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There are two recently completed large randomized clinical trials of blood transfusions in the preterm infants most at risk of requiring them. Liberal and restrictive strategies were compared with composite primary outcome measures of death and neurodevelopmental impairment. Infants managed under restrictive guidelines fared no worse in regard to mortality and neurodevelopment in early life. The studies had remarkably similar demographics and used similar transfusion guidelines. In both, there were fewer transfusions in the restrictive arm. Nevertheless, there were large differences between the studies in regard to transfusion exposure with almost 3 times the number of transfusions per participant in the transfusion of prematures (TOP) study. Associated with this, there were differences between the studies in various outcomes. For example, the combined primary outcome of death or neurodevelopmental impairment was more likely to occur in the TOP study and the mortality rate itself was considerably higher. Whilst the reasons for these differences are likely multifactorial, it does raise the question as to whether they could be related to the transfusions themselves? Clearly, every effort should be made to reduce exposure to transfusions and this was more successful in the Effects of Transfusion Thresholds on Neurocognitive Outcomes (ETTNO) study. In this review, we look at factors which may explain these transfusion differences and the differences in outcomes, in particular neurodevelopment at age 2 years. In choosing which guidelines to follow, centers using liberal guidelines should be encouraged to adopt more restrictive ones. However, should centers with more restrictive guidelines change to ones similar to those in the studies? The evidence for this is less compelling, particularly given the wide range of transfusion exposure between studies. Individual centers already using restrictive guidelines should assess the validity of the findings in light of their own transfusion experience. In addition, it should be remembered that the study guidelines were pragmatic and acceptable to a large number of centers. The major focus in these guidelines was on hemoglobin levels which do not necessarily reflect tissue oxygenation. Other factors such as the level of erythropoiesis should also be taken into account before deciding whether to transfuse.
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Introduction

Blood transfusions have been a common therapeutic practice worldwide for many decades. In recent times, evidence is pointing away from the use of transfusion in both adult and pediatric intensive care with a reduction in mortality in critically ill patients (1, 2). In contrast, however, it appears that there is no difference between outcomes from the administration of liberal vs. restrictive red cell transfusion in less critical situations (3). In fact, a restrictive red cell transfusion strategy may be at least as safe as a liberal strategy and may even reduce patient mortality in specific patient subpopulations (it should be noted that the definitions of “liberal” and “restrictive” practices are, to some extent, arbitrary and based on hemoglobin thresholds with higher thresholds e.g., 90–100 g/L for “liberal” and lower ones e.g., 70–80 g/L for “restrictive”) (3). Exactly why blood transfusions appear more harmful in the critically ill patient is uncertain, but the harmful effect maybe from pro inflammatory and immunosuppressive effects of transfusion (TRIM or Transfusion Related Immuno Modulation) (4).

In preterm infants, while blood transfusion can be life-saving in a scenario of acute blood loss, more usually the context for transfusion includes an asymptomatic preterm infant with low hemoglobin, known as Anemia of Prematurity. This has a multi-factorial etiology where normochromic normocytic erythrocytes are associated with an inappropriately low reticulocyte count and erythropoietin levels. Red cell survival is usually also reduced. In addition, there is the overlay of blood sampling losses in a neonatal intensive care unit. Often in such premature infants, the anemia is further compounded by iron or other nutritional deficiency and/or infection, all in the setting of rapid growth demands (5).

Whilst transfusions are common in preterm infants, there is considerable variability with one study reporting that over 90% of infants <1,000 g received at least one transfusion during the neonatal admission whilst another reported a rate of 40%. Various attempts to provide clinical guidelines have been made, but these are by no means sharply defined, and several outstanding concerns persist, including those regarding longer-term sequelae (6).

The source of such major variation in transfusion practices has in part been due to a lack of specific markers of tissue oxygenation. Most decisions to transfuse center on the level of hemoglobin, but this is only one factor. What is really needed is an overall assessment of tissue oxygen demand, delivery and consumption. Measurement of near-infra-red spectroscopy holds promise in this regard (7).

In addition, until recently, there has also been a lack of high quality randomized controlled trials (RCTs) to inform transfusion practice in neonatology. However, this has recently changed and there are now two high quality, adequately powered RCTs to guide management The two studies, the Transfusion of Prematures (TOP) trial (8) and effects of liberal vs. restrictive transfusion thresholds on survival and neurocognitive outcomes in extremely low birth weight infants (ETTNO) (9), are likely to inform practice about 2 years neurodevelopmental (ND)/ mortality outcomes and blood transfusion thresholds for some time to come.



Trial summaries and primary outcomes

The ETTNO trial randomized 1,013 neonates, all less than 72 h of age, across 36 NICUs in Europe (32 NICUs in Germany), with birth weights between 400 and 999 g, <30 weeks gestational age and carried out long term follow up at 24 months corrected (± 1 month). Primary outcome was death or disability at this time. The TOP trial included 1,692 neonates with birth weights <1,000 g and gestational ages between 22 weeks 0 days and 28 weeks 6 days. Neonates were randomized within 48 h after delivery; all study centers were in the USA (Table 1). Primary outcomes were a composite of death or neurodevelopmental impairment at 22–26 months corrected age. Both studies had similar exclusion criteria and the definitions of primary outcomes differed partly in the classification of cerebral palsy, TOP using the GMFCS (Gross Motor Function Classification System) and ETTNO using the Surveillance of CP in Europe network definitions. In addition, TOP used a Bayley Scale of Infant Development (BSID) III assessment and ETTNO BSID-II.


