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ABSTRACT

Objective: This study aimed to determine whether or not transfusion of fresh red
blood cells (RBCs) reduced the incidence of new or progressive multiple organ
dysfunction syndrome compared with standard-issue RBCs in pediatric patients
undergoing cardiac surgery.

Methods: Preplanned secondary analysis of the Age of Blood in Children in Pediatric
Intensive Care Unit study, an international randomized controlled trial. This study
included children enrolled in the Age of Blood in Children in Pediatric Intensive
Care Unit trial and admitted to a pediatric intensive care unit after cardiac surgery
with cardiopulmonary bypass. Patients were randomized to receive either fresh
(stored �7 days) or standard-issue RBCs. The primary outcome measure was new
or progressive multiple organ dysfunction syndrome, measured up to 28 days
postrandomization or at pediatric intensive care unit discharge, or death.

Results: One hundred seventy-eight patients (median age, 0.6 years; interquartile
range, 0.3-2.6 years) were included with 89 patients randomized to the fresh
RBCs group (median length of storage, 5 days; interquartile range, 4-6 days) and
89 to the standard-issue RBCs group (median length of storage, 18 days; interquar-
tile range, 13-22 days). There were no statistically significant differences in new or
progressive multiple organ dysfunction syndrome between fresh (43 out of 89
[48.3%]) and standard-issue RBCs groups (38 out of 88 [43.2%]), with a relative
risk of 1.12 (95% CI, 0.81 to 1.54; P¼ .49) and an unadjusted absolute risk difference
of 5.1% (95% CI, �9.5% to 19.8%; P ¼ .49).

Conclusions: In neonates and children undergoing cardiac surgery with cardiopul-
monary bypass, the use of fresh RBCs did not reduce the incidence of new or pro-
gressive multiple organ dysfunction syndrome compared with the standard-issue
RBCs. A larger trial is needed to confirm these results. (JTCVS Open 2023;15:454-67)
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CENTRAL MESSAGE

In 178 neonates and children un-
dergoing cardiac surgery with
CPB, the transfusion of RBCs
stored �7 days did not reduce
the incidence of NPMODS
compared with standard-issue
RBCs.
PERSPECTIVE
This secondary analysis of a multicenter random-
ized controlled trial provides no evidence to sup-
port the use of fresh RBCs in pediatric patients
undergoing cardiac surgery with cardiopulmo-
nary bypass. Given the relative small sample size
of this substudy, a larger trial shoud be conducted
to confirm the results.
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Abbreviations and Acronyms
ABC-PICU trial ¼ The Age of Blood in Children in

Pediatric Intensive Care Unit
trial

CPB ¼ cardiopulmonary bypass
NPMODS ¼ new or progressive multiple

organ dysfunction syndrome
PICU ¼ pediatric intensive care unit
RBCs ¼ red blood cells
RCT ¼ randomized controlled trial
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Pediatric patients undergoing cardiac surgery with cardio-
pulmonary bypass (CPB) are commonly exposed to red
blood cell (RBCs) transfusions during both surgery and their
subsequent recovery in a pediatric intensive care unit
(PICU). A survey published in 2010 reported that practi-
tioners in most North American hospitals preferentially
transfuse RBCs that have less than 14 days of storage for
neonatal cardiac surgery (72%) and for intraoperative use
for cardiac surgery patients (67%).1 This practice in children
who undergo cardiac surgery is based on the premise that
structural and metabolic changes that occur in RBCs during
storage, commonly called storage lesions,2 can have adverse
effects with transfusion of older RBCs, increasing the risk of
arrhythmia, organ failure, and mortality in critically ill chil-
dren. If data from clinical trials indicates that the use of fresh
RBCs does not improve outcomes, then the practice should
be reconsidered because it adds a logistic burden on blood
banks that has no patient benefit and may lead to waste of
blood products, The Age of Blood in Children in Pediatric
Intensive Care Units (ABC-PICU) randomized controlled
trial (RCT) (NCT01977547) showed that transfusion of fresh
RBCs compared with standard-issue RBCs to critically ill
children did not reduce the incidence of new or progressive
multiple organ dysfunction syndrome (NPMODS), which in-
cludes mortality.3 These findings corroborated those of prior
studies undertaken in certain neonatal and pediatric subpop-
ulations that reported no benefit with the use of fresher
RBCs.4,5 However, these studies could not be applied to
the very specific population of children with cardiac disease
due to their distinct physiology and the specificities of
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cardiac surgery with CPB, including significant transfusion
volumes of blood products.
There are limited data regarding the influence of RBCs’

storage duration on clinical outcomes of children requiring
cardiac surgery with CPB. This lack of evidence is in part
due to difficulties in controlling for confounding factors (ie,
surgical complexity, volumeofRBCs transfused, and transfu-
sions of other bloodproducts) in this population.6Most obser-
vational studies in children requiring cardiac surgery have
shown no benefit with transfusion of RBCs with shorter
storage time compared with standard-issue RBCs.7-9

However, contradictory results have been reported with
some data suggesting that longer RBCs’ storage duration is
associated with an increased risk of infection,10 or worse
outcome when larger volumes of transfusion are adminis-
tered.11 Recent recommendation do not support the use of
fresher RBCs in pediatric cardiac surgery patients6; however,
this recommendation is based on low quality pediatric evi-
dence that requires further research to address this issue.
Adult RCTs have shown no difference in patient outcome
in the cardiac postoperative population.12-14 However,
pediatric studies are needed, especially when considering
the physiology of complex heart diseases. We performed a
preplanned subgroupanalysis of theABC-PICUtrial todeter-
mine the effect of RBCs storage time on NPMODS in chil-
dren undergoing cardiac surgery with CPB.

