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ABSTRACT
Background: This pilot trial focused on feasibility and safety to provide preliminary data to evaluate the hemostatic potential of cold-stored platelets (2°
to 6°C) compared with standard room temperature–stored platelets (20° to
24°C) in adult patients undergoing complex cardiothoracic surgery. This study
aimed to assess feasibility and to provide information for future pivotal trials.
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latelets for transfusion are stored at room temperature
(20° to 24°C) with gentle agitation for 4 to 7 days
depending on national regulations. The resulting functional
storage lesion and risk of bacterial growth limit shelf life.1
Short shelf life causes outdates, and increased storage time is
warranted.1,2 Room temperature storage was implemented
as routine for prophylactic transfusion in hypoproliferative
thrombocytopenia because recovery and survival studies
demonstrated longer circulation time of room temperature–stored platelets compared with refrigerated or coldstored (2° to 6°C) platelets.3 For platelet transfusion in
actively bleeding patients, multiple lines of evidence provide the biologic rationale to compare cold- versus room
temperature–stored platelets. In vitro studies demonstrate
better preserved platelet aggregation and mitochondrial
function in cold-stored versus room temperature–stored
platelets and hemostatic function in cold-stored platelets
for up to 22 days.4–8 Clinical studies show decreased bleeding time and reduced bleeding in patients who received
cold-stored platelets or refrigerated whole blood.9–11 These
findings suggest that cold-stored platelets may be more
hemostatically active in bleeding patients after transfusion.
Patients undergoing prolonged cardiopulmonary bypass
(CPB) for complex cardiothoracic surgery develop thrombocytopathy and thrombocytopenia requiring platelet transfusion. Evaluations of platelet products have focused on this
population because postoperative bleeding measured by chest

Methods: A single center two-stage exploratory pilot study was performed
on adult patients undergoing elective or semiurgent complex cardiothoracic
surgery. In stage I, a two-armed randomized trial, platelets stored up to 7
days in the cold were compared with those stored at room temperature. In
the subsequent single-arm stage II, cold storage time was extended to 8 to
14 days. The primary outcome was clinical effect measured by chest drain
output. Secondary outcomes were platelet function measured by multiple
electrode impedance aggregometry, total blood usage, immediate and longterm (28 days) adverse events, length of stay in intensive care, and mortality.
Results: In stage I, the median chest drain output was 720 ml (quartiles
485 to 1,170, n = 25) in patients transfused with room temperature–stored
platelets and 645 ml (quartiles 460 to 800, n = 25) in patients transfused with
cold-stored platelets. No significant difference was observed. The difference
in medians between the room temperature– and cold-stored up to 7 days
arm was 75 ml (95% CI, −220, 425). In stage II, the median chest drain output was 690 ml (500 to 1,880, n = 15). The difference in medians between
the room temperature arm and the nonconcurrent cold-stored 8 to 14 days
arm was 30 ml (95% CI, −1,040, 355). Platelet aggregation in vitro increased
after transfusion in both the room temperature– and cold-stored platelet study
arms. Total blood usage, number of adverse events, length of stay in intensive
care, and mortality were comparable among patients receiving cold-stored
and room temperature–stored platelets.

Conclusions: This pilot trial supports the feasibility of platelets stored cold
for up to 14 days and provides critical guidance for future pivotal trials in highrisk cardiothoracic bleeding patients.
(ANESTHESIOLOGY 2020; 133:1173–83)

EDITOR’S PERSPECTIVE
What We Already Know about This Topic
• Platelets are stored at room temperature (20° to 24°C) with constant agitation for 5 to 7 days to maximize recovery and survival in
vivo after transfusion
• Cold storage of platelets at 2° to 6°C would provide extended shelf
life, and laboratory investigations indicate improved hemostatic
function, which may be beneficial for treatment of bleeding

What This Article Tells Us That Is New
• No significant difference was observed between cold-stored
and room temperature–stored platelets for hemostatic function
assessed by chest drainage, total blood usage, platelet function,
and clinical outcomes
• This pilot trial supports the potential feasibility of cold-stored platelets
for clinical use and provides potential guidance for future pivotal trials
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tube output and blood usage provide measures of hemostatic clinical effect.12 This pilot trial focused on feasibility
and safety to provide preliminary data to evaluate hemostatic
potential of cold-stored platelets (2° to 6°C) compared with
standard room temperature–stored platelets (20° to 24°C) in
adult patients undergoing complex cardiothoracic surgery.

