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RÉSUMÉ. L'élastographie par résonance magnétique (ERM) est une technique d'imagerie non invasive qui est de 

plus en plus utilisée dans les services de radiologie pour évaluer les différents stades de la fibrose hépatique. Au 

cours des dix dernières années, de nombreux protocoles ERM ont été développés pour mesurer la rigidité au 

cisaillement de différents tissus (muscle squelettique, sein, rein, cerveau, …) afin de caractériser le comportement 

mécanique des tissus vivants. Ainsi, en plus des images anatomiques et texturales obtenues avec l'examen classique 

en imagerie par résonance magnétique (IRM), il est désormais possible de corréler les caractéristiques 

morphologiques avec les propriétés mécaniques, permettant un suivi et un traitement plus précis de la pathologie 

pulmonaire. Pendant la pandémie du COVID-19, l’ERM a trouvé une autre application pertinente dans l'évaluation des 

dommages au parenchyme pulmonaire résultant d'une infection virale. Cette synthèse bibliographique permet de 

mieux comprendre l’évaluation par ERM de la biomécanique pulmonaire. 

ABSTRACT. Magnetic resonance elastography (MRE) is a non-invasive imaging technique which is becoming more 

commonly used in radiology departments to assess different stages of liver fibrosis. In the last decade, numerous 

MRE protocols have been developed to measure the shear stiffness of different tissues such as skeletal muscle, 

breast, kidney, and brain to characterize the mechanical behavior of living tissues. Thus, in addition to the anatomical 

and textural images obtained with the classical magnetic resonance imaging (MRI) exam, it is now possible to 

correlate the morphological features with the mechanical properties, allowing for more accurate follow-up and 

treatment of lung pathology. During the COVID-19 pandemic, MRE has found another relevant application in the 

assessment of damage to the lung parenchyma resulting from viral infection. This review provides a better 

understanding of how to assess pulmonary biomechanics using the MRE technique. 

MOTS-CLÉS. Densité pulmonaire, rigidité au cisaillement du poumon, biomécanique pulmonaire, Élastographie par 

Résonance Magnétique (ERM), module de cisaillement. 

KEYWORDS. Lung density, lung stiffness, pulmonary biomechanics, Magnetic Resonance Elastography (MRE), shear 

stiffness.  

1. Context 

In 1995, the journal Science published the first paper describing the use of the magnetic 

resonance elastography (MRE) technique to assess the shear modulus of materials [MUT 95]. The 

study analyzed the displacement of shear waves inside hard versus soft circular phantoms to 

determine the variation between wavelengths in both materials. The authors of the study found that 

magnetic resonance elastography produced a higher wavelength inside the hard tissue compared to 

the soft one. It is well known that the velocity of a wave is higher through hard media compared to 

softer media, and from this observation, the objective was to adapt the MRE imaging modality to 

quantify the stiffness of human biological tissue. Because pathological tissues such as tumor or 

fibrotic tissues are harder than normal tissue, the MRE technique can therefore be used to diagnose 

diseases. 

Currently, more than 1800 MRE clinical systems are installed around the world with the main 

clinical application of determining the stage of liver fibrosis. This non-invasive MRE exam has been 

approved by the FDA and other regulatory agencies all over the world, given that the amplitude of 
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vibrations produced by MRE within biological tissues is below the maximum amplitude allowable 

under current standards [EHM 08] (Figure 1).  

 

Figure 1. Maximum tissue displacement authorized by the EU for an exposure of 15 minutes. The dotted 

line represents the limit for the whole body while the solid line represents the limit for the extremities of the 

body. The colored bars represent the maximum mean amplitude determined by different MRE systems for 

different tissues of the human body [EHM 08]. 

Currently, shear modulus is the main parameter to assess the mechanical properties of the tissue. 

In the coming years, however, MRE will be able to assess several additional biomechanical markers 

(damping ratio, attenuation, etc.) which will be correlated with physiological and structural 

properties. 

