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BACKGROUND: Anemic preterm infants may require red blood cell (RBC) transfusions to maintain sufficient oxygen supply to vital
organs. Transfusion treatment, however, may have adverse intestinal effects. We aimed to investigate the short-term effects of RBC
transfusions, hypothesizing to find signs of oxidative stress and intestinal injury, possibly related to levels of splanchnic (re-)
oxygenation.

METHODS: We prospectively included preterm infants (gestational age < 32 weeks). We measured urinary biomarkers for oxidative
stress (8-isoprostane) and intestinal cell injury (intestinal fatty acid-binding protein, I-FABP) shortly before and after RBC transfusion.
Splanchnic oxygen saturation (r;SO,) and r,SO, variability were assessed simultaneously.

RESULTS: Twenty-nine preterm infants received 58 RBC transfusions at various postnatal ages. Six of them developed necrotizing
enterocolitis (NEC) after transfusion. Urinary 8-isoprostane and I-FABP increased following RBC transfusion (median 282-606 pg/ml
and 4732-6968 pg/ml, p < 0.01), more pronounced in infants who developed NEC. Change in I-FABP correlated with change in
8-isoprostane (rho = 0.623, p < 0.01). Lower r,SO, variability, but not higher mean r,SO, was associated with higher 8-isoprostane
and I-FABP levels after transfusion.

CONCLUSIONS: Preterm RBC transfusions are associated with concomitant signs of oxidative stress and intestinal injury, parallel
with lower variability in splanchnic oxygenation. This may represent the early pathogenetic process of transfusion-associated NEC.

Pediatric Research; https://doi.org/10.1038/541390-022-01961-9

IMPACT:

® Red blood cell (RBC) transfusions in preterm infants are associated with a near 2-fold increase in urinary biomarkers for
oxidative stress (8-isoprostane) and intestinal cell injury (intestinal fatty acid-binding protein, I-FABP).
® Magnitude of change in I-FABP strongly correlated with the magnitude of 8-isoprostane change, suggesting a role for oxidative

stress in the pathogenesis of intestinal injury.

® Lower splanchnic oxygen saturation variability following RBC transfusion was associated with higher 8-isoprostane and |-FABP

levels.

® Loss of splanchnic variability after RBC transfusion may result from increased oxidative stress and its concomitant intestinal
injury, possibly representing the early pathogenetic process of transfusion-associated necrotizing enterocolitis.

INTRODUCTION

The majority of very preterm infants receive at least one red blood
cell (RBC) transfusion to treat anemia in the neonatal intensive
care unit (NICU)."™ RBC transfusions are beneficial to increase
oxygen carrying capacity and improve tissue oxygenation of vital
organs.>® RBC transfusion treatment, however, may have adverse
effects. The RBC transfusion has been suggested to be an
independent risk factor of poor clinical outcome in critically ill
patients.” Transfusions have been associated with an increased
risk of death and several morbidities, one of the most severe being
necrotizing enterocolitis (NEC).>®° These serious risks for
transfusion-associated NEC may be the result of oxidative stress
and reperfusion/reoxygenation injury after hypoxia and/or

ischemia in organs such as the brain and the intestines '

Other researchers, however, did not find this association,’>° but
rather found an association between anemia severity before NEC
development.*?'

Biomarkers providing insight in intestinal cell injury and
oxidative stress, are intestinal fatty acid-binding protein (I-FABP)
and 8-isoprostane, respectively.?>?* I-FABP is a protein, present in
the intestinal epithelial cells, that is rapidly released into the
circulation and excreted through the kidneys after intestinal cell
injury.* In preterm infants, urinary I-FABP has been shown to
serve as a measure of intestinal injury and its severity.?>%
Intestinal injury after transfusion could be the result of oxidative
stress. Isoprostanes are generated as free-radical products when
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oxidative stress occurs, defined as an imbalance between
antioxidant capacity and reactive oxygen species (ROS) genera-
tion, and are considered reliable biomarkers of oxidative
stress.>® Higher levels of 8-isoprostane post-treatment are most
likely due to increased oxygen content and ROS levels, which
makes it a systemic marker both for the detection and the
progression of oxidative stress.?®

