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Objectives—To present the consensus recommendations and supporting literature for red blood
cell (RBC) transfusions in general critically ill children from the Pediatric Critical Care
Transfusion and Anemia eXpertise Initiative (TAXI).

Design—Consensus conference series of international, multidisciplinary experts in RBC
transfusion management of critically ill children

Methods—The panel of 38 experts developed evidence-based and, when evidence was lacking,
expert-based recommendations and research priorities regarding RBC transfusions in critically ill
children. The subgroup on RBC transfusion in general critically ill children included six experts.
Electronic searches were conducted using PubMed, EMBASE and Cochrane Library (CENTRAL)
databases from 1980 to May 30, 2017 using a combination of keywords to define concepts of RBC
transfusion and critically ill children. Recommendation consensus was obtained using the
Research And Development/University of California Los Angeles (RAND/UCLA)
appropriateness method. The results were summarized using the Grading of Recommendations
Assessment, Development and Evaluation (GRADE) method.

Results—Three adjudicators reviewed 4,399 abstracts; 71 papers were read, and 17 were
retained. Three papers were added manually. The general TAXI subgroup developed and all TAXI
members voted on 2 good practice statements, 6 recommendations and 11 research questions; in
all instances, agreement was reached (> 80%). The good practice statements suggest a framework
for RBC transfusion in PICU patients. The good practice statements and recommendations focus
on hemoglobin as a threshold and/or target. The research questions focus on hemoglobin and
physiologic thresholds for RBC transfusion, alternatives and risk/benefit ratio of transfusion.

Conclusions—TAXI developed pediatric-specific good practice statements and
recommendations regarding RBC transfusion management in the general PICU population, as well
as recommendations to guide future research priorities. Clinical recommendations emphasized
relevant hemoglobin thresholds and research recommendations emphasized a need for further
understanding of physiological thresholds, alternatives to RBC transfusion, and hemoglobin
thresholds in populations with limited pediatric literature.
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INTRODUCTION

The Joint Commission on Accreditation of Healthcare Organizations identified five overused
treatments that reduce patient safety; blood transfusion was ranked second (1). The overuse
of red blood cell (RBC) transfusion is indeed a significant concern in pediatric intensive care
units (PICU) (2-9). About 50% of children in North-American PICUs receive at least one
RBC transfusion (2, 10).

RBC transfusions are prescribed to treat anemia, which is observed in 74% of PICU patients
(2, 11-13). Many papers have been published in the last decade with respect to the risk of
anemia (14-24) and the risk/benefit ratio of RBC transfusion in PICU patients (25-42). A

Pediatr Crit Care Med. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Doctor et al.

Page 3

RBC transfusion is the only way to rapidly correct severe anemia; however, RBC
transfusions have been associated with increased risk of mortality in critically ill patients in
observational studies (5-8). Knowledge has improved recently with respect to the relative
risk of uncorrected anemia (14-23) and of RBC transfusion in PICU patients (25-28, 32, 33,
37, 42). These data have led to conservative recommendations for transfusion decision-
making. However, implementation of this knowledge is slow, large gaps in knowledge
application persist and the prevalence of (likely) unnecessary transfusion remains high (43—
46). For example, since 2007, it has been established that stable PICU patients do not require
RBC transfusion if the Hb level is >7 g/dL (33). Yet, in a survey of North American and
European intensivists in 2013, it was estimated that between 54% and 91% of stable PICU
patients would receive RBC transfusions for Hb level above this aforementioned threshold
(Figure 1) (46). Overuse of RBC transfusions is probably more common for children than
for adults. A study involving 12 pediatric services at Johns Hopkins Medical Institutions
reported that, depending on the service, 25% to 90% of transfused children received blood
despite having an Hb >7 g/dL (47). Audits in the United Kingdom have consistently shown
that approximately 20% of blood product usage is outside guideline recommendations (48).
As for any treatment with potentially adverse effects, it is crucial to reduce unnecessary use
of blood products. Clearly, there is room for improvement.

In the ICU environment, knowledge translation interventions that include protocols,
guidelines and/or decision trees are associated with improved clinical practice (49-56). The
objective of the ‘Transfusion and Anemia eXpertise Initiative” (TAXI) was to scientifically
develop guidelines that can help clinicians (e.g. pediatric intensivists, cardiologists,
anesthesiologists, transfusion medicine specialists, etc.) in their decision-making process
with respect to RBC transfusion in critically ill children. In this paper, we assess and
summarize the current literature and ‘state of the science’ on the questions: what
hemoglobin (Hb) concentration and what physiologic thresholds should guide the decision
to prescribe a RBC transfusion in general critically ill children?

METHODS

A panel of 38 content experts met over the course of 2 years to develop evidence-based and
(when evidence was lacking) expert-based recommendations regarding treatment and
research priorities for transfusion in critically ill children. The subgroup on general PICU
patients comprised six authors of this paper (AA, MB, JC, AD, JL, KR).

The details of the methodology are described elsewhere in this supplement of Pediatric
Critical Care Medicine (7). Briefly, we searched PubMed, EMBASE, and Cochrane Library
from 1980 to December 2015, with an update in May 2017, using a combination of medical
subject heading terms and text words to define concepts of RBC transfusion and critically ill
children. The search terms are provided in the supplemental digital data 1. We searched
references from identified articles for additional publications. Three authors reviewed all
citations independently. We used a standardized data extraction form to construct evidence
tables and graded the evidence using the Grading of Recommendations Assessment,
Development and Evaluation (GRADE) system (57-58).
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Recommendations developed and supporting literature were reviewed and scored by all
panel members, using the Research And Development/University of California
Appropriateness Method. All recommendations reached agreement (>80%). Final
recommendations for RBC transfusion in general critically ill children based on hemoglobin
and physiologic thresholds and were divided into three categories: good practice statements,
clinical recommendations, and research recommendations.

