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Interstitial lung disease (ILD) is a major cause of morbid-
ity and the leading cause of death in patients with sys-

temic sclerosis (SSc) (1,2). High-resolution CT of the chest 
is the most reliable method for ILD detection (3). In the 
large European Scleroderma Trials and Research group, 
the prevalence of ILD among patients with SSc at CT was 
53%, whereas dyspnea was present in only 35% (4). Initial 
ILD extent is predictive of both disease progression and 
mortality (5,6). Thus, CT plays an important role in ILD 
screening and staging, along with pulmonary function tests 
(PFTs).

For disease monitoring, PFT measurements, particu-
larly forced vital capacity predicted for age and sex, are the 
predominant marker. According to the American Thoracic 
Society, European Respiratory Society, Japanese Respira-
tory Society, and Latin American Thoracic Association cri-
teria, in the context of idiopathic pulmonary fibrosis, func-
tional deterioration is defined as a relative decline of 10% 
in absolute forced vital capacity or of 15% in absolute dif-
fusing capacity for carbon monoxide (DLco) (7–9). How-
ever, some authors consider changes in PFTs an insensitive 
end point (10) and suggest combining forced vital capacity 
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Background: Longitudinal follow-up of interstitial lung diseases (ILDs) at CT mainly relies on the evaluation of the extent of ILD, 
without accounting for lung shrinkage.

Purpose: To develop a deep learning–based method to depict worsening of ILD based on lung shrinkage detection from elastic reg-
istration of chest CT scans in patients with systemic sclerosis (SSc).

Materials and Methods: Patients with SSc evaluated between January 2009 and October 2017 who had undergone at least two 
unenhanced supine CT scans of the chest and pulmonary function tests (PFTs) performed within 3 months were retrospectively 
included. Morphologic changes on CT scans were visually assessed by two observers and categorized as showing improvement, 
stability, or worsening of ILD. Elastic registration between baseline and follow-up CT images was performed to obtain defor-
mation maps of the whole lung. Jacobian determinants calculated from the deformation maps were given as input to a deep 
learning–based classifier to depict morphologic and functional worsening. For this purpose, the set was randomly split into 
training, validation, and test sets. Correlations between mean Jacobian values and changes in PFT measurements were evalu-
ated with the Spearman correlation.

Results: A total of 212 patients (median age, 53 years; interquartile range, 45–62 years; 177 women) were included as follows: 
138 for the training set (65%), 34 for the validation set (16%), and 40 for the test set (21%). Jacobian maps demonstrated 
lung parenchyma shrinkage of the posterior lung bases in patients found to have worsened ILD at visual assessment. The classifier 
detected morphologic and functional worsening with an accuracy of 80% (32 of 40 patients; 95% confidence interval [CI]: 
64%, 91%) and 83% (33 of 40 patients; 95% CI: 67%, 93%), respectively. Jacobian values correlated with changes in forced 
vital capacity (R = 20.38; 95% CI: 20.25, 20.49; P , .001) and diffusing capacity for carbon monoxide (R = 20.42; 95% CI: 
20.27, 20.54; P , .001).

Conclusion: Elastic registration of CT scans combined with a deep learning classifier aided in the diagnosis of morphologic and functional 
worsening of interstitial lung disease in patients with systemic sclerosis.
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measurement with a morphologic evaluation of disease progres-
sion as a better alternative in clinical trials (11). In patients with 
SSc, no clear recommendations exist regarding the role of CT 
in monitoring ILD. CT is often performed in situations of in-
creased pulmonary symptoms or a decline in PFT measurements 
(12). Nonspecific interstitial pneumonia is the main form of 
SSc-related ILD, which progresses from an initial inflammatory 
stage to fibrosis. Thus, ILD follow-up on CT scans requires not 
only comparing the disease extent, but also evaluating the lung 
shrinkage related to the fibrosing process.

Only a few studies have evaluated longitudinal changes of 
SSc-related ILD at CT, and all of these have focused on the eval-
uation of ILD extent (6,13,14). Assessment of lung shrinkage 
is more complex and requires a side-by-side comparison of CT 
images at each level. Elastic registration of CT images provides 
a quantitative means to assess lung shrinkage associated with 
worsening during the monitoring of ILD progression. The pur-
pose of this study was to develop a deep learning–based method 
to diagnose SSc-ILD worsening on the basis of lung shrinkage 
detection from elastic registration of chest CT scans obtained 
during follow-up.

