BCN Universitat
@ MEDTECH upf Pompeu Fabra

Barcelona

Your Digital Twin: Predicting and
Preventing Joint Pain

Jérome Noailly

Biomechanics & Mechanobiology
Barcelona Centre for New Medical Technologies (BCN MedTech)

jerome.noailly@upf.edu

www.biomech.es

m www.linkedin.com/in/jnoailly/



http://www.biomech.es/

BCN

Universitat

mentecH| Non-communicable diseases & disorders (NCD)  |upf | rompeu rabra

Barcelona

Disease burden from NCD by age, World, 1990 to 2021
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) BEN-ccul NCD & mechanically loaded organs & tissues

Global Burden of Disease Study 2019
(GBD 2019 Diseases and Injuries Collaborators, Lancet, 396, 2020)

10 most disabling and life threatening disease & disorders (2019)

population 25-49 years of age

Road injuries #1

HIV/AIDS #2
Ischaemic heart disease* #3
Low back pain* A
Headache disorders #5

Depressive disorders #6 [ < NCD

Gynaecological diseases #7
Other musculoskeletal disorders™ #8

Stroke* #9 |

Tuberculosis #10

upf.
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*Non-communicable disease /disorder that affects mechanically loaded organs & tissues
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“if AI/ML is to make an impact on LBP

Ilpj | Dlglta| MediCine www.nature.com/npjdigitalmed ) ) )
management, it will likely need to develop
greater reliability and validity compared to
REVIEW ARTICLE OPEN M) Check for updates Current appI’OaCheS o 7
Artificial intelligence to improve back pain outcomes
and lessons learnt from clinical classification approaches: Challenges
three systematic reviews - Small and heterogeneous data
Scott D. Tagliaferri(®' ™, Maia Angelova (37, Xiaohui Zhao?, Patrick J. Owen @', Clint T. Miller!, Tim Wilkin? and Daniel L. Belavy'* _ Cla S Slfy ri Sk fa Ct ors

Query, Gemini Pro, Oct 22nd, 2025:

PROMPT by J Noailly: “Has artificial intelligence been successful in coping with low back pain? Please provide only proven
and directly contrastable information.”

CONCLUSION OF ANALYSIS by Gemini: Al has been "successful” and proven effective in narrow, data-heavy tasks like
reading images and calculating prognosis. Its success in direct patient treatment is inconsistent and highly dependent on the

specific application and its design.
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Determinants of intervertebral disc (IVD) degeneration, a

leading unique cause of LBP

The Twin Spine Study
(Battie et al, The Spine J, 9, 2009)
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(McCann & Séguin, J. Dev. Biol. 2016)
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Interplays among age,
biological &
mechanical factors

Complex & multifactorial
endotypes
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PHENOTYPES

Systems Mechanobiology & intervertebral disc (IVD) degeneration
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Reviewed in Baumgartner, et al, Int J Mol Sci, 22, 2021 Barcelona
Measurements ]
Motion Medical Cell culture experiments, Proteomics, transcriptomics,
capture images /tissue body fluids analyses single cell experiments
composition o
A }
O - | ENDOTYPES
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e i
Multibod Finite element . .
. Y . Agent-based Modelling Network modelling
dynamics modelling
3D Tissue . . .
Organ . 3D Multicellular Multifactorial cell
deformation, . ) C e e .
forces (collective) behaviour, regulation, individual
stress & mass . .
protein reaction agent fate

transport fields

Modelling & Simulation Workflow

SYSTEMS MECHANOBIOLOGY
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TISSUE STRESS: composition-dependent

osmo-poroelasticity NP
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Ruiz Wills et al, J Mech

Neyy = Ny — @ciXColl PhyS SOIidS, 90, 2016

Ruiz Wills et al, Front
Bioeng Biotechnol, 9, 2018

Carlos Ruiz Wills
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N with degeneration R

0 100 ms

Togao et al, Am J Neuroradiol, 39, 2018
Van Rijsbergen et al, PLoS ONE, 13, 2018



Tissue-level intervertebral disc (IVD) biophysics

Organs & tissues
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Cell response to
multifactorial stimulations

Cooperative cell systems
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Agent-Based Models Network Models

Multiphysics modelling: INDIRECT MECHANOTRANSDUCTION

TISSUE STRESS: fibre-reinforced osmo-poroelasticity

s \2
y:
Am = PinRT \/cf‘,ex[ + 4’( ;") csﬂ) — 2QextRTCoxt
int
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Ruiz Wills et

METABOLIC TRANSPORT: 02, glucose, lactate al, J Mech
: Phys Solids,
y 90, 2016
cell nutrition & viability (Indirect mechanotransduction) Carlos Ruiz Wills
1
E'l'_uf'VC_V'(D' VC‘)=Rtissue . .
ot ¢— — ==tissue Reviewed in
v ol Y ‘ Y e o Malandrino et
Accumulation ~ Convection Diffusion Reaction/metabolism al, MRS Bull,

40, 2015

Andrea Malandrino
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- Spine cadaveric specimen testing & modelling * Metabolic transport-cell viability in V|t|ro experiments
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MENTECH! Indirect mechanotransduction findings

Disc patient-specific morphology affects internal mechanics and metabolism,
including interactions with tissue properties = IS IT A RISK FACTOR?

