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Summary of the « take home » message : 

Magnetic resonance imaging of the lung using sequences with ultra-short echo times 

can be considered as a radiation-free alternative to CT in the assessment of bronchial 

thickness in asthma and will help improve the management of severe asthma 



ABSTRACT 

 

Background: Bronchial thickening is a pathological feature of asthma that has been 

evaluated using computed tomography (CT), an ionized radiation technique. Magnetic 

Resonance Imaging (MRI) with Ultrashort Echo Time (UTE) pulse sequences could 

be an alternative to CT.  

Objectives: To measure bronchial dimensions using MRI-UTE in asthmatic patients, 

by evaluating the accuracy and agreement with CT, by comparing severe and non-

severe asthma and by correlating with pulmonary function tests. 

Methods: We assessed bronchial dimensions (wall area (WA), lumen area (LA), 

normalized wall area (WA%), and wall thickness (WT)) by MRI-UTE and CT in 15 

non-severe and 15 age- and sex-matched severe asthmatic patients (NCT03089346). 

Accuracy and agreement between MRI and CT was evaluated by paired t-tests and 

Bland-Altman analysis. Reproducibility was assessed by intra-class correlation 

coefficient and Bland-Altman analysis. Comparison between non-severe and severe 

asthmatic parameters was performed by Student-t, Mann-Whitney or Fisher’s Exact 

tests. Correlations were assessed by Pearson or Spearman coefficients. 

Results: LA, WA%, and WT were not significantly different between MRI-UTE and 

CT, with good correlations and concordance. Inter- and intra-observer reproducibility 

was moderate to good. WA% and WT were both higher in severe than in non-severe 

asthmatic patients. WA, WA% and WT were all negatively correlated with FEV1. 

Conclusion: We demonstrated that MRI-UTE is an accurate and reliable radiation-

free method to assess bronchial wall dimensions in asthma, with enough spatial 

resolution to differentiate severe from non-severe asthma.  

  



INTRODUCTION 

Asthma remains a frequent chronic airway disease worldwide (1), causing high 

burden to patients and healthcare systems and presenting a need for better 

management and ultimately prevention and cure (2). Asthma is a heterogeneous 

disease, characterized by various patterns of bronchial inflammation and remodeling 

(3), related to multiple pathophysiological processes. Better measurement of those 

pathophysiological processes are needed to better phenotype disease, and to go 

beyond the current, highly limited measurements that are currently used: spirometry 

and symptoms (2).  

 

Both bronchial inflammation and remodeling increase the bronchial wall thickness, 

which is the main morphological characteristic of stable asthma, and which can be 

assessed using post-mortem specimens (4, 5), but also in a non-invasive fashion. 

Indeed, proximal bronchial wall dimensions have been extensively assessed in asthma 

using computed tomography (CT) (6–12). From a methodological point of view, wall 

thickness and/or area were initially evaluated manually in grossly vertical bronchi 

such as the apical bronchi of the upper lobes (9). Then, semi-automated methods have 

been developed first in 2D (13) and then in 3D (14). Using these various methods, 

bronchial wall thickness assessed by CT has been repeatedly shown to be a reliable 

parameter to assess asthma severity (6–12). Moreover, bronchial wall dimensions 

assessed by CT have been associated with immunohistological markers of bronchial 

inflammation and remodeling (11, 12) and with airflow obstruction assessed by lung 

function testing (6–9). In addition, these measurements have been used as secondary 

endpoints in clinical trials and longitudinal studies in severe asthma (15, 16). 

However, the risk of developing cancers with cumulated x-ray exposure has been 



shown to be non-negligible, at least with standard dose CT (17–19). Therefore, a non-

ionizing modality, as an alternative to CT, is needed especially in clinical trials that 

require repeated examinations to test new therapeutics in asthma. 

 

Magnetic resonance imaging (MRI) of the lung could be considered as a free-ionizing 

radiation alternative technique to CT, whereas the low signal acquired from lung 

structures using conventional proton MRI has limited its use in asthma (20). Indeed, 

for years, airway measurements in asthma have never been reported using lung MRI 

because it was technically impossible to get the airway signal. However, recent 

developments in lung MRI with the use of ultra-short echo time (UTE) pulse 

sequences have improved the spatial resolution and image quality, leading to isotropic 

millimetric voxels with structural information close to that of CT (21). Such MRI-

UTE has been successfully validated in cystic fibrosis and chronic obstructive 

pulmonary disease (COPD) compared to CT (22–24). However, to the best of our 

knowledge, the use of MRI in asthma has been limited to functional MRI using either 

hyperpolarized gas or proton MRI (25–27). Most of the time, this functional MRI 

requires expensive contrast agents, such as hyperpolarized Helium or Xenon, with 

short half-lives, then limiting its use to the measurement of ventilation heterogeneity 

and clinical research in a very small number of expert centers (20). Thus, the primary 

objective of the present study was to measure proximal bronchial wall dimensions 

using MRI-UTE without any contrast agent, in asthmatic patients, by evaluating the 

accuracy and the agreement with CT. Secondary objectives were (i) to determine the 

reproducibility of MRI-UTE bronchial measurements, (ii) to compare bronchial wall 

dimensions in non-severe and severe asthmatic patients, and (iii) to assess their 



correlations with lung function. We also compared bronchial wall dimensions in 

chronic obstructive and intermittent obstructive asthmatic patients. 

 

 

MATERIAL AND METHODS  

A complete description of all methods used in this study is provided in the online 

supplementary material and methods. 

 

Subjects  

Asthmatic patients aged more than 18 years were eligible for enrolment if they 

satisfied all inclusion and exclusion criteria (See supplemental methods). Patients 

were categorized as either non-severe or severe asthma according to ATS/ERS task 

force (28).  

 

Study design  

This prospective single-center study was performed between May 2017 and June 

2018. The local ethics committee approved the study, and all participants were 

required to give written informed consent (ClinicalTrials.gov number: 

NCT03089346). The study was funded by Novartis, SAS, France and sponsored by 

the University Hospital of Bordeaux.  

Fifteen severe asthmatic patients were sex- and age-matched with 15 non-severe 

asthmatic patients. They had to undergo a chest CT scan and MRI-UTE on the same 

day with pulmonary function testing (PFT) within a maximum interval of 30 days.  

