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Abstract: Prometeus (Preterm Brain-Oxygenation and Metabolic EU-Sensing: Feed the Brain)
develops innovative technology for personalized nutrition in premature neonates. Central to this
is the Nutritional Clinical Advisor, an adaptive algorithm providing optimal parenteral nutrition
plans to enhance brain oxygenation. This study tests a closed-loop PID controller for regulating
glucose levels in virtual neonates born preterm, offering insights into its effectiveness and guiding
future NCA development to support neonatal care.
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1. INTRODUCTION

As the number of neonates born preterm receiving neona-
tal intensive care continues to grow, and survival rates
improve (Stoll et al., 2015), there has been a corresponding
rise in the number of former preterm babies experiencing
impairments in motor, sensory, and cognitive functions. In
Europe alone, of the approximately 500,000 babies born
prematurely each year, around 25% of these babies are
expected to require varying levels of school support, paid
family leave, and caregiving assistance by the time they
reach school age. These children often face learning and
motor disabilities that cannot currently be identified or
effectively prevented during the early postnatal period.

The brain of a baby born prematurely is highly susceptible
to early neonatal injuries that, in turn, increase the risk
for neurodevelopmental disability. Provision of adequate
nutrients and oxygen is essential for proper brain develop-
ment and growth (Guiducci et al., 2024). However, current
nutritional strategies are unfit to target real-time brain
necessities, and are driven by pre-specified nutritional
charts, in the absence of contemporary cot-side monitoring
of both brain health and metabolic supplies. As a conse-
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quence, sudden changes of brain fuel-requirements cannot
be promptly addressed by real-time adjustment of glucose
and nutrients provision.

Prometeus (Preterm Brain-Oxygenation and Metabolic
EU-Sensing: Feed the Brain)! is a project aimed at
introducing a new-paradigm for personalized nutrition
of prematurely born neonates in neonatal intensive care
unit. It will develop a groundbreaking technology for real-
time adjustment of glucose and nutrients intakes to target
neonatal brain needs.

As part of the project, a Nutritional Clinical Advisor
(NCA) is being developed. The NCA is a personalized,
adaptive algorithm designed to provide the optimal nutri-
tional plan for each newborn. The goal of the NCA is to
achieve optimal brain oxygenation for premature neonates,
through the recommendations of parenteral nutrition to
support healthcare personnel. The NCA will receive mea-
surements from two devices: neo-opticap and a wearable
neonatal continuous metabolic monitor (CMM). The neo-
opticap device is an onbody system for dynamic real-time
continuous monitoring of regional, microvascular cerebral
oxygen saturation (StO2), cerebral blood flow (CBF) and
cerebral metabolic rate of oxygen (CMRO2). The CMM
device will continuously sense the three key brain metabo-
lites: glucose, lactate and beta-hydroxybutyrate (BHB).

1 For more information about the Prometeus project, please visit:
https://www.prometeus-eic.eu
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Figure 1 depicts the general overview of the complete
control system proposed in the Prometeus project.

This study aims to present an overview of the current
stage of development of the NCA system. This includes
the testing of a closed-loop controller designed to regulate
blood glucose levels within a defined range, as depicts
Figure 2.

2. IN-SILICO SIMULATOR

In order to safely design a controller to maintain infants
born preterm within the euglycemic range, a tool able to
generate reliable glucose traces is necessary. Here, we used
the Padova Neonate Glucose Simulator, which incorpo-
rates a physiological model of glucose-insulin-C-peptide in-
teractions, and is equipped with a population of 100 virtual
neonates representative of real neonates (Marchiori et al.,
2025). The mathematical model was assumed to be similar
to that included in the Padova T2D simulator (Visentin
et al., 2024, 2020), but incorporated the known differ-
ences between adults and neonates. In particular, as new-
borns’ liver cannot produce enough glucose to maintain the
steady state, basal endogenous glucose production (EGP)
was assumed to decay exponentially. However, this as-
sumption still requires confirmation through clinical data.
Furthermore, the dependence of preterm neonates on par-
enteral feeding, primarily through glucose infusions, was
also added. Finally, the model also incorporated minimal
enteral feedings. Readers are referred to the publication by
Marchiori and colleagues for more detailed explanation of
the model, including model’s equation and more detailed
explanation of the reasoning behind the values assumed by
the most important models’ parameters. (Marchiori et al.,
2025).

3. BLOOD GLUCOSE CONTROL IN PRETERM
NEONATES

Proper management of blood glucose levels is crucial
to preventing neurodevelopmental consequences and sup-
porting the metabolic needs and growth of newborns.
Hypoglycemia is more common in preterm infants, and can
lead to severe neurodevelopmental conditions, including
impaired motor and cognitive development (Lucas et al.,
1988; Tam et al., 2012). Conversely, hyperglycemia is also
prevalent in preterm neonates, but its management is less
well-documented compared to hypoglycemia, and its long-
term effects are not fully understood (Paulsen et al., 2021),
but are associated with significant complications (Angelis
et al., 2023).

