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Abstract

Background Idiopathic Pulmonary Fibrosis (IPF) is a progressive fibrotic lung disease. However, the field of
quantitative CT scan analysis in conjunction with pulmonary function test for IPF patients remains relatively
understudied. In this study, we evaluated the diagnostic value of features derived high-resolution computed
tomography (HRCT) for patients with IPF and correlated them with pulmonary function tests.

Methods We retrospectively analyzed the chest HRCT images and pulmonary function test results of 52 patients
with IPF during the same period (1 week) and selected 52 healthy individuals, matched for sex, age, and body mass
index (BMI) and with normal chest HRCT as controls. HRCT scans were performed using a Philips 256-row Brilliance
iCT scanner with standardized parameters. Lung function tests were performed using a Jaeger volumetric tracer for
forced vital capacity (FVC), total lung capacity (TLC), forced expiratory volume in first second (FEV1), FEV1/FVC, carbon
monoxide diffusing capacity (DLCO), and maximum ventilation volume (MVV) metrics. CT quantitative analysis,
including tissue segmentation and threshold-based quantification of lung abnormalities, was performed using
3D-Slicer software to calculate the percentage of normal lung areas (NL%), percentage of ground-glass opacity areas
(GGO%), percentage of fibrotic area (F%) and abnormal lesion area percentage (AA%). Semi-quantitative analyses
were performed by two experienced radiologists to assess disease progression. The aortic-to-sternal distance (ASD)
was measured on axial images as a standardized parameter. Spearman or Pearson correlation analysis and multivariate
stepwise linear regression were used to analyze the relationship between the data in each group, and the ROC curve
was used to determine the optimal quantitative CT metrics for identifying IPF and controls.

Results ROC curve analysis showed that F% distinguished the IPF patient group from the control group with the
largest area under the curve (AUC) of 0.962 (95% confidence interval: 0.85-0.96). Additionally, with F% = 4.05% as

the threshold, the Youden'’s J statistic was 0.827, with a sensitivity of 92.3% and a specificity of 90.4%. The ASD was
significantly lower in the late stage of progression than in the early stage (t=5.691, P<0.001), with a mean reduction
of 2.45% per month. Quantitative CT indices correlated with all pulmonary function parameters except FEV1/FVC,
with the highest correlation coefficients observed for F% and TLC%, FEV1%, FVC%, MVW% (r=—0.571,-0.520, —0.521,
—0.555, respectively, all P-values <0.001), and GGO% was significantly correlated with DLCO% (r = —0.600, P < 0.001).
Multiple stepwise linear regression analysis showed that F% was the best predictor of TLC%, FEV1%, FVC%, and MVV%
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(R?=0.301,0.301, 0.300, and 0.302, respectively, all P-values < 0.001), and GGO% was the best predictor of DLCO%

(R?=0.360, P<0.001).

Conclusions Quantitative CT analysis can be used to diagnose IPF and assess lung function impairment. A decrease

in the ASD may indicate disease progression.

Keywords Idiopathic pulmonary fibrosis, Quantitative CT, Pulmonary function test, Quantitative analysis

Background

Idiopathic pulmonary fibrosis (IPF) is an unexplained,
irreversible, chronic, progressive interstitial lung disease
characterized by a progressive decline in lung function
for which there is a lack of effective treatment and a low
survival rate [1, 2]. The prevalence of IPF is increasing in
elderly patients, with a median survival of 3-5 years, and
high-resolution CT (HRCT) is the most accurate test for
noninvasive diagnosis of IPF [3]. IPF manifests as usual
interstitial pneumonia (UIP) on HRCT images or surgical
lung biopsy [4].

Lung function can reflect the disease progression of
patients with IPF, assess the severity of the disease, and
predict the disease prognosis. However, pulmonary func-
tion tests require the active cooperation of patients [5]. In
the process of testing, test results are seriously affected
when patients do not cooperate for personal reasons. For
patients with serious conditions, it may even be impos-
sible to complete the pulmonary function test. Therefore,
qualified pulmonary function tests are not applicable to
elderly patients who cannot cooperate and those with
acute exacerbation or an advanced stage of IPF.

