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Abstract: Preterm birth is the leading cause of death in young children, and is often associated with long-
term neurodevelopmental impairment in children that reach school age. Parenteral and enteral nutrition play
a crucial role in the development of the infant admitted to the neonatal intensive care unit (NICU), as it is
the only mean of nutrition for the neonates. However, standard nutrition protocols, not individualized to
the neonate’s specific needs, are followed. A personalization of parenteral and enteral nutrition could help
in the development of the infant brain, and be associated to better clinical outcomes. In particular,
hypoglycaemic and hyperglycaemic episodes have to be avoided, as they are associated with cognitive
impairments and increased mortality rates. Therefore, the availability of a nutritional clinical advisor, able
to suggest the optimal amount of glucose to feed the hospitalized neonates, would be of great help in the
NICU. Needless to say, the preterm neonates are very fragile and glycaemic control algorithms have to be
carefully tested before being applied in this population. Therefore, the first step toward the design of these
tools, is to build up a model able to simulate reliable glucose traces of neonates, to safely and effectively
test such advisory systems. The aim of this study is thus to build a Neonate Glucose Simulator, able to
generate reliable glucose time courses and usable to optimize the control strategy and avoid hyperglycaemic
and hypoglycaemic episodes. The simulator must include a model of glucose-insulin-C-peptide interaction,
possibly accounting for the metabolic processes known to be altered in infants born preterm, a model of
both parenteral and enteral nutrition and a set of virtual neonates representative of real ones. The proposed
Neonate Glucose Simulator was equipped with a population of 100 virtual neonates and the glucose time
courses obtained for the virtual subjects were compared with real data collected on a population of infants
born preterm, monitored during their stay in the NICU, demonstrating the reliability of the newly built tool.
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1. INTRODUCTION Because neonates born preterm have limited substrate storage,
and a high risk of hypoglycaemic episodes, along with limited
tolerance to enteral nutrition, exogenous glucose infusions are
necessary to maintain glucose within the euglycemic range
(Van Kempen et al., 2003) (Patel and Bhatia, 2017).
To this regard, postnatal nutrition is pivotal, both for
maintaining glucose at physiological levels, and to promote
brain growth and long-term neurodevelopment. In fact,
neonates born preterm and admitted to NICU are not usually
breastfed, as they are unable to coordinate sucking,
swallowing and breathing, and have an underdeveloped
gastrointestinal tract; in this scenario, provision of parenteral
nutrition is fundamental to ensure adequate caloric intake and
weight gain during the first weeks of life of infants born
preterm (Charles 1. Schwartz, 2023). Parenteral nutrition
consists of exogenous infusion of metabolites, among which
glucose, and is associated with improved weight gain and head
growth; therefore, it should be started right after birth, possibly
within the first 8 hours after the child’s birth (Patel and Bhatia,
2017). Conversely enteral feeding consists of administering
milk (human breast milk or formula milk) directly in the
stomach through a catheter, either through a continuous

Prenatal birth is the major cause of death among children under
5 years old. Children born prematurely that reach school age
often present learning and/or motor disabilities (Pierrat et al.,
2017). This is likely caused by the transient lack of metabolites
and oxygen that the newborns experience due to the premature
loss of transplacental exchanges (Zeltser and Leibel, 2011).
Neurodevelopmental impairment due to prenatal birth are
often associated with region-specific injuries. Such damages
are subject-specific, and might be prevented by providing the
correct parenteral nutrition (i.e., glucose, lactate and ketone
bodies) to the infant. However, due to the lack of cot-side tool
for the continuous monitoring of brain health, it is impossible
to individualize parenteral nutrition adjusting the level of
infused metabolites in continuous. Indeed, at present, the
nutritional intake is adjusted daily using point-of-care
measurement of blood glucose that are compared to
operational glucose thresholds, without considering the
individual growing brain’s necessities.

Postnatal hypoglycaemia and hyperglycaemia are risks factors
in infants born preterm, both associated with unfavourable
clinical outcomes: prolonged periods of hypoglycaemia can °* ° ) g -
result in cognitive impairments, and hyperglycaemic episodes 1nfu51.0n or intermittent boluses (McGuire, Henderson and
are associated to an increase in mortality rates (Beardsall, Towlie, 2004).

