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Digital Twins in manufacturing industry

“A digital twin is a virtual 
representation that serves as 
the real-time digital counterpart 
of a physical object or process” 
from Wikipedia

2002 Society of Manufacturing 
Engineers conference Troy (MI)



• Can we develop the digital twin of a 
patient, capable of predicting change in 
the health status of an individual, and 
provide decision support to the clinical 
management of such person?

© 2022 3

Digital Twins in healthcare



• Can we predict changes in the health 
status of an individual patient on the basis 
of mechanistic knowledge we have of 
human physiology and of the specific 
disease that affect such patient?

Can we predict life?
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Can we predict life?

Ritratto di Galileo Galilei (1636), 
Justus Sustermans

«il Libro della natura è scritto 
nella lingua della matematica»

Il Saggiatore (1623)

«Sensate esperienze e 
necessarie dimostrazioni»

Discorsi (1638)
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Borelli: de motu animalium

Giovanni Alfonso Borelli 
(1608 – 1679)

Marcello Malpighi 
(1628 – 1694)
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• Al-Jāḥiẓ (781-869): the concept of food chain

• Al-Dinawari (828-896): describes 637 plants

• Ibn Sina (Avicenna) (980-1037): his “Canon of Medicine” introduces the 
concept of clinical trial

• Avenzoar (1091-1161): introduces the autopsy

• Ibn al-Nafis (1213-1288): first describes coronary and respiratory circulation

• Andries van Wesel (Vesalius, 1537) De Humani Corporis Fabrica starts 
modern descriptive anatomy

• William Harvey (1628), De Motus Cordis, describe circulatory system
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Little history of empirical biology
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• Complexity
– For a long while mathematical methods (and our ability to solve them) severely limit 

our ability to model living organisms, if not by using radical idealisation frequently 
totally unrealistic 

• Agnosticism in science
– Monism: everything is matter – Dualism: matter and spirit
– Science is born in the 16th century, in a world where dualism is dominant; science 

develops around a weak ontology, agnostic with respect to this debate
– Physics focus on inanimate matter, where mechanistic explanations do not offend 

spiritualists
– Biology develops around a radical agnosticism, where life is observed but not 

explained
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Physical sciences lost the battle
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The thermodinamics of life
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Erwin Schrödinger 
(1887-1961)

What Is Life? The Physical 
Aspect of the Living Cell (1944)

Based on a course of 
public lectures delivered in 
February 1943, at Trinity 

College, Dublin.
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1958: Model of action potential in neurons

Alan Hodgkin 
(1914-1998)

Andrew Huxley 
(1917 –2012) 

Nobel P
riz

e 1963
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1973: Musculoskeletal dynamics

© 2020

Alí Seireg
(1927-2002)
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1978: Model of cardiac contractility

Denis Noble 
(1936 - )



1984: Bone remodelling
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Modelling life becomes popular
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• The Human Genome Project was launched in 1990

• A digital representation of the entire human physiology: 
“The physiome describes the physiological dynamics of 
the normal intact organism”

• The idea was first proposed in 1993, but formalised in 
the IUPS Physiome project in 2001

• The launch in our community happens in 2002
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The Physiome
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Calgary - August 4th, 2002

4th World Congress of BiomechanicsProf Peter Hunter
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Patient-specific MSK models

Taddei F, et al. Proc Inst Mech Eng H. 2002;216(2):95-104
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• The VPH was born in 
2005 as the UE version 
of the Physiome

• But from the beginning 
the focus was on the 
clinical application, 
focusing on diseases, 
and using models as 
decision support system
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The Virtual Physiological Human
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2006 – The Music of Life

Denis noble and Peter Hunter doing the 
'Hongi' a traditional Maori greeting
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2002 – 2022: a 20 years journey

2007: STEP

2010: VPH Institute

2002: Physiome

2005: VPH

2015: Avicenna

In these 20 years the idea of an In Silico 
Medicine and In Silico Trials with Digital 

Twins for each patient, moved from 
science fiction to an industrial reality



Models can predict health

21

2008: FDA approves Kovatchev-Cobelli
diabetes simulator to replace animal 
experimentation

Zisser et al Diab Tech Th 2014 16(10):613-22. 

2014: FDA allows marketing of 
HeartFlow vFFR-CT tool for optimal 
treatment of coronary stenosis

Gaus S, et al, JCCT 2013, 7(5):279-88.

2001: a ML model predicts biochemical 
failure after radical prostatectomy with 
a 75% accuracy
Tewari A. et al Mol Urol. 2001 5(4):163-9.