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 single-center retrospective study was approved by the 
institutional review board of the Société de Pneumologie de 
Langue Française (reference no. CEPRO-2017-023), which 
waived the need for patients’ consent. Patients who met the 
American College of Rheumatology and the European League 
against Rheumatism 2013 criteria for SSc (15) were recruited 

from the database of the Centre de Référence des Maladies 
Auto-Immunes Systémiques Rares d’Ile de France at Cochin 
Hospital. This database collects the sociodemographic, clini-
cal, morphologic, and biologic characteristics as well as PFT 
measurements of patients with SSc referred to this tertiary care 
center. All consecutive patients with SSc evaluated at our uni-
versity hospital between January 2009 and October 2017 were 
eligible. The inclusion criterion was the availability of at least 
two consecutive unenhanced CT scans of the chest obtained in 
the supine position. Exclusion criteria were (a) presence of mo-
tion artifacts, (b) signs of another lung disease or acute compli-
cation at CT, and (c) unavailability of PFTs within 3 months of 
the CT scans (Fig 1). If patients had more than two CT scans 
meeting the inclusion criteria, only the oldest and the more 
recent CT scans were considered.

CT Scans
Inspiratory unenhanced CT scans of the whole lung were ac-
quired with multisection CT devices (Somatom Sensation 16, 
Somatom DS, and Somatom AS+; Siemens Healthineers, Er-
langen, Germany; and Revolution HD; GE Healthcare, Mil-
waukee, Wis). Acquisition and reconstruction parameters were 
those fulfilling CT criteria. Images were reconstructed in the 
axial plane with a section thickness of 0.625–1.25 mm using 
filtered back projection (384 of 424 CT examinations [91%]) 
or iterative reconstruction algorithms (40 of 424 CT examina-
tions [9%]) (sinogram-affirmed iterative reconstruction level 3 
or adaptive statistical iterative reconstruction-V, 70%), and a 
high-frequency kernel (B70f, I70f, or Lung).

Visual Analysis
Visual image analysis was performed by two chest radiologists 
in consensus (G.C. and M.P.R., with 4 years and 18 years of 
experience in chest imaging, respectively). The two radiologists 
were blinded to the PFT measurements and the results of the 
deep learning classifier. CT scans were reviewed for the pres-

Abbreviations
CI = confidence interval, DLco = diffusing capacity for carbon monox-
ide, DLco%c = percentage of predicted DLco corrected for measured 
hemoglobin, FVC% = percentage of predicted forced vital capacity, ILD 
= interstitial lung disease, IQR = interquartile range, Kco%c = percent-
age of predicted carbon monoxide transfer coefficient corrected for 
measured hemoglobin, PFT = pulmonary function test, SSc = systemic 
sclerosis, TLC% = percentage of predicted total lung capacity

Summary
In patients with systemic sclerosis, a deep learning classifier applied 
to elastic registration of chest CT images depicted lung shrinkage and 
functional worsening with high accuracy.

Key Results
 n Worsened interstitial lung disease in patients with systemic scle-

rosis is associated with progressive lung parenchymal shrinkage at 
chest CT.

 n The deep learning classifier depicted morphologic and functional 
worsening with an accuracy of 80% (32 of 40 patients) and 83% 
(33 of 40 patients), respectively.

 n Jacobian values correlated with changes in forced vital capacity  
(R = 20.38; P , .001) and diffusing capacity for carbon monox-
ide (R = 20.42; P , .001).

Figure 1: Flowchart of study patients.
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bian determinant is a quantitative measurement of 
the deformation applied to each voxel to have the 
baseline lung scan matching the follow-up exami-
nation. It quantifies the stretching or shrinkage of 
each voxel. If the voxel size remains similar after 
deformation, log_jac is 0. If the deformed voxel is 
smaller than the original, log_jac is negative; if the 
deformed voxel is larger, log_jac is positive (Fig 2).

To obtain statistics for all patients and allow 
comparison between groups, all Jacobian maps 
were elastically registered to a common template 
using the same registration algorithm (16,17).

Jacobian maps were visually compared between 
patients with functional stability or functional 
worsening and between patients with improve-
ment, stability, or worsening based on visual mor-
phologic assessment. The registered Jacobian maps 
were averaged for each patient group to produce a 

unique three-dimensional Jacobian map for visual comparison 
of each group. Mean log_jac values of each patient were also 
calculated for comparison between groups and evaluation of the 
correlation with PFT changes.

