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Introduction: There is significant uncertainty regarding the role that anaemia or red blood cell transfusion (RBCT) plays in the development of gut injury in preterm infants. This study evaluated Near Infrared Spectroscopy (NIRS) together with a range of known biomarkers of gut inflammation to identify their relationship with anaemia and RBCT.



Method: A prospective observational study of preterm infants born at <30 weeks gestation was conducted from birth until either 36 weeks post conceptional age or discharge home. Gut perfusion and biomarkers of gut injury were assessed weekly by: 60 min NIRS measurements (splanchnic tissue oxygenation index [sTOI] and fractional tissue oxygenation extraction [sFTOE]); stool calprotectin; urine intestinal and liver fatty acid binding proteins (I-FABPs and L-FABPs); and trefoil factor 3 (TFF-3). Exclusion criteria included Fetal Growth Restriction (FGR), and abnormal antenatal Dopplers. Haemoglobin (Hb) levels were measured in parallel with NIRS measurements. NIRS, together with urine and stool biomarkers of gut injury, were evaluated up to 72 h pre/post RBCT and pre/post measurements compared.



Results: Forty-eight infants were studied. Median (range) gestational age was 26 + 3 (23 + 0 to 29 + 6) weeks and birthweight 883.5 g (460–1,600). Seven (14.6%) infants developed ≥ Bells stage 2 NEC. 28 (58.3%), 5 (10.4%) and 24 (50%) infants had ECHO confirmed PDA, haemorrhagic parenchymal infarct (HPI) and IVH respectively. There were 22 episodes of sepsis. Infants were in the study for a median of 7.3 (1–13) weeks. There was no significant association between Hb divided into three categories (<80 g/L, 80–111.9 g/L and ≥120 g/L) or continuous values and sTOI, sFTOE or any of the gut injury biomarkers measured (p > 0.05). 283 RBCTs were administered; 117 (41.3%) within the first two weeks of life. Pre and post blood transfusion changes in splanchnic NIRS oxygenation, urine and stool gut injury biomarkers were measured in 165, 195 and 175 episodes of RBCT respectively. There was no significant post RBCT changes in splanchnic NIRS or gut injury biomarker levels (p > 0.05). However, post RBCT calprotectin was significantly reduced during the first 14 days of life (mean difference −114%, CI −185 to −42 & p 0.002).



Conclusion: There was no association between anaemia or RBCT with NIRS measurements of tissue oxygen saturation and biomarkers of intestinal inflammation or gut injury in preterm infants enrolled in this study. Further studies with standardised methods of examining the relationship between anaemia, RBCT and gut injury are needed.
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Introduction

Necrotising enterocolitis (NEC) is one of the most common complications affecting preterm infants and carries significant morbidity and mortality (1). There remains great controversy regarding the association of anaemia and/or red blood cell transfusion (RBCT) with NEC development, despite numerous studies. Although incompletely understood (2), both polycythaemia and reperfusion injury are considered part of the pathogenesis of NEC (3).

There is evidence in the literature suggesting haemoglobin level may be related to gut inflammation (4) and several epidemiological studies report an association between RBCT and/or anemia, with a higher risk of NEC. There are also reports of a temporal association between RBCT and NEC with NEC typically occurring within 72 h of transfusion. Around 30% of reported NEC cases are temporally associated with RBCT and are sometimes referred to as “Transfusion Related NEC” (TR-NEC) or “Transfusion Related Acute Gut Injury”(TRAGI) (5–7). Conversely, other studies have shown no association between RBCT and NEC (8–12) and one retrospective cohort study showed that RBCT was actually protective against NEC (13). Furthermore, in recent animal (14–16) and human (17–19) studies, anaemia itself has been proposed to increase the risk of NEC, a concept supported by studies demonstrating that the use of erythropoietin (EPO) to treat anaemia may also decrease NEC (14, 20). Mohamed and Shah (21) performed a meta-analysis of observational studies on TR-NEC in 2012 and found increased odds of NEC within 48 h of receiving a RBCT. An updated meta-analysis in 2018 found no significant association between RBCT transfusion and NEC (8), but the quality of evidence remains low (22).

There is a wealth of literature examining biomarkers of gut injury; urinary and blood fatty acid binding proteins (FABPs) have been the most extensively studied (23–34), but trefoil factor 3 (TTF-3) (33–35) and stool calprotectin (36–41) have also been proposed as intestinal injury biomarkers in preterm infants. Near-Infrared Spectroscopy (NIRS) provides a non-invasive, contemporaneous bedside measurement of regional tissue oxygen saturation (rSO2) or tissue oxygenation index (TOI) reflecting perfusion and metabolism and could be a non-invasive marker of intestinal injury (42, 43). NIRS has been used in numerous studies to examine the relationship between RBCT and gut injury to try and resolve the debate as to whether RBCT causes gut injury and NEC (6, 44, 45).