TABLE 1 Comparison between ETTNO and TOP trials and between high and low threshold groups at randomization and 36 weeks post menstrual age (PMA).
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The composite primary outcomes for both trials showed no difference between the high and lower threshold groups (Table 2). Separation between groups regarding hemoglobin levels or hematocrit was greater in TOP (19 g/L in TOP and, converted from hematocrit, 9 g/L in ETTNO). Transfusions given outside of protocol amounted to 23% of all transfusions in the TOP restrictive group and similarly 19% of infants in the ETTNO study restrictive group had at least one transfusion outside of protocol. However, a considerable number of these were thought to be clinically justified. Blinding of assignment allocation was not possible but outcome assessors were masked as to treatment group. Overall, the findings of these two large randomized studies clearly showed no benefit using liberal transfusion thresholds within the hemoglobin ranges studied. These findings are summarized in Table 2 and have recently been reviewed (10).


TABLE 2 Comparison of primary and secondary outcomes in restrictive and liberal transfusion groups in ETTNO and TOP studies.
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Blood transfusion, neurological and neonatal outcomes

In spite of the similarity of the enrolment criteria and transfusion guidelines (as shown in Table 3 with the ETTNO trial thresholds converted to Hb g/dL from hematocrit for ease of comparison), there were differences between the transfusion rates and several neonatal outcomes in the two studies. Of 847 TOP trial infants in the restrictive group, 4,055 transfusions were given (4.8/participant) compared to 904 transfusions to 521 ETTNO trial infants (1.7/participant). In addition, a smaller percentage of TOP infants never received a transfusion (Table 4). There were substantial differences between studies in the performance of DCC or cord milking with over 60% reported in the ETTNO study and <30% in the TOP study. In the ETTNO study 25% of infants received a transfusion prior to randomization although it is not stated what proportion of these infants received DCC. It is noteworthy that 5% or fewer of the TOP participants were transfused before study commencement. Randomization in TOP occurred prior to 48 h and ETTNO by 72 h so this may partly explain the difference but it is unclear why there was such a large difference in early transfusion.


TABLE 3 Direct comparison of study guideline hemoglobin thresholds for ETTNO and TOP trials (g/dL).
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TABLE 4 Transfusion outcomes comparing ETTNO and TOP studies in the high and low threshold groups. Results shown as median (IQR) or mean (SD).
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Comparing the studies, there were differences in rates of death, bronchopulmonary dysplasia (BPD), necrotizing enterocolitis (NEC), 2 year neurodevelopmental (ND) outcome and ND impairment (NDI). The studies were conducted in different populations with different clinical practices. Nevertheless, because the studies had such similar enrollment criteria it is useful to compare outcomes to identify best practice and highlight areas for future research.



Factors impacting differences in transfusion rates

There are various determinants of hemoglobin level (and hence transfusion) including:

Deferred cord clamping (DCC).

Phlebotomy losses.

Nutrition and iron supplements.

History of previous transfusions and suppression of erythropoietin levels.



Deferred cord clamping (DCC)

As noted above, there were substantial differences between studies in the preformance of DCC or cord milking. A substantial body of evidence indicates a reduction in blood transfusions given to preterm infants (including the <1,000 g subgroup) after delayed cord clamping. One recent systematic review noted a 27% lower relative risk (RR) for any transfusion (RR 0.83; 95% CI 0.77–0.90) as well as a reduced mean number of transfusions for infants <34 weeks (mean difference −0.63; 95% CI −1.08 to −0.17) (11). In another systematic review infants <1,000 g had a RR for transfusion of 0.91 (CI 0.85–0.97) following DCC (12). Reasons for this include a significantly higher hematocrit and hemoglobin in the 1st 24 h (2.6% and 1.2 g respectively) (11). The hemoglobin level at randomization was 2–3 g/L higher in the ETTNO study likely reflecting differences in cord management. Other studies have noted an association between higher birth hematocrit and hemoglobin levels and reduction in neonatal transfusion (13, 14). Reduced need for inotrope support after birth has also been noted following DCC (11) and this was associated with a reduction in early transfusion in the UK cord trial (15). Carrying out cord clamping only after a period of established respiration has also been proposed as a mechanism of stabilizing transition after birth and this could be very important in extremely preterm infants (16).

It has been noted that even when DCC is intended, it cannot be achieved in 30–40% of preterm infants for a variety of maternal or infant reasons (17).



Phlebotomy losses

These were not reported in the studies, although there is a plan to report these in the ETTNO study.

A large number of studies have noted associations between blood sampling volumes and subsequent transfusion. Using regression models, a recent study in VLBW infants noted a significant association between transfusion, sampling losses and birth hematocrit (13). Whilst every attempt should be made to minimize iatrogenic blood losses there are no specific targets and comparisons between units are difficult partly because of different reporting of losses (e.g., total or ml per kg over a specified period). For example, in infants <1,000 g studied in one USA center, the median total losses were 83 ml in those whose length of stay was over 10 weeks compared to another USA study which reported losses of 10–25 ml/week. (14, 18). This is in comparison to an earlier placebo-controlled study of erythropoietin use where median total losses over the hospital stay in infants <30 weeks was 20 ml (19). With such vast differences in sampling losses in these previous studies, it is not surprising that reported transfusion rates were also very different. It is possible that there were differences in sampling losses in the TOP and ETTNO trials, which might be another explanation for the transfusion differences between the two studies.