MATERIAL AND METHODS
Parent Trial

The study protocol of ABC-PICU trial has been previously published.15

This RCT was an international, multicenter, blinded, superiority, random-

ized controlled trial performed between February 2014 and November

2018 in 50 tertiary care centers. Patients admitted to participating PICUs

and aged 3 days to 16 years were screened for eligibility. Patients were

eligible if a first RBCs transfusion was prescribed within 7 days after

PICU admission or if they received their first RBCs transfusion for an elec-

tive surgery requiring subsequent admission to the PICU, which included

blood used in the CPB circuit. Surgical patients were randomized before

their surgical intervention and the storage time of RBCs used for priming

of the CPB circuit as well as for subsequent transfusions was based on

the patient’s group allocation. Other inclusion criteria were expected length

of stay in the PICU>24-hours as assessed by the clinical team, no transfu-

sion in the prior 28 days, and weight�3.0 kg at the time of the PICU admis-

sion. Exclusion criteria are listed in the study protocol of ABC-PICU

trial.15 Patients were randomized to receive RBCs stored for no more

than 7 days (fresh arm) or standard-issue RBCs that were generally the old-
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est in inventory at the time of the transfusion order (first-in first-out policy)

in the standard-issue arm.1,16

Cardiac Surgery Secondary Analysis
The analytic plan for this preplanned subgroup study was developed

post hoc. We selected the subpopulation that underwent cardiac surgery

with CPB who were enrolled in ABC-PICU. Cardiac patients who did

not undergo surgery or who had surgery without CPB were excluded.

The hypothesis for this subgroup analysis was, as for the original study,

that transfusion of fresh RBCs would be superior to the transfusion of

standard-issue RBCs in the development of NPMODS. Approval for this

study was obtained from the Institutional Review Board/Research Ethics

Board of all participating sites (approval No.: 2021-3151 (June 2013)).

Written informed consent for publication of study data was obtained before

enrollment in the parent trial.

Outcomes
Primary outcome measure. The primary outcome for the ABC-

PICU trial was the incidence rate of 28-day NPMODS.3 Thus, this

subgroup analysis compares the development of NPMODS in children

who underwent a cardiac surgery with CPB transfused with either RBCs

stored �7 days or standard issue RBCs. We used the definition of Proulx

and colleagues17 to diagnose cases of MODS and the definition of new

or progressive MODS suggested by Lacroix and colleagues,18 whose pa-

tients included cardiac surgery patients. Patients with no organ dysfunction

at randomization were categorized as having newMODS if they developed

2 or more concurrent organ dysfunctions. Those with 1 organ dysfunction

that progressed to 2 or more were also considered to have developed new

MODS, whereas those with 2 or more organ dysfunctions that developed

additional organ dysfunctions were considered to have progressive

MODS. Patients who died were also considered to have progressive

MODS. Additional data were collected by chart review to ascertain the

presence of MODS before cardiac surgery; no definitions of outcomes

were changed from the original trial. Monitoring of organ dysfunction dur-

ing the postoperative period was done up to 28 days postrandomization,

death, or PICU discharge, whichever occurred first.

Secondary outcomes. Secondary outcomes were those included in

the ABC-PICU trial plus additional outcomes specific to the cardiac popula-

tion and collected up to 7 calendar days after randomization or PICU

discharge or death, whichever occurred first. The ABC-PICU trial database

provided 28-day and 90-day all-cause mortality, nosocomial infections, Pedi-

atric Logistic Organ Dysfunction-2 score,19 severe sepsis, septic shock, acute

respiratory distress syndrome,20,21 and mechanical ventilation-free and

PICU-free days. PICU-free days were calculated by subtracting from

28 days the length of stay in the PICU postrandomization; it was 0 if the pa-

tient died during this time period. In addition of original secondary outcomes,

cardiac-specific secondary outcomes were retrospectively collected,

including postoperative total blood loss (measured as total chest tube output

in milliliters per kilogram per day) at Day 1 and 2, delayed sternal closure,

additional unplanned surgical procedure (eg, mediastinal re-exploration,

emergency chest reopening, and emergency surgery involving return to oper-

ating room), extracorporeal membrane oxygenation, renal replacement ther-

apy by peritoneal dialysis or continuous renal replacement therapy, cardiac

arrest or cardiopulmonary resuscitation, occurrence of arrhythmias requiring

treatment, vasoactive-inotropic support score22 and highest lactate and potas-

sium level. These data were extracted retrospectively by chart review.

Statistical Analysis
Baseline characteristics in both study groups were assessed using fre-

quency distributions and univariate descriptive statistics, including mea-

sures of central tendency and dispersion. Dichotomous data are

presented as numbers and percentages; continuous data are expressed as

mean � SD or medians (interquartile range [IQR]), as appropriate.
456 JTCVS Open c September 2023
Postrandomization characteristics of interventions and cointerventions

are presented using frequency distributions with measures of central ten-

dency and dispersion and analyzed using relative risks and 95% CIs for

dichotomous data and either independent t tests orWilcoxon rank-sum tests

for continuous data as appropriate.

The prespecified primary analysis of the primary outcome included pa-

tients according to their randomization group. The primary analysis was per-

formed using an unadjusted c2 comparing the proportion of patients who

acquired organ dysfunction up to 28 days after randomization. The principal

measure of effect was an unadjusted absolute risk reduction with 95% CIs.

All secondary outcomes were analyzed in the same manner as the primary

outcome.

A sensitivity analysis on primary outcomewas performed using logistic

regression adjusting for risk factors based on clinical rationale, including

the following variables: weight at admission to the PICU, hemoglobin

level before first transfusion, CPB duration, and Society of Thoracic

Surgeons–European Association for Cardio-Thoracic Surgery score.

Circulatory arrest and therapeutic hypothermia during surgery were

found highly associated to our primary outcome (P ¼ .013 and P<.001,

respectively) and were forced into the multivariate analysis.

