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ORIGINAL RESEARCH

Red Blood Cell Transfusion After Stage I 
Palliation Is Associated With Worse Clinical 
Outcomes
Felina K. Mille, MD; Aditya Badheka, MD, MS; Priscilla Yu, MD; Xuemei Zhang, MS; David F. Friedman, MD;  
John Kheir, MD; Sarah van den Bosch, MS; Antonio G. Cabrera, MD; Javier J. Lasa, MD, FAAP;  
Hannah Katcoff, MPH; Paula Hu, CCRC, RN, MSPH; Santiago Borasino, MD; Krissie Hock, RN, MSN, CNL; 
Jordan Huskey, BS; Jamie Weller, MD; Harsh Kothari, MD; Joshua Blinder, MD

BACKGROUND: Packed red blood cell transfusion may improve oxygen content in single- ventricle neonates, but its effect on 
clinical outcomes after Stage 1 palliation is unknown.

METHODS AND RESULTS: Retrospective multicenter analysis of packed red blood cell transfusion exposures in neonates 
after Stage 1 palliation, excluding those with intraoperative mortality or need for extracorporeal membrane oxygenation. 
Transfusion practice variability was assessed, and multivariable regression used to identify transfusion risk factors. After 
propensity score adjustment for severity of illness, clinical outcomes were compared between transfused and nontransfused 
subjects. Of 396 subjects, 323 (82%) received 930 postoperative red blood cell transfusions. Packed red blood cell volume 
(median 9–42 mL/kg [P<0.0001]), donor exposures (1–2 [P<0.0001]), transfusion number (1–3 [P<0.0001]), and pretransfusion 
hemoglobin (12.1–13 g/dL, P=0.0049) varied between sites. Cyanosis (P=0.02), chest tube output (P=0.0003), and delayed 
sternal closure (P=0.0033) increased transfusion risk. Transfusion was associated with prolonged mechanical ventilation (6 
[interquartile range 4, 12] versus 3 [1, 5] days, P=0.02) and intensive care unit stay (19 [12, 33] versus 9 [6, 19] days, P=0.016). 
When stratified by number of transfusions (0, 1, or >1), duration of mechanical ventilation (3 [1, 5] versus 4 [3, 6] versus 9 [5, 
16] days [P<0.0001]) and intensive care unit stay (9 [6, 19] versus 13 [8, 25] versus 21 [13, 38] days [P<0.0001]) increased for 
those transfused more than once. Most subjects who died were transfused, though the association with mortality was not 
significant.

CONCLUSIONS: Packed red blood cell transfusion after Stage 1 palliation is common, and transfusion practice is variable. 
Transfusion is a significant predictor of longer intensive care unit stay and mechanical ventilation. Further studies to define 
evidence- based transfusion thresholds are warranted.

Key Words: congenital heart disease ■ neonates ■ Norwood operation ■ red blood cell transfusion ■ single ventricle ■ stage I 
palliation

L imited oxygen delivery in critical illness may lead 
to end- organ dysfunction. It is well established 
that organ dysfunction is associated with pro-

longed intensive care unit (ICU) hospitalization and 
higher risk of death.1–4 Neonates after congenital 
heart surgery have limited cardiovascular reserve 

due to myocardial immaturity, preload sensitivity, and 
a relatively fixed stroke volume, which may limit oxy-
gen delivery.5 Neonates with single ventricle physiol-
ogy undergoing Stage I palliation (S1P), also known 
as the Norwood operation, face additional chal-
lenges, including lower ventricular mass with parallel 
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systemic and pulmonary circulations, obligate sys-
temic cyanosis, and higher combined cardiac out-
put. This further increases their risk of postoperative 
low cardiac output syndrome and death.6,7

Packed red blood cell (PRBC) transfusions increase 
hemoglobin concentration and thus oxygen carrying 
capacity of the bood.8 Because oxygen delivery de-
pends directly on cardiac output, hemoglobin con-
centration, and oxygen saturation, many practitioners 
target higher hemoglobin levels in cyanotic, single ven-
tricle patients.9 Neunhoeffer et  al demonstrated that 
PRBC transfusion improved cerebral oxygenation and 
reduced cerebral oxygen extraction in infants under-
going surgery, including those undergoing single ven-
tricle palliation.10