Using the search strategy described above, we retrieved 4,399 abstracts. Seventy-one
abstracts were retained for the final evaluation of screened papers. Three adjudicators (AA,
JMC, KER) read and independently assessed the full text of these 71 papers. Fifty-four
papers were excluded. The most frequent causes for exclusion were: the intervention was not
RBC transfusion (17 papers), participants were not critically ill or at risk for critical illness
(11), age >18 years of age (5), papers were not in English or unable to be found (5), data
were not original (5), the outcome was not relevant (3), case report (3) or abstract only (3),
age <36 weeks gestation (1) and duplicates (1). Seventeen papers were retained. Three
papers were added manually and these twenty papers were used in the final process to
generate good practice statements, recommendations and research questions (2, 19, 21, 22,
27, 28, 32, 33, 35, 37, 42, 59-67); a short summary of these 20 papers is provided in
Supplemental Digital Data, Supplemental Table 1. Reviewer consensus was attained on the
first round for 15 papers (75% agreement), and on the second round for the remaining five
papers.

The TAXI members for general PICU patients generated two good practice statements, six
recommendations and eight research questions. All recommendations reached a priori
(>80%) agreement according to predefined definitions by the RAND UCLA appropriateness
methodology. The voting data, including the number of voting experts and median score are
provided for each recommendation. These recommendations apply to children > 36 weeks
gestational age and < 18 years of age (age-related determinant) who are critically ill (in
PICU) or are at risk for critical illness (in hospital wards).

Good practice statements

Red blood cell transfusion: decision making—Good Practice Statement 1) When
deciding to transfuse an individual critically ill child, we recommend considering not
only the hemoglobin (Hb) concentration, but also the overall clinical context (e.g.
symptoms, signs, physiological markers, laboratory results) and the risk, benefits, and
alternatives to transfusion. Consensus panel expertise. Voting data (n=29): 97%
agreement, median 9, IQR (9-9).

Good practice statement 1. supporting arguments — There is little empiric data to support
this statement, which is based on practical experience, expert opinions and good common
sense.

The presence and severity of anemia is diagnosed by measuring Hb concentration.
Accordingly, while caring for PICU patients, practitioners use the Hb concentration as their
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primary determinant for RBC transfusion (2). However, the severity of anemia (low Hb
level) is rarely the only relevant determinant for RBC transfusion. In 2003, during a brain-
storming session, several pediatric intensivists elaborated a list of all potential justifications
that come to mind when considering RBC transfusion; the generated list included more than
27 different items: young age (<1 year old), respiratory problems (respiratory insufficiency,
low PaO,, low O delivery), cardiovascular problems (cardiovascular dysfunction, cyanotic
heart disease, tachycardia), high serum lactate level, coagulopathy (increased prothrombin
time or international normalized ratio, disseminated intravascular coagulation), bleeding
(gastrointestinal bleeding, other acute blood loss), hematopoietic-related problems (bone
marrow suppression defined as a white blood cell count < 500 cells/mm?, dedicated packed
RBC units, autologous blood), surgery (emergency surgery, elective non trauma surgery,
severe trauma), procedures (line insertion, exchange transfusion, plasmapheresis,
extracorporeal membrane oxygenation (ECMO), hemodialysis, hemofiltration), and high
severity of illness as measured by predictive scores like the Pediatric Risk of Mortality
(PRISM) score (68). A prospective descriptive epidemiological study was subsequently
conducted on the practice of RBC transfusion in 30 North-American PICUs (2). In this
study, the attending physician and/or fellow who prescribed a RBC transfusion was asked
within a few hours after a transfusion to choose up to three items enumerated above that
justified their decision to transfuse; a low Hb level was the most important justification in
42% of cases, followed by acute blood loss (17%), cardiovascular insufficiency (9%),
respiratory insufficiency (7%) and specific technologies (7%).

Good practice statement 1. summary of findings-Pediatric intensivists should not use the Hb
level alone to drive the decision to administer RBC transfusions in PICU patients: they must
also consider the patient’s general health (the patient’s ability to compensate for, or tolerate
anemia). Moreover, they must remember that the relationship between Hb concentration and
RBC number can be altered acutely by either hemoconcentration or hemodilution.
Guidelines from many organizations emphasize that the decision to administer RBCs should
not be based solely on Hb levels, but should involve sound clinical judgment (69, 70). There
is a rationale behind such strategy. For example, the rate at which anemia develops
influences anemia tolerance; as such, a Hb level as low as 3.5 g/dL may be well tolerated if
the anemia is chronic, the patient is isovolemic and otherwise healthy and hematopoietic
recovery is forthcoming (71). It is the presence of anemia and other risk factors that should
prompt the practitioner to prescribe a RBC transfusion, such as severity of illness (severe
enough to warrant hospitalization of patients, which is the case for all PICU patients),
patient trajectory of illness (deteriorating or recovering), presence of severe bleeding,
hemodynamic instability, congenital or acquired cardiac pathology, some congenital anemia,
etc.

Hb measurement—Good Practice Statement 2) In critically ill children or those at risk
for critical illness, we recommend measuring the hemoglobin (Hb) concentration
before prescribing each RBC transfusion; knowledge of Hb concentration is not
required before RBC transfusion if the patient has life threatening bleeding. Consensus
panel expertise. \oting data (n=35). 100% agreement, median 9, IQR 8-9.
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Good practice statement 2: supporting arguments-Unless a patient is in hemorrhagic shock,
it is not rational to prescribe a RBC transfusion without knowing if the Hb level is low.

The gold standard method to estimate total Hb content in a patient’s blood is to measure the
Hb level and the hematocrit as part of a complete blood count, which is typically done in the
hematology laboratory, the blood bank, or with point of care instrumentation in the PICU.
The Hb level measures the Hb concentration in a blood sample. The hematocrit measures the
proportion of blood volume occupied by RBCs. Measurement of Hb level or hematocrit as
part of a complete blood count is the most reliable means to estimate changes to the total
amount of intra-cellular Hb circulating in blood. The Hb concentration can also be measured
on blood gases and by pulse co-oximetry (SpHb Spot Check technology, Pronto Pulse CO-
Oximeter®, Masimo, Corp., Irvine, CA). These methods are not as reliable as the Hb level
measured with the standard technique, but the difference is small and not clinically
significant; for example, the average difference between SpHb and Hb level measured in the
laboratory is —0.15 + 0.92 g/dL (72). However, the differences between peripheral Hb level
(measured by SpHb) and central Hb (measured by blood tests, other than capillary samples)
may vary widely during critical illness. The accuracy of Hb measurement on blood gases
and by pulse co-oximetry is sufficient to be used in practice.