In addition to the primary analysis, a per-protocol analysis was per-

formed. Per-protocol populations consisting of patients who exclusively

received RBCs stored �7 days in the fresh group and consisting of all

the patients in the standard-issue group. Subgroup analysis of the primary

outcome was also performed by age group. Interactions were assessed by

adding the treatment, subgroup of interest, and interaction term in a multi-

variable logistic regression model, where covariates were chosen based on

clinical judgment. Unadjusted and adjusted Cox proportional-hazards

models were also performed to analyze time to first occurrence of new or

progressive MODS. Censoring was defined as date of PICU discharge,

end of follow-up (28 days), or death. The treatment effects were expressed

as hazard ratios with 95% CIs.

Missing data were treated as missing, and the number of patients

missing for each variable is reported. No imputation was done for missing

outcomes. All analyses are presented without any adjustment for multiple

comparisons. Because of the potential for type 1 error due to multiple com-

parisons, findings for analyses of secondary and exploratory outcomes

should be interpreted as exploratory. Data were analyzed with SAS soft-

ware version 9.4 (SAS Institute Inc). All statistical tests were 2-sided.
RESULTS
Patients

Among the 1461 patients included in the analysis of the
original study, 211 were reported as cardiac surgical pa-
tients (Figure 1). Additional data collection could not be
completed for 21 patients (8 from the fresh group, 13
from the standard-issue group) in 4 centers due to adminis-
trative or logistic issues at their center. One hundred ninety
patient charts were retrieved to confirm inclusion criteria
and collect additional cardiac-related information. After
meeting exclusion criteria, 12 other patients were excluded
from the analysis: 9 had cardiac surgery with no CPB, 2
were cardiac patients that did not undergo cardiac surgery,
and 1 patient was randomized 5 days after cardiac surgery.
The final analysis of this substudy involved 178 patients
(from 4 centers) among whom 89 were randomized to the
fresh group and 89 to the standard-issue group. There
were no significant differences in baseline characteristics
between groups (Table 1). The median age was 0.6 years
(IQR, 0.3-2.2 years) in the fresh group and 0.6 years



211 patients (from 8
centers) were reported as
Surgical, cardiac in ABC-
PICU.

21 patients (from 4 centers) for whom
no additional collection could be done
due to administrative issues:
     • U of Virginia: 2
     • Wisconsin: 2
     • Lurie (Chicago): 2
     • Israel: 15

12 patients (from 3 centers)
excluded from analysis because they
did not meet inclusion criteria:
     • No cardiopulmonary bypass: 9
     • No cardiac surgery: 2
     • Randomized in ABC-PICU 5 days after
       cardiac surgery: 1

5 patients (from two centers) excluded from
per protocol analysis:
     • Sainte-Justine: 3
     • Stollery: 2

190 patients (from 4
centers) for whom records
were pulled and analyzed
for the cardiac subgroup
analysis:
     • Sainte-Justine: 127
     • Stollery: 56
     • St Louis: 2
     • Minnesota: 5

178 patients included in the
cardiac subgroup study and
retained in the intent-to-
treat analysis:
     • Sainte-Justine: 123
     • Stollery: 52
     • St Louis: 2
     • Minnesota: 1

173 patients included in the
per-protocol analysis:
     • Sainte-Justine: 120
     • Stollery: 50
     • St Louis: 2
     • Minnesota: 1

FIGURE 1. Flow chart for patients analyzed in the Age of Blood in Children in Pediatric Intensive Care Unit (ABC-PICU)- Cardiac Surgery trial.
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(IQR, 0.4-3.0 years) in the standard-issue group. The me-
dian weight at admission was 7.5 kg (IQR, 5.4-11.6 kg) in
the fresh group and 7.1 kg (IQR, 5.0-12.9 kg) in the standard
group. Fifteen patients (16.9%) in the fresh group and 13
(14.6%) in the standard-issue group were younger than
age 28 days. One patient in each group had MODS before
surgery (1.1%, respectively).
Intervention
Intervention and cointerventions are reported in Table 2.

The median RBCs storage age in the fresh group was 5 days
(IQR, 4-6 days) compared with a storage age of 18 days
(IQR, 13-22 days) in the standard-issue group (P<.001).
The median number of total RBCs transfusions adminis-
tered was similar in both groups: 2 (IQR, 1-3) in the fresh
group and 2 (IQR, 1-2) in the standard-issue group
(P ¼ .76). The median total volume of RBCs transfused
per patient after randomization in the fresh group was
47.2 mL/kg (IQR, 28.7-110.2 mL/kg) compared with
40.2 mL/kg (IQR, 28.7-63.5 mL/kg) in the standard-issue
group (P ¼ .14).

Cointerventions
There were no statistically significant differences be-

tween groups for any other blood products administered
including frozen plasma, platelets and cryoprecipitate
(Table 2). Use of tranexamic acid in the PICU occurred in
4 patients (4.5%) in the fresh group and 12 patients
(13.6%) in the standard-issue group (P ¼ .034).

Primary Outcome
There was no statistically significant difference in devel-

opment of NPMODS between groups 28 days after random-
ization. NPMODS occurred in 43 of 89 patients (48.3%) in
JTCVS Open c Volume 15, Number C 457



TABLE 1. Baseline patient characteristics

Red blood cell group Fresh (n ¼ 89) Standard-issue (n ¼ 89)*

Age (y) 0.6 (0.3-2.2) 0.6 (0.4-3.0)

�28 d 15 (16.9) 13 (14.6)

29-365 d 36 (40.4) 39 (43.8)

>365 d 38 (42.7) 36 (40.4)

Weight at admission to ICU (kg) 7.5 (5.4-11.6) 7.1 (5.0-12.9)

Sex

Girl 40 (44.9) 41 (46.1)

Boy 49 (55.1) 48 (53.9)

Time from hospital to ICU admission (d) 1.6 (0.6-3.9) 1.6 (0.6-3.6)

Recruitment per country

United States, 2 sites 1 (1.1) 2 (2.2)

Canada, 2 sites 88 (98.9) 87 (97.8)

ICU admission to randomization (h) �6.0 (�8.0 to �5.0) �6.0 (�8.0 to �5.0)

Location of first transfusion

Operating room 86 (96.6) 82 (92.1)

ICU 3 (3.4) 7 (7.9)

