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02 07 52 S8 cC 13, we've got one more item for you, when you
get a chance. We'd like you to stir up your
cryo tanks. In addition, I have shaft and

trunnion - -~

02 07 53 06 CMP Okay .

02 07 53 07 cC = = for locking at the Comet Bennett, if you
need it.

02 07 53 12 CMP Okay. Stand by.

02 07 55 19 ILMP Okay, Houston - -

02 0T 55 20 CDR I believe ve've had a problem here.

02 07 55 28 cc This is Houston. Say again, please.

02 0T 55 35 CDR Houston, we've had a problem, We've had &

MAIN B BUS UNDERVOLT.
Apollol3-wehaveaproblem edit_1.0a0g

02 07 55 L2 cC Roger. MAIN B UNDERVOLT.

02 07 55 58 cC Okay, stand by, 13. We're looking at it.

April, 14t 1970 - NASA transcript of the communications with Apollo 13 at the time of the accident.


https://upload.wikimedia.org/wikipedia/commons/1/12/Apollo13-wehaveaproblem_edit_1.ogg

Apollo Simulator\at Mission Contr>\q Houston. Image cxedit: NASA



Apollo 13 Mission

Action plan & orders
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A Concept from the Industry  pigital twins are an evolution,

more than a revolution,

combining mathematical

modelling and digital
simulation.

Digital Twin can replicate:

 an object

an engine or an organ
e asystem

a nuclear power plant or a hospital
e an abstract process

a production schedule or a therapeutic plan

ICT, information and communication technologies.
Grieves, M. Int J Prod Dev. 2005;2(1-2):71-84.



Model Design

Domain Knowledge

Domain Knowledge approach

Scientific approach

Failure mechanism understood (explainability)
Small set of data required to extract model
Models mostly interpretable and transferable

Mechanisms need to be understood
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Data Driven

Data driven approach

Fitting data set (know nothing approach)

Limited failure mechanism understanding

Large set of data required to extract model

Models often neither interpretable nor transferable

Models cheap to learn



Feature/Characteristic Numerical Model

Definition

Real-Time Interaction
Data Exchange

Purpose

Development
Approach

Dynamic Updates

Applications

YYYYYYy

Mathematical representation of a
system/process.

No

No

Theoretical analysis and understanding.

Based on equations and physical laws.

No

Academic research, engineering design.

Level 1: Level 2: Level 3: Level 4:

Cross-sectional Deductive Editable Evolutionary

"

Real-time
data

model model model model

"
—_—

Past data Treatments External
interactions

T

X ,' 2 ' Current health state Future health state

Tool to imitate system behavior
under specific conditions.

Typically no

Limited, one-way

Scenario testing, training, and
predictive modeling.

Combines models with
predefined scenarios.

Limited to initial setup. Standard
or case based

Training, operational planning.

Digital Twin

Virtual replica of a physical
system, synchronized with real-
time data.

Yes, continuous synchronization.

Two-way, dynamic.

Monitoring, simulation, and real-
time optimization.

Uses loT, Al, machine learning,
and real-time data integration.

Yes, evolves with real-world
changes.

Personalized medicine, predictive
maintenance,



Digital Twins

“A digital twin is an integrated multi-physics, multi-scale, probabilistic simulation of a
complex object and uses the best available physical models, sensor updates, etc., to
mirror the life of its corresponding twin...

According to the Digital Twin Consortium, a digital twin is “a virtual representation of
real-world entities and processes, synchronized at a specified frequency and fidelity.”

Glaessgen E, et al. 53rd AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and Materials Conference; 20th AIAA/ASME/AHS Adaptive Structures Conference 14th AIAA. 2012.
Digital Twin Consortium. https://www.digitaltwinconsortium.org/initiatives/the-definition-of-a-digital-twin/. Accessed 28 April 2023.



Data modalities

Opportunities

Precision health

Metabolites,
immune status,
biomarkers

Digital
clinical trials

Microbiome

Hospital-at-
home

EHR/scans
Pandemic
surveillance
Wearable
biosensors

Digital twins

Ambient
Sensors

Virtual health

Environment coach

EHR, electronic health record.
Acosta JN, et al. Nat Med. 2022;28(9):1773-1784.



CONTINOUS CONTROL

GLUCOSE ALGORITHM

SENSOR . . . .

e Real-time signals monitoring

e Automated insulin delivery

e Control algorithms are capable of

optimising blood glucose fluctuation

The artificial pancreas M ACtuatOI'_S:
(Kovatchev, 2019) Continuous oy Insulin
glucose % delivery

monitoring g

=S

CONTROL
ALGORITHM

Kovatchev B. J Diabetes Sci Technol. 2019;13(4):627-635.
Fabris C, Kovatchev B. Artif Organs. 2020;44(7):671-679.