Quality improvement projects (for example using a bundle-of-care approach) have resulted in reduction in iatrogenic blood loss and one such study noted a significant reduction in early blood losses in ELBW infants (20).

Apart from a rationalized approach with a reduction in unnecessary tests, the method of laboratory testing is also very important. For example, in-line, sampling devices measured blood gases, hematocrit, and electrolytes using very small volumes of blood compared to standard point-of-care testing. Other micro-methods have included dried blood testing and volumetric absorption micro sampling (VAMS). With these techniques only 10–30 microliters may be required compared to standard amounts of up to 500 microliters (21). Point of care testing has also been associated with reductions in phlebotomy losses and transfusion (22–24).



Guidelines

As shown in Table 3, the guidelines followed in the two studies were similar, taking the age and illness severity into account as well as hemoglobin levels. In the TOP study, illness severity was based on respiratory support. ETTNO was similar but with slightly broader criteria and included NEC. In spite of the similarity in the guidelines, ~20% of transfusions in the restrictive group in both studies were non-protocol compliant. Overall, this suggests many clinicians might not have been comfortable with lower thresholds and highlights the difficulty of ensuring compliance with guidelines, even under the scrutiny of a clinical trial. In addition, as more transfusions were given in the restrictive groups this would reduce study power to detect a true difference between the liberal and restrictive arms of the studies.

Nevertheless, it is important to have guidelines as there are studies indicating a reduction of transfusions when guidelines are applied (25). There are currently wide differences in guideline recommendations from different countries and neonatal units. These have been reviewed in two recent publications (26, 27). Similarly, in the Preterm Erythropoietin Neuroprotection Trial (PENUT) study comparing erythropoietin with placebo for preterm neurodevelopment, it was noted that there was substantial variability in transfusion practice by site and only 74% of participating sites used formal transfusion guidelines (28).

The guidelines used in the 2 studies have the advantage that they have 2 year outcomes associated with them and the results strongly indicate that restrictive guidelines can safely be used. This has potential to influence transfusion policy going forward so that centers using more liberal thresholds can confidently change practice. However, it should be noted that the study guidelines were largely pragmatic, had to be agreed upon by multiple centers and clearly did not cover all scenarios. Physiologically, attempting to define a low hemoglobin threshold that is generally appropriate for the preterm population is difficult because tissue oxygenation does not depend on hemoglobin level alone. It would seem important to consider factors other than those in the guidelines e.g., history of previous transfusion and reticulocyte counts as an indication of marrow responsiveness. The studies did not allow use of erythrocyte stimulating agents (ESA) such as erythropoietin. There seems little disadvantage to using ESAs, especially with reduced concerns for an effect on retinopathy of prematurity and a recent systematic review showing improvement in neurodevelopment (29).



Ventilation strategy

The type of respiratory support e.g., CPAP or mechanical ventilation as well as the presence of an umbilical arterial catheter have been shown to influence phlebotomy losses, which may, in turn, alter transfusion requirements (30, 31). Whilst it is plausible that the respiratory support strategy may influence transfusion rates, evidence from RCTs is lacking. Two large RCTs comparing respiratory support strategies did not report transfusion outcomes (32, 33). In the ETTNO study, 60% of participants were managed with CPAP or a non-invasive strategy, but this information was not provided in the TOP study so comparisons cannot be drawn but it may be worth further study in future.



Nutrition

Although protein intakes were not specifically reported in either study, higher intakes have been associated with an increase in hemoglobin and erythropoiesis (34, 35). In the latter small study, intakes above 3.5 g/kg/d did not result in further increases in reticulocyte count in Very Low Birth Weight Infants over a 6 week period.

Oral iron supplementation has been linked to improved hemoglobin levels and reduced anemia in preterm and low birth weight infants in the first months of life (36). However, several studies have reported no association between transfusion requirements in preterm infants and iron supplementation, and the anemia of prematurity is not primarily one of iron deficiency (37, 38).

Although neither study reported these nutritional aspects in detail, it is unlikely there was a significant impact on transfusion outcomes, although it would seem important to have more information to assess any impact on longer term ND. An analysis of iron supplementation in the PENUT study indicated a positive association between cumulative iron dosage at 60 days and BSID-III score at 2 years of age (39).



Possible effects of transfusion differences on outcomes


Neurodevelopmental outcomes

As noted above, there were no differences between the liberal and restrictive arms of either study in terms of neurodevelopment (ND). Cognitive delay was 10% higher in TOP than ETTNO and moderate to severe cerebral palsy rates were 35% higher in TOP. However, direct comparison of the 2 year ND between the studies (inter-study) is compounded by different Bayley assessment templates (II vs. III) and different cerebral palsy definitions. Having standardized assessments would make the data more comparable and it will be important to continue the follow up for longer term outcomes, e.g., at school age. The observed differences raise the question as to whether transfusion exposure is related to ND.