  



 

MRI and CT Examinations 

Three-dimensional lung MRI-UTE was performed with a 1.5 Tesla system 

(MAGNETOM Avanto; Siemens Healthcare, Erlangen, Germany) using a 

prototypical 3D-gradient echo Spiral VIBE sequence with a voxel size of 1 mm
3
. 

Respiratory synchronization at end normal expiration was allowed by an automated 

navigator-triggered prospective synchronization (23). 

Unenhanced chest CT images were acquired with a 64-slice multidetector CT scanner 

(Somatom Definition; Siemens Healthcare, Erlangen, Germany) at end normal 

expiration and with a voxel size of (0.625 mm)
3
. Images were reconstructed using 

standard (B30f) and sharp (B70f) algorithms.  

 

Bronchial measurements 

Segmentations of bronchial wall area (WA) and lumen area (LA) using CT and MRI-

UTE were performed manually in random order and blinded from other participant 

data using commercial software (29) (Myrian®software, Montpellier, France) (Figure 

1 and Figure E1). A set of four bronchial paths were analyzed at the third generation, 

starting from RB1 (right upper lobe), RB10 (right lower lobe), LB1 (left upper lobe), 

to LB10 (left lower lobe). Measurements made over these four bronchial paths were 

averaged to get a single mean value per patient and per imaging method for each 

bronchial parameter.  

The percentage of bronchial wall area (WA%) was calculated as WA% = 

(WA/WA+LA) * 100. The plain wall thickness (WT) value was calculated, as 

previously described (16).  



Lung signal intensity was assessed automatically using MRI-UTE, as described 

previously (24). The skewness of the lung signal intensity distribution curve was also 

determined automatically (24). 

 

 

 

Assessment of reproducibility 

Bronchial measurements performed by Ilyes Benlala (IB) and Gael Dournes (GD) 

using MRI-UTE were analyzed to assess inter-observer reproducibility. The junior 

reader (IB, five years of thoracic imaging experience) repeated MRI bronchial 

measurements 2 months later, in random order and blinded to previous measurements, 

to prevent recall bias and assess intra-observer reproducibility. 

 

Statistical analyses 

Comparisons of quantitative and categorical variables were performed using Student’s 

t-tests or Mann-Whitney tests and Fisher’s Exact tests, respectively. Accuracy and 

agreement of bronchial measurements assessed by MRI-UTE in comparison to CT 

was evaluated by paired t-tests and Bland-Altman analysis. Univariate correlations 

were evaluated using Pearson or Spearman tests. Reproducibility was assessed using 

intraclass correlation coefficients (ICC) with 95% confidence interval (CI) and Bland-

Altman analysis. A p-value < 0.05 was considered statistically significant. 

 

  



RESULTS 

 

Study population 

Thirty participants were prospectively enrolled, including 15 with non-severe asthma 

and 15 with severe asthma, whose characteristics, including maintenance treatment, 

are presented in Table 1. Since patients from both groups were age- and sex-matched, 

the two groups were similar in terms of age, sex ratio, but also in terms of body mass 

index (BMI), tobacco consumption, and asthma duration (Table 1). None of the 

patients were current smoker. The mean ACQ score and number of exacerbations 

were higher in patients with severe asthma. The mean AQLQ score, FEV1 and PEF 

were significantly lower in patients with severe asthma (Table 1). FeNO and blood 

eosinophil counts were similar in non-severe and severe asthmatic patients. 

 

Concordance of bronchial wall measurements between CT and MRI 

After log-transformation, bronchial measurements assessed by MRI-UTE were not 

significantly different from those assessed by CT except for WA (p = 0.047, paired t-

test) (Table E1). Good correlations and good concordance were found between MRI-

UTE and CT to assess bronchial dimensions (r ≥0.78; p<0.001; ICC ≥0.77 [0.64-

0.93]) (Figure 2). Using Bland-Altman analysis, we found that the mean difference of 

log-transformed bronchial measurements ranged from 0 to 0.03, with standard 

deviation of bias between 0.02 and 0.11 (Figure 2). Error measurement assessed using 

the within-subject standard deviation was low (0.05 mm
2
, 0.08 mm

2
, 1.04%, and 1.07 

mm, for WA, LA, WA%, and WT, respectively). The within-subject differences 

between MRI and CT bronchial measurements did not correlate with the mean values 

(Table E1).  



 

 

Reproducibility of the bronchial wall measurements using MRI-UTE 

Intra-observer reproducibility of all bronchial measurements were good (i.e., ICC ≥ 

0.76) (Table E2). Similarly, inter-observers’ reproducibility was moderate to good 

(i.e., ICC≥0.69) (Table E2). For both intra- and inter-observers’ reproducibility, the 

mean differences at Bland-Altman analysis were around 0 (Table E2).  

 

Comparison of bronchial wall measurements between asthma subgroups 

We first compared all bronchial parameters between the two pre-specified asthma 

populations (Table E3). Both WA% (Figure 3A) and WT (Figure 3B) were 

significantly higher in severe than in non-severe asthmatic patients using either MRI-

UTE or CT (Table E3). LA was not different between the 2 groups using either MRI-

UTE or CT (Table E3). WA was increased in severe compared to non-severe 

asthmatic patients but only using CT (Table E3, Figure 3C). The skewness of the lung 

signal intensity was significantly higher in severe than in non-severe asthmatic 

patients (Figure 3D). Both the mean and the median lung signal intensities were 

unchanged in these two groups (Table E3). 

 

Then, we also performed two additional analyses. When comparing Type 2-high 

(n=20) vs Type 2-low (n=10) asthmatic patients, we did not find any significant 

difference in all bronchial parameters assessed by MRI-UTE (Table E4). We showed 

that both WA% and WT, assessed by MRI-UTE were significantly higher in chronic 

obstructive asthma than in intermittent obstructive asthma (Table E5). LA assessed by 

MRI-UTE was significantly lower in chronic obstructive asthma than in intermittent 



obstructive asthma (Table E5). Similar results have been obtained when bronchial 

parameters were assessed by CT (Table E5). The skewness of the lung signal intensity 

was significantly higher in chronic obstructive asthma than in intermittent obstructive 

asthma (Table E5). It should be noted that baseline characteristics (i.e., age, sex, and 

tobacco status) were not different between these two groups (Table E6). 

