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Abstract: Nutrition in early life has an impact on white matter (WM) development in preterm-
born babies. Quantitative analysis of pixel brightness intensity (PBI) on cranial ultrasound (CUS)
scans has shown a great potential in the evaluation of periventricular WM echogenicity in preterm
newborns. We aimed to investigate the employment of this technique to objectively verify the
effects of parenteral nutrition (PN) on periventricular WM damage in preterm infants. Prospective
observational study including newborns with gestational age at birth <32 weeks and/or birth weight
<1500 g who underwent CUS examination at term-equivalent age. The echogenicity of parieto—
occipital periventricular WM relative to that of homolateral choroid plexus (REcp) was calculated
on parasagittal scans by means of quantitative analysis of PBI. Its relationship with nutrient intake
through enteral and parenteral routes in the first postnatal week was evaluated. The study included
42 neonates for analysis. We demonstrated that energy and protein intake administered through
the parenteral route positively correlated with both right and left REcp values (parenteral energy
intake vs. right REcp: r = 0.413, p = 0.007; parenteral energy intake vs. left REcp: r = 0.422, p = 0.005;
parenteral amino acid intake vs. right REcp: r = 0.438, p = 0.004; parenteral amino acid intake vs.
left REcp: r = 0.446, p = 0.003). Multivariate linear regression analysis confirmed these findings.
Quantitative assessment of PBI could be considered a simple, risk-free, and repeatable method to
investigate the effects of PN on WM development in preterm neonates.

Keywords: white matter; echogenicity; pixel brightness intensity; cranial ultrasound; enteral nutrition;
parenteral nutrition; preterm newborn

1. Introduction

The deleterious impact of enhanced parenteral nutrition (PN) on brain development
still represents an emerging body of evidence [1]. Although prior research suggested that
children receiving a nutrient-enriched diet by the enteral route in postnatal weeks after
preterm birth had significantly larger encephalic volumes and better neurodevelopment [2],
more recent investigations showed that higher macronutrient intakes through the parenteral
route early in life resulted in worse neurological outcome [1,3]. The reasons for such
divergent results could lie in the route of administration of nutrients: according to this
hypothesis, higher nutrient intakes through the enteral route could be associated with a
reduced risk of brain damage; conversely, parenteral administration of large amounts of the
same substances could have a negative impact on neurological outcomes in preterm-born
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babies. White matter (WM) is highly susceptible to damage in these patients; indeed, WM
injury is detected to some extent in up to 50% of very low birth weight (VLBW) infants [4-9].
Prevention of even milder forms of WM injury is crucial, considering their relationship
with long-term neurodevelopmental impairment [4,6,10].

Given the influence of nutritional strategy on cerebral development, defining the
effects of different dietary approaches on brain injury is a priority for neonatologists.
Unfortunately, the diagnostic method to identify WM injury associated with nutrient intake
is largely undefined. Various techniques are currently used to investigate brain injury in
preterm-born infants, including magnetic resonance imaging (MRI) that is deemed as the
gold-standard approach in this sector [4,5]. However, this method has some limitations, as
it is costly and involves both transfer and sedation of the baby [4,5,11], which could increase
parental stress [12]. Furthermore, accessibility to MRI is often limited, which renders serial
scanning difficult [4,5]. In contrast, cranial ultrasound (CUS) is a bedside technology that
permits secure and trustworthy serial imaging, even in unstable patients; it also allows
the diagnosis of a broad range of cerebral pathological conditions and the evaluation of
damage over time, as well as brain development [4,5,13-15]. However, CUS is limited
by potential discrepancies in technical acquisition of images, and intra- and interobserver
variability, which burden the analysis of scans [4,16,17]. To limit these aspects, especially
the problem of subjective interpretation of ultrasonography, different techniques have been
developed in the last decades, including the employment of nanotechnology [4,18-29].
Among these tools, quantitative analysis of pixel brightness intensity (PBI) [30] has been
successfully used to measure the echogenicity of periventricular WM and to assess the
relationship between computed values and short- and middle-term neurodevelopment
in preterm newborns [4,18]. Starting from these premises, we aimed to investigate the
employment of quantitative evaluation of PBI to objectively verify the effects of PN on
periventricular WM damage in preterm babies.

2. Materials and Methods
2.1. Patients

In a prospective observational investigation, we recruited preterm newborns with
gestational age (GA) at birth <32 weeks and/or birth weight (BW) <1500 g, consecutively
admitted to the level III Neonatal Intensive Care Unit (NICU) [31] of Policlinico Umberto
I Hospital, Sapienza University of Rome, between 1 January and 31 December 2023. In-
fants were excluded if they had WM injury > grade 2 according to de Vries et al. [32],
subcortical WM damage, grade III or IV intraventricular hemorrhage (IVH), hydrocephalus,
porencephaly, major congenital malformations, epileptic encephalopathies [33], heredi-
tary metabolic diseases, perinatal asphyxia, or cerebral infections. Genetic syndromes
represented an additional exclusion criterion; the mothers of all eligible infants had to
exhibit a negative result at the non-invasive prenatal testing (NIPT) before enrollment.
Accordingly, patients would have been excluded even in the case of postnatal diagnosis of a
genetic disorder of any kind. Inclusion and exclusion criteria were presented to all subjects
belonging to the medical and nursing staff of our NICU during dedicated meetings, which
were performed before the beginning of the enrollment process. Thus, physicians were
unaware about the study aims but responsible for the enrollment of eligible patients.