In the Preterm Erythropoietin Neuroprotection Trial (28), the effect of transfusion on ND outcome at 22–24 months of age was investigated as a secondary outcome in preterm infants <28 weeks gestation (28). Comparing outcomes of infants who did not receive any transfusions with those who received one or more (and after adjusting for covariates), small but significant decreases in mean cognitive, mean motor and mean language scores were noted. Associations for severe and moderate NDI were also examined (severe CP, BSID-III cognitive <70, BSID-III motor <70 and moderate-to-severe NDI, moderate-to-severe CP, BSID-III cognitive <85, BSID-III motor <85). Worse outcomes were significantly and strikingly associated with the number and volume of transfusions and number of donors. Limitations of this study, however, include its observational nature and the difficulty of separating association of transfusion with severity of illness.

Follow up of preterm infants (500–1,250 g) at 18–22 months who were involved in a randomized study investigating use of ESAs indicated a negative correlation between BSID-III scores and volume of transfusion (r = 0.26; p = 0.02) (40).

In another recent (observational) study of preterm infants <34 weeks gestation, BSID-III scores for cognitive and motor domains at 18-36 months were negatively associated with receiving a blood transfusion. The number of transfusions was associated with an increase in severe ND impairment (adjusted-odds ratio 1.09; 95% confidence interval 1.03–1.15) (41).

However, against this possible link is the fact that the intra-study differences in transfusion rates per patient between high and low threshold group in both the ETTNO (2 vs. 1) and TOP studies (6 vs. 4), although significant, did not appear to affect ND outcomes. The PINTOS study (42) was an 18–21 month follow up of the PINT study (43), which compared higher and lower transfusion thresholds in extremely preterm infants. The PINTOS study found a small but significant increase of the Bayley II MDI of 4 points in the higher threshold group.

Longer term outcomes have also been reported. A study reporting follow up at school age of a randomized trial comparing a liberal and restrictive transfusion strategy noted that preterm infants in the liberal transfusion arm had worse outcomes in regards to verbal fluency, visual memory and reading than those in the restrictive group (44). A subgroup of 26 infants in the liberal transfusion group underwent further testing. It was shown that poor verbal fluency in females was associated with reduced temporal lobe white matter on MRI (45). Lower erythropoietin levels following transfusion have been proposed as a potential mechanism for these findings.

Overall there remains uncertainty about the effect of transfusion on 2 year ND outcome. In addition, longer term outcomes may be different to the 2 year follow up data. Apart from the possible effect of confounding by illness severity, a potential explanation is that of competing outcomes. Although transfusion may have a negative effect on ND outcome, raising hemoglobin levels by transfusion may overcome adverse effects from cerebral hypoxia. A potential way forward to provide insight into this is the use of Near Infrared Spectroscopy (NIRS), as further discussed below.



Necrotizing enterocolitis

There were marked differences in the studies in relation to necrotizing enterocolitis (NEC) stage 2 or more. These differences are no doubt multifactorial, including use of probiotic prophylaxis in ETTNO patients. The larger number of transfusions in TOP could be linked to an increase in NEC rates although a comparison of the liberal and restrictive groups in TOP did not show an increase in NEC rates with the increased transfusion exposure. Many observational studies have reported a temporal association between transfusion and NEC but this has not been a consistent finding (26). Analysis of the 72 h period following transfusion in the TOP study found no temporal association between NEC and transfusion (46). Another potential mechanism is that a low hemoglobin level could lead to gut hypoxia with a reperfusion injury and NEC following transfusion (47). The two transfusion studies could not shed further light on these mechanisms but the inter-study differences are notable.



Mortality

The mortality rate in the ETTNO study was considerably lower than in TOP. The rate in the former study was notably lower than that reported from another study also carried out in the same neonatal network (48). The authors of ETTNO speculate that parents whose infants were unstable may have declined to participate, although the same limitation probably applied to the TOP study. It might be expected that any effect of transfusion on mortality would have shown at least a trend toward lower mortality in the restrictive group, but this was not the case. Probiotics, as used in the ETTNO study, have also been associated with a reduction in mortality.



Other outcomes (ROP and BPD)

As shown in Table 2 rates of stage 3 or more ROP and BPD were also different between studies. Although the definition of the latter was slightly different between studies, it is unlikely this would account for rates that were more than double in the TOP study. As previously noted above in relation to some of the other neonatal outcomes, it is uncertain if the different transfusion rates had an influence on these outcomes. Nevertheless, there are studies that have noted an association between transfusion rates and ROP, but this has not been a consistent finding (26) and between transfusion and BPD (49).




The way forward—An individualized approach to transfusion?

Prior to the two studies, published transfusion guidelines were often more liberal and targeted higher hemoglobin levels (26, 27). However, in the 2 studies, there was no evidence of worse neonatal outcomes in preterm infants with a restrictive approach using the lower hemoglobin thresholds.

For centers using a more liberal approach than those in the TOP and ETTNO guidelines, the more restrictive thresholds are warranted. What about centers using a more restrictive approach (than the study thresholds)? Should they adopt the study guidelines (and become more liberal)? The studies are not able to answer this question. Whilst being more restrictive could potentially avoid any adverse neurodevelopment or other neonatal outcomes that are transfusion associated, there could be competing outcomes where lower hemoglobin levels cause tissue hypoxia. Ongoing surveillance and benchmarking of neonatal and neurodevelopmental outcomes will be important to show absence of harm in such centers.