Digital Twin of a Medical Device

Physical device Digital twin

Sensors

£ £
| |

Predictive maintenance Device diagnostics
Optimized operations and prognostics

|

-—

Design and performance

improvements

The four components of a digital twin of a device

2. Al / Data
analytics

1. Device data

4. Physics-based
device modeling

3. Device
knowledge




Digital Twin of an Hospital

Real Space

Information mirroring model

Registration  Waiting Room

Virtual Space

GE Healthcare

» Provides a solution to test changes in
operating strategies, capabilities,
staffing, and treatment delivery
models by virtualizing the medical
environment (hospital) using the

digital twin function

Registration Waiting Room
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Delays in care
Delays per day
Delays per patient

Annual Staffing Cost
FTE cost per patientday $187

Staff Utilization

RNs ’
LPNs 86%
Dietary Techs 78%

Assessments
Medication Events
Patient Education

LPNs 4t
ADL's

Ambulation
Simulate
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Meal assists
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Digital Twin for drug developpment

Plant simulation Plant analysis ."'ﬁ - lﬁ Fant optlmlgio: P
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dat;:drielven E}' P ereend economic analysis ;{l“ lu LI.! qu:l:hlt:'d :ll’::::‘s % / |

Virtual plant

Process analytical & monitoring

Inoculation  Seed cultivation  Cell culture  Productrecovery  Capture Virus Inactivation  Polishing Formulation

Figure 4. Biopharma process, benefits, and DT connections.



ARTICLE OPEN W) Check for updates
Construction of a digital twin of chronic graft vs. host disease
patients with standard of care

b
Overall ¥ 80%
T - 2 : (ORR) ()" 22 0% e
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cGvHD patient cohort

*The ORR values of the cohorts were compared using the Chi-
square test of independence. The Chi-square value for testing the
null hypothesis (ORR values are not different among the cohorts)
was 4.66, with P-value = 0.7012, showing that the ORR values of
the cohorts were not significantly different.

1. Enroll 2. Collect and Create 3. Analyze
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Al-MODEL

Al-driven clinical trials have the potential to achieve higher power with fewer subjects, to provide actionable insights
into which patients achieve the greatest benefit, and to design faster, more efficient clinical trials — all while
ensuring reliable evidence about safety and efficacy.



Treatment Exploration
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Digital Twin: The big idea

1. Patient and oncologist discuss

- ‘\
// N ’ goals and preferences
I' Patient Data N T 2. Clinicians build a "digital twin"
| &% \ N 3. Clinicians use HPC to simulate
\\ I\ EL\L\L all treatment options on the

Tame

virtual twin

4. Patient and clinician explore
risks, benefits, side effects

5. They choose a plan and
predict progress using their
digital twin

Treatment Consultation
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In vivo _
Ex vivo

Patient

Histology

Tissue Section

0.01 um

1 pm Omics

100 um

20 cm Micro-MRIQ/'
VIR| / D-FF-OCT
us *

Micro-imaging

Microscopy

D-FF-OCT, dynamic full-field optical coherence tomography; MRI, magnetic resonance imaging; US, ultrasound.
Venkatasamy A. 2024,



Integration Simulation of Organoid simulation Tissue simulation Organ simulation

Y\ and simulation Digital twins
| 6 cel 9 | 12 cg|
Wq e cells as agents (10° cells) (10° cells) (102 cells)
W :

-

9000 50000008"

L

Current Opinion in Systems Biology
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patient's sequencing data
molecular pathway

HPC, high-performance computing.
Audigier C, et al. Int J Comput Assist Radiol Surg. 2022;17(8):1489-1496.
Dana J, Venkatasamy A. Radiology. 2023;306(1):74-75.

Felli E, etal. HPB. (Oxford). 2023;25(3):293-300.

Guan'y, et al. Nat Commun. 2021;12:6138.

Hoehme S, et al. iScience. 2022;26(1):105714.

Hohme S, et al. Chem-biol Interact. 2007;168(1):74-93.

Montagud A, etal. Curr Opin Syst Biol. 2021;28:100385.

Ramli MNB, et al. Gastroenterology. 2020;159(4):1471- 1486.e12.
Barcelona Supercomputing Center. https://www.bsc.es/news/bsc-news/digital-twins-the-cellular-level-help-personalize-prognosis-and-treatment-three-cancer-scenarios. Accessed 28 April 2023.



Integrating mechanism-based modeling

with biomedical imaging to build practical
digital twins for clinical oncology @

Cite as: Biophysics Rev. 3, 021304 (2022); doi: 10.1063/5.0086789
Submitted: 28 January 2022 - Accepted: 29 April 2022 -
Published Online: 17 May 2022
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(a) Patient-specific imaging

Interstitial pressure

Tissue density Vascular permeability

=

Drug concentration

T—

Tumor cell density

(b) Mechanism-based modeling

Phenomena under investigation:

*  Tumor growth (proliferation, movement, invasion, etc.)

* Microenvironment (vasculature, extracellular matrix, etc.)
* Therapeutic response (cytotoxicity, immune, etc.)

Mathematical models

* ODE-based models

* PDE-based models

* Hybrid, multi-scale models

Prediction of tumor response to treatments .
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VIRTUAL TWIN FOR NEXT GENERATION OF HEALTH CARE

Virtual Twin 3D Experience
For Precision Medicine & Care

e

From Imaging to Organ Twin
For Medical Practice

fom—— =R Imaging, Omics
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Multiscale

Bio
Sciences

Population

Cohort

Phuysical
Macroscale
Continuum

Physical
Microscale
Non-Continuum

Virtual Twin of Human

Multi Discipline

Dermatology Neurology Cardiology  Endocrinology  Hematology Pharmacology Genetics Pulmonology /
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« If digital twins live up to their promise, they will
ultimately signal the advent of personalised medicine. »

Octopize. July 7,2022. https://octopize-md.com/en/2022/07/07/avatars-the-hidden-revolution-behind-digital-twins/. Accessed 1 May 2023.
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