The mechanisms underpinning why anaemia or RBCT could predispose an infant to NEC are unclear. Ischaemia, reperfusion, and inflammation are all known to affect intestinal blood flow and cause gut injury which might in turn underpin the pathophysiology of diseases like NEC. However, the association between anaemia, RBCT and gut injury is even less well described in the literature. In order to bridge the knowledge gap, this novel study examined how varying degrees of anaemia and RBCT influence measures of tissue oxygen saturation and biomarkers of intestinal inflammation or gut injury in preterm babies to identify whether there is any relationship between them.



Materials and methods


Study design and sample size

This was a prospective observational study conducted at a tertiary Neonatal Intensive Care Unit (NICU)—Homerton University Hospital (HUH), London. The neonatal unit (NU) at HUH is one of the largest in London providing more than 8,000 intensive and high dependency cot days annually. There are 16 ITU, 8 HDU and 22 SCBU cots. HUH is one of three regional perinatal centres in North Central and Northeast London and cares for amongst the highest proportion of babies born at 23- and 24-weeks gestation in England.

The population served by HUH has a high level of social deprivation; Hackney has significant levels of poverty and inequality ranking as the 18th most deprived local authority in England.1 The borough has high rates of overcrowding with a significant proportion of households living in social housing in addition to worse rates of income deprivation and higher rates of premature mortality compared with the rest of London boroughs.2 Furthermore around 40% of Hackney's population comes from Black and Minority Ethnic groups and it is well known that there are ethnic disparities in preterm infant morbidity and mortality. Compared to white infants, Black infants are twice as likely to be born preterm (46), and more likely to experience serious complications of prematurity including IVH, ROP, sepsis and NEC (47–51). Preterm infants with very low-birth-weight (VLBW), of which HUH admits a large proportion of infants each year, account for 70% of neonatal deaths and are predominantly Black ethnicity (52).

Other relevant unit practices at the time of this study: (1) maternal expressed breast milk (EBM) was used preferentially when enteral feeding was commenced and when not available, donor EBM (DEBM) was used for infants born at less than 28 weeks gestation or with a birthweight of less than 1,000 g; (2) probiotics were not used on the NU; (3) oxygen saturation targets were set at 90%–95% for preterm babies.

NIRS measurements and biomarkers of gut injury were measured weekly from birth until 36 weeks post conceptional age or discharge (to either home or their local hospital) from the NU. The study was approved by the Research Ethics Committee in the UK (REC reference: 16/LO/1353) and informed written parental consent was obtained.

At the time this study was designed limited data existed in preterm babies upon which to conduct robust power calculations. The closest study was an adult study examining the correlation between pre-transfusion I-FABP concentrations and changes in I-FABP concentrations following transfusion, which found a correlation of 0.37 in 50 adults who received a RBCT (53). Data from this adult study were used to calculate power, but the correlation might be expected to be stronger in infants, and perhaps up to 0.5. Therefore, to detect a 0.5 correlation between pre-transfusion I-FABP and changes in I-FABP after transfusions at the 5% level of significance and with 90% power, it was estimated that 43 infants were required.



Objectives and hypothesis

We hypothesised that anaemia causes gut hypoperfusion and hypoxia which may trigger an inflammatory cascade causing gut tissue injury in preterm infants, and then subsequent blood transfusion induces a reperfusion injury of the gut in anaemic preterm infants.

Our primary objective was to investigate the association between haemoglobin level (Hb) and RBCT with intestinal perfusion and tissue injury. The primary outcome was a change in I-FABP in relation to anaemia and after RBCT. Secondary outcomes were changes in other urine and stool biomarkers of gut injury and NIRS readings measured in relation to anaemia and RBCT.



Inclusion criteria

Eligible infants were those who were appropriately grown preterm infants born at less than 30 weeks gestation admitted to HUH NICU from October 2016 to May 2018. Infants were recruited by day seven after birth.



Exclusion criteria

Infants with abnormal antenatal Dopplers, fetal growth restriction (defined as birthweight 2nd centile or less), major congenital anomalies and twin-to-twin transfusion syndrome were excluded. These groups of infants could have compromised gut perfusion meaning they are at an elevated risk of developing NEC, over and above their risk due to their prematurity.



Measurements of gut perfusion

Weekly splanchnic tissue oxygenation index (sTOI) was measured for 60 min using a NIRS monitor (NIRO-300, Hamamatsu KK, Japan) along with concurrent measurement of peripheral arterial oxygen saturations using a pulse oximeter. For each 60-min recording, a mean sTOI was produced and then splanchnic fractional tissue oxygen extraction (sFTOE) was calculated using the equation [SaO2 – TOI]/SaO2) (54).

The NIRO-300 monitor is CE marked for clinical use in the neonatal population and uses reusable probes. The sensors were cleaned thoroughly between patients. The NIRS emitter and detector probes were placed on the infant's abdomen, just under the umbilicus for 60 min once a week by the same investigator (CH) to ensure uniform placement every time. The probes were placed in a protective rubber seal to ensure the distance between them was constant for each infant. The centre of this seal was lined up with the umbilicus meaning the actual emitter and detector probes were paramedian.