 

Correlations of bronchial wall measurements with PFT 

When considering the whole asthma population (n=30), bronchial wall measurements 

assessed by MRI-UTE, including WA, WA% (Figure 4A-B), and WT (Figure 4C-D) 

were all significantly correlated with FEV1, FVC, and FEF25-75 (Table E7). Since 

correlation coefficients were all negative, the higher the WA% or WT, the lower the 

lung function (Figure 4). Similar results were obtained using CT for WA% and WT 

(Table E7). WA% assessed by MRI-UTE was also correlated with PEF  (Table E7). 

The skewness of the lung signal intensity was significantly and negatively correlated 

with FEV1, FEV1/FVC, and FEF25-75 (Table E7). None of the bronchial parameters, 

assessed by either MRI-UTE or CT, were correlated with FeNO or eosinophil count 

(Table E7). 

 

In non-severe asthma population (n=15), only WA% and the skewness of the lung 

signal intensity assessed by MRI-UTE remained correlated with FEV1 and FEF25-75 

(Table E7). In the severe asthma population (n=15), WA, WA% and WT assessed by 

MRI-UTE were all correlated with FEV1 and FVC (Table E7). Using CT, both WA% 

and WT were correlated with FEV1 in severe asthma, whereas only WA% was 

correlated with FVC. The skewness of the lung signal intensity assessed by MRI-UTE 

was not correlated to any lung function parameters in severe asthma population.  



DISCUSSION 

Taken together, we demonstrated that bronchial dimensions can be accurately 

measured in asthmatic patients using MRI-UTE as compared to CT. Moreover, MRI-

UTE was suitable to demonstrate that bronchial wall thickness was increased in 

severe compared to non-severe asthmatic patients, and was significantly and 

negatively correlated with PFT data including FEV1. 

 

In order to validate MRI-UTE as a new tool for the measurements of bronchial wall 

dimensions, we used CT as the standard method of reference. Indeed, a wide range of 

studies have identified and validated the interest of measuring various bronchial wall 

parameters using CT, including WA, WA%, or WT (9, 10, 12, 16, 30). In the present 

study, we showed a good agreement with minimal error measurements of bronchial 

dimensions between MRI-UTE and CT. Indeed, except for WA, all the other 

parameters (LA, WA% and WT) were not significantly different between MRI-UTE 

and CT. However, WA is an absolute measurement which is usualy normalized by the 

lumen area (12). Although spatial resolution of lung MRI has been improved using 

MRI-UTE, it still remains lower compared to that of CT, which may lead to an 

overestimation due to partial volume artifacts. In addition, intra-observer 

reproducibility was good (ICC≥0.76), and inter-observer reproducibility was 

moderate to good (ICC≥0.69), thus validating MRI-UTE as a non-ionizing alternative 

to CT. The inter-observer reproducibility referred to a systematic comparison between 

two readers with different levels of expertise (five and ten years of thoracic imaging 

experiences). MRI-UTE of the lung has recently emerged as an alternative to CT scan 

in describing structural changes of the lung in various lung diseases (21–23). In 

addition, we recently demonstrated that MRI-UTE was able to quantify emphysema 



in COPD (24) and volumetric signal intensity related to cystic fibrosis severity (31). 

However, to the best of our knowledge, this study is the first to quantify bronchial 

wall dimensions in asthma or in any other lung disease using MRI-UTE. 

Nevertheless, MRI with hyperpolarized gas has been used to quantify the functional 

consequences of mucus plugs leading to ventilation heterogeneity in severe asthma 

(26). Neither inhaled nor injected contrast agent has been used in the present study. 

Thus, this MRI-UTE methodology could be easily used in all 1.5 T MRI setups.  

 

We paid a special attention to prospectively recruit fully characterized asthmatic 

patients. We designed the study in order to age- and sex-match severe with non-

severe asthmatic patients. Therefore, these two groups were fully comparable in terms 

of age, sex, BMI or tobacco consumption but were also significantly different in terms 

of asthma questionnaires, lung function and some asthma medications. Although 

patients with severe asthma represent only 3 to 5% of the asthmatic population, they 

are known to be prone to present severe exacerbations with hospitalizations and to be 

treated by biological medications, both leading to increased asthma management costs 

in the healthcare system (28). In the present study, the median rate of exacerbations 

was high (i.e., 3 / year) in severe asthmatic patients, and 27% of them were on 

biological medication.  

 

Here we demonstrated that bronchial wall, assessed by quantitative MRI-UTE, was 

significantly thicker in severe asthmatic than in non-severe asthmatic patients. Similar 

results have been previously demonstrated using quantitative CT, whereas not age- or 

sex-matched (9, 11, 12), thus confirming the accuracy and validity of bronchial wall 

measurements by MRI-UTE. Even if bronchial measurements were significantly 



different in chronic obstructive asthma compared to intermittent obstructive asthma, 

results have to be considered carefully. To further support the validity of quantitative 

MRI-UTE, bronchial wall measurements were significantly and negatively correlated 

with PFT data including FEV1, as previously demonstrated with CT (9, 11, 12). Thus, 

MRI-UTE provide bronchial morphological information close to that obtained by CT 

but has the advantage of being a radiation-free modality (32). 

 

Moreover, MRI-UTE allows to assess the lung signal intensity, as described 

previously in COPD (24). In this previous study, we described an automated method 

allowing to isolate lungs from the rest of thoracic structures including pulmonary 

vessels and build the distribution curve of normalized signal intensities (24). Using 

this automated method, we demonstrated that the skewness of the lung signal 

intensity, which describes the histogram asymmetry and shift, was significantly 

higher (i.e. towards the lowest signal intensities) in severe than in non-severe 

asthmatic patients, suggesting an increased air trapping in severe asthma. Whereas the 

presence of emphysema in asthma remains debated (33–35), we can assume that such 

an increased air trapping reflected a more pronounced obstruction of the distal 

airways. 

 

In asthma, bronchial wall thickening can be related to either bronchial inflammation 

or remodeling (3). We previously demonstrated that quantitative CT was unable to 

differentiate whether increased bronchial wall thickness in asthma was related to 

bronchial inflammation or remodeling (12). Using histological and 

immunohistochemical analyses, Benayoun et al. showed that higher numbers of 

fibroblasts, larger mucous gland and bronchial smooth muscle areas distinguished 



patients with severe persistent asthma from patients with milder disease (3). In the 

present study, we did not perform histological analysis. Since the FeNO level was low 

in our two asthma populations, on the one hand, and, on the other hand, there was no 

correlation between bronchial wall measurements assessed by MRI-UTE and FeNO, 

one may suggest that bronchial dimensions assessed by MRI-UTE could be more 

related to bronchial remodeling than to bronchial inflammation. Further studies, 

combining MRI with histology, are required to confirm this hypothesis. However, 

MRI T2-weighted images have been used to detect lung's inflammatory processes 

such as lung consolidation, bronchial wall edema, and mucus plugins in cystic fibrosis 

(36). These inflammatory changes can be evaluated quantitatively over time, as very 

recently demonstrated by our team in cystic fibrosis (37). A co-registration of UTE 

and T2-weighted MRI images would be worth exploring in the future to provide a 

comprehensive evaluation of both bronchial remodeling and inflammation in asthma, 

by combining both morphological and functional information.  