However, the potential benefits of PRBC trans-
fusion must be weighed against associated risks. 
Transfusions are associated with multiorgan system 
dysfunction, transfusion associated acute lung injury, 
prolonged mechanical ventilator support, prolonged 

vasoactive infusion requirement, hospital- acquired in-
fections, and increased mortality in critically ill children, 
including those recovering from cardiac surgery.9,11–14 
Furthermore, the TRIPICU (Transfusion Strategies for 
Patients in Pediatric Intensive Care Units) study failed 
to identify impaired oxygenation or worse outcomes 
with a restrictive PRBC transfusion strategy in a cohort 
of critically ill children, including a subset of acyanotic 
children undergoing cardiac surgery.14,15 Cholette et al 
reported similar findings among subjects undergoing 
neonatal cardiac surgery and those recovering from 
bidirectional Glenn and Fontan palliations16,17

There are limited data informing PRBC transfu-
sion practice in cyanotic neonates with single ven-
tricle physiology, with the few, single- center studies 
yielding inconsistent findings. Kuo et  al showed that 
PRBC transfusion given for hemoglobin below 12.3 g/
dL improved diastolic blood pressure, arterial oxygen 
saturation, and cerebral near- infrared regional spec-
troscopy.18 Gupta et al found no association between 
increasing PRBC transfusion and mortality, ICU length 
of stay, or duration of mechanical ventilation, whereas 
others found an association between higher hemato-
crit and mortality after S1P.19,20

Given the paucity of data informing PRBC transfu-
sion after S1P, we sought to describe postoperative 
transfusion practices and to assess for associations 
between PRBC transfusion and patient outcomes. 
We hypothesized that PRBC transfusion practice after 
S1P is variable across centers and that PRBC transfu-
sion is associated with worse clinical outcomes.

MATERIALS AND METHODS
Study Design
We performed a multicenter, retrospective cohort 
study of postoperative PRBC transfusion practice 
in all subjects undergoing S1P at 6 academic pedi-
atric cardiac surgical centers. Contributing cent-
ers included The Children’s Hospital of Philadelphia, 
Boston Children’s Hospital, University of Iowa Stead 
Family Children’s Hospital, Texas Children’s Hospital, 
University of Alabama Birmingham, and University of 
Texas Southwestern Medical Center. All neonates aged 
<30 days who underwent S1P, with either a modified 
Blalock- Taussig shunt or a right ventricle to pulmonary 
artery (Sano) shunt, between January 1, 2012 and 
December 31, 2016 were included. Subjects with intra-
operative mortality and those who required extracor-
poreal membrane oxygenator (ECMO) support during 
the study period were excluded. We chose to exclude 
those who required ECMO support because many in-
stitutions use ECMO- related blood product transfusion 
protocols. Subjects were identified from each center’s 
surgical database. The study was approved by the 

CLINICAL PERSPECTIVE

What Is New?
• Retrospective review of packed red blood cells 

transfusion in neonates after Stage I palliation 
showing significantly longer intensive care unit 
stay and longer duration of mechanical ven-
tilation in transfused patients after propensity 
score adjustment for severity of illness.

• This is the first multicenter study on the topic 
and the first to stratify subjects by severity of 
illness.

What Are the Clinical Implications?
• This population has sometimes been thought 

to require a higher hemoglobin concentration to 
maintain adequate oxygen delivery.

• These findings, along with those published by 
Dr. Chollette et al showing that single ventricle 
patients can safely tolerate lower hemoglobin 
than previously thought, highlight the need for 
evidence-based transfusion thresholds in this 
population.
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ECMO  extracorporeal membrane 
oxygenation

ICU intensive care unit
PRBC packed red blood cells
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institutional review board at The Children’s Hospital of 
Philadelphia and locally at each participating center. 
The need for informed consent was waived.