While the liver is the first organ approved for clinical MRE analysis, research protocols have 

been developed to be used for other tissues including brain, breast, kidney, prostate, muscle, lung, 

heart, disc, pancreas, artery, and cartilage. It is expected that, in the future, the MRE technique will 

be useful in other routine clinical applications, such as the follow-up of muscle myopathy, the 

diagnosis of neurodegenerative disease, and others. 

In the context of Coronavirus Disease 2019 (COVID-19), the earlier lung damage diagnosis is 

made, the better the disease management and the patient's chances of survival. The assessment of 

the lung shear modulus can allow physicians to quantify the biomechanical properties of the lung 

parenchyma and track these properties over time. This biomarker can be used in conjunction with 

other forms of data, hereafter described. 

2. Anatomy of the lung 

The primary function of the respiratory system is to take in oxygen and eliminate carbon dioxide. 

Inhaled oxygen enters the lungs through the bronchi and travels through narrow bronchioles, which 

terminate in small alveolar sacs that allow for gas exchange (Figure 2). The alveoli are surrounded 

by a thin supporting wall, only one cell thick, placing them in very close contact with the 

surrounding capillaries [NOV 21]. This barrier between air and blood has an average thickness of 



© 2022 ISTE OpenScience – Published by ISTE Ltd. London, UK – openscience.fr                                                                    Page | 3 

about 1 micrometer. Oxygen quickly passes through this barrier and enters the capillary blood. 

Conversely, carbon dioxide passes from the blood to the alveoli, where it is exhaled. 

 

Figure 2. Lung anatomy (https://www.physio-pedia.com/Lung_Anatomy). 

The lung’s function is inextricably related to its mechanical behavior, i.e. to its ability to expand 

and contract [FAF 09]. Aging is strongly associated with gradual changes in declining lung function 

and respiratory system mechanics [JAN 99], [SHA 06], and several diseases can also impair normal 

lung activity. Bacterial lung disease is an alveolar syndrome in which the lumen of the alveolar sacs 

become filled with inflammatory debris. In contrast, viral lung disease is an interstitial syndrome 

marked by inflammation of the alveolar walls, which may harden and take the appearance of a 

honeycomb structure [SIC 18], making breathing progressively more difficult. COVID-19 is one 

example of an acute interstitial syndrome, in which disruptions to lung function can range from mild 

to life-threatening damage. Other respiratory diseases such as pulmonary hypertension, fibrotic 

interstitial lung disease (ILD), and asthma also result in progressive architectural and mechanical 

remodeling of the lung [BUR 16], [HIR 13], [SHIM 13] which negatively affects lung cell function 

[DIE 17], [LIUF 10], [SHK 15].  

3. Computed Tomography  

Currently, the detection of pneumopathy is performed by computed tomography (CT) scan 

(Figure 3), which uses radiation to obtain physiological and morphological data [CHAS 18], [REV 

05]. From chest CT scan images, several clinical characteristics can be evaluated such as the volume 

of the lung parenchyma, the presence of nodules, pleural thickening, airway abnormalities, and 

underlying lung diseases, such as emphysema or fibrosis. CT scans can also identify ground glass 

opacities (GGO) and determine their localization and shape (presence of consolidation), the degree 

of each lung lobe involvement, and the number of lobes affected by GGO [GUA 20], [SHI 20], 

[WAN 20], [LIUW 20], [DON 21] (Figure 3).  

For instance, CT scans from COVID-19 patients can be used to classify disease severity based on 

the visual evaluation of the GGOs present in inflamed alveolar walls (Figure 3).  

https://www.physio-pedia.com/Lung_Anatomy
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Figure 3. Classification of interstitial pneumopathy in five grades based on the percentage of ground glass 

opacities (GGO) (modified image from SFR e-bulletin https://ebulletin.radiologie.fr/actualites-covid-

19/elearning-covid-19-radiologie-z-010420). 

