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Purpose: To quantitatively analyze lung elasticity in idiopathic
pulmonary fibrosis (IPF) using elastic registration based on
3-dimensional pulmonary magnetic resonance imaging (3D-PMRI)
and to assess its’ correlations with the severity of IPF patients.

Material and Methods: Thirty male patients with IPF (mean age:
62±6 y) and 30 age-matched male healthy controls (mean age:
62±6 y) were prospectively enrolled. 3D-PMRI was acquired with a
3-dimensional ultrashort echo time sequence in end-inspiration and
end-expiration. MR images were registered from end-inspiration to
end-expiration with the elastic registration algorithm. Jacobian
determinants were calculated from deformation fields on color maps.
The log means of the Jacobian determinants (Jac-mean) and Dice
similarity coefficient were used to describe lung elasticity between 2

groups. Then, the correlation of lung elasticity with dyspnea Medical
Research Council (MRC) score, exercise tolerance, health-related
quality of life, lung function, and the extent of pulmonary fibrosis on
chest computed tomography were analyzed.

Results: The Jac-mean of IPF patients (−0.19, [IQR: −0.22, −0.15])
decreased (absolute value), compared with healthy controls (−0.28,
[IQR: −0.31, −0.24], P< 0.001). The lung elasticity in IPF patients
with dyspnea MRC≥ 3 (Jac-mean: −0.15; Dice: 0.06) was sig-
nificantly lower thanMRC 1 (Jac-mean: −0.22, P= 0.001; Dice: 0.10,
P= 0.001) and MRC 2 (Jac-mean: −0.21, P= 0.007; Dice: 0.09,
P< 0.001). In addition, the Jac-mean negatively correlated with
forced vital capacity % (r=−0.487, P< 0.001), forced expiratory
volume 1% (r=−0.413, P= 0.004), TLC% (r=−0.488, P< 0.001),
diffusing capacity of the lungs for carbon monoxide % predicted
(r=−0.555, P< 0.001), 6-minute walk distance (r=−0.441,
P= 0.030) and positively correlated with respiratory symptoms
(r= 0.430, P= 0.042). Meanwhile, the Dice similarity coefficient
positively correlated with forced vital capacity % (r= 0.577,
P= 0.004), forced expiratory volume 1% (r= 0.526, P= 0.012), dif-
fusing capacity of the lungs for carbon monoxide % predicted
(r= 0.435, P= 0.048), 6-minute walk distance (r= 0.473, P= 0.016),
final peripheral oxygen saturation (r= 0.534, P= 0.004), the extent of
fibrosis on chest computed tomography (r=−0.421, P= 0.021) and
negatively correlated with activity (r=−0.431, P= 0.048).

Conclusion: Lung elasticity decreased in IPF patients and correlated
with dyspnea, exercise tolerance, health-related quality of life, lung
function, and the extent of pulmonary fibrosis. The lung elasticity
based on elastic registration of 3D-PMRI may be a new non-
radiation imaging biomarker for quantitative evaluation of the
severity of IPF.

Key Words: elastic registration, idiopathic pulmonary fibrosis,
magnetic resonance imaging

(J Thorac Imaging 2023;38:358–366)

I diopathic pulmonary fibrosis (IPF) is characterized
by abnormal deposition of collagen or proliferation of

fibroblasts that can synthesize collagen. The development of
these irreversible processes leads to lung compliance, lung
shrinkage, and elasticity gradually worsening, along with
breathlessness, decreases in gas exchange and exercise toler-
ance, as well as poorer quality of life and lower survival.1–4

