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Background: Current imaging methods are not sensitive to changes in pulmonary function resulting from fibrosis. MRI with ultra-
short echo time can be used to image the lung parenchyma and lung motion.

Purpose: To evaluate elastic registration of inspiratory-to-expiratory lung MRI for the assessment of pulmonary fibrosis in study

participants with systemic sclerosis (SSc).

Materials and Methods: 'This prospective study was performed from September 2017 to March 2018 and recruited healthy volun-
teers and participants with SSc and high-resolution CT (within the previous 3 months) of the chest for lung MRI. Two breath-
hold, coronal, three-dimensional, ultrashort—echo-time, gradient-echo sequences of the lungs were acquired after full inspiration
and expiration with a 3.0-T unit. Images were registered from inspiration to expiration by using an elastic registration algorithm.
Jacobian determinants were calculated from deformation fields and represented on color maps. Similarity between areas with
marked shrinkage and logarithm of Jacobian determinants less than —0.15 were compared between healthy volunteers and study
participants with SSc. Receiver operating characteristic curve analysis was performed to determine the best Dice similarity coeffi-

cient threshold for diagnosis of fibrosis.

Results: ~ Sixteen participants with SSc (seven with pulmonary fibrosis at high-resolution CT) and 11 healthy volunteers were evalu-
ated. Areas of marked shrinkage during expiration with logarithm of Jacobian determinants less than —0.15 were found in the
posterior lung bases of healthy volunteers and in participants with SSc without fibrosis, but not in participants with fibrosis. The
sensitivity and specificity of MRI for presence of fibrosis at high-resolution CT were 86% and 75%, respectively (area under the
curve, 0.81; P = .04) by using a threshold of 0.36 for Dice similarity coefficient.

Conclusion:  Elastic registration of inspiratory-to-expiratory MRI shows less lung base respiratory deformation in study participants
with systemic sclerosis—related pulmonary fibrosis compared with participants without fibrosis.

©RSNA, 2019
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High—resolution CT plays an important role in the detec-
tion and follow-up of lung fibrosis (1). It is especially im-
portant in patients with systemic sclerosis (SSc), where pul-
monary involvement represents the leading cause of death
and is initially clinically silent. High-resolution CT analysis
only provides morphologic information and the activity of
fibrosis cannot be evaluated. In addition, high-resolution
CT is not sensitive to subtle changes in lung morphology or
changes in pulmonary function. This is the reason why new
imaging biomarkers of pulmonary fibrosis are needed.

MRI is a radiation-free technique, and acquisitions can
be safely repeated at different portions of the respiratory
cycle. This is important when testing new methods of eval-
uation. The development of sequences with ultrashort echo
times compensate for the low proton density and very short
transverse relaxation time (or T2*) of the lung parenchyma

(2-6). MRI may be used to analyze respiratory movements
by coupling MRI dynamic acquisition and registration
methods (7). Elastic registration algorithms are designed to
find the transformation, allowing a source image to match
with a target image. Thus, the difference between the two
images can be quantified.

We hypothesized that elastic registration could be
used to evaluate and quantify the local lung deformation
between inspiratory (source image) and expiratory lung
MRI (target image), and to compare lung deformation
patterns in healthy volunteers and study participants
with known lung fibrosis documented at high-resolution
CT. As a demonstration of these methods, we studied
participants with SSc, known to have a high prevalence
of pulmonary fibrosis. Thus, the purpose of this study
was to evaluate the feasibility of elastic registration of
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Abbreviation

SSc = systemic sclerosis

Summary

Elastic registration of inspiratory and expiratory MRI revealed quali-
tative and quantitative differences in lung deformation in study par-
ticipants with systemic sclerosis compared with healthy volunteers.

Key Points

= Areas of marked shrinkage during expiration MRI were found in
the posterior lung bases of healthy volunteers and in participants
with systemic sclerosis without fibrosis, but not in participants
with fibrosis.

= The sensitivity and specificity of MRI for presence of fibrosis at
high-resolution CT were 86% and 75%, respectively (area under
the curve, 0.81)

inspiratory-to-expiratory lung MRI for the assessment of pul-
monary fibrosis in study participants with SSc.