Our knowledge of asthma remains poor, notably because of a lack of tools to assess 

the disease’s longitudinal progression. Thus, safe radiation-free imaging at high 

resolution is desirable and, to the best of our knowledge, has never been reported yet. 

It opens the possibility of a radiation-free longitudinal study design that could be 

extended to young populations.   

 

The present study has several limitations. First, this was a single-center study with a 

small number of participants. Nevertheless, this was a pilot feasibility study, and our 

results were in line with previously published CT bronchial wall measurements results 

in asthma. Second, bronchial LA and WA were manually delineated on CT and MRI-

UTE images. However, similarly to early studies of bronchial measurements at CT (9, 



29), reproducibility was found moderate to good. We recently assessed the feasibility 

of automated airways segmentation using a specific UTE sequence (i.e., pointwise 

encoding time reduction with radial acquisition (PETRA)) (38). However, further 

developments are ongoing to generalize the technique to other UTE sequences. Third, 

we did not correlate MRI-UTE bronchial measurements with histological analysis, as 

mentioned above. However, in our study, CT was the standard reference, a modality 

that has extensively been correlated to pathologic findings (11, 12). Fourth, the spatial 

resolution of MRI remains lower than that of CT. However, MRI spatial resolution 

was enough to differentiate severe from non-severe asthma and the smallest measured 

bronchus had a luminal diameter of only 2.25mm. Fifth, multivendor MRI-UTE 

assessment of bronchial dimensions in a large multicenter longitudinal study would be 

worth evaluating.   

 

In conclusion, we demonstrated that MRI-UTE was an accurate and reliable radiation-

free method to assess bronchial wall dimensions in asthma, with enough spatial 

resolution to differentiate severe from non-severe asthma.   
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I. Table 1. Patients' characteristics  

                  

                  

    Non-severe   Severe   p-value 

                  

n   15   15     

Age Years    50 ± 15   51 ± 16   0.89 

Sex ratio Men/Women 1/ 14   1/ 14   1.00 

BMI kg.m
-2

 24 (22-32)   26 (21-32)   0.78 

Tobacco Never smoker 12   11   1.00 

  Former smoker 3   4   1.00 

  pack year (no)  0 (0-0.7)   0 (0-0)   0.71 

Questionnaire ACQ  0.7 ± 0.9   2.3 ± 1.5 
  

  

<0.01  

  
AQLQ 6.2 ± 0.7   4.1 ± 1.1 

  
<0.01  

  

Asthma duration Years 31 ± 15   21 ± 14   0.07  

         

Exacerbation 

  

Number in the 

previous 12 months  

0 (0-0)   3 (2-5) 

  

         <0.01 

 

         

PFT FEV1 (% pred) 101 ± 18       80 ± 26    0.01 

  FVC (% pred) 108 ± 15   94 ±  21     0.06 

  FEF25-75 (% pred) 83 ± 34   51 ±  36     0.01 

  PEF (l/min) 418 ± 106   314 ± 116     0.01 

  FeNO (ppb)        20 (12-31)           21 (15-24)     0.87 

 

Blood Eos (cells/µl) 120   (80-230)   140  (70-340)  

  

  0.58 

  

Treatment  ICS (µg/day) 716 ± 844   2166 ± 1128   <0.01 

  OCS (yes/no) 0/15   2/13    0.48 

  LABA (yes/no) 7/8   15/0    0.01 

  LAMA (yes/no) 0/15   8/7   <0.01 

  LTRA (yes/no) 1/14   9/6   <0.01 

  Biologic (yes/no) 0/15   5/10     0.09 

 

Data are mean ± SD or median with (95% confidence interval) for continuous 

variables and absolute number for categorical variables.   

Abbreviations: BMI=body mass index; ACQ=Asthma Control Questionnaire; 

AQLQ=Asthma Quality of Life Questionnaire; PFT= pulmonary function tests; 

FEV1=forced expiratory volume in 1 second; FVC=forced volume capacity; FEF25-

75=forced expiratory flow at 25%-75% of FVC; %pred=percentage of predicted 

value; PEF=peak expiratory flow; FeNO=fractional exhaled nitric oxide; 

Eos=eosinophils count; ICS=inhaled corticosteroids; OCS=continuous oral 

corticosteroids; LABA=long-acting beta agonists; LAMA=long acting muscarinic 



antagonists; LTRA=leukotriene receptor antagonists. Biological treatments= 4 

patients were on omalizumab and 1 patient on mepolizumab.  



Legends for figures 

 

 
 
Figure 1: Representative lung images of a 59-year-old severe asthmatic patient 

Visualization of wall area measurements of RB-1 (red arrow) using magnetic 

resonance imaging with ultrashort-echo-time pulse sequence (A, B) or computed 

tomography (C, D).  

  



 

 

Figure 2: Validation of bronchial wall measurements using MRI-UTE vs CT 

Pearson correlations and intraclass concordance of the log-transformed bronchial 

measurements between MRI-UTE and CT (A, B). Bland-Altman analysis of log-

transformed bronchial measurements between MRI-UTE and CT (C, D). 

Abbreviations: r = Pearson coefficient; ICC= intraclass concordance coefficient;    = 

non-severe;     =severe; WA=bronchial wall area; WA%=ratio WA/WA+LA*100; 

WT=wall thickness 
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Figure 3: Comparison of MRI-UTE bronchial measurements between non-severe and 

severe asthmatic patients.  

Data are individual normalized bronchial wall area (A), wall thickness (B), wall area 

(C) or the skewness of MR signal (D) from 15 non-severe (   ) and 15 severe (   ) 

asthmatic patients. 

Abbreviations: MRI: magnetic resonance imaging; WA=bronchial wall area; 

WA%=ratio WA/WA+LA*100; WT=wall thickness. Bars represent the median. * p 

value < 0.05 
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Figure 4: Correlations between MRI-UTE bronchial measurements and pulmonary 

function tests.  