Pulmonary function tests (PFTs) can provide a global
assessment of lung function but are not sensitive to subtle or
local functional changes.5 Chest computed tomography
(CT) plays a vital role in the diagnosis and evaluation of IPF
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in usual interstitial pneumonia features and quantitative
analysis of fibrotic lesions of IPF6,7; however, radiation
exposure and insensitivity to subtle lung morphologic
alterations are its main disadvantages. Magnetic resonance
imaging (MRI) is a radiation-free technique and has been
emerging as a promising method in the assessment of
interstitial lung disease (ILD).8,9 Magnetic resonance elas-
tography indicated that parenchymal shear stiffness was
increased in patients with fibrotic ILD when compared with
normal controls10; however, it depends on a special sequence
and device. Dynamic MRI may be used to analyze respi-
ratory movements by coupling dynamic acquisition and
imaging registration methods.11 Three-dimensional ultra-
short echo time MRI allowed for functional imaging of
ventilation inhomogeneity within a few breath-holds in
patients with cystic fibrosis.12 Recently, the elastic registra-
tion algorithm has been used to find the transformation and
provides a robust map of local lung displacement vectors,
which enables the evaluation of lung deformation between
inspiration and expiration.13–17 Chassagnon et al reported
that lung shrinkage based on the elastic registration algo-
rithm of chest CT can be used to assess the worsening of
ILD in patients with systemic sclerosis, indicating that lung
shrinkage is an additional CT marker in the follow-up of
f-ILD.3,18 Furthermore, they adopted elastic registration
algorithm on MRI to show less lung deformation in SSc
patients with pulmonary fibrosis compared with patients
without fibrosis.19

At present, the characteristic of lung elasticity in patients
with IPF and its relationship with the severity remains
unknown. Thus, the aim of this study is to analyze the
characteristics of lung elasticity with elastic registration based
on 3D-MRI in patients with IPF and explore its correlation
with dyspnea, PFTs, exercise tolerance, health-related quality
of life (HRQoL), and the extent of pulmonary fibrosis on
chest CT.

MATERIALS AND METHODS

Study Design
This prospective study was approved Institutional

review board of our hospital 2019-123-K85-1 and all par-
ticipants provided written informed consent. As Figure 1
demonstrated that IPF patients and sex/age-matched
healthy controls were evaluated for enrollment from March
2021 to December 2021, followed by inclusion and exclusion
criteria. IPF patients were diagnosed by the multi-
disciplinary team diagnosis based on the 2018 American
Thoracic Society (ATS), the European Respiratory Society
(ERS), the Japanese Respiratory Society (JRS), and the
Latin American Thoracic Association (ALAT) criteria.1 All
participants underwent MRI, chest CT, PFTs, and a
6-minute walk test within 24 hours. The age-matched males
with normal chest CT and PFTs were included in the control
group. Exclusion criteria include the following: (1) The
subjects with smoking, hypertension, diabetes, scoliosis,
neuromuscular diseases, connective tissue disease, and
tumor; (2) participants with MRI contraindications, such as
a pacemaker or claustrophobia; (3) participants who failed
to complete MRI or CT had poor images quality; (4)
Missing age and sex-matched healthy controls. The defi-
nition of poor image quality for MRI and CT, as evaluated
by a chest radiologist with 20 years of experience, refers to
images that contain noticeable artifacts and are deemed
unsuitable for further processing.

Clinical Data
For patients with IPF, the severity of resting dyspnea

was quantified by Medical Research Council (MRC) scale.20

The HRQoL assessment was assessed using a respiratory-
specific Questionnaire of the St. George’s Respiratory
Questionnaire (SGRQ),21 which mainly included 3 different
domains: respiratory symptoms, activity, and psychosocial
impact of the disease. Higher scores (ranging from 0 to 100)
correspond to worse quality of life. In addition, according
to the standardized criteria of the 6-minute walk test,22

the final peripheral oxygen saturation(SpO2) and walking
distance(6-MWD) were also measured.

