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Abstract

Acute respiratory failure and the acute respiratory distress syndrome (ARDS) are characterized by profound spatial

and temporal heterogeneity in lung aeration, mechanics, and inflammation. While mechanical ventilation is often
vital to ensure gas exchange, it can also cause or worsen lung injury as a result of the superimposed mechanical stress
due to the application of positive pressure on a heterogeneous parenchyma. Characterizing the lung microstruc-

ture and function at small length scales is essential for understanding the pathogenesis of ventilator-induced lung
injury. This is a challenging task due to the complex architecture of the lung, to its constant motion and deformation
with breathing and pulsatile blood flow, and its multiscale organization. Indeed, mechanical forces act on the com-
ponents of the extracellular matrix and cells, acini, airways and blood vessels at the microscale to impact numerous
biological processes. Beyond these effects, the global mechanical behavior and function of the lung emerge from this
complex dynamic system. Because synchrotron radiation imaging techniques such as phase-contrast computed
tomography (PC-CT), and K-edge subtraction CT (KES-CT), have a high spatial resolution, are quantitative, and are
fast, they offer unique insights into the multiscale, dynamic behavior of the lung. These modalities enable map-

ping of regional ventilation, blood distribution, within-breath alveolar recruitment/derecruitment, airway closure,

and tissue strain. This review explains synchrotron radiation imaging modalities, and discusses the findings in models
of acute respiratory failure, their translational implications, as well as future areas of investigation.
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Introduction

Acute respiratory failure (ARF) is a common reason for
admission to the intensive care unit. Acute respiratory
distress syndrome (ARDS), a severe manifestation of
AREF, arises from widespread lung inflammation, paren-
chymal heterogeneity, and high microvascular perme-
ability edema [1], resulting in lung volume loss and
hypoxemia. Mechanical ventilation is a critical treat-
ment for severe respiratory failure, yet it can exacerbate
lung injury by exposing mechanically inhomogeneous
lung tissues to excessive stress and strain, a phenom-
enon known as ventilator-induced lung injury (VILI).
The detailed mechanism of VILI at the microscopic
level remains unclear. Factors such as excessive lung
tissue stretch through hyperinflation [2], cyclic alveo-
lar recruitment and derecruitment or “atelectrauma”
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[3], increased energy dissipation in the parenchyma
[4], and related inflammation [5] can all contribute to
the worsening of lung injury [6]. The advent of protec-
tive mechanical ventilation has significantly decreased
mortality rates [7]. Current treatment strategies focus
on reducing tidal volume and preventing atelectrauma
by applying positive end-expiratory pressure (PEEP).
Despite these interventions, ARDS mortality rates
remain high [7]. In the later stages of ARDS, the repair
of alveolar epithelium involves interactions among
various alveolar cell types and the extracellular matrix
(ECM). During this phase, fibroproliferation induced by
immune cells and inflammatory mediators can lead to
fibrosis due to excessive collagen deposition in surviv-
ing ARDS patients [6].

Clinical CT imaging is crucial for diagnosing ARDS,
providing both morphological [8], and more recently
functional [9, 10], characterization of the lungs. How-
ever, clinical CT lacks the spatial and temporal resolution
necessary to image phenomena occurring at the scale of
pulmonary acini and alveoli. Synchrotron radiation (SR)
microtomography addresses some of these limitations
[11]. The high flux and unique properties of synchrotron
X-ray beams enable functional and structural imaging
at spatial resolutions as fine as a few micrometers, with
temporal resolutions sufficient to capture cardiac and
ventilatory motion.

SR-based techniques have been utilized in lung imag-
ing. Among these techniques, K-edge subtraction CT
(KES-CT) leverages the high flux and energy tunability
of SR beams to map the distribution of contrast elements
[12]. Phase-contrast synchrotron radiation CT (PC-CT)
utilizes a property of SR beams known as coherence,
which allows for the use of X-ray refraction and scatter-
ing as an additional contrast source when imaging small,
poorly attenuating tissues that are otherwise invisible
with conventional CT [13]. Four-dimensional (4D) imple-
mentations of these techniques provide detailed maps
of local tissue strain and its temporal evolution during
mechanical ventilation [13]. Moreover, X-ray diffrac-
tion at the nanoscale reveals the periodic organization of
hierarchical molecular components of the extracellular
matrix (ECM), which can be mapped ex vivo in macro-
scopic tissue samples [14].

This review aims to synthesize key insights provided
by SR imaging in models of acute respiratory failure and
to discuss their implications for ventilator-induced lung
injury and the development of personalized ventilation
strategies. We begin by briefly outlining the main syn-
chrotron imaging modalities and then review findings
on regional ventilation and aeration, airway closure and
atelectrauma, ECM and nanoscale remodeling, before
discussing translational perspectives.
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Synchrotron radiation imaging modalities

SR facilities are electron accelerators that generate elec-
tromagnetic radiation when high-energy electrons travel
through the magnetic fields of bending magnets and
insertion devices. The radiation that is produced, or syn-
chrotron radiation, is characterized by an extremely high
photon flux, over an energy range that can span from
infrared to high-energy X-rays. The high flux, coupled to
dedicated optical elements, allows for a precise selection
of the photon energy, yielding high-intensity monochro-
matic beams. Additionally, the radiation is highly colli-
mated and can be propagated over long distances. This
property, coupled to a micrometric source size, produces
a high degree of spatial coherence, an essential property
for advanced X-ray imaging techniques.

These properties underpin two key advantages for lung
imaging. First, coherence enables phase-contrast imaging
[13, 15] (Fig. 1A), which is highly sensitive to differences
in refractive index at the numerous air—tissue interfaces
within the lung, and greatly enhances soft-tissue visibil-
ity and contrast compared with purely absorption-based
imaging [16] (Fig. 1B).

Second, the high flux of SR and the possibility to pre-
cisely select the energy of the derived monochromatic
beams enable K-edge subtraction (KES) imaging [17]
(Fig. 1C). KES-CT exploits the abrupt change in X-ray
attenuation at a contrast agent’s K-edge to simultaneously
measure parenchymal density and contrast concentration
(Fig. 1D). Two or more CT data sets are acquired for this
purpose at monochromatic energies slightly below and
above the contrast element’s K-edge. Material decompo-
sition algorithms combine these datasets to yield quan-
titative maps of a contrast element’s concentration and,
simultaneously, of tissue density [18]. In lung applica-
tions, stable xenon is used as an inhaled high-atomic-
number contrast gas [19], and iodine or gadolinium can
be used as an intravascular contrast element [20].

An alternative strategy relies on dual-energy com-
puted tomography (DECT) implemented with conven-
tional clinical X-ray systems [21, 22]. Unlike synchrotron
sources that provide monochromatic radiation, clinical
CT scanners generate polychromatic X-ray spectra [23].
Nevertheless, the conceptual basis underlying K-edge-
based material discrimination can still be applied. Com-
putational methods have been developed to estimate the
composition of scanned tissues and to separate contrast
agents from native tissue components. To enable dual-
energy acquisition in clinical scanners, several techni-
cal solutions have been introduced, including dual X-ray
sources and photon-counting detectors [22]. These
approaches have enabled functional imaging of regional
pulmonary ventilation, for example through the use of
inhaled xenon gas experimentally [24], or in patients
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Fig. 1 Schematic overview of synchrotron-radiation (SR) imaging modalities. A 4D X-ray phase-contrast microtomography of rat lung using

a synchrotron X-ray source. High-intensity coherent X-rays generated from electrons orbiting in a storage ring, are rendered monochromatic
using bent silicon crystal optics, and detected by a fast camera coupled to a scintillator and optics yielding an isotropic pixel size of 6 um?>.

The animal is mechanically ventilated while the electrocardiogram and respiration are monitored and used for cardiorespiratory image gating.

B Phase and absorption contrast. X-rays crossing the sample are absorbed as in classical radiography, but also refracted, which causes phase
changes. Interaction of refracted and transmitted X-rays is a source of contrast due to small differences in refractive index within the sample. C
Set-up for K-edge imaging. Two monochromatic beams are generated from the full radiation spectrum with a bent silicon crystal. The degree

of bending changes the vertical energy gradient in the beam. The 2 beams are focused on the sample, and have energies that bracket the K-edge
of the contrast agent. D CT images were acquired simultaneously above (Ek+) and below (Ek-) the K-edge of Xe, exploiting the abrupt change
in X-ray attenuation of Xe to compute quantitative distribution maps. E SAXS. The lung sample is irradiated by monochromatic X-ray generated
by a synchrotron. The ordered fibrillar organization of collagen in the sample produces an X-ray scattering pattern recorded on the detector. F
Azimuthal integration of the diffraction pattern produces an intensity vs diffraction angle (q) curve, where the peaks are due to the d-periodicity
of the collagen fibrils. The D-spacing of collagen fibrils is related to g by q=2mn/d

with conditions such as COPD, asthma, and bronchiolitis
obliterans [25]. Also, the perfused blood volume can be
mapped as a surrogate of parenchymal perfusion [26, 27].
Despite these advances, the clinical application of DECT

for this purpose remains constrained by several techni-
cal limitations. These include radiation exposure, partial
overlap between the energy spectra used for material
separation, image noise, beam-hardening artifacts, and
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the need for meticulous calibration of the imaging system
[22].