Individual data of normalized wall area (A, B) or wall thickness (C, D) are plotted 

against forced expiratory volume in 1 second (A, C) or forced volume capacity (B, 

D). Rho are Spearman correlation coefficients. 

Abbreviations:     = non-severe;     = severe; WA=bronchial wall area; WA%=ratio 

WA/WA+LA*100; WT=wall thickness; FEV1=forced expiratory volume in 1 second; 

FVC=forced volume capacity. 
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Supplemental Methods  

 

Subjects  

Subjects aged more than 18 years were eligible for enrolment if they had a clinical 

diagnosis of asthma including characteristic symptoms (i.e., wheezing and 

breathlessness) (E1), as well as bronchial hyperresponsiveness confirmed either by a 

significant improvement by >12% and 200 ml in the forced expiratory volume in 1 s 

(FEV1) 10 min after the inhalation of 400 μg of salbutamol, or a provocative 

concentration of methacholine required to lower the FEV1 by 20% (PC20) of <4 

mg/ml according to the American Thoracic Society criteria (E2). Patients were 

categorized as either non-severe or severe asthma according to ATS/ERS task force  

(E3). 

 

Inclusion criteria  

- Male or female aged more than 18 years 

- Patients with diagnosis of asthma according to 2016 “Global Strategy for 

Asthma Management and Prevention (GINA)” definition (E1) 

- Pulmonary Function Testings (PFTs) should be available within a maximum 

of 30 days before inclusion 

- With a written informed consent 

 

Exclusion Criteria: 

- Recent asthma exacerbation (less than 4 weeks from the study inclusion) 

- Subject without any social security or health insurance  

- Prisoner 



- Protected adult 

- History of chronic obstructive pulmonary disease, lung fibrosis, pulmonary 

hypertension, lung cancer or cystic fibrosis 

- Pregnancy or breastfeeding woman 

- MRI contraindications: Magnetically activated implanted devices (cardiac 

pacemakers, insulin pumps, neurostimulators, cochlear implants), metal inside 

the eye or the brain (aneurysm clip, ocular foreign body), cardiac valvular 

prosthesis (Starr-Edwards pre-6000), subject with claustrophobia, waist line 

circumference over 200 cm. 

 

All subjects provided written informed consent to participate to the study, after the 

nature of the procedure had been fully explained.  

 

 
Study design  

This prospective single-center pilot study was performed between May 2017 and June 

2018. The study protocol was approved by the local research ethics committee (“CPP 

Sud-Ouest et Outre Mer III”) and the French National Agency for Medicines and 

Health Products Safety. The study has been registered under the N° NCT03089346 at 

ClinicalTrials.gov (i.e., “AsthMagRI” study).  

 

The study was funded by Novartis, SAS, France and sponsored by the University 

Hospital of Bordeaux. The pharmaceutical company had no role in the design and 

conduct of the study. All authors were academic and made the decision to submit the 

manuscript for publication and vouch for the accuracy and integrity of the contents.  

 



Since it was a pilot study, the minimum number of participants was not calculated, 

and the number of 30 participants was set arbitrary. Fifteen severe asthmatic patients 

were sex- and age-matched with 15 non-severe asthmatic patients. All patients had to 

undergo a chest three-dimensional lung magnetic resonance imaging (MRI) and a 

computed tomography (CT) scan on the same day with pulmonary function testing 

(PFT) within a maximum interval of 30 days (including the forced expiratory volume 

in 1 second (FEV1); forced volume capacity (FVC); forced expiratory flow at 25%-

75% of FVC (FEF25-75); fractional exhaled nitric oxide (FeNO)). 

 

We also performed 2 additional analyses by subgrouping patients in:  

(i) Type 2-High asthma (defined by blood eosinophil count ≥ 150 /µl and/or 

FeNO ≥ 20 ppb) vs Type 2-low asthma (defined by blood eosinophil count 

< 150 /µl and FeNO < 20 ppb);  

(ii) Chronic obstructive asthma (defined by FEV1 < 80% predicted) vs 

intermittent obstructive asthma (defined by FEV1 ≥ 80% predicted) 

 

All clinical data (including age, sex, body mass index (BMI), tobacco smoking, 

Asthma Control Questionnaire (ACQ); Asthma Quality of Life Questionnaire 

(AQLQ); number of asthma exacerbations during the previous year, peak expiratory 

flow (PEF) and asthma treatments) and blood eosinophil count were collected at the 

inclusion visit in the clinical investigation center (CIC 1401) from the University 

hospital of Bordeaux (CHU).  

 

 

 



MRI Examinations 

Three-dimensional lung MRI with ultrashort echo time (UTE) pulse sequence was 

performed using a 1.5 Tesla system (MAGNETOM AVANTO; Siemens Healthcare, 

Erlangen, Germany) using 3D-gradient echo Spiral Vibe sequence with the following 

parameters: repetition time msec/echo time msec, 4.3/0.05; flip angle, 5°; and voxel 

size, 1 mm
3
. Respiratory synchronization at end normal expiration was allowed by an 

automated navigator-triggered prospective synchronization (E4). The acquisition time 

was about 10 minutes.  MRI datasets of images were anonymized and analyzed in 

random order. 

 

 

Computed tomography 

CT protocol 

Unenhanced chest CT images were performed with a 64-slice multidetector CT 

scanner (Somatom Definition; Siemens Healthcare, Erlangen, Germany) without 

contrast medium administration by using the following parameters: 110-kV tube 

voltage, 50-mAs tube current and 0.75-mm collimation. Data were acquired in the 

supine position. Patients were instructed, before and during the procedure, to hold 

their breath at end normal expiration (functional residual capacity). CT datasets were 

reconstructed with an isotropic voxel size of 0.625 mm
3
, images were reconstructed 

using standard (B30f) and sharp (B70f) algorithms, 320x320-mm field-of-view, and 

512x512 matrix. CT doses ranged from 120 to 150 mGy.cm. The scanner was 

calibrated regularly with air and a water phantom to allow reliable measurements. CT 

datasets of images were anonymized and analyzed in random order independently of 

MRI analyses. 