Data Collection
Demographic, preoperative, intraoperative, and post-
operative variables were abstracted from available 
surgical and medical databases, as well as each in-
stitution’s electronic medical record. The data that 
support the findings of this study are available from 
the corresponding author upon reasonable request. 
Preoperative data variables included demographic 
and diagnostic information and echocardiographic 
and clinical features associated with worse out-
comes.21–23 Intraoperative variables included the 
details of the surgical repair, cardiac support times, 
and intraoperative blood product administration. 
Postoperative data were collected for the first 14 days 
after surgery, from the time subjects left the operating 
room. This study period represents the mean post-
operative cardiac intensive care unit stay after S1P 
at the lead author’s center. Postoperative data vari-
ables, including severity of illness markers, such as 
peak vasoactive- inotropic score, peak lactate, and 
lowest arterial oxygen saturation, were collected.24,25 
Outcome data, including in- hospital mortality, dura-
tion of mechanical ventilation, ICU length of stay (LOS) 
were collected until death or hospital discharge.

All blood product transfusions given during the study 
period were recorded. This included the number of PRBC 
transfusions and total PRBC volume (in mL/kg), as well 
as the number of individual PRBC donor exposures. 
Pretransfusion hemoglobin and hematocrit were re-
corded; these were the last available values prior to PRBC 
order to define clinicians’ transfusion threshold. Individual 
donor exposures were defined as number of unique 
PRBC unit numbers to which the subject was exposed.

No participating center had a PRBC transfusion 
protocol at the time of the study. Transfusions were 
administered at the treating clinicians’ discretion. 
Indications for PRBC transfusion were inconsistently 
recorded in the medical record and, therefore, were 
not included in this study.

Outcome Measures
The primary exposure was PRBC transfusion during 
the first 14 postoperative days. Our primary outcome 
was postoperative ICU length of stay. Secondary out-
comes were in- hospital mortality, duration of mechani-
cal ventilation, and incidence of postoperative infection.

Statistical Analysis
Standard descriptive statistics were applied. Continuous 
variables are presented as median (interquartile range). 

Categorical variables are presented as numbers and 
percentages. Characteristics of subjects who did and did 
not receive PRBC transfusion were compared using the 
Wilcoxon rank- sum test for continuous variables and chi- 
square test for categorical variables. Variability in rates 
of transfusion was assessed using a chi- square test. 
The Kruskal–Wallis test was used to assess for between 
center variability in number of transfusions, donor expo-
sures, and pretransfusion hemoglobin and hematocrits. 
Multivariable regression analysis identified independent 
risk factors for PRBC transfusion. Center, as a random 
intercept, was controlled for in the regression model. 
Propensity score stratification was used to balance 
the difference in baseline characteristics of transfused 
and nontransfused subjects for the outcome analysis. 
Patients were stratified into 5 subsets (strata) using quin-
tiles of propensity score for transfusion. Characteristics 
included in the propensity score model were center, pre-
maturity (<37 weeks gestational age), peak vasoactive- 
inotropic score, peak lactate, restrictive atrial septum, 
preoperative ventricular dysfunction, greater than mild 
preoperative atrioventricular valve regurgitation, delayed 
sternal closure, native ascending aorta <2 mm, cardio-
pulmonary bypass time, chest tube output on postop-
erative days zero and one, and birth weight <2.5  kg. 
Continuous outcomes such as length of ICU stay were 
compared using a linear mixed effect model, adjusting 
for propensity score strata as a fixed effect and center 
as a random intercept. Categorical outcomes, such as 
death or infection, were compared using stratified lo-
gistic regression controlling for propensity score strata 
and site. To attempt to assess whether worse outcomes 
were associated with PRBC transfusion or higher hema-
tocrit value, as suggested in prior studies, we divided our 
cohort into 2 groups based on first quartile of hematocrit 
during the study period and compared study outcomes 
between these 2 groups. Then, log transformed duration 
of mechanical ventilation and ICU stays were compared 
using a mixed effect model, controlling for site, transfu-
sion, and age at surgery.