Small-angle X-ray scattering (SAXS) is based on the
elastic scattering of photons by macromolecules: when
a monochromatic wave hits an object, the electrons of
its atoms become sources of secondary waves (Fig. 1E).
Despite the random orientation of macromolecules in
biological samples, the scattering pattern contains peaks
arising from the periodic organization of some biomol-
ecules at the nanoscale [28] (Fig. 1F). SAXS is nonde-
structive, and provides maps of structural data over
macroscopic sample volumes. It has the advantage of
scanning much larger samples than transmission electron
microscopy [14]. Examples of synchrotron KES, phase-
contrast CT images, and SAXS maps are shown in Fig. 2.
Sample in vivo 4D phase-contrast lung images at 6 pm
voxel resolution are shown in Fig. 3A.

Synchrotron-based X-ray tomographic
(SRXTM) has been used to reconstruct real three-
dimensional alveolar geometries with sub-micron
resolution [11]. SRXTM uses the high flux and mono-
chromaticity of X-rays produced with a synchrotron

microscopy
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to acquire high-resolution (<1 pm3? voxel resolution)
and higher-contrast volumetric images in much shorter
acquisition times than laboratory micro-CT. Ex vivo
SRXTM combined with image processing allows the
rapid quantitative assessment of 3D microstructures,
enabling virtual histology [29].

Regional lung structure and function in preclinical models
of ARDS

KES-CT studies in preclinical models of ARF con-
sistently show that the mechanical behavior of the
peripheral lung is profoundly altered, in a way that is
difficult to appreciate by global measurements at the
airway opening. Peripheral lung units can be conceptu-
alized as compliant airspaces subtended by the termi-
nal branches of the airway tree. The local distribution
of ventilation is governed by both the resistance of
airways and the compliance of respiratory tissues, the
product of which describes a time constant [30]. Units
with higher airway resistance or tissue compliance will
have a reduced rate of gas renewal (increased time con-
stant). Moreover, lung tissue is viscoelastic: like many

Concentration (mg/ml)

Fig. 2 Sample K-edge subtraction CT images in a normal rabbit lung acquired in vivo at 350 um voxel resolution; A tissue density; B xenon
concentration; C iodine concentration distributions, B & C are quantitative maps coded in grey scale (grayscale bar). A, B and C were acquired
in the same animal. D A sample synchrotron phase-contrast CT image in a different animal at 20 um voxel resolution, acquired in vivo

with respiratory and cardiac gating. E total scattering signal intensity; and F corresponding background-corrected intensity of 3rd-order
collagen peak (green) in a snap-frozen post-mortem normal lung sample. Note the stronger collagen scattering signal around a bronchus (*)

and a neighboring blood vessel (+)
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Fig. 3 Sample composite images showing the distribution of specific ventilation maps (sV) obtained with synchrotron KES imaging (A), and tissue
density (B), in a dependent image slice in a representative rabbit. C Spatial distribution of lung regions defined as atelectatic, trapped, poorly
aerated (PA) normally aerated (NA) or hyperinflated (HI) based on aeration. Color scale indicates subregions with high, normal, or low sV within PA,

NA, and HI categories. Reproduced with permission from [32]

biological tissues, the response of the lung parenchyma
to stress is delayed, as it is impeded by internal fric-
tional forces [31].

KES-CT simultaneously mapping aeration and ven-
tilation in a whole-lung lavage model of ARDS revealed
a continuum of lung functional states, from atelectasis
and poor aeration to normal aeration, gas trapping, and
hyperinflation (Fig. 4) [32]. Poorly aerated dorsal regions
remained ventilated, consistent with tidal recruitment—
derecruitment (R/D) and increased ventilation inhomo-
geneity. Expansion of aerated alveoli adjacent to collapsed
regions created a heterogeneous stress distribution,
while ventilation was redistributed toward normally aer-
ated ventral regions, increasing the risk of overstretch
and ventilator-induced lung injury [33-35]. Moderate
PEEP reduced atelectasis but promoted hyperinflation
of normally aerated regions. Conversely, pressure reduc-
tion increased poor aeration and gas trapping, reflect-
ing instability and expiratory closure of small airways
in injured lungs [35]. Exogenous surfactant recruited
atelectatic regions, converting them into poorly aerated
but ventilated units and improving global respiratory
mechanics and gas exchange [35].

Deflation studies with KES-CT have provided com-
plementary insight into alveolar derecruitment mecha-
nisms. Scaramuzzo et al. analyzed how the number and
surface area of airspaces change during stepwise PEEP
reduction in healthy lungs [36]. They showed that loss of
lung volume with decreasing PEEP was driven mainly by
a reduction in airspace numerosity rather than a uniform
reduction in size, consistent with discrete derecruitment
events. In a subsequent ARDS model, the same group
demonstrated that in injured lungs, both airspace size
and number decreased with PEEP reduction, and that
deflation behavior differed between concentric regions of
interest, reflecting heterogeneous micromechanics and
strain gradients [37].

Similar patterns of spatial heterogeneity have been
reported with other functional imaging modalities.
Hyperpolarized gas MRI studies have shown that loss
of aeration in injured lungs can amplify stretch in adja-
cent aerated regions and promote propagation of lung
injury, findings consistent with the redistribution of
ventilation and stress observed with SR imaging [38].
Likewise, positron emission tomography using intra-
venously infused >N tracers has demonstrated marked
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Fig. 4 In vivo recruitment/derecruitment of airspaces characterized by phase-contrast CT. A-E Alveolar recruitment/derecruitment (R/D) occurs
alternately in neighboring lung units over short time scales~ 1 min, in injured lung at positive end-expiratory pressure (PEEP) 6 cm H20. A-C 3D
renderings of aerated lung regions obtained by segmentation of synchrotron phase-contrast CT images at 0 (A) and 84 s (B) in a 2.5 mm thick
slice, in injured lung at PEEP 6 cm H,0; C, R/D map is quantified using image registration between T1 (A) and T2 (B). White: aerated, no change;
black: nonaerated, no change; green: opening; and red: closing. Yellow squares delineate regions of interest magnified in D-E with D, F, H, and J
computed from two successive images acquired at 0 and 84 s (T1-T2) and E, G, I, and K from the subsequent time interval between 84 and 159 s
(T2-T3). *Bronchioles, trecruiting airspaces, and §derecruiting airspaces. Reproduced with permission from [41]

ventilation—perfusion heterogeneity during bronchocon-
striction and acute lung injury, as well as redistribution
of perfusion with changes in airway pressure, support-
ing the concept that regional mechanical heterogeneity
strongly shapes gas exchange in injured lungs [39, 40].
What is unique to synchrotron KES imaging is the pos-
sibility to depict both tissue aeration and ventilation or
perfused blood volume using a single imaging modality,
and at higher spatial and temporal resolutions than other
functional imaging techniques [13].

Dynamics of atelectrauma

Broche et al. used SR PC-CT to investigate cyclic alveolar
R/D during mechanical ventilation in a lavage-induced
ARDS model in anaesthetized rabbits [41]. They sequen-
tially acquired PC-CT images at subacinar resolution
over short intervals of _1.5 min, with identical pressure
conditions. They repeated imaging at end-expiratory
pressures ranging from 0 to 12 cmH,O. By registering
and subtracting consecutive 3D volumes (Fig. 5, A-C),
the authors mapped the extent and spatial distribution of
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Fig.5 A In vivo airway closure characterized by phase-contrast CT. B 3D reconstruction of the compliant closure of a terminal airway resulting
in distal air trapping in the subtended acinus, as airway pressure is decreased stepwise from 12 cmH,O positive end-expiratory pressure (PEEP) to O

c¢mH,O (ZEEP). Reproduced with permission from [51]

R/D with high sensitivity. They observed alternating pat-
terns of opening and closing within the same time frame
in neighboring and even communicating airspaces sub-
tended by the same terminal airway, presumably exposed
to the same pressure, demonstrating that R/D is both
highly heterogeneous and temporally asynchronous at
the subacinar scale. These findings were novel compared
with the inferences from the intravital microscopy stud-
ies that were limited to subpleural airspaces [42].

To gain deeper insights from their observations, the
authors integrated their imaging data with computa-
tional modeling based on a realistic rabbit lung geom-
etry, reconstructed from a segmented bronchial tree. In
this model, the opening and closing of individual air-
ways were controlled not only by critical opening pres-
sures but also occurred at a defined, finite speed rather
than instantaneously [43]. In other words, alveoli that
can be recruited will open once a critical opening pres-
sure is surpassed, but this occurs with a delay, which is
influenced by tissue micromechanical properties and
airway liquid surface tension. Nonetheless, this charac-
teristic alone was insufficient to replicate the asynchro-
nous, sometimes opposing behavior of neighboring acini
observed in vivo. In contrast, when mechanical tethering
between these acinar structures was combined with the
time-dependent nature of recruitment and derecruit-
ment (R/D), the model successfully mirrored the in vivo
findings. This implies that mechanical interdependence
dynamically alters the critical pressures for airway open-
ing and closing.