Hemoglobin level before first transfusion (g/dL) 12.8 (11.3-14.2) 12.5 (10.9-14.5)

Location before cardiac surgery

Home, elective surgery 58 (65.2) 64 (71.9)

Hospital, pediatrics and cardiology units 11 (12.4) 11 (12.4)

Neonatal ICU 14 (15.7) 10 (11.2)

Pediatric ICU 6 (6.7) 4 (4.5)

No. of organ dysfunctions before surgery (from chart review)

0 83 (93.3) 85 (95.5)

1 5 (5.6) 3 (3.4)

2y 1 (1.1) 1 (1.1)

Univentricular physiology before surgery 22 (24.7) 19 (21.3)

Cyanotic heart desease before surgery 46 (51.7) 46 (51.7)

Prior cardiac surgery 29 (32.6) 32 (36.0)

Genetic abnormality or syndrome 17 (19.1) 18 (20.2)

Trisomy 21 7 (7.9) 5 (5.6)

Di George syndrome 2 (2.2) 2 (2.2)

Other 7 (7.9) 12 (13.5)

Unknown 1 (1.1) 0 (0.0)

Cardiac surgery details

Emergency procedure 3 (3.4) 2 (2.2)

STAT mortality categoryz
1 16 (18.0) 15 (16.9)

2 34 (38.2) 43 (48.3)

3 15 (16.9) 11 (12.4)

4 24 (27.0) 16 (18.0)

5 0 (0.0) 4 (4.5)

Cardiopulmonary bypass duration (min)

Mean � SD 133.3 � 84.7 123.8 � 63.2

Median (IQR) 111.5 (85-159.5) 114 (73-164)

Aortic crossclamp time (min)

Mean � SD 70.7 � 57.8 65.0 � 51.1

Median (IQR) 67 (27-98) 54 (28-111)

Circulatory arrest, yes 4 (4.5) 8 (9.0)

Therapeutic hypothermia during surgery 26 (29.2) 26 (29.2)

(Continued)
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TABLE 1. Continued

Red blood cell group Fresh (n ¼ 89) Standard-issue (n ¼ 89)*

If hypothermia: lowest temperature during surgery (�C)
Mean � SD 26.6 � 3.6 26.4 � 3.9

Median (IQR) 28 (26-28.7) 28 (23.5-28.6)

Values are presented as median (interquartile range [IQR]) or n (%) unless otherwise noted. ICU, Intensive care unit; STAT, Society of Thoracic Surgeons–European Association

for Cardio-Thoracic Surgery. *One patient who was randomized to the standard-issue group died in the operating room during cardiac surgery and had no data available for the

primary outcome and some secondary outcomes. This patient was not included in the primary outcome but was included in some baseline analyses and in mortality analyses.

yMultiple organ dysfunction syndrome, as defined by Proulx and colleagues17 and explained further in the Methods section. zDefined by O’Brien and colleagues.23
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the fresh-blood group and 38 of 88 (43.2%) in the standard-
issue group with a relative risk of 1.12 (95% CI, 0.81-1.54;
P¼ .49) and an unadjusted absolute risk difference of 5.1%
(95% CI,�9.5% to 19.8%; P¼ .49) (Table 3). The hazard
ratio for the time to development of NPMODS after
randomization in the fresh-blood and the standard-issue
group was 0.84 (95% CI, 0.54-1.32; P ¼ .45) (Figure 2).

The per-protocol analysis showed no significant differ-
ence in the primary outcome. NPMODS occurred in 41 of
85 patients (48.2%) in the fresh-blood group and 38 of 88
(43.2%) in the standard-issue group, with an unadjusted ab-
solute risk difference of 5.1 (95%CI,�9.8 to 19.9; P¼ .51)
(Table 4).

Adjusted analyses for baseline covariates (ie, weight at
admission to ICU, hemoglobin level before first transfusion,
CPB duration, and Society of Thoracic Surgeons–European
Association for Cardio-Thoracic Surgery score) and
periprocedural factors (eg, circulatory arrest and therapeu-
tic hypothermia) showed no significant difference in the
primary outcome in the fresh-blood vs standard-issue
groups with an unadjusted relative risk of 1.01 (95% CI,
0.90-1.12; P ¼ .89) (Table 3).
Secondary Outcomes
No statistically significant differences were found for

morbidity and mortality outcomes (Table 4). Incidence of
sepsis was 10.2% (9 out of 88) in the fresh-blood group
and 8.0% (7 out of 88) in the standard-issue group
(P¼ .60) and incidence of nosocomial infections was iden-
tical (2.3% [2 of 89]) in each group (P ¼ 1.00) (Table 4).
There were no statistically significant differences observed
between groups for 28-day ICU-free days, 28-day mechan-
ical ventilation-free days, length of hospital stay and
median worst Pediatric Logistic Organ Dysfunction-2
score (Table E2). There were no statistically significant dif-
ferences observed between groups for chest tube output,
mediastinal re-exploration, delayed sternal closure,
vasoactive-inotropic support, and lactate and potassium
highest level (Table 5).
DISCUSSION
In this preplanned subgroup analysis of an RCT involving

pediatric cardiac surgery patients with CPB, the transfusion
of fresh RBCs in the operating room and in the PICU did not
reduce the development of NPMODS or mortality
compared with the use of standard-issue RBCs. Results
on most secondary outcomes were consistently similar be-
tween groups. Our findings may not support the use of
fresher RBCs in children undergoing cardiac surgery with
CPB, including neonates.
Patients, Intervention, and Cointervention
Our 2 groups are well balanced. The only significant dif-

ference between groups was the use of tranexamic acid in
the PICU. However the overall incidence of tranexamic
use remain low (4 patients [4.5%] in the fresh group and
12 patients [13.6%] in the standard-issue group) and is
based on center-specific practices. It seems unlikely there
is a relationship with the intervention because other param-
eters reflecting bleeding complications were not different
between groups (ie, chest tube output and use of other blood
products after randomization).
Main Results
The results of this study are consistent with those of pre-