It is worth pointing out that efforts to improve hemoglobin levels, such as those mentioned in this review will lead to a reduced need to consider transfusion at all. Fewer transfusions will cause less suppression of endogenous erythropoietin levels.

The study guidelines themselves provide hemoglobin thresholds but other factors not considered in the study guidelines that could influence a transfusion decision include previous history of transfusion, reticulocyte counts, expected phlebotomy losses, nutrition, other illnesses and their severity, and the use of ESAs. In the future, use of NIRS may help determine tissue hypoxia in real time.

Using NIRS, oxygen consumption can be measured as the fractional total oxygen extraction (FTOE) which is the ratio of consumption to supply. Although NIRS is often measured in the context of brain oxygenation, it can be used for other tissues as well, such as peripheral and gut perfusion. Increasing anemia has been associated with decreasing cerebral oxygen saturation or a compensatory increase in cerebral oxygen extraction (cFTOE) in several small observational studies, as noted in a recent review (7). Increasing cFTOE could potentially be a physiological marker of increasing anemia. In an observational longitudinal study, a modest correlation between cFTOE and hemoglobin was detected (r = −0.42). A threshold of cFTOE of greater than 0.4 (2SDs below the mean using normative data) was proposed as a cut-off. Above this, the risk of NDI may be increased (50). As preterm infants have a limited ability to autoregulate cerebral blood flow, it is conceivable that intercurrent illness or other events may affect autoregulation and, in the presence of anemia, could be associated with cerebral hypoxia. Although a promising tool, defining hemoglobin thresholds by this technique appears to be some way off but is being carried out on a subset of TOP study patients. Nevertheless, one of the attractive features is that it provides direct insight into tissue oxygenation for a given hemoglobin level in an individualized way.

Overall, the two studies will help reduce transfusion exposure but critical appraisal of how to improve hemoglobin levels and expand the transfusion guidelines to cover more clinical scenarios is required. It should be remembered that the study populations, whilst apparently representative, are influenced by the need for parents to provide informed consent and this is likely to affect results. In addition, participants were enrolled in the first few days after birth, so that extrapolation to the early period after birth is not possible.

We suggest careful consideration of these factors in putting these important studies into clinical practice.



Author contributions

MM developed the idea for the review and wrote the initial draft of the article. KO'C and JM contributed to writing and editing the article. All authors contributed to the article and approved the submitted version.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Vincent JL, Baron J, Reinhart K, Gattinoni L, Thijs L, Webb A, et al. Anemia and blood transfusion in critically ill patients. JAMA. (2002) 288:1499–507. doi: 10.1001/jama.288.12.1499

 2. Jandu AS, Vidgeon S, Ahmed N. Anaemia and transfusion triggers in critically ill patients—what we have learnt thus far. J Int Care Soc. (2019) 20:284–9. doi: 10.1177/1751143718783615

 3. Carson JL, Stanworth SJ, Dennis JA, Trivella M, Roubinian N, Fergusson DA, et al. Transfusion thresholds for guiding red blood cell transfusion. Cochrane Database Syst Rev. (2021) 12:CD002042. doi: 10.1002/14651858.CD002042.pub5

 4. Sparrow RL. Red blood cell storage and transfusion-related immunomodulation. Blood Transfus. (2010) 8 Suppl 3:s26–30. doi: 10.2450/2010.005S

 5. Colombatti R, Sainati L, Trevisanuto D. Anemia and transfusion in the neonate. Semin Fetal Neonatal Med. (2016) 21:2–9. doi: 10.1016/j.siny.2015.12.001

 6. Christensen RD, Ilstrup S. Recent advances toward defining the benefits and risks of erythrocyte transfusions in neonates. Arch Dis Child Fetal Neonatal Ed. (2013) 98:F365–72. doi: 10.1136/archdischild-2011-301265

 7. Kalteren WS, Verhagen EA, Mintzer JP, Bos AF, Kooi EMW. Anemia and red blood cell transfusions, cerebral oxygenation, brain injury and development, and neurodevelopmental outcome in preterm infants: a systematic review. Front Pediatr. (2021) 9:644462. doi: 10.3389/fped.2021.644462

 8. Kirpalani H, Bell EF, Hintz SR, Tan S, Schmidt B, Chaidhary AS, et al. NICHD Neonatal Research Network. Higher or lower hemoglobin transfusion thresholds for preterm neonates. N Engl J Med. (2020) 383:2639–51. doi: 10.1056/NEJMoa2020248

 9. Franz AR, Engel C, Bassler D, Rüdiger M, Thome UH, Maier RF, et al. ETTNO Investigators. Effects of liberal vs restrictive transfusion thresholds on survival and neurocognitive outcomes in extremely low-birth-weight neonates: the ETTNO Randomized Clinical Trial. JAMA. (2020) 324:560–70. doi: 10.1001/jama.2020.10690

 10. Bell EF. Red cell transfusion thresholds for preterm infants: finally some answers. Arch Dis Child Fetal Neonatal Ed. (2021) 0:F1–5. doi: 10.1136/archdischild-2020-320495

