
HAL Id: hal-04763491
https://hal.science/hal-04763491v1

Submitted on 5 Nov 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Monitoring of Lung Stiffness for Long-COVID Patients
Using Magnetic Resonance Elastography (MRE)

Sabine F Bensamoun, Kiaran P McGee, Mashhour Chakouch, Fabrice
Charleux, Philippe Pouletaut

To cite this version:
Sabine F Bensamoun, Kiaran P McGee, Mashhour Chakouch, Fabrice Charleux, Philippe Poule-
taut. Monitoring of Lung Stiffness for Long-COVID Patients Using Magnetic Resonance Elastogra-
phy (MRE). Magnetic Resonance Imaging, 2025, 115, pp.110269. �10.1016/j.mri.2024.110269�. �hal-
04763491�

https://hal.science/hal-04763491v1
https://hal.archives-ouvertes.fr


  

 
 

Monitoring of Lung Stiffness for Long-COVID Patients Using Magnetic Resonance 

Elastography (MRE) 

 

Sabine F. Bensamoun
1
, PhD, Kiaran P. McGee

2
, PhD, Mashhour Chakouch

1
, PhD, Philippe 

Pouletaut
1
, PhD, Fabrice Charleux

3
, MD

 

1 
Université de technologie de Compiègne, CNRS, BMBI (Biomechanics and 

Bioengineering), Compiègne, France 

 
2 

Mayo Clinic & Foundation, Department of Radiology, Rochester, Minnesota, USA 

 
3 

ACRIM-Polyclinique Saint Côme, Radiology department, Compiègne, France 

 

Corresponding author:  

Sabine F. Bensamoun 

Université de technologie de Compiègne, Centre de recherche Royallieu, CS 60 319, 60 203 

Compiègne Cedex, France 

Tel: (33) 03 44 23 43 90 

E-mail address: sabine.bensamoun@utc.fr 

 

Declarations of interest: none 

 

 

  

mailto:sabine.bensamoun@utc.fr


  

 
 

ABSTRACT  

Purpose: Transaxial CT imaging is the main clinical imaging modality for the assessment of 

COVID-induced lung damage. However, this type of data does not quantify the functional 

properties of the lung. The objective is to provide non-invasive personalized cartographies of 

lung stiffness for long-COVID patients using MR elastography (MRE) and follow-up the 

evolution of this quantitative mapping over time.    

Methods: Seven healthy and seven long-COVID participants underwent CT and MRE 

imaging at total lung capacity. After CT test, a senior radiologist visually analyzed the lung 

structure. Less than one month later, a first MRI (1.5 T, GRE sequence) lung density test 

followed by a first MRE (SE-EPI sequence) test were performed. Gadolinium-doped water 

phantom and a pneumatic driver (vibration frequency: 50 Hz), placed on the sternum, were 

used for MRI and MRE tests, respectively. Personalized cartographies of the stiffness were 

obtained, by two medical imaging engineers, using a specific post processing (MMDI 

algorithm). The monitoring (lung density, stiffness) was carried out no later than 11 months 

for each COVID patient. Wilcoxon’s tests and an intra-class correlation coefficient (ICC) 

were used for statistical analysis.  

Results: The density for long-COVID patients was significantly (P = 0.047) greater (170 

kg.m
-3

) compared to healthy (125 kg.m
-3

) subjects. After the first MRE test, the stiffness 

measured for the healthy subjects was in the same range (median value (interquartile range, 

IQR): 0.93 (0.09)  kPa), while the long-COVID patients showed a larger stiffness range (from 

1.39 kPa to 2.05 kPa). After a minimum delay of 5 months, the second MRE test showed a 

decrease of stiffness (from 22 % to 40 %) for every long-COVID patient. The inter-operator 

agreement was excellent (intra-class correlation coefficient: 0.93 [0.78 - 0.97]).  