Materials and Methods

Two authors (R.M. and N.P) are employees of TheraPanacea
(Paris, France). They provided support for the elastic registra-
tion process but had no control of the data or statistics.

Study Participants

This prospective single-center cohort study was approved
by the Sud-Ouest et Outre-Mer I ethics committee (study
number, 2017-A00961-52) and registered at ClinicalTrials.
gov (registration number, NCT03207997). All participants
provided written informed consent. From September 2017
to March 2018, all consecutive participants with SSc referred
for cardiac MRI as part of their routine follow-up at Cochin
University Hospital (Paris, France) were asked to give their
consent for undergoing additional lung MRI sequences. In-
cluded participants were at least 18 years old with a confirmed
diagnosis of SSc based on 2013 American College of Rheu-
matology and European League Against Rheumatism criteria
(8) and recent (within the previous 3 months) pulmonary
function tests and high-resolution CT performed with stan-
dard parameters (section thickness, 0.625 mm to 1.25 mmy;
sharp kernel; matrix, 512 X 512). Exclusion criteria were ex-
acerbation of pulmonary fibrosis, orthopnea, and inability to
perform a 17-second breath hold. A group of healthy volun-
teers also underwent lung MRIL

MRI Sequences

All MRIs were performed with a 3.0-T MRI unit (Skyra
Magnetom, version VE 11; Siemens Healthineers, Erlangen,
Germany) by using an 18-channel phased-array body coil. All
study participants were placed in the supine position with the
arms along the body. Two three-dimensional, ultrashort—echo-
time, gradient-echo spiral volume interpolated breath-hold
examination (or VIBE) sequences, one following a full inspira-
tion and the other after a full expiration, were acquired in all
study participants. Each sequence, performed in the coronal
plane, lasted 17 seconds. Parameters were as follows: repetition
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time, 2.73 msec; echo time, 0.05 msec; flip angle, 5% field of
view, 500 X 500 mm; section thickness, 2.5 mm; matrix, 240
X 240; in-plane resolution, 2.08 X 2.08 mm; spiral duration,
1800 psec; and acceleration factor (iPAT; Siemens) of 2.

Elastic Registration

Following semiautomated lung segmentation with Myrian
XP-Lung software (version 1.19.1; Intrasense, Montpellier,
France), registration of inspiratory to expiratory images was
performed by using an in-house multimetric, multimodal,
graph-based elastic registration algorithm (9) (Fig 1).

This registration algorithm is available for research purposes
at htps:/fwww.mrf-registration.net. Calculations were performed
on a workstation with four graphic processing units (GTX1080;
Nvidia, Santa Clara, Calif). To prepare for registration, all voxels
outside the lung were masked out by using the same level of signal
intensity of 400, close to that of chest wall muscles. This allowed
obtaining a uniform background to avoid registration errors.

The quality of elastic registration was evaluated by com-
paring its performance to that of two independent observers
(Fig E1 [online]). The first observer (C.M., with 1 year of ex-
perience in thoracic imaging) manually placed all landmarks
on inspiration images and then on expiration images by using
an open-source segmentation tool (ITK-SNAP; hetp:/fwww.
itksnap.org). A second observer (G.C., with 3 years of experi-
ence in thoracic imaging) directly placed the corresponding
points on the expiratory images. Elastic registration automat-
ically placed the landmarks of inspiratory images on expira-
tory images (registered expiratory landmarks). All expiratory
landmark coordinates were collected and the mean distances
were calculated as follows: distance A, between observer 1
and 2; distance B, between observer 1 and registered expi-
ratory landmarks; and distance C, between observer 2 and
registered expiratory landmarks.