It is not mandatory to measure the Hb level or hematocrit after a RBC transfusion, but it can
be useful to determine the degree to which the transfusion increased the Hb level,
particularly in the setting of uncontrolled bleeding or ongoing hemolysis. Blood can be
collected to measure the Hb concentration or hematocrit almost immediately after a
transfusion: it takes not more than 15 to 30 minutes for the Hb level and the hematocrit to
stabilize after a RBC transfusion (73). Good practice statement 2: summary of findings-
Measurement of Hb concentration is essential to estimate the severity of anemia; this
information may be useful after a transfusion. This measurement can be done as part of a
complete blood count, on blood gas specimens and by pulse co-oximetry.

Recommendations: general critically ill child

Hb concentration < 5 g/dL—Recommendation 1.1. In critically ill children or those at
risk for critical illness we recommend a RBC transfusion if the Hb concentration is <5
g/dL. Strong recommendation. Low quality pediatric evidence (1C). Voting data (n=29):
97% agreement, median 9, IQR 8-9. (GRADE 1C based on upgrading for large treatment
effect, and downgrading for imprecision and indirectness (observational studies).)

Recommendation 1.1: supporting arguments. — Many descriptive studies have reported that
the risk of adverse outcomes of hospitalized children is significantly higher if their Hb level
is below 5 g/dL (19, 21, 60, 64); a similar association has been reported in adults (14, 15).

An association does not ensure a cause-effect relationship. Demonstration that RBC
transfusions improved the outcome of transfused patients when compared to similar non-
transfused patients would be an important argument supporting a cause-effect relationship
between anemia and adverse outcome, and would suggest that RBC transfusion might be
useful in these patients; however, there is a remarkable dearth of data demonstrating the
relationship between the degree of anemia and transfusion benefit. One study does suggest
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that RBC transfusion improves the outcome of severely ill anemic children. Lackritz (22)
reported a prospective case-control study of 303 Kenyan children with Hb below 5 g/dL at
hospitalization and of 303 control patients with Hb level = 5 g/dL. Of the patients with Hb
level <5 g/dL, 116 (38%) did not receive a transfusion, mostly because of blood
unavailability, while 187 (62%) were transfused given that blood was available; mortality
was significantly higher in non-transfused children (41.4% vs 21.4%, p < 0.001). Of note,
however, mortality was similar in children with Hb level <5 g/dL who were transfused and
in children with Hb level = 5 g/dL who were not transfused (21.4% vs. 19.5%). Although
this study was conducted in Africa, these results are, to an extent, generalizable to PICU
patients elsewhere.

Recommendation 1.1: summary of findings. — The results of the study of Lackritz (22)
suggest that RBC transfusion may improve the survival of anemic hospitalized patients with
Hb level below 5 g/dL, but the specific threshold above 5 g/dL that should be used to
prescribe a RBC transfusion is unknown.

RBC transfusion guided by physiologic markers—Recommendation 1.2. In
critically ill children or those at risk for critical illness, we cannot recommend a specific
RBC transfusion decision-making strategy that is based upon physiologic metrics and
biomarkers. Consensus panel expertise. Voting data (n=35). 91% agreement, median 8,
1QR 8-9.

Recommendation 1.2: supporting arguments. — RBC transfusion is primarily indicated to
improve tissue O, delivery in anemic patients with inadequate O, consumption, or to relieve
the physiologic stress of compensated anemia in patients with maintained O, delivery
homeostasis. Although RBC transfusion increases Hb and thereby blood O, content
(although, not instantaneously), it does not necessarily follow that tissue O, delivery and O,
consumption is likewise increased — unless blood O, content, itself, is rate limiting in
transfer of O, from lung to tissue. Constraint in O utilization may also arise from
impairment in tissue respiration, itself; this pathology is not responsive to improving O,
content via transfusion. Such impairment of O, utilization can be caused by mitochondrial
dysfunction, which is typically observed, for example, during severe cases of sepsis and in
other forms of severe critical illness (e.g., following systemic ischemia/reperfusion) (74, 75).

Historically, normal — or supranormal — Hb levels were presumed necessary during
physiologic stress (76). Mounting evidence, however, has enabled better appreciation for
anemia tolerance and donor RBC impairment. As such, conservative transfusion approaches
have emerged, based upon non-inferiority trials of permissive anemia (e.g. restrictive Hb-
based thresholds) (27, 28, 33, 61). This approach is evaluated, and recommendations are
made elsewhere in this paper.

The Hb threshold strategy indicates that severely ill children should receive a RBC
transfusion if their Hb concentration is < 5 g/dL (recommendation #1). However, in those
with an Hb concentration above 5 g/dL, the Hb threshold strategy informs us only about
those patients who do not require transfusion (e.g., evidence indicates permissive anemia is
safe above specific Hb thresholds in some PICU population, such as a threshold Hb of 7.0
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g/dL in hemodynamically stable critically ill children). Since it is not feasible to define
specific (Hb) boundaries across the complex interaction of developmental-, condition-, and
stress-specific situations encountered in the PICU, Hb alone cannot identify many patients
for whom permissive anemia is unsafe, nor are these data sufficient to guide transfusion
timing/volume.

Of note, in severely ill children with an Hb concentration > 5 g/dL, no single metric or
biomarker in isolation should be expected to adequately predict whether the patient will or
will not benefit from RBC transfusion (or, indicate how much blood should be given).
Moreover, metric and/or biomarker trajectories (direction of change, rate of change or
minimum change over time) are also likely to be as important in decision-making as set
‘threshold’ values. Tables 1 and 2 suggest metrics and biomarkers that may be useful in
transfusion decision-making; however, to date, none have been validated as reliable and
useful metrics to guide RBC transfusion therapy in PICU patients. Finally, the relative
weighting (in decision-making) given to each metric and biomarker is likely to be context-
sensitive (e.g. value of biomarkers may vary as a function of patient age, health-condition
and illness trajectory).