CH was present during the entire measurement and if any movement artefact developed (seen on the NIRO monitor as a broadening of the raw data trace), it was addressed immediately. In the 3 infants where artefact was noticed, the cause was identified (in all cases this was due to the infant moving) and it was then ensured that the infants were swaddled appropriately within their bedding “nest” in their incubator to keep them comfortable and still, without interfering with the NIRS probes. In each of the 3 cases it took less than 5 min for the artefact to be noticed and resolved. All infants were on bolus feeds and the NIRS measurements were started at the onset of a feed for consistency. Using Matlab R2019b software (Mathworks, Natick, Massachussets, US) raw NIRS data were extracted for each infant for each week (Figure 1). Each NIRS reading was individually assessed for artefact and analysed in 5-minute epochs. Noisy epochs (representing artefact) were removed.


[image: Figure 1]
FIGURE 1
Example raw NIRS data without artefact. This show an excellent quality trace with minimal movement artefact.




Measurements of urine and stool biomarkers of gut injury

Weekly urinary intestinal fatty acid binding protein (I-FABP), liver fatty acid binding protein (L-FABP) and trefoil factor 3 (TTF-3) were measured. At least one ml of urine (by placing cotton wool in the nappy) was collected each week and placed in a universal container. As soon as each urine sample was collected, it was placed in a fridge on the NU which was set at four to five degrees Celsius. Samples were then transferred to the deep freezer for storage at −80 degrees Celsius. The maximum time that samples were left in the fridge before transfer to the freezer was 24 h, although most were moved within 6 h. Urine samples were transferred in a specialised container on dry ice to the Institute of Child Health (ICH), London for analysis.

Stool samples were collected weekly and placed in a fridge in the NU set at 4–5 degree Celsius. Stool samples were transferred to the same deep freezer for storage at −80C before transfer to ICH in the same period as for the urine samples.



RBCT and haemoglobin (Hb) measurements

Hb level was measured weekly at the same time as the NIRS recording. Details and timing of any RBCTs an infant had received were recorded. There was no specific feeding policy around the time a RBCT was given, and in all infants their enteral feeds were continued as normal during a RBCT. TR-NEC typically occurs during or after the third week of life (5–7, 55) and 85 (30.1%) RBCTs were given from the third week onwards. We therefore examined the effect of RBCTs given in the first two weeks of life and those given over the entire study period. Pre transfusion NIRS readings were those measured within 72 h prior to RBCT and post transfusion NIRS readings were those measured within 72 h post RBCT. Infants who did not have any RBCT (n = 5) and those who did not have pre and post transfusion NIRS measurements performed (n = 7) were excluded from the analysis. For the gut biomarkers, pre transfusion gut tissue biomarkers in urine and stool were measured from samples obtained within 72 h prior to RBCT, and post transfusion gut tissue biomarkers in urine and stool were those measured from samples obtained within 72 h post RBCT. Infants who did not have any blood transfusions (n = 5) and those who did not have at least one pre and post transfusion marker measured were excluded from the analysis (n = 7).



Additional data collected

Antenatal and perinatal maternal and infant characteristics were collected. Data were documented on volume of enteral feeds, level of cardiovascular/respiratory support, presence of PDA, sepsis (defined as culture positive or culture negative but meeting the European Medicines Agency definition (56), NEC (defined as ≥ Bells stage 2), Intraventricular Haemorrhage (IVH) and Haemorrhagic Parenchymal Infarct (HPI). Weekly blood results including maximum CRP and Haemoglobin (Hb) level at the time of the NIRS recording were collected.



Statistical analysis

All statistical analyses were performed using STATA/SE version 15.1 (STATA Corp LLC, Texas, US). Multi-level mixed effects linear regression models were used. These were nested within each infant to allow for the fact that the readings were taken over time and hence were correlated within each infant. Confounding variables (presence of PDA, gender, volume of enteral feeding, haemoglobin, confirmed sepsis episode and gestational age) were included in the models as fixed effects.

To examine the effect of severity of anaemia, Hb level was divided into three groups; < 8 g/dl (group 1); 8–11.9 g/dl (group 2) and ≥12 g/dl (group 3). For the analysis of the effect of Hb level group 3 (i.e., a normal Hb) was taken as the baseline. The effect of haemoglobin level was also examined as a continuous variable. Differences between groups were analysed using Mann-Whitney U or Chi2 tests.



Laboratory techniques for biomarker measurements

To measure urinary biomarkers a “sandwich” ELISA Kit was used. Each well of the ELISA plate is coated in the capture antibody specific to the target protein. To detect urinary I-FABP and L-FABP, ELISA kits from Hycult® Biotech were used and the manufacturer's instructions followed. To ensure accuracy when the plate was removed, each well was checked for bubbles which may have formed during the shaking process and if found, burst using a pipette tip and re-read. Standard curves were created for each plate by plotting the absorbance on the y-axis and log10 of the concentration on the x-axis. A four-parameter logistic regression model was used to tailor a line of best fit to the points and used to calculate the concentration of a given sample for both I-FABP and L-FABP.