viously published RCTs comparing the effect of fresh
versus older RBCs in critically ill children,3 premature ne-
onates,4 severely anemic children,5 adult patients,14,16,28

and adult cardiac surgery patients.12,13

Published studies describing the impact of RBCs storage
duration on clinical outcomes in the pediatric population
following cardiac surgery are limited. Retrospective data
have shown conflicting results. Several retrospective studies
have reported no benefit associated with transfusion of
fresher RBCs compared with standard issue,7,8 whereas
others suggested an association between the administration
of older blood, especially with larger volumes of transfu-
sion,11 and increased postoperative morbidity.29,30 However,
these studies are limited by their observational nature and
subjected to significant bias due to confounding by indica-
tion, mixed storage time of RBCs in patients receiving mul-
tiple transfusions, and the inability to rule out confounding
by other unmeasured variables related to the outcomes of in-
terest. Based on these issues, it has been impossible to deter-
mine whether or not a possible cause–effect relationship
JTCVS Open c Volume 15, Number C 459



TABLE 2. Anemia and red blood cell (RBC) transfusions: intervention and cointerventions*

Intervention and cointervention

RBC group

P value

Fresh

(n ¼ 89)

Standard-issue

(n ¼ 89)y
RBCs transfusions after randomization

No. of transfusions 2 (1-3) 2 (1-2) .76

No. of patients

1 transfusion 41 (46.1) 33 (37.1) .05

2 transfusions 20 (22.5) 35 (39.3)

�3 transfusions 28 (31.1) 21 (23.5)

Duration of RBC unit storage (d) 5 (4-6) 18 (13-22) <.001

Total volume of RBCs transfused per patientz (mL/kg) 47.2 (28.7-110.2) 40.0 (28.7-63.5) .14

Donor exposure to RBCs in transfused patients

No. of exposures per patient 2 (1-3) 2 (1-2) .98

No. of patients 89 89

Adherence

Adherence to study protocol, patientsx 84/89 (95.5) 89/89 (100) .04

Adherence to protocol with respect to

length of storage, transfusionsk
325/357 (93.7) 230/230 (100)

CPB priming

RBCs for priming 83 (93.3) 76 (85.4) .09

Volume of RBCs for priming CBP (mL/kg) 36.6 (22.0-53.7) 32.9 (23.0-47.7)

Fresh or fresh frozen plasma for priming 56 (62.9) 58 (65.2) .75

Volume of fresh or fresh frozen plasma for priming (mL/kg) 18.4 (11.9-31.2) 18.8 (11.1-29.3)

Blood products during surgery, excluding CPB priming

RBCs 44 (49.4) 41 (46.1) .65

Volume of RBCs, median (mL/kg) 31 (15-76) 22 (12-37)

Fresh or fresh frozen plasma 42 (47.2) 47 (52.8) .45

Volume of fresh or fresh frozen plasma median (mL/kg) 20 (13-48) 19 (11-33)

Platelet 48 (53.9) 47 (52.8) .88

Volume of platelet, median (mL/kg) 16 (8-24) 15 (10-20)

Cryoprecipitate 44 (49.4) 40 (45.0) .55

Volume of cryoprecipitate (mL/kg) 3.9 (1.8-7.7) [n ¼ 32] 3.0 (2.2-5.9) [n ¼ 32]

Median (IQR) (U/kg) 0.32 (0.22-0.38) [n ¼ 12] 0.30 (0.20-0.34) [n ¼ 8]

Recombinant factor VIIa 1 (1.1) 2 (2.3) 1.00

Other blood products 23 (25.8) 24 (27.0) .87

Blood products and other cointerventions after randomization{
Frozen or fresh frozen plasma 71 (79.8) 70 (78.7) .85

Apheresis platelets 52 (58.4) 50 (56.2) .76

Random donor platelets 14 (15.5) 16 (18.0) .69

Cryoprecipitate 51 (57.3) 51 (57.3) 1.00

Albumin 5% 17 (19.1) 8 (9.0) .05

Albumin 25% 78 (87.6) 74 (83.1) .40

Systemic corticosteroids in ICU 19 (21.3) 14 (15.7) .33

Use of tranexamic acid in operating room 86 (97.7) 87 (97.8) 1.00

Use of tranexamic acid in ICU 4 (4.5) 12 (13.6) .034

Use of nitric oxide 44 (49.4) 35 (39.8) .20

Values are presented as median (interquartile range), n (%), or n/N (%).CBP, Cardiopulmonary bypass; IQR, interquartile range; ICU, intensive care unit. *In all comparisons, the

fresh group was used as the reference. Postrandomization characteristics of interventions and cointerventions are presented using frequency distributions with measures of central

tendency and dispersion and analyzed using relative risks and 95%CI for dichotomous data and either independent t tests orWilcoxon rank-sum tests for continuous data depend-

ing on their distribution. yOne patient whowas randomized to the standard-issue group died in the operating room during cardiac surgery and had no data available for the primary

outcome, some secondary outcomes, and some cointerventions. This patient was not included in the primary outcome but was included in mortality analyses. zTotal volume of

RBCs transfused by patient include RBCs transfused in the CPB, during surgery, and in ICU. xFor the purpose of this study, patients in the fresh group were considered adherent to
protocol if 80% of the RBCs were stored for 7 days or fewer and if no RBCs were stored for more than 14 days during the 28-day follow-up period. kAdherence was defined in the
research protocol as (number of transfusions with RBCs stored for �7 days)/(total number of transfusions) for fresh group and as (number of standard-issue transfusions)/(total

number of transfusions) for the standard-issue group. {Total of blood products other than RBCs transfused after randomization (including CBP priming, during surgery, and

during ICU stay).
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TABLE 3. Clinical trial primary and subset outcomes*

Outcome

n/N evaluated (%)y
red blood cell group Relative risk

(95% CI)