Materials and Methods
Study Design

This article is featured in “This Month in Anesthesiology,” page 1A. This article is
accompanied by an editorial on p. 1161. This article has a related Infographic on p.
17A. Supplemental Digital Content is available for this article. Direct URL citations
appear in the printed text and are available in both the HTML and PDF versions of
this article. Links to the digital files are provided in the HTML text of this article on the
Journal’s Web site (www.anesthesiology.org). This article has an audio podcast. This
article has a visual abstract available in the online version. Preliminary data were presented at the American Association of Blood Banks annual meetings October 22 to 25,
2016, in Orlando, Florida, and October 7 to 10, 2017, in San Diego, California. In relation to these conferences, an abstract with preliminary results was published. Further,
preliminary results were presented without published abstracts at the American
Association of Blood Banks–Trauma, Hemostasis, Oxygenation Resuscitation Network
preconference for the American Association of Blood Banks annual meeting October
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Resuscitation Network annual symposium June 17 to 20, 2018 in Bergen, Norway.
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Study Participants
Adult patients hospitalized at Haukeland University
Hospital, Bergen, Norway, for elective and semiurgent
(within 24 h from hospital admission) cardiothoracic surgery were identified and screened for eligibility by their
surgeons. The inclusion screening criteria were scheduled
elective or semiurgent cardiothoracic surgery with either
expected CPB time over 120 min or use of dual platelet
inhibition drugs less than 48 h before surgery. Patients with
congenital coagulopathies or hemostatic disorders were
ineligible. Informed consent was obtained from patients
who fulfilled the screening criteria; however, only the subset
of consented patients who developed indications for platelet transfusion and had orders for study platelets received by
the blood bank were enrolled into the study.
Indications for platelet, erythrocyte, and plasma transfusion, as well as hemostatic adjuncts, was decided according to
standard practice at our institution in collaboration between
the surgeon and anesthesiologist. The decision to transfuse
platelets was based on prolonged CPB time, excessive bleeding needing a balanced transfusion approach, and/or problems
achieving surgical hemostasis. Excessive bleeding is present when the patient is hemodynamically unstable because
of blood loss and requiring ongoing transfusion of blood
products to maintain mean arterial blood pressure above 60
mmHg and end tidal carbon dioxide above 3.5 kPa combined with too much bleeding to close the chest. After chest
closure, chest tube output and hemodynamic parameters as
described above were used to guide transfusion needs in the
postsurgical phase.A transfusion episode was defined as ended
if no additional platelet transfusions were given within 30 min
after completion of the previous platelet transfusion. As an
additional safety precaution, because the clinical performance
of platelets stored in the cold beyond 7 days was unknown,
a maximum of two units of study platelets per patient was
enforced in stage II. If prolonged bleeding with additional
need for platelet transfusion occurred in stage II, additional
nonstudy platelets were transfused. A bolus of tranexamic
acid (10 mg/kg IV) was given to patients during induction of
anesthesia before surgery and followed by continuous infusion
(10 mg ∙ kg−1 ∙ h−1) until the end of surgery.

Study Intervention
For stage I, patients in the cold-stored arm received leukocyte-depleted apheresis platelets in platelet additive solution stored at 2° to 6°C under constant agitation for up
to 7 days. Patients in the room temperature–stored arm
received leukocyte-depleted apheresis platelets in platelet
additive solution stored under constant agitation for up
to 7 days in room temperature (20° to 24°C). For stage
II, patients received leukocyte-depleted apheresis platelets
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The Norwegian Regional Ethics Committee North
(Tromsø, Norway) approved the study (identifier 2014/692).
The trial was registered on ClinicalTrials.gov on July 8,
2015, with identifier NCT02495506. This two-stage pilot
trial was designed to inform future pivotal trials by providing a preliminary test of this hypothesis: Relative to transfusion with room temperature–stored platelets, cold-stored
platelets reduce postoperative bleeding with sufficient
platelet aggregation in patients who develop indications
for platelet transfusion during complex cardiothoracic surgery. Stage I was a two-arm randomized trial that compared
transfusion with cold-stored and room temperature–stored
platelet concentrates stored for up to 7 days. An external
safety monitor was appointed, and interim analysis on clinical effect and safety was performed during the study. Based
on acceptable safety and potential for clinical effect after
inclusion of 25 patients in the cold-stored arm, an exploratory, single-arm prospective observational study, stage II,
extended the duration of platelet cold storage to 8 to 14
days. Stage I was conducted from March 2015 to October

2017, and the observational stage II extension was conducted from October 2017 to August 2018.