TFF-3 was measured using RayBio® ELISA Kits and the manufacturer's instructions followed. As for FABP, if bubbles formed, the same method of removal was used as previously described. Standard curves were created for each plate by plotting absorbance on the y-axis and log10 of the concentration on the x-axis. A four-parameter logistic regression model was used to tailor a line of best fit to the points and used to calculate the concentration of a given sample.

The calprotectin kit from Hycult® Biotech was used to measure faecal calprotectin levels. To measure calprotectin accurately, samples were extracted using faecal extraction buffer. To breakup and homogenise the sample, a combination of vortexing and sonicating was used until no large particles remained, after which the samples were centrifuged for five minutes at 3,000 g. The supernatant was collected and stored at −80°C. A blank standard dilution buffer was also used alongside a high and low control both reconstituted with 0.25 ml of distilled water followed by the addition of 0.25 ml dilution buffer. These controls were used as a representation of what samples with high or low calprotectin concentrations would look like. Ideally any tested samples should lie between these two values with the correct dilution. The manufacturer's instructions detail running a test to determine the most suitable dilution to use for the samples, either 50 or 150×. To determine the suitable dilution factor, five samples were randomly chosen and run in duplicate alongside standards. When using 50× dilution, the standards ranged from 16 to 625 µg/g stool and from 48 to 875 µg/g stool when using a 150× dilution. The results of this test suggested that the 50× dilution was most suitable for our samples. Calprotectin standard curves were created by plotting the concentration of a given standard against its absorbance and a hyperbolic line of best fit. From this standard curve it was possible to determine the concentration of samples run alongside their given standards.

Creatinine was measured to standardise I-FABP, L-FABP and TFF-3 and account for changes in urine concentration between samples. This was completed by dividing the analyte concentration by the creatinine concentration. Urine creatinine was measured using a quantitative enzymatic (based on creatininase, creatinase, sarcosine oxidase and peroxidase) colorimetric assay kit (Sentinel Diagnostics). Standard curves were created by plotting the standard concentrations on the x axis and absorbance on the y axis. A line of best fit (linear regression) was used to calculate unknown sample concentrations for that plate.




Results


Infant characteristics

There were 211 eligible infants admitted over the study period of which, forty-eight preterm infants born at <30 weeks GA were recruited. Details of numbers of eligible infants, exclusion and recruitment are presented in Figure 2. Median birth weight was 883.5 g (range 460 g–1,600 g), median gestation age was 26 + 3 weeks (range 23 + 0 to 29 + 6) and 52% were female. Parents of two infants withdrew their consent for NIRS measurements after one week but consented for urine and stool sample collection to continue. Therefore, 48 infants were eligible for inclusion in weekly urine and stool biomarkers of gut injury measurements and, 46 infants had the complete research measurements of weekly NIRS together with weekly urine and stool biomarkers of gut injury.


[image: Figure 2]
FIGURE 2
Study recruitment. TTS, twin to twin transfusion syndrome; IUGR, intra-uterine growth restriction.


Demographic characteristics of the infants studied, those whose parents declined consent and those not approached (deemed too sick by the attending consultant's assessment or parents not available to consent during the infant's first week of life) are presented in Table 1. Two (4.2%) infants died (one from a tension pneumothorax in the first week of life and the other from NEC in the nineth week of life).


TABLE 1 Characteristics of the infants studied as well as those who declined consent and were not approached.

[image: Table 1]



Additional maternal and infant characteristics

Antenatal maternal characteristics and infant characteristics are presented in Table 2.


TABLE 2 Antenatal maternal and postnatal infant characteristics.

[image: Table 2]



Infants diagnosed with NEC

Eight infants were treated for NEC with signs of abdominal distension, bilious aspirates and systemic features including metabolic acidosis, increased numbers of desaturations and bradycardias. Seven (14.6%) infants developed ≥ Bells stage 2 NEC. Only 1 out of the 7 infants required surgical treatment. There were no significant differences between infants with and without NEC, except for longer duration of ventilation in those infants with NEC [median (range) 26 days (6–48) compared with 6 days (1–65), p = 0.01]. NEC occurred between week 3 and 9 of life at corrected gestational ages ranging from 28 + 6 to 34 + 3 weeks.



Sepsis episodes

All infants were started on prophylactic antibiotics at birth after blood cultures were taken. Of these, 6 infants had positive blood culture; 1 Coagulase Negative Staphylococcus, 1 Group B Streptococcus, 2 E. Coli, 1 Listeria and 1 Haemophilus Influenzae. There were 38 other instances of the infants being treated for sepsis but only two infants had positive blood culture. Fourteen of these infants met the EMA Sepsis definition (56). In total, there were 22 episodes of sepsis.