Recommendation 1.2: summary of findings. — We cannot recommend a specific RBC
transfusion decision-making strategy that is based upon physiologic metrics and biomarkers
because, to date, neither physiologic metrics nor biomarkers have been validated as reliable
tools to support medical decision with respect to RBC transfusion.

Hb concentration = 7 g/dL in hemodynamically stable PICU patients—
Recommendation 1.3. In critically ill children or those at risk for critical illness, who are
hemodynamically stable and who have an Hb concentration = 7 g/dL, we recommend
not administering a RBC transfusion. Strong recommendation, Moderate quality pediatric
evidence (1B). (GRADE 1B based on downgrading for imprecision (single high quality
RCT)). Woting data (n=29). 97% agreement, median 9, IQR 8-9.

Recommendation 1.3: supporting arguments. — The TRIPICU study showed that a restrictive
RBC strategy (threshold Hb: 7 g/dL) is safe in hemodynamically stable or stabilized
critically ill children. In TRIPICU, a patient was considered hemodynamically stable or
stabilized if the mean arterial pressure was not less than two standard deviations below
normal mean for age and if the cardiovascular support (vasopressors/inotropes and fluids)
had not been increased in the last two hours (33).

One may expect a positive association between severity of illness and transfusion benefit in
PICU patients. This was not observed, however, in the TRIPICU study: in stable critically ill
children, a liberal RBC transfusion strategy was not associated with a lower risk of new or
progressive multiple organ dysfunction syndrome (N/P MODS), regardless of the baseline
severity of illness, as measured by the “pediatric risk of mortality” (PRISM) score (68): the
absolute risk reduction (ARR) was +1.5% (95%CI: —6.3 to +9.4) when patients with PRISM
score of zero (15t quartile) were compared to those with scores > 8 (4™ quartile).
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Recommendation 1.3 is generalizable to all patients similar to those who were enrolled in
the TRIPICU study. However, in the TRIPICU study, 5,399 patients were screened, and
4,751 (4,751/5,399 = 88%) were excluded for reasons such as expected to stay <24 hours in
ICU (1,686 patients), no approval from physician (424), age <3 days or >14 years (414),
refusal of consent by patient and/or parent (379), unstable hemodynamically (216) and acute
blood loss (207). We do not know if recommendation 1.3 is applicable to patients similar to
those who were excluded from TRIPICU.

Recommendation 1.3: summary of findings. — Recommendation 1.3 is applicable to all
hemodynamically stable PICU patients, even those in septic shock (77, 78) and post-cardiac
surgery (acyanotic patients and post biventricular repair), if older than 28 days (78, 79).
However, the evidence does not support generalization of this recommendation to patients
similar to those excluded from the TRIPICU study.

Hb concentration = 7 g/dL in PICU patients with acute post-operative non-
hemorrhagic anemia—Recommendation 1.4. In critically ill children with acute post-
operative non-hemorrhagic anemia (excluding cardiac surgery), who are
hemodynamically stable, we recommend not administering a RBC transfusion if the
Hb concentration is = 7 g/dL. Weak recommendation. Low quality pediatric evidence (2C).
Voting data (n=29). 97% agreement, median 8, IQR 8-9. (GRADE 2C based on
downgrading for imprecision (sub-analysis of RCT)).

Recommendation 1.4: supporting arguments. — An a priori subgroup analysis was planned
for TRIPICU patients who underwent non-cardiac surgery: 124 such subjects were enrolled,
60 in the restrictive and 64 in the liberal group (37). Six and five new or progressive multiple
organ dysfunction (N/P MODS) were observed in the two groups (ARR: +1.1%; 95%Cl: —
8.9%, +11%, p = 0.83). No clinically or statistically significant difference was observed with
respect to the highest daily PELOD score (7.4 £ 9.6 vs 7.6 + 8.8), PICU mortality (1 vs 0)
and 28-day mortality (0 vs 1). More importantly, the trends observed in this subgroup were
identical to the trend observed in other subgroups and in the whole TRIPICU study (32, 33,
42). Consistency of subgroups trends in an RCT supports the conclusion of the original trial
(80). The subgroup analysis of non-cardiac surgical PICU patients enrolled in TRIPICU
suggests that they are not different than other hemodynamically stable critically ill children,
which supports recommendation 1.4. However, we do not know if recommendation 1.4 is
applicable to surgical patients with severe hemorrhage because they were excluded from
TRIPICU.

Recommendation 1.4: summary of findings. — A threshold Hb of 7 g/dL seems safe in stable
critically ill children admitted to PICU after non-cardiac surgery, if they do not present with
severe hemorrhage (37).

Hb concentration: between 5.0 and 7.0 g/dL—Recommendation 1.5. There is
insufficient evidence to make a recommendation regarding transfusion thresholds for
critically ill children who have an Hb concentration between 5 and 7 g/dL. However, it
is reasonable to consider transfusion based on clinical judgment in these children.
Consensus panel expertise. \oting data (n=29). 100% agreement, median 9, IQR 9-9.
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Recommendation 1.5: supporting arguments. — The results of the TRIPICU study suggest

that a threshold Hb of 7 g/dL is safe in hemodynamically stable PICU patients. The results
of the study conducted by Lackritz (22) suggest that a RBC transfusion should be given in
hospitalized children with an Hb level is < 5 g/dL.

Acute isovolemic reduction of blood Hb concentration to 5 g/dL in conscious healthy resting
adults did not lead to evidence of inadequate systemic DO5 or VO, or an increase in plasma
lactate concentration (81). However, we do not know if it is safe to restrict RBC transfusion
in adults with cardiac pathology (82) and in severely ill patients with Hb level between 5.0
and 7.0 g/dL (16). However, Weiskopf (81) reported that, although VO, did not fall with
progressive isovolemic anemia, VO, rose along with a progressive increase in cardiac index,
identifying the expected metabolic burden associated with physiologic compensation for
anemia (likely from increased myocardial oxygen consumption linked to the observed
compensatory increase in cardiac index). Clinical studies addressing this question should be
performed, including RCTSs.

Recommendation 1.5: summary of findings. — We do not know if patients with an Hb level
between 5 and 7 g/dL require a RBC transfusion.