(Workineh, Muiioz-Moya et al, Front Bioeng Biotechnol,
13, 2025)

Zerihun Workineh Estefano Mufioz-Moya

MILDLY DEGENERATED TISSUE

NORMAL TISSUE COMPOSITION

THIN DISC
Mean height * 9 mm

SN

S5}

MEDIUM DISC
Mean height ~ 12 mm

ASSNIN

TALL DISC |
Mean height ~ 16 mm §
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Global Spine Journal
Volume 15, Issue 5, June 2025, Pages 2736-2743
©0The Aur.hosrs(s;2024, Article R:ugsee Guidelines Sage J OU rna I S
https://doi.org/10.1177/21925682241311515
Original Article (c0) OO

Role of Magnetic Resonance Spectroscopy and T2
Relaxometry as Imaging Biomarker of Early Lumbar

Intervertebral Disc Degeneration

Pushpa Bhari Thippeswamy, DNB (Rad), FRCR 1, Shanmuganathan Rajasekaran, PhD 2,

Karthik Ramachandran, MS (Ortho), DNB, FNB (spine surgery) 2 Murugesh Easwaran,

MSc, PhD?, Shalini Sivakumar Ramadevi, MSc', KS Sri Vijay Anand, MS (Ortho), FISS

Ajoy Prasad Shetty, MS (Ortho), DNB 2 and Rishi Mugesh Kanna, MS (Ortho), MRCS, FNB
2

2
)

“.. there were considerable differences in
the metabolic molecules between both LBP
patients and volunteers in the different age
groups, showing that metabolic alterations
precede changes in structural molecules.”

¥

Relevance of Lactate
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Radiomics

Northern Finland Birth Cohort (NFBC), n=1387

Finite element modelling
& simulations

Sai Natarajan

\l/
gj | ['CF UNIVERSITY OF OULU (Natarajan et al, Lect. Notes Comput. Sci.,

“ Terence McSweeney 15007, 2024) .

(McSweeney et al, Spine, 10, 2025)

(Kowlagi et al, Spine, 49, 2024)

\l/

3D-SHAPEJ o

Thick Slice
CC7 uNIvERSITY OF ouLL Sagittal MR volume MWty 2D - 3D
224 x 224 x 4

l
[ L2 SO =
P"“ ’ Grade 4
(\& | rade .

2 | Degeneration grade
HAEpIENES sl 5 cropped pirmmann grade (Kowlagi et al, Spine, 10, 2025)

disc images

= ren e eficientiet Lo (Munoz-Moya et al, Front Bioeng Biotechnol, 12, 2024)
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(A), ROC AUC Curves
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Down to the IVD cell: entering the Matrix! upf.

(Baumgartner et al, Bioinformatics, 37, 2021)
Laura Baumgartner (Baumgartner et al, Front Bioeng Biotechnol, 9, 2021)
(Baumgartner et al, JOR Spine, 8, 2025)

Endplate changes

Parallel Network (PN) Modelling = Graph representation
integrating in vitro nucleus pulposus cell culture measurements
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Carlos Ruiz Wills

(Ruiz Wills et al, Front Physiol, 9, 2018)
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Glc
(0 mM -5 mM)

34 Col-lliyeq

‘s Col-l4p

pH
(7.4-6.5)

-7- A A8 |
AgBiL18, TNF-a

4 Col-lly g

oy B ——1 Col-llisg mea

[Glucose)

Cell immunopositivity = \)

0.70
M Agg @ Col-l
0.60
0.50
>
£
2 0.40
3 ),
= 0.30
a
1L 0.1265
0.0814
0.10 0.0064
.0-0043 0.0001
0.00

non-inflamed

mMRNA expression a

0.89 mM glc, pH 6.93

0.6075

0.1197

0.0814 J'
0.0635

0.0061 I'_|0.0064

IL1B inflamed

N
0.1253

0.0145
0.0010

—

TNF-a inflamed

W Col-ll OMMP3 AMTS4 \ .

0.2072

()-eas

Endplate changes

)

0.2065

0.1131

0.0143
0.0018

P

IL1B&TNF-a inflamed

Universitat
Pompeu Fabra
., oo e Barcelona

Laura Baumgartner

(Baumgartner et al, Front Bioeng Biotechnol, 9, 2021)

Metabolic stress
represents a risk, if
intervertebral disc cells are
immunopositive for IL1-b
and TNF
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Knowledge-driven modelling & biological scalability
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Ag8iL18, ThF-a L

Forward simulations

T * No solver required (only one ODE)
* BUT:

» scalability Depends on in vitro experiments
» Does not explain regulatory mechanisms
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(Pro-) inflammatory /catabolic cytokines
L1811 IL17A | TNF Anti-inflammatory /anti-catabolic cytokines
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Sofia Tseranidou
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T TIMP3
VEGF (Tseranidou et al, npj Syst Biol Appl, 11, 2025)