Deep Learning–based Classification
For automated detection of disease worsening at CT, a deep 
learning architecture (fully connected convolutional neural 
network with four layers and cross entropy loss) was trained 
twice, successively targeting depiction of functional or mor-
phologic changes (Figure E1 [online]). The first model was 
trained to depict functional worsening—as determined from 
the PTF scores—whereas the other model was trained to de-
pict morphologic worsening—as determined from the radiolo-
gists’ (G.C. and M.P.R.) assessment. Patients showing visual 
improvement were included in the same group as those with 
stable disease. The Jacobian maps of the whole lung were used 
as input, and patients were randomly split into a learning set 
(172 patients; 80% for training and 20% for validation) and a 
test set (40 patients). Patient characteristics in the learning set 
(172 patients) and test set (40 patients) were not statistically 
different (P  .17; Table E1 [online]). More information re-
garding the deep learning model can be found in Appendix E1 
(online). The code of the deep learning classifiers is available at 
https://github.com/msahasrabudhe/jacs_clf.

Quantification of ILD Extent
For comparison purposes, the extent of ILD was quantified 
on each CT scan using a previously reported deep learning–
based method developed for SSc-ILD segmentation (18,19). 
Through use of this method, ILD extent was expressed as the 
percentage of diseased lung from the total lung volume.

Statistical Analysis
Statistical analysis was performed with R software (version 
3.3.3; the R Foundation for Statistical Computing, Vienna, 
Austria). Characteristics of the study participants were com-
pared using the Fisher exact test for categorical variables or 
analysis of variance (with the Scheffe method for post hoc anal-

ence of ILD, defined by the presence of ground-glass opaci-
ties, reticulations, traction bronchiectasis, or honeycombing 
in various combinations. Then, a side-by-side comparison of 
baseline and follow-up CT images was performed in consensus 
by the same two radiologists to assess whether ILD showed 
morphologic stability, worsening, or improvement. CT scans 
were considered to show improvement when they were associ-
ated with a decrease in volume of ground-glass opacities. Wors-
ening consisted of an increase in extent of ILD or an increase in 
traction bronchiectasis and/or honeycombing with or without 
an increase in the extent of ILD.

PFT Measurements
PFTs were measured within 3 months of the baseline and fol-
low-up chest CT and were retrieved from the database. PFT 
measurements included percentage of predicted forced vital 
capacity (FVC%), percentage of predicted total lung capacity 
(TLC%), percentage of predicted DLco corrected for mea-
sured hemoglobin (DLco%c), and percentage of predicted 
carbon monoxide transfer coefficient corrected for measured 
hemoglobin (Kco%c). Functional changes were evaluated ac-
cording to the American Thoracic Society, European Respira-
tory Society, Japanese Respiratory Society, and Latin American 
Thoracic Association criteria. Functional worsening was de-
fined by a decrease in absolute FVC% of 10% or a decrease in 
absolute DLco% of 15% (7).

Elastic Registration
Image preprocessing was performed with Python software 
(version 2.7; Python Software Foundation, Wilmington, Del). 
The preprocessing steps included image resampling to a 1-mm 
isotropic resolution and lung segmentation using an in-house 
deep learning–based segmentation tool. Follow-up CT im-
ages were elastically registered to match baseline images and 
to calculate the deformation maps. Elastic registration was per-
formed using a robust, multimetric, multimodal graph-based 
registration algorithm (16,17). Jacobian maps were obtained 
by calculating the logarithm of the Jacobian (or log_jac) de-
terminant for each voxel of the deformation matrix. The Jaco-

Figure 2: Illustration of Jacobian determinant (quantitative value of deformation matrix of each 
voxel). If voxel size remains similar after deformation (V0 = V1), logarithm of Jacobian determinant 
(Log_Jac) is 0. If deformed voxel is smaller than original, Log_Jac is negative, whereas if deformed 
voxel is larger, Log_Jac is positive.
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At baseline, the median age was 53 years (interquartile range 
[IQR], 45–62 years), and 69% (147 of 212) had ILD at CT. 
The median extent of ILD at chest CT was 6.1% of the lung vol-
ume (IQR, 0.4%–19.1%). The median FVC% was 91% (IQR, 
75%–104%); 18% of patients (63 of 212) had a decreased 
FVC% (,80% of the predicted value according to Goh et al 
[5]). The DLco measurement at baseline was available for 196 
patients (92%). The median DLco%c was 63% (IQR, 49%–
76%); 61% of patients (120 of 196) had a decreased DLcoc% 
(,70% of the predicted value).