Patent ductus arteriosus (PDA) and intracranial bleeds

PDA was confirmed on echocardiogram in 28 (58.3%) infants; 7 (14.6%) had no PDA. The remaining 13 (27.1%) did not have an echocardiogram. On cranial ultrasound scan, five infants (10.4%) had HPI and 24 (50%) had IVH. Of the 24 with ICH, 4 (16.7%) had Grade I IVH, 15 (62.5%) had grade II IVH and 5 (20.8%) had grade III IVH. There was no significant difference in grade of IVH or presence of PDA between those infants with NEC and those without (all p > 0.05).



Length of time in the study

The median (range) number of weeks in the study was 7.3 (1–13) weeks for all 46 infants with NIRS measurements. Of these 46, 17 (35.4%) infants completed the study up to 36 weeks corrected gestational age and for the remaining 29 infants, the median (range) length of time in the study was 6 (1–8) weeks as they were either discharged home or back to their local hospital.



NIRS measurements

In total 276 NIRS measurements (splanchnic Tissue Oxygenation Index [sTOI] and splanchnic Fractional Tissue Oxygenation Extraction [sFTOE]) were completed.


Association of NIRS measurements with Hb levels

Hb groups [severity of anaemia, <80 g/L (group 1); 80–119 g/L (group 2) and ≥120 g/L (group 3)] had no significant association with any of the NIRS measurements (Table 3). Haemoglobin level was also examined as a continuous variable, but no significant association was found with any of the NIRS measurements (all p-values > 0.05).


TABLE 3 Association of NIRS measurements with Hb levels.
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Association of NIRS measurements with RBCT

A total of 283 RBCTs were administered; 81 (28.6%) in the first week after birth and 117 (41.3%) within the first two weeks. However, the pre and post transfusion NIRS splanchnic oxygenations were only measured in 165 RBCT episodes. There were no significant differences in pre and post transfusion splanchnic NIRS measurements of TOI and FTOE for blood transfusions given in the first 14 days after birth or over the entire study period (Table 4).


TABLE 4 Difference in NIRS readings pre and post RBCT.
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Confounding factors

Multiple linear regression analysis showed no significant association between confounding factors (gestational age, birthweight, gender, enteral feed volume, confirmed sepsis episode and presence of PDA) and NIRS measurements, (all p-values > 0.05).




Gut biomarker measurements


Biomarker values

The values of I-FABP, L-FABP, TFF-3 and Calprotectin for infants enrolled into this study are presented in Table 5.


TABLE 5 Gut tissue biomarkers values for preterm infants <30 weeks gestation in the first 8 weeks of lifea.
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Association of biomarkers of gut injury with Hb

There was no association between any of the biomarkers measured and Hb level when analysed in the groups described above (Table 6). Haemoglobin level was also examined as a continuous variable but no significant association was found with any of the gut injury biomarkers measured (all p-values > 0.05).


TABLE 6 Association of gut biomarkers with haemoglobin levels.

[image: Table 6]



Association of biomarkers of gut injury with RBCT

One hundred and ninety five RBCT episodes were examined for urine biomarkers of intestinal injury (I-FABP, L-FABP and TFF-3) and 175 RBCT episodes for stool calprotectin. There were no significant differences in pre and post RBCT I-FABP, L-FABP, TFF-3 or calprotectin measurements when examined for RBCT given over the entire study period. However, when these were examined for RBCTs given only in the first 14 days after birth, a significant decrease in calprotectin levels post RBCT was seen (Table 7).


TABLE 7 Difference in biomarker readings pre and post RBCT.
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Confounding factors

Multiple linear regression analysis showed no significant association between confounding factors (gestational age, birthweight, gender, enteral feed volume, confirmed sepsis episode and presence of PDA) and gut biomarker measurements, (all p-values > 0.05).





Discussion

This novel study examined the effect of both Hb level and RBCT on the combination of splanchnic oxygenation, using NIRS measurements and multiple biomarkers of gut tissue injury. No association between anaemia or RBCT with either NIRS measurements of tissue oxygen saturation, or urine and stool biomarkers of gut injury, was demonstrated in preterm infants enrolled in this study.


Effect of Hb and RCBT on gut oxygenation

Gut perfusion, examined by 60-minute NIRS recordings, demonstrated no effect of Hb level or RBCT on splanchnic regional oxygenation in this study. In this cohort, neither anaemia nor RBCT caused gut injury at the tissue level and represented by changes in NIRS measurements of gut oxygenation.

The direct impact of anaemia on splanchnic oxygenation as measured by NIRS has not been as extensively studied in preterm infants as the effect of RBCT, but similar to our study, Bailey et al (57) found no correlation between cerebral or splanchnic oxygenation and Hb level. In our study, we chose to use 72 h pre and post RBCT as the period in which to examine the impact of RBCT on NIRS measurements. This is because most of published data on TR-NEC suggest that this condition develops within 48–72 h of a transfusion being given (5–7, 58, 59). The impact of RBCT on regional tissue oxygenation measured by NIRS has been studied in both adults and infants but demonstrates variable results depending on the region of the body studied. Studies looking at cerebral oxygenation show improvements in cTOI after RBCT which persist after 24 h (60). However, these studies are small and look at changes in cerebral oxygenation only (and not splanchnic oxygenation). Other studies demonstrate that an improvement in regional oxygenation after RBCT only occurs for up to 24 h post RBCT: Bailey et al (57) examined regional cerebral and splanchnic oxygenation in relation to RBCT in 30 infants but only recorded this for 20 min immediately before, during, immediately after, and 12 h after RBCT. They reported significantly increased regional oxygenation at 12 h (only) after the RBCT. Dani et al (61) used NIRS monitoring during RBCT in 15 preterm infants with symptomatic anaemia of prematurity (haematocrit level of <25%) from 60 min before the beginning of RBCT to 60 min after the RBCT, and confirmed that RBCT caused an increase in cerebral, splanchnic, and renal regional oxygenation. Banerjee et al. also examined this and found increased splanchnic oxygenation up to 60 min post RBCT (62, 63).