Cold-stored Platelets for Bleeding Patients

in platelet additive solution stored at 2° to 6°C for 8 to
14 days without agitation. The platelets were suspended
in 63% PAS III (InterSol, Fresenius Kabi, Germany) up
to March 11, 2016, and thereafter PAS IIIM (T-PAS+,
Terumo BCT, USA) and 37% donor plasma according to
standard procedures in our institution. Bacterial testing of
the platelet concentrates was performed on day 1 according to procedures in our department and the Norwegian
requirements. All study platelet concentrates showed negative results.

The trial was registered on ClinicalTrials.org with an
original plan to use evidence of altered platelet function
confirmed by point-of-care measurements as the primary
outcome. However, during data collection, we replaced
aggregometry with chest drain output as the primary outcome to better address the pilot study’s hypothesis based on
a reduction of clinically significant bleeding. We evaluated
aggregometry as a secondary outcome.
Chest drain output was measured from chest closure until
8:00 am the next morning as the best estimate of cumulative
postoperative blood loss. The secondary outcomes of platelet function were measured as changes in multiple electrode
impedance aggregometry (Multiplate, Roche Diagnostics,
Germany) after platelet transfusion, blood cell counts, conventional coagulation tests, blood usage, and hemostatic viscoelastic assays up until 8:00 am the next morning. Adverse
events (venous or arterial thromboembolism, transfusion
reactions), length of stay in intensive care, and mortality
were measured up to 28 days.

Post Hoc Analysis
Study patients who developed indications for platelet
transfusion during complex cardiothoracic surgery were
expected to be heterogeneous in terms of their baseline
risks of surgical outcomes and complications. In a small
pilot study, between-group variations in underlying disease severity or other potential confounders (e.g., intraoperative administration of anticoagulants, other medications,
or transfusion with nonassigned platelets) could produce
biased treatment effect estimates and misinterpretations,
especially for a single primary outcome measured by postoperative chest tube drainage. In addition to the standard
intention-to-treat analysis, we conducted a post hoc analysis restricted to the more homogeneous subset of study
patients who received the correctly randomized treatment
and had surgical bleeding more amenable to treatment with
platelet transfusion. Patients were excluded from the post
hoc analysis if they (1) were reoperated within 24 h because
of excessive bleeding uncontrolled by the cardiothoracic
surgical procedures, (2) were anticoagulated with heparin
because of the need for venoarterial extracorporeal membrane oxygenation, (3) had iatrogenic spleen bleeding, or 4)
Strandenes et al.

Randomization and Blinding
For stage I, the study weeks were randomized to maintain
an inventory for the study without excessive waste. A randomization list for study weeks was generated by use of
electronic software. The randomization list was only available to study coworkers at the Department of Immunology
and Transfusion Medicine. Surgeons screening the patients
for eligibility were blinded to the randomization, as were
the clinical personnel responsible for the treatment and follow up of the patients. Clinicians were blinded to patient
randomization when deciding whether to transfuse and
when ordering platelets. Enrolled stage I study patients
were randomized to either the cold-stored or room temperature–stored arms based on the week of their procedure.
In the room temperature arm, there were 19 weeks with
one patient/week and 3 weeks with two patients/week. In
the cold-stored arm, there were 17 weeks with one patient/
week and 4 weeks with two patients/week. For stage II, all
enrolled patients were assigned to receive platelets stored
cold for 8 to 14 days.
The personnel handling platelet concentrates during
transfusion could observe both temperature and labeling of
the product. Clinicians reported the effect of transfusion and
potential adverse events after procedure in the electronic
medical records. Study coworkers from the Department
of Immunology and Transfusion Medicine who obtained
written informed consent, collected data from electronic
medical records, and registered information in the study
database were not blinded.
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Study Outcomes

received nonassigned platelets (fig. 1). Chest drain output of
more than 200 ml/h for more than 3 to 4 h or 500 ml/h for
2 h were the indications for reopening the chest. All patients
that were removed from the post hoc analysis because excessive bleeding and reoperation had an identified surgically
correctable bleeding.

