10, 17, and 24. PFA-100 measurements performed on
samples from units older than 1 day yielded no values due to “flow obstruction” error.
Therefore, an additional 11 units of blood were obtained to assess the effect of storage on
PLT function using standard LTA and to evaluate correlation with TEG measurements. To
minimize sample volume only TEG and LTA were performed in these units. Samples from
these 11 units were drawn on Days 1, 2, 4, 7, 14, 17, and 21 for TEG and LTA. In addition
only the TEG assay was performed on samples that were drawn on Days 10, 24, and 31 to
parallel TEG data from the first phase of the study and minimize sample volume. Hemolysis
was detected in one of the WB units starting on Day 1; thus this particular unit was not
subjected to LTA assessment.

Teg
WB samples (340 μL) were treated with kaolin before testing. Calcium chloride (0.2 mol/L,
20 μL) was pipetted into the TEG sample cup before the sample was added. All tests were
performed at 37°C. TEG was run in duplicate and results are reported as means of duplicate
readings. The adult normal reference ranges were used as the threshold for change from
normal to abnormal.

Light transmission PLT aggregometry
Approximately a total of 35 mL of blood (5 mL per tube) was drawn from each control
donor by direct venipuncture into six to eight tubes (Vacutainer, Becton Dickenson, Cedex,
France) containing 0.129 mol/L sodium citrate. PLT-rich plasma was obtained from each
control and study unit sample by centrifugation at 800 rpm for 10 minutes. The remaining
blood sample was further centrifuged at 3500 rpm for 10 minutes to attain PLT-poor plasma.
Every PLT-rich plasma sample with a PLT count of more than 300 × 109/L was diluted
using its autologous PLT-poor plasma to reach a count of 100 × 109 to 300 × 109/L. ADP
(10 μmol/L), collagen (0.19 mg/mL), epinephrine (10 μmol/L), and ristocetin (1.5 mg/mL)
were employed as agonists. All tests were performed at 37°C.

Statistical analysis
The data were analyzed using parametric methods for normally distributed data (analysis of
variance for repeated measures) and nonparametric methods for non-normally distributed
data (Kruskal-Wallis). Comparisons with p values of less than 0.05 were considered
significant. Data management was accomplished using a computer spreadsheet (Microsoft
Excel, Microsoft Corp., Redmond, WA) and statistical software (Stata SE 10.1, StataCorp,
College Station, TX).

Results
Blood composition

Blood gas assays were performed during the first phase of the study. Hematocrit via CBC
was used as an indicator of consistency in sampling and showed minimal fluctuations over
the sampling intervals and no significant differences were found between samples. Lower
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white blood cell (WBC) counts from baseline measurements were observed starting on Day
10 (Fig. 1A). As expected due to metabolic activity,15 sodium and plasma glucose levels
decreased significantly from baseline (Fig. 1B and 1C). A progressive reduction in pH
through Day 31 was observed (Fig. 1D). On the other hand, potassium and lactate
concentrations increased over time (Fig. 1E and 1F). After Day 14, potassium readings
exceeded the testing threshold (>20 mmol/L).

WB coagulation function
All TEG variables were within normal range for adult values at baseline for all units. Mean
R showed no significant change from the baseline over time (Fig. 2A). No difference from
baseline was observed for K up to Day 21 (Fig. 2B). The alpha values did not change until
on or after Day 14 (Fig. 2C). Similarly, the maximum amplitude (MA) decreased on Day 14
and remained lower than baseline throughout the remainder of the study (Fig. 2D). The only
variables that became consistently abnormal for any unit of blood were alpha, K, and MA,
and abnormal results occurred only on Day 14 or later.

PLT function
PLT count dropped significantly from baseline on Day 4, followed by further decline on
Day 7 and remained unchanged for the remainder of the study period (Fig. 3). PLT function
assays were performed on 10 WB units. No difference from baseline was observed for final
aggregation level through Day 21 for ADP and epinephrine; ristocetin decreased on Day 17
(Fig. 4). Collagen-induced aggregation decreased over time, with change from baseline
observed for Day 7 through Day 21. Spontaneous agglutination (clumping activity of PLTs
without the addition of agonists) became more prominent as storage period increased. The
level of spontaneous agglutination progressively increased from baseline after Day 4 (Fig.
5).