2.2. Nutritional Protocol

In stable or relatively stable newborns, we initiated enteral nutrition (EN) as soon
as possible after birth and, in all cases, within 48 h after birth [1]. In unstable patients,
EN was started as soon as clinical conditions improved [1]. In this case, it was possible
to commence EN even after the first 48 h of life [1]. In all cases, EN was initiated as
minimal enteral feeding (10-20 mL/kg/day) [1]. Thus, the amount of EN was increased
by 20-30 mL/kg every day, in relation to the degree of tolerance of EN. We preferred
to feed enrolled babies by means of maternal milk. Thus, if available, fresh maternal
milk without fortifications was administered through the enteral route. In case maternal
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milk was not available or sufficient, proper preterm formula was given; donor breast
milk was not available during the study period. We considered the following signs as
markers of feeding intolerance: vomiting, severe abdominal distension associated with
ileus and visible intestinal loops, blood in the stools, and even some systemic disorders
(i.e., apnea, bradycardia, inadequate perfusion, hemodynamic instability, and lethargy).
In cases when one or more of the previous signs were observed, EN was withheld for at
least 24 h [34,35]. PN was administered from birth to ensure proper fluid, electrolyte, and
nutrient intake before exclusive enteral feeding (100-120 kcal/kg/day) was achieved. The
overall fluid intake administered with EN and PN started with 80 mL/kg/day and slowly
increased by 10-20 mL/kg/day until reaching 150 mL/kg/day. Our protocol foresaw
parenteral administration of 2.5 g of amino acids on the first day of life; thus, we increased
overall amino acid intake up to 3.2 g/kg/day, with >25 kcal for each gram of amino
acids. Total glucose intake was started at 6 g/kg/day and increased up to 13 g/kg/day.
Overall lipid intake was started at 1 g/kg/day and increased up to 3.5 g/kg/day. In
daily clinical practice, fluid and nutrient intakes through minimal enteral feeding were not
accounted in the calculation of overall daily intakes. Since EN exceeded 20 mL/kg/day,
target doses of macronutrients referred to enteral plus parenteral intakes of each one;
particularly, we adjusted parenteral intake of these substances based on the amount of EN
tolerated. Parenteral and enteral intakes of energy and macronutrients in the first week
of life (measured as kcal/kg/first week and g/kg/first week, respectively) expressed the
actual amount of energy and macronutrients coming from enteral and parenteral routes of
administration over the first 7 days of life. Sources of parenteral macronutrients were as
follows: (1) for amino acids: TrophAmine® 6%, Braun Medical Inc., Irvine, CA, USA; (2) For
lipids: Smoﬂipid®, Fresenius Kabi, Lake Zurich, IL, USA; (3) For carbohydrates: dextrose
injection 10-33%, Fresenius Kabi, Lake Zurich, IL, USA. Preterm human milk was assumed
to contain 65 kcal/100 mL (proteins 1.5 g/100 mL, lipids 3.5 g/100 mL, carbohydrates
6.9 g/100 mL). Macronutrient contents of formula milk (Pre-Nidina Nestle®: proteins
2.1 g/100 mL, lipids 3.9 g/100 mL, carbohydrates 7.8 g/100 mL, energy 75 kcal /100 mL)
were obtained from the published manufacturer’s labels.