Absolute risk difference

(95% CI) P valueFresh Standard issue

Primary outcome: MODSz
New and/or progressive MODSx 43/89 (48.3) 38/88k (43.2) 1.12 (0.81-1.54) 5.1 (�9.5 to 19.8) .49

New MODS 43/89 (48.3) 37/88 (42.1)

Progressive MODS 0/89 (0.0) 1/88 (1.1)

Subset outcomes: MODS

Age (d)

�28 15/15 (100.0) 13/13 (100.0) – –

29-365 15/36 (41.7) 20/39 (51.3) 0.81 (0.50-1.33) �9.6 (�32.1 to 12.9) .51

>365 13/38 (34.2) 5/36 (13.9) 2.46 (0.98-6.21) 20.3 (0.1-39.2)

STAT mortality category

1-3 23/65 (35.4) 21/69 (30.9) 1.15 (0.71-1.86) 4.5 (�11.5 to 20.5) .58

4 or 5 20/24 (83.3) 17/20 (85.0) 0.98 (0.76-1.27) �1.7 (�23.3 to 20.0)

Sensitivity analysis on primary outcome: MODS

Adjusted for baseline covariates{ 1.01 (0.90-1.12)** .89

MODS, Multiple organ dysfunction syndrome; STAT, Society of Thoracic Surgeons–European Association for Cardio-Thoracic Surgery. *In all comparisons, the fresh red blood

cell group was used as the reference. Superiority was checked for the primary outcome and for all secondary outcomes analyzing patients according to their randomization groups.

The principal analysis was performed using an unadjusted c2 comparing the proportion of patients who acquire new or progressive MODS after randomization. The principal

measure of effect is an unadjusted absolute risk difference with 95% CI. Dichotomous secondary outcomes were analyzed using risk differences and 95%CI followed by logistic

regression procedures. Continuous outcomes were analyzed using independent t tests or Wilcoxon rank-sum tests depending on distribution of data. yRefers to number of patients

with outcome/number of patients evaluated (proportion). n refers to number analyzed when it is less than the group total. zThe primary outcome is described in the Methods

section. xDefined by Proulx and colleagues.17 kOne patient who was randomized to the standard-issue group died in the operating room during cardiac surgery and had no

data available for the primary outcome and some secondary outcomes. This patient was not included in the primary outcome but was included in mortality analyses. {Adjusted
for weight at admission to ICU, kg (log transformed), P<.001, hemoglobin level before first transfusion, P¼ .071, cardiopulmonary bypass duration (log transformed), P¼ .002,

circulatory arrest, P ¼ .013, therapeutic hypothermia, P<.001 (P values are values from univariate analysis) and STAT score (as categorical). **Odds ratio (95% CI) from

multivariate logistic regression.
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FIGURE2. Kaplan-Meier analysis of time to development of new or progressive multiple organ dysfunction syndrome.PICU, Pediatric intensive care unit.

The follow-up of participants ended at death, PICU discharge, or 28 days postrandomization, whichever happened first. Assumption of proportionality of

hazard ratios was tested by introducing the interaction term log(time 3 group) in the model. Proportionality was not rejected (P ¼ .76). Cumulative inci-

dence of new or progressive multiple organ dysfunction syndrome and 95% CI.
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TABLE 4. Clinical trial secondary outcomes*

Outcome

n/N evaluated (%)y
red blood cell group Relative risk

(95% CI)

Absolute risk difference

(95% CI) P valueFresh Standard issue

Per-protocol analysisz
New or progressive MODSx 41/85 (48.2) 38/88 (43.2) 1.12 (0.81-1.55) 5.1 (�9.8 to 19.9) .51

Mortality

In ICU 3/89 (3.4) 0/89 (0.0) NA 3.4 (0.0-7.1) .08

In hospital 3/89 (3.4) 2/89 (2.3) 1.50 (0.26-8.76) 1.1 (�3.7 to 6.0) .65

�28 d 2/89 (2.3) 2/89 (2.3) 1.00 (0.14-6.94) 0.0 (�4.4 to 4.4) 1.00

�90 d 3/89 (3.4) 2/89 (2.3) 1.50 (0.26-8.76) 1.1 (�3.7 to 6.0) .65

Morbidity outcomesk
Sepsis 9/88 (10.2) 7/88 (8.0) 1.28 (0.50-3.30) 2.3 (�6.2 to 10.8) .60

Severe sepsis 0/88 (0.0) 0/88 (0.0) NA

Septic shock 8/88 (9.1) 5/88 (5.7) 1.60 (0.54-4.70) 3.4 (�4.3 to 11.1) .39

ARDS{ 0/88 (0.0) 0/88 (0.0) NA

Nosocomial infections# 2/89 (2.3) 2/89 (2.3) 1.00 (0.14-6.94) 0.0 (�4.4 to 4.4) 1.00

MODS, Multiple organ dysfunction syndrome; ICU, intensive care unit; NA, not applicable; ARDS, acute respiratory distress syndrome. *In all comparisons, the fresh red blood

cell group was used as the reference. Superiority was checked for the primary outcome and for all secondary outcomes analyzing patients according to their randomization groups.

The principal analysis was performed using an unadjusted c2 comparing the proportion of patients who acquire new or progressive MODS after randomization. The principal

measure of effect is an unadjusted absolute risk difference with a 95% CI. Dichotomous secondary outcomes were analyzed using risk differences and 95% CI followed by

logistic regression procedures. Continuous outcomes were analyzed using independent t tests or Wilcoxon rank-sum tests depending on distribution of data. yRefers to number

of patients with outcome/number of patients evaluated (proportion). n refers to number analyzed when it is less than the group total. zPatients who exclusively received red blood
cells 7 days or fewer in the fresh group and all patients in the standard-issue group. xDefined by Proulx and colleagues.17 kSepsis, severe sepsis, and septic shock as defined by

Goldstein and colleagues.24 {Definition is drawn from Bernard and colleagues21 and Thomas and colleagues.20 #Nosocomial infection definitions by Lacroix and colleagues,25

Centers for Disease Control and Prevention,26 and Calandra and colleagues.27

Congenital: Heart Transplantation Martin et al
exists between age of blood and adverse outcomes in pediat-
ric patients undergoing cardiac surgery with CPB.