However, these visual scores from CT scan acquisition are subjective with inter- and intra-

operator variability. Further, variable inflation of the patient’s lungs at the time of scanning can 

create inconsistencies, making longitudinal follow-up difficult. Moreover, the imaging analysis 

takes time, and the diagnosis is often dependent on the experience of the radiologist [CHAS 18]. 

4. Magnetic Resonance Imaging (MRI) 

MRI is not commonly used to examine the lung since the air in the pulmonary parenchyma 

induces low density and loss of MR signal. Moreover, the anatomical structures (alveoli, blood 

capillaries) are too small (under 10 microns) for a resonance at a given frequency such that they can 

be visualized by MRI. 

However, a diseased lung will present thicker structures, such as fibrous tissue, that can be 

identified by MRI acquisition. Indeed, several studies have described recent advances made in MRI 

with respect to lung cancer. In 2013, Koyama and co-authors published an article reviewing the 

detection and characterization of solid pulmonary nodules (i.e. lymph node-metastases), staging 

assessment, prediction of postsurgical lung function, and tumor treatment response. Other MRI 

research teams have designed magnetic resonance (MR) protocols to measure lung density [THE 

09] or magnetic particle concentrations in the lung [SAR 15]. 

Ultrashort echo time sequences provide morphological information comparable to that of 

computed tomography. Moreover, MRI can provide not only morphologic information based on 

various parameters, such as T1 and T2 relaxation times, perfusion, and tissue diffusion, but also 

functional information (related to respiratory cycle), as radiolabeled aerosols are used in nuclear 

medicine studies to image lung ventilation [KOY 13], [SAR 14].  

In the case of the COVID-19 pandemic, Torkian et al. (2021) have demonstrated the visualization 

of GGOs, consolidation, reticulation, and a reverse halo sign on multiple MRI sequences [TOR 21]. 

Ates et al. (2020) have shown similar findings obtained from CT scans of the thorax, which are 

increasingly used in the diagnosis of COVID-19, and those from MRI acquisition of the lungs, to 

establish MRI as an important diagnostic alternative [ATE 20] (Figure 4).  

In addition to structural and morphological properties obtained with MRI and CT techniques, the 

elasticity of the lung has been determined in vitro [SIC 18] with atomic force microscopy 

techniques, and Goss et al. (2006) first showed the feasibility of magnetic resonance elastography, 

or MRE, to quantify lung elasticity in vivo [GOS 06].  

<10%                       10-25%                         25-50%                      50-75%                       >75% 

mild                       moderate                    significant                    severe                       acute  

 

GGO 

Lung 

https://ebulletin.radiologie.fr/actualites-covid-19/elearning-covid-19-radiologie-z-010420
https://ebulletin.radiologie.fr/actualites-covid-19/elearning-covid-19-radiologie-z-010420


© 2022 ISTE OpenScience – Published by ISTE Ltd. London, UK – openscience.fr                                                                    Page | 5 

 

Figure 4. Ground-glass areas (black arrow) with bilateral peripheral distribution, visualized similarly on both 

computed tomography (A) and magnetic resonance imaging (B) [ATE 20]. 

5. Magnetic Resonance Elastography (MRE) 

MRE is a medical imaging technique coupled with (MRI) [MUT 95], [FOW 95] that can non-

invasively estimate the mechanical properties of soft tissue in vivo by producing a phase contrast 

sequence based on shear wave propagation. It is routinely used in clinical practice for the diagnosis 

of liver fibrosis.  

For standard MRI sequences such as Spin Echo (SE), Gradient Echo (GE), Echo Planar Imaging 

(EPI), and others, a motion-sensitizing gradient (MSG) is imposed in a specific direction and 

switched in polarity at an adjustable frequency [CAL 95], [DEN 93]. The gradient is synchronized 

to the local movement of the shear wave, allowing for an increase in sensitivity to the phase shift of 

the spins, which thus produces a better picture of the wave propagation.  