Fardin et al. expanded these studies by using 4D phase-
contrast computed tomography (PC-CT) to image the
within-tidal dynamics of cyclic R/D, and examining the
relationship between R/D and parenchymal cellular
infiltration as an indicator of inflammation, in an acute
respiratory distress syndrome (ARDS) model in rab-
bits [44]. This technique enabled them to capture videos
and quantitative maps of within-tidal R/D under protec-
tive mechanical ventilation. They confirmed that R/D of
peripheral airspaces was dependent on both pressure and
time, occurring throughout the respiratory cycle with
significant variability in opening and closing pressures.
Additionally, the progression of lung injury under posi-
tive pressure ventilation extended outward from non-
aerated regions to adjacent areas where cyclic R/D was
evident. This finding was in line with conventional CT
imaging studies in rat lung [45]. Moreover, there was a
notable correlation between R/D and regional lung cel-
lular infiltration, indicating that tidal R/D of the lung
parenchyma may contribute to regional lung inflamma-
tion and capillary—alveolar barrier dysfunction, as well
as the progression of lung injury. This finding was new in
comparison to other imaging studies of lung injury. Posi-
tive end-expiratory pressure (PEEP) did not fully alleviate
this phenomenon, even at high levels. A crucial finding
of their research was the coexistence of recruitment and
derecruitment throughout the respiratory cycle in ARDS.
Although seemingly counterintuitive, one explanation for
this finding is the pronounced time-dependence of cyclic
R/D, attributed to the viscoelastic nature of alveolar
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opening and collapse. Moreover, the recruitment pattern
is not continuous but rather occurs as a series of “ava-
lanches” [46], causing small amplitude oscillations in res-
piratory flow.

An even more precise link between local parenchy-
mal stretch and the expression of inflammatory media-
tor gene expression was shown by Yen et al. [47]. They
imaged groups of BALB/c mice under protective and
injurious ventilation using 4D PC-CT, not using a syn-
chrotron X-ray source per se, but a liquid MetalJet X-Ray
Source Technology (Excillum AB, Sweden), enabling
high-brightness and high-resolution imaging. They found
statistically significant associations between regional
tidal stretch and Ccl2 and IL-6 expression. The Ccl2 but
not IL-6 protein expression replicated the gene data. The
increased expression of genes involved in cell motility/
chemotaxis, cell adhesion, and inflammation as a result
of increased tidal strain under mechanical ventilation
has been reported in other studies in rodents, and in pigs
imaged with positron emission tomography [48, 49].

Airway closure

For a long time, clinicians and respiratory physiologists
had suspected that small airways closure and atelectasis
play a prominent role in ARDS [50]. This hypothesis was
based on a large amount of indirect evidence; however,
direct in vivo demonstration of small airways closure
in ARDS was lacking. Broche et al. used Phase-contrast
CT to characterize small-airway behavior over a range
of PEEP levels in a preclinical ARDS model induced by
surfactant depletion followed by injurious mechani-
cal ventilation [51]. Cross-sectional areas of the same
individual airways were measured at multiple pressures
(Fig. 5). Compared with baseline, injured lungs exhibited
increased airway collapsibility, manifested by a steeper
decline in airway caliber as pressure was reduced. This
effect was most pronounced in small airways with radii
between _200 um and 1.6 mm at 12 cmH,0.

These experiments identified “compliant collapse” as
the predominant mechanism of airway closure in initially
patent airways during ARDS. Theoretical work suggests
that this mechanism arises from instabilities in the air-
way liquid lining layer: local thickening of the fluid film
generates asymmetric compressive forces that cause the
airway wall to buckle, leading to lumen occlusion along
a segment of its length. Analysis of airway cross-sections
along their longitudinal axis revealed that collapse can
occur at multiple sites within the same airway, some-
times resulting in gas trapping and local overdistension.
The involvement of fluid-layer dynamics at microscopic
scales indicates that closure and reopening depend not
only on critical pressures, but also on time-dependent
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processes such as fluid redistribution and wall buckling
kinetics [51].

Taken together, the above findings support a picture of
the acutely injured lung as a highly dynamic, mechani-
cally heterogeneous system, in which ventilation patterns
emerge from the interplay of regional elastance, viscoe-
lastic time-dependence, airway—parenchymal interde-
pendence, and microscale fluid mechanics. Cyclic R/D
is intrinsically heterogeneous, even within clusters of
acini exposed to identical macroscopic pressures. This
heterogeneity originates at least from the conjunction
of two properties: the time-dependent nature of R/D,
and mechanical interdependence between adjacent units
(Fig. 3B). Regions experiencing cyclic R/D exhibit greater
inflammatory cell infiltration and molecular signaling,
providing direct evidence for mechano-inflammatory
coupling. Small-airway closure in ARDS is dominated by
compliant collapse, a fluid—structure instability driven by
increases in the airway liquid lining layer surface tension.
Importantly, compliant collapse is also time-dependent,
influenced by lining fluid redistribution and wall buck-
ling kinetics, and may provide a mechanistic framework
for the time-dependence of R/D (Fig. 3C). PEEP, although
beneficial for gas exchange, cannot fully suppress R/D or
airway closure, and may redistribute both ventilation and
perfusion in ways that can promote dead space, pulmo-
nary vascular resistance, hence right ventricular afterload
[52].

Alveolar and microscale strain, VILI, and ECM remodeling
The lung has an overdesigned architecture, with numer-
ous components at multiple scales, from molecular to
cellular, to tissue and whole organ, interacting together as
a complex, dynamical system. The macroscopic mechani-
cal behavior of the lung ‘emerges’ from these interactions,
meaning that mechanical behavior at the organ level
is not simply the sum, but rather an ensemble behavior
of constituents at the microscale [31]. This multiscale
organization is illustrated in Fig. 6.

The lung extracellular matrix (ECM) provides the
cells with structural support, but also transmits exter-
nal physical forces to cells [53]. Local strain can trigger
downstream cellular signaling cascades through mecha-
notransduction that modifies cellular structure and
function, involving numerous processes including cell
contractility and myosin light chain phosphorylation,
cell rheology, focal adhesion assembly, angiogenesis and
ECM remodeling and homeostasis [53]. However, data on
the local microscopic deformation of peripheral airspaces
induced by mechanical ventilation are very limited,
despite their importance for understanding mechanisms
at the onset of ventilator-induced lung injury (VILI).
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Fig. 6 Multiscale organization of the lung. A Normal lung, acini, extracellular matrix (ECM) [94]; B injured lung; dynamics of alveolar recruitment/
derecruitment (R/D), due to mechanical tethering between adjacent acinar structures [41], and ‘compliant collapse’and reopening of small airways
[51], due to cyclic changes in transpulmonary pressure during positive pressure ventilation; C reopening of closed airways causes abnormal fluid
mechanical stresses along the airway walls [95]; open alveoli adjacent to closed ones undergo stress amplification which puts them at risk of injury
extension [96]; strain within the extracellular matrix (ECM) elongates collagen fibers causing reorganization of fibril D-spacing [59]

This is due to the technical difficulty of imaging deep
lung tissue structures at microscopic resolution in vivo.
The lung tissue has dynamic viscoelastic properties.
Unlike elastic materials that deform instantaneously in
response to stress loading, like many biological tissues,
the response of the lung parenchyma to stress is delayed.
It is impeded by internal frictional forces, and the rear-
rangement of internal components in order to dissipate
applied forces, such as during positive pressure ventila-
tion [54]. These frictional forces are determined by the
constituents of the lung ECM including collagen and
elastin and a ground substance composed of proteogly-
cans (PGs) and glycosaminoglycans (GAGs) [55]. The vis-
coelastic properties of the lung tissue are also influenced
by adherent cells, the surface tension of the air-liquid
interface and the organization of the parenchyma [53].
In the normal, homeostatic lung, mechanical behavior at

low lung volumes is governed predominantly by surface
tension forces generated by the surfactant layer lining
the alveolar air-liquid interface. At higher lung volumes,
however, the extracellular matrix becomes progressively
engaged, and its structural components increasingly
determine tissue mechanics and overall lung stability [53,
55].

The relationship between the strain-induced changes
in molecular organization of the main fibrillar constitu-
ents of the ECM, the collagen and elastin fibers, and
the in vivo lung tissue mechanical properties is not well
known. Such a mechanistic link is valuable to better
understand the pathophysiology of VILI, but also of other
lung diseases affecting the ECM such as emphysema and
fibrosis [53].

Using SR tomographic microscopy of precision-cut rat
lung slices, Rausch and colleagues segmented volumetric
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images to provide a 3D alveolar geometry [56]. They used
finite-element analysis to compute 3D strain distributions
within the alveolar wall under controlled global deforma-
tion. They found that local principal strains could be sev-
eral times higher than the applied macroscopic strain and
that thin walls and junctions between neighboring alveoli
were particularly prone to high strain. These results pro-
vide quantitative support for the idea that microscopic
stress raisers may initiate VILI even when global tidal
volumes are within protective ranges.