The suggested role of an impaired balance between organ
oxygen delivery and consumption before and after RBC transfusion
can be investigated using near-infrared spectroscopy (NIRS). With
NIRS, splanchnic tissue oxygen saturation (r,SO,) can be measured
continuously and non-invasively.?’® Previously, NIRS measurements
have proven its added value in showing a different vasculatory
response in infants developing NEC after RBC transfusion,®
contributing to the diagnosis of NEC***' predicting complicated
NEC? and predicting intestinal recovery after NEC**> Decreased
variability of r,SO, might represent the diminished capacity for
splanchnic vascular adaptation by the immature intestines.*~>2

To increase the knowledge on both the beneficial and harmful
short-term effects of an RBC transfusion in preterm infants, and its
potential association with intestinal injury, the first aim of this
study was to investigate the effect of RBC transfusions on urinary
biomarkers for oxidative stress and intestinal cell damage in
preterm infants. If there was such an effect, did these biomarkers
correlate with each other? Secondly, we were interested in
whether the course of splanchnic oxygen saturation and its
variability before and after RBC transfusion were related to urinary
8-isoprostane and |-FABP levels. Thirdly, we explored whether
there was a different effect of the RBC transfusion on urinary
8-isoprostane and |-FABP between infants who did and did not
develop NEC within subsequent days after the transfusion.

METHODS

Study design and study participants

We performed a prospective observational cohort study (STEP trial,
registered online in the Dutch Trial Registry as NL6447) from March 2019
until December 2020. Between March 2020 and May 2020 inclusion was
temporarily interrupted because of the restrictions due to Covid-19. We
included preterm infants born at a gestational age (GA) < 32 weeks before
7 days postnatal age (PNA), who had been admitted to the level lll-IV NICU
of the University Medical Center Groningen (UMCG). We excluded infants
with major congenital and cardiovascular defects, with an Apgar score < 5
at 5 min, with intraventricular hemorrhage > grade Il according to Papile
before study enrollment, and who previously received RBC transfusions.
We also excluded infants of whom parents were unable to understand the
Dutch language. The Medical Ethical Review Board of the UMCG approved
the study (METc 2017/363), and written parental informed consent was
obtained in all cases.

For the current study, we included infants in the analyses who received
at least one RBC transfusion during the study period and in whom we were
able to collect urine samples before and after transfusion. Transfusion
thresholds were according to the liberal, Dutch anemia transfusion
protocol.>* In short, Hb thresholds were 8.0 mmol/I (=12.9 g/dl) for infants
on the first day after birth, and infants on ventilator support, 7.0 mmol/I
(=113 g/dl) for infants on non-invasive respiratory support. Thereafter, it
was 6.0 mmol/l (=9.7 g/dl) for clinically stable infants during the first
4 weeks, and 4.5 mmol/l (=7.3 g/dl) after the first 4 weeks. Each RBC
transfusion consisted of a leukocyte-reduced, irradiated, parvovirus-B19
negative, blood type compatible “pedipack” of erythrocytes of 15 to
20 ml/kg administered during 3-5 h. The maximum storage time of each
RBC transfusion unit prior to use was 42 days.

Urinary sample collection and analyses

We collected urine samples before and after each RBC transfusion. We
collected the urine samples during regular moments of care, which
occurred six times a day. Urine samples were collected from an indwelling
catheter, if present for clinical reasons. If not, we placed a small cotton
gauze in the diaper. The cotton gauze used for the sample before RBC
transfusion was placed during the first period of regular care after the
indication for transfusion was made. The cotton gauze used for sampling
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after RBC transfusion was placed during the first period of care after
completed RBC transfusion. During the next care period, the cotton was
squeezed into a sterile syringe pressing the urine into the urine tube. Since
regular care periods occurred six times a day (approximately every four
hours), the urine samples were collected within 4-6 h before and 4-6 h
after a completed RBC transfusion. Next, the urine tubes were frozen at
—80 °C until batch analysis.