MRE estimates the stiffness of the target tissue to track the evolution of a disease, to better 

understand the pathophysiology of the disease, to determine the most suitable therapy, and to 

evaluate long-term effects of treatment by monitoring gain of tissue function. 

Thus, numerous experimental protocols associated with MRI and MRE techniques have been 

developed, based on the principle of applying a mechanical excitation to assess the shear modulus of 

healthy soft tissues (such as skeletal muscle: [BEN 07], [BRA 07], [CHA 15a], [DEB 11], [DRE 

01], [KLA 10b]; brain: [GRE 08], [SAC 08]; heart: [ELG 10], [KOL 09]; liver: [KLA 10a], [LEC 

13] kidney: [BEN 11]) and pathological organs (such as skeletal muscle: [BEN 07], [BEN 14]; 

fibrotic liver: [TER 18], [YIN 07]).  

The MRE technique is composed of three main steps, allowing for the measurement of the shear 

modulus: 

Step 1: Induce a mechanical deformation in the soft tissue 

A speaker device driving the mechanical wave is located outside the MRI room to avoid 

interference. Two types of driver (pneumatic or mechanical) can be used to generate the waves at 

the surface of the biological tissue. These drivers must be carefully designed for MR compatibility 

to ensure a uniform wave displacement at a given frequency. Figure 5.1 (A-B) shows the round 

pneumatic driver (diameter: 16cm) used for the MRE liver test. The driver produced a uniform 

displacement of the membrane at frequencies ranging between 50Hz and 100Hz (Figure 5.1C) while 

a non-uniform generation of waves appeared at 110Hz (Figure 5.1D).  

Step 2: Image the displacement of the shear wave 

To spatially map and measure the wave displacement patterns, a phase-contrast MRI technique is 

used, in which a motion-sensitizing gradient (MSG) echo sequence is imposed along a specific 

direction and switched in polarity at an adjustable frequency [CAL 95], [DEN 93]. Trigger pulses 

GGO 

Lung 
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synchronize an oscillator unit that drives a transducer, coupled with the surface of the target tissue to 

be imaged, to induce shear waves in the tissue at the same frequency as the motion-sensitizing 

gradient. 

 

Figure 5.1. Characterization of the amplitude of deformation, for the membrane of a pneumatic driver, as 

measured by a laser doppler vibrometer (modified from [LEC 13]). A and B: Pneumatic liver driver 

Resoundant®, front and back view, respectively. C: Displacement of the membrane between 50Hz and 

100Hz. D: Displacement of membrane at 110 Hz. 

During MRE imaging, any cyclic motion of the spins in the presence of these MSGs causes a 

measurable phase shift, φ, in the received MR signal. The displacement at each voxel is proportional 

to the measured phase shift, which is caused by a propagating mechanical wave with a wave vector 

, within a given medium, at a given frequency (f), in the presence of a cyclic MSG, and is given by: 

    

where  is the phase shift (rad),  is the spin position vector,  (rad) is the relative phase (offset) 

of the magnetic and mechanical oscillations, (rad·s
-1

·T
-1

) is the gyromagnetic ratio of the tissue 

proton, N is the number of gradient pairs used to sensitize the motion, T (s) is the period of the MSG 

(T=1/f),  is the MSG gradient vector and   is the displacement amplitude vector [MUT 95], 

[MUT 96]. 

The accumulated phase shift is proportional to its displacement. The phase shift is also 

proportional to the period (T) of the MSG and the number (N) of gradient pairs. High sensitivity to 

small amplitude synchronous motion can be achieved by accumulating phase shifts over multiple 

cycles of mechanical oscillation and the MSG waveform. 

Thus, the obtained MR images contains both the anatomical image and the propagating wave 

information (i.e. phase image), the latter of which is typically derived by collecting 2 images with 

opposite MEG polarities and calculating a phase-difference image (Figure 5.2). 