In clinical practice, preterm babies typically have a
catheter with several routes dedicated to parenteral nu-
trition. The primary route is connected to a pump that
delivers glucose, lipids, and proteins. Additionally, a sec-
ond pump can be used to prevent and treat hypoglycemia.
The glucose infusion rate (GIR) of the second pump can
be adjusted to increase the total glucose provided to the
infants, considering that the first pump, with its stan-
dardized formulation, also supplies glucose. In the event
of hypoglycemia or severe hypoglycemia, a standardized
glucose bolus can be administered to raise glucose levels
more quickly. However, it is generally preferable to increase
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the GIR proactively rather than relying on glucose bo-
luses. The GIR is constrained within a range of 4.2 to
11.1 mg/kg/min, corresponding to GIRmin and GIRmax,
respectively. These limits were established based on a par-
enteral nutrition guideline provided by one of the clinical
partners involved in the Prometeus project. In cases of
prolonged or severe hyperglycemia, the GIR rate may be
reduced, but it cannot fall below the GIRmin threshold. In
these situations, physicians typically administer insulin to
lower blood glucose levels. However, insulin administration
is outside the scope of the NCA addressed in this work.

At the current stage of NCA development, the primary
objective of the NCA is to maintain blood glucose levels
within a safe range, generally between 60-140 mg/dL.
An initial approach to managing blood glucose levels
has been to consider a standard proportional-integrative-
derivative (PID) control algorithm (Franklin et al., 1990),
with incremental approach. The equations below represent
the control action uw being implemented, where k denotes
the present sampling time, SG is the sensor glucose value
provided by the CMM.

errory = setpoint — SGy, (1)
P, =K, - (errory — errorg_1) (2)
K,-T,
I, = 7PTZ- - errory (3)
K, T,
Dy = —p d, (errory —2-errorg_1 + errorg_s)

T

(4)

Aup = Py + I, + Dy, (5)
with  GIRmin < u, < GIRmax

(6)

At first, the controller gains K, Ty, and T; were manually
configured for the whole cohort, with K, set at 0.15
[dL/kg/min], and Ty and T; set at 0.05 [min] and 60 [min],
respectively. The simulations employed a sampling time T
of 15 minutes.

up = up—1 + Auy,

4. RESULTS
4.1 Open-loop experiments

To gain insight into the dynamics of patients according
to the GIR, we conducted an open-loop test for all pa-
tients, with a constant GIR maintained throughout the
simulation. The control action limits, denoted as GIRmin
and GIRmax, were evaluated to identify the controller’s
limits. Figures 3 and 4 display the glycemic dynamics for
two particular patients.

The analysis of Figures 3 and 4 indicates distinct glycemic
responses between neonates #21 and #83 undergoing the
same GIR therapy. For Patient #21, there is a significant
distance between the GIRmin (blue line) and GIRmax
(magenta line) curves, indicating greater glycemic variabil-
ity over time. This disparity suggests a less stable glucose
regulation. In contrast, for Patient #83, the curves for
GIRmin and GIRmax are much closer, indicating more
stable glycemic control with reduced variability. These
differences highlight the importance of individualized mon-
itoring and adjustment of therapy to address patient-
specific metabolic needs.
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Fig. 1. General overview of the complete control system for the Prometeus project.
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Fig. 2. Closed-loop diagram used in this work, with the
GIR as the control action and the SG as the measured

output.
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Fig. 3. Glycemic response for Patient #21 with a constant
GIR throughout the simulation. The magenta line in-
dicates GIRmax and the blue line indicates GIRmin.

4.2 Closed-loop experiments

After the open-loop tests, the PID controller was applied
to the entire cohort. Figures 5 and 6 illustrate the glycemic
response and control action signal for Patients #21 and
#83, respectively. Notably, for Patient #83, the controller
was unable to track the setpoint after the time instant
of 4000 minutes in the simulation. This behavior can be
explained by Figure 4, where it is evident that, during
the same time period, blood glucose levels fall below 100
mg/dL even when GIRmax is applied. This suggests that,
in this scenario, the saturation of the control action limits
the controller’s actuation, and the setpoint is not reached.

Population outcomes are illustrated in Figures 7 and
8, corresponding to setpoints of 100 mg/dL and 120
mg/dL, respectively. When considering the average system
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Fig. 4. Glycemic response for Patient #83 with a constant
GIR throughout the simulation. The magenta line in-
dicates GIRmax and the blue line indicates GIRmin.