Both the analysis of 8-isoprostane and I-FABP levels were performed
blinded for patient characteristics and moment of collection. For
determining the concentrations of 8-isoprostanes we used an EIA from
Cayman Chemical. The standard curve had the highest level of 5000 pg/ml.
Samples were diluted 100 times in EIA Buffer obtained with the test kit.
Samples that did not fit in the standard curve were repeatedly tested ten
times instead of a 100 times dilution. To determine the concentration of
I-FABP we used sandwich ELISA, based on the capture and biotin-labeled
detection antibodies from R&D Systems (Abingdon, UK). To quantify the
amount of I-FABP we used a Streptavidin-HRP and OPD substrate. The
standard curve had the highest level of 4000 pg/ml. Samples were diluted
two times (1:2 dilution) in 0.1% BSA/PBS Buffer. The samples that were
above 4000 pg/ml were determined again in fivefold diluted samples.

Splanchnic oxygen saturation
We monitored r,SO, non-invasively using the INVOS 5100c oximeter in
combination with neonatal sensors (Medtronic, Dublin, Ireland). The sensor
was placed on the central abdomen under the umbilicus. During the first
weeks after birth, NIRS measurements were performed continuously in all
infants. After the first weeks, we measured r,SO, from the moment that the
indication for RBC transfusion was made until 24-h after completing RBC
transfusion. All r;SO, data were collected at 1 Hz and stored for off-line analysis.
Mean r,SO, was calculated during three periods: a 2-h period before
RBC transfusion, a 2-h period directly after RBC transfusion, and a 2-h
period 24-h after completed RBC transfusion. Furthermore, we calculated
the variability of r,SO, by means of the coefficient of variation (CoVar, (SD/
mean)*100%) for the same three periods.35 Finally, we calculated the
difference in both mean r,SO, and CoVar of r,SO, between before RBC
transfusion and 24-h after transfusion.

Clinical variables

We assessed the presence of in-hospital mortality and the development of
NEC. NEC diagnosis was based on the appearance of pneumatosis
intestinalis, portal venous gas, or both on abdominal radiological
examination (NEC Bell's stage > IlA). We defined NEC onset as the time
of first abdominal X-ray after clinical suspicion of NEC.

Further clinical data that we collected from the infants’ medical files
included GA, birth weight (BW), sex, Hb levels before and after RBC
transfusion, presence of a hemodynamic significant PDA, presence of
blood-culture proven sepsis, and presence of mechanical ventilation.

Data analyses and statistics

We used SPSS Statistics version 24.0 (IBM Corp., Armonk, NY) for statistical
analyses. Patient characteristics were described as the median, inter-
quartile range (IQR), or n, percentage. We calculated differences between
time periods using the Wilcoxon signed-rank test. Next, we assessed the
association between urinary biomarkers using Spearman'’s rank correlation
test. Finally, we performed linear regression analyses to test whether
changes in both Hb-level, splanchnic oxygen saturation, variability of r,SO,,
and pre-transfusion storage time of the administered RBC transfusions
were related to (the change in) urinary 8-isoprostane and I-FABP after RBC
transfusion. A p-value < 0.05 was considered statistically significant.