Analysis of Lung Deformation

Elastic registration of inspiration to expiration produced dif-
feomorphic deformation maps for each study participant from
which the Jacobian determinant of each voxel was calculated.
The Jacobian determinant corresponds to the quantitative
value of the volume change for each voxel of a Jacobian matrix.
It quantifies the stretching or shrinking of each voxel (Fig 2).
The Jacobian determinants were postprocessed as follows:

In step 1, the Jacobian determinants were normalized for
each participant by using his or her own ratio of expiratory vol-
ume to inspiratory volume as a moderation factor. This ratio
obtained from lung segmentations allowed taking into account
the varying degrees of expiration among study participants and
obtaining relative values of Jacobian determinants.

In step 2, expiratory MRI in one of the healthy volunteers
was used as common template for Jacobian comparison in the
entire cohort. Each participant’s expiratory mask was registered
to the common expiratory mask and the calculated transforma-
tion was applied to the Jacobian determinants.

In step 3, the Jacobian determinants were averaged to produce
a unique three-dimensional Jacobian map for each group of study
participants: study participants with SSc without pulmonary
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a.
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Figure 1: Images show example of inspiratory-to-expiratory elastic registration of coro-
nal lung MRl in a healthy 24-year-old man using algorithm. (a) Checkboard image before
elastic registration shows differences between source inspiratory image and target expira-
tory image. (b) Checkboard image after elastic registration. (c) Target expiratory image.
(d) Inspiratory image after elastic registration. Arrows on vessel bifurcation in ¢ and d sho
correct match between two images.

Deformed Images
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Figure 2: lllustration depicts Jacobian determinant. Jacobian determinant is
quantitative value of deformation matrix of each voxel. If voxel size remains similar
after deformation (VO = V1), then Jacobian determinant is 1 and logarithm of Ja-
cobian determinant (Log_Jac) is O. If deformed voxel is smaller than original, then
Log_Jac has negative value, whereas if deformed voxel is larger, then Log_Jac is
positive.
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b.
areas showing marked shrinkage as those
' with Jacobian logarithm values below —0.15.
gyt ~ Marked shrinkage areas were segmented for
each study participant with SSc by using this
cutoff value as a threshold, and they were
. compared with marked shrinkage areas of the
unique three-dimensional Jacobian map for
the healthy volunteer group. This compari-
- son used the Dice similarity coefficient (10).
The Dice similarity coefficient is a statistic
d.
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fibrosis, study participants with SSc-related
pulmonary fibrosis, and healthy volunteers.

In step 4, axial, sagittal, and coronal two-
dimensional Jacobian maps were produced
for each participant and each group by av-
eraging Jacobian determinants along each
axis (x, y, 2) to represent the deformation on
axial, coronal, and sagittal views.

Color maps were used to visually repre-
sent deformation based on the logarithm of
the Jacobian determinants. Negative values

indicated voxel shrinking, positive values
indicated voxel stretching, and nil values in-
dicated no volume change in the voxel (Fig
2). Based on the color maps, we defined lung

used to compare the similarity of two sam-
ples, commonly used in image segmentation.

Statistical Analysis

All analyses were performed with XLSTAT
w software (version 19.4; Addinsoft, NY) and

R software (version 3.3.3; R Foundation,

Vienna, Austria). Characteristics of the study

participants were compared by using the
Fisher exact test for categorical variables or analysis of
variance and Student 7 test for quantitative data. Dis-
tances between expiratory landmarks were compared
by using the Bartlett variance test. Receiver operat-
ing characteristic analysis was used to determine the
best cutoff values of Dice similarity coefficient for the
presence of pulmonary fibrosis. 2 values <.05 were
considered to indicate statistical significance.

Results

Study Population

Two of the 20 participants with SSc referred for
routine cardiac MRI during the study period re-
fused to participate and one participant (younger
than 18 years) did not fulfill the inclusion criteria.
Another participant was excluded because of poor
quality of the MRI due to a misunderstanding of
breathing instructions. Thus, 16 study partici-
pants with SSc were evaluated (Fig 3). Their high-
resolution CTs were then reviewed by a thoracic
radiologist (M.PR., with 18 years of experience)
who defined one group with and the other group

489



Elastic Registration in Pulmonary MRI for Assessment of Fibrosis in Systemic Sclerosis

| 11 Healthy volunteers | 20 SSc patients referred

for cardiac examination

mean distances between observers and registered
landmarks (distance B and C) were 5.8 mm * 5.1

- 2 refused to participate
- 1 with age < 18 years old

and 7.7 mm = 5.9, respectively. There was no sta-
tistical difference among the three mean distances

Lung MRI |

(P=.49).

s | - 1 with poor image quality |

| 16 study participants with SSc |

11 Healthy volunteers | | 9 SSc-no-Fibrosis | | 7 SSc-Fibrosis ]

Figure 3: Flowchart shows study population. SSc = systemic sclerosis.

