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Success of each treatment depends on its fitness to a specific patient and particular

diabetes type. The major types are Type-1, Type-2, gestational and pre-diabetes con-

dition. With Type-1, pancreas produces near-to-zero insulin quantity. Without insulin,

cells cannot utilize glucose as energy source. With Type-2, pancreas produces insulin,

but cells require a considerably increased quantity of it to utilize glucose. Such a con-

dition is called insulin resistance. Gestational diabetes and pre-diabetes are associated

with insulin resistance as well as the Type-2. Reasons for any diabetes condition is % ¢
multi-factorial with contributions from both lifestyle and genetic makeup. For each

patient, this creates a complex solution space of lifestyle «< @e drugs and 1n81ﬂ
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3. It would take an Artificial Intelligence (AI) to possibly recombine the compartments
and substances automatically to incorporate associated diseases, drugs and realistic
meal composition. For example, reference [8] demonstrates considerable amount
of work needed to simulate insulin distribution in plasma with an expert-designed
compartment decomposition.

4. Reference [9] presents the advancement from a single-meal scenario to a single-day

scenario. Multiple days, or yet better multiple-sensors scenarios would provide a % ¢
significantly increased degree of realism. ’Q’
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Sirael stands for Simulated Reality as the simulated subject can be created from

real subject. To make the name sound nice, it was twisted to a popular medieval-like
times word Sirael, sometimes written as Zirael.

2.

2 Workflow

As depicted in Fig. 1 there is the following workflow to utilize Sirael:
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Guyton & Hall: Textbook of Medical Physiology

rates of translation of messenger RNAs at the
ribosomes to form new proteins and stil slower
effects from changed rates of transeription of
DNA in the cell nucleus. In this way. insulin

Insuiin receptor substrates (IRS)
Phosphoryiation of enzymes

¥ { remolds much of the cellular enzymatic machinery
Ghicose Rl Growth to achieve its metabolic goals.
transport synthesis. and gene.
expression
() Protein Glucose Effect of Insulin on Carbohydrate
synthesis  synthesis Metabolism
il Immediately after a_high-carbohydrate meal. the

shematic of the insulin receptor. Insuln binds to the -subunit of
3 receptor, which causes autophosphorylation of the B-subunit
‘ceptor whichin urn incuces tyrosine kinase activ
T tyrosine kinase activity begins a cascads of cell phosphoryla-
»nthat increases or decreases the activity of anzymes, including
Suiin receptor subsirates, thal mediate the effects of glicose on
Ucose, fat, and protein metabolism. For example, glucose trans-
rters are moved 1o the cell membrane o facilate glucose entry
‘o the cell

seeretion of insulin. which is discussed in detail later
in the chapter. The insulin in turn causes rapid uptake.
storage, and use of glucose by almost all tissues of the
body, but especially by the muscles. adipose tissue, and
liver.

Insulin Promotes Muscle Glucose Uptake

and Metabolism

During much of the day. musele tissue depends not on
glucose for its energy but on fatty acids. The principal
reason for this is that the normal resting muscle mem-

inase, which in turn causes phosphorylation of multi-
le other intracellular enzymes including a group
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Sirael virtual metabolic machine
metabolism & state (describe
the simulation (using term

Type help for a list of available comm.
reset 0 sirael_ir_metabolism_t1d.sir
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advance 100
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.metabolism begin
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active transport: insulin in insulin_depot -> tissue
equalize: glucose in blood <-> muscle
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3 Metabolic Instructions

Any in-silico metabolic model, i.e., a large set of equations, is eventually compiled to
machine instructions, dominantly the instruction sets of x86-64 and ARM computer
processors. This effectively removes most physicians from contributing to the model as

they usually have no expertise in advanced mathematical modeling nor software engi-

neering. Although they could be users, they are unlikely contributors. Sirael addresses %
this issue by proposing a metabolic instruction set — a language, composed of phys- :Q
iological actions well-known to the physicians. Following msg%:tlons describe thes

actions.