Hb concentration as a goal—Recommendation 1.6. In critically ill children or those
at risk for critical illness who are hemodynamically stable, we recommend that the
post-transfusion goal be to relieve the indication for transfusion and not necessarily to
achieve normal hemoglobin for age. A reasonable hemoglobin goal post-transfusion is a
range between 7.0 g/dL and 9.5 g/dL. Weak recommendation. Low quality pediatric
evidence (2C). (GRADE 2C based on downgrading for imprecision (single RCT)). Voting
aata (n=29): 96% agreement, median 8, IQR 8-9.

Recommendation 1.6: supporting arguments. — Given that the goal (endpoint or target) of a
RBC transfusion is to maintain or to improve O, delivery (DO5) and O, consumption (VO5,),
and since the metrics that can be used to estimate DO, and VVO5, are not easily measured
directly, surrogate endpoints for transfusion must be selected (as for any intervention). The
endpoint in current use, and for which outcome data exist, is Hb.

In the TRIPICU study, RBC transfusions in the restrictive arm were given to increase the Hb
level from less than 7 g/dL to a target range of 8.5-9.5 g/dL, but not to increase Hb to the
normal range (> 12 g/dL) (33). The TRIPICU study showed no difference in outcomes
between transfused and non-transfused stable PICU patients with Hb level above 7 g/dL. A
similar outcome has been observed in severely ill adults (83-86).

On the other hand, the results of one paper suggest that a certain minimum RBC volume
may be required to achieve optimal transfusion outcomes in hospitalized children with very
severe anemia. Olupot-Olupot (64) evaluated the safety and efficacy in hospitalized Ugandan
children (median age: 36 months) of a higher whole blood volume (30 mL/kg; n = 78)
against a lower volume (20 mL/kg; n = 82), the standard volume suggested by the World
Health Organization. Median admission Hb was 4.2 g/dL (IQR 3.1 to 4.9). The Hb level rose
above 6 g/dL in more children who received 30 mL/kg than those who received 20 mL/kg
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(90% and 74%, respectively). With respect to 28-day survival, there was one death in the 30
mL/kg group, and six in the 20 mL/kg group (1.3% vs. 7.3%; chi square with Yates
correction: p < 0.05).

It is reasonable to target a given Hb concentration after a RBC transfusion to prevent under-
as well as over-transfusion; we suggest targeting a post transfusion Hb level between 7.0 and
9.5 g/dL, given the data provided by the TRIPICU study. Of note, Hb level may not increase
if there is ongoing severe bleeding or significant hemolysis; in such circumstances, serial
transfusions may be indicated, until the original indication for transfusion is relieved.

Recommendation 1.6: summary of findings. — The target Hb level in critically ill children
with severe anemia is not well determined, but the available data suggest that the targeted
Hb should be over 7 g/dL, but lower than 9.5 g/dL.

Research questions

Physiologic thresholds—Research question R1.1. In critically ill children or those at
risk for critical illness, we recommend creating clinical research programs specifically
designed to determine the efficacy and safety of transfusion decision-making based
upon physiologic metrics and biomarkers. Consensus panel expertise. Voting Data
(n=35): 100% Agreement, Median 9, IQR 8-9.

Research question R1.1: supporting arguments. — A RBC transfusion is useful only if it
improves recipient outcome. The relationship between (1) physiologic metrics and
biomarkers that may be used as threshold and/or target, and (2) RBC transfusion versus
clinically relevant outcomes is not yet determined with adequate precision to support clinical
decision-making. For example, even if RBC transfusion normalizes a low ScvO,, it does not
necessarily follow: (1) that this change results from improved O, delivery, or instead from
donor RBCs’ increased O, affinity (which, in fact, may reduce O delivery), nor does it
necessarily follow (2) that as a result, recipient outcomes will improve in proportion to
ScvO, ‘improvement’. There are many additional cases in which use of a non-validated
physiologic metric or biomarker as surrogate outcome to guide a treatment might be
misleading. For example, an observational prospective study indicated that hematocrit may
not be a valid surrogate for survival among erythropoietin-treated renal failure population
(87), and a large RCT reported that the administration of erythropoietin to raise the
hematocrit to 42% was harmful in adults with clinically evident congestive heart failure or
ischemic heart disease who are receiving hemodialysis (88). As such, putative endpoints
should be formally evaluated against the ‘Prentice’ criteria for effective therapeutic
endpoints, which specify that endpoints should demonstrate: (1) a direct relationship to the
causal path between disease and outcome, and (2) a time-sensitive response to therapy in a
fashion that (3) reliably predicts the effect of treatment upon outcome (89).

Research question R1.1: summary of findings. — A relevant cause-effect relationship
between a given physiologic metric and/or biomarkers, RBC transfusion and clinically
significant outcomes must be formally evaluated, prior to use of metrics/biomarkers in
transfusion decision-making. Once such a relationship is proven, the usefulness of the
physiologic metric and/or biomarkers to guide RBC transfusion therapy must be
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demonstrated before we can recommend using the parameter(s) at the bedside to guide RBC
transfusion therapy.

Research Question R1.2. In children with critical illness or at risk for critical illness, we
recommend investigation that identifies and evaluates biomarkers and/or physiologic
measures that characterize anemia intolerance. Consensus panel expertise. Voting Data
(n=35): 100% Agreement, Median 9, IQR 8-9.

Research Question R1.3 We recommend investigation to determine biomarkers or
physiologic measures that identify anemia intolerance, defined as threat to O, delivery
and/or O, consumption homeostasis, and manifested as an increase in global anaerobic
metabolism. Consensus panel expertise 97% Agreement, (n=35), Median 8, IQR 8-9

Research questions R1.2 and R1.3: supporting arguments. — It appears reasonable to defer
transfusion in anemic patients who are both (1) maintaining O, delivery homeostasis and (2)
tolerating the stress imposed by compensatory physiology. Inherent in this approach to
transfusion decision-making is an understanding that any transfusion confers some risk to
every patient and therefore, transfusion should only be administered when the anticipated
improvement in outcome is ‘worth’ the anticipated risk. Moreover, it is also taken as a given
that in many critically ill children (possibly most), compensatory physiologic reserve is
adequate to dampen the effect of anemia upon the probability of recovery. Or stated
otherwise, the effect of transfusion upon the probability of recovery is more dependent upon
the relationship between the moment-specific severity (and trajectory) of illness and the
remaining compensatory reserve than it is upon the degree of anemia (as defined by Hb
level), alone. Therefore, this investigatory approach is designed to identify a suite of
biomarkers that inform clinicians of the degree to which the relationship between illness
severity, patient trajectory and compensatory reserve modify the effect of anemia correction
(by transfusion) upon the probability of recovery.