2.3. Acquisition and Analysis of CUS Scans

CUS examinations were carried out at term-equivalent age (TEA), or 370/7_416/7
weeks’ postmenstrual age (PMA). Ultrasonographic scans were performed by a single
researcher, a neonatologist with 23 years of experience in CUS and neonatal neuroimag-
ing, who was unaware of the study purposes. Particulars of image acquisition have been
outlined elsewhere and recorded hereinafter [4]. CUS examinations were done by using
an Affiniti 50G scanner (Philips Healthcare, Andover, MA, USA) with an 8-5 MHz convex
probe. No attempts were performed to restrict the ultrasound machine or the investigator’s
ability to capture the best images possible. Each CUS examination comprised a minimum of
six standard coronal and five parasagittal scans through the anterior fontanelle. The sonog-
rapher was responsible for the diagnosis of some conditions which constituted a reason for
exclusion of patients (e.g., WM injury >grade 2 according to de Vries et al. [32], subcortical
WM damage, grade III or IV IVH, hydrocephalus, porencephaly, and malformations of the
central nervous system). In case of diagnostic doubt, the sonographer met two expert physi-
cians, and together they discussed the case and reached a definitive diagnosis. In the event
that a condition representing an ultrasonographic exclusion criterion was diagnosed, the
patient was dismissed from the study and included in a dedicated follow-up service. Two
investigators, unaware of clinical information, acted as third-party observers. They selected
right and left parasagittal scans through the body of the lateral ventricle and carried out
quantitative analysis of the echogenicity of parieto-occipital periventricular WM relative to
that of homolateral choroid plexus (CP) by means of QLAB13 (Philips, Andover, MA, USA)
image processing software. First, the anatomical borders of parieto-occipital periventricular
WM and the middle part of homolateral CP were manually drawn on the same parasagittal
scans; thus, square-shaped regions of interest (ROIs) with a fixed surface (1.00 mm?) in
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all scans were delineated and positioned on the most hyperechoic portion of both the
parieto-occipital periventricular WM and the middle part of the ipsilateral CP. In this way,
we automatically obtained the mean PBI (mPBI) value for the selected ROls; possible values
ranged from 0 (black) to 255 (white). The echogenicity of parieto—occipital periventricular
WM relative to that of homolateral CP (REcp) corresponded to the ratio between the mPBI
value of parieto-occipital periventricular WM and the mPBI value of the middle part of CP
(mPBlIywn /mPBlcp) within the selected ROIs. Each observer had five attempts to detect
the highest possible REcp value in both sides of the brain. At this point, every single
researcher selected the highest REcp value he found in each cerebral hemisphere. Thus, we
used the highest overall value of REcp for each side, independently from the researcher,
for calculation of mean right and left REcp values and their standard deviations, and for
correlation and multivariate analyses. Consequently, we selected for these purposes the
highest of ten REcp values (five for each researcher) for both sides of the brain. In addition,
we considered the highest REcp value from each researcher for each cerebral hemisphere
and calculated the inter-observer variability relative to the measurement of the highest
REcp value in each side of the brain. Several days later, both observers performed the same
quantitative analysis of brain echogenicity. Thus, we used the highest right and the highest
left REcp values coming from the two separate analyses by the two researchers over time
and calculated the intra-observer variability relative to the measurement of the highest
REcp value in both sides of the brain in the two different time points. CUS scans in which
the parieto-occipital periventricular WM was not completely evident were not used for
the aims of the present investigation. Details about the technology used to calculate mPBI
values within the selected ROIs are provided in Figure 1.

mean (area*brightness) of pixels within the selected RO! D

mean (area*brightness) of pixels within the selected RO

3 4 5 6

mean brightness of pixels
within the selected ROI

7 8 9 10 11 12 13 14 15 16

Pixel n®

mean area of pixels within the selected ROI

Figure 1. Details about the methodology used to calculate mean pixel brightness intensity (mPBI)
values within selected regions of interest (ROIs). Firstly, we delimited a specific RO in this case,
ROl is located within the parieto-occipital periventricular white matter (red box in A, as indicated
by the arrow). Based on its size, the selected ROI contains a number of pixels (i.e., the smallest unit
of a digital image); each pixel has its own brightness ranging from 0 (black) to 255 (white)—(B). The
contribution of each pixel in determining the mPBI of the selected ROI depends on its brightness,
and even on its location within the ROI; the graph in (C) represents this concept. By dividing the
sum of (area xbrightness) of all pixels for the number of pixels within the ROI, we obtain the mean
(areaxbrightness) of the pixels. If we divide the mean (areaxbrightness) for the mean surface of
pixels, we obtain the mPBI value of pixels within the selected ROI (D).
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2.4. Statistical Analysis

Statistical Package for Social Science software (SPSS Inc., Chicago, IL, USA), version
27.0, was used to perform the statistical analysis. Normality was checked by means of the
Shapiro-Wilk test; mean and standard deviation (SD) summarized continuous variables,
while number and percentage described categorical variables. The correlation between
REcp values and continuous variables (including macronutrient and energy intakes by both
enteral and parenteral routes) was evaluated by using Pearson correlation. In order to assess
the impact of potential confounding variables on the relation between nutritional intakes in
the first week of life and REcp values at TEA, we carried out multivariate linear regression
analysis using the statistically significant factors at univariate analysis and potentially
crucial postnatal variables as covariates. The intraclass correlation coefficients (ICCs) were
calculated to assess the inter- and intra-observer variability in the identification of the
highest REcp values of both sides of the brain, as reported elsewhere [36]. In the assessment
of intra-observer reliability, we reported the lowest ICC for each side. For statistical
significance, we considered a p value < 0.05. The post-hoc statistical power for multiple
regression studies was calculated by means of the Free Statistics Calculators version 4.0
(available online at https://www.danielsoper.com/statcalc/, accessed on 25 August 2024).
A statistician blinded to the study aims, characteristics of enrolled patients, and results
of the quantitative evaluation of WM relative echogenicity, analyzed the encrypted data.
Codes were revealed at the end of statistical analysis.