Cercos et al. developed a 4D SR PC-CT at 6 um?®
voxel resolution and a higher temporal resolution than

Av(t)/v(t = 0)

-0.10
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previously achieved (10 ms), in live anesthetized rats
under controlled mechanical ventilation [57]. Using step-
wise image-registration algorithms, they were able to
compute maps of strain distribution due to positive-pres-
sure breaths in the lung acini and in blood vessels (Fig. 7,
A-D). In medium-sized blood vessels, the strain profiles
resembled that of pulmonary arterial pressure profiles.
Acinar deformation, on the other hand, was anisotropic,
and dominated by alveolar expansion rather than ductal
expansion or recruitment. This finding was later con-
firmed by higher resolution (0.67 um?® voxel) in vivo SR
microtomography in normal mouse lungs, although only
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Fig. 7 Quantitative mapping of lung tissue biomechanics in a live rat. A Sample sequential X-ray phase-contrast CT images at successive time
points, reconstructed by retrospectively sorting of 250,000 individual 2 ms image projections with respect to the phase of heart contraction

and breathing, yielding 78 time points during the breath; B regional strain as a function of time computed within airspaces in the regions of interest
of same color as in panel (A). The shaded area represents within-ROI standard deviation; C a segmented airway with subtending conducting
airways and terminal acinar structures at end-expiration in a live rat; D sample regional strain map of airspaces in vivo in the same animal. Color
bars indicate strain (8V/Vt0, where t0 is the start of the breath). Reproduced from [57]. E Relation between collagen fiber D-spacing and tissue
elastance (H); F relation between collagen fiber D-spacing and tissue hysteresis (n); G relation between collagen fiber D-spacing and local

strain heterogeneity at maximum intra-breath lung expansion (CV(emax)) [59]. Note that D-spacing increases with tissue stiffness, conversely,

tissue hysteresis is reduced with D-spacing. Increased heterogeneity of local emax is associated with increased collagen D-spacing. Control-VILI:
normal lung exposed to high tidal volume (VT) ventilation; Bleo: bleomycin-injured lungs at 7 days; Bleo-VILI: bleomycin-injured lungs at 7 days

subsequently exposed to high VT ventilation
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in the very apical alveoli that are less subject to cardio-
vascular motion artifact [58].

Subsequently, Deyhle et al. [59] examined the impact
of high tidal volume mechanical ventilation on the stiff-
ness of local lung tissue utilizing 4D synchrotron phase-
contrast micro-CT in both normal lungs and those
subjected to bleomycin-induced injury seven days prior
in anesthetized rats. Quantitative maps of local lung
strain were generated within the aerated lung acini. At
the nanoscale, the organization of collagen and elastin
fibrils was assessed using SR SAXS. In the aerated acini
of normal lungs following injurious ventilation, as well
as in bleomycin-injured lungs, there was a reduction in
local microscopic tissue deformation, which correlated
with an increase in dynamic elastance as measured by
oscillometry. The SAXS analysis revealed an increase
in collagen fibril D-spacing due to injurious ventilation,
suggesting elongation of collagen fibrils in both normal
and bleomycin-injured lungs. A positive correlation
was found between collagen periodicity and global tis-
sue elastance, while an inverse correlation was observed
with tissue hysteresis (Fig. 7, E-G). No such correlation
was observed for elastin. These findings highlighted the
influence of both inflammatory lung injury and high-
strain mechanical ventilation on the nanoscale fibrillar
structure of collagen, and for the first time, established
a link between collagen D-spacing and the stiffening
and viscoelastic behavior of global lung tissue. The cur-
rent model for interpreting these results suggests that
small strains lead to the unfolding of crimps along colla-
gen fibrils in their relaxed state [60]. As strain increases,
thermally induced molecular kinks, which are believed to
occur within the gap region (Fig. 1F), become straight-
ened, resulting in fibril elongation. Additionally, lateral
ordering increases, causing fibril orientation to shift
toward the direction of the strain [61, 62]. Beyond this
point, further strain increases result in stretching of the
triple helices and cross-links between them, permit-
ting side-by-side sliding of adjacent collagen molecules,
thereby enhancing D-spacing.

Together, these data confirm the multiscale nature of
lung mechanics in the injured lung, and highlight the role
of SR micro-CT imaging as a valuable tool in exploring it.

Regional lung function in acute airway obstruction

Acute respiratory failure can also result from severe
airway obstruction. In preclinical models, bronchocon-
striction induced by the inhalation of histamine [63] or
methacholine [52] produces patchy ventilation defects
interspersed with zones of increased ventilation, consist-
ent with self-organized pattern formation predicted by
computational models of airway—parenchymal interac-
tion [64]. The kinetics of airway response to histamine
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can be very different in central versus small peripheral
airways, with faster constriction and recovery in the lung
periphery. KES-CT imaging studies showed that central
airways were slower to reach their maximal constriction,
occasionally showing paradoxical dilatations [65]. This
phenomenon may be due to the dynamic tidal expan-
sion of proximal bronchi when distal airways constrict
downstream, which has been termed serial airway inter-
dependence [66]. The pathway through which airway
smooth muscle constriction is induced results in radi-
cally different patterns of airway constriction and ventila-
tion distribution [67]. In rabbits sensitized to ovalbumin,
airway constriction was induced either non-specifically
through a pharmacological agent such as methacholine,
which acts directly on the airway smooth muscle, or
specifically through an allergen such as ovalbumin fol-
lowing allergic sensitization, which constricts the air-
ways indirectly. While methacholine induced mainly
central airway constriction, the allergen caused a much
more heterogeneous pattern of ventilation distribution
in the lung periphery through constriction of periph-
eral airways. Global responses in airway resistance and
tissue elastance measured by oscillometry were dem-
onstrated to be related to the central and peripheral air-
way responses, respectively [67]. Since both constricting
agents were administered intravenously, the more inho-
mogeneous airway reaction in allergic animals may have
been due to the local heterogeneity of the distribution of
the immune cells involved in the allergic reaction itself.
This was investigated using KES-CT imaging in ovalbu-
min-sensitized Brown-Norway rats, a species genetically
prone to develop allergic sensitization [68]. When the
animals were exposed to an allergen, and subsequently
imaged with stable xenon, patchy regions of ventila-
tion defects developed in the lung periphery. Histologic
examination of matching slices of the lung tissue revealed
that total cellular, eosinophil and mast cell infiltrations
were stronger within, compared to outside the lung
regions with ventilation defects. Moreover, the inho-
mogeneous distribution of an inhaled aerosol contain-
ing environmental antigens or constricting agonists can
result in an inhomogeneous peripheral airway response.
The regional deposition of aerosol particles containing
iodine was quantitatively mapped in rabbit lungs [69].
This study showed that the deposition of aerosol particles
of a median aerodynamic diameter of ~3pum was largely
inhomogeneous, and was quantitatively reduced follow-
ing methacholine-induced airway constriction.

In a model of ARF during severe histamine-induced
bronchoconstriction, Porra et al. used KES-CT to show
that PEEP can have beneficial effects on regional ventila-
tion inhomogeneity [70]. Applying a moderate PEEP of 5
c¢mH,0 increased the area of well-ventilated regions and
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reduced specific ventilation heterogeneity, at the cost of
mild hyperinflation. These results suggest that PEEP can
dilate flow-limited airways and recruit closed units when
applied at moderate levels, decreasing the risk of critical
airway closure.

However, improving the ventilation homogeneity in
itself does not directly address gas exchange efficiency,
which must depend on the coexisting distribution of
perfusion [71, 72]. Indeed, 4D KES-CT has enabled the
assessment of the dynamic within-breath changes of
regional lung gas and blood volume in rabbits under pos-
itive pressure ventilation, and the effect of gravity, tidal
volume (VT), PEEP, and inspiratory to expiratory (L:E)
time ratio [52] (Fig. 8). They showed that regional lung
perfused blood volume (PBV) cyclically decreases with

Expiration

Inspiration

Expiration

Inspiration
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lung inflation at each breath, with a larger magnitude of
PBV swings in the dependent lung. Although an increase
in VT did not have a significant effect, a modest PEEP
of 9 cmH,0 significantly decreased PBV. Also, increas-
ing LE through an end-inspiratory pause causes further
dynamic drops in PBV. These data suggest that by reduc-
ing PBV in normally aerated lung regions, PEEP can pro-
mote dead space, possibly through different mechanisms
including a reduction in systemic venous return and right
ventricular preload [73], as well as an increased pulmo-
nary vascular resistance and right ventricular afterload.
The latter mechanism is due to the compression and
elongation of intra-alveolar micro-vessels as alveolar
pressure rises during positive pressure inspiration [74,
75]. These data had translational significance in that they
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Fig. 8 Representative composite synchrotron 4D K-edge subtraction CT images showing the regional distribution of fractional gas (gas volume
[Vg]; left column) and blood (blood volume [Vb]; right column) within nondependent (A) and dependent (B) lung regions, at end-expiration

(top rows) and end-inspiration (bottom rows), in a representative animal at zero positive end-expiratory pressure (PEEP). Graphs show the time
evolution of the mean regional lung Vg (C) and Vb (D) in the dependent mage slices during two successive respiratory cycles with and without

an end-inspiratory pause, at different tidal volume (VT) and PEEP combinations. Data are mean (+SE) (n=6). *P<0.05 versus VT1, zero
end-expiratory pressure (ZEEP); #P < 0.05 versus VT2, 0 PEEP. Corresponding video animations showing the dynamic changes within the respiratory

cycle are included in [52]. Reproduced with permission from [52]
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helped design the appropriate ventilation pattern for cap-
nodynamic measurements of end-expiratory lung volume
(EELV) in ventilated patients [76]. The capnodynamic
method induces cyclic changes in the alveolar concentra-
tion of CO, through respiratory pauses [77]. The kinet-
ics of expired CO, measured by the ventilator following a
pause are then used to compute EELV based on the Fick
principle. Expiratory rather than inspiratory pauses were
implemented based on the synchrotron 4D imaging stud-
ies [78], resulting in more accurate measurements, par-
ticularly when PEEP is applied.