2018: patient-specific models of bone 
strength are more cost-effective that 
DXA in clinical trials of bone drugs

Viceconti M, Curr Ost Rep 2018 16(3):216-223

2019: FEops HEARTguide in silico tool 
for planning transcatheter aortic valve 
implantation is CE-marked

El Faquir N, et al Int J Cardiov Img 2019

2015: Oxford Virtual Assay in silico 
cardiotoxicity test wins 3R prize for 
animal replacement

Britton OJ,  et al PNAS 2013 110 (23) E2098-E2105
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• 2006: Juvenile Diabetes Research Foundation 
starts the Artificial Pancreas Project

• FDA requires algorithms to be tested on dogs 
before human trials are allowed

• UVA/Padua T1DM simulator virtual patient 
cohort includes 100 adults, 100 adolescents, 
and 100 children, spanning the variability of the 
T1DM population observed in vivo 

• 2008: FDA approves investigational device 
exemption supported only by simulator results

Replacement of animal experiments

Diabetes Research in Children Network
(DirecNet) consortium;

3. Reproducing glucose traces of induced moderate
hypoglycemia observed in adults in clinical trials at
the UVA, which provides comprehensive evalua-
tion of control algorithms during hypoglycemia.

Thus, the following paradigm has emerged: (1) in
silico modeling could produce credible preclinical
results that could substitute certain animal trials and
(2) in silico testing yields these results in a fraction of
the time and the cost required for animal trials. This

was a paradigm change in the field of T1DM research:
for the first time, a computer model has been accepted
by a regulatory agency as a substitute of animal trials
in the testing of insulin treatments. Since its introduc-
tion, this simulator enabled an important acceleration
of AP studies, with a number of regulatory approvals
obtained using in silico testing. A total of 140 candidate
control algorithms have been formally evaluated from
March 2008 to August 2014: 4 in 2008, 86 in 2009, 32
in 2010, 2 in 2011, 6 in 2012, 3 in 2103, and 7 in 2014.
These 140 evaluations represented 16 AP projects,
which typically resulted in IDEs being submitted to
FDA after final algorithm validation. However, one
needs to emphasize that good in silico performance of
a control algorithm does not guarantee in vivo perfor-
mance; it only helps to test the stability of the algo-
rithm in extreme situations and to rule out inefficient
scenarios. Thus, computer simulation is only a prere-
quisite to, but not a substitute for, clinical trials.

Further developments of the UVA/Padova type 1
diabetes simulator

Since 2012, the AP studies successfully moved to outpa-
tient free-living environment and became longer, with
durations of up to several weeks.85–88 These trials are
collecting large amounts of data, typically including
closed-loop control and an open-loop mode as a com-
parator. New data became available on hypoglycemia

Figure 1. Scheme of the glucose metabolism model included in the FDA-accepted T1DM simulator.82,83

Figure 2. Three uses of the T1DM simulator.
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Replacement of animal experiments

Zurich MedTech Sim4Life platform
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• In 2018 FDA accepts an in silico 
augmented clinical trial as evidence of low 
risk of fatigue fracture in Quad LV leads

Reduction of human experiments
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Development

New 
Technologies

Validation

Validation 
Collections

Accreditation

Qualification 
Advices

Optimisation

Scalable 
services

Exploitation

Commercial 
services

Information

Better 
informed 

stakeholders

Training

Properly 
trained 

workforce

The barriers to adoption
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Material properties assignment
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BBCT: From CT to the model

Loading/Boundary 
conditions

Fracture criteria

Calibration
Segmentation

Bologna Biomechanical Computed Tomography



• Comparison of stress and 
strains predicted by the CT 
based FE-model

• Reasonable agreement over 
stresses

• Over 40% error in the prediction 
of strain
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First attempt of validation
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Accurate prediction of strain
Ex-vivo: SEE

J Biomech. 2008 
7;41(11):2483-91 J Biomech. 2012 Jan 

10;45(2):394-9

Error 6-7% over 600 
strain measurements
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• Side-fall experiments are used to 
measured to force required to fracture a 
cadaver femur in a given pose

• Replicating the same boundary 
conditions the FE model predictions can 
be validated
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Predicting strength
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Accurate prediction of strength
Ex-vivo: SEE 

J Biomech. 2008 
7;41(11):2483-91

J Biomech. 2014 
7;47(14):3531-8

Over 600 femurs 
with SEE 15%-16%
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• 50 English women over 50 with acute hip 
fracture and no other diseases

• 50 women pair-matched for height, weight, 
and age with no fracture at the time of scan

• DXA, CT scan, FRAX risk, etc.

Yang L, Udall WJ, McCloskey EV, Eastell R. Osteoporos Int. 2014; 25:251-263
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Clinical validation: the Sheffield cohort
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Is BBCT better than DXA?
Ex-vivo: SEE 
In vivo: stratification accuracy on Sheffield Cohort
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Osteoporosis Int. 
2016, 27(9):2815-22 Biomech Model Mechanobiol. 

