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Lung disease - the microscopic version

metalloproteases and can act as a tumour suppressor by attenuating tumour growth, migration and
angiogenesis [31].

Post-translational modifications of ECM components
Post-translational modifications (PTMs), e.g. enzymatic and chemical crosslinking, transglutamination,
glycation and glycosylation, oxidation, and citrullination, are known to affect the structural and/or
functional diversity of ECM proteins [32]. For instance, enzymatic cross-linking of collagen and elastin, a
substantial step during their biosynthesis, which is mainly exerted by the enzymes of the lysyl oxidase
family (LOX, LOXL1–4) and the transglutaminase family members (TG1–7, FXIII-A), provides ECM
components with their characteristic tensile strength [33–35]. Furthermore, the enzymatic (glycosylation)
or non-enzymatic (glycation) addition of sugars to proteins also impacts on the biomechanics and
function of the ECM. In particular, glycation is currently recognised as a factor in ageing-related fibrosis.
This process causes the formation and accumulation of advanced glycation end-products (AGEs).
Aberrant glycation processes have been associated with increased tissue stiffness, e.g. in experimental AGE
formation in tendons, which were shown to reduce fibre sliding while increasing fibre stretching [36].
Carbamylation, which is a non-enzymatic addition of urea to isocyanic acid residues of proteins, negatively
influences the stability and conformation of collagen I triple helices, as well as their degradation by MMPs [37].
The oxidation of ECM proteins by reactive oxygen species (ROS) further modulates qualities of the ECM
by altering its production, turnover and modifications, as well as having an impact on cell–ECM
interactions [38]. Additionally, serum levels of oxidative stress markers have been found to be elevated in
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FIGURE 2 Pathological changes within the interstitial extracellular matrix (ECM) in the diseased lung. a) Overview of the lung and sites of disease
formation. b) Healthy interstitial ECM is maintained by the activity of resident fibroblasts and represents a loose meshwork of collagens, elastin
and fibronectin anchored to the basal membrane of the epithelial cell layer. c) In idiopathic pulmonary fibrosis (IPF), fibroblasts transdifferentiate
to highly contractile myofibroblasts, which deposit high levels of ECM molecules into the interstitium and dramatically increase ECM rigidity by
enzymatic covalent crosslinking of collagen and elastin. d) The hallmarks of pathological changes within the ECM in chronic obstructive
pulmonary disease (COPD) are the extensive destruction of elastic fibres by ECM-degrading enzymes released by inflammatory cells, along with
elevated levels of hyaluronan and tenascin C, and decreased deposition of decorin. The destruction of the epithelial cell layer leads to air space
enlargements (emphysema). e) In pulmonary arterial hypertension (PAH), remodelling of the ECM within the arterial wall is characterised by an
increase in elastin and collagen fibres, fibronectin, and tenascin C, and hyperplasia of smooth muscle cells. f ) In asthma, the characteristic ECM
changes take place beneath the bronchial epithelium and thickened basal membrane. In addition, smooth muscle cells undergo hyperplasia, and
deposition of collagens, fibronectin, hyaluronan and decorin are increased. g) In cancer, tumours at primary and metastatic sides are surrounded
by an extensive stiff stroma that contains highly crosslinked collagens, and high levels of fibronectin, tenascin C and hyaluronan. h) Legend
depicting molecules and cell types.
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Lung disease - the MACROSCOPIC version
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Phenomenological modeling of lung tissue

Non-linear constitutive response

Also hysteretic and rate-dependent

Strain energy models: Fung-like,
Mooney-Rivlin, Blatz-Ko

Models reproduce uniaxial tensile
tests

Isotropy is assumed, but not
validated

No connection with
microstructural parameters -
predictive?