 11. Seidler AL, Gyte GML, Rabe H, Díaz-Rossello J, Duler L, Aziz K, et al. Umbilical cord management for newborns <34 weeks' gestation: a meta-analysis. Pediatrics. (2021) 147:e20200576 doi: 10.1542/peds.2020-0576

 12. Fogarty M, Osborn DA, Askie L, Seidler AL, Hunter K, Lui K, et al. Delayed vs early umbilical cord clamping for preterm infants: a systematic review and meta-analysis. Am J Obstet Gynecol. (2018) 218:1–18. doi: 10.1016/j.ajog.2017.10.231

 13. Aboalqez A, Deindl P, Ebenebe CU, Singer D, Blohm ME. Iatrogenic blood loss in very low birth weight infants and transfusion of packed red blood cells in a tertiary care neonatal intensive care unit. Children. (2021) 8:847. doi: 10.3390/children8100847

 14. Ekhaguere OA, Morriss FH, Bell EF, Prakash N, Widness JA. Predictive factors and practice trends in red blood cell transfusions for very-low-birth-weight infants. Pediatr Res. (2016) 79:736–41. doi: 10.1038/pr.2016.4

 15. Duley L, Dorling J, Pushpa-Rajah A, Oddie SJ, Yoxall CW, Schoonakker B, et al. Randomised trial of cord clamping and initial stabilisation at very preterm birth. Arch Dis Child Fetal Neonatal Ed. (2018) 103:F6–F14. doi: 10.1136/archdischild-2016-312567

 16. Hooper SB, Polglase GR, te Pas AB. A physiological approach to the timing of umbilical cord clamping at birth. Arch Dis Child Fetal Neonatal Ed. (2015) 100:F355–60. doi: 10.1136/archdischild-2013-305703

 17. Meyer MP, Nevill E. Optimizing cord clamping in preterm infants: one strategy does not fit all. Front Pediatr. (2019) 7:46. doi: 10.3389/fped.2019.00046

 18. Puia-Dumitrescu M, Tanaka DT, Spears TG, Daniel CJ, Kumar KR, Athavale K, et al. Patterns of phlebotomy blood loss and transfusions in extremely low birth weight infants. J Perinatol. (2019) 39:1670–5. doi: 10.1038/s41372-019-0515-6

 19. Meyer MP, Sharma E, Carsons M. Recombinant erythropoietin and blood transfusion in selected preterm infants. Arch Dis Child Fetal Neonatal Ed. (2003) 88:F41–5. doi: 10.1136/fn.88.1.F41

 20. Balasubramanian H, Atyalgade M, Garg B, Srinivasan L, Kabra NS, Khapekar S. Effects of blood sampling stewardship and erythropoietin administration in extremely low birth weight infants-a quality improvement non-controlled before-and-after retrospective study. Eur J Pediatr. (2021) 180:1617–26 doi: 10.1007/s00431-020-03925-9

 21. Protti M, Mandrioli R, Mercolini L. Tutorial: Volumetric absorptive microsampling (VAMS). Anal Chim Acta. (2019) 1046:32–47. doi: 10.1016/j.aca.2018.09.004

 22. Mahieu L, Marien A, De Dooy J, Mahieu M, Mahieu H, Van Hoof V. Implementation of a multi-parameter point-of-care-blood test analyzer reduces central laboratory testing and need for blood transfusions in very low birth weight infants. Clin Chim Acta. (2012) 41:325–30. doi: 10.1016/j.cca.2011.10.027

 23. Madan A, Kumar R, Adams MM, Benitz WE, Geaghan SM, Widness JA. Reduction in red blood cell transfusions using a bedside analyzer in extremely low birth weight infants. J Perinatol. (2005) 25:21–5. doi: 10.1038/sj.jp.7211201

 24. Persad E, Sibrecht G, Ringsten M, Karlelid S, Romantsik O, Ulinder T, et al. Interventions to minimize blood loss in very preterm infants—a systematic review and meta-analysis. PLOS ONE. (2021) 16:e0246353. doi: 10.1371/journal.pone.0246353

 25. Lambert DK, Stoddard RA. Wiedmeier SE, Eggert LD, Ilstrup S, Christensen RD. Implementing a program to improve compliance with neonatal intensive care unit transfusion guidelines was accompanied by a reduction in transfusion rate: a pre-post analysis within a multihospital health care system. Transfusion. (2011) 51:264–9. doi: 10.1111/j.1537-2995.2010.02823.x

 26. Howarth C, Banerjee J, Aladangady N. Red blood cell transfusion in preterm infants: current evidence and controversies. Neonatology. (2018) 114:7–16. doi: 10.1159/000486584

 27. Villeneuve A, Arsenault V, Lacroix J, Tucci M. Neonatal red blood cell transfusion. Vox Sang. (2021) 116:366–78. doi: 10.1111/vox.13036

 28. Vu PT, Ohls RK, Mayock DE, German KR, Comstock BA, Heagerty PJ, Juul SE, PENUT Consortium. Transfusions and neurodevelopmental outcomes in extremely low gestation neonates enrolled in the PENUT Trial: a randomized clinical trial. Pediatr Res. (2021) 90:109–16. doi: 10.1038/s41390-020-01273-w

 29. Fischer HS, Reibel NJ, Bührer C, Dame C. Prophylactic erythropoietin for neuroprotection in very preterm infants: a meta-analysis update. Front Pediatr. (2021) 9:657228. doi: 10.3389/fped.2021.657228