The median interval between baseline and follow-up was 
37 months (IQR, 23–53 months). It was longer for patients 
with functional worsening (median, 45 months [IQR, 34–65 
months]) than for patients with functional stability (median, 27 
months [IQR, 16–46 months]) (P , .001) (Table 1). It was also 
longer in patients showing morphologic worsening at CT (me-
dian, 43 months [IQR, 32–59 months]) compared with those 
having morphologic stability (median, 32 months [IQR, 19–49 
months]) (P = .003) at visual assessment (Table 2).

Regarding PFTs, all but 25 patients had both baseline and 
follow-up measurement of DLcoc%. Overall, we observed a 
mild decline in pulmonary function, with a median change of 
22% (IQR, 28% to 6%) in FVC% and 24% (IQR, 211% 
to 0%) in DLco%c (Table 1). Ninety-one of the 212 patients 
(43%) met the American Thoracic Society, European Respiratory 

ysis) and Mann-Whitney test for quantitative data. Correlation 
between mean log_jac values and changes in PFT parameters 
(TLC%, FVC%, DLco%c, and Kco%c) was evaluated using 
the Spearman correlation coefficient. Receiver operating char-
acteristic curve analyses were used to find the best thresholds 
for identifying patients with functional and morphologic wors-
ening according to ILD extent changes in the training and/
or validation data set. Sensitivity, specificity, and accuracy of 
the classifiers to depict morphologic or functional worsening 
were calculated using visual analysis of CT scans or functional 
changes as a reference. P , .05 was considered to indicate a 
statistically significant difference.

Results

Patient Characteristics
During the study period, 591 patients with SSc from our refer-
ence center underwent chest CT at our radiology department. 
Among the 295 patients who had undergone at least two unen-
hanced CT examinations of the chest performed in the supine 
position, 83 were excluded because of unavailability of PFTs 
(n = 67), motion artifacts (n = 8), or signs of another lung 
disease (n = 8); 212 were included (Fig 1). Most patients were 
women (n = 177 [83%]) and had limited cutaneous disease (n = 
128 [60%]) (Table 1).

Table 1: Patient Characteristics according to Functional Changes

Characteristic All Patients (n = 212)
Patients with Functional  
Worsening (n = 91)

Patients with  
Functional Stability  
(n = 121) P Value

Median age (y)* 53 (45–62) 54 (48–63) 52 (42–62) .12
Women 177 (83) 79 (87) 98 (81) .35
Limited cutaneous systemic sclerosis 128 (60) 51 (56) 77 (64) .32
Median Rodnan score at baseline* 6 (2–13) 7 (2–14) 6 (2–13) .65
Median baseline pulmonary function test values* 
 TLC% 95 (81–108) 94 (78–109) 96 (87–107) .33
 FVC% 91 (75–104) 91 (74–106) 93 (75–103) .61
 DLco%c 63 (49–76) 62 (46–75) 65 (50–77) .37
 Kco%c 79 (68–91) 79 (67–90) 80 (70–91) .78
Median interval between baseline and follow-up  

chest CT (mo)*
37 (23–53) 45 (34–65) 27 (16–49) ,.001

ILD at baseline CT 147 (69) 71 (78) 76 (63) .02
ILD extent at baseline CT (%) 6.1 (0.4, 19.1) 9.3 (1.0, 25.0) 3.7 (0.3, 17.2) .048
Median changes in pulmonary function test results*
 TLC% 0 (27 to 5) 24 (210 to 3) 1 (23 to 6) .01
 FVC% 22 (28 to 6) 28 (212 to 22) 3 (23 to 7) ,.001
 DLco%c 24 (211 to 0) 213 (218 to 28) 22 (25 to 3) ,.001
 Kco%c 26 (214 to 2) 213 (222 to 25) 22 (27 to 5) ,.001
Morphologic worsening at CT 73 (34) 47 (52) 26 (21) ,.001
Median changes in ILD extent 0.1 (20.8, 3.6) 1.5 (0.0, 7.8) 0 (22.2, 0.8) ,.001
Median mean log_jac* 0.02 (20.05 to 0.07) 0.05 (0.00–0.11) 0.01 (20.08 to 0.03) ,.001