Data Collection
Clinical data were extracted by study personnel from electronic medical records. All transfusions were registered with
start time and location (operating theater or intensive care
unit), end time and location, and component details. Only
transfused blood components were reported. Blood samples
for laboratory analyses were collected from a radial artery
catheter at baseline day of surgery, immediately after weaning CPB, 1 h after arrival at the intensive care unit, immediately before and 20 min after platelet transfusion episodes,
and the following morning.

Statistical Analysis
The trial was initially registered on ClinicalTrials.gov with
a plan to use noninferiority testing of between-arm differences in platelet function. Because of the lack of evidence
needed to set acceptable, nonarbitrary tolerance margins for
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the noninferiority testing, we conducted standard tests of
superiority, commensurate with the early phase of the trial.
A formal sample size calculation was not performed for
this pilot study. Instead, the sample size was based on previous publications investigating the clinical effect of coldstored compared to room temperature–stored platelets
(n = 7 to 14,9 n = 8,3 and n = 1213). A previous clinical
study in complex cardiothoracic surgery patients investigating post-CPB platelet dysfunction and chest tube output in normovolemic ultrafiltration included 25 patients.14
We concluded that 20 patients or more per arm in stage I
would provide sufficient statistical precision for the preliminary estimation of effect size of our primary outcome to
inform future pivotal trials while minimizing risks in a pilot
trial. For stage II, a sample size of 10 was chosen.
Statistical analyses were performed using IBM SPSS
Statistics for Windows, version 24.0 (IBM, USA). For the
primary outcome, means with 95% CI, standard deviations
with one-sided 95% upper confidence limits, medians,
lower and upper quartiles, and 95% CI for the difference
in medians are presented. As recommended for pilot studies,15 the CI for the SD requires only an upper bound not
a lower bound. We also report differences in median chest
drain output with 95% CI of the difference using the room
temperature arm as the comparison.The CIs for differences
in medians were calculated using the percentile bootstrap
with 99,999 replications, using R, version 4.0.0 (R Core
1176

Team 2020, https://www.r-project.org/, accessed June 19,
2020).16
For the secondary outcomes, the results are given as
medians (quartiles, minimum, maximum) or count (percentage). Because the study period was limited to 28 days,
the length of stay for patients remaining in intensive care at
this point was defined as 28 days in the statistical analysis.
In the randomized stage I, primary and secondary outcomes were compared using two-tailed Mann–Whitney U
tests. Pre- and posttransfusion measurements were compared
using the Wilcoxon signed-rank test. Linear regression analysis of chest drain output with the predictors study arm and
time from finished surgery until next morning at 8:00 am was
performed to determine the association of time with bleeding
volume. It has been shown that multiple electrode impedance aggregometry response depends on platelet count.17–19
For this reason, we performed post hoc adjustment for platelet
count by dividing aggregometry response by platelet count..
A P value less than 0.05 was considered significant.

Results
Study Participants
From March 2015 through August 2018, 141 patients were
provisionally assigned to one of the three treatment arms
according to the study’s randomization protocol at the start of
surgery. The exclusions and inclusions are described in detail
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Fig. 1. Flow diagram showing inclusion, exclusion, and randomization of patients.

Cold-stored Platelets for Bleeding Patients

Platelet Transfusion Episodes
Most patients received their first platelet transfusion in
the operating room during surgical hemostasis, before
chest closure (22 of 25 patients in the room temperature
arm, 23 of 25 patients in cold-stored up to 7 days arm,
and 15 of 15 patients in the cold-stored for 8 to 14 days
arm). No platelet transfusions were given during CPB.
Six patients in the room temperature arm, two patients in
the cold-stored up to 7 days arm, and four patients in the
cold-stored for 8 to 14 days arm received more than one
transfusion episode.