Conclusion: The MRE test is sensitive enough to monitor disease-induced change in lung 

stiffness (increase with COVID symptoms and decrease with recovery). This non-invasive 

modality could yield complementary information as a new imaging biomarker to follow up 

long-COVID patients.  
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Abbreviations:  

 

BMI, body mass index;  

CT, computed tomography;  

FOV, field of view; 

ICC, intraclass correlation coefficient; 

IQR, interquartile range; 

MEG, motion-encoding gradient; 

MRE, magnetic resonance elastography; 

MRI, magnetic resonance imaging; 

ROI, region of interest; 

SD, standard deviation; 

SE-EPI, spin-echo echo-planar imaging 

 

  



  

 
 

1. Introduction 

Patients infected by the 2019 coronavirus disease (COVID) are not all affected in the same 

way, and recovery can be either without after-effects, for example for asymptomatic people, 

or with more or less significant symptoms. The main symptoms include fatigue, headache, 

attention disorders, dyspnea
 
[1], and may still be present 24 months after the COVID infection

 

[2]. According to the World Health Organization [3], “post-COVID-19” or “long-COVID”  

condition occurs in individuals with a history of probable or confirmed SARS CoV-2 

infection, usually 3 months from the onset of COVID-19 with symptoms and that last for at 

least 2 months and cannot be explained by an alternative diagnosis. Although the mechanisms 

are not fully understood, different therapies (chemical, physiotherapy, etc.) are prescribed [4-

5] and the clinician needs to follow up the effect of the treatment.   

In case of lung damage caused by the COVID, patients show varying degrees of 

respiratory difficulties (cough, shortness of breath) [6]. During the pandemic, different 

imaging techniques
 
[7] (radiography, computed tomography (CT), ultrasound (US), magnetic 

resonance imaging (MRI)) were used to characterize the structural properties of the lung and 

evaluate the level of severity of the damage, in order to adapt the treatment. CT scan was the 

main medical test used to evaluate the features of the lung COVID, including ground class 

opacity, consolidation, crazy paving, reticulation [8-11]. Moreover, post treatment of CT 

images was driven by artificial intelligence to stage and predict the evolution of the lung 

disease [12-13]. CT COVID features were also compared to ultrasound (US) lung images 

which recently applied a deep neural network to analyze the US acquisitions [14]. It should be 

noted that B mode ultrasound images are rarely used for regular lung investigation due to the 

air-filled alveoli, which lead to artifacts caused by the reflection of the beam. During the 

pandemic, this technique was however helpful to explore the echogenic pattern of the 

subpleural region, which was modified depending on the stage of the infection [15].  

In addition to the US technique, dynamic contrast enhanced [16] and hyperpolarised gas 

MR [17-18] showed utility in tracking patients with lung pathologies. Thus, MRI was also 

conducted on COVID patients
 

[19], and Fields’s study [20] demonstrated similar 

morphological and textural results compared to CT COVID analysis. While lung MRI is a 

challenging task due to the low signal noise ratio, this imaging modality allowed the 

identification of the inflammatory areas and fibrotic regions
 
[21]. The main advantage of MRI 

and US tests compared to CT scans is that they do not involve exposure to ionization 

radiation. CT, US and MRI are imaging tools that provide anatomical and structural 



  

 
 

information, but these techniques do not quantify the tissue functional properties, such as the 

stiffness.  

In 1995, a non-invasive phase-contrast technique, called magnetic resonance elastography 

(MRE), based on the application of motion encoding gradients, was developed to quantify the 

stiffness of soft tissues [22]. Thus, the functional properties of healthy and pathological 

muscle
 
[23-24], liver

 
[25-26], brain

 
[27-28] were measured. Developing a lung MRE test was 

a technical challenge due to the amount of air present in the parenchyma, which leads to a 

noisy signal of phase data [29]. In 2006, the technical feasibility was demonstrated by Goss’s 

study (2006)
 
[30]. In addition, Mariappan et al. (2011)

 
[31] demonstrated the feasibility of 

using the MRE technique to quantify healthy lung stiffness at different respiratory states. The 

variation in stiffness was then analyzed according to the age and sex [32], as well as in 

patients with interstitial lung disease (ILD), showing an increase in stiffness compared to 

normal lungs [33]. The purpose of the present study is to provide personalized cartographies 

of lung stiffness for long-COVID patients using the MRE technique, and to follow up the 

evolution of this quantitative mapping over time.    