RESULTS

Participants and RBC transfusions

We included 29 infants in this study (Fig. 1). Their GAs ranged from
24.9 to 31.0 weeks, and their BWs from 630 to 1850 g. In fourteen
infants, an RBC transfusion was given more than once. The study
sample, therefore, consisted of 58 instances of RBC transfusion,
which were administered between days 2 and 31 after birth. Pre-
transfusion storage time varied between 2 and 8 days. Infants had
a postmenstrual age between 25.0 and 32.3 weeks on the day of
transfusion. Table 1 includes the baseline characteristics. Table 2
provides characteristics of the administered RBC transfusions.
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Preterm infants

(gestational age < 32 weeks)
n=220 Excluded based on

- Apgar score at 5 min < 5 (4)
| - IVH > Grade Il (5)
- Administration of RBC transfusion (21)
J, - Parents did not understand Dutch (9)
- Major congenital or chromosomal abnormalities (3)

Eligible for inclusion

n=178
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that is CoA, Turner syndrome, major hydrocephalus

No informed consent
I - Deceased before study enrollment (6)

- Parents were not approached because of imminent transfer to another
\L hospital or parents were incapable to give informed consent (33)

- No parental informed consent (39)

Included in STEP trial

n=100

J/ No RBC transfusion during study period (69)

Infants who received

at least one RBC transfusion

n=31

\L No urine samples collected (2)

Infants with collection of urine
before/after RBC transfusion

n=29

Fig. 1 Flowchart of participants. IVH intraventricular hemorrhage, RBC red blood cell, CoA coarctation of the aorta, NICU neonatal intensive
care unit, STEP Study on Transfusion Effects in Preterm infants.

Table 1. Clinical characteristics of participants.

Gestational age, weeks
Birth weight, g

Median (P25-P75) or n (%)
n =58 RBC transfusions in 29
infants

27.3 (25.9-27.9)
865 (750-1128)

SGA 8 (28%)
Sex, male 14 (48%)
Apgar score at 5 min 8 (6-8)
RBC transfusion volume, ml/kg 15 (14-16)
PNA at day of RBC transfusion 17 (10-24)
Mechanical ventilation® 21 (72%)

During RBC transfusion 37 (64%)
PDA during NICU stay® 13 (45%)
NEC within 72 h after RBC 6 (21%)
transfusion
Blood-culture proven sepsis 15 (54%)
during NICU stay
Survival during NICU stay 24 (83%)

SGA small-for-gestational age (<10th percentile), RBC red blood cell, PNA
postnatal age, PDA patent ductus arteriosus, NEC necrotizing enterocolitis,
NICU neonatal intensive care unit.

“Mechanical ventilation indicates synchronized intermittent positive
pressure ventilation, synchronized intermittent mechanical ventilation, or
high-frequency oscillation;

PPDA indicates a hemodynamically significant left-to-right shunt that,
according to the team of neonatologists and cardiologists, required
treatment, i.e., a symptomatic PDA.

Urinary biomarkers

Figure 2a shows an increase in urinary 8-isoprostane levels
following RBC transfusion, from median 282 to 606 pg/ml, p < 0.01
(Fig. 2a). Median increase was 235 pg/ml (IQR 27-540). Urinary
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Table 2. Red blood cell transfusion characteristics.

Median (P25-P75) or n (%)
n =58 red blood cell transfusions in

29 infants
Leukocyte-reduced 58 (100%)
Irradiated? 57 (98%)
Parvovirus-B19 negative 58 (100%)
Pre-transfusion storage 4 (3-5)

time, days

Use of same pedipack® 10/29 subsequent transfusions (34%)

“Irradiated shortly before transfusing.
PPedi-pack indicates a maximum of four units from one donor.

I-FABP levels after RBC transfusion also increased compared with
before RBC transfusion (median 4732 pg/ml versus 6968 pg/ml,
p < 0.01, Fig. 2b). Median increase was 1975 pg/ml (IQR 934-3270).

Urinary 8-isoprostane after RBC transfusion correlated with
I-FABP after RBC transfusion (Spearman’s p = 0.276, p = 0.04). The
magnitude of change (delta of 8-isoprostane levels following the
transfusion) also correlated with the magnitude I-FABP levels
changed (Spearman’s p = 0.623, p < 0.01).