Note.—Except where indicated, data are numbers of patients, with percentages in parentheses. DLco%c = percentage of predicted diffusing 
capacity for carbon monoxide, FVC% = percentage of predicted forced vital capacity, ILD = interstitial lung disease, Kco%c = percentage 
of predicted carbon monoxide transfer coefficient corrected for measured hemoglobin, log_jac = logarithm of the Jacobian determinant, 
TLC% = percentage of predicted total lung capacity.
* Numbers in parentheses are interquartile ranges.
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[IQR: 216% to 24%] vs 23% [IQR: 29% to 1%], P , .001; 
and Kco%c: 210% [IQR: 220% to 21%] vs 23% [IQR: 
211% to 4%], P = .001) (Figs 3, 4). Similarly, the post hoc tests 
showed that the decline in FVC% and DLco%c was more fre-
quent for patients with morphologic worsening compared with 
those with improvement at CT (FVC%: 27% [IQR: 211% to 
0%] vs 15% [IQR: 5%–22%], P = ,.001; DLco%c: 210% 
[IQR: 216% to 24%] vs 24% [IQR: 28% to 11%], P = .02), 
whereas median FVC% increased for patients with morphologic 
improvement in comparison with patients having morphologic 
stability at CT (median change, 15% [IQR: 5%–22%] vs 2% 
[IQR: 25% to 6%], respectively, P = .001) (Table 2). Both 
median ILD extent at baseline and median absolute changes in 
ILD extent were significantly higher for patients with functional 
worsening than for those with stable disease (ILD extent: 9.3% 
[IQR: 1.0%–25.0%] vs 3.7% [IQR: 0.3%–17.2%], respectively, 
P = .048; median absolute change in ILD extent: 1.5% [IQR: 
0.0%–7.8%] vs 0% [IQR: 22.2% to 0.8%], P , .001) (Table 
1). Median ILD extent and absolute changes in ILD extent also 
significantly differed between patients showing morphologic 
worsening, stability, or improvement (P = .01 and P  .001, 

Society, Japanese Respiratory Society, and Latin American Tho-
racic Association criteria for functional deterioration. Visual 
comparison between baseline and follow-up CT scans showed 
morphologic worsening in 73 of the 212 patients (34%), includ-
ing eight patients who developed an ILD. In seven of the 212 
patients (3%), ILD had improved on the follow-up CT scan, 
whereas in the remaining 132 patients (62%), the disease was 
considered morphologically stable (Table 2). The seven patients 
who improved received steroids and immunosuppressive treat-
ments in the time between the two CT scans.

Morphologic worsening was more frequent in patients with 
functional worsening (47 of 91 [52%]) than in patients with 
functional stability (26 of 121 [21%]) (P , .001) (Table 1). 
Similarly, PFT changes differed between patients showing 
morphologic worsening, stability, or improvement (P  .001) 
(Table 2). The post hoc tests showed that decline in TLC%, 
FVC%, DLco%c, and Kco%c was more frequent for patients 
with visual worsening at CT than for patients with visual stabil-
ity (TLC%: 23% [IQR: 210% to 3%] vs 0% [IQR: 25% 
to 6%], respectively, P = .03; FVC%: 27% [IQR: 211% to 
0%] vs 2% [IQR: 25% to 6%], P = .001; DLco%c: 210% 

Table 2: Patient Characteristics according to Morphologic Changes

Characteristic
All Patients  
(n = 212)

Patients with Visual 
Worsening at CT  
(n = 73)

Patients with Visual 
Stability at CT  
(n = 132)

Patients with Visual  
Improvement at CT  
(n = 7) P Value

Median age (y)* 53 (45–62) 51 (45–63) 54 (44–61) 57 (55–63) .38
Women 177 (83) 58 (79) 114 (86) 5 (71) .21
Limited cutaneous systemic sclerosis 128 (60) 33 (45) 92 (70) 3 (43) .001
Median Rodnan score at baseline* 6 (2–13) 10 (4–10) 4 (5–19) 3 (0–20) ,.001
Median baseline pulmonary function  

test values*
 TLC% 95 (81–108) 90 (75–101) 99 (87–110) 83 (78–97) ,.001
 FVC% 91 (75–104) 83 (66–100) 94 (81–105) 82 (75–88) .005
 DLco%c 63 (49–76) 56 (42–70) 69 (53–80) 46 (36–56) ,.001
 Kco%c 79 (68–91) 76 (64–87) 82 (71–92) 75 (66–84) .14
Median interval between baseline  

and follow-up chest CT (mo)* 
37 (23–53) 43 (32–59) 32 (19–49) 46 (24–65) .003

ILD at baseline CT 147 (69) 66 (90) 74 (56) 7 (100) ,.001
ILD extent at baseline CT (%) 6.1 (0.4, 19.1) 13.2 (3.5, 25.3) 2.3 (0.2, 15.0) 17.7 (8.6, 24.1) .01
Median changes in pulmonary  

function test results*
 TLC% 0 (27 to 5) 23 (210 to 3) 0 (25 to 6) 6 (22 to 13) .01
 FVC% 22 (28 to 6) 27 (211 to 0) 2 (25 to 6) 15 (5–22) ,.001
 DLco%c 24 (211 to 0) 210 (216 to 24) 23 (29 to 1) 24 (28 to 11) ,.001
 Kco%c 26 (214 to 2) 210 (220 to 21) 23 (211 to 4) 26 (29 to 1) .001
Functional deterioration according to  