2.5. Ethics

The study was performed in accordance with the World Medical Association Declara-
tion of Helsinki for medical research including human subjects. The investigation procedure
was validated by the Ethics Committee of Policlinico Umberto I Hospital, Sapienza Univer-
sity of Rome (no. 5089; 13 September 2018). Written informed consent was received from
parents or legal guardians of all infants before enrollment.

3. Results

Forty-six eligible newborns were identified. We excluded four patients because of
cystic periventricular leukomalacia (1 = 2), congenital infection (1 = 1), and genetic syn-
drome (n = 1); thus, 42 neonates were included for analysis. The main characteristics of the
study population are shown in Tables 1 and 2. Enteral and parenteral nutritional intakes of
enrolled infants in the first week of life are reported in Table 3. Mean right and left REcp
values at TEA were 0.83 4= 0.12 and 0.79 £ 0.12, respectively; these values are similar to
those previously found in a population of newborns with GA at birth < 32 weeks [4].

Table 1. Characteristics of the study population (1 = 42). Data are expressed as mean =+ standard
deviation, when not specified.

Gestational age, weeks 29.14 +2.31
Birth weight, g 1266.60 + 425.83
Male sex, 1 (%) 17 (40.5)
Cesarean section, 7 (%) 38 (90.5)
Twins, n (%) 13 (31.0)
1 min Apgar score 6.38 = 1.65
5 min Apgar score 8.19 + 0.89
Arterial cord blood pH 7.29 £0.07
Base excess on arterial cord blood —4.46 +2.92

Clinical risk index for babies-II score 6.33 = 3.92
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Table 1. Cont.

Small for gestational age, 1 (%) 6 (14.3)
Intrauterine growth restriction, 1 (%) 6 (14.3)
Necrotizing enterocolitis, 1 (%) 3(7.1)
Intraventricular hemorrhage grade I-1I, n (%) 0(0.0)
Periventricular leukomalacia, 1 (%) 16 (38.1)
Sepsis proven by positive cultures, 1 (%) 2(4.8)
Retinopathy of prematurity, 1 (%) 7 (16.7)
Bronchopulmonary dysplasia, n (%) 0(0.0)
Patent ductus arteriosus, 1 (%) 10 (23.8)
Anemia of prematurity, n (%) 10 (23.8)
Duration of invasive mechanical ventilation, days 238 £1.24
Start of enteral nutrition, days of life 1.33 +0.80
Duration of parenteral nutrition, days 14.79 £+ 12.76
Length of hospital stay, days 60.17 £ 23.69

Table 2. Maternal characteristics of the study population (1 = 42). Data are expressed as mean =+ stan-
dard deviation, when not specified.

Maternal age, years 33.38 £3.71
Gestational diabetes, 1 (%) 4(9.5)
Maternal hypertension, 1 (%) 8 (19.0)
Abnormal uterine artery Doppler flow velocimetry, n (%) 9(21.4)
Maternal thyroid disorders during pregnancy, n (%) 4(9.5)
Placental abruption, 1 (%) 4(9.5)
Antenatal steroids @, n (%) 32(76.2)

2 Intramuscular steroids cycle in two doses of 12 mg over a 24 h period.

Table 3. Enteral and parenteral nutritional intakes of the study population (1 = 42). Data are expressed
as mean = standard deviation.

Parenteral energy intake 0-7 DoL (kcal/kg/1st week) 346.96 1+ 158.78
Parenteral amino acid intake 0-7 DoL (g/kg/1st week) 15.05 + 4.50
Parenteral lipid intake 0-7 DoL (g/kg/1st week) 9.96 +7.12
Parenteral carbohydrate intake 0-7 DoL (g/kg/1st week) 44.60 £ 16.29
Enteral energy intake 0-7 DoL (kcal/kg/1st week) 191.93 + 146.86
Enteral protein intake 0-7 DoL (g/kg/1st week) 5.66 + 4.33
Enteral fat intake 0-7 DoL (g/kg/1st week) 9.67 £7.99
Enteral carbohydrate intake 0-7 DoL (g/kg/1st week) 19.13 £ 15.75

Table legend: DoL, day(s) of life.