Pulmonary Function Tests (PFTs)
All participants underwent PFTs (MasterScreen, Vyaire

Medical GmbH, Hoechberg, Germany), and the collected
measurements included the percentage of predicted forced
vital capacity (FVC%), percentage of forced expiratory
volume in 1 second (FEV1%), FEV1/FVC%, percentage of
predicted total lung capacity (TLC%), and percentage of
predicted DLco corrected for measured hemoglobin (DLco
%). The tests were performed according to the standards of
ERS/ATS.23

Chest CT and Quantification of Pulmonary
Fibrosis

All participants underwent chest CT with multi-section
CT devices (Toshiba Aquilion ONE TSX-301C/320; Philips
iCT/256) in full inspiration. The whole lung was cranio-
caudally scanned in a supine position from the lung apex to
the lowest hemidiaphragm during a single breath-hold.
According to CT criteria, acquisition and reconstruction
parameters are as follows: tube voltage= 100 to 120 kV,
tube current= 100 to 300 mAs, section thickness= 0.625 to
1 mm, table speed= 39.37 mm/s, gantry rotation time= 0.8
s, and reconstruction increment= 1-1.25 mm.

Segmentation of lung and fibrosis lesions was per-
formed with the software InferScholar (https://www.
infervision.com/).7 The full lung region was automatically
segmented and then manually corrected by 1 radiologist.
According to Christe et al,24 fibrosis lesions were defined as
the sum of reticulation and honeycombing signs on chest
CT, which were manually outlined. The extent of chest CT
patterns was expressed as the percentage of lesions from
total lung volume.

FIGURE 1. Flowchart of inclusion and exclusion criteria of
patients with idiopathic pulmonary fibrosis.
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MRI Examinations
Before the MRI scan, all participants were trained to

practice quiet breathing and deep breathing in the supine
position. The participants underwent pulmonary MRI on a
1.5T MRI scanner (MAGNETOM Aera; Siemens Health-
care, Erlangen, Germany) with an 18-channel phased-array
body coil. MRI was acquired with the 3-dimensional, ultra-
short echo time sequence (3D-UTE) at the coronal plane in
full end-inspiration and end-expiration. The key parameters
as following: repetition time= 2.73 msec; echo time= 0.05
msec; flip angle= 5°; field-of-view= 500×500 mm; slice

thickness= 2.5 mm; matrix= 240×240; in-plane resolution=
2.08×2.08; spiral duration= 1800 μsec. Image recon-
structions used the non-uniform Fourier Transform method.
The subjects were respectively instructed to hold breathing 2
times on end-inspiration and end-expiration. The total
acquisition time was 16 seconds.

Elastic Registration on 3D-UTE Images
As shown in Figure 2, there were 4 steps to perform

elastic registration on 3D-UTE images.
Step 1 : Lung segmentation. All MRI sequences were

first preprocessed by isotropic sampling with 1 mm. Then,
the lung regions were annotated by a junior radiologist
(J.H., 7 y’ experience) and checked by a senior radiologist
(M.L., 20 y’ experience) to ensure that the lungs were

completely and accurately identified. Considering the peri-
lung area (the peri-lung area was defined as the area within
10 pixels distance from the lung mask. The purpose of
including the peri-lung area is to observe the information of
more regions during the registration process to achieve
better registration performance), the lung segmentation was
dilated by 10 pixels to obtain a registration mask.

Step 2 : Imaging registration. The ElasticSyN algorithm
is a powerful open-source software. Advanced Normalization
Tools (ANTs) (https://github.com/ANTsX/ANTs) were used
to perform elastic registration of inspiratory to expiratory
MR images, which is a commonly used and stable registration
algorithm.25 The output of the registration algorithm is an
affine transformation matrix, which can be used not only for
image transformation but also for quantitative analysis.

Step 3 : Quantitative lung deformation. As for each
respiratory phase, the Jacobian determinant (JAC) was
calculated through the affine transformation matrix result-
ing from registration. For each participant’s JAC, it was
first normalized according to the ratio of inspiratory and
expiratory lung volumes to get JAC-N, then log JAC-N to
get JAC-NL (JAC is a 3-dimensional matrix calculated
based on elastic registration, with the same size as the reg-
istration target image. The value at each position represents
whether the voxel at that position is stretched (> 1), shrunk
(< 1), or unchanged (= 1) during the registration process.