ATS/ERS/JRS/ALAT guidelines
91 (43) 47 (64) 41 (31) 3 (43) ,.001

Median changes in ILD extent 0.1 (20.8, 3.6) 4.5 (0.8, 8.9) 0 (21.2, 0.5) 26.6 (24.7, 217.2) ,.001
Median mean log_jac* 0.02 (20.05 to 0.07) 0.05 (20.01 to 0.10) 0.01 (20.07 to 0.04) 20.08 (20.15 to 20.00) .005

Note.—Except where indicated, data are numbers of patients, with percentages in parentheses. ATS/ERS/JRS/ALAT = American 
Thoracic Society/European Respiratory Society/Japanese Respiratory Society/Latin American Thoracic Association, DLco%c = percent-
age of predicted diffusing capacity for carbon monoxide, FVC% = percentage of predicted forced vital capacity, ILD = interstitial 
lung disease, Kco%c = percentage of predicted carbon monoxide transfer coefficient corrected for measured hemoglobin, log_jac = 
logarithm of the Jacobian determinant, TLC% = percentage of predicted total lung capacity.
* Numbers in parentheses are interquartile ranges.
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Elastic Registration
Mean log_jac of the lung significantly differed between patient 
groups according to functional changes (worsening group: 
0.05 [IQR: 0.00–0.11]; stability group: 0.01 [IQR: 20.08 to 
0.03], P , .001) (Fig 3) or morphologic changes (worsening 
group: 0.05 [IQR: 20.01 to 0.10]; stability group: 0.01 [IQR: 
20.07 to 0.04]; improvement group: 20.08 [IQR: 20.15 to 

respectively) (Table 2). The post hoc tests showed a higher ILD 
extent at baseline and a higher increase in ILD extent for patients 
with morphologic worsening compared with those with stable 
disease (ILD extent at baseline: 13.2% [IQR: 3.5%–25.3%] vs 
2.3% [IQR: 0.2%–15.0%], respectively, P = .02; increase in 
ILD extent: 4.5% [IQR: 0.8%–8.9%] vs 0 [IQR: 21.2% to 
0.5%], P , .001) (Table 2).

Figure 3: Distribution of functional parameters according to functional evolu-
tion. Box plots show median and lower and upper quartiles of percentage of 
predicted forced vital capacity (FVC), total lung capacity (TLC), diffusing capacity 
for carbon monoxide (DLcoc), and carbon monoxide transfer coefficient corrected 
for measured hemoglobin (Kcoc), as well as median and lower and upper quar-
tiles of mean value of Jacobian logarithms for each patient. Orange line indicates 
median, top and bottom of box indicate upper and lower quartiles, and whiskers 
indicate minimum and maximum values (excluding outliers, which are reported as 
individual dots).
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20.38; 95% CI: 20.25, 20.49; P , .001), TLC% (R = 20.27; 
95% CI: 20.13, 20.39; P , .001), and Kco%c (R = 20.30; 
95% CI: 20.15, 20.43; P , .001).

The qualitative assessment of the distribution of the lung 
log_jac values produced clear visual separation between the pa-
tient groups. Sagittal views summarizing the lung distribution 
of log_jac values in each group showed homogeneous log_jac 

20.00], P = .005) (Fig 4). Patients experiencing disease worsening 
(morphologic or functional) had higher values of mean log_jac 
of the lung.