Correlations between right and left REcp values at TEA and characteristics of the
study population, including intakes of energy and macronutrients by both enteral and
parenteral routes in the first week of life, are shown in Table 4. We found a significant
negative relationship between BW and right REcp (r = —0.337, p = 0.029). Furthermore,
we demonstrated a statistically significant, positive relationship between duration of PN
administration and right REcp (r = 0.335, p = 0.030); a similar relation was proved between
timing of introduction of EN and left REcp values (r = 0.308, p = 0.048). Notably, energy and
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protein intakes administered through the parenteral route in the first week of life positively
correlated with both right and left REcp values at TEA (parenteral energy intake vs. right
REcp: r = 0413, p = 0.007; parenteral energy intake vs. left REcp: r = 0.422, p = 0.005;
parenteral amino acid intake vs. right REcp: r = 0.438, p = 0.004; parenteral amino acid
intake vs. left REcp: r = 0.446, p = 0.003). Statistically significant, positive relationships
between parenteral intakes of energy and amino acids in the first week of life and REcp
values of both sides at TEA are graphically represented in Figure 2.

Table 4. Correlations between characteristics of the study population, including enteral and parenteral
nutritional intakes, and REcp values from both left and right parasagittal scans at term-equivalent age.

Left REcp Right REcp
Gestational age (weeks) r=—0.140 r=-0.179
Birth weight (g) r=-—0.121 r=—0.337*
Arterial cord blood pH r=0.148 r=0.028
Base excess on arterial cord blood r=0.047 r=-0.174
Clinical Clinical risk index for babies-II score r=0.034 r=0.125
variables Duration of invasive mechanical ventilation (days) r=0.053 r=0.221
Start of enteral nutrition (days of life) r=0.308* r=0.248
Duration of parenteral nutrition (days) r=0.235 r=0.335"*
Length of hospital stay (days) r=0.176 r=0.246
Maternal age (years) r=0.025 r=0.128
Parenteral energy intake 0-7 DoL (kcal/kg/1st week) r=0422* r=0413*
Parenteral amino acid intake 0-7 DoL (g/kg/1st week) r=0.446* r=0438*
Parenteral lipid intake 0-7 DoL (g/kg/1st week) r=0.306 r=0.198
Parenteral carbohydrate intake 0-7 DoL (g/kg/1st week) r=0.222 r=0.264
Nutritional variables
Enteral energy intake 0-7 DoL (kcal/kg/1st week) r=—-0.276 r=—0.261
Enteral protein intake 0-7 DoL (g/kg/1st week) r=-0284 r=—-0.260
Enteral fat intake 0-7 DoL (g/kg/1st week) r=-0.279 r=—-0.267
Enteral carbohydrate intake 0-7 DoL (g/kg/1st week) r=-0279 r=—0.260

Table legend: DoL, day(s) of life; REcp, echogenicity of parieto-occipital periventricular white matter relative to
that of homolateral choroid plexus; *, statistically significant (p < 0.05).

The results of multivariate linear regression analysis between right and left REcp
values at TEA and parenteral intakes of energy and amino acids in the first week of life are
shown in Tables 5 and 6.

As regards the relationship between right REcp at TEA and four predictors (duration
of invasive mechanical ventilation (MV), start of EN, duration of PN, and parenteral energy
intake in the first week of life), we demonstrated that the overall model was statistically
significant (F = 21,008; p = 0.000). Thus, the combined predictors significantly explained
the variance in right REcp values. The model accounted for a substantial proportion of
the variance in right REcp values at TEA (R? = 0.689). Among predictors, only parenteral
energy intake in the first week of life reached statistical significance (t = 3335; p = 0.002).
The standardized coefficient ([3) of this variable suggested that parenteral energy intake in
the first week of life had a positive strong impact (3 = 0.544) on right REcp values at TEA.
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Figure 2. Significant correlations between REcp values from both left and right parasagittal scans at
term-equivalent age and parenteral energy/amino acid intake per kg body weight during the first
week of life in preterm newborns. Parenteral energy intake 0-7 DoL (kcal/kg/1st week): left REcp
(r = 0.422, p = 0.005) and right REcp (r = 0.413, p = 0.007). Parenteral amino acid intake 0-7 DoL
(g/kg/1st week): left REcp (r = 0.446, p = 0.003) and right REcp (r = 0.438, p = 0.004).
Table 5. Multivariate analysis of covariates influencing right REcp values at 37%/7-41°/7 weeks
postmenstrual age in preterm newborns.
95% C.I. for B
Dependent Variable Right REcp at TEA B S.E. [§) p-Value
Lower Upper
Duration of invasive MV —0.014 0.013 —0.125 0.279 —0.040 0.012
Start of EN 0.007 0.058 0.018 0.909 —0.110 0.124
Covariates (model T) Duration of PN 0.016 0.008 0.370 0.062 —0.001 0.032
Parenteral energy intake ) 0.000 0.544 0.002 * 0.000 0.002
0-7 DoL
Duration of invasive MV —0.015 0.013 —0.137 0.244 —0.042 0.011
Start of EN —0.006 0.060 —0.015 0.924 —0.127 0.116
Covariates (model IT) Duration of PN 0.018 0.008 0.426 0.033* 0.002 0.034
Parenteral amino acid 0.027 0.009 0515 0.005 * 0.009 0.046

intake 0-7 DoL °

Legend: C.I., confidence interval; DoL, day(s) of life; EN, enteral nutrition; MV, mechanical ventilation; PN,
parenteral nutrition; REcp, echogenicity of parieto-occipital periventricular white matter relative to that of
homolateral choroid plexus; S.E., standard error; TEA, term-equivalent age; °, per kg body weight; *, statistically
significant (p < 0.05).
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Table 6. Multivariate analysis of covariates influencing left REcp values at 370/7—41%/7 weeks
postmenstrual age in preterm newborns.