FIGURE 2. The steps of inspiratory to expiratory elastic registration of transversal pulmonary MRI. The inspiratory and expiratory images
of the participant were subjected to isotropic resampling, and then the lung and peri-lung regions were extracted as ROI. Based on the
ROI only, the inspiratory image was registered to the expiratory image to obtain the affine transformation matrix, which was used to
image transformation and quantitative analysis. For each participant, the JAC, JAC-N, and JAC-NL were all derived from the affine
transformation matrix. The registration lung regions of all participants were further registered into a common space, from which the JAC-
NL for each participant in the same space was obtained, called JAC-NLC. Finally, participants were grouped, and various comparisons and
analyses were made between groups based on the JAC-NLC. JAC indicates Jacobian determinant; JAC-N, normalized JAC; JAC-NL,
logarithmic JAC-N; ROC, regions of interest.
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Considering that the lung sizes of different individuals may
vary, the ratio of the lung volumes during inspiratory and
expiratory is used to normalize JAC, denoted as JAC-N, to
alleviate bias. The value range of JAC-N is from 0 to pos-
itive infinity, so it can be subjected to logarithmic trans-
formation to scale its value range from negative infinity to
positive infinity for better observation and comparison. The
logarithmically transformed result is denoted as JAC-NL.
The value in the JAC-NL indicates whether the voxel is
stretched (greater than 0) or shrunk (less than 0).

Step 4 : Generation of the health average Jacobian map.
An expiratory image of a randomly selected healthy volunteer
was chosen as a common template. The JAC-NL for each
participant was registered to this common template based on
their registration mask, yielding the corresponding JAC-NLC.
After that, the JAC-NLCs of all healthy volunteers were
averaged to generate the health average Jacobian map (HAJ).

Qualitative Analysis
To facilitate a visually intuitive comparison between

the 2 groups, that is, IPF patients and healthy controls, we
generated an average Jacobian map for the IPF patients’
template. The process of generating this IPF average Jaco-
bian map (IAJ) mirrored that of the HAJ, averaging the
JAC-NLCs for all IPF patients. Then, project the IPF
average Jacobian map or HAJ to different directions along
the x, y, and z axis to get the visual deformation on coronal,
sagittal, and axial views, respectively.

Quantitative Analysis
For each participant, the mean of their JAC-NL was

calculated, denoted as Jac-mean. In addition to the inter-
group comparison of Jac-mean, the correlation of Jac-
mean with items in the PFT report was also calculated.
We defined marked shrinkage lung areas and compared
the distribution of areas in different groups. Referring to
Chassagnon et al,19 JAC-NL was used to determine
marked shrinkage lung areas with a cutoff value of 0.15 (a
greater cutoff value indicates marked shrinkage). The
marked shrinkage areas of the healthy template were
segmented by using this cutoff value as a threshold for the
HAJ. For each fibrotic patient, the marked shrinkage
areas were segmented using the cutoff value to binary their
logarithm Jacobians determinant. The dice similarity
coefficient was used to compare how similar each fibrosis
patient’s marked shrinkage area was to that of the healthy

template. Finally, Dice was used for inter-group compar-
isons, as well as for correlation analysis with items in the
PFT report.

FIGURE 3. The figure shows the position of points L and R. The location of points L and R were manually drawn and derived from the
anterior edge of the thoracic vertebra intersecting the chest walls on both sides at the planer of the lower margin of the fourth thoracic
vertebra on multiplanar reconstructions (MPR). MPR indicates multiplanar reconstructions

TABLE 1. The Characteristics of All Participants

Patients
IPF

(N= 30)
Control
(N= 30) P

Mean age
(mean± SD, y)