 

2. Materials and Methods 

2.1. Participants  

All participants were recruited at the radiology department, named ACRIM, located at the 

Polyclinic Saint Côme (Compiègne, France). All the subjects had a medical order prescribed 

by the family physician for a lung CT test (cough, tobacco control, …). This study was 

approved by the Institutional Review Board of ILE DE FRANCE III (#2020-A01496-33). All 

subjects had the experimental protocol explained, a reflection period, and then gave their 

informed written consent prior to admission into the study. Exclusion criteria were the 

contraindications for MRI (such as pregnancy, claustrophobia, pacemakers), people under the 

age of 18 years, and without lung fibrosis such as the chronic obstructive pulmonary disease 

(COPD). 

Healthy patients are defined as subjects with no history of lung disease and no pulmonary 

damage visible by the radiologist on the CT images. A long-COVID patient is defined as a 

patient having presented a COVID persistent infection (for at least three months)
 
[13] certified 

by a positive RT-PCR (Reverse Transcriptase - Polymerase Chain Reaction) test. All selected 

participants are non-smokers, so that smoking does not influence the results.  



  

 
 

Among the twelve long-COVID patients recruited, five were unable to return for the 

second MRE test due to their moving to another region (N=2), a hospitalization (N=1), and 2 

not wanting to participate anymore. Thus, seven long-COVID patients were finally part of the 

study. 

In summary (Table 1), seven healthy volunteers (median value (interquartile range (IQR)): 

age = 59 (9) years, body mass index (BMI) = 24 (7) kg.m
-2

, 3 women and 4 men) and seven 

long-COVID patients (age = 55 (12) years, body mass index (BMI) = 27 (1) kg.m
-2

, 7 

women) referred for a lung CT scan, without injection of contrast product, were included in 

this study. All selected participants have approximately the same age, so that age does not 

influence the results. It should be noted that the long-COVID patients had a significant (P < 

0.1) higher BMI compared to the healthy participants.  

All healthy and long-COVID patients underwent a first MRE test (labeled MRE N°1) 

within one month of the CT exam (Table 1). Then, they returned at least 5 months later for a 

second MRE test (labeled MRE N°2) (Table 1) after checking that they all had a negative 

antigenic test.   

 

2.2. Computed Tomography (CT) Scan 

Healthy volunteers (N = 7) and long-COVID patients (N = 7) had a single CT scan test. 

Lung CT images have been acquired with a multi-row detector (General Electric Revolution 

Maxima) system. Patients were examined during a single breath-hold at total lung capacity 

and the following parameters were applied for the thoracic CT acquisition: field of view: 43 x 

43 cm²; matrix: 512 x 512; voxel size: 0.84 x 0.84 x 0.625 mm
3
; slice thickness: 0.625 mm 

and 100 - 140 kV according to the patient’s weight. A senior radiologist subjectively analyzed 

the texture and the structural properties (bronchial thickness, ground glass, presence of 

emphysema) of the image. Moreover, the slice level where the intermediate trunk was clover-

shaped in appearance was identified (Fig. 1a-c) for future MRE assessment of the same lung 

region. CT density was calculated by converting the measured Hounsfield number into 

density units [34].  

 

2.3. Lung Density 

The measurement of the lung density () is an important step to accurately quantify the 

lung stiffness usually represented by the shear modulus (µ = v
2
, v: velocity of the shear 



  

 
 

wave propagation) [35]. MRE is mainly applied to soft tissues having a density closed to 1000  

kg.m
-3

 similarly to the water. However, the lung is mainly composed of air and the volume 

varies from patient to patient. Thus, it was necessary to acquire a map of lung density for each 

patient to obtain a personalized stiffness mapping.  