 

 

Bronchial measurements 

Segmentations of bronchial wall area (WA) and lumen area (LA) using CT and MRI-

UTE were performed manually in random order and blinded from other participant 

data using commercial software (E5) (Myrian®software, Montpellier, France) (Figure 

1 and E1). An arbitrary set of four bronchial paths were analyzed at the third 

generation, starting from RB1 (right upper lobe), RB10 (right lower lobe), LB1 (left 

upper lobe), to LB10 (left lower lobe). Measurements made over these four bronchial 

paths were averaged to get a single mean value per patient and per imaging method 

for each bronchial parameter.  

 

The percentage of bronchial wall area (WA%) was calculated as WA% = 

(WA/WA+LA) *100. The plain wall thickness (WT) value was calculated from WA 

and LA as follows:  

WT = √[(WA+LA)/π] - √(LA/π) (expressed in mm) 

 

Quantitative analysis of the lung MRI signal  

First, lung volume was segmented from the rest of the thoracic structures using an in-

house written software in MATLAB (The Math Works, Inc., and Natick, 

Massachusetts USA). An iterative automatic segmentation algorithm was used based 

on splitting the image histogram into two classes (background/foreground) (E6). A 

threshold value was computed as the average of the two sample means. This process 

was repeated until the threshold value did not change anymore and considered as the 

optimal threshold to create the lung mask. Finally, both the mean lung signal intensity 



and the skewness of MRI signal intensity histogram, which depicted the asymmetry 

and shift of the lung MRI signal, were calculated, as described previously (E7). 

 

 

Assessment of reproducibility 

Bronchial measurements performed by IB and GD using MRI-UTE were analyzed to 

assess inter-observers’ reproducibility. The junior reader (IB) repeated MRI bronchial 

measurements 2 months later, in random order and blinded to previous measurements, 

to prevent recall bias and assess intra-observer reproducibility. 

 

 

Statistical analyses 

Statistical analyses were performed using NCSS software (NCSS 2001, Kaysville, 

UT, USA). Normality was assessed using the Shapiro-Wilk test. Log transformations 

were performed with data that did not follow a normal distribution.  

For quantitative variables, comparisons were performed using Student’s t-tests or 

Mann-Whitney tests according to variables normality. Comparisons of categorical 

variables were performed using the Fisher’s Exact tests.  

Accuracy of MRI bronchial measurements in comparison to CT bronchial 

measurements was evaluated with paired t-tests. The agreement was assessed using 

Bland-Altman analysis. Univariate correlations were evaluated using the Pearson test 

for normally distributed variables and the Spearman test for not normally distributed 

variables.  

Reproducibility was assessed using intraclass correlation coefficients (ICCs) with 

95% confidence interval (CI) and Bland-Altman analysis (E8). ICC values were 



classified from poor (<0.50), moderate (>0.50 and ≤0.75), good (>0.75 and ≤0.90), to 

excellent (>0.90) (E9). A p-value<0.05 was considered statistically significant. 
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Supplemental Tables: 

 

Table E1. Comparison of bronchial measurements between CT and MRI         

                    

                  

      log10 (WA)   log10 (LA)   log10 (WA%)   log10 (WT) 

                    

  Paired t-test (p-value) 0.047   0.11   0.33   0.14 

  Pearson correlation 0.78 (<0.01)   0.79 (<0.01)   0.82 (<0.01)   0.87 (<0.01) 

  Mean difference  (BA)*   0.03 ± 0.07   0.03 ± 0.11   -0.00 ± 0.02   0.01 ± 0.04 

  ICC   0.77 [0.56-0.88]   0.78 [0.59-0.89]   0.81 [0.72-0.93]   0.85 [0.64-0.90] 

  Sw   1.13   1.2   1.04   1.07 

  
Spearman rank correlation& 

 
0.03 (0.85) 

   
0.13 (0.48) 

   
0.31 (0.09) 
   

0.16 (0.38) 
 

 

*Data are mean difference ± SD of log-transformed bronchial measurements between 

MRI and CT. Data in parentheses are p-values. 
&

Data are correlation coefficients 

between mean MR measurements and the within-subject difference between MRI and 

CT measurements.  

Abbreviations: BA=Bland-Altman analysis; ICC=intraclass correlation coefficient; 

SW=error measurement between log-transformed MRI and CT bronchial 

measurements; WA=bronchial wall area; LA=lumen area; WA%=ratio 

WA/WA+LA*100; WT=wall thickness.   



Table E2. Reproducibility of MR bronchial measurements            

                    
                    

      log10 (WA)   log10 (LA)   log10 (WA%)   log10 (WT) 

Intra-observer                 

  ICC*   0.76 [0.56;0.88]   0.84 [0.69;0.92]   0.80 [0.63;0.90]   0.82 [0.65;0.91] 

  Mean difference (BA)& -0.01 [-0.17;0.15]   0.09 [-0.10;0.28]   -0.03[-0.08;0.03]   -0.03 [-0.13;0.07] 

         

Inter-observer                 

  ICC*   0.69 [0.45;0.84]   0.81 [0.64;0.90]   0.77 [0.58;0.88]   0.74 [0.52;0.86] 

  
Mean difference (BA)& 

 
-0.10 [-0.34;0.13] 

   
0.00 [-0.23;0.24] 

   
-0.03 [-0.10;0.04] 

   
0.08 [-0.23;0.07] 

 

 

*Data are intra and inter-observers intra-class correlation coefficients with 95% CI of 

the log-transformed bronchial measurements. 
&

Data are intra and inter-observers 

mean differences with 95% limits of log-transformed bronchial measurements' 

agreements. 

Abbreviations: BA=Bland-Altman analysis; ICC=intraclass correlation coefficient; 

WA=bronchial wall area; LA=lumen area; WA%=ratio WA/WA+LA*100; WT=wall 

thickness.  

  



 

 

Data are median with (95% confidence interval) 

Abbreviations: WA=bronchial wall area in mm
2
; LA=lumen area in mm

2
; WA% 

=ratio WA/WA+LA*100; WT=wall thickness in mm. 