95% C.I. for B

Dependent Variable Left REcp at TEA B S.E. B p-Value
Lower Upper
Duration of invasive MV —0.017 0.012 —0.158 0.172 —0.041 0.008
Start of EN 0.023 0.055 0.063 0.682 —0.088 0.134
Covariates (model I) Duration of PN 0.013 0.008 0.330 0.095 —0.002 0.029
Parenteral energy intake ) ) 0.000 0.562 0.001 * 0.000 0.002
0-7 DoL

Duration of invasive MV —0.018 0.012 —0.171 0.149 —0.043 0.007
Start of EN 0.011 0.057 0.029 0.855 —0.105 0.126
Covariates (model II) Duration of PN 0.015 0.008 0.387 0.051 0.000 0.031
Parenteral amino acid 0.027 0.009 0.531 0.004 * 0.009 0.044

intake 0-7 DoL °

Legend: C.I, confidence interval; DoL, day(s) of life; EN, enteral nutrition; MV, mechanical ventilation; PN,
parenteral nutrition; REcp, echogenicity of parieto-occipital periventricular white matter relative to that of
homolateral choroid plexus; S.E., standard error; TEA, term-equivalent age; °, per kg body weight; *, statistically
significant (p < 0.05).

Regarding the relation between left REcp at TEA and four predictors, including
parenteral energy intake in the first week of life, we found that the overall model was
statistically significant (F = 21,135; p = 0.000). Thus, the combined predictors significantly ex-
plained the variance in left REcp values. Particularly, the model accounted for a substantial
proportion of the variance in left REcp values at TEA (R? = 0.690). Among predictors, only
parenteral energy intake in the first week of life reached statistical significance (t = 3450;
p = 0.001). The standardized coefficient of this variable suggested that parenteral energy
intake in the first week of life had a positive strong impact (f = 0.562) on left REcp values
at TEA.

We also investigated the relationship between right REcp at TEA and four predictors
(duration of invasive MV, start of EN, duration of PN, and parenteral amino acid intake in
the first week of life). The overall model was statistically significant (F = 19,745; p = 0.000),
indicating that the combined predictors significantly explained the variance in right REcp
values. In addition, this model accounted for a substantial proportion of the variance in
right REcp values at TEA (R? = 0.675). Among predictors, both parenteral amino acid
intake in the first week of life and duration of PN reached statistical significance (t = 3015
and p = 0.005 for parenteral amino acid intake; ¢ = 2218 and p = 0.033 for duration of PN).
The standardized coefficients of these variables showed that both had a positive impact on
right REcp values at TEA (3 = 0.515 for parenteral amino acid intake, 3 = 0.426 for duration
of PN). These results suggested that parenteral amino acid intake in the first week of life
and duration of PN are key factors influencing right REcp values at TEA, with the first of
the two having the strongest positive impact.

Finally, regarding the relation between left REcp and four predictors including par-
enteral amino acid intake in the first week of life, we found that the overall model was
statistically significant (F = 19,764; p = 0.000); this indicates that the combined predictors
significantly explained the variance in left REcp values. This model accounted for a sub-
stantial proportion of the variance in left REcp values at TEA (R? = 0.675). However, among
predictors, only parenteral amino acid intake in the first week of life showed statistical
significance (f = 3109; p = 0.004). The standardized coefficient of this variable suggested that
parenteral amino acid intake in the first week of life had a positive strong impact (3 = 0.531)
on left REcp values at TEA.

Post-hoc statistical power for multiple regression studies was 1.0, thus demonstrating
that sample size was large enough to detect meaningful results.
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ICCs showed high reliability, regarding both inter-observer [right REcp: 0.967 (95%
CI = 0.939-0.982); left REcp: 0.973 (95% CI = 0.949-0.985)] and intra-observer [right REcp:
0.960 (95% CI = 0.925-0.978); left REcp: 0.972 (95% CI = 0.948-0.985)] variability in the
identification of the highest REcp value in both sides of the brain.

4. Discussion

Quantitative analysis of parieto-occipital periventricular WM echogenicity in preterm-
born babies revealed that larger amounts of energy and amino acids early in life were
associated with an increased risk of cerebral damage, when administered through the
parenteral route.