This mapping was obtained from MRI (General Electric Signa Artist machine) acquisition 

performed at breath-hold (22 s), for 4 axial slices (Fig. 1b) determined from CT scan where 

the clover-shaped was identified, with a fast gradient echo (GRE) sequence
 
[35] and a TR of 

15 ms, from which the initial signal of the lung was estimated. The MRI acquisition was 

performed with the following parameters:  field of view: 48 x 48 cm
2
; voxel size: 7.5 × 7.5 × 

15 mm
3
; matrix: 64 x 64; slice thickness: 15 mm; and flip angle: 10°. Before running the MR 

density sequence, a gadolinium-doped water phantom was placed on the sternum (Fig. 1d) to 

have a calibration
 

[36], and the density values were compared with the CT density 

measurements. 

The lung density map was computed on the basis of three steps: 

1) Image acquisition of MR signal at 8 echo times tj (t1=TE1=1.828 ms; t2=TE2=1.028 ms; 

t3=TE1; t4=TE2; t5=TE1; t6=TE2; t7=TE1; t8=TE2) expressed by:  Ij = I0 exp (- tj / T2
*
) for the 

determination of the initial signal I0 and the relaxation time T2
*
 of the lung; 

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

correction factor (CF) from MR acquisition at two repetition times (TR) according to the 

study of Theilmann et al. [37]: 

       CF = (mean phantom signal at TR = 6 s) / (mean phantom signal at TR = 10 ms)     (1) 

3) Calculation of the lung density map ():  

  
  

      
                                                                                                            (2) 

where Iph is the mean signal measured inside the region of interest of the gadolinium-doped 

water phantom, CF the correction factor, and I0 the mean signal of the lung at an echo time of 

zero [37].  

At the step 1, the MR sequence were acquired alternating between a long (TE1) and a short 

(TE2) echo time, repeated four times, to reduce the effect of noise and to optimize the signal 

to noise ratio as realized in Theilmann’s study [37]. 



  

 
 

 

 

2.4. Magnetic Resonance Elastography (MRE) 

MRE tests were launched, at breath-hold (22 s), a few minutes after the density acquisition. 

They were realized at the same slice level, determined by the radiologist from the CT scan, as 

for MRI density tests. Then, MRE acquisitions were performed using a 2D multi-shot spin-

echo echo-planar imaging (SE-EPI) sequence on a 1.5 T General Electric Signa Artist 

machine with an echo train length value of 8. MRE measurements were performed at total 

lung capacity, with a 22 s breath-hold for the scan time. Then, a round pneumatic driver 

(Resoundant, Mayo Clinic Foundation, Rochester, MN, USA), currently used for MRE liver 

tests [38], was placed on the right lung in order to avoid the motion artifact of the heart (Fig. 

2). This driver is connected to a plastic tube where air pressure is induced at a frequency of 50 

Hz using an acoustic speaker system. 

The MRE pulse sequence including a motion-encoding gradient, which oscillated in the Z 

direction, was used to image the displacement of the shear waves. The phase images were 

recorded with the following parameters: FOV: 48 × 48 cm
2
; TR: 250 ms; slice thickness: 15 

mm; number of axial slices: 4; voxel size: 3.75 × 3.75 × 15 mm
3
; matrix: 128 x 128; 4 phase 

offsets. 

The post-processing of the phase images (Fig. 3a) was performed by two engineer 

operators, having a medical imaging training, with more than ten years of experience in MRE 

field of research) to obtain the true lung stiffness map (Fig. 3d) by three successive steps: 1) a 

region of interest was drawn on the 4 phase images (Fig. 3a) to select only the right lung to 

avoid the heart motion, 2) the apparent lung stiffness (Fig. 3b) was calculated from the phase 

images, by using a multi-model direct inversion (MMDI), executed using MRElab software 

(Mayo Clinic, Rochester, Minnesota,USA), with a specific post processing method (phase 

unwrapping based on minimum discontinuity algorithm and spatial Butterworth filter from 4 

to 40 waves / FOV) [39], and then 3) corrected by the product of the apparent stiffness with 

the density map (Fig. 3c). This product process was done with ImageJ software (version 

1.48v; National Institutes of Health, Bethesda, MD, USA) and a homemade macro code. 

