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Fourth Industrial Revolution

These advances are merging the physical, digital and biological worlds in ways that
create both huge promise and potential peril.
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The concept of a physical twin, a precursor to Digital twin, is rather old and dates to NASA’s Apollo

program.
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1. Physical twin: A real-world entity (living/non-living) such as part/product, machine, process, organization, or human, etc.

(ii)

2. Digital twin: The digital representation of the physical twin with the capability to mimic/mirror its physical counterpart in real time.
(iii)

3. Linking mechanism: The bidirectional flow of data between the two which operates automatically in real-time.
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18th century

Sick person
Phthisis

21st century
The challenge of reassembly

Early 19th century
Lesions of organs and tissues
Caseating granulomata

Late 19th century
Lesions of cells

and microbes
M. tuberculosis

Late 20th century
Lesions detected

at molecular level
Interferon testing
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» Predictive
* Psycho-cognitive aspects considered:
consumer driven PRECISION MEDICINE
* Participatory: patient as decision-maker 2030
* Personalized: utilization of big data for ;
palient stratification. -
+ Treat causes and not symptoms BHVAGE trint Bl s
return of value genomics

Phenomics and Electronic health
environmeant records

Systems medicine is defined as the application of the systems approach to the
prevention of, understanding and modulation of, and recovery from developmental
disorders and pathological processes in human health (Clermont et al. 2009).
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“Precision medicine is an emerging approach for disease treatment and prevention that takes

into account individual variability in genes, environment, and lifestyle for each person.”




The process of systems biology research
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TECHNOLOGIES USED IN DIGITAL TWINS

loT sensors enable constant Due to its visualization

data transmission, which is used capabilities, XR allows to

to create a digital duplicate of digitally model physical objects
the physical object :

Internet of Things:
The 4th Industrial Revolution

Cloud computing allows to store As an advanced analytical tool,
gained data in the virtual cloud Al automatically analyze
and easily access them from any obtained data, provide valuable

location insights and make predictions
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The digital twin concept for personalized medicine.




the best effect on the digital twin‘

LN

The digital twin concept for personalized medicine.

DM with comorbidities
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Better diagonstics

Less invasive treatments

Fewer side-effects, less error

Faster medicine discovery

Shorter treatment periods

Faster clinical trials

Better logistics and
maintenance

Patients have more power
over treatment parameters

Patients take ownership of
their body data

Fair and equal treatment of
patients

Less animal suffering

L ___»{Patient health

Cost
reduction

Patient
autonomy

Other

benefits

Digital

Twin

Societal

disruption

Inequality

and injustice

Sensitive, personal content
shared

Third parties using data gainst
patient interests

Poor quality of data

Responsibility and accountaiblity

Patinet-practicioner relaitonship

Disrupted self-care

Modeling based on the white,
healthy, middle-aged male

North-south, rich-poor injustice by

aCCess

Exluding those who do not use
the technology

Environmental risks

Technology push and lock-in




3000+ health signals / day are
send through our body sensors

v 7 <+
v
Whole Body
Digital Twin
v
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In return, you get ‘precision treatment’
for your body to heal its metabolism



The Artificial Intelligence-based Whole Digital Twin for
diabetes remission

e A more recent 2021 ADA
consensus statement defined
Artificial Intelligence Offers diabetes remission as

: Significant Rate of Remission for HbA1c<6.5% at least 3 months

Type 2 Diabetes Compared . .
o i mrias Tare after stopping glucose-lowering

pharmacotherapy.




Clinical Diabetes and
Endocrinclogy

Type 2 diabetes reversal with digital twin

i‘_"ul

technology-enabled precision nutrition
and staging of reversal: a retrospective cohort
study

A randomized controlled trial of the tech was conducted on individuals with type-2

diabetes, to use the Whole Body Digital Twin platform (n = 199) or receive
standard of care (n = 63) for 180 days.
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Glucose

The platform collects daily data from continuous glucose monitors (CGM), sensor watches,
blood pressure meters, smart scales, detailed patient food intake information, and a
mobile app to track and analyze the body’s health signals in order to personalize the
patient’s treatment and provide daily precision nutrition guidance to the patient.