Although several intervention and observational studies have formerly analyzed the
influence of dietary approach on WM development in preterm infants by means of different
neuroimaging techniques [2,37-51], a large part of these investigations focused exclusively
on the effect of cumulative intakes of energy and macronutrients on the developing WM,
without considering the route of nutrient administration [37,38,44—48,51]. Given the poten-
tial impact of this factor on neurodevelopment and cerebral growth in preterm infants [52],
it is essential to evaluate the effects of nutritional strategies, taking into account the route of
nutrient administration. Considering the studies analyzing effects of enteral and parenteral
intakes separately [2,39-43,49,50], we found that most of these investigations showed a
positive impact of feeding strategies in which nutrients were mainly administered through
the enteral route since the first days of life [2,39-41,43,49].

In this regard, prior studies pointed out a positive association between enteral protein
intake and fractional anisotropy (FA) in several WM tracts [39-41,49]; additionally, a similar
relation was demonstrated for enteral carbohydrate [39], lipid [39-41], and energy [39—41]
intakes. Sato et al. showed that patients receiving higher protein, lipid, and energy intakes
through the enteral route early in life reported smaller radial diffusivity (RD) values in the
corpus callosum and posterior thalamic radiation, compared to patients receiving lower
intakes [41]. Even recent evidence confirms the relation between nutritional strategies
in early life and subsequent brain development. As proof, Boscarino et al. observed
that enteral energy intake in the first week of life was positively associated with the
ultrasonographic growth in length of the corpus callosum during the first 28 postnatal
days-together with BW—in preterm-born infants [43]. In support of this hypothesis, we
demonstrated that meeting target nutritional intakes too early in life, when the patient is
clinically unstable, through parenteral administration of high macronutrient amounts is
associated with WM damage identifiable through quantitative analysis of PBI on CUS scans.

Early enteral feeding has the potential to reduce the incidence of some life-challenging
conditions-such as necrotizing enterocolitis and late-onset infections-by improving the
functional adaptation of the gastrointestinal tract and disrupting patterns of adverse mi-
crobial colonization [53,54]. Delayed enteral feeding and intolerance due to intestinal
dysmotility increase the time to full enteral feeds and prolong the duration of intravenous
nutrition, thus increasing the risk of infection and metabolic complications that may ad-
versely affect brain development [53,55].

In past research, we observed that nerve growth factor (NGF) serum levels at 28 days
of life positively correlated with enteral protein and energy intakes in the first week of
life, whereas they negatively correlated with parenteral amino acid and energy intake
administered during the same time period in VLBW infants [1]. Given the role of NGF in
promotion of neuron survival and synaptic remodeling [1], and even in the differentiation
of neural stem cells into oligodendrocytes [56], the route of administration of nutrients
could actually have an impact on brain development. In addition, data from our research
group showed that serum levels of neurofilament light chain (NfL)—a specific and reliable
biomarker of cerebral damage [57-59]—at 28 days of life were significantly lower in VLBW
newborns in which enteral feeding was started within three days of life as compared to
patients receiving nutrients through the enteral route for the first time after this time point.
We also observed a direct correlation between NfL serum levels on postnatal day 28 and PN
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duration in both groups (early EN and late EN), thus evidencing that higher concentrations
of NfL corresponded to long-lasting PN.

In the present study, we observed an association between longer duration of PN
administration and higher parieto-occipital periventricular REcp values, or occurrence of
WM injury in this brain region. Similarly to our studies, some investigations demonstrated
that parenteral feeding duration is associated with a higher risk of WM injury expressed as
increased WM abnormality MRI score according to the Kidokoro system [60], or reduced FA
in several WM tracts [40,61] at TEA [40,60,61]. Notably, Brouwer et al. demonstrated that
infants with GA at birth < 28 weeks and PN > 21 days reported significantly higher WM
abnormality scores with respect to patients subjected to PN for < 21 days [60]. Coviello
et al. enrolled infants with GA < 31 weeks and found that duration of PN was negatively
associated with FA in the posterior limb of the internal capsule at TEA MRI [40]. Finally,
Barnett et al. recruited newborns with GA at birth < 34 weeks and demonstrated that days
of PN were negatively associated with FA in several WM regions at TEA [61].

Even if MRl is the gold-standard method in the field of central nervous system imag-
ing, quantitative analysis of CUS scans enabled us to overcome the issue of discrepancies
in technical acquisition of images, and operator-dependent diversity in the interpretation
of periventricular hyperechogenicities, thus increasing the diagnostic reliability of brain
ultrasonography [4]. Quantitative assessment of echogenicity improves the interpretation
of scans and increases the potential of CUS, especially in those settings where MRI is not
available or not accessible, or the sonographer is alone during his working activity without
possibilities to share his opinions with further colleagues. In addition, this method could
permit us to outline a precise trajectory of brain development in preterm-born babies over
time. Quantitative analysis of CUS scans has already been used in past research to deter-
mine the relationship between WM echogenicity and postnatal and postmenstrual ages, and
the relationship between quantitative WM echogenicity and neuromotor development at
TEA in a cohort of preterm infants [18]. Particularly, Beller et al. demonstrated that REcp of
the frontoparietal WM decreased significantly with advancing postnatal and postmenstrual
ages [18]. Similarly, echogenicity values of frontoparietal and parieto-occipital WM relative
to that of calvarium bone at 2-5 weeks postnatal age and during the predischarge study,
respectively, were significantly associated with neuromotor status at term [18].