  

2.5. Statistical Analysis 



  

 
 

All the statistical analyses were performed with R software. Due to the small sample size 

only non-parametric two-sample Wilcoxon-Mann-Whitney’s tests were used to compare: 1) 

lung stiffness in healthy subjects and long-COVID patients for MRE N°1 test, and 2) the lung 

density in healthy subjects and long-COVID patients (using CT or MR N°1 tests). Paired 

Wilcoxon’s tests were used to compare lung density or stiffness in the MRE N°1 and MRE 

N°2 tests. In addition, validation of lung density measurement between the two modalities 

(CT vs. MR) was realized with a Spearman correlation analysis. The level of significance was 

set at P < 0.1 instead of P < 0.05 because of the small sample size.  

The intra-class correlation coefficient (ICC) and a Bland-Altman test were used to assess 

the agreement between the two operators to obtain the MRE lung stiffness. Agreement was 

classified as poor (ICC = 0.00-0.20), fair to good (ICC = 0.40-0.75) or excellent (ICC > 0.75) 

[40]. The value of ICC refers to the degree of overlap between the ROIs drawn by the two 

operators for the four axial slices. 
 

 

3. Results 

 

3.1. CT Images and Density Measurements 

While the patients underwent the CT tests at different times (between 3 and 37 months) 

after their last COVID infection (Table 1), all the CT images revealed a “normal” scanner 

image, with parenchyma tissue without any ground glass, emphysema, inflammation, fibrosis, 

etc. in the region where the MR density test N°1 was performed. The CT density 

measurements (from 134 to 204 kg.m
-3

) were in the same range as the MR density test N°1 

(from 155 to 212 kg.m
-3

) for each subject (Table 2); no significant difference was observed 

between the two imaging modalities (P = 0.225). This result was confirmed by the Spearman 

test which provided a r coefficient of 0.505. Moreover, the correlation value was statistically 

significant (P = 0.081). This analysis validated the density map which will be used for the 

data post-processing to personalize the lung stiffness cartography for each patient.  

Compared to MR densities measured for the healthy group (Table 1), the MR densities 

measured for the long-COVID patients in MR test N°1 were significantly greater (median 

value (IQR): 170 (26) kg.m
-3

 vs 125 (36) kg.m
-3

, P = 0.047). A similar increase was also 

observed with the CT modality (median value (IQR): 157 (26) kg.m
-3

 vs 133 (36) kg.m
-3

, P = 

0.086). 



  

 
 

The evolution of the MR lung density over time, i.e from MR test N°1 to MR test N°2 

(Table 1), shows globally a non-significant decrease (median value (IQR): 170 (26) kg.m
-3

 vs 

154 (19) kg.m
-3

, P = 0.176). It varies differently from one patient to another (Table 2). For 

instance, Figure 4 showed an important decrease (about 27 %) in lung density for patients #4, 

#5 and #7, a slight decrease (12.2 %) for patient #6, and a stable density over time for patients 

#1 and #2. Only patient #3 showed a slight increase (13.7 %) in lung density.  

 

3.2. MRE Lung Stiffness 

Figure 3b showed a uniform spatial distribution of the healthy apparent lung stiffness due 

to the implicit hypothesis of the uniform density fixed to 1000 kg.m
-3

. However, Figure 3d 

showed the cartography of the healthy corrected lung stiffness, represented by the distribution 

of shades of blue in the different parts of the lung. The median (IQR) stiffness was 0.93 (0.09) 

kPa (Table 1), corresponding to a range between 0.71 kPa and 1.01 kPa. A smaller range of 

stiffness was obtained for the healthy lung compared to the long-COVID patients showing a 

larger distribution of stiffness (from 1.39 to 2.12 kPa) indicating an inhomogeneous lung 

media. It can be noted that patient #7, at MR test N°1, showed the highest MR density (Fig.4, 