Finding reliable markers of anemia intolerance could be useful in PICU patients; finding
markers indicating that giving a RBC transfusion will improve the outcome of an anemic
PICU patients will be even better. Table 1 provides a list of candidate biomarkers or
physiologic measures that may help practitioners to identify PICU patients with systemic
anemia intolerance, defined as threat to O, delivery and/or O, consumption homeostasis,
and manifested as an increase in global anaerobic metabolism, and possibly, to predict a
positive clinical response to a RBC transfusion. Moreover, as stated previously, it is unlikely
that any single physiologic metric or biomarker will serve independently for the above stated
purpose; it is anticipated that integrating multiple metrics/biomarkers along with their
trajectories will improve performance, as predictors of anemia intolerance and/or transfusion
benefit.

Research questions R1.2 and R1.3: summary of findings. — The reliability of markers to
diagnose anemia intolerance and to predict that a RBC transfusion will improve recipient’s
outcome should be studied.

Research question R1.4. We recommend investigation that identifies and evaluates
biomarkers and/or physiologic metrics of anemia intolerance specific to individual vital
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organs, which may be present and indicate patient-specific likelihood of benefit from
transfusion, even in the absence of measures indicating systemic impairment of O,
delivery and/or O, consumption homeostasis. Consensus panel expertise. Voting Data
(n=35): 97% Agreement, Median 9, IQR 8-9.

Research question R1.4: supporting arguments. — A single organ may suffer from anemia
even in the absence of systemic impairment of O, delivery and/or O, consumption
homeostasis. Such discrepancy between systemic and organ specific measurements of
anemia intolerance may exist: this is the case for the brain (90, 91) and the digestive system
(92) and one can easily envision the influence of organ specific pathology in this context
(e.g. stroke, cardiomyopathies, etc.). Table 2 provides a list of candidate biomarkers or
physiologic measures that may help practitioners to identify organ-specific anemia
intolerance in PICU patients and, possibly, to predict a positive clinical response to a RBC
transfusion.

Research question 1.4: summary of findings. — The reliability of markers to diagnose organ-
specific anemia intolerance and to predict that a RBC transfusion will improve the outcomes
of recipients should be studied.

Hemoglobin threshold—Research question R1.5. We recommend undertaking future
studies aiming to identify the appropriate Hb concentration to guide administration of
a RBC transfusion in hemodynamically unstable critically ill children. Consensus panel
expertise, 91% Agreement, (n=35), Median 9, IQR 8-9.

Research question R1.6. We recommend undertaking future studies aiming to identify
the appropriate Hb concentration to guide administration of a RBC transfusion in
subpopulations of hemodynamically stable critically ill children or those at risk for
critical illness. Consensus panel expertise, 91% Agreement, (n=35), Median 9, IQR 8-9.

Research questions 1.5 and 1.6: supporting arguments. — In the original TRIPICU study;,
5,399 patients were screened, and 88% were excluded (see recommendation 3). We do not
know for sure if the main TRIPICU recommendation — not giving RBC transfusion in
hemodynamically stable PICU patients if their Hb concentration is > 7 g/dL — is
generalizable to these subpopulations.

Research questions 1.5 and 1.6: summary of findings. — We recommend further research
aiming to identify the appropriate Hb concentration in combination with physiologic
markers (first research question) that should guide administration of RBC transfusion in
combination in subpopulations of hemodynamically stable not covered in current
recommendations, in hemodynamically unstable critically ill children (77), in patients with
neurological insult (traumatic brain injury, stroke, intracranial hemorrhage) (93), in sickle
cell with stroke or undergoing minor surgical procedures (94), in non-hemorrhagic shock
undergoing acute resuscitation (77), in patients on ECMO or ventricular-assist device (VAD)
(95).

Research Question R1.7 We recommend undertaking future studies aiming to identify
the appropriate Hb concentration to guide administration of a RBC transfusion in
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hemodynamically stable critically ill children or those at risk for critical illness, when
the Hb level is between 5 g/dL and 7 g/dL. Consensus panel expertise, 83% Agreement,
(n=35), Median 8, IQR 7-8

Research question 1.7 supporting arguments. — There is insufficient evidence to guide
decision making for RBC transfusions in critically ill children when the hemoglobin is
between 5 g/dL and 7 g/dL, as was discussed in the clinical recommendation 1.5. We

recommend undertaking clinical investigations and RCTs to help answer this question.

Alternatives to RBC transfusion—Research question R1.8. We recommend
investigation that will inform priority (e.g. sequencing) of RBC transfusion relative to
other interventions which may either: (a) improve anemia tolerance or (b) improve O,
delivery homeostasis by supporting physiologic compensation for anemia. Consensus
panel expertise. Voting Data (n=35): 91% Agreement, Median 8, IQR 8-9.

Research question R1.8: supporting arguments. — Supportive interventions other than RBC
transfusion can improve anemia tolerance or O, delivery homeostasis. For example, O,
consumption can be blunted by (1) sedation of agitated patients, (2) optimization of
mechanical ventilatory support in anemic patients with respiratory failure, or (3) fever
control, while O, delivery can be improved by (1) increasing Hb O saturation and PaO, and
(2) optimizing cardiac output and correction of cardiac dysrhythmias (90, 96-98). There is
some evidence that such strategies are effective. For example, Weiskopf (90) demonstrated
that increasing PaO, in adults with acute anemia (Hb concentration: 5.7 g/dL) improved
cardiovascular (heart rate, blood pressure) and cerebral function (memory) even if no RBC
transfusion was given. Feiner (98) reported that high PaO, decreased anemia-induced
tachycardia equivalent to RBC transfusion in adults with a severe acute anemia (5 g/dL).