Hemoglobin level, splanchnic oxygen saturation, and
variability

In Fig. 2c, we present Hb-level before, after, and 24-h after RBC
transfusion. Hemoglobin level increased after transfusion, and
further increased up to 24-h later, p < 0.01. Median Hb gain after
24-h was 2.1 mmol/Il (IQR 1.7-2.4).

Figure 2d, shows the course of r,SO, from before RBC
transfusion until 24-h after RBC transfusion. Median baseline r,SO,
was 49%. Following RBC transfusion, r,SO, significantly increased
and a further increase occurred 24-h after RBC transfusion. Median
r.SO, increase from before to 24-h after transfusion was 11% (IQR
—3 to 21). In 6 (10%) cases, r,SO, was lower after transfusion

SPRINGER NATURE
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Fig.2 Urinary 8-isoprostane and I-FABP, hemoglobin level, and splanchnic oxygen saturation at several time points before and after red
blood cell transfusion. a 8-isoprostane before and after red blood cell transfusion. b I-FABP before and after red blood cell transfusion.
c Hemoglobin level before, after, and 24 h after red blood cell transfusion. d Mean splanchnic oxygen saturation before, after and 24 h after
red blood cell transfusion. e CoVar of splanchnic oxygen saturation before, after and 24 h after red blood cell transfusion. Data are presented
as box-and-whisker plots; **p < 0.01; RBC red blood cell transfusion, I-FABP intestinal fatty acid-binding proteins, rsSO, splanchnic tissue
oxygen saturation, CoVar coefficient of variation (calculated as (SD/mean)*100%).

Table 3.

(A) Hemoglobin level, splanchnic oxygen saturation, and pre-transfusion storage time in relation to change in urinary 8-isoprostane level

during RBC transfusion, as analyzed by univariable linear regression analyses. (B) Hemoglobin level, splanchnic oxygen saturation, and pre-
transfusion storage time in relation to change in urinary I-FABP level during RBC transfusion, as analyzed by univariable linear regression analyses.

(A)

Delta hemoglobin before - 24 h after RBC transfusion, mmol/L
Delta mean r,SO, before — 24 h after RBC transfusion, per 10%
Delta CoVar r,SO, before — 24 h after RBC transfusion, per 10%
Pre-transfusion storage time, days

(B)

Delta hemoglobin before - 24 h after RBC transfusion, mmol/I
Delta mean r,SO, before — 24 h after RBC transfusion, per 10%
Delta CoVar r,SO, before — 24 h after RBC transfusion, per 10%
Pre-transfusion storage time, days

Urinary 8-isoprostane levels
after RBC transfusion

B (95% Cl) p

—194 (—486; 99) 0.19
87 (—53; 228) 0.22

—186 (—348; —24) 0.02
70 (=141; 273) 053

Urinary I-FABP levels after RBC
transfusion

B (95% CI) p
—917 (=1705; —129) 0.02
~149 (~513; 215) 041
—479 (—895; —63) 0.03
442 (—123; 1006) 0.12

Delta urinary 8-isoprostane
levels before-after RBC
transfusion

B (95% Cl) p
—186 (—443; 71) 0.15
—14 (=137; 110) 0.82
—157 (=295; —19) 0.03
102 (—85; 289) 0.28

Delta urinary I-FABP levels
before-after RBC transfusion

B (95% Cl) p
—954 (—1661; —246)  <0.01
—400 (—738; —62) 0.02
—187 (—612; 238) 038

256 (—288; 801) 035

B unstandardized coefficient, Cl confidence interval, RBC red blood cell, I-FABP intestinal fatty acid-binding protein, r,SO, splanchnic tissue oxygen saturation,

CoVar coefficient of variation.
Statistically significant p =0.05 values are in bold.

compared with before. In 15 (26%) cases, r;SO, decreased 24-h
after RBC transfusion compared with before transfusion.