The program employs a machine learning predictive model using data from food
logs and multiple sensors, including continuous glucose monitoring fitness watches
and comprehensive blood tests. The technology provides individualized and timely
recommendations through a mobile app to users and their care teams.
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Twin models physical reality entities

Virtual representation
of real-world entities

Machine learning algorithms analyzed the patient’s macronutrients,
micronutrients, and biota nutrients to measure and predict glucose response to
specific foods. Participants were provided with specific daily food
recommendations to avoid glucose spikes.



Change in HbA1lc from baseline to 180 days and the percentage of participants achieving type 2 diabetes
remission were the primary outcomes.

Achieved type 2
diabetes remission as
defined by ADA criteria
at 180 days




Baseline

Stage 0

=1 Year: Mo Meaedications &
HbAlc <5.7%

Stage 1
No Medications & HbAlc <5.7%

Stage 2
No Medications &
HbAlc 5.7% to 6.4%

Stage 3

Mo Medications and eAlc <6.5%

Stage 4
Metformin Only

Stage 5
2 Oral Medications

Stage 6
At Least 3 Antidiabetic
Medications

After 90 days

0%

32%

In interim analysis, majority of participants in the intervention group reached an
HbAlc <6.5% at 180 days using no medications or metformin only

The remission was independent of the level of weight loss.




Insulin

Metformin

ra

DPP-4 Inhibitors

Voglibose

Sulfonylureas

Pioglitazone

SGLT2 Inhibitors 100%

Liraglutide 100%

0
X

10% 20% 30% 40% 50% 60% 70%

m Eliminated Decreased ' No Change Increased ® New

All nine participants in the intervention group who used insulin at baseline stopped
using insulin prior to 90 days.



About Twin Success Stories Our Team - =

Reduce medication, lose
weight, and recover from
metabolic diseases

“Im total, nearly 84% of the group wheo followed their digital twin's guidance for
six months were determined to be in remission by the end of that period, per
the AD&s standards—meaning they maintained normal blood glucose levels for
at least three months without taking diabetes medication."

- American Diabetes Association (ADA)*
The Whole Body Digital Twin™ is a digital representation of your unigue

metabolism and delivers precise, personalized guidance about foods, sleep,
activity, and breathing through the easy-to-use app.

Twin Health's program combines the Whole Body Digital Twin™ with a dedicated
care team that monitors your sensor data, offers personalized recommendations,
and supports you on your health journey.

*artificial Intelligence Offers Significant Rate of Remission for Type 2 Diabetes
Compared to Standard Care. American Diabetes Association (2022 June 4).

“We were pleased to see the magnitude of remission of diabetes achieved in our
study, validating the power of understanding the distinctions of each individual’s
unique metabolism to provide personalized recommendations,” Shamanna said.




About Twin Success Stories Our Team - —

Beating metabolic diseases is now possible
with your Whole Body Digital Twin™

Prediabetes | Diabetes | Obesity | PCOD | Metabolic Wellness for Preventive Care

The Twin Health Program uses adwvanced Whole Body Digital Twin™ technology to
help heal your disrupted metabolism the root cause of many chronic diseases.

Shamanna :“Our results demonstrate the potential of Whole Body Digital Twin
technology to change the conventional, medication-driven management of type 2
diabetes to achieving remission of type 2 diabetes with a life free of medication in a
large proportion of people. Precision lifestyle changes implemented by continued
inputs delivered digitally by artificial intelligence has the potential to deliver both
glycemic and extra glycemic benefits.”
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[ Heal your metabolism to help
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OPTOMICS: Digital twin technology improving type-2 diabetes
healthcare

The EU Horizon 2020 OPTOMICS project will develop and validate a I‘Ti'l
digital-twin model, which aims at developing non-invasive and O P | hﬂi\ h'ﬂ‘

inexpensive prognostic and treatment planning methods for type-2

diabetes patients. m M | CS

date: 18/02/2021

This so-called digital-twin model aims to improve prediction and early detection of individuals likely
to develop the disease, which will improve the overall possibility for prevention. Simultaneously, the
method will reveal potential risks for developing disease complications, all while personalizing
patient treatment.