1. Passive Transport — one way/facilitated diffusion @gle ance fé_d
ainst

compartment to directly connected other compartment. It ot Wi

concentration gradient and it has a maximum @nsfer ra % "

2. Equalization — according to the concentratl@gradlen a single @tance
librates between two, directly-connect d@npart ents at a gien speed d‘
maximum transfer rate. &)

3. Active Transport — it is a trans b\gp)able of Q%mg ag@ the c@’\ t@
gradient. P\ '( : &x
4. Reaction — it takes two s&hg&ances to stu &@ . r ‘exampley glu-

ucts.

5. Inhibition — thi 'ancmon ?@ rea@@mfte)%@p s@g@ preseqce of a /QQ

particular substanc 4 } CCQ; %
6. Set-Point Re ction — som ctlons @mt occ fa pa@&g,\ r sub@ ei %

or above aln thr
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mass :mass > 0

mass+ factor
acting mass =< 0 :mass =0
error :mass < 0

When compared to the Michaelis-Menten kinetics, the maximum rate is fused with
parameters of the invoked instructions (thus reducing the number of parameters to
identify). Then, mass is the concentration of substrate and factor is the constant. Once % °
the program is established, an external solver such as Meta-Differential Evolution, 'Q«
Particle Swarm Optimization and others can be used to identify meters of each Q
instruction and initial quantity of each substance in each co @ ,ﬁ \r

To enable AI to adapt the program to a specific glu e seri eal
drugs journal of a specific patient, Sirael uses very long in ctlon arch
ture [12]. With this architecture, methods such as G 1ca1 E on
Genetic Programming (GP), can easily alter opcode struo{’ co nts % Q)% N
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Then, we extracted additional patient information, from which we estimated the
basal metabolism need of the body. We considered exercise as an additional metabolic
need. Eventually, we inputted insulin delivery, carbohydrate intake and the resulting
metabolic need to the Sirael Virtual Metabolic Machine.

A Sirael metabolic program contains:

e Compartment and substance definitions

e Instructions describing the metabolism along their parameters, which personalize ,Qoy)

the program to a particular, real patient
e Initial quantities of the substances in the defined compar v@r

To prove that Sirael is capable of multiple—sen T narlo optl
metabolic program over the entire range of measurement ; Whl% nned % sev-
eral months. For each patient, we partitioned th easure serie %rultlple
segments of continuous glucose-sensor measur S. F seg we-
tified the initial substance quantities, Whi‘ﬁ%quirln that the mlc—prog
parameters stay the same for all the Segm@ his gg)portan,t&ecaus
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the glucose level based on the user input — insulin dosing, food intake and physical
activity. As each in-silico patient was identified using multiple segments, the patient
has multiple initial states (one state per segment).

When identifying the parameters, we used exactly the same metabolic program
for all the patients. This actually introduces an error, because some patients may
have had additional diseases - either short-term or chronic ones. To avoid complexity
needed to model of unknown, additional diseases, we considered Diabetes Type 1 as %
the only disease. ’Q’

We allowed optimization of metabolic-program parameters © within a single Q
subject. Within a single subject, all states are evolved using }sp meta@c pro- \'
gram with the same parameters. We did so to guarantee t hk%&r—de‘ce ation
the patients provided measurements, which spanned across several

such a long time span, it is logical to assume some illnes; 'ch oc but

reported in the dataset. As such an illness might h d alte% etab eeds %
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6 Conclusion and Future Work

Let us consider that we identify a precise digital twin using the Sirael VM and a
readily available equipment. Then, we can create a personalized diabetes-treatment
plan — optimal drug administration, dietary plan, exercise duration and intensity. It
would be no longer so frustrating [15] for the patient to visit a physician, agree on
some treatment rules, follow those rules for weeks and then make another visit to
adjust these rules, and repeat. With Sirael, such a tedious and frequently demotivating
burden could be lifted from the patient with the in-silico, me ohc simulation.

Not limited to such a use-case, Sirael could be use ul imat ug kméf{es‘\s\,
development of insulin-pump controller and for makng%;a\non SO , €. g ;
where it could provide the gaming physics to support an

To support the vision, we released 18 digital s with ég&al 37 i fﬁ states,

which we identified from real patients with ave lativ
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CGM Sensor as Simulated by the Sirael Metabolic Machine
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Data and Code Availability
Siraela source code, selected in-silico transformed patients, the digital twins, and

experimental setups are available for open-source download at the following repository:
https://gitlab.com/sirael_metabolic_simulator
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