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Non-communicable diseases & disorders (NCD)
Lo

st
 Y

ea
rs

 o
f H

ea
lth

y 
Li

fe
 (D

AL
Ys

)

Disease burden from NCD by age, World, 1990 to 2021



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

population 25-49 years of age

Road injuries
HIV/AIDS

Ischaemic heart disease*
Low back pain*

Headache disorders
Depressive disorders

Gynaecological diseases
Other musculoskeletal disorders*

Stroke*
Tuberculosis

#1
#2
#3
#4
#5
#6
#7
#8
#9
#10

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

*Non-communicable disease /disorder that affects mechanically loaded organs & tissues

NCD & mechanically loaded organs & tissues

ß NCD



Coping with Low Back Pain (LBP) with AI: a challenge

Challenges
- Small and heterogeneous data
- Classify risk factors

“if AI/ML is to make an impact on LBP 
management, it will likely need to develop 
greater reliability and validity compared to 
current approaches ….”

Query, Gemini Pro, Oct 22nd, 2025:

PROMPT by J Noailly: “Has ar&ficial intelligence been successful in coping with low back pain? Please provide only proven 
and directly contrastable informa&on.”

CONCLUSION OF ANALYSIS by Gemini: AI has been "successful" and proven effecJve in narrow, data-heavy tasks like 
reading images and calculaJng prognosis. Its success in direct paJent treatment is inconsistent and highly dependent on the 
specific applicaJon and its design.



Determinants of intervertebral disc (IVD) degeneration, a 
leading unique cause of LBP

5

(Battié et al, The Spine J, 9, 2009)

The Twin Spine Study

Interplays among age, 
biological & 

mechanical factors

(McCann & Séguin, J. Dev. Biol. 2016)

Complex & multifactorial 
endotypes



Systems Mechanobiology & intervertebral disc (IVD) degeneration 

Mul$body 
dynamics

Finite element 
modelling Agent-based Modelling Network modelling

Organ 
forces

3D Tissue 
deformation, 
stress & mass 

transport fields

3D Multicellular 
(collective) behaviour, 

protein reaction

Mul$factorial cell 
regula$on, individual 

agent fate 

Mo$on 
capture

Medical 
images /tissue 
composition

Cell culture experiments, 
body fluids analyses

Proteomics, transcriptomics, 
single cell experiments

Measurements

Modelling & Simulation Workflow

PHENOTYPES ENDOTYPES

SYSTEMS MECHANOBIOLOGY

Reviewed in Baumgartner, et al, Int J Mol Sci, 22, 2021



Composition-based IVD tissue modelling

Togao et al, Am J Neuroradiol, 39, 2018

MRI

Van Rijsbergen et al, PLoS ONE, 13, 2018

High contents of water & proteoglycan
↘ with degeneraTon
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à Proteoglycan content

à Collagen, water contents

TISSUE STRESS: composition-dependent 
osmo-poroelasticity

Carlos Ruiz Wills

Ruiz Wills et al, J Mech 
Phys Solids, 90, 2016

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

Keita Ito

𝜎 = 𝜎!"" − 𝑝 + ∆𝜋 𝐼



Tissue-level intervertebral disc (IVD) biophysics
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Organs & tissues Cooperative cell systems Cell response to 
multifactorial stimulations

Agent-Based Models

Finite Element Models

Network Models

TISSUE STRESS: fibre-reinforced osmo-poroelasticity

cell nutrition & viability (Indirect mechanotransduction)

à Proteoglycan content

à Collagen, water contents

Reviewed in 
Malandrino et 
al, MRS Bull, 
40, 2015

Multiphysics modelling: INDIRECT MECHANOTRANSDUCTION

METABOLIC TRANSPORT: O2, glucose, lactate

Andrea Malandrino

Carlos Ruiz Wills

Ruiz Wills et 
al, J Mech 
Phys Solids, 
90, 2016



Validation

Malandrino et al, Front Bioeng Biotechnol, 3, 2015

• Spine cadaveric specimen testing & modelling

Andrea Malandrino

Hans Joachim Wilke

Estefano Muñoz-Moya

• Metabolic transport-cell viability in vitro experiments

EXP

EXP

EXP

EXP

SIM

SIM

SIM

SIM

2M Cells

4M Cells

8M Cells

16M Cells

SIM:

EXP: Horner et al, Spine, 26, 2001



Indirect mechanotransduction findings

Zerihun Workineh

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

NORMAL TISSUE COMPOSITION
MILDLY DEGENERATED TISSUE 

COMPOSITION

THIN DISC
Mean height ≈ 9 mm

MEDIUM DISC
Mean height ≈ 12 mm

TALL DISC
Mean height ≈ 16 mm

Estefano Muñoz-Moya

“… 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.”

Lactate (mM)

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

Relevance of Lactate



Patient-specific /population modelling

(Muñoz-Moya et al, Front Bioeng Biotechnol, 12, 2024)

2D à 3D

Finite element modelling 
& simulations

Radiomics

Degeneration grade

Terence McSweeney

Nash Kowlagi

Sai Natarajan

Estefano Muñoz-Moya

(McSweeney et al, Spine, 10, 2025)

(Kowlagi et al, Spine, 49, 2024)

(Kowlagi et al, Spine, 10, 2025)

(Natarajan et al, Lect. Notes Comput. Sci., 
15007, 2024)

Northern Finland Birth Cohort (NFBC), n=1387



Stratification: Disease State Index

Northern Finland Birth Cohort (NFBC)

Pain: n=4531

Intervertebral disc degeneraTon n=1410

Age 46 years old

Intervertebral disc degeneration + 
Psychological variables + Cortisol

Endplate changes + Radiomics

Estefano Muñoz-Moya

Mark van Gils

Jaro Karppinen

(Lotz et al, Global 
Spine J, 3, 2013)AF AF



Down to the IVD cell: entering the Matrix!

0.89

5

Parallel Network (PN) Modelling à Graph representaTon 
integraTng in vitro nucleus pulposus cell culture measurements

Glc
!"

Lac

Extracellular matrix mRNA:
Agg, Col-I, Col-II

Inflammation
IL-1β

Protease mRNA:
MMP3, ADAMTS

Cell death

Laura Baumgartner
(Baumgartner et al, Bioinformatics, 37, 2021)
(Baumgartner et al, Front Bioeng Biotechnol, 9, 2021)

Endplate changes (Baumgartner et al, JOR Spine, 8, 2025)

(Ruiz Wills et al, Front Physiol, 9, 2018)

Carlos Ruiz Wills



Down to the cell

Laura Baumgartner

(Baumgartner et al, Front Bioeng Biotechnol, 9, 2021)Cell immunoposi,vity à

Metabolic stress 
represents a risk, if 
intervertebral disc cells are 
immunopositive for IL1-b 
and TNF

0.89

5 Endplate changes



Organ ó Cell: multiscale 
validation

Benjamin Gantenbein

Katherine Crump

Laura BaumgartnerEstefano Muñoz-Moya

Simulations

Experimental & 
Simulated fold changes 

of mRNA expression

(Crump et al, JOR Spine, Under review)



• Forward simulaJons
• No solver required (only one ODE)

• BUT:
Ø scalability Depends on in vitro experiments
Ø Does not explain regulatory mechanisms

Scalable modelling of cell acTvity

Knowledge-driven modelling & biological scalability

IniLal expert corpus

Enriched corpus
Functional corpus

Falsification tests

Falsification tests

Data-driven

Knowledge-driven



Knowledge-driven modelling

Sofia Tseranidou

Pro-anabolic basal biological activity of the model J 

Intervertebral 
disc cell activity

Normal baseline

(Tseranidou et al, npj Syst Biol Appl, 11, 2025)