Variability of r;SO, as expressed by CoVar is presented in Fig. 2e.
Median CoVar of r,SO, neither differed between before and after
RBC transfusion, nor between before RBC transfusion and 24-h
after RBC transfusion.

Relation between hemoglobin levels, splanchnic oxygen
saturation, and urinary biomarkers

Hemoglobin level before RBC transfusion correlated with the
magnitude of change (delta) in 8-isoprostane levels (Spearman’s
p=0.364, p=0.01). Regarding splanchnic oxygen saturation
before RBC transfusion, the correlation coefficient with a

SPRINGER NATURE

magnitude of change of 8-isoprostane levels following RBC
transfusion just failed to reach significance (Spearman’s p=
—0.276, p = 0.06).

In Table 3A, we present the results of the analyses on urinary
8-isoprostane. We found no significant associations between
changes before and after transfusion of Hb or r,SO, and urinary
8-isoprostane levels. Decreased CoVar of r,SO, was associated
with both higher levels of urinary 8-isoprostane after RBC
transfusion and a higher increase of urinary 8-isoprostane after
transfusion.

In Table 3B, we present the results of the regression analyses on
urinary I-FABP. We found that the magnitude of increase (delta) of
Hb and r,SO, was associated with lower urinary I-FABP after RBC

Pediatric Research
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—10; 21
—36; 8

—5; 21)
—34; 2)

14
—22
1105
3174

—38; 47
—14; 39

-9 21)

12

—38; 47
—36; 41

—3; 21)

11

Mean rSO,, % (before — 24 h after)

CoVar rSO,, % (before — 24 h after)

603; 2816
2137; 4479

706; 2410)

—727; 1512

—1; 491)
201; 2646)

146
IQR interquartile range, RBC red blood cell, I-FABP intestinal fatty acid-binding protein, r,SO, splanchnic tissue oxygen saturation, CoVar coefficient of variation.

—727; 2816
1446

—3519; 4523

27; 540)

235
1975

Urinary 8-isoprostane, pg/ml (before-after)

2205; 4344)

—3519; 3896

934; 3270)

Urinary |-FABP, pg/ml (before-after)
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transfusion. Furthermore, we found that a decrease in CoVar of
r;SO, was associated with higher actual levels of urinary |-FABP
after transfusion.

The pre-transfusion storage time of RBC transfusions did not
influence the degree of oxidative stress or intestinal injury
(Table 3A, B).

Development of NEC within subsequent days

In Table 4, we present the median (IQR), minimum, and maximum
change in hemoglobin level, splanchnic oxygen saturation, and
urinary biomarkers between before and after RBC transfusion,
both for all infants, for infants who did not develop NEC within
72-h after RBC transfusion, and for infants who did develop NEC
within 72-h after RBC transfusion.

Six infants developed NEC within 6-72-h after RBC transfusion.
In infants who subsequently developed NEC, urinary 8-isoprostane
increased after RBC transfusion with a median 1105 pg/ml (IQR
706-2411) compared with 111 pg/ml (IQR —90-491) in infants
who did not develop NEC, p < 0.01. Median increase in urinary
I-FABP was 3174 pg/ml (IQR 2205-4333) in infants who developed
NEC after RBC transfusion versus 1446 pg/ml (IQR 201-2646) in
infants who did not develop NEC, p =0.02.

Infants who developed NEC after transfusion had a higher loss
of splanchnic oxygen saturation variability 24-h after RBC
transfusion compared with infants who did not develop NEC.
Change in CoVar of r,SO, 24-h after transfusion compared with
before was median —22% in NEC cases (IQR —32 to 2) versus —1%
(IQR —5 to 10) in infants who did not develop NEC, p = 0.03.