Visual Analysis of Lung Deformation

Visual analysis of color maps showed differ-
ences in the distribution of the Jacobian deter-
minants among the study participants with SSc
and healthy volunteers. The areas with marked
deformation during expiration were found in
the posterior part of the lung bases in healthy

Study Cohort Characteristics

volunteers and in study participants with SSc

Healthy  Systemic
Volunteers Sclerosis and

Systemic
Sclerosis and

without pulmonary fibrosis. The normalized
Jacobian determinants did not demonstrate the
same predominant expiratory deformation of

Characteristic (n=11) No Fibrosis (7 = 9) Fibrosis (72 = 7) P Value . 7. .

the lung bases in study participants with pul-
Female sex 2 (18) 7 (78) 5(71) .02* monary fibrosis (Fig 4).
Age (y)* 29.1*93 59*175 60 = 16.3 <.001*
Body mass index’ ~ 21.8 = 1.6 22.6 = 2.3 21.8 £2.9 .67* Quantitative Analysis
Smoker. . r¢3 27) 4 (44) 3 (42) 68" Regarding the localization of marked shrink-
Forced V‘fal GRS oac 96 * 26 66 = 19 03 age areas in the lung, the mean Dice similar-
DLCOc* 68 * 15 38+ 6 <.001

ity coeflicient value was 0.44 = 0.13 for study

ity corrected for anemia.

systemic sclerosis—related pulmonary fibrosis).
" Data are means * standard deviation.

# Indicates percentage of predicted value.

Note.—Unless otherwise specified, data are numbers of study participants,
with percentages in parentheses. DLCOc = carbon monoxide—diffusing capac-

* Comparison of the three groups (healthy volunteers, study participants with
systemic sclerosis without pulmonary fibrosis, and study participants with

participants without fibrosis and 0.25 * 0.15
for those with fibrosis (P = .02). Its best cut-
off value for the presence of fibrosis was 0.36
at receiver operating characteristic curve analy-
sis, with a sensitivity of 86% (95% confidence
interval: 0.46, 0.99) and a specificity of 75%
(95% confidence interval: 0.53, 0.89) (area un-

without signs of SSc-related pulmonary fibrosis. A group of 11
healthy volunteers was also evaluated.

Thus, there were 27 study participants in total, 14 women and
13 men (Table). Women (mean age * standard deviation, 54.8
years = 19.2; range, 24-82 years) were significantly older than
men (mean age, 38.8 years = 19.1; range, 2481 years) (P = .04).

At high-resolution CT, nine of the 16 study participants
with SSc had no signs of infiltrative lung disease, whereas the
remaining seven had signs of SSc-related pulmonary fibrosis
with traction bronchiectasis in addition to ground glass and
reticulations predominantly affecting the posterior portions
of both lower lobes. The mean interval between MRI and
high-resolution CT was 14 days * 26. Healthy volunteers
were more frequently men (P = .01) and younger than study
participants with SSc. Forced vital capacity and carbon mon-
oxide—diffusing capacity corrected for anemia values were
poorer in participants in the SSc-related fibrosis group (P =
.03 and P < .001, respectively) than in participants without
pulmonary fibrosis. Body mass index did not differ among

the three groups (P = .67).
Evaluation of Elastic Registration

The mean distance between the expiratory landmarks of ob-
servers 1 and 2 (distance A) was 7.4 mm *7.1, whereas the
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der the curve, 0.81; 95% confidence interval:

0.54, 1) (P = .04) (Fig 5).