Happy cell J

(Pro-) inflammatory /catabolic cytokines
Anti-inflammatory /anti-catabolic cytokines
Growth factors
Degrading enzymes /Angiogenic factors
Chemokines
Structural proteins
TIMP /Others



Knowledge-driven modelling

Sofia Tseranidou

Anti-
inflammatory 
cytokines might 
rescue cells 
affected by TNF, 
but not cells 
affected by IL1b 

(Pro-) inflammatory /catabolic cytokines
Anti-inflammatory /anti-catabolic cytokines
Growth factors
Degrading enzymes /Angiogenic factors
Chemokines
Structural proteins
TIMP /Others

(Tseranidou et al, npj Syst Biol Appl, 11, 2025)



Knowledge-driven modelling

Sofia Tseranidou

Complete signalling
pathways with no
dead-ends

Happy cell J

(Tseranidou et al, JOR Spine, Under review)



Knowledge-driven modelling: mapping of 
downstream signalling pathway

Sofia Tseranidou

Validation against phosphoproteomics measurements in stimulated cell culture 

Exarchos Kanelis Leonidas Alexopoulos

🙂 🙂 🙂

🙂 🙂 🙂

RelaJve acJvaJon
(Tseranidou et al, JOR Spine, Under review)



Few take-home messages
Systems mechanobiology models & simulations in the intervertebral disc have allowed to:

• Identify 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 ó experimental models)

Ongoing…

• Morphology-based 
stratification of biological risk 
defined in patient cohort 
(MySpine, n=169)

• To be incorporated into DSF 
and validated in Northern 
Finland Birth Cohort (n=1410)

Estefano Muñoz-Moya



Knee Joint Systems Mechanobiology

Multibody 
dynamics

Finite element 
modelling

Discrete systems 
Modelling Network modelling

Organ 
forces

3D Tissue 
deformation, 
stress & mass 

transport fields

3D Mul$cellular 
(collec$ve) behaviour, 

protein reac$on

Mul$factorial cell 
regula$on, individual 

agent fate 

Motion 
capture

Medical 
images /$ssue 
composi$on

Cell/ Tissue culture experiments, 
body fluids analyses

Proteomics, transcriptomics, 
single cell experiments

Measurements

Modelling & Simulation Workflow

PHENOTYPES ENDOTYPES



Mechanosensitive knowledge-driven models

Cell receptors

Intracellular effectors

Soluble proteins

Degrading Enzymes

Transcription 
Factors

Maria Segarra-
Queralt

STRATO

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)

Membrane 
mechano-receptors

Structural proteins



Crossing RNM simulations with patient data

Interpret clinical data of a cohort of women (HOLOA /STRATO, n=51, KL 2-3, age 
55-70 y.o.) through the mining of clinical, biological and simulation data

Maria Segarra-Queralt

(Segarra-Queralt et al. 
Sci Rep, 14, 2024)

Jordi Monfort Faure

Laura Tio Barrera

STRATO

1. Clinical Data (CD)



Crossing Proteomics with patient data

Maria Segarra-Queralt

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

CA: Catastrophism (HAD)
SE: SensiJzaJon (Pressure tests)
SY: SynoviJs (Echography)
EF: Effucion (Echography)

(Segarra-Queralt et al. 
Sci Rep, 14, 2024)

STRATO

Input features (Synovial proteins)
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• Important role of Metabolic Syndromes (leptin) [1] & innate immunity (MCP1) [2].

•  Macrophage infiltration in joints (+ angiogenesis) à pain + synovitis [3]. 

JP

RI

FU

DE

CA

SE

SY

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



Crossing Network simulations with patient data

Maria Segarra-Queralt

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)

Joint Pain
(JP)

FuncTonality
(FU)

(Segarra-Queralt et al. 
Sci Rep, 14, 2024)

STRATO
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OsteoFX

LeQ in 
2025

Left in 
2025

Arrived 
in 2025

Arrived 
in 2025

TEAM

BCN MedTech, SIMBIOsys
Miguel Ángel 
González Ballester

Gemma 
Piella