62±6 62± 6 0.834

Sex, male, n (%) 30 (100.0) 30 (100.0) —
Height (mean± SD, cm) 168.6± 6.9 170.9± 5.0 0.147
Weight (mean± SD, kg) 72.4± 11.4 74.3± 7.5 0.463
BMI (mean± SD, m/kg2) 25.1± 2.8 25.4± 2.3 0.613
Pulmonary function (mean± SD)
FVC % predicted 78.5± 15.3 105.2± 9.6 < 0.001
FEV1% predicted 80.9± 15.6 100.4± 9.6 < 0.001
FEV1/FVC%

predicted
82.2± 5.9 82.4± 9.8 0.923

TLC % predicted 66.3± 11.9 97.4± 9.5 < 0.001
DLco % predicted 52.6± 17.5 101.3± 14.5 < 0.001

HRCT patterns, n (%)
UIP 23 (76.7) — —
Possible UIP 7 (23.3) — —

6-MWT (mean± SD)
6-MWD (m) 464.5± 85.5 — —
Final SpO2 (%) 84.9± 9.6 — —

Dyspnea Score (percentage, %)
1 6 (20.0) — —
2 16 (53.3) — —
3 5 (16.7) — —
4 3 (10.0) — —
5 0 — —

HRQoL (median, IQR)
Respiratory symptoms 51.4 (30.4, 63.6) — —
Activity 47.7 (29.5, 59.5) — —
Psychosocial impact 16.1 (7.6, 34.9) — —
Total 33.5 (17.4, 46.4) — —
Pulmonary fibrosis

(mean± SD, %)
18.0± 11.8 — —

— indicated that no values were present and no further comparison could
be made.

6-MWD indicates 6-minute walk distance; 6-MWT, 6-minute walk test; BMI,
body mass index; DLco, diffusing capacity of the lungs for carbon monoxide; FEV,
forced expiratory volume; FVC, forced vital capacity; HRQoL, health-related quality
of life; IPF, idiopathic pulmonary fibrosis; SpO2, peripheral oxygen saturation; TLC,
total lung capacity; UIP, usual interstitial pneumonia.
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Registration Quality Evaluation
Two metrics were used to evaluate the quality of elastic

registration. The first metric was the intersection over union
(IoU),26 which measured the degree of overlap between the
lung area of the inspiratory image after registration and that
of the expiratory image. The second metric measured the
distance between the landmark in the inspiratory image after
registration and that in the expiratory image.19 Specifically,
an observer manually placed 2 categories of landmarks L and
R on both inspiratory and expiratory images (Fig. 3). The

point L and R were located on the anterior edge of the
thoracic vertebra intersecting the chest walls on both sides at
the planer of the lower margin of the fourth thoracic vertebra
on multiplanar reconstructions. After the registration was
completed, the landmarks on the inspiratory image were
automatically registered to the expiratory image. The land-
marks coordinates were collected to calculate the mean dis-
tances of 2 landmarks: DL, the distance between registered
landmark-L and original landmark-L in the expiratory
image; DR, the distance between 2 landmark-Rs. To verify

FIGURE 4. The transversal, sagittal and coronal projection of the mean of Jacobian determinants in each group. Marked deformation
areas (in red) were found in the peripheral region of the lung in healthy volunteers(A–C) and decreased in the peripheral region of the
lung base in study participants with IPF(D–F) in MRI.

TABLE 2. The Characteristic of Lung Shrinkage Based on Elastic Registration Between 2 Groups

Dyspnea Score (IPF)

Healthy controls
(n= 30) IPF (n= 30) P MRC 1 (n= 7) MRC 2 (n= 15) MRC≥ 3 (n= 8)

Jac-
mean

−0.28 (−0.31, −0.24) −0.19 (−0.22, −0.15) < 0.001 −0.22 (−0.26, −0.21) −0.21 (−0.27, −0.16)a −0.15 (−0.16, −0.14)b*c*

Dice — 0.08 (0.07, 0.10) — 0.10 (0.09, 0.10) 0.09 (−0.09, 0.10)a 0.06 (0.05, 0.08)b*c*

The data are presented as median with interquartile ranges.
athe difference between MRC 1 and MRC 2.
bthe difference between MRC 2 and MRC≥ 3.
cthe difference between MRC 1 and MRC≥ 3.
*indicated P< 0.05
— indicated that no values were present and no further comparison could be made.
IPF indicates idiopathic pulmonary fibrosis; MRC, Medical Research Council.
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the repeatability and stability of the registration method, 2
types of respiratory phases (inspiratory and expiratory) were
acquired for each participant. The above metrics (IoU, DL,
and DR) were calculated for each respiratory phase, and the
consistency between the 2 phases was calculated.