 30. Obladen M, Sachsenweger M, Stahnke M. Blood sampling in very low birth weight infants receiving different levels of intensive care. Eur J Nucl Med Mol Imaging. (1988) 147:399–404. doi: 10.1007/BF00496419

 31. Carroll PD, Zimmerman M, Nalbant D, Gingerich EL, An G, Cress GA, et al. Neonatal umbilical arterial catheter removal is accompanied by a marked decline in phlebotomy blood loss. Neonatology. (2020) 117:294–9. doi: 10.1159/000506907

 32. Morley CJ, Davis PG, Doyle LW, Brion LP, Hascoet JM, Carlin JB, COIN Trial Investigators. Nasal CPAP or intubation at birth for very preterm infants. N Engl J Med. (2008) 358:700–8. doi: 10.1056/NEJMoa072788

 33. Eunice Kennedy Shriver NICHDN, Carlo WA, Walsh MC, Rich W, Gantz MG, Laptook AR, et al. Early CPAP versus surfactant in extremely preterm infants. N Engl J Med. (2010) 362:1970–9. doi: 10.1056/NEJMoa0911783

 34. Ronnholm KAR, Siimes MA. Haemoglobin concentration depends on protein intake in small preterm infants fed human milk. Arch Dis Child. (1985) 60:99–104. doi: 10.1136/adc.60.2.99

 35. Brown MS, Shapiro H. Effect of protein intake on erythropoiesis during erythropoietin treatment of anemia of prematurity. J Pediatr. (1996) 128:512–7. doi: 10.1016/S0022-3476(96)70362-1

 36. McCarthy EK, Dempsey EM, Kiely ME. Iron supplementation in preterm and low-birth-weight infants: a systematic review of intervention studies. Nutr Rev. (2019) 77:865–77. doi: 10.1093/nutrit/nuz051

 37. Taylor TA, Kennedy KA. Randomized trial of iron supplementation versus routine iron intake in VLBW infants. Pediatrics. (2013) 131:e433–8. doi: 10.1542/peds.2012-1822

 38. Joy R, Krishnamurthy S, Bethou A, Rajappa M, Ananthanarayanan PH, Bhat BV. Early versus late enteral prophylactic iron supplementation in preterm very low birth weight infants: a randomised controlled trial. Arch Dis Child Fetal Neonatal Ed. (2014) 99:F105–9. doi: 10.1136/archdischild-2013-304650

 39. German KR, Vu PT, Comstock BA, Ohls RK, Heagerty PJ, Mayock DE, et al. Enteral iron supplementation in infants born extremely preterm and its positive correlation with neurodevelopment; post hoc analysis of the preterm erythropoietin neuroprotection trial randomized controlled trial. J Pediatr. (2021) 238:102–9.e8. doi: 10.1016/j.jpeds.2021.07.019

 40. Shah P, Cannon DC, Lowe JR, Phililips J, Christensen RD, Kamath-Rayne B, et al. Effect of blood transfusions on cognitive development in very low birth weight infants. J Perinatol. (2021) 41:1412–8. doi: 10.1038/s41372-021-00997-9

 41. Lum TG, Sugar J, Yim R, Fertel S, Morales A, Poeltler D, et al. Two-year neurodevelopmental outcomes of preterm infants who received red blood cell transfusion. Blood Transfus. (2022) 20:180–7. doi: 10.2450/2021.0070-21

 42. Whyte RK, Kirpalani H, Asztalos EV, Anderson C, Blajchman M, Heddle N, et al. Neurodevelopmental outcome of extremely low birth weight infants randomly assigned to restrictive or liberal haemoglobin thresholds for blood transfusion. Pediatrics. (2009) 123:207–13 doi: 10.1542/peds.2008-0338

 43. Kirpalani H, Whyte RK, Andersen C, Asztalos EV, Heddle N, Blajchman MA, et al. The premature neonates in need of transfusion (PINT) study: a randomized, controlled trial of a restrictive (low) versus liberal (high) transfusion threshold for extremely low birth weight neonates. J Pediatr. (2006) 149:301–7 doi: 10.1016/j.jpeds.2006.05.011

 44. McCoy TE, Conrad AL, Richman LC, Lindgren SD, Nopoulos PC, Bell EF. Neurocognitive profiles of preterm infants randomly assigned to lower or higher hematocrit thresholds for transfusion. Child Neuropsychol. (2011) 17:347–67. doi: 10.1080/09297049.2010.544647

 45. McCoy TE, Conrad AL, Richman LC, Brumbaugh JE, Magnotta VA, Bell EF, et al. The relationship between brain structure and cognition in transfused preterm children at school age. Dev Neuropsychol. (2014) 39:226–32. doi: 10.1080/87565641.2013.874428

 46. Salas AA, Gunn ER, Carlo WA, Bell EF, Das A, Patel RM, et al. Red blood cell transfusions and risk of necrotizing enterocolitis: a hazard period analysis of the TOP trial. In: PAS, Abstract 1010.5 (2022). 