2010). Therefore, maintaining euglycemia (70-140mg/dl) is  Optimizing neonatal glucose control is a challenging task, as
crucial to avoid both short- and long-term complications.  many factors need to be considered, including the availability
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of breast milk. A mathematical model describing glucose
metabolism in infants born preterm may be of great help to
identify the optimal feeding strategy to maintain euglycemia
and consequently brain oxygenation. However, to the best of
our knowledge, such a tool is not available yet.

This study is part of the European project PROMETEUS,
aiming to develop a Nutritional Clinical Advisor (NCA) for
guiding the parenteral nutrition of infants born preterm and
optimizing brain oxygenation and the effect of nutrition on
brain key variables. A first step toward this goal is to build a
tool able to simulate reliable glucose traces in new-born
neonates.

Type | and type 2 diabetes simulator have been proposed in
the literature, by our (Kovatchev et al., 2009) (Dalla Man et
al.,2014) (Visentin et al., 2018) (Visentin, Cobelli and Dalla
Man, 2020a) (Bonet ef al., 2024), and other research groups
(Henriksson et al., 2016), which proved extremely useful to
test closed loop control algorithms and/or new insulin
molecules. However, all of them are based on adult/adolescent
data and, therefore, are not suitable to describe the glucose
system in preterm infants, since, for instance, in neonates the
glycogen supply is limited and endogenous glucose production
is insufficient to maintain euglycemia, model parameter must
be adjusted and parenteral and enteral nutrition have to be
included in the model.

The aim of this work is to develop a Neonate Glucose
Simulator that includes these peculiar features and is usable to
test a NCA, which, in turn, is capable to suggest optimal
nutrient  infusion/administration  avoiding  dangerous
hyperglycaemic and hypoglycaemic episodes.

2. METHODS

2.1 Dataset

The dataset used for the development of the new Neonate
Glucose Simulator was obtained from a previous study, and
consisted of 19 infants born preterm (gestational age < 32
weeks, body weight < 1500g) hospitalized in the NICU,
where they received variable daily glucose infusion rates
(GIR) to maintain euglycemia (70-140 mg/dL), while being
monitored with a CGM sensor.

In these subjects, the GIR was adjusted using a PID controller
that, based on the CGM sensor data, suggested the optimal
value for the GIR. More information about this study and the
algorithm used for the computation of GIR changes can be
found in (Galderisi et al., 2017) .

2.2 Modelling glucose and insulin interplay in infants born
preterm

We assumed that the model of the neonate glucose kinetics
was similar to that included in the Padova T2D simulator
(Visentin, Cobelli and Dalla Man, 2020a), and recently used to
describe also a population of children and adolescents (Bonet
et al., 2024), but showed important differences that are
detailed in the following. Model equations are:

( G, = EGP(t) + GIR(t) + Rayeq(t) — Uy
| —E@® ~ kiGy(®) + k26, (0), Gy(0) = Gy
4Q=—md+h@—kﬂa =6, O

l GO=3, 6O)=G

where G, and G, (mg/kg) represent plasma glucose masses in
rapidly and slowly equilibrating tissues respectively; G
(mg/dL) is the plasma glucose concentrations, with basal value
denoted by the suffix b (G,); EGP (mg/kg/min) is the
endogenous glucose production; GIR (mg/kg/min) is the
glucose infusion rate, which represents the parenteral nutrition
used to maintain the neonates in the euglycemic range and is
the input to be optimized by a NCA; E (mg/kg/min) is the
renal glucose extraction; U;; and U;; (mg/kg/min) are the
insulin independent and dependent glucose
utilizations. Ra,.,; (mg/kg/min) is the meal rate of glucose
appearance in plasma. At variance with adults, which eat meals
containing carbohydrates three times per day on average,
preterm neonate may receive small amount of maternal milk
or formula as enteral feeding, directly in the stomach.
Therefore, a description of carbohydrate transit through the
gastrointestinal tract was still needed. Given the small amount
of milk ingested by the neonates, it is reasonable to describe
the absorption process with a linear model. Therefore, the
chosen model was the one described in (Dalla Man, Camilleri
and Cobelli, 2006), characterized by a constant rate of
grinding, gastric emptying (assumed to be equal, k;) and gut
absorption (k»):