All the above operations were implemented in the
Python environment (version 3.8; Python Software Foun-
dation, Wilmington, Del) based on an Ubuntu operating
system (version 16.04; Canonical Ltd., London, U.K).

Statistical Analysis
Data were assessed for normal distribution before fur-

ther statistical calculations. Normally distributed data are
presented as mean ± SD and nonnormally distributed data
are presented as median with interquartile ranges (IQR). The
unpaired t-test and nonparametric methods (quantitative
data) or Fisher exact test and χ2 test (categorical variables)
were used for comparing different groups. The Spearman
correlation coefficient was used to calculate the association
between the clinical and the value of elastic registration, and
the resulting P values were adjusted using the Bonferroni
correction. The intraclass coefficients (ICC) were used to
determine the repeatability of the method. ICCs were classi-
fied from null (= 0) to very good (> 0.80) and almost perfect
(> 0.95).27 All statistical analyses were performed with SPSS
26.0 (IBM Corp, Armonk, NY, USA), and statistical
significance was assumed when two-tail P< 0.05.

RESULTS

Patients’ Characteristics
A total of 109 patients with IPF were initially consid-

ered for enrollment, but 79 patients were excluded; ulti-
mately, 30 male patients with IPF (mean age: 62± 6 y) and
30 age-matched male healthy controls (mean age: 62± 6 y)
were recruited (Fig. 1). The demographic and clinical
characteristics of IPF patients and the controls are depicted
in Table 1. The mean and SD values of FVC% predicted
(78.5 ± 15.3), FEV1% (80.9± 15.6), TLC% (66.3± 11.9),
and DLco% (52.6± 17.5) predicted for IPF patients sig-
nificantly decreased in comparison with healthy controls.
The mean and SD values of 6-MWD and final SpO2 of IPF
patients were 464.5± 85.5m and 84.9%±9.6%. Based on
dyspnea score, there are 6 (20.0%), 16 (53.3%), 5 (16.7%),
and 3 (10.0%) patients with IPF, respectively, in MRC 1,
MRC 2, MRC 3, and MRC 4. The median score of quality
of life for respiratory symptoms, activity, psychosocial
impact, and total were 51.4 (IQR: 30.4, 63.6), 47.7 (IQR:
29.5, 59.5), 16.1 (IQR: 7.6, 34.9), and 33.5 (IQR: 17.4, 46.4),
respectively. Lesion of pulmonary fibrosis on chest CT was
(18.0 ± 11.8)%.

Evaluation of Elastic Registration Quality
The mean value of IoU was 0.88± 0.04. In addition,

the mean distance between the landmark-Rs and landmark-
Ls were 7.2 ± 4.5 mm and 7.8± 4.8 mm, respectively. The
inter-observer agreement between the 2 respiratory phases
was very good (IoU, ICC= 0.83; Distances R, ICC= 0.80;
Distances L, ICC= 0.82).

Qualitative and Quantitative Analysis of Lung
Elasticity

Visual analysis of color maps showed differences in lung
elasticity among the IPF patients and healthy controls
(Fig. 4). The areas with marked deformation during expira-
tion were found in the peripheral region of the lung in
controls, and the lung deformation was decreased in the
peripheral region of the lung in patients with IPF. For the
median value of Jac-mean, compared with controls (−0.28,
IQR: −0.31, −0.24), the IPF patients had smaller values
(absolute value) (−0.19, IQR: −0.22, −0.15, P< 0.001) of the
lung. In addition, the lung elasticity was different between
dyspnea groups. As shown in Table 2, the median value of the

TABLE 3. Correlations between Lung Shrinkage Based on Elastic
Registration and Pulmonary Function Tests

Jac-mean Dice

r P r P

FVC% −0.487 < 0.001* 0.577 0.004*
FEV1% −0.413 0.004* 0.526 0.012*
TLC% −0.488 < 0.001* 0.395 0.124
DLco% −0.555 < 0.001* 0.435 0.048*

*Bonferroni correction for multiple correlations P <0.05.
DLco indicates diffusing capacity of the lungs for carbon monoxide;

FEV, forced expiratory volume; FVC, forced vital capacity; TLC, total lung
capacity.