DISCUSSION

In this study, we demonstrated an increase in urinary
8-isoprostane and I-FABP following RBC transfusion in anemic
preterm infants. The magnitude in which both biomarkers
increased, strongly correlated with each other. Splanchnic oxygen
saturation also increased after RBC transfusion, even up to 24-h
later. A higher increase in both hemoglobin and splanchnic
oxygen saturation 24-h after RBC transfusion was associated with
a lower rise in urinary I-FABP after RBC transfusion, but not with
rise in urinary 8-isoprostane. Furthermore, we found that
particularly diminished r,SO, variability after RBC transfusion was
associated with higher actual levels of both urinary I-FABP and
8-isoprostane after transfusion, and a higher rise of 8-isoprostane
after RBC transfusion. Finally, the magnitude in which urinary
8-isoprostane and I-FABP increased after RBC transfusion was
more pronounced in infants who developed NEC within
subsequent days than in those who did not.

We found higher levels of urinary 8-isoprostane and I-FABP after
RBC transfusion compared with before. The increase in 8-isoprostane
was strongly associated with the increase in I-FFABP, suggesting that
oxidative stress plays an important role in the pathogenesis of
intestinal injury. The higher levels of 8-isoprostane after RBC
transfusion might show hypoxia-reoxygenation injury of the transfu-
sion. Oxidative stress can typically occur during post-hypoxic
reperfusion, such as during and after RBC transfusion. Excess
production of ROS has been shown following hypoxia-reperfusion
and has been suggested to be one of the most likely contributors to
reperfusion-induced oxidative stress.3®%’

The change in splanchnic oxygen saturation was not associated
with a level of oxidative stress as assessed by 8-isoprostane. Our
results suggest that an increase in r,SO, may not (fully) explain the
oxidative stress following RBC transfusion. This may be caused by
the fact that r,SO, is the result of the balance between oxygen
supply and consumption. When intestinal oxygen consumption
diminishes, for example as a result of intestinal injury, r,SO, will
rise, while oxygen supply does not. Another explanation for not
finding the relation between r,SO, increase and oxidative stress,
might be that isoprostane levels have been associated with

SPRINGER NATURE
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several other complications of prematurity, related to injury by
free radicals, such as a PDA, intraventricular hemorrhage, and
bronchopulmonary dysplasia.3®3° We, however, found a signifi-
cant increase in a relatively short period, which supports the
notion that the increased oxidative stress is, at least partly,
associated with the RBC transfusion. Furthermore, in contrast to
the actual levels of r,SO,, a decrease in r,SO, variability, as
expressed by the CoVar, was associated with both higher actual
levels of 8-isoprostane after RBC transfusion and the magnitude in
which 8-isoprostane increased after transfusion. We speculate
that, as a result of the oxidative stress, the injured intestinal wall
shows a reduced variability in r;SO,.

The higher levels of urinary I-FABP we found after RBC
transfusion compared with before, are suggestive for intestinal
injury following RBC transfusion. Elevated levels of I|-FABP
represent intestinal epithelial cell injury,?* supporting the hypoth-
esis of the intestines being vulnerable for injury following RBC
transfusion, possibly worsened by anemia severity before RBC
transfusion. These results suggest that RBC transfusions cause
intestinal injury. In our series, the magnitude by which |-FABP
increased may reflect a predilection toward NEC. In case of NEC
development, however, previously it was demonstrated that the
increase in I-FABP particularly occurred shortly before or just after
clinical symptoms of NEC,2*?* which in our population occurred in
six infants within 72 h after RBC transfusion. Furthermore, the
urinary I-FABP levels we measured were rather low compared to
I-FABP levels previously related to NEC development.?>>® Even so,
I-FABP has a short half-life, making it a relatively time-sensitive
marker, implying that elevated levels of I-FABP after RBC
transfusion represent either mild or more severe intestinal injury,
in some cases followed by NEC.