[1] 
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Figure 5.2. Magnitude (A) and phase (B) images of an agarose gel phantom. (C) Spin Echo sequence 

(modified from [MUT 95]).  

Step 3: Measure the mechanical properties of the tissue 

The mechanical properties can be locally or globally calculated using different methods:   

- Local estimation of the shear modulus  

From the phase image, the displacement of the waves is used to calculate the wavelength (λ). To 

accomplish this, a profile is manually drawn in the direction of the wave propagation to visualize the 

behavior of the wave (Figure 5.3B) and to measure the wavelength (Figure 5.3C). 

 Subsequently, assuming that the tissue is linear elastic, isotropic, homogeneous and 

incompressible, the local absolute shear modulus (µ) at a given oscillating frequency (f), called 

shear stiffness, is calculated using the following equation: 

µ = ρ. (f.λ)²                                                                                                                   [2]   

where ρ is the density of the biological tissue, fixed to 1000 kg.m
-3

 because the majority of the 

tissue content is made of water, and λ is the wavelength. 

From the MRE displacement data (i.e. the phase image), it is possible to extract other mechanical 

properties, such as the complex shear modulus, using a variety of reconstruction techniques based 

on the equation of motion. The complex shear modulus (G*) is related to an elastic component (G’), 

that represents the real part, and a viscous component (G”), that represents the imaginary part. From 

the local profile drawn in the phase image, these two components can be calculated with the 

following equations at the angular frequency (ω = 2πf) [CHA 15b]: 

 

 

where k is the real wave number (k = , and  the attenuation coefficient. 

- Cartography of the shear modulus  

From the phase image, it is possible to generate a cartography of the shear modulus. This can be 

accomplished using different algorithms such as local frequency estimation (LFE) (Figure 5.3D), the 

matched filter (MF), phase gradient (PG), and direct inversion (DI) [MAN 96], [MAN 01]. 

[3] 

[4] 

Phantom  
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Figure 5.3. (A) Experimental MRE set up for a phantom in plastisol. (B) Propagation of the shear waves 

inside the phantom with a profile line drawn in white (C) Behavior of the wave along the profile drawn from 

phase image. (D) Mapping of the shear stiffness obtained with the local frequency estimation (LFE) method 

(modified from [LEC 13]). 

6. Measurement of the lung shear modulus with MRE 

Lung disease is one of the principal causes of death worldwide, from which four million people 

die annually [BOU 07]. Bacterial (staphylococcal pneumonia) and viral (ILD, COVID-19) lung 

diseases modify the mechanical behavior of the lung parenchyma, and the MRE technique can 

quantify differences in tissue stiffness to help determine the severity of the pathology. Table 6.1 

shows the main studies that have used the MRE technique to assess the stiffness and density of the 

lungs at different conditions such as: breath hold at residual volume (RV), total lung capacity 

(TLC), midway between RV and TLC (MID), and free breathing [FAK 19], [FAK 22], [MARI 14], 

[MARIN 17].   

Author Measure MR Sequence 
MRI 

Machine 

MRI and MRE  

Parameters 

[FAK 22] 

 

 

Shear 

stiffness 

 

 

SE‐EPI, 

10 to 17 axial 

slices, 

Z direction,  

MEG (50 Hz) 

 

 

Siemens 

1.5T 

Slice Thickness: 10 mm 

Repetition Time: 1020 ms 

Echo Time: 15 ms 

Imaging Frequency: 50 Hz 

Number of offsets: 4 

Pixel size: 1.76 mm 

[FAK 22] 

 

 

 

Density 

 

 

 

Fast GRE,  

6 axial slices, 

Gadolinium‐ 

doped water 

phantom 

 

 

Siemens 

1.5T 

Slice Thickness: 10 mm 

Repetition Time: 10 ms 

Echo Time: 0.98, 1.62, 2.26, and 

2.9 ms (TLC) 