Patient #21

‘ :
1

200 Ha)

SG (mgldL)

100 JJMWWWWWWWWA"WWWWW“‘WWM"W&W’1' il

8000 9000

4000 5000 6000 7000

time (min)

0 1000 2000 3000

GIR (mg/kg/min)
i
=Y
L=

==
e
= .
—_—
=]

'
£

4000 5000 6000 7000 8000 9000

time (min)

0 I I I
0 1000 2000 3000

Fig. 5. Closed-loop response for Patient #21 for a setpoint
of 100 mg/dL. (a) Glycemic response; (b) Control
action: blue line depicts GIR and black lines indicate

the actuator’s upper and lower limits.

performance, it is evident that the controller effectively
maintains the setpoint throughout most of the simulation
period. However, when the setpoint is increased to 120
mg/dL, the controller fails to track the reference. As
previously discussed, this issue arises due to the saturation
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Fig. 6. Closed-loop response for Patient #83 for a setpoint
of 100 mg/dL. (a) Glycemic response; (b) Control
action: blue line depicts GIR and black lines indicate
the actuator’s upper and lower limits.
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Fig. 7. Population outcomes for the 100 neonate cohort
with a setpoint of 100 mg/dL. (a) Glycemic response:
The blue lines depict the mean + standard deviation
of SG readings, while the black lines show the mini-
mum and maximum SG values. The red line indicates
the setpoint of 100 mg/dL; (b) GIR as a control
action: The blue lines represent the mean + standard
deviation of the GIR values calculated by the PID
algorithm. The black lines mark the actuator’s upper
and lower limits.

of the control action, which is clearly demonstrated in the
bottom panel of Figure 8.

Tables 1 and 2 present glycemic metrics for the PID
controller with a setpoint of 100 mg/dL. These metrics
include the mean SG in mg/dL and the percentage of
time spent in various glycemic ranges: below 60 mg/dL,
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Fig. 8. Population outcomes for the 100 neonate cohort
with a setpoint of 120 mg/dL. (a) Glycemic response:
The blue lines depict the mean + standard deviation
of SG readings, while the black lines show the mini-
mum and maximum SG values. The red line indicates
the setpoint of 120 mg/dL; (b) GIR as a control
action: The blue lines represent the mean + standard
deviation of the GIR values calculated by the PID
algorithm. The black lines mark the actuator’s upper
and lower limits.

between 60 and 140 mg/dL, between 140 and 180 mg/dL,
and above 180 mg/dL for each evaluated patient.

Based on the results presented in Tables 1 and 2, the
average outcomes of the cohort indicate good glycemic
control, with a mean SG of 99.8 mg/dL and 98.6% of the
time spent in the target glycemic range. The occurrence
of hypoglycemia was minimal, with an average of 0.8% of
the time and no severe hyperglycemia was observed across
the cohort. The overall low incidence of hypoglycemic
events indicates effective regulation by the PID controller,
maintaining glucose levels within the desired range for
most of the simulation period. Patients #76, #78, #84 and
#89 spent more than 5% of their time in the hypoglycemic
range. However, these patients already demonstrated this
behavior during the open-loop test when considering the
maximum GIR. In such situations, either glucose boluses
should be administered or the GIRmax limit should be
adjusted to allow the controller to provide more glucose,
thereby preventing such hypoglycemic episodes (Sweet
et al., 2013). It is important to note that, at this stage of
the NCA’s development, no glucose boluses were adminis-
tered to prevent hypoglycemia and such approach will be
conducted in future works.
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Table 1. Summary of glucose metrics for pa-
tients #1 to #50, considering the PID con-
troller with setpoint of 100 mg/dL.