KES-CT of both ventilation and PBV has provided
further insight into the relation between ventilation—
perfusion V,/Q mismatch and paradoxically worsen-
ing gas exchange after bronchodilator administration in
acute bronchoconstriction models of respiratory failure.
Recently, using KES-CT in a model of severe broncho-
constriction induced by methacholine in mechanically
ventilated rabbit, Bayat et al. showed that despite a sig-
nificant improvement in respiratory elastance by salbuta-
mol, gas exchange worsened due to increased perfusion
of low V,/Q regions and increased shunt fraction [79].
Moreover, the phase III slope of exhaled CO, was signifi-
cantly related to V,/Q ratio and V,,/Q inhomogeneity.

Translational implications for ventilation strategies

and clinical imaging

What do these mechanistic insights imply for the bedside
management of patients with acute respiratory failure?
First, they offer strong support for the principle that ‘one-
size-fits-all’ ventilator settings are unlikely to be opti-
mal in a mechanically heterogeneous lung in ARF. The
emerging paradigm based on SR imaging studies is that
mechanical ventilation settings should be personalized
for optimal lung protection, and that assisted ventilation
of ARF requires new and physiologically informed per-
sonalized protective ventilation strategies.

Second, SR imaging data highlight the importance of
the dynamic, time-dependent, rather than purely static,
mechanical behavior of the lung at the microscale.
Recruitment—derecruitment and airway closure oper-
ate on time scales comparable to the respiratory cycle
and are sensitive to the duration of low-pressure phases.
Therefore, strategies that limit the time spent at low end-
expiratory pressure, such as avoiding prolonged expira-
tory phases, may help mitigate airway collapse and its
associated mechanical injury. The dynamic nature of R/D
has also provided a theoretical basis for variable, rather
than monotonous driving pressures [80-82]. Moreo-
ver, Broche et al. speculated that small amplitude flow
oscillations due to R/D phenomena could be used to
monitor R/D continuously in mechanically ventilated
patients with ARDS and hence may allow personalizing
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mechanical ventilation settings aiming at minimizing
R/D [41].

Third, these results call into question the exclusive reli-
ance on airway pressures and tidal volume as surrogates
of lung stress. Local strain amplification, stress raisers
at interfaces, and occult airway closure all imply that
patients with similar plateau pressures may experience
very different micromechanical environments. Emerg-
ing bedside imaging techniques are needed for non-inva-
sive online appreciation of parenchymal overdistension
and R/D. Electrical impedance tomography appears as
a promising candidate technique. It allows personalized
PEEP selection [83], but also the assessment of ventila-
tion and perfusion distribution at bedside as well as their
changes with body position [84].

Finally, synchrotron imaging has an important role in
the development and validation of computational models
and digital twins of the lung [41, 85, 86]. High-resolution
data on regional ventilation, strain, and airway behav-
ior provide ground truth for model calibration and test-
ing. Such models could ultimately be used to simulate
patient-specific responses to different ventilatory set-
tings and to optimize strategies that minimize VILI while
ensuring adequate gas exchange. However, computation
time remains a major bottleneck for digital twin-based
approaches.

Future directions

Although synchrotron facilities will remain scarce and
specialized research platforms, their contributions to
our understanding of VILI and ARDS are instrumental,
mainly due to the capability of non-labeled microscopy,
including in the intact in vivo lung. Future work will ben-
efit from integrating synchrotron imaging with molecular
and cellular readouts, such as spatial proteomics or mul-
tiplexed immunohistochemistry, to link local mechanical
environments with specific inflammatory and remodeling
pathways. Time-resolved studies over longer durations of
ventilation and recovery will help to clarify how acute
micromechanical events translate into global organ-level
mechanics.

On the technological side, efforts are underway to
transfer phase-contrast and K-edge concepts to com-
pact X-ray sources and clinical scanners. Speckle-based
and grating-based approaches compatible with the lower
coherence radiation of compact sources may enable some
of the benefits of synchrotron imaging at the laboratory
or even clinical scale [87]. Phase-contrast imaging allows
computing dark field image contrast, which is due to the
local small angle scattering of X-rays by sub-resolution
microscopic structures on the nanometer to hundreds-
of-micrometers scale [88, 89] that are inaccessible from
the attenuation or phase-contrast images [90]. The dark
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field imaging signal is decreased in bleomycin-injured
lung [91, 92] and ventilator-induced lung injury [93], sug-
gesting that this signal is related to the density of air—tis-
sue interfaces, and may indirectly reflect alveolar size.

Machine learning-based reconstruction and segmen-
tation methods, already being explored in the context
of speckle-based CT [13], will be essential for handling
the large data volumes and for extracting meaningful
metrics.

Conclusions

By revealing how ventilation, perfusion and strain are
distributed in space and time, how small airways behave,
and how components of the ECM are remodeled in mod-
els of ARF, synchrotron radiation imaging techniques
provide new insight into the mechanisms of ventilator-
induced lung injury and for designing more protective
ventilation strategies. While synchrotron facilities them-
selves are not widely or clinically available, the concepts
and insights they have generated are directly relevant to
bedside practice and to the development of next-gener-
ation imaging modalities. Elucidating the 3D structure
and real-time lung function at microscopic length scales
in vivo is one of the most challenging applications of
SR imaging. Continued interaction between SR imag-
ing, computational modeling, and clinical research will
be crucial to translate these insights into improved out-
comes for patients with acute respiratory failure.

Take home message

Synchrotron radiation imaging has advanced our under-
standing of lung function under mechanical ventilation
in acute respiratory failure by revealing the dynamics of
ventilation, perfusion, strain, small-airway behavior, and
extracellular matrix remodeling at microscopic scales.
The mechanistic insights gained from these techniques
may inform protective ventilation strategies through
close integration with computational modeling and clini-
cal research.

Funding
No funding was received to assist with the preparation of this manuscript.

Data availability

The data of the original manuscripts cited within this review are available
through reasonable request from the corresponding author.

Declarations

Competing interests
The authors have no relevant financial or non-financial interests to disclose.

Page 14 of 16

Received: 30 December 2025 Accepted: 3 April 2026
Published online: 08 May 2026

References

1. Meyer NJ, Gattinoni L, Calfee CS (2021) Acute respiratory distress syn-
drome. The Lancet 398:622-637. https://doi.org/10.1016/50140-6736(21)
00439-6

2. Dreyfuss D, Saumon G (1998) Ventilator-induced lung injury: lessons from
experimental studies. Am J Respir Crit Care Med 157:294-323

3. Muscedere JG, Mullen JB, Gan K, Slutsky AS (1994) Tidal ventilation at low
airway pressures can augment lung injury. Am J Respir Crit Care Med
149:1327-1334. https://doi.org/10.1164/ajrccm.149.5.8173774

4. Gattinoni L, Tonetti T, Cressoni M et al (2016) Ventilator-related causes of
lung injury: the mechanical power. Intensive Care Med 42:1567-1575

5. Tremblay LN, Slutsky AS (2006) Ventilator-induced lung injury: from the
bench to the bedside. Intensive Care Med 32:24-33. https://doi.org/10.
1007/500134-005-2817-8

6. Slutsky AS, Ranieri VM (2013) Ventilator-induced lung injury. N Engl J Med
369:2126-2136. https://doi.org/10.1056/NEJMra1208707

7. Acute Respiratory Distress Syndrome Network (2000) Ventilation with
lower tidal volumes as compared with traditional tidal volumes for acute
lung injury and the acute respiratory distress syndrome. N Engl J Med
342:1301-1308

8. Kirby M, Lane P, Coxson HO (2015) Measurement of pulmonary structure
and function. In: Barr RG, Parr DG, Vogel-Claussen J (eds) Imaging, 1st
edn. European Respiratory Society

9. Bayat S, Wild J, Winkler T (2023) Lung functional imaging. Breathe
19:220272. https://doi.org/10.1183/20734735.0272-2022

10. Cereda M, Xin Y, Hamedani H et al (2017) Tidal changes on CT and
progression of ARDS. Thorax 72:981-989. https://doi.org/10.1136/thora
xjnl-2016-209833

11. Bayat S (2025) Measurement of pulmonary structure and function using
X-ray imaging. In: Dellaca R, Aliverti A (eds) Respiratory Physiology: New
Knowledge. European Respiratory Society, Better Diagnosis

12. Bayat S, Porra L, Suhonen H et al (2008) Imaging of lung function using
synchrotron radiation computed tomography: what's new? Eur J Radiol
68:578-83. https://doi.org/10.1016/j.ejrad.2008.04.043