Number of averages: 4 

Pixel size: 1.76 mm 

Correction factor: 1.736 or 1.782 

[FAK 19] 

 

 

Shear 

stiffness 

SE‐EPI,  

5 axial slices,  

Z direction,  

MEG (50 Hz) 

 

 

Siemens 

1.5T 

Slice Thickness: 10 mm 

Repetition Time: 400 ms 

Echo Time: 11.6 ms 

Echo train length: 10 
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Imaging Frequency: 50 Hz 

Number of offsets: 4 

Pixel size: 1.56 mm 

[FAK 19] 

 

 

Density 

Fast GRE,  

5 axial slices, 

Gadolinium‐ 

doped water 

phantom 

 

 

Siemens 

1.5T 

Slice Thickness: 10 mm 

Repetition Time: 10 ms 

Echo Time: 1.07 ms and 1.5 ms (TLC) 

Number of averages: 4 

Correction factor: 1.873 

Pixel size: 1.56 mm 

[MARIN 17] 

 

 

Shear 

stiffness 

SE‐EPI,  

4 axial slices,  

Z direction,  

MEG (50 Hz) 

 

GE 

1.5T 

Slice Thickness: 15 mm 

Repetition Time: 320 ms 

Echo Time: 11.7 ms 

Echo train length: 10 

Imaging Frequency: 50 Hz 

Number of offsets: 4 

Pixel size: 3.75 mm 

[MARIN 17] 

 

 

Density 

Fast GRE,  

4 axial slices 

 

 

GE 

1.5T 

Slice Thickness: 15 mm 

Repetition Time: 10 ms 

Echo Time: 1 ms and 1.8 ms (TLC) 

Flip angle: 10° 

Pixel size: 3.75 mm 

[MARI 14] 

 

 

Shear 

stiffness 

SE‐EPI,  

axial slices,  

Z direction,  

MEG (50 Hz) 

 

 

GE 

1.5T 

Slice Thickness: 10 mm 

Repetition Time: 200 ms 

Echo Time: 9.4 ms 

Fractional Motion Encoding 

Imaging Frequency: 50 Hz 

Number of offsets: 4 

[MARI 14] 

 

Density 

Fast GRE, 

12 axial slices, 

Gadolinium‐doped 

water phantom 

 

GE 

1.5T 

Slice Thickness: 15 mm 

Repetition Time: 15 ms 

Echo Time: 1 ms and 1.8 ms (TLC) 

Flip angle: 10° 

Table 6.1. A literature survey of MRE and MRI techniques applied to human lungs. 

The right lung is usually analyzed to avoid the motion artifacts of the heart. As previously 

explained, the first step is to generate the shear wave inside the lung. For this, the pneumatic driver 

currently used for MRE liver testing is placed over the ribcage, anterior to the apex. An active 

acoustic driver (or speaker), connected with a plastic tube to the round driver, induces air pressure at 

50Hz to deform the pneumatic membrane and induce the propagation of shear waves inside the lung 

[FAK 19], [MARI 14], [MARI 11] (Figure 6.1). 

 

Figure 6.1. A: Typical MRE setup for imaging the lung (modified from [FAK 19]. B: Phase image showing 

the displacement of the shear waves in the right lung (modified from [MARI 14]). 
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Recently, the lung MRE set up has been further improved to assess the shear modulus of both 

lungs. In this process, an additional active acoustic driver is connected to two other smaller round 

pneumatic drivers placed on the left lung. Both speakers produce vibrations at 50 Hz [FAK 22] 

(Figure 6.2).  

 

Figure 6.2. A: Novel MRE set up for visualizing both lungs. B: Phase image showing the localization of the 

shear waves inside both lungs (modified from [FAK 22]). 