However, all these studies examined the effects of RBCT on regional oxygenation for up to 24 h after RBCT and demonstrate persistence of increased tissue oxygenation following RBCT at 24 h. Our study differs as the length of time we evaluated for is greater (up to 72 h) and our findings suggest that the increased oxygenation demonstrated in the aforementioned studies is not sustained beyond 24 h.

There is also an inherent problem with comparing levels of splanchnic oxygenation using NIRS between studies as the position of the probes varies. Furthermore, measurements can be affected by faecal content and abdominal gas (leading to distension). Abdominal gas is a particularly pertinent issue in preterm babies due to the use of non-invasive respiratory support as part of routine neonatal care (64) and could contribute to substantial variation in results across studies.

We must also consider the impact of the regulation of blood flow in response to hypoxia where brain-sparing occurs in preference to the gut and peripheral tissue perfusion. Balegar et al (65) conducted a prospective cohort study to evaluate if this hierarchical sequence alters in anaemic preterm infants (n = 30, median birthweight 923 g and gestational age 26.4 weeks) after a RBCT. The authors compared 4 h mean pre-transfusion cerebral and splanchnic FTOE with hourly means of cerebral and splanchnic FTOE during transfusion (4 h) and 24 h after RBCT. They reported that cerebral FTOE significantly decreased during and for 24 h after RBCT demonstrating improved cerebral oxygenation but found no significant changes in splanchnic FTOE. The authors concluded that cerebral perfusion follows a hierarchical response in anaemic infants after a RBCT. However, splanchnic perfusion did not improve following a RBCT as noticed in our study. Balegar and colleagues hypothesised that this lack of improvement in splanchnic perfusion following a RBCT in anaemic preterm infants may indicate continued splanchnic hypoxia that could predispose to TA-NEC.

Aktas et al (66) examined the impact of both severity of anaemia pre transfusion and this hypothesis of brain-sparing physiology affecting NIRS measurements. They reported that cerebral oxygenation did not change significantly, but that abdominal regional oxygenation increased at 24 h after RBCT in anaemic infants. The authors concluded that the increase in splanchnic oxygenation after RBCT might suggest reduced tissue oxygenation of the intestines during severe anaemia, but that the lesser impact of RBCT on cerebral oxygenation after transfusion might be explained by a brain-sparing mechanism.

It is important to note that direct comparisons of outcomes in these studies are challenging. Each uses different transfusion practices, different age of red blood cells when transfused, different time intervals between RBCT and NIRS measurement and all are conducted across different time periods with different populations.



Effect of anaemia and HB level on urine and stool biomarkers of gut injury

No association of Hb levels with any of the biomarkers evaluated in this study was found. However, this may have occurred because the samples were collected for up to 72 h after Hb measurement. This time period may be too long to capture any effect of anaemia on biomarker levels. When intestinal mucosal damage occurs causing the integrity of the gut membrane to be impaired, FABPs are rapidly released into the circulation and their plasma concentration and subsequent urine concentration increases (25, 28, 31, 67, 68). Relative hypoxia occurs when anaemia is present. Animal models of anaemia demonstrate the activation of hypoxia-inducible factor (HIF) in response to anaemia (69). This subsequently causes transcriptional upregulation of many genes that improve the intestinal epithelial cell barrier function and in turn improve gut membrane integrity. In the present study, urine and stool samples used to measure gut injury biomarkers were collected for up to 72 h after Hb measurement. It is plausible, that the 72 h window between Hb and gut biomarker measurements, was long enough for these epithelial cell barrier reparative transcription changes to occur, which might explain the findings in our study.

NEC is a multifactorial disease and inflammation is known to contribute to its pathophysiology. Researchers have previously demonstrated elevated levels of I-FABP or L-FABP in cases of NEC (67, 70). Anaemia has also been shown to increase the risk of NEC (17) and one of the mechanisms by which this may occur is through the production of IFN-gamma. A recent animal study (71) demonstrated that increased levels of IFN-gamma correlated with increasing severity of anaemia, (phlebotomy induced). IFN-gamma is a potent pro-inflammatory cytokine implicated in intestinal inflammation and injury and its production may predispose an infant to NEC (71).