With the advent of new computer technologies, quan-
titative CT techniques are developing into viable tools.
Quantitative chest CT technology, which allows chest CT
images to be reconstructed and calculated by appropri-
ate software, is gradually gaining wide acceptance due to
its objectivity and ability to reflect histological features,
and has great potential in the assessment of interstitial
lung diseases such as IPF [6]. However, few previous
studies have performed quantitative CT analysis of IPF
to study its relationship with lung function, and most
studies are based on visual analysis [7]. Therefore, in this
study, we assessed the relationship between quantita-
tive CT analysis of IPF and lung function to determine
the value of quantitative CT analysis in predicting lung
function impairment in patients with IPF and its clinical
application.

Materials and methods

We collected 75 consecutive cases of IPF between Febru-
ary 2021 and February 2024. All patients met the 2018
ATS/ERS/JRS/ALAT guidelines for the diagnosis of IPF.
Ultimately, we included 52 patients who underwent pul-
monary function tests and high-resolution CT scans
within no more than one week between the two tests

(Fig. 1). Forty-eight of these patients were diagnosed after
multidisciplinary consultation, and four patients had
their diagnosis confirmed by surgical lung biopsy. Addi-
tionally, 52 healthy individuals matched for sex, age, and
body mass index (BMI), and with normalities on chest
HRCT were selected as a control group.

The study received approval from the Hospital’s Eth-
ics Committee (Ethics No. YJSKY2023-297). All clinical
data were securely extracted from the electronic medical
records, ensuring patient confidentiality and compliance
with ethical standards.

CT methods

CT scans were performed using a Philips 256-row Bril-
liance iCT scanner, and all patients underwent respi-
ratory training before scanning, followed by HRCT
scanning with breath-holding at the end of maximal
inspiration. The patients were placed in the supine posi-
tion with their hands raised, and the scan was performed
from the base of the lungs to the apices. The scanning
parameters were as follows: layer thickness, 1 mm; layer
spacing, 5 mm; voltage, 120 kV; pitch array, 512x512;
bone algorithm reconstruction; lung window observation
window width, 1,500 Hu, and window position —600 HU.

Quantitative CT methods

Lung parenchyma segregation was performed using the
open source software 3D-Slicer, which automatically
segregates the lung parenchyma and manually corrects
areas that are inaccurately identified by the software.
Images were analyzed by two experienced chest radiolo-
gists. Threshold segmentation was used to obtain quan-
titative CT metrics, setting whole lung pixels between
—1024 and —200 HU, normal lung tissue pixels between
—950 and —700 HU, ground-glass opacity pixels between
—700 and —500 HU, and fibrotic area pixels between
—500 and —200 HU. The ratios of normal lung pixels,
ground-glass opacity pixels, and fibrotic region pixels to
whole lung pixels were set as a percentage of normal lung
region (NL%), percentage of ground-glass opacity region
(GGO%), and percentage of fibrotic region (F%). The sum
of the percentage of ground-glass opacity region and the
fibrotic region was set as the percentage of abnormal
lesion region (AA%) (Fig. 2).
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Fig. 1 Flow chart depicting the selection process for the final study cohort
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Fig. 2 Male patient with IPF, aged 46. (A) Chest HRCT scan demonstrates bilateral ground-glass opacity and reticular patterns, typical for IPF; (B) Auto-

matic segmentation with 3D-Slicer software, where blue represents normal lung tissue, orange indicates ground-glass opacity areas, pink denotes fibrotic
regions, and red signifies blood vessels
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Semi-quantitative analysis

Thirty-three of the 52 patients underwent regular CT fol-
low-up. Baseline and follow-up CT scans are spaced 1 to
14 months apart. To assess the progression of fibrosis on
CT, the follow-up CT images were simultaneously com-
pared by two experienced radiologists who were blinded
to the chronological order of the scans. The images were
visually analyzed, and disease progression was defined as
a decrease in lung volume and an increase in associated
signs, such as tractional bronchiectasis, honeycomb, and
ground-glass opacity. The final visual analysis screened
22 patients consistent with disease progression.