We contemplated on how we could explain our findings
pathogenetically. A decrease in r,SO, variability, was associated
with higher levels of urinary 8-isoprostane and |-FABP after RBC
transfusion. Intestinal injury in preterm infants has previously
been reported to be associated with a diminished rSO,
variability.?*="% Qur results are in line with those associations,
as the presence of reduced variability co-occurred with higher
urinary levels of biomarkers for intestinal cell injury after the RBC
transfusion. This indicates that intestinal epithelial injury is
reflected by an inadequate splanchnic vasculatory response,
possibly due to an inability to adapt to changes in the balance
between oxygen supply and demand. Whether the diminished
variability of splanchnic oxygenation is the cause or the result
from intestinal injury cannot be deducted from our data. Our
data, however, do indicate that oxidative stress plays a key role,
because it is also related to markers of intestinal injury and
diminished splanchnic variability after RBC transfusion. We
speculate therefore that increased oxidative stress and its
concomitant intestinal injury are part of the pathogenesis of
intestinal epithelial injury following RBC transfusion, potentially
resulting in NEC.

Concerning splanchnic oxygenation during and after RBC
transfusion, we confirmed previously published results on
increased r,SO, following RBC transfusions in preterm infants.?”°
The increased r,SO, lasted even up to 24-h after completing RBC
transfusion. Remarkably, we found that a higher increase in
splanchnic oxygenation was associated with a lower increase or
decrease in urinary |I-FABP after RBC transfusion. We speculate
that high or low actual levels of splanchnic oxygen saturation
might be less sensitive for oxygen supply, possibly as a result of
the constant changing balance between splanchnic oxygen
supply and demand. The conflicting results on high and low
SO, in infants who developed (un-)complicated NEC may
support this hypothesis.>*324142 Alternative explanations for the
association between less increase in r,SO, and more increase in
urinary I-FABP following RBC transfusion may be either ongoing
anemia/anemic hypoxia or that the splanchnic circulation is
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already affected as a result of intestinal injury due to the earlier
hypoxic state.

Infants who subsequently developed NEC after transfusion
showed a larger increase in urinary 8-isoprostane and |-FABP
compared to infants who did not develop NEC. These findings,
combined with the lower gain in splanchnic oxygen saturation,
may demonstrate the susceptibility of the preterm splanchnic
vasculature to intestinal injury and might support the hypothesis
of NEC development after RBC transfusion. Of course, multiple
factors are related to NEC etiology including prematurity, enteral
feeding, diminished splanchnic perfusion, an altered intestinal
microbiota, and excessive inflammation responses.”*™*> Moreover,
preterm infants that receive an RBC transfusion are mostly the
smaller, younger, and sicker ones. Therefore, they already have a
higher risk of developing NEC, as can be observed in the high NEC
incidence in our selected population.

We are aware of several limitations of our study. First, we
performed the study with a relatively small sample size. The
single-center design allowed us to minimize variations in sample
collection and laboratory procedures. Second, two infants could
not be included in this analysis because of missing urine samples
due to logistic reasons. All data, however, were collected
prospectively. Third, we cannot rule out other factors that may
have affected urinary 8-isoprostane and I-FABP levels. We,
however, compared the measurements within a relatively short
period before and after RBC transfusion.

CONCLUSION

RBC transfusions are associated with an increase in both
8-isoprostane and I-FABP, urinary biomarkers for oxidative stress
and intestinal injury, in preterm infants. The extent to which both
biomarkers increased strongly correlated, suggesting a role for
oxidative stress in the pathogenesis of intestinal injury following
RBC transfusion. RBC transfusions increased splanchnic oxygen
saturation even up to 24-h after transfusion, but splanchnic
oxygenation was not related to the level of oxidative stress.
However, a lower splanchnic oxygen saturation variability after
RBC transfusion was associated with higher levels of urinary
8-isoprostane and I|-FABP and its changes before and after,
suggesting reduced vascular adaptation capabilities. Loss of
splanchnic variability may thus be a result of the increased
oxidative stress and its concomitant intestinal injury following
transfusion. This may represent the early pathogenetic process of
transfusion-associated NEC.
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