2019 8(2):301-318

J Clin Densitom. 
2015 18(3):359-92

Curr Osteoporos Rep. 
2018 16(3):216-223

© 2022



© 2022 34

QCT-based models
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QCT-based models
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6 stochastic variables (impact force)

28 impact direction (load to failure)

Patient-specific height and weight

Patient’s CT images

QCT-based models
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QCT-based patient-specific load to failure

Fracture Risk
(ARF0)

Falls simulation to predict impact loads

QCT-based models



O.N. Diagnostic

• Secondary use of abdominal CT
• FDA- approved in 2018



PerSimiO

• Simfini-OSTEO
• CE marking in 2019



Accreditation

Qualification 
Advices

40

EMA qualification advice

UISS-TB solution 
started regulatory 

process

BBCT solution 
started regulatory 

process
F

TB Digital 
Patients

Immunological 
profile 

Treatment 
outcome

UISS-TB predicts the dynamics of the tuberculosis course while a specific vaccine is administered, suggesting possible
interventions to maximize the chance of success in a personalized fashion.
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• Question the use of DXA as endpoint, claims osteoporosis drugs 
can only be shown effective by showing reduction of fractures

• Challenge a validation done on 100 cases, suggest much larger 
(1000?) cohort

• Suggest to compare with vBMD and epidemiology models (a la 
FRAX) in addition to aBMD

• This level of validation is clearly beyond the capacities of a research 
group

• There might not be a viable business model that would justify such 
study for a company
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EMA Qualification advice on BBCT



• Technical, regulatory, and cultural barriers are 
slowing down the adoption

• Low hanging fruits have been exploited, now 
only difficult staff is left

• Most problems require complex multiscale 
modelling

• So what?
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Digital Twins in healthcare



• When the VPH was introduced 
many understood it as a model 
to predict everything in human 
pathophysiology

• This was clearly impossible, so 
we made an effort to dispel this 
perception

• But in doing so we lost sight of 
the holistic element in the 
original idea

© 2022 43

At the beginning of this story …
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Enter the Human Digital Twin

A model of 
everything fed with 

sparse data

Data about 
everything that feed 
specialised models

Impossible!!

Possible?



• Hard to develop good models without good data
• Validation is always limited by the availability of 

validation data collections
• Development and validation of multiscale models require 

multiscale data collections
• The development of data-driven (e.g. Deep Learning) 

predictors and surrogate models requires huge volume 
of data
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Most barriers are data-related



Human Digital Twin
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• Height, Width, and Depth range from 
the smallest to the largest human 
body

• Time ranges from Birth to Death
• Individuality ranges from Each 

Individual to Homo Sapiens Sapiens
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HDT – 6-dimensional reference frame

Height

Width

Depth

Time

Individuality

Credibility

• Credibility ranges from Speculative Predicted to Fully 
Certified Experimental



• The 6D reference frame has infinite resolution; in it we 
can recursively store datasets, each with its own grain 
and range:
– A body scan with range 100m and grain 10-3m

• In it a femur with range  10-1m and grain 10-4m
– In it an osteon with range  10-2m and grain 10-5m

» In it a lamellae with range  10-3m and grain 10-6m
» ….

• The HDT can be seen as a 6-dimensional, recursive 
lattice (hyper-scaffold), each cell containing n-instances 
of a specific type of data object
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HDT – a recursive data storage



• Scale recursion is obvious for space and time 
dimensions

• But it propagates also to Individuality and 
Credibility dimensions:
– You can cluster individuals and average their 

properties data at different space-time scale
– Credibility might varies across space-time scales
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HDT – Recursion propagates
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For each new type of dataset
Origin (relative), Origin (template), 
Range and Grain

Origin (relative), Origin (template), 
Range and Grain

Time

Space

Individuality

Birth Death

Individual Species

Species template, clustering and 
averaging operators

Credibility
Speculative
Predicted

Certified
Experimental

Credibility assessment rules, 
credibility enhancing operators



• A model is defined as the function Ô = f(I), a relation 
between data cells (between the I data cells (inputs) 
and Ô data cells (outputs, estimate of the true value O)
– A model can be defined in single space-time scale, or link 

multiple ones (multiscale model)
– Multiscale models can also be built as orchestrations of single 

scale models that use the HDT data hyper-scaffold to manage 
the data flow

– A model can be defined in single Individuality level (subject-
specific or population-based), or link multiple levels
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HDT – Models as automata



• Homogenisation and particularisation models 
transform physical properties from one space-
time scale to another

• Statistical operators (average, variance) 
transform along the Individuality axis

• Proofs of the falsification / validation / 
certification transforms along the Credibility axis
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6D Transformations



• The Human Digital Twin is a 6-dimensional, 
recursive data hyper-scaffold where:
– experimental data are stored, annotated, 

homogenised, and clustered
– Predicted data are generated by models defined as 

relations between data cells
– Access to data and models can be granted using 

Open Access, Collaborative, or Commercial licenses
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HDT: Definition



• Accumulate your data with other’s to achieve statistically significant 
validation collections

• Form validation collections that provide an independent validation 
benchmark for competing models

• Simplify the development, validation and uncertainty quantification of 
single- and multi-scale models

• Simplify the transition from mechanistic to data-driven surrogate models
• Simplify the development of grey-box (partially data-driven partially 

mechanistic) models
• … and many other things we have not thought yet
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What will you do with the HDT?



• Digital Twins in healthcare are an industrial 
reality, but their development and validation is 
still too slow

• The creation of a Human Digital Twin 
infrastructure could accelerate the development 
and certification of new DT solutions
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Conclusions



Prof. Marco Viceconti
Dipartimento di Ingegneria Industriale

Email: marco.viceconti@unibo.it
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Thank You!

mailto:marco.viceconti@unibo.it