The project involves in-depth molecular phenotyping of individuals at the DNA, protein and
metabolite level.
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Retrospective study of glycemic
variability, BMI, and blood pressure
in diabetes patients in the Digital
Twin Precision Treatment Program

Paramesh Shamannal, Mala Dharmalingam?, Rakesh Sahay?, Jahangir Mohammed®,
Maluk Mohamed®, Terrence Poon®, Nathan Kleinman® ' & Mohamed Thajudeen®

The abjective of this retrospective observational cohort study was to measure glycemic variability and
reductions in body mass index (BMI), blood pressure (BP), and use of antihypertensive medications in
type 2 diabetes (T2ZD) patients participating in the digital twin-enabled Twin Precision Treatment (TFT)
Program. Study participants included 19 females and 45 males with T2D who chose to participate in
the TPT Program and adhered to program protocols. Nine additional enrollees were axcluded due to
major program non-adherence. Enrollees were required to have adeqguate hepatic and renal function,
no myocardial infarction, stroke, or angina =90 days before enrollment, and ne history of ketoacidosis
or major psychiatric disorders. The TPT program uses Digital Twin technology, machine learning
algorithms, and precision nutrition to aid treatment of patients with T2D. Each study participant
had =3 months of follow-up. Outcome measures included glucose percentage coefficient of variation
(#CW), low blood glucose index (LBGI), high blood glucose index (HEGI), systolic and diastolic BF,
number of antihypertensive medications, and BML Sixty-four patients participated in the program.
Mean (£ standard devlatmn} OV, LBGI, and HBGI '.-'aluzs were low (17.34+ 4.35, 1.37+1.37, and

hi h




High Blood Glucose Index Average Systolic Blood Pressure (mm Hg)
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Retrospective study of glycemic
variability, BMI, and blood pressure
In diabetes patients in the Digital

(4.5-9.0)

Lowtea5 Twin Precision Treatment Program

Paramesh Shamanna’, Mala Dharmalingam?, Rakesh Sahay?, Jahangir Mohammed*, Baseline 30 Days 60 Days 90 Days
Maluk Mohamed*, Terrence Poon*, Nathan Kleinman®' & Mohamed Thajudeen®

1
134.7

The objective of this retrospective observational cohort study was to measure glycemic vaniability and
reductions in body mass index (BMI), blood pressure (BP), and use of antihypertensive medications in . . .
type 2 diabetes (T2D) patients participating in the digital twin-enabled Twin Pracision Treatment (TPT) Avera ge Diasto | icB I ood Pressure ( mm H g )
Diabates- Poor Program. Study participants included 13 females and 45 males with T2D who chose to participate in
(>36%) the TPT Program and adhered to program protocols. Nine additional enrollees were excluded due to
major program non-adherence. Enrollees were required to have adequate hepatic and renal function,
no myocardial infarction, stroke, or angina < 30 days before enrollment, and no history of ketoacidosis
or major psychiatric disorders. The TPT program uses Digital Twin technology, machine leaming
algorithms, and precision nutrition to aid treatment of patients with T2D. Each study participant
had 23 manths of fallow-up. Outcome measures included glucose percentage coefficient of variation
e o (%CV), low blood glucose index (LBGI), high blood glucose index (HBGI), systolic and diastolic BF,
jiabetes - Good
(189% - 2696) number of antihypertensive medications, and BMI. Sixty-four patients participated in the program.
Mean (1 standard deviation) %CV, LBGI, and HBGI values were low (17.34£4.35,1.37£1.37, and
113£2.79, respectively) throughout the 30-day program. BMI decreased from 29.23+ 5.83 at baseline
to27.43£525 kg.‘mQ. Systolic BP fell from 134.72 £17.73 to 124.58+ 11.62 mm Hg. Diastolic BP
decreased from 83.95£10.20 to 80.33 £7.04 mm Hy. The percent of patients taking antihypertensive
medications decreased from 35.9% at baseline to 4.7% at 90 days. During 90 days of the TFT Program,
patients achieved low glycemic variability and significant reductions in BMI and BF. Antihypertensive
medication use was eliminated in nearly all patients. Future research will focus on randomized case-
control comparisans.