Research question R1.8: summary of findings. — Studies must be conducted to compare the
efficacy of RBC transfusions and alternatives to RBC transfusion that are directed at
improving O, delivery/consumption relationships.

Transfusion-related adverse events—Research question R1.9. In addition to
investigation of physiologic metrics and biomarkers likely to indicate patient-specific
likelihood of benefit of transfusion in patients with anemia, we recommend
investigation that seeks evidence of patient-specific likelihood of harm from transfusion
(both acute and long term). Consensus panel expertise, Voting Data (n=35). 91%
Agreement, Median 9, IQR 8-9.

Research question R1.9: supporting arguments. — Transfusion-transmitted infectious
diseases and non-infectious serious hazards of transfusions (NISHOT) are now appreciated
to be common in the general population (99, 100). Both transfusion transmitted infections
and NISHOT can be severe; some can be life-threatening (100-102). Moreover, NISHOT are
more frequent in children than in adults (100). Of note, the clinical impact of transfusion-
related adverse events is not well characterized in PICU patients, but some data suggest that
such events strongly influence the likelihood of favorable clinical outcome (59, 103-106).
Moreover, the impact and the epidemiology of adverse events attributable to RBC
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transfusion amongst PICU sub-populations are unknown. Thus, it is not presently possible
for clinicians to judiciously balance the risk/benefit of RBC transfusion for individual
critically ill children.

Research question R1.9: summary of findings. — Studies on the impact and epidemiology of
short- and long-term transfusion-related adverse events must be undertaken to guide
practitioners in their transfusion decision-making to give or withhold a RBC transfusion in
the general PICU population. Moreover, we recommend investigation that will seek evidence
of patient-specific likelihood of harm from transfusion (both acute and long term).

Risk/benefit ratio of RBC transfusion—Research question R1.10. We recommend
investigations that seek evidence on thresholds or triggers that would tell practitioners
that the risk/benefit ratio tolerating anemia is higher than the risk/benefit ratio of
giving a RBC transfusion in critically ill children. Consensus panel expertise. Voting Data
(n=35): 94% Agreement, Median 9, IQR 8-9.

Research question R1.10: supporting arguments. — The risk/benefit ratio of anemia is quite
easy to figure out. There is almost no benefit to being anemic, even though a low Hb level
decreases blood viscosity; this benefit is usually not clinically useful because it is associated
with increased cardiopulmonary work and increased myocardial oxygen demand (107). On
the other hand, we know that a very low Hb level (about 5 g/dL) is associated with a higher
risk of death in children who require hospitalization (22) as well as in adults who deny RBC
transfusion following orthopedic surgery (14, 15, 84). Moreover, research is needed in less
severe anemia — Hb level about 8 or 9 g/dL — in some specific populations, such as adults
with cardiac disease (14, 15); this question is currently under study in the Myocardial
Ischemia and Transfusion (MINT) trial (NCT02981407).

The risk/benefit ratio of RBC transfusion is not well known. We discussed above (research
question 1.9) the lack of knowledge regarding the risk of RBC transfusion in PICU patients.
There are almost no data on the clinical benefit of RBC transfusions.

Research question 1.10: summary of findings. — Studies are required that will tell us when
the risk/benefit of anemia correction (RBC transfusion) is better than the risk/benefit of
anemia tolerance in critically ill children (12).

Research question R1.11. We recommend investigation that seeks evidence that, once the
decision to transfuse has been made, will inform a titrated approach to administering
RBCs, to maintain the risk of transfusion as low as reasonably achievable, while
monitoring for resolution of the original indication for transfusion. Consensus panel
expertise. Voting Data (n=35): 97% Agreement, Median 9, IQR 8-9.

Research question R1.11: supporting arguments. — The research questions discussed above
focus upon information that will enable practitioners to initiate a RBC transfusion; we also
need to determine the information that will inform selection of the appropriate transfusion
‘dose’, e.g. what volume should be given once the decision is made to prescribe a RBC
transfusion. Either administering too much or too little whole blood or packed RBC units
can be ineffective, if not harmful (64, 108). Although there are data suggesting it is not
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necessary to target a post-transfusion Hb level in the normal range we do not know what Hb
level must be targeted when a RBC transfusion is prescribed to anemic PICU patients.
Again, as noted in other sections of this paper, for clinicians to appropriately titrate RBC
transfusion therapy, it may be necessary to more broadly consider evidence (e.g. other than
Hb level, alone) of both O, delivery homeostasis and tolerance of compensatory physiology
that has been activated in response to anemia.

Furthermore, giving only one RBC unit per transfusion limits the risk of exposure to
multiple donors; this strategy is recommended in most guidelines unless more blood is
required for specific clinical (e.g., severe uncontrolled bleeding) or technical reasons (e.g.,
ECMO initiation).

Research question R1.11: summary of findings. — Studies must be undertaken to identify
appropriate approaches to guide transfusion amount and frequency, once the decision to
transfuse has been made.

DISCUSSION

Ideally, the decision to transfuse RBCs should be based not only on the severity of anemia,
as defined by the Hb concentration, but also on patient-related data like age, co-morbidity,
severity of illness and physiologic metrics and/or biomarkers that may enable individual and
context-specific assessment of the degree to which anemia contributes to tissue O,
consumption constraint. Moreover, the decision to transfuse must consider not only the
benefits, but also the risks of RBC transfusion (12).