RESULTS
Description of Transfusion Practice
Of 465 subjects who underwent S1P during the study 
period, 396 were included in our analysis. There were 
differences in baseline characteristics between centers 
(Table 1). Specifically, the incidence of chromosomal ab-
normalities and echocardiographic variables varied. This 
may be related to ascertainment bias. There were varia-
tions in the rates of delayed sternal closure, use of intra-
operative fresh whole blood, and cardiac support times.

PRBC transfusion was common. A total of 323 sub-
jects (82%) received 930 postoperative transfusions, 
with statistically significant (P<0.0001) variation in rates 
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of transfusion between centers (Table  2). As shown 
in Table  3, the number of individual PRBC transfu-
sions per patient (P<0.0001), total volume of PRBC 
transfusion (P<0.0001), and number of unique donor 
exposures (P<0.0001) also varied. Pretransfusion he-
moglobin and hematocrit values were more uniform. 
Median pretransfusion hemoglobin ranged 12.1 to 
13.0 g/dL (P=0.0049) and hematocrit ranged 37% to 
38.4% (P=0.054) at all centers.

Risk factors for PRBC transfusion differed across 
centers. Univariate regression analysis performed for 
each center identified delayed sternal closure, lower 
oxygen saturation, chest tube drainage, and use of 
intraoperative whole blood as potential transfusion 
risk factors. On multivariable regression analysis of 
the entire cohort, oxygen saturation (P=0.02), delayed 
sternal closure (P=0.0033), and chest tube drainage 
(P<0.0003) were significant risk factors for PRBC 
transfusion (Table 4).

PRBC Transfusion and Outcomes
When transfused and nontransfused subjects were 
compared, transfusion was associated with prolonged 
mechanical ventilation (median 6 [interquartile range 
4, 12] versus 3 [1, 5] days, P=0.02) and ICU LOS (19 
[12, 33] versus 9 [6, 19] days, P=0.016). To assess for 
a dose- dependent association, all subjects (N=396) 
were divided into 3 groups: not transfused, 1 transfu-
sion, and more than 1 transfusion during the study pe-
riod. After correcting for propensity score strata, those 
receiving more than one transfusion had longer dura-
tion of mechanical ventilation and ICU LOS (Table 5). 
Median duration of mechanical ventilation differed be-
tween the groups (3 [1, 5] days for nontransfused, 4 
[3, 6] days for one transfusion, and 9 [5, 16] days for 
>1 transfusion, P<0.0001). Similarly, subjects receiving 
more PRBC transfusions had significantly longer ICU 
LOS (median 9 [6, 19] versus 13 [8, 25] versus 21 [13, 
38] days, P<0.0001). Most subjects who died (25 of 27) 
received PRBC transfusion, though there was no sta-
tistically significant association between PRBC trans-
fusion and death (P=1.00). Rates of infection did not 
vary between transfused and nontransfused groups.

Hematocrit and Outcomes
When we divided the cohort based on subjects’ aver-
age hematocrit (lower than the first quartile [<40] and 
not), subjects with higher mean hematocrits had longer 
duration of mechanical ventilation (6 [4–12] versus 5 
[3–9] days, P=0.029) and longer ICU LOS (19 [11–32] 
versus 14 [9–25] days, P=0.017). However, this rela-
tionship disappeared after adjusting for surgical center 
and transfusion status, and mean hematocrit during 
the study period was not independently associated 
with study outcomes.Ta
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DISCUSSION
In this large, multicenter cohort of neonates who un-
derwent S1P, the majority (82%) received at least 1 
postoperative PRBC transfusion. Transfusion practice 
varied between centers in the number and volume of 
transfusions given and number of donor exposures, 
though transfusion thresholds were relatively con-
sistent. After adjusting for severity of illness, postop-
erative PRBC transfusion was significantly associated 
with longer ICU LOS and longer duration of mechani-
cal ventilation. We identified no association between 
PRBC transfusion and death or infection.