13. Bayat S, Porra L, Suortti P, Thomlinson W (2020) Functional lung imaging
with synchrotron radiation: methods and preclinical applications. Physica
Med 79:22-35

14. LiT, Senesi AJ, Lee B (2016) Small angle X-ray scattering for nanoparticle
research. Chem Rev 116:11128-11180. https://doi.org/10.1021/acs.chemr
ev.5b00690

15. Bravin A, Coan P, Suortti P (2013) X-ray phase-contrast imaging: from pre-
clinical applications towards clinics. Phys Med Biol 58:R1-35. https://doi.
org/10.1088/0031-9155/58/1/R1

16. Quenot L, Bohic S, Brun E (2022) X-ray phase contrast imaging from syn-
chrotron to conventional sources: a review of the existing techniques for
biological applications. Appl Sci 12:9539. https://doi.org/10.3390/app12
199539

17. Thomlinson W, Elleaume H, Porra L, Suortti P (2018) K-edge subtraction
synchrotron X-ray imaging in bio-medical research. Phys Med 49:58-76.
https://doi.org/10.1016/j.ejmp.2018.04.389

18. Granton PV, Pollmann SI, Ford NL et al (2008) Implementation of dual-
and triple-energy cone-beam micro-CT for postreconstruction material
decomposition. Med Phys 35:5030-5042. https://doi.org/10.1118/1.29876
68

19. Bayat S, Le duc G, Porra L, Berruyer G, Nemoz C, Monfraix S, Fiedler S,
Thomlinson W, Suortti P, Standertskjold-Nordenstam CG, Sovijarv ARA
(2001) Quantitative functional lung imaging with synchrotron radiation
using inhaled xenon as contrast agent. Phys Med Biol 46:3287-3299

20. Suhonen H, Porra L, Bayat S et al (2008) Simultaneous in vivo synchro-
tron radiation computed tomography of regional ventilation and blood
volume in rabbit lung using combined K-edge and temporal subtraction.
Phys Med Biol 53:775

21. Remy-Jardin M, Faivre J-B, Pontana F et al (2014) Thoracic applications of
dual energy. Semin Respir Crit Care Med 35:064-073. https://doi.org/10.
1055/5-0033-1363452


https://doi.org/10.1016/S0140-6736(21)00439-6
https://doi.org/10.1016/S0140-6736(21)00439-6
https://doi.org/10.1164/ajrccm.149.5.8173774
https://doi.org/10.1007/s00134-005-2817-8
https://doi.org/10.1007/s00134-005-2817-8
https://doi.org/10.1056/NEJMra1208707
https://doi.org/10.1183/20734735.0272-2022
https://doi.org/10.1136/thoraxjnl-2016-209833
https://doi.org/10.1136/thoraxjnl-2016-209833
https://doi.org/10.1016/j.ejrad.2008.04.043
https://doi.org/10.1021/acs.chemrev.5b00690
https://doi.org/10.1021/acs.chemrev.5b00690
https://doi.org/10.1088/0031-9155/58/1/R1
https://doi.org/10.1088/0031-9155/58/1/R1
https://doi.org/10.3390/app12199539
https://doi.org/10.3390/app12199539
https://doi.org/10.1016/j.ejmp.2018.04.389
https://doi.org/10.1118/1.2987668
https://doi.org/10.1118/1.2987668
https://doi.org/10.1055/s-0033-1363452
https://doi.org/10.1055/s-0033-1363452

Bayat et al. Intensive Care Medicine Experimental

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

(2026) 14:60

McCollough CH, Leng S, Yu L, Fletcher JG (2015) Dual-and multi-energy
CT: principles, technical approaches, and clinical applications. Radiology
276:637-653

Marcucci C, Nyhan D, Simon BA (2001) Distribution of pulmonary ventila-
tion using Xe-enhanced computed tomography in prone and supine
dogs. J Appl Physiol 90:421-430. https://doi.org/10.1152/jappl.2001.90.2.
421

Verelst E, Bayat S, Verbanck S et al (2026) Regional ventilation imaging in
normal and bronchoconstricted in vivo rabbit lungs using dynamic shut-
tle mode Xe-enhanced DECT imaging. Phys Med Biol 71:035023. https://
doi.org/10.1088/1361-6560/ae4164

Kong X, Sheng HX, Lu GM et al (2014) Xenon-enhanced dual-energy

CT lung ventilation imaging: techniques and clinical applications. Am J
Roentgenol 202:309-317

Fuld MK, Halaweish AF, Haynes SE et al (2013) Pulmonary perfused blood
volume with dual-energy CT as surrogate for pulmonary perfusion
assessed with dynamic multidetector CT. Radiology 267:747-756
Scharm SC, Schaefer-Prokop C, Winther HB et al (2023) Regional pulmo-
nary morphology and function: photon-counting CT assessment. Radiol
308:€230318. https://doi.org/10.1148/radiol.230318

Blanchet CE, Svergun DI (2013) Small-angle X-ray scattering on biological
macromolecules and nanocomposites in solution. Annu Rev Phys Chem
64:37-54. https://doi.org/10.1146/annurev-physchem-040412-110132
Withers PJ, Bouman C, Carmignato S et al (2021) X-ray computed tomog-
raphy. Nat Rev Methods Primers 1:18

Otis AB, McKerrow CB, Bartlett RA et al (1956) Mechanical factors in
distribution of pulmonary ventilation. J Appl Physiol 8:427-443. https.//
doi.org/10.1152/jappl.1956.84.427

Suki B, Bates JH, Frey U (2011) Complexity and emergent phenomena.
Compr Physiol 1:995-1029. https://doi.org/10.1002/cphy.c100022

Bayat S, Porra L, Albu G et al (2013) Effect of positive end-expiratory pres-
sure on regional ventilation distribution during mechanical ventilation
after surfactant depletion. Anesthesiol 119:89-100. https://doi.org/10.
1097/ALN.0b013e318291¢165

Wellman TJ, Winkler T, Costa ELV et al (2012) Effect of regional lung
inflation on ventilation heterogeneity at different length scales during
mechanical ventilation of normal sheep lungs. J Appl Physiol 113:947-
957. https://doi.org/10.1152/japplphysiol.01631.2011

Mertens M, Tabuchi A, Meissner S et al (2009) Alveolar dynamics in acute
lung injury: heterogeneous distension rather than cyclic opening and
collapse. Crit Care Med 37:2604-2611. https://doi.org/10.1097/CCM.
0b013e3181a5544d

Bayat S, Porra L, Broche L et al (2015) Effect of surfactant on regional lung
function in an experimental model of respiratory distress syndrome in
rabbit. J Appl Physiol 119:290-298. https://doi.org/10.1152/japplphysiol.
00047.2015

Scaramuzzo G, Broche L, Pellegrini M et al (2019) Regional behavior of
airspaces during positive pressure reduction assessed by synchrotron
radiation computed tomography. Front Physiol 10:719

Scaramuzzo G, Broche L, Pellegrini M et al (2019) The effect of positive
end-expiratory pressure on lung micromechanics assessed by synchro-
tron radiation computed tomography in an animal model of ARDS. J Clin
Med 8:1117

Cereda M, Emami K, Kadlecek S et al (2011) Quantitative imaging of
alveolar recruitment with hyperpolarized gas MRI during mechanical
ventilation. J Appl Physiol 110:499-511. https://doi.org/10.1152/jappl
physiol.00841.2010

Musch G, Bellani G, Vidal Melo MF et al (2008) Relation between shunt,
aeration, and perfusion in experimental acute lung injury. Am J Respir
Crit Care Med 177:292-300. https://doi.org/10.1164/rccm.200703-4840C
Melo MFV, Harris RS, Layfield JDH, Venegas JG (2005) Topographic basis
of bimodal ventilation-perfusion distributions during bronchoconstric-
tion in sheep. Am J Respir Crit Care Med 171:714-721. https://doi.org/10.
1164/rccm.200409-12960C

Broche L, Perchiazzi G, Porra L et al (2017) Dynamic mechanical interac-
tions between neighboring airspaces determine cyclic opening and
closure in injured lung. Crit Care Med 45:687-694. https://doi.org/10.
1097/CCM.0000000000002234

Grune J, Tabuchi A, Kuebler WM (2019) Alveolar dynamics during
mechanical ventilation in the healthy and injured lung. ICMx 7:34. https://
doi.org/10.1186/540635-019-0226-5

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Page 150f 16

Ma B, Suki B, Bates JHT (2011) Effects of recruitment/derecruitment
dynamics on the efficacy of variable ventilation. J Appl Physiol
110:1319-1326. https://doi.org/10.1152/japplphysiol.01364.2010
Fardin L, Broche L, Lovric G et al (2021) Imaging atelectrauma in
ventilator-induced lung injury using 4D X-ray microscopy. Sci Rep
11:4236

Cereda M, Xin'Y, Meeder N et al (2016) Visualizing the propagation of
acute lung injury. Anesthesiol 124:121-131. https://doi.org/10.1097/
ALN.0000000000000916

Suki B, Barabasi AL, Hantos Z et al (1994) Avalanches and power-law
behaviour in lung inflation. Nature 368:615-618. https://doi.org/10.
1038/368615a0