FIGURE 5. Relationship between the Jac-mean and Dice similarity coefficient and measurements from pulmonary function tests (FVC%
pre, FEV1% pre, TLC% pre, and DLco% pre).
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lung deformation in IPF patients with MRC≥ 3 (Jac-mean:
−0.15, [IQR: −0.16, −0.14]; Dice: 0.06, [IQR: 0.05, 0.08])
were significantly lower thanMRC 1 (Jac-mean:−0.22, [IQR:
−0.26, −0.21], P= 0.001; Dice: 0.10, [IQR: 0.09, 0.10],
P= 0.001) and MRC 2 (Jac-mean: −0.21, [IQR: −0.27,
−0.16], P= 0.007; Dice: 0.09, [IQR: 0.09, 0.10], P< 0.001).
However, the Jac-mean and Dice similarity coefficient was
comparable between MRC 1 and MRC 2 (Jac-mean:
P= 0.210; Dice: P= 0.802).

Correlation of Lung Elasticity with PFTs and
Clinical Data

The Jac-mean negatively correlated with the FVC% pre-
dicted (r=−0.487, P< 0.001), FEV1% predicted (r=−0.413,
P=0.004), TLC% predicted (r =−0.488, P< 0.001), DLco%
predicted (r=−0.555, P< 0.001), while the Dice similarity
coefficient showed a positive relationship with FVC% predicted
(r=0.577, P= 0.004), FEV1% predicted (r=0.526, P=0.012),
and DLco% predicted (r=0.435, P=0.048) (Table 3, Fig. 5).

For exercise tolerance, the 6-MWD was correlated
with Jac-mean (r=−0.441, P= 0.030) and Dice similarity
coefficient (r= 0.473, P= 0.016). Meanwhile, final SpO2

correlated with Dice similarity coefficient (r= 0.534,
P= 0.004) (Table 4, Fig. 6).

In the aspect of HRQoL, Table 5 and Figure 7 indi-
cated that the Jac-mean correlated with respiratory symp-
toms (r= 0.430, P= 0.042), but not related to activity
(r= 0.380, P= 0.114) and psychosocial impact (r= 0.279,
P= 0.408). Moreover, the Dice similarity coefficient neg-
atively correlated with activity (r=−0.431, P= 0.048),
however, showed no correlation with respiratory symptoms
(r=−0.397, P< 0.05) and psychosocial impact (r=−0.307,
P= 0.297). In addition, Figure 7 demonstrated that the Dice
similarity coefficient negatively correlated with the extent of
pulmonary fibrosis on chest CT (r=−0.421, P= 0.021).

DISCUSSION
In this study, we first evaluated the characteristics of

lung elasticity in IPF patients with elastic registration
algorithm based on 3-dimensional ultrashort echo time
MRI, and our results indicated the lung elasticity was
decreased in patients with IPF, especially in dyspnea score
with MRC≥ 3. Furthermore, the decreased lung elasticity
correlated with worsening FVC%, FEV1%, TLC%, DLco

TABLE 4. Correlations between Lung Shrinkage Based on Elastic
Registration and Exercise Tolerance

Jac-mean Dice

r P r P

6-MWD −0.441 0.030* 0.437 0.016*
SpO2 −0.345 0.124 0.534 0.004*

*Bonferroni correction for multiple correlations P <0.05.
6-MWD indicates 6-minute-walk distance; SpO2, peripheral oxygen

saturation.