Data measurement methods

The ASD is defined as the distance from the anterior wall
of the aorta to the posterior wall of the sternum on axial
films. This parameter was measured by two experienced
chest radiologists at baseline and follow-up CT. The
HRCT images were standardized using the pulmonary
trunk as an anatomical landmark (Fig. 3).

Pulmonary function test

Pulmonary function tests were performed using a volu-
metric tracer from Jeager, Germany, to obtain the main
indices of the study cases in this group: forced vital
capacity (FVC), total lung volume (TLC), forced expira-
tory volume in the first second (FEV1), FEV1/FVC, diffu-
sion volume (DLCO), and maximum ventilation volume
(MVV). The pulmonary function tests were performed
with the subject in the sitting position, and the best result
of three repeated measurements was taken as the final
result.

Statistical methods

The Shapiro—Wilk method was used to test the normal-
ity of the measurement data, with normally distributed
data expressed as the meanztstandard deviation and
non-normally distributed data expressed as M (P25-
P75). Correlations between quantitative CT indices and
lung function parameters were assessed using Spearman
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or Pearson correlation analysis. The diagnostic efficacy
of quantitative CT indices for IPF was assessed using
subject operating characteristic curves, and the optimal
thresholds, the Youden’s ] statistic, sensitivity, specific-
ity, and area under the curve (AUC) were calculated.
Multiple stepwise linear regression analyses were used
to determine the optimal CT quantitative index for pre-
dicting lung function. Differences were considered sta-
tistically significant at P<0.05. Statistical analyses were
performed using SPSS 26.0.

Results

Study population

Fifty-two patients who underwent pulmonary function
tests and HRCT within 1 week and 52 healthy patient
controls were included. Data relating to age, sex, BMI,
smoking status, ASD, quantitative chest CT, and pulmo-
nary function are shown in Table 1. Differences between
the two groups in terms of sex composition ratio, age,
and BMI were not statistically significant. There was
a significantly larger number of smokers among the
patients in the IPF group than in the control group
(P<0.05). The ASD was significantly higher in the healthy
control group (P<0.05). CT quantitative indices showed
that the NL% was significantly lower in the IPF group
than in the healthy control group, and GGO%, F%, and
AA% were significantly higher in the IPF group than in
the control group (P<0.001). Of the 33 patients followed
up, 11 showed no evidence of progressive fibrosis. Fol-
low-up CT scans did not show any reduction in fibrosis
in the 33 patients.

Comparison and correlation analysis of smoking in IPF
group and healthy controls

The IPF group contained significantly more smokers than
in the control group (P<0.05), and there was a significant
positive correlation with morbidity (P<0.05) (Table 2).

34.33mm

¢

Fig. 3 Male patient with IPF, aged 46. Baseline (A) and follow-up (B) images show mild progression of fibrosis and a reduction in ASD
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Table 1 Comparison of relevant characteristics between the IPF
patient group and the healthy control group

Characteristics IPF group control group Pvalue
Sex (Male: Female)  30:22 30:22 1.000
Age (y) 63.91+£944 62.79+£8.11 0.498
BMI (kg/mz) 24.03+2.80 23.81+£2.79 0.690
Smoking (Y/N) 19:33 7:45 0.007
ASD 22.57+7.58 26.14+6.78 0.013
FEV1 (%) 7855+15.79 - -

FVC (%) 7590+ 15.67 - -
FEV1/FVC (%) 87.50+9.20 - -

TLC (%) 68.04+14.05 - -
DLCO (%) 4583+1694 - -

MWV (%) 65.88+16.54 - -

NL (%) 59.82+801 64.00(61.00~67.75)  <0.001
GGO (%) 14.98+5.10 6.45(5.15~8.40) <0.001
F (%) 8.00(6.03~10.75) 3.15(2.70~3.70) <0.001
AA (%) 2340+8.16 9.85(8.70~12.00) <0.001

Data are expressed as meantstandard deviation or median (quartiles). BMI,
ASD, FEV1, FVC, TLC, DLCO and MVV represent body mass index, aortic sternal
distance, forced expiratory volume in first second, forced vital capacity, total
lung capacity, carbon monoxide diffusing capacity and maximum ventilation
volume.NL, GGO, F and AA represent normal lung region, ground-glass opacity
region, fibrotic region and abnormal lesion area