Glucose Coeftficient of Variation Percentage

Diabetes - Moderate
(26% - 36%)

Normal (<=18%:)
Baseline 30 Days 60 Days 90 Days

During 90 days of the TPT Program, patients achieved low glycemic variability and significant
reductions in BMI and BP.

Antihypertensive medication use was eliminated in nearly all patients.
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Human Digital Twin for Personalized Elderly Type 2
Diabetes Management

Padmapritha Thamotharan 1", Seshadhri Srinivasan %*, Jothydev Kesavadev ?, Gopika Krishnan 3,

Viswanathan Mohan %, Subathra Seshadhri !, Korkut Bekiroglu *" and Chiara Toffanin ©
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SharkMinja, Needham, MA 02494 11545

Departrment of Electrical, Computer and Biomedical Engineering, University of Pawvia, 27100 Pavia, Italy

Correspondence: seshadhri s@mtvess . codin

Abstract: Managing Elderly tyvpe 2 diabetes (E-T2D)) is challenging due to geriatric conditions (e.g.. co-
morbidity, multiple drug intake, etc.), and personalization becomes paramount for precision medicine.
This paper presents a human digital twin (HDT) framework to manage E-T2D that exploits various
patient-specific data and builds a suite of models exploiting the data for prediction and management
to personalize diabetes treatment in E-T2D patients. These models include mathematical and deep-
learning ones that capture different patient aspects. Consequently, the HDT virtualizes the patient
from different viewpoints using an HDT that mimics the patient and has interfaces to update the

virtual models simultaneously from measurements. Using these models the HDT obtains deeper
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Precision Treatment Methods Through framework leads to new data, novel models
that create additional knowledge, and improved decision support through new
degrees of freedom.
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B (hsulin recommendation with HDT
[ 1Conventional insulin therapy
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This shows that the TIR is increased from 3—75% to 86—97%.



[ 1Conventional insulin therapy
[ Insulin recommendation with HDT
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This shows that HDT-based personalized BGL management can reduce the time
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I Conventional insulin therapy
[ 1insulin recommendation with HDT
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This shows that HDT-based personalized BGL management can reduce percentage
of time spent in hyper from 0-98 % to 0—-12%.




(A) .Multi-source heterogeneous health care (B) -Modeling and simulation
data acquisition and integration :

Mobile E]
Health - ; '

-
T
B = Genomics oy —
® =

— - m > - \ P Maodel upgrade -
| = ' —
. - e
K-II-E H / 3
Patient visit ]IQ_‘H Raw Data Intergration I I
:.?-nl;g:-(r:'rflation AHLT FHIR Patient-specific digital twin Set of patients’ digital twins

(C) .Decision Making

NV Y

- participato
:
:
.
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Follow-up data refines digital twin
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This paper presented a Human Digital Twin (HDT) framework for Elderly Type-2 Diabetes
(E-T2D). The HDT enables personalization and precise insulin infusion considering.
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Toward an artificial intelligence-assisted framework for
reconstructing the digital twin of vertebra and predicting
its fracture response
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Abstract