  

Table E3. Comparison of bronchial measurements between severe and non-severe asthma 
    

                    

                  

    Non-severe   Severe   p-value 

                    

N   15   15     

MRI  
 

              

  WAMR 22.5 (19.9-23.7)   27.7 (21.2-31.1)   0.07 

  LAMR 8.3 (7.5-12.6)   7.1 (6.1-11.6)   0.11 

  WA%MR 67 (65-73)   77 (67-84)   0.02 

  WTMR 1.4 (1.2-1.5)   1.6 (1.3-2.1)   0.02 

 Skewness 0.75 (0.65-0.99)  1.04 (0.79-1.25)  0.02 

 Mean 202 (189-245)  208 (164-241)  0.68 

 Median 186 (168-232)  189 (150-217)  0.78 
 
CT                  

  WACT 21.1 (17.8-22.9)   27.1 (18.4-28.3)   0.03 

  LACT 9.1 (6.8-9.5)   7 (5.6-11.9)   0.37 

  WA%CT 70 (66-73)   75 (69-82)   0.02 

  WTCT 1.4 (1.2-1.5)   1.6 (1.4-1.9)   0.02 

                    



 

 

Data are median with (95% confidence interval) 

Abbreviations: WA=bronchial wall area in mm
2
; LA=lumen area in mm

2
; WA% 

=ratio WA/WA+LA*100; WT=wall thickness in mm. 

  

Table E4. Comparison of bronchial measurements between Type2-Low and Type2-High asthma 
    

                    

                  

    Type2-Low   Type2-High   p-value 

                    

N   20   10     

MRI  
 

              

  WAMR 23.0 (18.9-33.7)   23.3 (20.8-27.5)   0.72 

  LAMR 7.7 (7.2-14.2)   8.1 (6.6-11.5)   0.45 

  WA%MR 67 (65-77)   70 (67-77)   0.67 

  WTMR 1.5 (1.3-1.9)   1.5 (1.3-1.6)   0.75 

 Skewness 0.88 (0.67-1.13)  0.89 (0.75-1.15)  0.62 

 Mean 191 (124-233)  213 (198-246)  0.12 

 Median 173 (108-209)  194 (173-234)  0.13 
 
CT                

   WACT 26.2 (19.4-30.1)   21.7 (18.4-26.7)   0.11 

  LACT 9.5 (7.4-15.0)   7.3 (5.7-9.0)   0.02 

  WA%CT 68 (64-77)   73 (69-75)   0.20 

  WTCT 1.5 (1.3-1.7)   1.5 (1.3-1.6)   0.44 

                    



 

 

Data are median with (95% confidence interval) 

Abbreviations: WA=bronchial wall area in mm
2
; LA=lumen area in mm

2
; WA% 

=ratio WA/WA+LA*100; WT=wall thickness in mm. 

  

Table E5. Comparison of bronchial measurements between chronic obstructive and intermittent 
obstructive asthma 
    

                    

                  

    intermittent obstructive    chronic obstructive   p-value 

                    

N   21   9     

MRI  
 

              

  WAMR 22.7 (20.3-24.4)   30.1 (20.1-33.4)     0.05 

  LAMR 9.6 (7.4-11.5)   6.6 (4.7-8.1)     0.01 

  WA%MR 69 (67-70)   80 (72-85)   <0.01 

  WTMR 1.5 (1.3-1.6)   1.9 (1.3-2.2)     0.01 

 Skewness 0.84 (0.69-1.00)  1.17 (0.80-1.27)    0.02 

 Mean 208 (185-247)  200 (162-230)  0.57 

 Median 191 (164-228)  178 (156-210)  0.41 
 
CT                  

  WACT 22.3 (18.1-26.2)   27.1 (18.7-29.3)     0.16 

  LACT 9.1 (7.3-10.1)   5.8 (4.2-8.7)     0.03 

  WA%CT 69 (67-73)   78 (72-82)   <0.01 

  WTCT 1.4 (1.3-1.5)   1.7 (1.3-2.1)     0.04 

                    



 

Data are median with (95% confidence interval) for continuous variables and absolute 

number for categorical variables.   

Abbreviations: BMI=body mass index

Table E6. Comparison of patients’ baseline characteristics between chronic obstructive and 
intermittent obstructive asthma 
    

                    

                  

    intermittent obstructive    chronic obstructive   p-value 

                    

  21   9     

                

Age Years 60 (39-63)   52 (34-60)     0.40 

Sex ratio Men/Women 1/ 20   1/ 8     1.00 

BMI kg.m-2 24 (21-29)   26 (21-33)     0.80 

Tobacco Never smoker 15    8    0.39 

  Former smoker 6    1    



 
Table E7. Correlations of bronchial measurements with pulmonary function tests  
 

  

                        

      

 
Whole population (n=30) 

 

 

  

      
FEV1  

(% pred)   
FVC 

(%pred)   
FEV1/FVC 

 
 FEF25-75 

(%pred)   
PF  

(l/min) 
FeNO 
(ppb) 

Blood Eos 
(cells/µl) 

MRI  
 

                    

  
WAMR 

   
-0.47 
(0.01)   

-0.41 
(0.02)   

-0.52 
(0.003) 

 -0.55 
(0.01)   

-0.32 
(0.07) 

-0.10 
(0.60) 

-0.12 
(0.51) 

  
LAMR 

   
 0.25 
(0.16)   

 0.28 
(0.12)   

0.16  
(0.58) 

  0.17 
(0.34)   

 0.26 
(0.15) 

-0.22 
(0.25) 

-0.28 
(0.12) 

  
WA%MR 

   
-0.58 
(0.01)   

-0.59 
(0.01)   

-0.44 
(0.01) 

 -0.56 
(0.01)   

-0.48 
(0.01) 

0.01 
(0.92) 

-0.13 
(0.47) 

  
WTMR 

   
-0.53 
(0.01)   

-0.52 
(0.01)   

-0.51 
(0.003) 

 -0.56 
(0.01)   

-0.33 
(0.07) 

-0.07 
(0.70) 

-0.01 
(0.94) 

 

Skewness 
 

 

-0.41 
(0.02) 

 -0.15 
(0.40) 

 -0.41 
(0.02) 

 -0.47 
(0.007) 

 -0.35 
(0.055) 

0.09 
(0.64) 

-0.15 
(0.41) 

 
 
CT              

  
      

  

  
WACT 

   
-0.34 
(0.05)   

-0.27 
(0.14)   

-0.42 
(0.02) 

 -0.44 
(0.01)   

-0.28 
(0.13) 

-0.18 
(0.36) 

-0.09 
(0.60) 

  
LACT 

   
 0.26 
(0.15)   

 0.31 
(0.09)   

0.11  
(0.55) 

  0.10 
(0.59)   

0.05 
(0.78) 

-0.40 
(0.06) 

-0.36 
(0.05) 

  
WA%CT 

   
-0.59 
(0.01)   

-0.54 
(0.01)   

-0.43 
(0.01) 