Qsto (t) = Qstol(t) + Qstoz(t)

| thol(t) = —k1Qst01(t) + Dose - 6(t) Qst01(0) =0
Qstoz(t) = _lestoz(t) +ky Qstol(t) Qsto2 0)=0 (2)
| qut(t) = _szgut(t) + lestoZ(t) qut(o) =0

k Ra(t) — szgf;[(t)

were Oy, 1s the amount of glucose (mg) in the stomach, Qg,;
and Qy,2 (mg) are the solid and liquid phase; Dose (mg) is the
amount of ingested carbohydrates; Qg (mg) is the amount of
glucose in the intestine, f (dimensionless) the amount of
glucose that is absorbed by the liver; BW (kg) is the body
weight. It is worth noting that, at variance with adult model,
here f'was set to 0.45 since, on average, only 45% of the milk
administered in this way is finally absorbed expecially in the
early days of life. The remaining 55% usually remains in the
stomach and is aspirated by the nurse. Details on how realistic
enteral feeding was implemented in the simulator is reported
in Section 2.3.

Similarly to (Visentin, Schiavon and Man, 2020b) and (Bonet
et al., 2024), U;; depends from G, following a Michalelis-
Menten relationship (Yki-Jérvinen et al., 1987), modulated by
insulin in a remote compartment, X (pmol/L):

_ [Vimo+Vimx -X(@#®)(147,R)] -G,
Uia () = Kimo+Ge() 3)
with:
X(t) = —pauX(@©) + payllp(6) — L] “4)

pou (min™') is the rate of insulin action on glucose utilization;
1, is the plasma insulin concentration and I, its basal value; R
is the function that modify the insulin sensitivity parameter
(Vmx) such that:
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where G and G, are defined above and Gy, is the lower
glucose threshold assumed to be equal to 60 mg/dL; r; and r,
(dimensionless) are the parameters shaping the R function
(Dalla Man et al., 2014).

At variance with the original model, here, the EGP time course
was:

EGP(t) = kpye Fdecart — k), Gp(t) — kps X, (t) — kpaly ()
I'(®) = —ki(I'(®) = L, () (6)
X,(6) = —k(X,(®) = I'(®))

where kp; (mg/kg/min) is the extrapolated EGP at zero
glucose and insulin, calculated to guarantee the steady state
condition in t=0; k,, (min') is the hepatic glucose
effectiveness and k,3; (mg/kg/min per pmol/L) is the hepatic
insulin sensitivity; k,+ (mg/kg/min per pmol/kg) is the portal
insulin sensitivity; k; (min™') is a rate constant; X, (pmol/L) is
the delayed insulin action, through intermediate compartment
I’ (pmol/L); and I, (pmol/kg) is the liver insulin mass.

Note that, here, k,; is modulated by an exponential function.
This modulation was introduced because infants born preterm
cannot maintain constant £GP due to the scarce glycogen
supply stored in the liver (Van Kempen et al., 2003).

In addition, model parameters were properly scaled to better
describe neonate population. In particular, insulin sensitivity is
known to be altered in neonates born preterm liver (Chiavaroli
et al., 2021). Therefore, hepatic (k,3) and disposal insulin
sensitivity (V,,) were adjusted to reflect the existing
differences between infants born prematurely and
adults/adolescents with/without diabetes. Moreover, they were
assumed to change over time. Such time courses were derived
from the 19 GIR profiles used to maintain in the euglycemic
range as many infants born preterm and hospitalized in NICU.
In fact, if the GIR increased, it meant that more glucose was
needed by the infant to stay in the euglycemic range. This need
could be attributed to an increased insulin sensitivity, which
caused a decrease in glucose production and/or an increase in
glucose uptake. Symmetrically, when the GIR decreased, it
meant that the infant was either producing too much or not
utilizing enough glucose, and this can be ascribed to a
decreased insulin sensitivity.

2.3 Enteral feeding

In this work, we assumed that milk is given to the neonates as
intermittent boluses of very small volumes of milk (0.5-1
ml/hour), which can be either human or formula milk. Their
nutritional values are reported in Table 1 and Table 2
(McGuire, Henderson and Fowlie, 2004).

Table 1. Nutritional content of human milk expressed from
lactating breast per 100 ml

Energy (kcal) 73
Protein (g) 2.7

Fat (g) 3.0
Calcium (mg) 29
Phosphate (mg) 15
Table 2. Nutritional content of enriched preterm formula per 100 ml
Energy (kcal) 80
Protein (g) 2.0
Fat (g) 4.5
Calcium (mg) 77-110
Phosphate (mg) 33-63

Since the availability of human milk can change daily, as
donor milk might be unavailable and the biological mother
might not be producing enough milk to support the child’s
nutrition, we randomly fed the in silico preterm infants with
one type of milk on a daily basis. In other words, on a given
day, an infant is only fed using one type of milk, which can be
different from the milk used the day before and after.