Discussion
The efficacy of WB to treat or prevent coagulopathic bleeding has traditionally been based
on minimal time from donation to administration, hence the term “fresh” WB. The question
of how long WB can be stored and retain normal coagulation and PLT function properties
from an integrated functional perspective has received little attention. The primary objective
of our study was to investigate the functional coagulation and PLT function properties of
WB units stored in CPDA-1 anticoagulant at 4°C over a period of 31 days, which closely
approximates the industry standard shelf life of 35 days. As an individual component of
coagulation, PLTs retain normal responsiveness to agonists for 7 to 21 days. However,
integrated coagulation function as determined by TEG remains normal up to 14 days of
refrigerated storage.

The integrated function of coagulation proteins and PLTs was measured by TEG. TEG has
been used to diagnose abnormal coagulation states in surgical and other settings of blood
loss and replacement.16-18 A normal TEG has been shown to have a high negative predictive
value for inadequate hemostasis due to coagulopathy.16,19-22 We postulated that TEG
measurements of stored blood would be analogous to clinical use in detecting abnormalities
or, if within the range of normal, would suggest an intact coagulation state. The R value in
TEG is the time required for initial fibrin formation; R values in TEG remained unchanged
throughout the duration of our study.

Significant departure of other TEG variables from adult normal values did not occur until
Day 14. Both K and alpha variables quantify the rate of clotting; K is mostly influenced by
the fibrinogen level, whereas alpha reflects PLT activity in stimulating fibrin polymerization
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to a greater extent. MA measures the maximum strength (amplitude) of the blood clot and
correlates with the aggregation function of PLT contribution to clot formation. The
significant departure of TEG alpha and MA values from baseline indicates that PLT
contribution to clot development begins to decline at 14 days.

The LTA results imply that normal agonist-induced PLT function (reaching >60% light
transmittance)23 is preserved for at least 17 days, with the exception of collagen-induced
aggregation, which was reduced beginning on Day 7. However, there was no concomitant
effect on alpha or MA on Day 7; both remained unchanged until Day 14. Also notable is
spontaneous agglutination before the addition of agonists, which progressively increases.
While agglutination increases from Day 4, no TEG change is observed until Day 14,
suggesting no significant impairment of PLT contribution to clotting. Refrigeration of PLT
concentrates at 4°C has been known to cause changes in PLT structure and function. Cold-
induced morphologic change on the PLT membrane leads to clearance of PLTs from the
circulation as early as 1 to 2 days after transfusion.24,25 However, it is important to note that
the reduced duration of transfused PLTs in the circulation is entirely separable from the
ability to contribute to the blood clotting process.24,26 While it is true that in vivo
survivability of refrigerated PLTs is compromised when compared to room temperature–
stored PLTs, their aggregation functionality is, in fact, arguably better. Several studies have
shown that refrigerated PLTs perform better than room temperature–stored PLTs in
aggregation assays.27-29 A clinical trial in pediatric cardiac surgical patients comparing PLT
aggregation test results up to 3 hours after transfusion concluded that PLTs of refrigerated
WB demonstrated better functionality compared to standard PLT concentrates and was
associated with reduced bleeding and transfusion requirements.7

A review of the literature reveals that most coagulation proteins are not significantly
depleted during 4°C storage. Factor (F)II, FVII, FIX, FX, FXII, and FXIII were found to
remain above the lower limit of normal when stored in WB at 4°C through 35 days.11

Furthermore, fibrinogen and plasminogen activity did not change. FV and FVIII are known
to be the most labile coagulation factors exhibiting greater reduced concentration during
storage. Even so, results from previous studies suggest that FVIII activity remains above
bleeding threshold (30%) for 14 to 42 days and FV (10%) for up to 28 days.11,30-33 In our
study TEG R value remained normal up to Day 31, suggesting that although likely reduced,
the protein concentrations are functionally adequate.

Biochemical changes in WB units during storage are collectively termed as the storage
lesion. Progressive reductions in pH, ATP, and 2,3-diphosphoglycerate acid and an increase
in plasma hemoglobin and potassium have been documented.15 Cell count and metabolic
assay data of our study demonstrated signs of storage lesions as early as Day 4. Levels of
potassium and lactate were elevated, whereas blood pH, WBC, and PLT counts gradually
declined. Interestingly, the onset of these metabolic alterations did not result in changes in
TEG variables or PLT aggregation. CPDA-1 solution and the storage time of samples of WB
units may have affected results of some laboratory tests. Blood samples obtained by
venipuncture from patients for CBC (PLT count) are collected in
ethylenediaminetetraacetate anticoagulant because PLTs tend to progressively clump in
citrate, resulting in lower than true counts. Thus, our observations of declining PLT count
may be related to clumping in citrate anticoagulant. Similarly, we believe that PLT clumping
was responsible for the failure (“flow obstruction error”) of the PFA-100 assay. Standard
laboratory practice for PFA-100 dictates that the assay must be performed within 4 hours
after the blood sample is collected from a patient in acitrated tube. We documented the
presence of clumped PLTs using standard light microscopy. The results of TEG and LTA on
stored blood are not yet known to predict clinical efficacy. However, a comparison of in
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vitro PLT function with an in vivo animal model of hemostatic efficacy suggests that in vivo
function may be satisfactory despite in vitro test changes.16