 47. Crawford TM, Andersen CC, Hodyl NA, Robertson SA, Stark MJ. The contribution of red blood cell transfusion to neonatal morbidity and mortality. J Paediatr Child Health. (2019) 55:387–92. doi: 10.1111/jpc.14402

 48. Bassler D, Plavka R, Shinwell ES, Hallman M, Jarreau PH, Carnielli V, et al. Early inhaled budesonide for the prevention of bronchopulmonary dysplasia. N Engl J Med. (2015) 373:1497–506. doi: 10.1056/NEJMoa1501917

 49. Zhang Z, Huang X, Lu H. Association between red blood cell transfusion and bronchopulmonary dysplasia in preterm infants. Sci Rep. (2014) 4:4340. doi: 10.1038/srep04340

 50. Whitehead HV, Vesoulis ZA, Maheshwari A, Rambhia A, Mathur AM. Progressive anemia of prematurity is associated with a critical increase in cerebral oxygen extraction. Early Hum Dev. (2019) 140:104891. doi: 10.1016/j.earlhumdev.2019.104891





OPS/images/fped-10-957585-t003.jpg
Postnatal age

Randomization—7 days
8-14 days
14-21days

>21 days

The ETTNO values we

converted from hematocrit to hemoglobis

ETTNO*
Liberal Restricted
Critical Non- Critical Non-
critical critical
137 16 13 94
122 103 10 8.1
122 103 10 8.1
13 94 9 69

using a conversion of 0.3

TOP
Liberal Restricted
Respiratory No Respiratory No
support respiratory support respiratory
support support

13 12 n 10
125 1 10 85

1 10 85 7

1 10 85 7





OPS/images/fped-10-957585-t004.jpg
Never transfused (%)

Patients transfused prior to inclusion in study (%)
Number of transfusions per infant

Total number of transfusions to 36 weeks PMA

Patients who received at least one RBC not on protocol (%)

Non-protocol compliant transfusions (%)

Unjustified, non-protocol transfusions (violations) (%)
Clinically justified, non-protocol transfusions (%)

Number transfusion missed despite Hb trigger et

Hb, hemoglobin;

ETTNO (total transfusions = 2,162)

High (n = 1,258) Low (n = 904)

21 40

2 24

2(1-4) 1(0-3)

1,258 904

10 19

5 15

6 21

(no. of pt %)
13 1

TOP (total transfusions = 9,679)

High (1 =5624)  Low (n=4,055)

29 19
5 4
62(43) 4.4 (4.0)
5624 4,055
5 23
08 74
4 16

(no. of transfusions %)
33 1





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Thresholds for blood transfusion in extremely preterm infants: A review of the latest evidence from two large clinical trials



		Introduction



		Trial summaries and primary outcomes



		Blood transfusion, neurological and neonatal outcomes



		Factors impacting differences in transfusion rates



		Deferred cord clamping (DCC)



		Phlebotomy losses



		Guidelines



		Ventilation strategy



		Nutrition



		Possible effects of transfusion differences on outcomes



		Neurodevelopmental outcomes



		Necrotizing enterocolitis



		Mortality



		Other outcomes (ROP and BPD)







		The way forward—An individualized approach to transfusion?



		Author contributions



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Pediatrics

Thresholds for blood transfusion
in extremely preterm infants: A
review of the latest evidence
from two large clinical trials





OPS/images/fped-10-957585-t001.jpg
ETTNO TOP

High (n = 492) Low (n =521) High (n = 845) Low (n =847)
GA (weeks) 26.1 (IQR 24.9-27.6) 26.4 (IQR 25-27.6) 25.9(SD 1.5) 25.9(SD 1.5)
BW (g) mean  SD 753 £ 164 750 £ 163 755,24 152.7 2% 147.7
<7508 (%) 51 49 46 46
750-1,000g (%) 49 51 54 54
Growth parameters at 36wks PMA (mean SD)
Weight (g) 2113 £ 356 2068 = 361 2106 % 398 2098 £367
HC (cm) 30618 30518 304418 304%17
Length (cm) 28£27 25%27 421429 420+27
Any Antenatal steroids given (%) 89 88 91 89
Delayed cord clamping or milking (%) 63 61 27 A
Hb at randomization g/dL (mean = SD) 158424 16124 13826 137426
Hb at 36 wks PMA or discharge g/dL (mean  SD) 124%23 112£12 15£16 10214

GA, gestational age; BW, birth weight; Hb, hemoglobis






OPS/images/fped-10-957585-t002.jpg
Primary outcome (%)

Composite of death or neurodevelopmental impairment
Components of primary outcome

Death

Neurodevelopmental impairment

Cognitive delay

Moderate or severe cerebral palsy

severe vision impairment

ent

Severe hearing impair
Secondary outcomes (%)

BPD

Necrotizing enterocolitis Bells stage >2

Retinopathy of prematurity stage 3 or surgical intervention
Sepsis

IVH grade 3-4

Cystic PVL or ventriculomegaly

IVH, intraventricular hemorrhage; CPV]

ETTNO restrictive
threshold
(n=478)

429

344
56
27
14

2
62
13

238
67
58

ystic periventricular leukomalacia.

TOP restrictive
threshold
(n=847)

49.8

15

379
7.6
08
35

563
105
172
256
179

ETTNO liberal
threshold
(n =450)

444

83

376
43
24
1.0

284
53
159
230
8.1
47

TOP liberal
threshold
(n=845)

50.1

162

387
68
07
20









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Pediatrics