Table 2 Correlation analysis of smoking in IPF group and healthy
controls

Pvalue
0.006

r

0.266

Smoking

Table 3 ASD changes in IPF patients pre- and post-disease
progression

Pre-process Post-process t
ASD 22.57+7.35 2040+7.49 5691
ASD represents the aortic-to-sternal distance

PValue
<0.001

Comparison of aortic-to-sternal distance before and after
disease progression in patients with IPF

As shown in Table 3, the ASD was significantly lower
in the late stage of progression than in the early stage
(t=5.691, P<0.001), with an average monthly reduction
of 2.45%.

ROC curve analysis results

The CT quantitative indexes NL%, GGO%, F%, and AA%
were used as diagnostic indexes to classify patients with
IPF and healthy controls according to the ROC curve.

Table 4 ROC curve analysis
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Fig. 4 Quantitative CT metrics for discriminating IPF patients from con-
trols using ROC analysis

The results showed that the F% discriminated between
the two groups, with the largest AUC of 0.962 (95% con-
fidence interval: 0.925 ~0.998), and the Youden’s J statis-
tic with a threshold value of F% = 4.05% was 0.827, with
a sensitivity of 92.3% and specificity of 90.4% (Fig. 4;
Table 4).

Correlation between quantitative chest CT indices and
lung function in patients with IPF
As shown in Table 5, the correlations between quanti-
tative CT indices and pulmonary function parameters
beyond the initial FEV1/FVC were statistically signifi-
cant, with the highest correlation coefficients between F%
and TLC%, FEV1%, FVC%, MVV% (r = —0.571, —0.520,
—-0.521, —0.555, P-values<0.001). GGO% was signifi-
cantly correlated with DLCO% (r =—0.600, P<0.001).
Multiple stepwise first regression analyses were per-
formed to determine whether lung function indices could
be predicted from quantitative CT analysis data. F% was
the best predictor of TLC%, FEV1%, FVC%, and MVV%
(R*=0.301, 0.301, 0.300, and 0.302, all P-values<0.001),
while GGO% was the best predictor of DLCO%
(R2=0.360, P<0.001) (Table 6).

QCT variable AUC PValue J Sensitivity Specificity 95%ClI

NL% 0.703 <0.001 0.385 0423 0.965 0.601 ~0.806
GGO% 0935 <0.001 0.730 0.942 0.788 0.889~0.908
F% 0.962 <0.001 0.827 0.923 0.904 0.952~0.998
AA% 0.950 <0.001 0.808 0.904 0.904 0.907 ~0.992

NL, GGO, F and AA represent normal lung region, ground-glass opacity region, fibrotic region and abnormal lesion area. AUC represents area under the curve. J

represents Youden's J statistic. Cl represents confidence interval
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Table 5 Analysis of the correlation between quantitative chest CT indices and Pulmonary function in patients with IPF

Characteristics

DLCO% MVV%

TLC%

FEV1/FVC%

FVC%

FEV1%

0.352 0.011

<0.001
<0.001
<0.001
<0.001

0453

0.003

0.400

-0494
-0.571
-0.537

0.329

-0.138
-0.028
0.104
0.007

0.004

<0.001
<0.001
<0.001

0.398

0.003

0410

-0455
-0.520
-0513

NL%

0.004
<0.001
<0.001

-0.393
-0.555
-0474

-0.600
-0.564

-0.598

<0.001
<0.001
<0.001

0.842
0.465

-0.446
-0.521

<0.001
<0.001
<0.001

GGO%
F%

0.958

-0.506

AA%

(2024) 24:437

FEV1, FVC, TLC, DLCO and MVV represent forced expiratory volume in first second, forced vital capacity, total lung capacity, carbon monoxide diffusing capacity and maximum ventilation volume. NL, GGO, F and AA

represent normal lung region, ground-glass opacity region, fibrotic region and abnormal lesion area
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Table 6 Optimal CT predictors of lung function via stepwise
regression