Effect of RBCT on urine and stool biomarkers of gut injury

No effect of RBCT was found on any of the urine and stool biomarkers of gut injury (collected for up to 72 h after a RBCT) in this study. This 72 h time frame was deemed to be appropriate as previous studies have shown that I-FABP is raised for up to 48 h after initial gut injury (72), and TR-NEC is shown to develop within 48–72 h of a RBCT (5–7). In clinical practice, measuring the effect of RBCT on urine and stool samples in babies is always challenging as their passage is highly variable and unpredictable.

Researchers looking at TR-NEC hypothesise that RBCTs induce a pro-inflammatory response, leading to NEC. Dani et al (73) prospectively examined 20 infants less than 32 weeks gestation, and showed significant increases in IL1- Beta, IL-8, IFN gamma, IL-17, MCP-1, IP-10, and ICAM-1 after RBCT. However, levels of IL-6 and TNF-alpha, two cytokines known to play a key role in NEC development, were unchanged. Whilst rises in pro-inflammatory have been documented after RBCT, it is not known whether these rises correlate with inflammation and gut tissue injury. Our study suggests this may not be the case, but further confirmatory studies are needed.

Other factors that need to be considered and which may differ between studies include the processing and storage of red blood cells (RBCs) and the age of RBC at the time they are transfused. Age can reduce the deformability of RBCs and increase their adhesion aggregation. In turn, this increases the risk of blockage in the microcirculation of the splanchnic bed (74). RBCs used for transfusion in this study were aged up to the end of day 35 as per national UK guidance (75).

In our study there was a significant decrease in calprotectin levels post RBCT in the first 14 days after birth. This would challenge the hypothesis that RBCTs induce a pro-inflammatory response. Ho et al (4) measured faecal calprotectin pre and post RBCT in VLBW infants and showed that calprotectin levels increased after RBCTs. However, calprotectin levels are also influenced by the haematocrit level, the length of time the RBC had been in storage as well as other factors including: antibiotic use; volume of enteral feeds; and gastrointestinal colonisation (76). Many of these factors will be different between our study and that of Ho et al. Other factors that might account for differences between the present study and Ho's include the impact of postnatal age and any differences in the blood products used. Xu and colleagues have shown that calprotectin naturally decreases during the first two weeks after birth in preterm infants (77). Furthermore, the first 14 days are a time when the transitional period from fetal to extra-uterine life is most active, and when intensive care is at its highest in terms of cardiorespiratory support and the number of interventions an infant requires. All of these factors may have impacted our results.

Published data from the ETTNO (78) and TOP (79) trials have enhanced our knowledge of the effect of RBCTs on rates of NEC when exploring different RBCT transfusion thresholds. The ETTNO trial examined the effects of liberal vs. restrictive transfusion thresholds among 1,013 infants with birth weights of 400 g to 999 g in six level III/IV NICUs in Europe. Infants were randomly assigned to liberal (n = 492) or restrictive (n = 521) RBCT thresholds based on their postnatal age and health status. The TOP trial was a multicentre trial in which infants with a birth weight of 1,000 g or less, and a gestational age between 22 weeks and 28 weeks plus 6 days, were randomly assigned within 48 h after delivery to receive RBCT at higher or lower haemoglobin thresholds until 36 weeks of postmenstrual age or discharge. Although these studies were underpowered to examine the effect of the primary outcome on NEC, neither trial reported a significant difference in NEC rates between the two transfusion threshold groups. Data from these trials adds weight to our study supporting evidence justifying the adoption of lower hemoglobin thresholds for RBCT in preterm infants. Alternatively, it could reflect that regular RBCTs (given in the higher threshold groups) prevent anaemia and thus prevent ischaemia reperfusion mechanisms from taking place. Recently, Salas et al (12) published their secondary analysis from patients enrolled in the TOP trial. This analysis looked specifically at whether there is a temporal association between 72-h periods of exposure to RBCT, and NEC. In their post hoc analysis, the authors reported that exposure to RBCT was not associated with a higher risk of NEC.



Strengths

There are several strengths of our study including: the number of measurements completed for both NIRS and gut biomarkers; the minimal impact of motion artefact on NIRS measurements; and the statistical analyses. Confounding variables (presence of PDA, gender, volume of enteral feeding, haemoglobin, and gestational age) were included in the models as fixed effects. This differs to previous studies where these confounding variables have not always been accounted for (80, 81).



Population studied

Infants born at less than 30 weeks gestation represent those at highest risk of developing intestinal pathology including NEC and in contrast with previous studies where NIRS splanchnic oxygenation studies have focused on more mature infants, this study included more extreme preterm infants (80, 81). NEC among infants enrolled in this study occurred in 14.8% of participants. All cases occurred in babies born at less than 28 weeks. NEC has previously been reported to occur in 14% infants <26 weeks gestation and 10% < 31 weeks gestation (82). Although the NEC rate in our cohort was higher than the national average, it remains comparable to other centres in inner city South East England (82).