To our knowledge, this is the only multicenter study 
focused on PRBC transfusion practice after S1P. The 
larger sample size achieved by this multicenter approach 
allowed us to study variability in transfusion practices and 
to adjust for severity of illness covariates while assessing 
for a relationship between PRBC transfusion and study 
outcomes. Additionally, pooling data from multiple cen-
ters adds to the generalizability of our study. Our study 
assessed not only PRBC transfusion volume but also 
donor exposures, as recommended by the Pediatric 
Critical Care Transfusion and Anemia Initiative.26

The optimal transfusion threshold in neonates after 
S1P remains undefined. PRBC transfusion given to 
maintain a hemoglobin of 12.3 g/dL is reported to im-
prove diastolic blood pressure, oxygen saturation, and 
cerebral near- infrared regional spectroscopy.18 This is 
consistent with the transfusion thresholds found in our 
study. Polycythemia and higher hematocrit have been 
associated with longer hospitalization and early mortal-
ity in cyanotic neonates after S1P, though our data did 
not demonstrate such a relationship.20,27 Additionally, no 
difference in lactate or markers of oxygen delivery were 
found in single ventricle subjects with Glenn or Fontan 
physiology randomized to restrictive (hemoglobin <9 g/
dL) versus liberal (hemoglobin >13  g/dL) transfusion 
strategies.17 The same was found in a heterogeneous 
group of infants undergoing heart surgery that included 
a small number of cyanotic, single ventricle subjects.16 
These trials suggest that lower transfusion thresholds 
may be safe, even in cyanotic infants with single ventri-
cle physiology. Our findings support these conclusions.

We previously conducted a survey of pediatric 
critical care physicians and found significant variabil-
ity in PRBC transfusion practice.28 PRBC transfusion 
thresholds were driven by patient rather than practi-
tioner or center- related variables. Our study identified 
oxygen saturation, delayed sternal closure, and chest 
tube output as the variables most predictive of PRBC 
transfusion, further indicating that PRBC transfusion 
is mainly driven by patient- related variables. However, 
the relatively uniform transfusion thresholds between 
centers also suggest center- specific practices may 
influence the incidence of relative anemia.

We found a significant association between postop-
erative PRBC transfusion and worse patient outcomes. 
Our findings support those previously reported in other 
critically ill pediatric subjects and suggest that limiting 
PRBC transfusion, even in cyanotic, single- ventricle 
neonates, may be prudent.8,11,12,14,30 The proposed 
pathophysiology of PRBC transfusion is multifactorial. 
Stored PRBCs may develop “storage lesions,” leading 

Table 3. Variation in Transfusion Practice Across Centers

Site
PRBC Transfusion Volume 

(median in mL/kg [IQR])
PRBC Transfusion 

Events Median (IQR)

PRBC Donor 
Exposures 

Median (IQR)
Pretransfusion Hemoglobin 

(Median in mg/dL [IQR])
Pretransfusion 
Hematocrit (%)

Overall 29.8 (15.2, 49.4) 2 (1, 3) 2 (1, 3) 12.8 (11.9, 13.7) 37.9 (35.6, 40.1)

1 25.6 (16.4, 42.9) 1 (1, 2) 1 (1, 2) 12.8 (12, 13.5) 38 (35.3, 40)

2 41.6 (16.4, 42.9) 3 (2, 5) 2 (1, 3) 13 (12, 13.9) 38.1 (35.9, 39.9)

3 35.7 (30.9, 101.9) 3 (3, 8) 1 (1, 3) 12.5 (11.6, 13.3) 38 (35, 40)

4 37.9 (25.2, 59.3) 3 (2, 4) 2 (2, 3) 13 (12.1, 14) 38.4 (35.7, 41.2)

5 32.6 (19.7, 56.1) 2 (1, 3) 2 (1, 3) 12.1 (11.6, 13) 37.1 (35.6, 40)

6 9.4 (0, 14) 1 (0, 1) Data not available 12.4 (11.6, 13.3) 37 (34, 39.5)

P value <0.0001 <0.0001 <0.0001 0.0049 0.054

Packed red blood cell (PRBC) transfusion volume, events, and donor exposures varied significantly between centers whereas pretransfusion hemoglobin and 
hematocrit were more uniform. IQR indicates interquartile range.