Table 2), which could be a characteristic of the pneumonia caused by COVID, inducing the 

increase of the corrected stiffness value (Fig.5, Table 3). Concerning the long-COVID 

patients, the MR stiffness measured in MR test N°1 was significantly greater than that 

measured for the healthy group (median value (IQR): 1.93 (0.46) kPa vs 0.93 (0.09) kPa, P = 

0.002). These results were consistent with the increase in wavelength observed on the phase 

image for the long-COVID patients compared to the healthy subjects. 

After the first MRE test, all the cartographies showed a diffuse distribution of color (Fig. 

5) within the lung, indicating a variation in stiffness.  

 Interestingly, the second MRE test, performed at least 4 months later, showed a decrease 

(from 22 % to 40 %) in the personalized mean stiffness values (Fig. 6, Table 3) for each 

patient. However, patient #2 had the same stiffness value (1.6 kPa) even 9 months after the 

first MRE test. In the seven long-COVID patients, significant stiffness differences were 

observed between the first and the second MRE test (P = 0.027). 

The post processing of the stiffness measurement was carried out by two different 

operators skilled in medical image analysis. The results of the intraclass correlation 

coefficient (ICC) and 95 % limits-of-agreement showed an excellent (0.93 [0.78- 0.97]) inter-



  

 
 

operator agreement for the lung stiffness measurement. In addition, the Bland-Altman plot 

(Fig. 7) showed also the agreement between the two operators: average difference of 

stiffnesses between the two operators was 0.0275 kPa. The 95% lower and upper limits of 

agreement were:  - 0.1733 kPa and 0.2284 kPa. 

4. Discussion  

People react to a virus in different ways, with symptoms that can last different amounts of 

time. In the present study, patients had lung COVID symptoms (such as cough, dyspnea) 

which were still present a few months after the infection. CT tests, which provide an excellent 

image resolution (about 0.8 mm), did not reveal any morphological or structural 

abnormalities, visually detected by the radiologist, in any of the long-COVID patients who 

complained of lung discomfort. However, the density parameter measured for long-COVID 

patients showed a significant increase in comparison with the density for the healthy subjects. 

This may explain the long-COVID symptoms in the patients of our study. Nevertheless, the 

measurement of the CT density is rarely made in clinical practice, except for the analysis of 

pulmonary nodules or tumors. Moreover, density is not an appropriate parameter to 

characterize the functional properties of lung tissue. Thus, the first objective was to provide 

an additional quantitative parameter, i.e. lung stiffness, to evaluate the dynamic properties of 

the parenchyma.  

Interestingly, after the first MRE test, all the long-COVID patients had a higher stiffness 

compared to the healthy control volunteers. It should be noted that the measurement of the 

healthy stiffness was in agreement with the literature for healthy MRE lungs [32]. The 

increase in stiffness indicates that the lung tissue is less deformable, leading to respiratory 

inconsistencies. Similar variations in stiffness were found in other MRE studies analyzing 

pathological lungs, such as those observed in patients with cystic fibrosis
 
[36] or interstitial 

lung disease (ILD) [33]. In general, in the case of lung disease, CT scans showed structural 

variations. Thus, the first originality of the present study was to demonstrate that, even though 

CT scans showed no structural lung abnormalities for long-COVID patients, MRE tests could 

yield complementary information with a new biomarker of stiffness, which may explain the 

symptoms experienced by the patients. It would have been interesting to analyze the 

variations in stiffness according to the presence of ground glass opacities or other features 

caused by COVID. However, due to the delay in obtaining the ethical authorization, this study 

was carried out after the COVID pandemic. 