Knowledge-driven modelling <)"\>.H

(Pro-) inflammatory /catabolic cytokines
Anti-inflammatory /anti-catabolic cytokines

European Research Coul
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Knowledge-driven modelling: mapping of
downstream signalling pathway

Exarchos Kanelis  Leonidas Alexopoulos
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THE ART IN MULTIPLEXED ASSAYS

Phosphorylated proteins
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AKT1S1
AKT1
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Sofia Tseranidou

Validation against phosphoproteomics measurements in stimulated cell culture

(Tseranidou et al, JOR Spine, Under review)
. Relative activation
Phosphorylation changes

P65 NFKB C-JUN IKBA*
Treatment -
JIL-1B8 L
= E
I e p=0.07 W
c
0
E p=0.07 = P ol o
?p=0.07 = E

|7 increase &S &
& &
&
&
I7 decrease X

*Biological agreement implies that if IKBA
increases in the experiment, it should decrease in
the in silico model.

0.45 0.4 0.35 0.3 0.25 0.2 0.15 0.1 0.05 O 0.05 0.1 0.15 0.2 0.25 0.3 0.45 0.5 0.55 0.6 0.65
Phosphorylated form (MFI) / total protein
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Systems mechanobiology models & simulations in the intervertebral disc have allowed to:

» |dentify close relationships among intervertebral disc morphology (innate phenotype), mechanics and metabolic stress
in the organ (personalised models)

* Degenerative phenotypes, such as endplate changes, strongly associated with low back pain (Northern Finland Birth
Cohort), and with metabolic stress and key biological changes (in silico)

* Explore the mechanisms through wich harmful biological changes are controlled, as regulation pathways are described
and may indicate local therapeutic targets (regulatory network models < experimental models)

. Estefano Mufioz-Moya Risk Stratification (n = 169, pos = 13)

7(LogReg) = 0.86 |

x

Cell Death (1)

o 6 i risk sample :
OngOIng"' % . ?Aigclhriskksamprfi E
g B Low risk sample !
8 4 —-- KDE bw = 0.2 :
* Morphology-based 3 L i
stratification of biological risk 2 ) ! T i i
defined in patient cohort © [ ﬂﬂﬁ \h.m. ] f”fl*
(MySpine, n=169) 0 :
e EEE R T e EEEE S ] mmem&1+~e--M.Am¢—h-wﬁ ------ 200X -
 To be incorporated into DSF n = 35, bos = 0 n = 94 pos = 0 n = 40; Bos — 13
. . 0% — 46% 46% — 71% 71% — 100%
and validated in Northern Crick — . : . . I :
Finland Birth Cohort (n=1410) 00 02 04 06 08 t0

Risk Axis by LogReg — Strata by Fisher — Jenks natural breaks (1D DP) — K=3 & S =0.56
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Mapped articular chondrocyte
mechanoreceptors and dowstream
regulation

(Segarra-Queralt et al, Front Bioeng
Biotechnol, 11, 2023)

(Segarra-Queralt et al, Phys Life Rev, 48,
2024)
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[1] Segarra-Queralt et. al., Front. 2023 [2] Cortes C. et al. Machine Learning (1995), [3] Pedregosa F. et al. Jou. Mach. Lear. Res. (2011)
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Input features (Synovial proteins)

* Important role of Metabolic Syndromes (leptin) [1] & innate immunity (MCP1) [2].
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* Macrophage infiltration in joints (+ angiogenesis) = pain + synovitis [3].

Adipose
tissue
(fat cells)

[1] Moilanen et al. Mediators Inflamm, 2009; [2] Daghestani et al. Arthritis & Rheumatology, 2015; [3] Scanzello et al. Bone, 2012

JP: Joint Pain (WOMAC)
RI: Rigidity (WOMAC)
FU: Function (WOMAC)
DE: Depression (HAD)

CA: Catastrophism (HAD)
SE: Sensitization (Pressure tests)
SY: Synovitis (Echography)
EF: Effucion (Echography)

Cae
" @ GOBIERNO
DE ESPANA

ISTH
DE CIENCIA
EINI 5

’ ( ).I-Iealth erc
NOVACION e . @
\ESH\%M[DWN ‘.\.. Euroy Council

Universitat
upf Pompeu Fabra

Barcelona

P AUC = 0.2 ¢ @\

Maria Segarra-Queralt

(Segarra-Queralt et al.
Sci Rep, 14, 2024)
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JP: Joint Pain (WOMAC)
RI: Rigidity (WOMAC)
FU: Function (WOMAC)
DE: Depression (HAD)

CA: Catastrophism (HAD)
SE: Sensitization (Pressure tests)
SY: Synovitis (Echography)
EF: Effucion (Echography)
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ADAMTS CELL / MOLECULE

(AGENT-BASED
| cartilage destruction | | Chondroprotection | /NETWORK MODELS)
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