Table 4. Multivariable Regression Analysis of Risk Factors 
for Packed Red Blood Cell Transfusion

Effect Odds Ratio 95% CI P Value

Oxygen saturation 0.96 0.93, 1.00 0.02

Total cardiopulmonary 
bypass time

1.01 0.99, 1.02 0.46

Peak post- op lactate 1.03 0.92, 1.14 0.66

Circulatory arrest time 0.99 0.96, 1.03 0.73

Maximum vasoactive- 
inotropic score

1.01 0.95, 1.07 0.79

Chest tube drainage 
2 d, mL/kg

1.05 1.02, 1.08 0.0003

Delayed sternal closure 6.74 1.89, 24.02 0.0033

Received whole blood 
intraoperatively

3.28 0.97, 11.09 0.06
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to impaired oxygen delivery, free radical release, and 
scavenging of endogenous nitric oxide.31–32 It is un-
clear if the age of transfused blood products contrib-
utes significantly to transfusion complications, and we 
did not record the age of PRBCs used in this study. 
Though the risk of transfusion reaction or transmission 
of a communicable disease is thankfully extremely 
low, these complications occur disproportionately 
in children.33 Transfusion- related immunomodula-
tion and transfusion associated acute lung injury are 
well- recognized inflammatory complications of PRBC 
transfusion that carry significant morbidity and mor-
tality and may be underrecognized in children.8 These 
may be partially mitigated by modern leukoreduction 
techniques.34 Finally, transfusions are associated with 
increased thrombotic complications in neonates un-
dergoing cardiac surgery.13,35

This study has several limitations. The first is its ret-
rospective design, which exposes it to bias from un-
measured severity of illness variables and selection 
bias affecting the decision to transfuse. Though we 
used a propensity score to adjust for subjects’ severity 
of illness, it is impossible to fully account for all import-
ant covariates in critically ill subjects. There is likely a 
collinearity between severity of illness and transfusion 
requirement, which cannot be fully adjusted for. For 
example, intubated patients may require additional lab-
oratory testing and progress to iatrogenic anemia re-
quiring PRBC transfusion. Technical performance score 
was not included in our propensity score adjustment, 
though this may be an important variable.36 Additionally, 
there were differences in the patient populations be-
tween sites (Table  1). This may partially explain the 
PRBC transfusion practice variability we observed. This 
variation also prevented us from using some known 
predictors of poor outcome, such as the presence of a 
genetic syndrome in our propensity score, as ascertain-
ment appeared to vary between sites. Though we made 
an effort to standardize data collection between cen-
ters, the observed differences may also reflect variation 
in data collection. We could not reliably determine the 
indication for each PRBC transfusion, and thus, cannot 
comment on considerations involved in the decision to 
transfuse. We excluded subjects who required ECMO 
support during the early postoperative period. The de-
cision to exclude these subjects was based on the hy-
pothesis that PRBC transfusion may be protocolized in 
the setting of mechanical support. However, this may 
have biased our analysis by excluding the most critically 
ill subjects, and those with the highest transfusion bur-
den. As the majority of subjects who died during the 
study period received postoperative ECMO, excluding 
these subjects may have caused us to underestimate 
any association between PRBC transfusion and death. 
We did not include intraoperative transfusions and post-
operative transfusion of additional blood products in this Ta
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study. Such an analysis is planned. Finally, cerebral near- 
infrared regional spectroscopy data were not available 
from all participating centers. This has been used as a 
proxy of mixed venous oxygen saturation and would be 
helpful to assess for a physiologic difference in subjects 
who did and did not receive PRBC transfusions.

In conclusion, PRBC transfusion was independently 
associated with longer length of stay in a cardiac inten-
sive care unit and longer duration of mechanical ventila-
tion in this multicenter retrospective cohort. Further, the 
relationship was dose dependent, with subjects who re-
ceived more than 1 PRBC transfusion doing worse than 
those exposed to only one. This retrospective study is, at 
most, hypothesis generating. However, because PRBC 
transfusion may carry risk, and lower transfusion thresh-
olds than those we found may be tolerated even in cya-
notic, single ventricle subjects, we underscore the need 
for a multicenter, randomized controlled trial to define the 
optimum transfusion threshold for this fragile population.
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