Blood Loss
As shown in figure 2, postoperative blood loss measured
as median chest drain output was 720 ml (485 to 1,170,
180 to 2,340) for room temperature, 645 ml (460 to 800,
90 to 1,785) for cold-stored up to 7 days, and 690 ml (500
to 1,880, 100 to 9,210) for 8 to 14 days. In the post hoc
analysis, the median chest drain output was 720 ml (490 to
1,020, 180 to 2,340), 590 ml (450 to 720, 90 to 960), and
595 ml (460 to 800, 100 to 1,550) for room temperature,
cold storage for up to 7 days and cold storage for 8 to 14
days, respectively. Relative to the room temperature arm,
the median chest drain output in the cold-stored up to 7
days arm was not statistically significant different (Pintention-to= 0.735, Ppost hoc analysis = 0.154).
treat
The difference in medians between the room temperature– and cold-stored up to 7 days arm was 75 ml (95% CI,
−220, 425). The difference in medians between the room
temperature arm and the nonconcurrent cold-stored 8 to
14 days arm was 30 ml (95% CI, −1,040, 355). Means with
standard deviations and 95% upper confidence limits are
shown in table 2.
The median time from chest closure until postoperative
chest drain output registration next morning was 16 (15 to
17, 12 to 19), 16 (16 to 18, 10 to 19), and 16 (13.5 to 17,
11 to 17) hours in the room temperature, cold-stored up to
7 days, and cold-stored for 8 to 14 days arms, respectively.
No significant association between the length of this time
period and chest drain output was observed (P = 0.458).
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in figure 1. Only the randomized candidates who developed
indications for platelet transfusion and survived long enough
for the surgical team to initiate transfusion of the assigned
study product were enrolled as study patients in this pilot trial.
Enrollment ceased when the target sample size was obtained.
65 consented patients in stage I and 6 consented patients in
stage II were ineligible for the study because they did not
receive platelet transfusion. The intention-to-treat population included 65 patients receiving platelet transfusion: 25
received room temperature–stored, 25 received cold-stored
for up to 7 days, and 15 received cold-stored for 8 to 14 days.
Patient characteristics are presented in table 1. The post hoc
analysis included 21 patients who received room temperature–stored platelets, 22 patients who received platelets stored
cold for up to 7 days and 10 patients who received platelets
stored cold for 8 to 14 days (fig. 1).

Table 1. Patient Characteristics
Room Temperature–stored
up to 7 Days
(n = 25)
Age, yr
Sex (male)
Height, cm
Weight, kg
Body mass index
Logistic EuroSCORE, %
Ejection fraction
Cardiopulmonary bypass, min
≥ 34°C
< 34°C
Aorta clamp time, min
Platelet inhibitors
Single
Dual
Redo surgery*
Surgical procedure
Aneurismectomy
Aorta
 Coronary artery bypass grafting
Pericardectomy
Valve

65 (57–71, 38–79)
17 (68%)
179 (175–185, 163–192)
82 (72–95, 51–108)
26,3 (24–27,2, 16,7–31,7)
13 (5–23, 2,44–82,81)
60 (55–60, 30–65)
220 (155–270, 76–418)
11 (44%)
14 (56%)
131 (87–163, 51–227)

Cold-stored up to
7 Days (n = 25)

Cold-stored for
8 to 14 Days (n = 15)

61 (46–67, 27–82)
16 (64%)
176 (170–182, 153–192)
78 (69–91, 51–120)
26,6 (21,8–31,6, 17,9–34,1)
18 (13,01–40,34, 5,96–93,1)
60 (50–60, 29–65)
203 (143–249, 80–304)
11 (44%)
14 (56%)
124 (90–168, 47–240)

67 (56–73, 44–78)
13 (87%)
178 (173–187, 161–200)
84 (72–102, 63–118)
27,4 (23,8–31,1, 21,8–32,1)
28,6 (19,4–44,31, 3,5–82,02)
50 (40–56, 25–60)
210 (166–297, 78–428)
5 (33%)
10 (67%)
143 (121–175, 62–228)

13 (52%)
0 (0%)
9 (36%)

11 (44%)
0 (0%)
18 (72%)

4 (29%)
0 (0%)
10 (67%)

1 (4%)
16 (64%)
4 (16%)
0 (0%)
15 (60%)

0 (0%)
15 (63%)
4 (17%)
0 (0%)
17 (71%)

0 (0%)
9 (64%)
1 (7%)
1 (7%)
11 (79%)

The results are given as median (interquartile range, minimum, maximum) or count (percentage).
*Redo surgery is defined as previous sternotomy.
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Post hoc analysis

B
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Room temperature stored up to 7 days

Cold stored up to 7 days

Cold stored 8 to 14 days

Fig. 2. Postoperative blood loss as measured by chest drain output for intention-to-treat patients (A) and post hoc analysis patients receiving
room temperature–stored platelets, 7 days cold-stored platelets, and 8 to 14 days cold-stored platelets (B). The dots represent the individual
study patients. The lines show median with interquartile range. The difference between the room temperature– and cold-stored for 7 days
arms was not statistically significant (Pintention-to-treat = 0.265, Ppost hoc = 0.115, two-tailed Mann–Whitney U test; SPSS Statistics for Windows,
version 24.0, IBM, USA). The nonconcurrent stage II cold-stored for 8 to 14 days arm was not compared with the two stage I arms.