The results of prospective studies have also been contra-
dictory. Cholette and colleagues31 published an RCT that
TABLE 5. Cardiac-specific outcomes

Outcome

Chest tube output Day 1 (mL/kg)

Median (IQR) 8

Chest tube output Day 2 (mL/kg)

Median (IQR) 11

Mediastinal re-exploration

Emergency chest re-opening

Open sternum at ICU entry 14

ECMO

CRRT

Peritoneal dialysis

Cardiac arrest or need for CPR

Arrhythmias requiring pharmacological treatment or cardioversion

Vasoactive-inotropic score*, Day 1 5

Vasoactive-inotropic score, ICU stay, Day 1-7 4

Highest lactate level (mmol/L) 2

Highest potassium level (mmol/L) 4

Values are presented as n (%) or median (interquartile range [IQR]) unless otherwise not

continuous renal replacement therapy; CPR, cardiopulmonary resuscitation. *Defined by

462 JTCVS Open c September 2023
compared washed vs standard RBCs and platelets transfu-
sions among children undergoing cardiac surgery with
CPB. In 2015, they published a secondary analysis of their
trial, including 128 patients who did not demonstrate an
Red blood cell group

P valueFresh Standard-issue

.6 (5.1-18.6) [n ¼ 84] 9.6 (5.5-18.9) [n ¼ 87] .39

.1 (5.3-26.1) [n ¼ 87] 13.4 (7.5-24.3) [n ¼ 88] .32

8 (9.0) 5 (5.7) .40

6 (6.7) 2 (2.3) .15

9 .29

3 (3.3) 1 (1.1) .62

2 (2.2) 0 (0.0) .50

0 (0.0) 0 (0.0)

6 (6.7) 1 (1.1) .12

11 (12.4) 6 (6.8) .21

.5 (0.5-9.8) [n ¼ 84] 7.2 (3.0-10.0) [n ¼ 87] .23

.0 (1.0-6.7) [n ¼ 89] 4.0 (1.1-6.1) [n ¼ 88] .67

.3 (1.8-4.0) [n ¼ 89] 2.5 (1.9-4.3) [n ¼ 88] .40

.7 (4.3-5.2) [n ¼ 89] 4.6 (4.4-5.1) [n ¼ 88] .32

ed. ICU, Intensive care unit; ECMO, extracorporeal membrane oxygenation; CRRT,

Gaies and colleagues.22
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• In 178 children undergoing cardiac surgery with CPB, using RBCs stored � 7 days did not reduce the incidence of NPMODS
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• This study provides no evidence to support preferential use of fresh RBCs in pediatric patients undergoing cardiac surgery
   with CPB.
• Given the relative small sample size of this sub-study, a larger trial shoud be conducted to confirm these results.
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FIGURE 3. Graphical abstract.
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association between RBCs storage age and survival.10 How-
ever, the postoperative infection rate was significantly higher
in children who received at least 1 RBC unit stored 25 to
38 days when compared with those in whom the oldest
unit received was stored 7 to 15 days (34% vs 7%;
P¼ .004).10 These results have not been confirmed by other
prospective studies, nor by the present study. It is important
to underline that in Cholette’s10,31 study patients were not
transfused with other blood products like platelet, fresh
frozen plasma, and cryoprecipitate; in addition, the storage
age of RBCs that are associated with infection is higher
than the median storage age in our study. However the vast
majority of centers tend to transfuse other blood products
during CBP and surgery, so our study population reflects
common practice of most centers. In 2019, Bishnoi and col-
leagues9 published a prospective observational study on the
influence of length of storage of packed RBCs used to prime
CPB circuit on outcomes after pediatric cardiac surgery. One
hundred ninety-eight consecutively recruited children were
divided into 2 groups based on whether they received blood
with a storage age �14 or>14 days.9 There were no statis-
tically significant differences in postoperative hepatic, pul-
monary or hematological complications, sepsis, multiorgan
failure, duration of mechanical ventilation, length of PICU
and hospital stay, and mortality. Our study corroborates these
findings. In addition, there is a trend, although not signifi-
cant, for an increase in NPMODS in the fresh-blood group.
Similar trend was previously reported in a systematic review
JTCVS Open c Volume 15, Number C 463
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and meta-analysis gathering 12 pediatric and adult random-
ized trials (5229 participants) evaluating the influence of the
age of transfused RBCs:32 These studies reported little or no
influence of fresher vs older RBCs onmortality or on adverse
events and suggested that fresher RBCsmay increase the risk
of nosocomial infection. Of note, in that review, development
of NPMODs was not evaluated.

The Pediatric Critical Care Transfusion and Anemia
Expertise Initiative has recently published recommendations
for RBCs transfusion in infants and children with acquired
and congenital heart disease.6 These recommendations sug-
gest the use of standard-issue RBCs in childrenwith acquired
or congenital heart disease requiring transfusion, acknowl-
edging that there are insufficient data to support systematic
transfusion of fresher RBCs in this population. However,
they recognize this as a weak recommendation with low
quality of evidence supported mainly by observational
studies. Our findings provide additional evidence supporting
this recommendation.

Strengths and Limitations
Several strengths of this study should be highlighted. The

study design involved randomization to fresh or standard-
issue blood before going on CPB; this subgroup analysis
was planned a priori during the development of the original
study with an analysis plan elaborated post hoc. Based on
design and baseline characteristics, this study is unlikely
to have selection bias. Even more, the adjusted analysis
confirms the results and showed no difference between
groups. To our knowledge, this is the only existing cohort
of pediatric patients undergoing cardiac surgery included
in an RCT that evaluated the effect of RBCs length of stor-
age on outcome.