Mean SG % of time spent in
Patient 1D
(mg/dL) <60 60-140 140-180 >180
#1 96.9 0.5 99.5 0 0
#2 108.9 0.2 99.6 0.2 0
#3 108.2 0.2 99.3 0.5 0
#4 109.4 0 99.8 0.2 0
#5 100 0.2 99.8 0 0
#6 112 0.1 98.2 1.6 0.1
#H7 84.9 0.6 99.4 0 0
#8 103 0.1 99 0.9 0
#9 95.3 0.2 99.8 0 0
#10 111.3 0 98.2 1.8 0
#11 96.5 0 100 0 0
#12 97.1 0.3 99.7 0 0
#13 92.5 0.7 99.3 0.1 0
#14 94.5 2.2 97.8 0 0
#15 95.4 0.2 99.8 0 0
#16 97.7 0.2 99.8 0 0
#17 90.1 0.5 99.5 0 0
#18 104.3 0.1 99.8 0.1 0
#19 101.7 0.2 99.8 0 0
#20 103.7 0 99.2 0.8 0
#21 98.6 0.2 99.8 0 0
#22 97.1 0.2 99.7 0.1 0
#23 98.7 0.1 99.9 0 0
#24 99.4 0.2 99.5 0.3 0
#25 97.6 0.2 99.8 0 0
#26 101.3 0 99.9 0.1 0
#27 95.6 0.2 99.8 0 0
#28 108.2 0.3 96.6 3.2 0
#29 103.5 0.2 98.6 1.2 0
#30 98.3 0.1 99.9 0 0
#31 104 0.2 99.5 0.3 0
#32 103.6 0.1 99.2 0.7 0
#33 99 0.1 99.9 0 0
#34 94.2 1.3 98.7 0 0
#35 97.9 0.5 99.5 0 0
#36 107 0.2 99.6 0.3 0
#37 101.9 0.4 99.4 0.2 0
#38 88.5 0.9 99.1 0 0
#39 103.3 0.2 99.8 0 0
#40 109.9 0 99.2 0.8 0
#41 100.6 0.1 99.9 0 0
#42 99.3 0 100 0 0
#43 107.9 0.2 98.7 1.1 0
#44 102.7 0.1 99.9 0 0
#45 95.3 0.4 99.6 0 0
#46 99.8 0.6 99.4 0 0
#47 89.5 0.9 99.1 0 0
#48 100.6 0.3 99.7 0 0
#49 83.3 1.8 98.2 0 0
#50 100.5 0.1 99.9 0 0

5. CONCLUSIONS

The results presented in this study are preliminary and
represent the first step in the ongoing investigation. More
specifically, the present study is aimed at understanding
how the simulated virtual patients behave and to as-
sess whether a PID controller, known for its simplicity,
could effectively maintain glycemic levels within the range
desired by the physicians. This initial approach allowed
for observing the interaction between the controller and
the physiological model, providing valuable insights into

Table 2. Summary of glucose metrics for pa-
tients #51 to #100, considering the PID con-
troller with setpoint of 100 mg/dL.

Mean SG % of time spent in
Patient ID
(mg/dL) <60 60-140 140180 >180
#51 104.4 0.1 99.9 0 0
#52 96.2 0.2 99.8 0 0
#53 111.3 0 98.9 1.1 0
#54 94 0.2 99.8 0 0
#55 106.3 0.1 99.6 0.3 0
#56 92.2 0.7 99.3 0 0
#57 89.5 0.5 99.5 0 0
#58 88.5 5.5 94.5 0 0
#59 99.6 0.3 99.7 0 0
#60 96.4 0.2 99.8 0 0
#61 100.5 0.1 99.9 0.1 0
#62 110 0 97.1 2.9 0
#63 98.7 0.2 99.8 0 0
#64 127.2 0 83.3 16.7 0
#65 101.5 0.3 99.7 0 0
#66 117.6 0.1 96.3 3.6 0
#67 99.3 0.5 99.5 0 0
7#68 87.6 1.7 98.2 0.1 0
#69 98 0.1 99.9 0 0
#70 92.3 0.2 99.8 0 0
#71 111.6 0 97.9 2.1 0
F#72 101.2 0.2 99.8 0 0
#73 100.1 0.1 99.9 0 0
#74 100.5 0.6 99.2 0.2 0
#75 116.3 0.2 94.4 5.4 0
#76 7.2 20.5 79.5 0 0
#77 89.3 0.4 99.6 0 0
#78 76 8.4 91.6 0 0
#79 99 0.4 99.4 0.1 0
#380 99.3 0.2 99.8 0 0
#381 85.8 3.2 96.7 0.1 0
#82 111.3 0.2 98.5 1.3 0
#83 88.7 0.5 99.5 0 0
#84 79.2 5.8 94.2 0 0
#85 88.8 0.1 99.9 0 0
#86 117.3 0 93.8 6.2 0.1
#87 89 0.6 99.4 0 0
#88 98.5 0.1 99.8 0.1 0
#89 83.2 7.8 92.2 0 0
#90 104.6 0.2 99.8 0 0
#91 100.8 0 99.8 0.2 0
#92 113.2 0.1 97.5 2.4 0
#93 107.6 0.1 98.8 1.1 0
#94 106.4 0.1 99.8 0.1 0
#95 97.1 0 100 0 0
#96 105.5 0 99.9 0.1 0
#97 119.7 0.2 94.8 4.9 0
#98 105.2 0 99.9 0.1 0
#99 101.4 0 100 0 0
#100 101.7 0.2 99.6 0.2 0
COHORT
MEAN 99.8 0.8 98.6 0.6 0

the system’s response and indicated possible approaches
for future development of the NCA. One of the greatest
challenges observed in this study was the saturation limits
imposed on the controller. These limits were derived from
practical clinical guidelines provided by one of the clinical
partners in this project. Future steps include considering
glucose boluses to prevent imminent hypoglycemia, follow-
ing current clinical guidelines.
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