Table 2. Chest Drain Output

Intention-to-treat
 Room temperature–stored up to 7 days
 Cold–stored up to 7 days
 Cold–stored 8–14 days
Post hoc analysis
 Room temperature–stored up to 7 days
 Cold–stored up to 7 days
 Cold–stored 8–14 days

N

Mean (95% CI)

SD (95% CL)

25%

Median

75%

25
25
15

865 (640–1,091)
649 (514–784)
1,851 (467–3,234)

546 (719)
328 (432)
2,498 (3,646)

485
460
500

720
645
690

1,170
800
1,880

21
21
10

838 (604–1,073)
583 (477–688)
699 (384–1,014)

514 (698)
232 (315)
440 (724)

490
450
460

720
590
595

1,020
720
800

The values are given as the number of patients (N), mean with 95% CI, SD with (one-sided) 95% upper confidence limit (CL), 25% percentile, median, 75% percentile. Chest drain
output is measured in ml.

Blood Product Usage and Hemostatic Adjunct
Treatments
Blood usage is reported in figure 3. There were no statistically significant differences in total units of transfused platelets (P = 0.124), plasma (P = 0.079), or red cells (P = 0.543)
in the room temperature– and cold-stored up to 7 days
arms. In total, 51% of room temperature–stored units transfused were 5 to 7 days old, versus 67% of cold-stored units,
whereas 83% of the cold-stored for 8 to 14 days units were
transfused beyond storage day 10.
Fibrinogen concentrate (RiaSTAP,CSL Behring,USA) and
prothrombin complex concentrate (Octaplex, Octapharma,
Switzerland) were administered after CPB. Overall, 35
patients received fibrinogen: 15 (60%) patients in the room
temperature arm, 11 (44%) patients in the cold-stored up
to 7 days arm, and 9 (60%) patients in the cold-stored for
8 to 14 days arm. In total, 10 patients received prothrombin
1178

complex concentrate, 2 (8%) patients in the room temperature arm, 4 (16%) patients in the cold-stored up to 7 days arm,
and 4 (26%) patients in the cold-stored for 8 to 14 days arm
(Supplemental Digital Content, http://links.lww.com/ALN/
C476).There was no statistically significant difference in chest
drain output between patients receiving either fibrinogen
concentrates or prothrombin complex concentrate compared
with patients who did not receive either of these hemostatic
adjuncts within each study group (Proom temperature = 0.540, Pcold= 0.340, Pcold-stored for 8 to 14 days = 0.272).
stored 7 days

Platelet Function and Coagulation
Platelet counts and function are presented in figure 4 and
in the Supplemental Digital Content (http://links.lww.
com/ALN/C476). Because of the low number of patients
with more than one platelet transfusion episode, the results
of platelet count and function are presented for the first
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Blood component use (units)
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Room temperature stored up to 7 days

Platelets

Cold stored up to 7 days
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Fig. 3. Overall blood component use in patients receiving room temperature–stored platelets, 7 days cold-stored platelets, and 8 to 14
days cold-stored platelets. The dots represent the individual study patients. The lines show median with interquartile range. The difference
between the room temperature– and cold-stored for 7 days arms was not statistically significant for number of transfused red cells (P =
0.543), plasma units (P = 0.079), or platelets (P = 0.124; two-tailed Mann–Whitney U test; SPSS Statistics for Windows). The nonconcurrent
stage II arm was not compared with the two stage I arms.
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IBM). (B) Change in multiple electrode aggregation response and platelet count after the first platelet transfusion episode. Platelet count and
multiple electrode aggregation response to all agonists increased after platelet transfusion for all study arms (P < 0.05), with the exception of
RISTOtest (ristocetin) in the stage II arm (P = 0.137; two-tailed Wilcoxon signed-rank test). The level of change was not statistically significant
different between the stage I arms for any agonist (two-tailed Mann–Whitney U test). (C) Change in multiple electrode aggregation response
adjusted for platelet count. The nonconcurrent stage II arm was not compared to the two stage I arms. ADPtest, adenosine diphosphate;
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transfusion episode only. Platelet count increased after
platelet transfusion for all study arms (P < 0.05). Multiple
electrode aggregation response to all agonists increased after
platelet transfusion for all study arms (P < 0.05), with the
Strandenes et al.