Thiz article presents an cffort toward bullding an artificial  intellipenoe
(AL} ammisted framework, coined Recon(GAN, for creating a realistic digital bain
of the human verichra and predicting the sk of vericbral fracture (VF).
ReconGAN consists of a decp convolutional pencrative adversarial network
(DCGAN), imape-processing steps, and finite clement (FE) based shape opti
mization o reconstroct the vericbra model. This DCGAN model 1= trained
using & seb of guantitative micro-computed wmography (micro-QCT) images
of the trabecular bone oblained from cadaveric samples. The guality of syn
thetic trabecular models penerated using DOGAN are venibed by comparing a
sei of ity statistical microstructural descriptors with those of the imaping data.
The synthesgaed trabecolar microstructure s then infused into the vertebra
cortical shell exiracted rom the paticnts diagnostic CT scans using an
FE-based shape oplimization approach to achieve a smooth transition bebaeen
trabecular by cortical regions. The nal peometrical model of the verichra is
converied into a high-bdelity FE model o simulate the VF response using a
continuum damape model under compresson and fexion loading conditions.

A Pesmibality study 15 presenied o demonstrate the applicabiliby of digntal teans
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Al-assisted digital twin could predict spinal column
fractures in cancer patients

= ey

T 1 e
e An Al-assisted digital twin of human wvertebrae could predict how cancer affects

the probability of spinal column fracoures, a study from Ohio State University has
found.
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FIGLUEE 8 Performing finite element-based shape optimization o aobtain a tapered transition foom cortical to trabecular bone in the

virtual vernebra model, which avoid unrealistic siress concentrations in these regions during Vertebhral Compression Fraciure (WVCF) simulations

FIGLIEREE 9 (A Co-registered CT-MEI scan of a vertebra with a metastatic tumaor: {B) 3D reconstroction of mmor morphology added oo

thie wirtual vertebral model generated using ReconGARM; (Ch comparing lytic and blastic tlumors in a small portion of the trabecular bomne

An Al-assisted framework, coined ReconGAN, was developed for synthesizing realistic
digital twins of the human vertebra and predicting its fracture response.

ReconGAN enables integrating diagnostic imaging data (e.g., CT scans) with virtual
microstructural models of the trabecular bone, to create realistic geometrical models of

the whole vertebra.
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- To dewvelop an efficient digital twin solution for the estimation of long
bone fracture rnisk in eldery patients (CT25 solution)

- To not only be able to evaluate the bone strength at present. but also

predict the changes in the next 10 years (ARF10 solution}
- To extend the digital twin solution to predict other types of fracture,
such as the vertebral

* To enable the running of large scale in silico clinical tnials (BoneStrength
solution, with a current target for bone treatments)

. To port these solutions on multiple HPC platforms across Europe and

solve potential scalability issues
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Deeplife !)j DeepLife.

deeplife.co

How digital twins of human cells are
accelerating drug discovery

Designed to reshape drug discovery and drug repositioning, systems biology company Deeplife has created a data-
driven technology platform that creates digital twins of human cells, to evaluate response to new drug candidates.

The rapid proliferation of omics data, which
prowides essential information FATHWAY AMALYSIS
miclecular activity within cells, i

drug discovery. Equipped with this

a next generation systems biology company, has
established a platform for creating digital twins
of human cells, enabling scientists to rapidly
evaluate how unhealthy cells respond to drug

|
|
|
|
|
candidates in silico. Deeplife has deployed and - ) |
established proof-of-concept for its platform, o e |
and is now actively seeking partners for target Vg, |
identification and drug repositioning projects |
enabled by its digital twin technology. i
All diseases, and efforts to treat them, start at |

|

|

|

the cellular level. Small changes in the trillions of
chemical imteractions that make up human cells

which can be triggered by mutations or extar

nal forces, can cause cells to enter pathological
states that ultimately manifest in diseases. The
massive scale and complexity of the inmer work
ings of cells has traditionally impeded efforts
to identify the drivers of d

iterative recomstruct

SClEnce 1s mow L

Deeplife has mapped more than 30 atlases with more than 20 million single. The
atlases span brain, blood, liver, lung, intestines, and other tissues and organs, and
Deeplife updates them monthly using more than 20 qualified data repositories.
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