While the fractionation of WB is clearly efficient and advantageous for the majority who
require only a component(s), there are specific applications where patients may be better
served by using WB. The use of nonrefrigerated WB versus components in cardiac surgery
demonstrated qualitative and quantitative laboratory evidence of improved coagulation
profile in infants34 and increased PLT count and function in adults.35 Transfusion of freshly
drawn WB in combat casualties compared to components was associated with improved
survival.2 An observational study of refrigerated WB (stored 8-28 days; mean, 14 days)
demonstrated no evidence of coagulopathic bleeding until 20+ units were transfused.5

Prospective randomized trials demonstrated decreased blood loss after pediatric cardiac
surgery when refrigerated WB (48 hr) compared to components is used during and
immediately after surgery.6,7 Secondary outcomes in those studies include improved PLT
function,7 lower inotropic score, fewer donor exposures, less time on ventilator support, and
shorter hospital length of stay.6 Similarly, stored WB versus components during liver
transplantation resulted in reduced donor exposures.36 Unfortunately, there are no clinical
studies addressing the effect of refrigerated storage between 48 hours6,7 and 8 to 20 days.5

A significant limitation in improving the utilization of WB is its availability, which is
directly related to current restrictive guidelines for use, shelf life, and difficulty in obtaining
WB from blood centers. Establishing a longer duration of hemostatic quality (shelf life)
would increase availability and utility. This would be particularly beneficial in locations
where donation and refrigeration are available but component separation is not, such as in
military or disaster relief scenarios and remote locations.37 Other certain elective surgical
patients who require large-volume blood replacement such as pediatric craniofacial
reconstruction, liver transplant, or emergency major vascular surgery and trauma patients
would also benefit.37-39 Attempts to determine optimum ratios of components for clinical
efficacy in large-volume transfusion have not surprisingly concluded that WB should be
replicated, that is, should be administered in a 1:1:1 ratio of RBCs:fresh-frozen plasma
(FFP):PLTs.38,40 The continuous immediate availability of a “transfusion package” (5 units
of RBCs, 5 units of thawed FFP, 2 units of pooled PLTs) for unexpected massively bleeding
patients reduced transfusion requirements and increased survival significantly.38

Substituting WB in such a program would be more efficient resulting in fewer donor
exposures and less wastage of outdated plasma and PLTs. We believe that there is sufficient
direct and indirect evidence from this and other studies to warrant clinical trials of
refrigerated WB stored longer than 48 hours for selected patient populations.
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CBC complete blood count

LTA light transmission aggregometry
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MA maximum amplitude

TEG thromboelastography

WB whole blood
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Fig. 1.
Blood composition by sample day shown as mean ± SD: (A) WBCs, (B) sodium, (C)
glucose, (D) pH, (E) potassium, and (F) lactate. Values of potassium level after Day 14
exceeded the testing threshold. (◆) Values differ from baseline (Day 1), p < 0.05; (+) values
differ from previous measurement day, p < 0.05. (●) Mean; (bars) ±1 SD. (E, —) Mean
potassium.
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Fig. 2.
Box plots of TEG variables by sample day shown as median, 25th, and 75th percentiles.
Normal thresholds are represented by horizontal solid lines across each graph: (A) R, (B) K,
(C) angle (α), and (D) MA. (◆) Values differ from baseline (Day 1), p < 0.05; (+) values
differ from previous measurement day, p < 0.05.
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Fig. 3.
Box plots of PLT counts by sample day shown as median, 25th, and 75th percentiles. (◆)
Values differ from baseline (Day 1), p < 0.05; (+) values differ from previous measurement
day, p < 0.05.
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Fig. 4.
Box plots of final aggregation percentages by sample day shown as median, 25th, and 75th
percentiles. Agonists: (A) ADP, (B) collagen, (C) epinephrine, and (D) ristocetin. (◆)
Values differ from baseline (Day 1), p < 0.05; (+) values differ from previous measurement
day, p < 0.05.
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Fig. 5.
Box plots of initial agglutination percentages by sample day shown as median, 25th, and
75th percentiles. Normal initial agglutination percentages are indicated by solid horizontal
lines. (◆) Values differ from baseline (Day 1), p < 0.05; (+) values differ from previous
measurement day, p < 0.05.
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