exception of RISTOtest (ristocetin) in the cold-stored for
8 to 14 days arm (P = 0.137l fig. 4).
Median thromboelastography maximum amplitude
remained within normal ranges in all study arms. No
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significant difference were observed between the study arms
in stage I. Similar, no differences were observed between the
two randomized study arms for rotational thromboelastometry in-tem and ex-tem maximum clot firmness at any time
point (Supplemental Digital Content, http://links.lww.
com/ALN/C476). Information on coagulation and hemoglobin concentration is presented in the Supplementary
Digital Content (http://links.lww.com/ALN/C476).

Clinical Safety

Discussion
In complex cardiothoracic surgery with prolonged CPB
circulation time, thrombocytopenia and platelet dysfunction cause excessive perioperative bleeding and increased
utilization of blood products.20,21 Achieving postoperative hemostasis often requires platelet transfusion.22
Optimization of blood components for bleeding patients is
therefore needed.7
This pilot study examined the safety and feasibility of coldstored platelets stored for up to 14 days in patients undergoing
complex cardiothoracic surgery. The preliminary tests of the
hypothesis showing that cold-stored platelets are sufficiently
functional to participate in hemostasis suggest a feasible
Table 3. Safety Endpoints

Arterial thromboembolism*
Venous thromboembolism†
Transfusion reaction caused by platelet transfusion
Time to extubation, h
Length of stay in intensive care unit, days‡
28-Day mortality

Room Temperature–stored
up to 7 Days (n = 25)

Cold-stored up
to 7 Days (n = 25)

Cold-stored for
8 to 14 Days (n = 15)

6 (24%)
2 (8%)
0 (0%)
1.6 (5.08–21.37,
3.37–212.72)
2 (1–5, 1–28+)
3 (12%)

6 (24%)
0 (0%)
0 (0%)
6.6 (5.12–19.45,
3.67–349.02)
2 (1–6, 1–28+)
2 (8%)

2 (13%)
2 (13%)
0 (0%)
19.3 (4.28–27.27,
3.28–135.58)
4 (2–14, 1–28+)
2 (13%)

The results are given as median (interquartile range, minimum, maximum) or count (percentage).
* Days from surgery: room temperature–stored up to 7 days: 3, 9, 10, 13, 16, and 22. Cold-stored up to 7 days: 2, 4, 4, 7, 8, and 14. Cold-stored from 8 to 14 days: 2 and 6,
†
Days from surgery: room temperature–stored up to 7 days: 1 and 6; cold-stored for 8 to 14 days: 1 and 9.
‡One
patient in the group with room temperature–stored up to 7 days, one patient in the cold-stored up to 7 days group, and two patients in the cold-stored for 8 to 14 days remained
in intensive care at the conclusion of the 28-day study period. These were defined as 28 days for statistical analysis.
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No transfusion reactions related to platelet transfusions
were observed. The complexity of the surgical interventions performed in these high-risk patients resulted in an
overall 28-day hospital mortality of three deaths (12%) in
the room temperature group, two (8%) in the cold-stored
7 days arm and two (13%) in the cold-stored 8 to 14 days
arm. Information on thromboembolic events and other
safety parameters are shown in table 3. For the evaluation
of length of stay in intensive care, one patient in the room
temperature arm, two patients in the cold-stored up to 7
days arm, and two patients in the cold-stored for 8 to 14
days arm remained in intensive care at the conclusion of the
28-day study period.