Another crucial factor in modeling enteral feeding for
premature neonates is baby’s weight and growth. In fact, the
amount of milk fed to the neonates should be increased as the
neonate grows. Luckily, in the NICU, babies are usually
weighted every day, so that this information is potentially
available to the Nutritional Clinical Advisor. The literature
reports that, on average, a newborn gains 15g per kg of body
weight (BW) daily, which is equivalent to the average growth
rate of a fetus in the third trimester (Charles I. Schwartz, 2023).

Accordingly, in the Neonate Glucose Simulator, we modelled
the daily weight gain of the new-borns so that:

[kg] (7

where BW is the body weight of the neonate, k represents the
day of interest, and k-1 is the previous day.

BW(k—1)
1000

BW (k) = BW(k — 1) + 15 x

Then, we fed the infants as follows: 0.5 ml/h of milk to
extremely low birthweight infants (BW < 1000 g), 0.75 ml/h
to very low birthweight infants (1000 g < BW < 1500g),
and Iml/h to low-birth-weight infants (1500 g < BW <
25009).

2.4 Generation of the preterm in silico population

To simulate reliable glucose traces representative of preterm
infant metabolism a set of virtual subjects, characterized by
realistic body weight, age, height, was necessary.

In order to generate such population, we used a procedure
similar to the one described in (Visentin, Schiavon and Dalla
Man, 2020b), and employed in (Bonet et al., 2024), that allows
to match the desired population with the in silico one. The
pipeline proposed consists of the following steps:

1. Parameter distribution update: starting from average
population characteristics (age, body mass index,
etc.), retrieved from the literature, a new set of
parameters describing the average dynamics of
infants born preterm was obtained. In particular, the
basal glucose was fixed within 50-70 mg/dL, as it was
observed that low glucose levels characterize the first
days of a neonate life (Harris ef al., 2020).
Thereafter, the model parameter distribution was
updated according to the new neonate parameters.
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2. In silico subject generation: from the updated
parameters distribution, 100 set of parameters vectors
were randomly extracted. Non-physiological
parameter were excluded as previously done in
(Bonet et al., 2024).

2.5 Simulator Assessment

The in-silico population was validated comparing clinical data
to the simulations. In particular, CGM traces and GIR data
collected in 19 real neonates were compared to those obtained
in silico following the same protocol. The results of such
comparison are shown in Fig. 1, where it is possible to observe
that the simulated glucose profiles are within the range of
variability derived from real subjects.

2.6 Statistical Analysis

Data are reported as median [5" - 95" percentile]. Statistical
analysis was performed using Matlab (Matlab Version R2023b
(MatlabR2023b)). Comparison of distributions of independent
samples was done by unpaired Mann-Whitney test, with
significance level set to 0.05.

3. RESULTS
3.1 Simulator Assessment

The 100 simulated CGM and GIR profiles well compared with
their measured counterparts (Fig. 1 and Table 3).

CGM [mg/dL]

GIR [mg/kg/min]
S5 o

(2]

time [days]

Figure 1. CGM traces (top panel) and GIR used to control glycaemia
(bottom panel) in hospitalized neonates born preterm: simulated
(coloured lines) vs measured 5% - 95t percentile range (grey area).

Table 3. Comparison of CGM and GIR data in simulated vs real
neonates reported as median [5% - 95 percentile].

Simulated Real p-value
CGM 100 98 0.68
(mg/dL) [87-109] [80-117] ‘
GIR 9.1 9.3 0.32
(mg/kg/min) | [5.4-11.6] | [5.4—-13.4] ’

Mann-Whitney test failed to reject the null hypothesis for both
CGM and GIR, proving that real and simulated profiles were
not significantly different and thus that the generated in silico
neonates were representative of real preterm infants.

3.1 Implementation

The Neonate Glucose Simulator was implemented in Simulink
(Matlab Version R2023b (MatlabR2023Db)).