  

 
 

Longitudinal follow-up is difficult with CT scans due to several factors, such as the 

stochastic and determinist effects [41] induced by exposure to ionization radiation, the 

variable swelling of the patient’s pulmonary tissue which can create inconsistencies, etc. The 

second originality of the present study was to follow up long-COVID patients with the MRE 

technique. This is the first lung monitoring study showing the sensitivity of the MRE 

technique to reveal variations in stiffness over time. Indeed, all of the personalized 

cartography, except for one patient who still presented bronchia sequelae, showed a decrease 

in stiffness in the different parts of the lung. In addition, two patients (#1 and #3) made a full 

recovery demonstrated by a cartography showing a homogeneous distribution of stiffness. 

The present study has demonstrated the capability and the sensitivity of the MRE technique 

for the monitoring of lung parenchyma. Moreover, the accuracy of the MRE lung stiffness 

measurement was shown by the excellent Intraclass Correlation Coefficient result.  

The third originality was the comparison of the density values with two imaging modalities 

(CT vs MRI), validating the present MR density values. Nevertheless, no direct correlation 

was made between the MR density and the stiffness values over time. Indeed, three patients 

(#1, #2, #3) showed opposite variations in stiffness and density over time. The relationship 

between density and stiffness needs further investigation with a higher number of patients.     

The present study had several limitations, such as not using the pulmonary function test 

(PFT) which is mainly performed by a pneumologist to evaluate the level of fibrosis. In the 

present study, COPD patients were not included and most of the patients were referred by 

their family physician which does not perform PFT test. It would be interesting to 

simultaneously analyze the PFT and stiffness results. Moreover, different respiration phases 

and the depth of breathing could be performed to analyze the influence of the pre-strained 

condition of the tissue on the stiffness data. Also, the MRE set-up could be improved to 

analyze both lungs and the effect of sex on long-COVID lung stiffness. In the present study, 

the round pneumatic liver driver, which is available in clinical centers, was used for clinical 

practical purposes. However, a recent flexible pneumatic driver, with a long rectangular 

shape, also produced by Resoundant company, could be placed in the sternum to analyze 

simultaneously the stiffness of both lungs. In complement to the set-up, the time of MRE 

phase image acquisition could be reduced with the recording of only one axial slice of the 

lung instead of the four slices prescribed in this study, to reduce the breath-hold time during 

the test.  

 

5. Conclusions 



  

 
 

CT tests are customarily used for lung investigation, but the diagnosis is often dependent 

on the experience of the radiologist, with increased inter and intra-operator variability [12]. 

MRE tests could provide a measure of lung stiffness as a quantitative biomarker, in addition 

to the subjective information (texture, structure, visual score acquisitions) provided by CT 

tests. The present study demonstrates that MRE tests could be used as a minimally invasive 

imaging modality, avoiding exposure to ionization radiation, which could be an alternative to 

CT tests for the follow-up of lung tissue. This method paves the way for other lung 

applications.  
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Tables 

 

Table 1. Characteristics of the healthy and long-COVID patients  

Patient group Healthy Long-COVID 

Number of patients 7 7 

Age, median [IQR] (y) 59 (9) 55 (12) 

BMI, median [IQR] (kg.m
-2

) 24 (7) 27 (1)* 

Delay between the last COVID infection and MRE N°1 test 

      median [IQR] (months) 

      (min-max)  (months) 

 

- 

- 

15 (13) 

(3-37) 

Delay between MRE N°1 test & CT test 

     median [IQR] (days) 

     (min-max) (days) 

 

20 (14) 

(6-33) 

 

11 (10) 

(4-16) 

Delay between MRE N°1 & MRE N°2  

      median [IQR] (months) 

      (min-max)  (months) 

 

- 

- 

 

9 (2) 

(5-11) 

CT lung density, median (IQR) (kg.m
-3

) 133 (36) 157 (26)* 

MR lung density, median (IQR) (kg.m
-3

) 

                MR N°1 

                MR N°2 

 

125 (36) 

- 

 

170 (26)* 

154 (19) 

Lung stiffness, median (IQR) (kPa) 

                 MRE N°1 

                 MRE N°2 

 

0.93 (0.09) 

- 

 

1.93 (0.46)** 

1.52 (0.41)* 

BMI = body mass index; CT = computerized tomography; IQR = interquartile range; MRE = 

magnetic resonance elastography. 