Discussion

This preliminary study evaluating elastic registration of in-
spiratory-to-expiratory MRI for the detection of pulmonary
fibrosis in participants with systemic sclerosis (SSc) showed
major visual differences in Jacobian maps between those with
and those without fibrosis at high-resolution CT. There was
a marked shrinkage of the lung bases during expiration in
healthy volunteers and in study participants with SSc with-
out fibrosis, but not in those with pulmonary fibrosis. So far,
the evaluation of pulmonary fibrosis at MRI has mostly been
based on gadolinium-enhanced sequences. Brady et al (11)
evaluated late contrast enhancement, whereas Yi et al (12)
performed contrast imaging at different times and showed
differences in enhancement patterns between inflammatory
and noninflammatory fibrotic lesions.

Currently, elastic registration methods are mainly used in
radiation therapy to localize lesions and to generate phan-
toms of motion to anticipate cardiac or breathing move-
ments (13,14). Recently, Han et al (15) described a registra-
tion method to estimate lung motion during a respiratory
cycle on high-resolution CT images and follow the motion
of lung nodules. The major drawback with CT is that the

dose of radiation is doubled when both expiratory and
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Figure 5: Graph shows receiver operating characteristic curve

of Dice coefficient for entire cohort. Best Dice coefficient cutoff value
for presence of fibrosis was 0.36, with sensitivity of 86% (95% confi-
dence interval [CI]: 46, 99) and specificity of 75% (95% Cl: 53, 89)
(area under the curve [AUC], 0.81; 95% Cl: 0.54, 1) (P = .04).
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and study participants with
J ‘ \d - : SSc without fibrosis, with a
& L - decrease in volume mainly
™ i
]
: |
- ¢

Figure 4: Images show projection in x, y, and z axis of mean of Jacobian determinants in each group.
Marked shrinkage areas (in red) are found in dorsal aspect of lung bases in healthy volunteers and in
study participants with systemic sclerosis (SSc) without evidence at high-resolution CT for pulmonary fibro-
sis. In corresponding areas, lungs of study participants with evidence for SSc-related fibrosis show little
deformation with mean Jacobian determinant near to O (in green). These lung areas are those with signs
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standard inspiratory acquisi-
tions are performed, whereas
MRI is radiation free. Sun-
daram et al (16), showed a
difference in lung motion be-
tween healthy and hypoxemic
mice by using MRI and elas-
tic registration. We show that
unenhanced MRI sequences,
performed at the end of in-
spiration and expiration, can

effectively and noninvasively
help to detect lung fibrosis.

observed the same

found in the posterior lung
bases. This was not observed
in study participants with fi-
brosis. Under the assumption
that a loss of elasticity might
precede the appearance of fi-
brotic changes at high-reso-
lution CT, we also included
participants with SSc but no
signs of infiltrative lung dis-
ease at high-resolution CT.
However, this hypothesis was

e

not confirmed in our sample.

There were several limi-
tations to our study. First,
this feasibility study only
included a small number of
study participants, resulting
in large confidence intervals for sensitivity and specificity.
Furthermore, healthy participants and participants with dis-
ease were not age and sex matched. For practical and ethical
reasons, lung MRI sequences were not repeated to assess
repeatability of the method. Also, we did not take into ac-
count the clinical scoring of skin sclerosis. Patients with high
Rodnan skin scores (>>20) (17) have marked skin sclerosis,
which can result in decreased chest expansion. However,
the lack of basal shrinkage in study participants with SSc-
related fibrosis supports our hypothesis that this method ef-
fectively identifies fibrosis-related loss of elasticity, because
restriction from skin sclerosis would not be predominantly
basal. Finally, we only evaluated patients who could hold
their breath for 17 secs; thus, this method is probably not
applicable to patients with advanced lung disease.

In conclusion, elastic registration of inspiratory-to-expiratory
MRI offers new perspectives in the noninvasive evaluation
of lung fibrosis in patients with systemic sclerosis. These results
must be confirmed in a larger cohort, but could apply to other
fibrotic lung diseases.
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