Yen S, Preissner M, Bennett E et al (2019) The link between regional
tidal stretch and lung injury during mechanical ventilation. Am J Respir
Cell Mol Biol 60:569-577. https://doi.org/10.1165/rcmb.2018-01430C
Nonas SA, Vinasco LM, Ma SF et al (2007) Use of consomic rats for
genomic insights into ventilator-associated lung injury. Am J Physiol
Lung Cell Mol Physiol 293:L.292-1.302. https://doi.org/10.1152/ajplung.
00481.2006

Wellman TJ, De Prost N, Tucci M et al (2016) Lung metabolic activation
as an early biomarker of acute respiratory distress syndrome and local
gene expression heterogeneity. Anesthesiol 125:992-1004. https://doi.
0rg/10.1097/ALN.0000000000001334

Baumgardner JE (2019) (Airway) closure, at last! Crit Care Med 47:1281-
1282. https://doi.org/10.1097/ccm.0000000000003883

. Broche L, Pisa P, Porra L et al (2019) Individual airway closure character-

ized in vivo by phase-contrast CT imaging in injured rabbit lung. Crit
Care Med 47:e774-e781. https://doi.org/10.1097/CCM.0000000000
003838

Porra L, Broche L, Degrugilliers L et al (2017) Synchrotron imaging shows
effect of ventilator settings on intrabreath cyclic changes in pulmonary
blood volume. Am J Respir Cell Mol Biol 57:459-467. https://doi.org/10.
1165/rcmb.2017-00070C

Suki B, Stamenovic D, Hubmayr R (2011) Lung parenchymal mechanics.
Compr Physiol 1:1317-1351. https://doi.org/10.1002/cphy.c100033

Suki B, Bates JH (2011) Lung tissue mechanics as an emergent phenom-
enon. J Appl Physiol 110:1111-1118

Burgess JK, Harmsen MC (2022) Chronic lung diseases: entangled in
extracellular matrix. Eur Respir Rev 31:210202. https://doi.org/10.1183/
16000617.0202-2021

Rausch SMK, Haberthiir D, Stampanoni M et al (2011) Local strain distri-
bution in real three-dimensional alveolar geometries. Ann Biomed Eng
39:2835-2843. https://doi.org/10.1007/510439-011-0328-z

Cercos-Pita J-L, Fardin L, Leclerc H et al (2022) Lung tissue biomechanics
imaged with synchrotron phase contrast microtomography in live rats.
SciRep 12:5056

Kim MW, Yu SH, Yang U et al (2024) Alveolar microdynamics during tidal
ventilation in live animals imaged by SPring-8 synchrotron. Adv Sci.
https://doi.org/10.1002/advs.202306256

Deyhle RT, Krtiger R, Fardin L et al (2025) Nanoscale structural alteration
of lung collagen in response to strain and bleomycin injury. Sci Rep
15:21178. https://doi.org/10.1038/541598-025-07218-9

Fratzl P, Misof K, Zizak | et al (1998) Fibrillar structure and mechanical
properties of collagen. J Struct Biol 122:119-122

Yang W, Sherman VR, Gludovatz B et al (2015) On the tear resistance of
skin. Nat Commun 6:6649. https://doi.org/10.1038/ncomms7649
Mansfield J, Yu J, Attenburrow D et al (2009) The elastin network: its
relationship with collagen and cells in articular cartilage as visualized by
multiphoton microscopy. J Anat 215:682-691. https://doi.org/10.1111/].
1469-7580.2009.01149.x

Porra L, Suhonen H, Suortti P et al (2011) Effect of positive end-expiratory
pressure on regional ventilation distribution during bronchoconstric-
tion in rabbit studied by synchrotron radiation imaging*. Crit Care Med
39:1731-1738. https://doi.org/10.1097/CCM.0b013e318218a375
Venegas JG, Winkler T, Musch G et al (2005) Self-organized patchiness in
asthma as a prelude to catastrophic shifts. Nature 434:777-782. https.//
doi.org/10.1038/nature03490

Bayat S, Porra L, Suhonen H et al (2009) Paradoxical conducting airway
responses and heterogeneous regional ventilation after histamine
inhalation in rabbit studied by synchrotron radiation CT. J Appl Physiol
106:1949-1958. https://doi.org/10.1152/japplphysiol.90550.2008


https://doi.org/10.1152/jappl.2001.90.2.421
https://doi.org/10.1152/jappl.2001.90.2.421
https://doi.org/10.1088/1361-6560/ae4164
https://doi.org/10.1088/1361-6560/ae4164
https://doi.org/10.1148/radiol.230318
https://doi.org/10.1146/annurev-physchem-040412-110132
https://doi.org/10.1152/jappl.1956.8.4.427
https://doi.org/10.1152/jappl.1956.8.4.427
https://doi.org/10.1002/cphy.c100022
https://doi.org/10.1097/ALN.0b013e318291c165
https://doi.org/10.1097/ALN.0b013e318291c165
https://doi.org/10.1152/japplphysiol.01631.2011
https://doi.org/10.1097/CCM.0b013e3181a5544d
https://doi.org/10.1097/CCM.0b013e3181a5544d
https://doi.org/10.1152/japplphysiol.00047.2015
https://doi.org/10.1152/japplphysiol.00047.2015
https://doi.org/10.1152/japplphysiol.00841.2010
https://doi.org/10.1152/japplphysiol.00841.2010
https://doi.org/10.1164/rccm.200703-484OC
https://doi.org/10.1164/rccm.200409-1296OC
https://doi.org/10.1164/rccm.200409-1296OC
https://doi.org/10.1097/CCM.0000000000002234
https://doi.org/10.1097/CCM.0000000000002234
https://doi.org/10.1186/s40635-019-0226-5
https://doi.org/10.1186/s40635-019-0226-5
https://doi.org/10.1152/japplphysiol.01364.2010
https://doi.org/10.1097/ALN.0000000000000916
https://doi.org/10.1097/ALN.0000000000000916
https://doi.org/10.1038/368615a0
https://doi.org/10.1038/368615a0
https://doi.org/10.1165/rcmb.2018-0143OC
https://doi.org/10.1152/ajplung.00481.2006
https://doi.org/10.1152/ajplung.00481.2006
https://doi.org/10.1097/ALN.0000000000001334
https://doi.org/10.1097/ALN.0000000000001334
https://doi.org/10.1097/ccm.0000000000003883
https://doi.org/10.1097/CCM.0000000000003838
https://doi.org/10.1097/CCM.0000000000003838
https://doi.org/10.1165/rcmb.2017-0007OC
https://doi.org/10.1165/rcmb.2017-0007OC
https://doi.org/10.1002/cphy.c100033
https://doi.org/10.1183/16000617.0202-2021
https://doi.org/10.1183/16000617.0202-2021
https://doi.org/10.1007/s10439-011-0328-z
https://doi.org/10.1002/advs.202306256
https://doi.org/10.1038/s41598-025-07218-9
https://doi.org/10.1038/ncomms7649
https://doi.org/10.1111/j.1469-7580.2009.01149.x
https://doi.org/10.1111/j.1469-7580.2009.01149.x
https://doi.org/10.1097/CCM.0b013e318218a375
https://doi.org/10.1038/nature03490
https://doi.org/10.1038/nature03490
https://doi.org/10.1152/japplphysiol.90550.2008

Bayat et al. Intensive Care Medicine Experimental

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

(2026) 14:60

Winkler T, Venegas JG (2007) Complex airway behavior and paradoxical
responses to bronchoprovocation. J Appl Physiol (1985) 103:655-663.
https://doi.org/10.1152/japplphysiol.00041.2007

Bayat S, Strengell S, Porra L et al (2009) Methacholine and ovalbumin
challenges assessed by forced oscillations and synchrotron lung imaging.
Am J Respir Crit Care Med 180:296-303. https://doi.org/10.1164/rccm.
200808-12110C

Layachi S, Porra L, Albu G et al (2013) Role of cellular effectors in the
emergence of ventilation defects during allergic bronchoconstriction. J
Appl Physiol 115:1057-1064. https://doi.org/10.1152/japplphysiol.00844.
2012

Porra L, Degrugilliers L, Broche L et al (2018) Quantitative imaging of
regional aerosol deposition, lung ventilation and morphology by syn-
chrotron radiation CT. Sci Rep 8:1-10

Porra L, Suhonen H, Suortti P et al (2012) Effect of moderate PEEP on
regional ventilation distribution during severe bronchoconstriction in
rabbit studied by K-edge subtraction synchrotron imaging: 25-P095.
Fundam Clin Pharmacol 26:31

Marini JJ (2011) Does positive end-expiratory pressure improve CO2
exchange in controlled ventilation of acute airflow obstruction?*. Crit
Care Med 39:1841-1842. https://doi.org/10.1097/CCM.0b013e3182
204ac0

Rossi A, Santos C, Roca J et al (1994) Effects of PEEP on VA/Q mismatching
in ventilated patients with chronic airflow obstruction. Am J Respir Crit
Care Med 149:1077-1084. https;//doi.org/10.1164/ajrccm.149.5.8173744
Pinsky MR (2002) Recent advances in the clinical application of heart—
lung interactions. Curr Opin Crit Care 8:26-31. https://doi.org/10.1097/
00075198-200202000-00005