We hypothesize that some mechanisms may explain the observed results. First, par-
enteral administration of nutrients is associated with a large number of side effects (i.e., hy-
perglycemia, hyperkalemia, metabolic acidosis, elevated serum blood urea nitrogen, and
high plasma ammonia concentrations), which may affect WM development through in-
creased levels of oxidative stress and inflammation [52,62]. Furthermore, preterm birth
results in a decreased or postponed expression of antioxidant enzymes in oligodendro-
cyte precursor cells, which may become even more vulnerable to oxidative injury and
undergo necrosis or apoptosis [4,63]. Additionally, mitochondrial impairment in critically
ill newborns may exacerbate the production of reactive oxygen species and play a role in
the occurrence of cerebral damage following administration of high energy intakes by the
parenteral route in these patients [64-67]. Furthermore, the presence of reactive oxygen
species also causes the proliferation of oligodendrocyte precursor cells that are not able to
generate myelin [4,63]. Therefore, preterm birth and aggressive PN may be responsible for
impaired myelination with subsequent WM damage and structural reorganization [4,63]. A
further aspect to consider concerns the gut-brain axis. According to this hypothesis, trophic
stimulation of intestinal mucosa by nutrients may promote the secretion of neurotrophins
and other molecules in peripherical tissues which control cerebral development [52]. Thus,
parenteral administration of high nutrient intakes implies reduced function of the axis with
possible brain damage and even impairment of the myelination process [52]. Despite the
increasing body of evidence on the mechanisms of brain damage in preterm newborns,
further studies are advocated to directly assess the ways in which parenteral administration
of nutrients could negatively impact cerebral development in preterm babies.
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Despite being interesting, the results of this investigation should be interpreted while
taking into account specific limitations. First, the association between early energy and
amino acid intake through the parenteral route and REcp values at TEA may be related to
the effects of chance (random error), bias, or confounding factors. However, we verified
that the relation with REcp values persisted even after correction for confounding variables.
To limit detection bias, the researchers involved in REcp measurements were unaware
of clinical information. In addition, they entered encrypted records in the dedicated
database, and a blinded statistician carried out data analysis in order to minimize the
likelihood of assessment bias. Even if no significant variations in NICU practice occurred
during the 12-month-long study period, we cannot exclude that some unquantifiable
variables (e.g., experience of nurses, composition of medical staff) may have, at least
in part, influenced the results of our investigation. We excluded all infants with positive
genetic prenatal testing or postnatal diagnosis of genetic syndromes; however, an undefined
number of the enrolled newborns may be carriers of unknown variants of genes potentially
conditioning WM development and its response to injuries. We think this could not have
influenced our results, given that we have no reason to believe that these variants—if
present—are not distributed randomly among the enrolled babies. Notably, we have shown
a substantial robustness of multivariate analysis; however, the results of our investigation
were obtained from a specific population and could change accordingly with characteristics
of the study sample. The present research defines the effects of nutritional strategies on
brain development up to TEA, a period of life in which the evaluation of neurodevelopment
through designated tests is still not reliable. Thus, our study contributes to increase the
diagnostic potentiality of CUS, a non-invasive, cost-effective, and highly widespread tool,
in early identification of patients at high-risk of neurodevelopmental sequelae.

5. Conclusions

Even if MRI is the gold-standard technique for brain imaging, our results encourage
the use of quantitative analysis of PBI as a method to improve the interpretation of brain
ultrasonography. This technology could be considered a simple, risk-free and repeatable
option to investigate the effects of nutrition on WM development. Administration of
nutrients should mainly occur through the enteral route from the first week of life, whereas
the parenteral route should not be deemed as an alternative to EN for meeting the dietary
requirements of preterm newborns. It would be more prudent to reach target nutritional
intakes in accordance with the babies’ tolerance to EN rather than achieving them from the
first postnatal days through the use of aggressive PN, and monitor the effects of nutritional
strategy on the brain through a non-invasive tool. Given the need to promote safety rather
than effectiveness in the field of neonatal nutrition, this paper suggests a review of current
guidelines [68-70] in accordance with recent advances. In addition, it would be interesting
to evaluate the long-term neurodevelopment of our patients and assess the relationship
between nutritional strategies in early life, brain ultrasonographic appearance at TEA, and
long-term neurodevelopment. Further targeted studies are also needed in order to render
quantitative evaluations of brain echogenicity through the assessment of mPBI a routinary
technique in daily clinical settings.
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