Its block diagram is shown in Fig. 2. The simulator comprises
three main components: the Neonate Glucose_Simulator, the
NCA, and the SI variability module. The
Neonate_Glucose_Simulator block simulates the system of
differential equation reported above; the NCA computes the
optimal value of GIR to maintain euglycemia, and the
SI_variability module generates the V,, and k,3; patterns
corresponding to a specific subject to simulate. The Rate of
Glucose Appearance (Ragycose) is also provided as input to
the Neonate_Glucose_Simulator.

The three blocks are interconnected and work in a closed-loop
configuration: the insulin sensitivity profile from the
SI variability block is required to solve the system of
differential equations included in the
Neonate_Glucose_Simulator. The resulting output is used by
the NCA to compute the optimal GIR value.

glucose
Model Output GIR

NCA

Meonate_Glucose_Simulalor -

kpd

SI_variability

Figure 2. Simplified Simulink implementation of the Neonate
Glucose Simulator. The three main components are the
Neonate_Glucose_Simulator, which contains the set of differential
equations representing infants born preterm, the NCA block, which
computes the optimal GIR to maintain euglycemia, and the
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SI variability module, which selects the correct insulin sensitivity
patterns for each virtual neonate.

3.2 Functioning

To illustrate the functioning of the Neonate Glucose Simulator,
we randomly selected one of the 100 virtual neonates.

The neonate was fed both enterally, as hereupon stated, and
parenterally, using two of the GIR traces that were previously
used in the NICU to maintain euglycemia in real neonates and
the time courses of glucose and insulin were generated using
the Neonate Glucose Simulator. The results are shown in
Fig.3.

As expected, glucose lays within the euglycemic range for
both the GIR tested; moreover, insulin assumes physiological
values.
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Figure 3. Example of the results that can be obtained by running a
complete simulation using the Neonate Glucose Generator. Given a
random virtual neonate of the population, two GIR traces, previously
used in the NICU to maintain euglycemia, were used. The results of
the two simulations are color-coded (i.e., blue traces were obtained
feeding the neonates with the GIR represented in blue, and red ones
using the GIR plotted in red, in upper panel). Corresponding
simulated glucose and insulin profiles are shown in the middle and
lower panels, respectively.

4. CONCLUSIONS

Infants born preterm face a high risk of mortality and are prone
to developing motor and/or learning disabilities before
reaching school age. To increase their chances of survival and
decrease the chances of developing a disability, it is crucial to
maintain vital metabolites within the physiological range. In
particular, hypoglycaemic and hyperglycaemic episodes have
to be prevented, as they might enhance the risk for infants of
developing neurosensory and cognitive impairment.

In order to prevent and avoid hypoglycaemic and
hyperglycaemic episodes and keep the neonates in the
euglycemic range, we have provided a new tool to test a
Nutritional Clinical Advisor (NCA) specific for preterm
neonates: the Neonate Glucose Simulator. This simulator
mathematically describes the intricate glucose-insulin
interaction in preterm infants and is equipped with a
population of 100 virtual subjects well representing a real
group of infants born preterm, as the simulated glucose
profiles and glucose infusion rates matched the curves
measured experimentally.

Although the results obtained so far are promising, this work
presents some limitations. First of all, the population of virtual
neonates was validated against a population of real neonates
all weighting less than 1500g, and it might not be
representative of heavier infants. A current analysis is
currently being performed to generate a second set of virtual
neonates able to capture the characteristics of neonates born
preterm that are not extremely underweight. In addition to that,
the bioavailability f'was not estimated from real subjects’ data,
as a very complex experimental protocol would be required,
but its value was obtained by adjusting the adult’s parameter
taking into account external factors, such as the stagnation of
milk in the neonate’s stomach. Moreover, the decay of the
endogenous glucose production was assumed to correlate with
basal glucose concentration so that, in subjects with elevated
Gy, EGP decayed more rapidly than in subjects with lower Gy.
This allowed the G curve to cross the hypoglycaemic threshold
in all virtual neonates, in absence of parenteral nutrition, in a
reasonable time frame. Further studies are needed to validate
or falsify this assumption. Finally, to date, the Neonate
Glucose Simulator is only used to generate virtual glucose
profiles, which are then fed to the NCA; additional studies
including sophisticated tracer techniques are underway to
incorporate lactate and beta-hydroxybutyrate in the model.

The Neonate Glucose Simulator is currently being employed
in the PROMETEUS European project to build a Nutritional
Clinical Advisor able to maintain euglycemia in virtual
neonates.
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