PFT QCTvariable B Coefficient Model R? t PValue
FEV1%  F% -0.549 0.301 -4641 <0.001
FVC% Fo% -0.548 0.300 -4.628 <0.001
TLC% F% -0.549 0.301 -4.640 <0.001
DLCO% GGO% -0.600 0.360 -5.308 <0.001
MVV% Fo% -0.549 0.302 -4.649 <0.001

PFT represents pulmonary function test. FEV1, FVC, TLC, DLCO and MVV
represent forced expiratory volume in first second, forced vital capacity, total
lung capacity, carbon monoxide diffusing capacity and maximum ventilation
volume. GGO and F represent ground-glass opacity region and fibrotic region

Discussion

Currently, there is no consensus on the threshold defini-
tion; however, most scholars now recognize the idea that
—950 to —700 HU is a normal lung pixel [8]. Stefano et
al. [9]. found that the optimal upper lung threshold CT
value for the diagnosis of IPF was —200 HU by compar-
ing the diagnostic values of —200 HU, 0, and 200 HU as
the upper threshold for IPF. Ash et al. [10]. considered
that the lung volume should be from —1024 to —200 HU.
Matsuoka et al. [11]. have defined the extent of intersti-
tial lung disease as areas of high attenuation by selecting
a rage from —700 to 0 HU. In their study, they found that
the range of —500 HU to 0 HU has a higher correlation
with fibrosis, and the lung attenuation in the range of
—700 to —500 HU is strongly correlated with the extent
of ground-glass opacity. Therefore, we set the whole lung
pixels between —1024 and —200 HU, normal lung tissue
pixels between —950 and —700 HU, ground-glass opac-
ity pixels between —700 and —500 HU, and fibrotic region
pixels between —500 and —200 HU.

Early diagnosis of IPF is critical to patient prognosis.
Currently, the diagnosis of IPF relies on HRCT, pathol-
ogy, and pulmonary function tests. Oldham et al. [12]
noted that patients with IPF usually received a cor-
rect diagnosis after seeing multiple doctors and waiting
more than a year. In another study [13], they found that
the time between the onset of symptoms and obtaining
a confirmed diagnosis in patients with IPF was usually
between 4 and 5 years. Overall, our findings and the cited
studies suggest that it is crucial to make a correct diagno-
sis of IPF as early as possible. HRCT is the most mean-
ingful test for the diagnosis of IPF. HRCT can be used to
visualize abnormal lung changes. This study shows that
the CT quantitative index F% value of 4.05% is the best
threshold value to identify IPF in healthy controls. In
healthy controls, the CT quantitative index was mainly
related to the fallout effect. Ostridge et al [14] performed
quantitative CT analysis on subjects with normal lung
function and found that emphysema may also occur
in people with normal lung function. Therefore, when
the F% of patients is higher than 4.05%, it is clinically
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advisable to be vigilant for the possibility of interstitial
lung disease, with a higher likelihood of IPFE.

PFT is important for assessing disease severity and
predicting the risk of disease exacerbation or death in
patients with interstitial lung disease [15]. A decrease
in lung function, especially FVC, has been shown to be
significantly associated with an increased risk of death
in IPF [16], and the guidelines [17] also suggest that lung
function is an important method for assessing the disease
progression and predicting the disease prognosis in IPF.
The results of the present study showed that CT quan-
titative indices correlated with lung function parameters
except FEV1/FVC. FEV1/FVC is used to assess airflow
obstruction in COPD and correlates with emphysema
parameters analyzed by CT quantitative analysis [18],
whereas IPF usually manifests itself as a restrictive ven-
tilatory disorder, which may be the reason why it did
not correlate with CT quantitative indices in the present
study. Koh et al. [19] found that changes in CT quanti-
fication and FVC were related to visual assessment of
interstitial lung disease progression by deep learning. A
related study [20] found that FVC reliably predicted mor-
tality in patients with IPF. In this study, the relationship
between CT quantitative indexes and each lung func-
tion parameter was analyzed by modeling separately. The
results showed that F% was the best predictor of FVC%,
and GGO% was the best predictor of DLCO%, which
indicated that CT quantitative analysis could assess lung
function impairment to a certain extent and could be
used as a supplement to pulmonary function tests. The
accuracy of PFT depends on the patient’s own coopera-
tion, whereas HRCT requires much less patient coopera-
tion than PFT. Therefore, quantitative CT analysis may
be more useful when the patient is in poor physical con-
dition or has poor cooperation. Quantitative CT analysis
allows not only for specific quantification of the percent-
age of each lesion in the lungs but also for assessment of
lung function impairment.