Dawson CA, Linehan JH, Rickaby DA (1982) PULMONARY MICROCIRCU-
LATORY HEMODYNAMICS*. Ann N'Y Acad Sci 384:90-106. https://doi.org/
10.1111/j.1749-6632.1982.tb21365 x

Beck KC, Lai-Fook SJ (1985) Pulmonary blood flow vs. gas volume at
various perfusion pressures in rabbit lung. J Appl Physiol 58:2004-2010.
https://doi.org/10.1152/jappl.1985.58.6.2004

Sanchez Giralt JA, Tusman G, Wallin M et al (2024) Clinical validation of

a capnodynamic method for measuring end-expiratory lung vol-

ume in critically ill patients. Crit Care 28:142. https://doi.org/10.1186/
513054-024-04928-w

Albu G, Wallin M, Hallback M et al (2013) Comparison of static end-
expiratory and effective lung volumes for gas exchange in healthy and
surfactant-depleted lungs. Anesthesiol 119:101-110

Hallsjo Sander C, Lonngvist P-A, Hallbdck M et al (2016) Capnodynamic
assessment of effective lung volume during cardiac output manipula-
tions in a porcine model. J Clin Monit Comput 30:761-769. https://doi.
org/10.1007/510877-015-9767-7

Bayat S, Albu G, Fodor GH et al (2026) Relationship between ventila-
tion/perfusion ratio mismatch and capnogram phase Ill slope in acute
bronchoconstriction and its modulation by Salbutamol assessed by
synchrotron imaging in rabbit lung. Anesthesiol 144:419-430. https://doi.
org/10.1097/ALN.0000000000005807

Walesa M, Bayat S, Albu G et al (2018) Comparison between neurally-
assisted, controlled, and physiologically variable ventilation in healthy
rabbits. Br J Anaesth 121:918-927

Arold SP Mora R, Lutchen KR et al (2002) Variable tidal volume ventilation
improves lung mechanics and gas exchange in a rodent model of acute
lung injury. Am J Respir Crit Care Med 165:366-371. https://doi.org/10.
1164/ajrccm.165.3.2010155

Bartoldk-Suki E, Noble PB, Bou Jawde S et al (2017) Optimization of
variable ventilation for physiology, immune response and surfactant
enhancement in preterm lambs. Front Physiol 8:425. https://doi.org/10.
3389/fphys.2017.00425

Scaramuzzo G, Pavlovsky B, Adler A et al (2024) Electrical imped-

ance tomography monitoring in adult ICU patients: state-of-the-art,
recommendations for standardized acquisition, processing, and clinical
use, and future directions. Crit Care 28:377. https://doi.org/10.1186/
$13054-024-05173-x

Bayat S, Guérin C, Louis B, Terzi N (2025) Lung electrical impedance
tomography during positioning, weaning and chest physiotherapy in
mechanically ventilated critically ill patients: a narrative review. Ann
Intensive Care 15:127. https://doi.org/10.1186/513613-025-01526-z

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

Page 16 of 16

Ismail M, Comerford A, Wall WA (2013) Coupled and reduced dimensional
modeling of respiratory mechanics during spontaneous breathing.
Numer Methods Biomed Eng 29:1285-1305. https://doi.org/10.1002/
cnm.2577

Ma H, Fujioka H, Halpern D et al (2023) Full-lung simulations of mechani-
cally ventilated lungs incorporating recruitment/derecruitment dynam-
ics. Front Netw Physiol 3:1257710. https://doi.org/10.3389/fnetp.2023.
1257710

Labriet H, Paganin DM, Lhuissier P, et al (2019) 3D histopathology speckle
phase contrast imaging: from synchrotron to conventional sources. In:
Bosmans H, Chen G-H, Gilat Schmidt T (eds) Medical Imaging 2019: Phys-
ics of Medical Imaging. SPIE, p 63

Schleede S, Meinel FG, Bech M et al (2012) Emphysema diagnosis using
X-ray dark-field imaging at a laser-driven compact synchrotron light
source. Proc Natl Acad Sci U S A 109:17880-17885. https://doi.org/10.
1073/pnas.1206684109

Bech M, Bunk O, David C et al (2008) Hard X-ray phase-contrast imaging
with the Compact Light Source based on inverse Compton X-rays. J
Synchrotron Radiat 16:43-47. https://doi.org/10.1107/509090495080346
4x

Bech M, Jensen TH, Bunk O et al (2010) Advanced contrast modalities for
X-ray radiology: phase-contrast and dark-field imaging using a grating
interferometer. Z Med Phys 20:7-16. https://doi.org/10.1016/j.zemedi.
2009.11.003

Hellbach K, Yaroshenko A, Willer K et al (2017) X-ray dark-field radiography
facilitates the diagnosis of pulmonary fibrosis in a mouse model. Sci Rep
7:340. https://doi.org/10.1038/541598-017-00475-3

Yaroshenko A, Hellbach K, Yildirim AQ et al (2015) Improved in vivo
assessment of pulmonary fibrosis in mice using X-Ray dark-field radiogra-
phy. Sci Rep 5:17492. https://doi.org/10.1038/srep17492

Yaroshenko A, Pritzke T, Koschlig M et al (2016) Visualization of neonatal
lung injury associated with mechanical ventilation using x-ray dark-field
radiography. Sci Rep 6:24269. https://doi.org/10.1038/srep24269

Burgess JK, Harmsen MC (2022) Chronic lung diseases: entangled in
extracellular matrix. European Res Review. https://doi.org/10.1183/16000
617.0202-2021

Jacob A-M, Gaver DP (2012) Atelectrauma disrupts pulmonary epithelial
barrier integrity and alters the distribution of tight junction proteins ZO-1
and claudin 4. J Appl Physiol 113:1377-1387. https://doi.org/10.1152/
japplphysiol.01432.2011

Gaver DP, Nieman GF, Gatto LA et al (2020) The POOR get POORer: a
hypothesis for the pathogenesis of ventilator-induced lung injury. Am

J Respir Crit Care Med 202:1081-1087. https://doi.org/10.1164/rccm.
202002-0453CP

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1152/japplphysiol.00041.2007
https://doi.org/10.1164/rccm.200808-1211OC
https://doi.org/10.1164/rccm.200808-1211OC
https://doi.org/10.1152/japplphysiol.00844.2012
https://doi.org/10.1152/japplphysiol.00844.2012
https://doi.org/10.1097/CCM.0b013e3182204ac0
https://doi.org/10.1097/CCM.0b013e3182204ac0
https://doi.org/10.1164/ajrccm.149.5.8173744
https://doi.org/10.1097/00075198-200202000-00005
https://doi.org/10.1097/00075198-200202000-00005
https://doi.org/10.1111/j.1749-6632.1982.tb21365.x
https://doi.org/10.1111/j.1749-6632.1982.tb21365.x
https://doi.org/10.1152/jappl.1985.58.6.2004
https://doi.org/10.1186/s13054-024-04928-w
https://doi.org/10.1186/s13054-024-04928-w
https://doi.org/10.1007/s10877-015-9767-7
https://doi.org/10.1007/s10877-015-9767-7
https://doi.org/10.1097/ALN.0000000000005807
https://doi.org/10.1097/ALN.0000000000005807
https://doi.org/10.1164/ajrccm.165.3.2010155
https://doi.org/10.1164/ajrccm.165.3.2010155
https://doi.org/10.3389/fphys.2017.00425
https://doi.org/10.3389/fphys.2017.00425
https://doi.org/10.1186/s13054-024-05173-x
https://doi.org/10.1186/s13054-024-05173-x
https://doi.org/10.1186/s13613-025-01526-z
https://doi.org/10.1002/cnm.2577
https://doi.org/10.1002/cnm.2577
https://doi.org/10.3389/fnetp.2023.1257710
https://doi.org/10.3389/fnetp.2023.1257710
https://doi.org/10.1073/pnas.1206684109
https://doi.org/10.1073/pnas.1206684109
https://doi.org/10.1107/s090904950803464x
https://doi.org/10.1107/s090904950803464x
https://doi.org/10.1016/j.zemedi.2009.11.003
https://doi.org/10.1016/j.zemedi.2009.11.003
https://doi.org/10.1038/s41598-017-00475-3
https://doi.org/10.1038/srep17492
https://doi.org/10.1038/srep24269
https://doi.org/10.1183/16000617.0202-2021
https://doi.org/10.1183/16000617.0202-2021
https://doi.org/10.1152/japplphysiol.01432.2011
https://doi.org/10.1152/japplphysiol.01432.2011
https://doi.org/10.1164/rccm.202002-0453CP
https://doi.org/10.1164/rccm.202002-0453CP

	The lung in acute respiratory failure: insights from synchrotron radiation imaging
	Abstract 
	Introduction
	Synchrotron radiation imaging modalities
	Regional lung structure and function in preclinical models of ARDS
	Dynamics of atelectrauma
	Airway closure
	Alveolar and microscale strain, VILI, and ECM remodeling

	Regional lung function in acute airway obstruction
	Translational implications for ventilation strategies and clinical imaging
	Future directions

	Conclusions
	Take home message
	References