We found a moderate negative correlation between individual 
mean log_jac value and changes in DLco%c (R = 20.42; 95% 
CI: 20.27, 20.54; P , .001) and a weak negative correlation be-
tween individual mean log_jac value and changes in FVC% (R = 

Figure 4: Distribution of functional parameters according to morphologic 
changes on CT scans. Box plots show median and lower and upper quartiles of 
percentage of predicted forced vital capacity (FVC), total lung capacity (TLC), 
diffusing capacity for carbon monoxide (DLcoc), and carbon monoxide transfer 
coefficient corrected for measured hemoglobin (Kcoc), as well as median and 
lower and upper quartiles of mean value of Jacobian logarithms for each patient. 
Orange line indicates median, top and bottom of box indicate upper and lower 
quartiles, and whiskers indicate minimum and maximum values (excluding outliers, 
which are reported as individual dots).
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95% CI: 64%, 91%) (11 true-positive results, 21 
true-negative results, five false-positive results, and 
three false-negative results). Positive and negative 
predictive values were 69% (11 of 16; 95% CI: 
41%, 89%) and 88% (21 of 24; 95% CI: 68%, 
97%), respectively.

With use of increase of ILD extent, quanti-
fied using deep learning, as a worsening criterion, 
the best thresholds for identifying functional and 
morphologic worsening were 0.82% and 0.45%, 
respectively, in the training and validation sets. On 
the basis of these thresholds, the increase in ILD 
extent had a sensitivity of 61% (11 of 18; 95% CI: 
36%, 83%), a specificity of 73% (16 of 22; 95% 
CI: 50%, 89%), and an accuracy of 68% (27 of 40; 
95% CI: 51%, 81%) to depict functional worsen-
ing in the test set. For morphologic worsening, sen-
sitivity, specificity, and accuracy were 71% (10 of 
14; 95% CI: 42%, 92%), 65% (17 of 26; 95% CI: 
44%, 83%), and 68% (27 of 40; 95% CI: 51%, 
81%), respectively.

Discussion
Lung shrinkage is an important component of 
worsening lung fibrosis but is difficult to assess 
on the basis of visual assessment. We found that 
elastic registration applied to CT images in com-
bination with a deep learning classifier depicted 
lung shrinkage and helped assess morphologic 
and functional worsening with an accuracy of 

80% and 83%, respectively. Jacobian maps demonstrated lung 
parenchyma shrinkage of the posterior lung bases in patients 
found to have worsened interstitial lung disease at visual assess-
ment, but not in patients with stable or improving disease. The 
80%–83% accuracy obtained for depicted disease worsening 
was based only on an evaluation of the lung deformation, with-
out taking into account an increase in disease extent, which is 
also a factor of worsening (20,21) and may not be associated 
with lung shrinkage in the early phase of fibrosis. The approach 
based on disease extent evaluation as a worsening criterion had 
lower performance in our study.

In PFTs, lung fibrosis not only decreases lung volumes but 
is also associated with a decrease in DLco and carbon mon-
oxide transfer coefficient. These parameters correlate to ILD 
extent at CT in both SSc and idiopathic pulmonary fibrosis 
(5,21–26). Both forced vital capacity and DLco have been 
long been used to monitor ILD progression in SSc (27). We 
observed a decrease of these functional parameters in patients 
with visual worsening at CT. The negative correlations be-
tween the mean log_jac values and changes in PFT param-
eters (R = 20.38 for FVC%, R = 20.27 for TLC%, and R = 
20.42 for DLco%c), although only weak to moderate, were 
in the range of those previously reported for fibrotic ILDs, 
using other automated methods based on imaging (20,21). 
In patients with SSc, Kim et al (20) reported a weak cor-
relation between changes in disease extent and both forced 
vital capacity (R = 20.33 to 20.40) and total lung capacity 

values in patients with stable disease on the basis of functional 
or morphologic criteria (Fig 5). Conversely, lung shrink-
age (negative log_jac values) was seen in the posterior part of 
the lung bases in patients having functional or morphologic 
worsening, whereas the same areas showed expansion (positive 
log_jac values) in the small group of patients with morphologic 
improvement on native CT images. Representative CT images 
of progressive and stable ILD along with Jacobian maps are 
shown in Figure 6.

Depiction of Disease Worsening
With use of American Thoracic Society, European Respiratory 
Society, Japanese Respiratory Society, and Latin American Tho-
racic Association functional deterioration criteria as a reference 
standard to train and test the classifier, lung shrinkage assess-
ment reached a sensitivity of 89% (16 of 18; 95% CI: 65%, 
99%), a specificity of 77% (17 of 22; 95% CI: 55%, 92%), 
and an accuracy of 83% (33 of 40; 95% CI: 67%, 93%) to 
depict disease worsening (16 true-positive results, 17 true-
negative results, five false-positive results, and two false-nega-
tive results). Positive and negative predictive values were 76% 
(16 of 21; 95% CI: 53%, 92%) and 89% (17 of 19; 95% 
CI: 67%, 99%), respectively. With use of visual assessment of 
morphologic changes as a reference standard to train and test 
the model, lung shrinkage assessment obtained a sensitivity of 
79% (11 of 14; 95% CI: 49%, 95%), a specificity of 81% (21 
of 26; 95% CI: 60%, 93%), and an accuracy of 80% (32 of 40; 

Figure 5: Sagittal projection of mean of Jacobian determinant maps. A, Two groups of patients 
according to functional changes. B, Three groups of patients according to morphologic changes.