From the phase images obtained with both set ups, post-processing is performed as described in 

step 3. A mask is applied to left and right lungs to remove background noise, and a Butterworth 

directional filter is then applied to each image as well. A region of interest can be drawn on each 

magnitude (or anatomical) lung image, excluding major pulmonary arteries and veins, to analyze a 

specific area. Lung shear stiffness cartographies are obtained for each slice using 2D direct 

inversion for each encoding direction [FAK 19], [FAK 22], [MARI 14]. Then, a mean of all slices is 

assembled to obtain a single cartography of lung stiffness, from which one can calculate the pixel 

value of lung density, defined hereafter (Figure 6.3c).  

Lung density can be estimated relative to the known density of a gadolinium-doped water 

phantom that is placed on the chest of the patients during the lung density scans (Figure 6.3a) [FAK 

19], [MARI 14], [MARI 11], [HOL 11], [THE 09]. The accurate measurement of lung density is 

important for properly correcting the lung stiffness calculation [HOL 11], [THE 09]. The lung 

density map (Figure 6.3b) is computed on the basis of three steps: 

1) Image acquisition of MR signal at 8 echo times tj: Ij = I0 exp (- tj / T2
*
) for determination of the 

initial signal I0 and the relaxation time T2
*
; 

2) Calibration acquisition with gadolinium-doped water phantom for determination of a 

correction factor (CF) from MR acquisition at two repetition times (TR): 

       CF = (mean phantom signal at TR = 6 s) / (mean phantom signal at TR = 10 ms) 

3) Calculation of lung density map ():  

 

where Iph is the mean signal of the gadolinium-doped water phantom, CF the correction factor, 

and I0 the mean signal of the phantom at echo time TE = 1 ms and TR = 10 ms [THE 09]. 

[5] 
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Marinelli et al. (2017) demonstrated an increase in shear stiffness for patients with interstitial 

lung disease (ILD), estimated at residual volume (RV) and total lung capacity (TLC) [MARIN 17]. 

Patients with ILD had a mean lung stiffness of 2.740 ± 0.896 kPa at TLC and 1.320 ± 0.300 kPa at 

RV, as compared with 1.330 ± 0.195 kPa at TLC and 0.849 ± 0.250 kPa at RV in healthy lungs.  

 

Figure 6.3. Estimation of density. A: Mean MR magnitude images. B: Density map overlaid on the MRE 

magnitude image. C: Cartography of the shear stiffness obtained in ERM (modified from [MARI 14]). 

A comparison of the shear stiffness between the free-breathing and held breath conditions for the 

right and left lungs has been made [FAK 22]. The results show a difference of shear stiffness 

between free breathing and held breath for the right lung (mean difference: −0.65 kPa) and the left 

lung (mean difference: −0.75 kPa). Moreover, the free-breathing data in this study proved to be 

robustly repeatable and reproducible, demonstrating the feasibility of free-breathing lung MRE. In 

addition, this study identified no significant difference in lung stiffness between different age groups 

(20 to 40 years, n = 17, versus above 40 years, n = 8) or between genders (16 males and 9 females), 

and showed non-significantly higher (p = 0.14) stiffness values for the left lung compared to the 

right one. A significant difference in mean density of 0.05 g.cm
-3

 was observed between the right 

and left lung in both age groups. 

7. Conclusion 

To conclude, the association of MR techniques and CT scan (Figure 7.1) will provide subjective 

and quantitative data 1) to establish correlations between the shear stiffness and the morphological 

properties (lung volume, stage of fibrosis, etc.) for patients with different lung diseases, 2) to 

identify and follow up on the development of lung pathologies (ILD, post-COVID-19 fibrosis, etc.) 

and 3) to evaluate future anti-fibrosis therapies.  
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Figure 7. A: Axial computed tomography (CT) of a lung with interstitial lung disease. B: Axial image 

cartography of the shear stiffness obtained from the same lung using MRE. Fibrosis areas have a higher 

shear stiffness, showing hardening of the tissue (modified from [MARIN 17]). 
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