* and ** indicate the mean difference is significantly different at P < 0.1 and P < 0.01 (non-

parametric paired Wilcoxon’s test for comparison between MRE N°1 and N°2 tests and two-

sample Wilcoxon-Mann-Whitney’s test for the other comparisons).  

- Indicates no measure was recorded. 

  



  

 
 

Table 2. Lung density of the long-COVID patients measured with each test (CT, MR test 

N°1, MR test N°2) and delays between the tests 

 

Patient CT density 

 

mean   sd  

(kg.m
-3

) 

MR test N°1 

density 

mean   sd 

(kg. m-3
) 

MR test N°2 

density 

mean   sd 

(kg. m-3
) 

MR 

density 

variation 

(%) 

Delay 

CT – MR 

test N°1 

(days) 

MR Delay 

N°1-N°2 

tests  

(months) 

#1  134.3  19.1 158.1  105.4 170.9  66.6 8.0 15 4.7 

#2 186.5  21.1 163.7  62.5 159.0  77.8 -2.9 6 9.1 

#3 204.7  22.0 155.2  88.4 176.4  41.8 13.7 11 10.1 

#4 150.5  20.9 175.8  115.3 126.5  49.8 -28.1 4 7.7 

#5 167.1  21.6 197.9  177.2 153.8  42.6 -22.3 16 10.3 

#6 156.7  21.5 169.6  55.4 148.9  50.5 -12.2 14 8.0 

#7 151.1  21.1 212.4  93.9 144.1  53.9 -32.2 4 11.2 

CT = computerized tomography; MR = magnetic resonance; sd = standard deviation. 

 

Table 3. Lung stiffness of the long-COVID patients measured for both MRE tests, and 

delay between MRE tests  

Patient MRE test N°1 

stiffness 

mean   sd 

(kPa) 

MRE test N°2 

stiffness 

mean   sd 

(kPa) 

Stiffness 

variation 

 

(%) 

MRE delay 

N°1-N°2 

tests  

(months) 

#1 1.39  1.06 1.00  0.36 -28.1 4.7 

#2 1.53  0.60 1.65  0.79 7.8 9.1 

#3 1.54  0.86 0.92  0.33 -40.2 10.1 

#4 1.93  0.90 1.41  0.55 -27.0 7.7 

#5 1.95  1.37 1.52  0.41 -21.9 10.3 

#6 2.05  0.62 1.60  0.58 -21.7 8.0 

#7 2.12  0.95 1.62  0.65 -23.4 11.2 

MRE = magnetic resonance elastography; sd = standard deviation. 

 

 

  



  

 
 

Figure Legends 

 

Fig. 1. Positioning of the four axial slices (red line) in coronal view with CT (a) and MR (b) 

acquisitions, in median axial slice with CT (c), and in one of the four axial MR (d) 

acquisitions with the gadolinium (Gd) phantom. 

 

Fig. 2. MR elastography lung set up. 

 

Fig. 3. Representation of the different steps for the post processing of the 4 phase images, 

acquired on a healthy subject, to obtain a personalized cartography of the right lung stiffness 

in the manually drawn region of interest (white dashed border).  

 

Fig. 4. Evolution of the MR density values (mean and standard deviation) in the MR test N°1 

and MR test N°2 for the 7 long-COVID patients. 

 

Fig. 5. Personalized lung stiffness for the 7 long-COVID patients in the first and second MRE 

tests. 

 

Fig. 6. Evolution of the lung stiffness values (mean and standard deviation) in the MRE test 

N°1 and MRE test N°2 for the 7 long-COVID patients.  

 

Fig. 7. Bland-Altman plot of the lung stiffness obtained from 7 long-COVID patients 

analyzed by two operators.   
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