NIRS measurements

The present study completed 276 splanchnic NIRS oxygenation measurements. This represents one of the largest numbers of NIRS measurements performed in a single cohort in published literature including studies examining cerebral oxygenation, which is more frequently reported (80, 81, 83–85). Previous studies examining splanchnic oxygenation often focus on early oxygenation measurements after birth and during the acute transitional period, and/or over the first postnatal month (80, 81). Our study also demonstrates the feasibility of using splanchnic NIRS in the most immature neonatal populations.

In most NIRS studies around 10%–15% of infants are excluded due to motion artefact (62, 86). No participants were excluded in this study because the investigator (CH) was present for the entire recording and was able to address any motion artefact immediately. Furthermore, inter-operator variability was eliminated as all NIRS probe placements were maintained by the same investigator (CH). NIRS analyses were completed in 5-min epochs and any areas within the 60-min recording deemed “noisy” (representing artefact) were removed from the analysis under the guidance of a medical physicist. In this study, only three recordings in three different infants had epochs removed, accounting for only one epoch during each recording.



Urine and stool biomarkers of gut injury measurements

Three hundred and thirty two urine and 324 stool samples were collected. This represents a comparably large data set for such biomarkers in a preterm patient population. Previous studies have measured the ratio between I-FABP levels in urine (I-FABPu) and urinary creatinine to compensate for variation in urine concentration (41, 69–71). In this study, biomarker measurements were standardised and corrected for urinary creatinine as urine output in preterm infants is often variable.



Limitations

The main limitations of the study included: the power calculation; timing of urine and stool samples collected in relation to the RBCT; and duration of NIRS measurements.



Power calculation

The sample size estimate was based on an adult study of 50 episodes of RBCT and I-FABP changes (53). No similar study existed in preterm newborn infants at the time this study was designed. The estimated sample size was 43 infants but, paired pre and post RBCT gut injury biomarkers were measured in only 36 infants. However, paired pre and post transfusion NIRS, urine and stool biomarkers were measured in 165, 195 and 175 RBCT episodes respectively. Furthermore, the narrow confidence interval (CI) observed between RBCT, and gut injury biomarker results suggests that achieving the estimated sample size target would not have materially changed the results.



Timing of sample collection and biomarker measurements

The estimated difference in biomarkers around RBCT and anaemia could be imprecise. The Hb values were divided into three groups (<80 g/L, 80–111.9 g/L and ≥120 g/L) to examine the effect of severity of anaemia on gut. This resulted in a smaller sample size in each of the three Hb groups, however, Hb was also analysed as a continuous variable and confirmed the absence of significant association with gut injury biomarkers. Temporality between exposure (anemia and RBCT) and changes in the biomarkers measured is difficult to determine.

Collecting urine and stool samples from extreme preterm infants is unpredictable and difficult. A time window of up to 72 h pre and post RBCT was used because of uncertainties that infants would pass stool and urine. The exposure and the time window of up to 72 h for urine and stool sample collection may be too long to detect differences in gut injury biomarkers measured in this study (33). Also, it is plausible that the effect of severity of anaemia or RBCT may not have been detected due to wide variation in urine (I-FABP, L-FABP and TFF-3) and stool (Calprotectin) biomarker values documented in this study.

Splanchnic NIRS biomarkers were only measured once a week for 60 min and may have been insufficient to identify the actual changes in gut perfusion related to anaemia and RBCT. Continuous NIRS measurements pre, during and up to 48–72 h post RBCT would have given more information on gut perfusion changes and on the duration such changes persist. However, the time gap between the exposure (RBCT/anaemia) and measurement of gut injury markers in the present study is reasonable as I-FABP is raised for 48 h after initial gut injury (72), and TR-NEC has been shown to develop within 48–72 h of a RBCT (5–7). Future studies using continuous NIRS monitoring are likely to provide more detailed insights.




Conclusion

This study showed no association between anaemia or RBCT with NIRS measurements of tissue oxygen saturation and gut biomarkers of intestinal inflammation or gut injury, in a cohort of preterm infants. Our findings support the argument that the pathophysiology of NEC is complex and that anaemia and/or RBCT alone, do not cause gut injury, or that they do not cause gut injury detectable by NIRS or by measurement of common urine and stool biomarkers of gut injury evaluated in this study.

However, because many authors have suggested that anaemia and/or RBCT can lead to the development of NEC this in turn has led to differences in blood transfusion recommendations amongst clinicians. Our findings could potentially translate into changes in the clinical care of preterm babies. As an example, we provide evidence at tissue level justifying recent recommendations to adopt lower Haemoglobin thresholds for RBCT for preterm infants (87), which in turn, may reduce the risks associated with multiple blood transfusion.

Amongst all studies examining the relationship between anaemia, RBCT and NEC, there are differing clinical practices regarding when to transfuse, differing feeding policies during RBCT, and differing time intervals between RBCT and any measurements of gut injury or oxygenation. Standardising these factors in future studies is essential. Furthermore, the inclusion of preterm infants known to be at higher risk of developing NEC [e.g., fetal growth restricted (FGR) preterm infants] will be invaluable.
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