In many instances, however, anemia severity is the only information required. If the Hb level
is <5/dL in a PICU patient, a RBC transfusion should be given (22). On the other hand, if
the Hb level is > 7 g/dL, a RBC transfusion is not indicated in most PICU patients who are
hemodynamically stable (33). More data are needed before this threshold of 7 g/dL can be
generalized to all PICU sub-populations (see other papers of this supplement), namely
children with respiratory failure (109) acquired and congenital cardiac disease (79), shock
(77), severe hemorrhage (110) neurological insult (93) congenital anemia (94), cancer (94)
and children exposed to devices like ECMO, ventricular assist device (VAD) and renal
replacement therapy (95). The approach to transfusion decision making is unclear not only
for patients who belong to these subpopulations, such as patients with sickle cell disease, but
also for PICU patients with Hb level between 5 and 7 g/dL and in hemodynamically
unstable patients; as such, we need to undertake RCTs to address the question. Moreover, we
must determine whether the use of physiologic metrics and biomarkers can inform and
improve our decision making with respect to RBC transfusion in PICU. Ideally, such
marker(s) would identify specific individuals for whom permissive anemia is unsafe. Many
markers have been suggested for this role, but none have been validated. Further research is
required to identify markers (and approaches to decision making) that optimize transfusion
efficacy. Moreover, we need to know what threshold of each marker (or integrated/composite
marker group) should be used to drive RBC transfusion in PICU patients, and what Hb
concentration — possibly, in combination with marker response(s) — should be targeted
after the RBC transfusion. Studies on transfusion-related complications in PICU patients are
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also required in order that practitioners can estimate the risk/benefit of giving or deferring a
RBC transfusion in each patient; then, it will be possible to prescribe “the right dose of the

right product, to the right patient for the right reason at the right time”, which would be the

best possible “patient blood management” (111, 112).

CONCLUSIONS

The guidelines and decision tree developed by TAXI provide evidence-based, expert opinion
regarding the state of the art with respect to RBC transfusion in PICU patients (78). Practice
change and policy action should result, which will improve the outcomes of critically ill
children and the effectiveness of the health system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix 1: Pediatric Critical Care Transfusion and Anemia eXpertise
Initiative (TAXI) Members

(* for Executive Committee) Co-chairs: Stacey L. Valentine MD MPH* and Scot T.
Bateman MD*, University of Massachusetts, USA, Content Experts: Section 1. General
pediatric critical care patient based on physiologic and hemoglobin thresholds: Andrew
Argent MD MBBBCh, University of Cape Town, South Africa, Jeffrey L. Carson MD,
Rutgers Robert Wood Johnson Medical School, USA, Jill M. Cholette MD*, University of
Rochester, USA, Allan Doctor MD*, Washington University of St. Louis, USA, Jacques
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Lacroix MD*, Universite de Montréal, Canada, Kenneth Remy MD, Washington University
of St. Louis, USA, Section 2. Respiratory failure: Pierre Demaret MD MSc, CHC Liege,
Belgium, Guillaume Emeriaud MD PhD, Université de Montréal, Canada, Nabil E. Hassan
MD, University of lllinois, USA, Martin C.J. Kneyber MD PhD, University of Groningen,
Netherlands, Marisa Tucci MD*, Université de Montréal, Canada, Section 3. Shock,
excluding hemorrhagic shock: Nina Guzzetta MD, Emory University, USA, Mark W. Hall
MD, Ohio State University, USA, Jennifer A. Muszynski MD MPH, Ohio State University,
USA, Philip C. Spinella MD, Washington University of St. Louis, USA, Duncan Macrae
MB ChB, /mperial College London, UK, Section 4. Hemorrhagic shock and non-life-
threatening bleeding, Oliver Karam MD PhD, Virginia Commonwealth University, Robert T.
Russell MD MPH, University of Alabama, USA, Philip C. Spinella MD*, Washington
University of St. Louis, USA, Paul Stricker MD, University of Pennsylvania, USA, Adam
M. Vogel MD, Texas Children’s Hospital, USA, Section 5. Acute brain injury: Philip C.
Spinella MD*, Washington University of St. Louis, USA, Robert C. Tasker MA MD MBBS,
Harvard University, USA, Alexis F. Turgeon MD MSc, Université Laval, Canada, Section 6.
Acquired or congenital heart disease, Jill M. Cholette MD*, University of Rochester, USA,
Steven M. Schwartz MD, University of Toronto, Canada, Ariane Willems MD, University of
Brussels, Belgium, Section 7. Sickle cell/ oncologic disease, Cassandra D. Josephson MD,
Emory University, USA, Naomi LC Luban MD, George Washington University, USA,
Leslie E. Lehmann MD, Harvard University, USA, Robert |. Parker MD*, Stony Brook
University, USA, Simon J. Stanworth MD, NHS Blood and Transplant, Oxford, UK, Marie
E. Steiner MD MS*, University of Minnesota, USA, Nicole D. Zantek MD PhD, University
of Minnesota, USA, Section 8. Receiving support from extracorporeal, ventricular assist and
renal replacement therapy devices: Melania M. Bembea MD PhD*, Johns Hopkins
University, USA, Timothy Bunchman MD, Virginia Commonwealth University, USA, Ira
M. Cheifetz MD, Duke University, USA, James Fortenberry MD, Emory University, USA,
Marie E. Steiner MD MS*, University of Minnesota, USA, Section 9. Selection and
processing of red blood cell components: Meghan Delaney DO, MPH, Children’s National
Health System USA, Cassandra D. Josephson MD, Emory University, USA, Robert I. Parker
MD*, Stony Brook University, USA, Leo van de Watering MD, Leiden University,
Netherlands, Nicole D. Zantek MD PhD, University of Minnesota, USA, Evidenced-Based
Medicine: Karen A. Robinson PhD, Johns Hopkins University, USA, Melania M Bembea
MD PhD*, Johns Hopkins University, USA, Implementation Science: Sara Small MS,
Washington University of St. Louis, USA, Katherine Steffen MD, Stanford University, USA
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Knowledge gap between stated practice pattern and evidence. In two surveys, practitioners
were asked what hemoglobin concentration would prompt them to prescribe a red blood cell
(RBC) transfusion to anemic critically ill children with bronchiolitis, septic shock, trauma or

cardiopathy. We completed these surveys in 1999 and 2010 (46, 166), using the same

scenarios. According to the TRIPICU study (33), which was published in 2007, no patients
in the 4 scenarios need a RBC transfusion: thus the percentage of physicians choosing to
prescribe a RBC transfusion only if the hemoglobin level is < 7 g/dL should be 100%. In this
figure, each brace highlights the knowledge gap; the gaps decreased from year 1999 to 2010,

but remain important.
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