Chassagnon et al

Radiology: Volume 298: Number 1—January 2021  n  radiology.rsna.org 197

Our study had limitations. First, some of the follow-up CT 
scans may have been obtained to explore pulmonary function 
decline due to causes other than fibrosis, which may have under-
estimated the correlation between functional deterioration and 
lung deformation. Second, because of the retrospective design, 
the range of the time interval between baseline and follow-up 
CT scans was uneven and shorter in patients with stable disease. 
Third, functional deterioration in SSc is not always due to pul-
monary fibrosis. Patients can develop pulmonary hypertension, 
which cannot be depicted with an analysis of lung deformation. 
This was not accounted for in our study. Fourth, we evaluated 
CT performed in clinical routine, without respiratory gating, 
which could induce variability regarding the quality of deep in-
spiration. However, we can assume that patients with SSc having 
repeated follow-up evaluation, including PFTs, were “trained” 
to perform respiratory maneuvers, which probably minimized 
the variability. Finally, we did not account for worsening of skin 
sclerosis as a factor of lung function deterioration. High Rodnan 
scores (.20) can result in decreased chest expansion (29) but 
would not affect the lung bases, as opposed to lung shrinkage 
depicted on lung deformation maps.

In conclusion, lung shrinkage detected with elastic registra-
tion of CT scans combined with a deep learning classifier can 
be used to assess the worsening of interstitial lung disease in sys-
temic sclerosis.

Author contributions: Guarantors of integrity of entire study, G.C., M.P.R.;  
study concepts/study design or data acquisition or data analysis/interpretation, all 
authors; manuscript drafting or manuscript revision for important intellectual 

(R = 20.16 to 20.18). In patients with idiopathic pulmo-
nary fibrosis, Humphries et al (21) reported a weak-to-mod-
erate inverse correlation between changes in disease extent  
and changes in DLco% (R = 20.27 to 20.54) and in FVC% 
(R = 20.43 to 20.44). The weak correlation between mean 
log_jac of the lung and changes in total lung capacity sug-
gests that evaluating the deformation of the whole lung is 
not an optimal marker to quantify shrinkage due to lung fi-
brosis. PFTs help detect a restrictive pattern but are based on 
an overall assessment of lung volumes, which is not sensitive 
to focal worsening. Elastic registration could determine and 
characterize lung changes locally. The main contribution of 
Jacobian maps is to provide spatial information about the 
lung deformation. Averaging Jacobian determinants of the 
whole lung volume negatively affects the correlation to func-
tional changes because some lung areas expand during the 
image registration process to compensate for shrinkage areas.

With the calculation of Jacobian determinant maps, we dem-
onstrated that lung shrinkage predominates in the posterior areas 
of lung bases, the predominant location of ILD in patients with 
SSc. In patients with visually stable disease at CT, such shrinkage 
was not observed, whereas Jacobian maps showed an expansion 
of the same areas in the few patients with morphologic improve-
ment. Another study that used a conceptually similar registra-
tion approach at lung MRI (28) reported that the posterior areas 
of lung bases showed the most important deformation between 
inspiration and expiration in healthy individuals, which was lost 
in patients with SSc and lung fibrosis.

Figure 6: CT images representative of progressive and stable interstitial lung disease (ILD) along with Jacobian maps. A, Patient with progressive ILD. 
Follow-up chest CT scan at 53 months shows increase of subpleural reticulations and ground-glass opacities. Jacobian map shows increased Jacobian de-
terminant logarithm in these areas, corresponding to focal lung shrinkage. This patient presented both functional and morphologic worsening, correctly identi-
fied with deep learning models. B, Patient with stable ILD. Follow-up chest CT scan at 6 months shows stable ILD with no increase of ground-glass opacities 
or traction bronchiectasis in lingula. Jacobian map shows Jacobian determinant logarithm close to zero, consistent with absence of focal lung shrinkage. 
Functional and morphologic stability were correctly identified with deep learning models.
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