Our study has some limitations. Its major limitation is the
relatively small number of patients included, with some pa-
tients lost due to logistic issues. As a result, there is not
adequate power to make firm conclusions regarding the
lack of difference in outcomes between study groups.
Also, this secondary analysis of the cardiac population in-
cludes mainly Canadian patients limiting its external valid-
ity. However, this study provides a strong argument for a
larger trial and data that should help designing a future
study. Some of the cardiac-specific data were collected
retrospectively and not during the original trial. Finally,
our study was not able to compare the use of very fresh
RBCs (<2 days) vs standard of care. However, the use of
very fresh RBCs is not supported by current evidence or
practice, and would be difficult to implement. In the same
way, this study does not allow to conclude on the potential
effect of very old RBCs (eg, with 35-42 days of storage).

CONCLUSIONS
In neonates and children undergoing cardiac surgery with

CPB, transfusion of fresh RBCs did not reduce the
464 JTCVS Open c September 2023
incidence of NPMODS, mortality, or postoperative compli-
cations compared with standard-issue RBCs (Figure 3). Our
findings may not support the use of RBCs stored �7 days
rather than standard delivery RBCs in this population. A
larger trial will be needed to confirm our results.
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TABLE E1. Institutions, Age of Blood in Children in Pediatric Intensive Care Unit (ABC-PICU) site investigators, and coordinators for the sites

included in cardiac surgery secondary analysis (investigators and study coordinators for the original study and cardiac surgery secondary analysis

are provided in separate columns)

List of sites that reported the inclusion of

cardiac surgery patients in the original study

ABC-PICU original study: Investigators and

study coordinators

ABC-PICU cardiac surgery secondary

analysis: Investigators and study coordinators

Sainte-Justine University Hospital Guillaume �Emeriaud, Nancy Robitaille,

Joannie Blanchette, Adnan Haj-Moustafa,

Daniel Vincent, Vincent Lagu€e, Mariana

Dumitrascu, Mary-Ellen French, Djouher

Nait-Ladjemil, Ali Ghamraoui, Isabelle

Grisoni, Kahina Bensaadi, Anne-Marie

Girouard

Sophie Martin, Lucy Clayton, �Emilie Laforest,

Thierry Ducruet, Nancy Poirier, Jacques

Lacroix, Marisa Tucci

Stollery Children’s Hospital Gonzalo Guerra, Susan Nahirniak, Jodie

deMoissac, Rosalyn Doepker

Gonzalo Guerra, Cathy Sheppard, Darren H.

Freed, V. Ben Sivarajan

St-Louis (US) Philip C. Spinella, Allan Doctor, Ken

Schechtman, Tina Bockelmann, Stephanie

Schafer

Philip C. Spinella, Amila Tutundzic

Missouri - Washington University - St.

Louis – Kenneth E Remyand Jason Steibel

Minnesota - University of Minnesota (US) Marie Steiner, Dan Nerheim and Nicole Dodge

Zantek

Marie Steiner, Lexie Goertzen

Illinois - Lurie (US) Lauren Marsillio and Avani Shukla

Virginia - University of Virginia Children’s

Hospital (US)

Michelle Adu-Darko, Gary Fang and James

Gorham

Wisconsin - Children’s Hospital and Health

System

Sheila Hanson MD, Katherine Woods and

Rowena C. Punzalan

Sheba Medical Center (Israel) Marianne Nellis, (country principal

investigator), Tselia Levy, Gideon Paret, Amir

Vardi

Networks and groups Network or group leader

Canadian Critical Care Trials Group https://www.ccctg.ca/ Rob Fowler rob.fowler@sunnybrook.ca

Pediatric Acute Lung Injury and Sepsis Investigators (PALISI)

Network https://www.palisi.org/

Neal Thomas nthomas@pennstatehealth.psu.edu

BloodNet Pediatric Critical Care Blood Research Network

https://www.bloodnetresearch.org/

Oliver Karam oliver.karam@yale.edu

Groupe Francophone de R�eanimation et Urgences P�ediatriques

https://gfrup.sfpediatrie.com/

Javouhey �Etienne etienne.javouhey@chu-lyon.fr
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TABLE E2. Clinical trial secondary outcomes: patient intensive care unit (ICU) secondary outcomes*y

Outcome

Red blood cell group

P valueFresh Standard-issue

28 ICU-free daysz
Median (IQR) 24.1 (19.8-26.0) 24.8 (22.0-25.9) .35

Mean (SD) 20.6 � 8.4 [n ¼ 89] 23.0 � 5.0 [n ¼ 88]

28 Mechanical ventilation-free daysx
Median (IQR) 27.6 (24.4-27.9) 27.6 (26.1-27.9) .30

Mean (SD) 24.1 � 7.7 [n ¼ 88] 25.7 � 4.6 [n ¼ 87]

Worst daily PELOD-2 scorek
Median (IQR) 5 (3-8) 4 (2-6) .12

Mean (SD) 5.8 � 5.3 [n ¼ 89] 4.5 � 2.7 [n ¼ 88]

Length of hospital stay (d)

Median (IQR) 6.6 (4.7-12.6) 6.7 (4.7-14.6) .75

Mean (SD) 17.3 � 25.4 14.2 � 20.7

ICU, Intensive care unit; PELOD-2, Pediatric logistic organ dysfunction-2 score. *Values in square brackets indicate number of patients analyzed among all participants. yWe

chose to present both means and medians. However, as normality is not verified, non-parametric test are most appropriate. zCalculated by subtracting the actual ICU length of stay

in days from 28. If a patient died within 28 days or stayed in ICU for more than 28 days after randomization, 28 ICU-free days were reported as 0. xCalculated by subtracting from
28 the number of days spent receiving mechanical ventilation. If the patient died within 28 days or required mechanical ventilation for more than 28 days after randomization, 28

mechanical ventilation-free days were reported as 0. kDefined by Leteurtre and colleagues.19 The score ranges from 0 to 33; higher scores indicate greater severity of multiple

organ dysfunction syndrome. The score can be estimated over the entire stay in the ICU or over 1 days (daily PELOD-2).
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