Hoppin+ (1975), Lee & Frankus (1975), Fung (1975), Zeng+ (1987), Rausch+ (2011)
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Micromechanical modeling of lung tissue

FE-based models of Micro RVE

RVE: idealized or anatomical
geometry

Solve micro-problem, compute
volume average

Predictive (elastic/inelastic)
response

Computationally demanding

Need µ-CT info, or have fixed
dimensions

Validated predominantly for
isotropic (inflation) loading

Karakaplan+ (1980), Budiansky & Kimmel (1987), Denny & Schroter (2006), Wiechert+
(2011)
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Finite-deformation Homogenization

We consider a two-scale (fine/coarse) problem with RVE ΘY :

ϕξ(X) = ϕ(X̂,Y ) = ϕ̂(0)(X̂)︸ ︷︷ ︸
ϕc

+ξ ϕ̂(1)(X̂,Y )︸ ︷︷ ︸
ϕf

+O(ξ2)

Assuming RVE periodicity and matching terms, one shows that

F c(X̂) =
1

|ΘY |

∫
ΘY

F f (X̂,Y ), P c(X̂) =
1

|ΘY |

∫
ΘY

P f (X̂,Y )

Fine-scale unit-cell BVP

Given W f : Rn×n → R and F c ∈ Rn×n, find ϕf : ΘY → Rn such that

DivY P
f = 0 in ΘY

F f = GradY ϕ
f in ΘY

P f =
∂W f

∂F
(F f ) in ΘY

ϕf = F cY on ∂ΘY

In our case, also need incompressibility, i.e., detF f = 1 in ΘYsolid

Suquet (1987), Fish & Fan (2008)
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TKD micromechanical model I

Can we develop a predictive and cost-effective multiscale model of lung tissue
that accounts for microstructural features and evolution?

Use two-scale asymptotic finite-deformation homogenization approach

For unit cell, consider TKD structure

4 params: Lamé const µ, porosity f0, rotational coeff. α, septum overlap d

Fung (1988), Suquet (1987), Fish & Fan (2008), Solomonov+ (2014)
8
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TKD micromechanical model II

Variational incompressible formulation + rod-like ansatz + TKD
symmetry: fine-scale minimax problem

min
r∈R3

, l∈R18
max

p∈R18
Πaxial(r, l, p;F c) + Πrotation(r;F c)

Maximize element-wise to obtain effective minimization problem

min
r∈R3

Πeff(r;F c)

Coarse stress results from volume average

σc :=
1

|Θy|

∫
Θy

σf dΘy =
1− fo
Jc|ΘYs |

18∑
e=7

fe ⊗ ye

9
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Validation: RVE simulations

Lungs fixed at different alveolar pressures: 10 / 20 cm H20

Whole-lung micro-CT images acquired, 5-12 µm resolution

(6 + 6) RVEs with similar porosity (f0) were generated (∼300k elements)

Alveolar walls: incompressible NeoHookean model (µ)

NL-FE simulations were performed (∼12 hrs)

Load cases: isotropic, biaxial, uniaxial and anisotropic stretching

Macroscopic (tissue) stress: volumetric average

10
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Results: TKD model vs. micro-CT DNS

Predictive model particularly for anisotropic state of deformation
Microstructural evolution is captured, representative of RVE ensamble
Extremely low computational cost (106× speed-up compared to RVE!)
TKD model is numerically more stable than RVE DNS

Concha, Sarabia & Hurtado (JMPS (2018))
11
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Results: experimental data, anisotropic response

TKD model (fitted) vs experimental tests of lung tissue strips

FE-DNS of micro-CT RVEs: Is lung tissue constitutive behavior really isotropic?

Cavalcante+ (2005) 12
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Going smaller

At large strains, lung tissue displays stiffening - not captured by current model.
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ECM structure: collagen fibers + elastin fibers + ground substance
First approach: rule of mixture for the alveolar-wall response
Uncoiling of fibers is modeled using entropic network models (WLC)

Suki+ (2011), Kuhl+ (2004,2005), Pond+(2018)
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Going smaller

Three-scale micromechanical model captures stiffening in normal cases

Degradation of collagen/elastin contributions is also captured

Model is a first step in understanding the macroscopic behavior based on
ECM composition

Yuan+ (2000)
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Closure

Multiscale mechanics of lung tissue: key to understand pathogenesis

TKD micromechanical model: predictive and effective constitutive model

Alveolated tissue: not a perfectly isotropic material!

Three-scale models deliver better predictions for large strain

Next steps: pre-stress, hysteresis, whole-lung simulations

Thank you
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