alternative product for treatment of postoperative bleeding
and provide critical information to proceed with pivotal trials. No statistically significant difference in chest drain output
was observed between room temperature–stored platelets and
cold-stored platelets stored for up to 7 days.We have reported
the effect size of our primary outcome measure chest drain
output to be used for sample size calculation in future studies (table 2). We recommend that sample size calculations for
future studies should be based on what the investigators regard
as a clinically significant blood loss, along with the reported
upper confidence limits for the standard deviations.
Impedance aggregometry is an established functional
analysis for detecting platelet dysfunction that can affect
hemostasis. This includes dysfunction caused by platelet
disorders, antiplatelet therapy, bleeding, transfusion, and
medical interventions. In our study we quantified the dysfunction caused by CPB and surgery by first performing a
preoperative test to establish baseline measurement for the
patient and then retesting just before platelet transfusion.
To investigate to what degree the dysfunction could be
reversed through transfusion of cold-stored compared with
room temperature–stored platelets, we performed another
test after the platelets were transfused. Our findings of significant increase in aggregation response suggest that platelets that have been stored cold for up to 14 days remain
functionally active. These results are in correspondence
with previous published in vitro results.5,23
Postoperative thromboembolic event rates were similar
between cold-stored and room temperature–stored platelets. Postoperative complications in complex cardiothoracic
surgery are often unsuspected and multifactorial; evaluating thromboembolic events and their relationship to platelet transfusion is difficult.24 The patient population in this
study had high logistic euroSCORE, indicating high risk of
mortality. Even though we observed no difference in complications, the number of patients in the study is too low
to definitively conclude similarity in risk profile between
cold-stored and room temperature–stored platelets.

Cold-stored Platelets for Bleeding Patients

Limitations

Strandenes et al.

Conclusions
This pilot trial supports the feasibility of platelets stored cold
for up to 14 days and provides critical guidance for future
pivotal trials in high-risk cardiothoracic bleeding patients.
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When the study was designed, only room temperature–stored
platelet concentrates were available for routine use in our
hospital. Cold-stored platelets had to be specially prepared for
the study. To ensure the ready supply of cold-stored platelets
for the study, we had to randomize the availability of either
cold-stored or room temperature–stored platelets per week.
The randomization schedule enabled us to collect the appropriate type of apheresis platelets in the week(s) before study
patients were enrolled. The purpose of randomization is to
maximize the chances for balance in the baseline covariates
(potentially important confounders) between groups at the
time of intervention. If unconcealed, randomization before
the decision to transfuse (enrollment) could increase susceptibility to selection bias. To minimize the risk of betweengroup dissimilarity in the indications for platelet transfusion,
all clinical personnel treating our study patients (surgeons,
anesthesiologists, nursing staff) were blinded to the randomization both when deciding to transfuse and when ordering platelets. Once study platelets were ordered, no enrolled
patients were withdrawn from the study, and no randomized treatment was withheld after either the order or delivery of study product. We believe our randomization scheme
and concealment strategies achieved an appropriate balance
between scientific rigor and practical logistics.
Most patients received the first transfusion episode
during surgical hemostasis when multiple blood components and hemostatic products were transfused simultaneously. This might influence results. The number of patients
having previous sternotomies was higher in the cold-stored
up to 7 days arm. History of previous sternotomies is associated with increased bleeding and might influence the
results; especially chest drain output and blood product use.
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Although the causes of postoperative bleeding measured
by chest tube output are multifactorial and difficult to disentangle, we chose to report chest tube output and total
blood products transfused as sensitive, if not necessarily specific measures of the contribution of platelet transfusion to
postsurgical hemostasis. Postsurgical hemostasis depends on
the combination of patients’ intrinsic hemostatic capabilities, preceding and interim medical treatments including
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the surgical hemostatic procedures before chest closure, and
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that other measures of hemostasis may be more accurate
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be considered in future studies.
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Laughing Gas Kings of Penguin Guano…or Is It GuaN2O?

Lying roughly equidistant from the Antarctic peninsula and the tip of South America, South Georgia Island
shelters a huge colony of King Penguins. These massive birds are celebrated on 43-pence stamps issued by
South Georgia and the South Sandwich Islands (above). To pack on blubber, King Penguins ingest krill and
fish that have dined on nitrogen-rich phytoplankton.Then the penguins excrete kingly amounts of guano. For
South Georgia, global warming has increased both glacial retreat and penguin activity. Consequently, there
is more open land from which soil microbes can release even greater amounts of nitrous oxide from deposited guano. With the “intense” levels of laughing gas, Danish scientist and permafrost expert Bo Eberling has
observed that, “after nosing about in guano for several hours, one goes completely cuckoo.” (Copyright © the
American Society of Anesthesiologists’ Wood Library-Museum of Anesthesiology.)
Melissa L. Coleman, M.D., Penn State College of Medicine, Hershey, Pennsylvania, and George S. Bause, M.D.,
M.P.H., Case Western Reserve University, Cleveland, Ohio.
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