FIGURE 6. Relationship between the Jac-mean and Dice similarity coefficient and measurements from exercise tolerance (6-MWD and
final SpO2). 6-MWD indicates 6-minute walk distance; SpO2, peripheral oxygen saturation.

TABLE 5. Correlations between Lung Shrinkage Based on Elastic
Registration and Quality of Life

Jac-mean Dice

r P r P

Respiratory symptoms 0.430 0.042* −0.397 0.090
Activity 0.380 0.114 −0.431 0.048*
psychosocial impact 0.279 0.408 −0.307 0.297

*Bonferroni correction for multiple correlations P <0.05.
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%, 6-MWD, final SpO2, HRQoL, and the extent of
pulmonary fibrosis on chest CT.

The Jac-mean and the Dice similarity coefficient were
together used to quantitatively describe the characteristic of
lung elasticity in IPF patients, and we found that the lung
elasticity of IPF patients worsened in comparison with
healthy controls. In healthy controls, the Jacobian maps vis-
ually showed that the marked deformation during expiration
was in the peripheral region of the lung. In contrast, in
patients with IPF, lung deformation was a major loss in the
peripheral region of the lung bases, which matches with the
lesion distribution of IPF on chest CT. Chassagnon et al19

reported similar results in SSc-ILD patients with less lung
deformation during respiratory in patients with fibrosis
compared with patients without fibrosis. However, they did
not report the relationship between lung elasticity with the
severity of diseases such as PFTs, dyspnea, exercise tolerance,
HRQoL, and the extent of pulmonary fibrosis in SSc-ILD.

We found that the decreased value of Jac-mean and
Dice similarity coefficient correlated with the decreased
FVC%, FEV1%, TLC%, and DLco%, which confirms that
lung elasticity based on elastic registration is an imaging
marker of global and local lung function and indicates that
the value of elastic registration between different respiratory
phase can be used to regionally quantified and quantitative
pulmonary function in patients with IPF. Meanwhile, we
also found the value of the Jac-mean and Dice similarity
coefficient correlated with 6-MWD, final SpO2, respiratory
symptoms, and activity. These results revealed that the
reduced lung elasticity is accompanied by decreased exercise
tolerance and poor quality of life in patients with IPF.
Moreover, it is very important that we found the value of
the Dice similarity coefficient also showed a relationship
with the extent of pulmonary fibrosis on chest CT, which
further proves that the increased fibrosis caused the decrease
in lung deformation.

In addition, the accuracy and reproducibility of elastic
registration are vital for the evaluation of lung elasticity.
Similar to Chassagnon et al,19 we used the landmark dis-
tance to evaluate the accuracy of the elastic registration. In
addition, we also used IoU to evaluate the registration
performance, and the value of IoU reaches 0.88. Fur-
thermore, with the advantage of MRI without the amount
of radiation exposure, we verify that the elastic registration

results are reproducible by acquiring MR images in end-
inspiration and end-expiration and solve the limitation of
Chassagnon et al,19 which did not verify the reproducibility
of an elastic registration.

There are several limitations of this study. First, our
study enrolled a small number of male patients from a single
center which limits the generalizability of results. The sec-
ond limitation is that 3D-PMRI was obtained in the supine
position, which may influence lung deformation by higher
gravitational forces and reduced rib cage expansion, while
PFTs were obtained in the sitting position, which leads to a
weaker correlation of lung elasticity with PFTs. In addition,
this is a cross-sectional study, and the included patients were
still in the long-term follow-up; the application of elastic
registration algorithm in the assessment of progress in IPF
patients and the suitable measure for the assessment of the
disease progression needs further research.

In conclusion, lung elasticity in patients with IPF
decreased and correlated with dyspnea, pulmonary function
tests, exercise tolerance, HRQoL, and the extent of pulmo-
nary fibrosis. The lung elasticity from the elastic registration
algorithm based on MRI may be a new marker in the global
and local qualitative and quantitative evaluation of IPF.
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