 -0.46 
(0.01)   

-0.23 
(0.21) 

0.22 
(0.26) 

0.25 
(0.17) 



  
WTCT 

   
-0.50 
(0.01)   

-0.43 
(0.01)   

-0.51 
(0.003) 

 -0.54 
(0.01)   

-0.30 
(0.09) 

-0.05 
(0.77) 

-0.02 
(0.90) 

              

      

 
Non-severe asthma (n=15) 

 

 

  

      
FEV1  

(% pred)   
FVC 

(%pred)   
FEV1/FVC 

 
 FEF25-75 

(%pred)   
PF  

(l/min) 
FeNO 
(ppb) 

Blood Eos 
(cells/µl) 

MRI                       

  
WAMR 

   
 0.04 
(0.87)   

-0.03 
(0.90)   

-0.28 
(0.30) 

 -0.34 
(0.21)   

-0.14 
(0.61) 

-0.45 
(0.09) 

-0.41 
(0.12) 

  
LAMR 

   
 0.48 
(0.06)   

 0.34 
(0.21)   

0.18  
(0.49) 

  0.28 
(0.29)   

 0.36 
(0.18) 

-0.18 
(0.52) 

0.07 
(0.77) 

  
WA%MR 

   
-0.56 
(0.03)   

-0.44 
(0.09)   

-0.45 
(0.09) 

 -0.67 
(0.01)   

-0.55 
(0.03) 

-0.24 
(0.39) 

-0.44 
(0.10) 

  
WTMR 

   
 0.20 
(0.45)   

 0.26 
(0.33)   

-0.35 
(0.19) 

 -0.50 
(0.05)   

-0.17 
(0.53) 

-0.31 
(0.24) 

-0.31 
(0.24) 

 
Skewness 
  

-0.54 
(0.03)  

-0.39 
(0.14)  

-0.40 
(0.13) 

 -0.54 
(0.03)  

-0.43 
(0.11) 

-0.05 
(0.86) 

-0.35 
(0.19) 

 
 
 
 
CT              

  

      

  

  
WACT 

   
 0.22 
(0.41)   

-0.14 
(0.60)   

-0.43 
(0.10) 

 -0.55 
(0.03)   

-0.39 
(0.15) 

-0.47 
(0.08) 

-0.34 
(0.21) 

  
LACT 

   
 0.09 
(0.75)   

 0.30 
(0.26)   

-0.30 
(0.26) 

 -0.44 
(0.10)   

-0.44 
(0.09) 

-0.42 
(0.06) 

-0.28 
(0.30) 

  WA%CT   -0.50   -0.47   -0.14  -0.10    0.18 0.16 0.17 



 (0.05) (0.07) (0.64) (0.72) (0.51) (0.56) (0.52) 

  
WTCT 

   
 0.27 
(0.32)   

-0.25 
(0.35)   

-0.39 
(0.14) 

 -0.45 
(0.09)   

-0.14 
(0.60) 

-0.49 
(0.07) 

-0.23 
(0.39) 

              

   

 
Severe asthma (n=15) 

 

  

      
FEV1  

(% pred)   
FVC 

(%pred)   
FEV1/FVC  FEF25-75 

(%pred)   
PF  

(l/min) 
FeNO 
(ppb) 

Blood Eos 
(cells/µl) 

MRI                       

  
WAMR 

   
-0.76 
(0.01)  

-0.72 
(0.01)  

-0.51 
(0.05) 

 -0.61 
(0.01)  

 0.36 
(0.18) 

0.38 
(0.21) 

0.07 
(0.78) 

  
LAMR 

   
 0.03 
(0.91)  

 0.09 
(0.73)  

-0.09 
(0.73) 

 -0.16 
(0.54)  

 0.08 
(0.75) 

-0.38 
(0.15) 

-0.25 
(0.42) 

  
WA%MR 

   
-0.55 
(0.03)  

-0.59 
(0.02)  

-0.32 
(0.24) 

 -0.37 
(0.16)  

 0.30 
(0.27) 

0.43 
(0.10) 

0.41 
(0.18) 

  
WTMR 

   
-0.62 
(0.01)  

-0.65 
(0.01)  

-0.39 
(0.14) 

 -0.46 
(0.08)  

-0.24 
(0.36) 

0.19 
(0.48) 

0.35 
(0.26) 

 
Skewness 
  

0.03 
(0.90)  

0.22 
(0.42)  

-0.22 
(0.41) 

 -0.25 
(0.38)  

-0.09 
(0.73) 

-0.22 
(0.24) 

0.36 
(0.24) 

 
CT          

  
   

  

  
WACT 

   
-0.26 
(0.34)  

-0.30 
(0.27)  

-0.07 
(0.78) 

 -0.07 
(0.79)  

-0.04 
(0.29) 

0.09 
(0.76) 

0.01 
(0.96) 

  
LACT 

   
 0.23 
(0.40)  

 0.24 
(0.37)  

0.21  
(0.43) 

  0.03 
(0.48)  

 0.26 
(0.34) 

-0.49 
(0.06) 

-0.41 
(0.12) 

  
WA%CT 

   
-0.60 
(0.02)  

-0.54 
(0.03)  

-0.44 
(0.09) 

  0.19 
(0.07)  

-0.29 
(0.28) 

0.46 
(0.13) 

0.26 
(0.34 

  
WTCT 

   
-0.60 
(0.02)  

-0.50 
(0.05)  

-0.45 
(0.08) 

 -0.47 
(0.06)  

-0.27 
(0.32) 

0.39 
(0.20) 

0.15 
(0.59) 



 

 

 

 

Data are Spearman correlation coefficients with p-value in parentheses.  

Abbreviations: WA=bronchial wall area in mm
2
; LA=lumen area in mm

2
; WA%=ratio WA/WA+LA*100; WT=wall thickness in mm; 

FEV1=forced expiratory volume in 1 second; FVC=forced volume capacity; FEF25-75=forced expiratory flow at 25%-75% of FVC; 

%pred=percentage of predicted value; PF=peak flow; FeNO=fractional exhaled nitric oxide; Eos=eosinophils count. 

  

     



Supplemental Figure 

 
 

 

 

Figure E1: Representative lung images of a 56-year old non-severe asthmatic patient 

Visualization of wall area measurements of LB-10 (red arrow) using magnetic resonance imaging with ultrashort echo time pulse sequence (A, 

B, C) or computed tomography (D, E, F). 