The most commonly used lung function parameters for
prognostic and outcome assessment of interstitial lung
disease are FVC% and DLCO%. Andersson et al. [21].
found a significant correlation between the degree of
interstitial lung disease assessed by HRCT via FVC% and
DLCO% in patients with anti-synthetase syndrome, but
not with disease staging. This suggests that FVC% and
DLCO% are appropriate outcome measures for assess-
ing ILD associated with antisynthetase syndrome. Du et
al. [22]. found that fibrotic area percentage and DLCO%
were significantly associated with survival. Our results
showed that CT quantitative indices correlated with both
FVC% and DLCO%, with the highest correlation coef-
ficients observed between F% and FVC% and between
GGO% and DLCO%; therefore, we hypothesize that CT
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quantification is also suitable for prognostic and efficacy
assessment in IPFE.

Harmful substances in cigarettes such as nicotine,
which promotes alveolar epithelial and vascular endo-
thelial damage, play a key role in the evolution of fibro-
sis [23]. In this study, smoking was found to be positively
correlated with the prevalence of the disease (P<0.05);
however, the correlation was weak (r=0.266), suggesting
that smoking is a possible pathogenetic factor in patients
with IPF.

The research area of exploring quantifiable indicators
of lung volume loss that can be used as routine imaging
tools to monitor disease progression is both attractive
and promising. The development of such a biomarker
would not only provide clinicians with an easier and
more direct means to assess the extent of lung disease
but also help to identify the risk of disease progression at
an earlier stage, thus guiding more timely interventions.
In our study, we found that the ASD progressively short-
ens as the disease progresses, with an average reduction
of 2.45% per month, which provides new evidence of dis-
ease progression. This may be due to increased fibrosis
and volume loss in progressive IPF, leading to a reduction
in the anterior-posterior anatomical distance of the tho-
rax. This may also be related to variations in the patient’s
inspiratory volume. Robbie et al. [24]. found that the aor-
tic sternal distance specifically decreased by 25% per year,
providing evidence of disease progression. This aligns
with our findings.

Currently, quantitative chest CT techniques are more
widely used to assess the severity of emphysema in
patients with chronic obstructive pulmonary disease [25,
26]. However, there are fewer studies related to quantita-
tive chest CT techniques in the field of interstitial lung
disease. Many visual scoring systems have been used to
assess the severity of fibrotic lung disease [27]. However,
these methods are time-consuming, labor-intensive, and
subjective, in addition to having poor interobserver vari-
ability. The quantitative CT analysis of images of patients
with IPF not only takes little time and is reproducible but
has the ability to quantify the data generated, and has
many applications in future studies of this disease [28].

Despite its strengths, this study also has some limita-
tions. First, this was a retrospective study with a small
sample size study that included clinically indicated CT
examinations, which may have led to the inclusion of
patients with more advanced disease, who are more sus-
ceptible to bias influenced by their subjective wishes.
Second, the differentiation between IPF and other inter-
stitial lung diseases often relies on the honeycombing
signs. However, the threshold segmentation method used
in this study is incapable of quantifying honeycombing
appearances. Third, the assessment of disease progres-
sion in this study primarily relied on semi-quantitative/
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visual analysis, lacking clinical standards and data. In our
next study, we will further follow-up the cases, incor-
porate more clinical data, and conduct a multicenter,
large-sample study to delve into the role of quantitative
CT analysis in the prognosis of patients with IPF and the
value of its application in other interstitial lung diseases.

Conclusions

In conclusion, we have demonstrated that quantitative
CT analysis can be used for the diagnosis of IPF and can
assess the impairment of lung function, and the reduc-
tion of ASD can provide evidence of disease progression.
Quantitative chest CT is of great value in the diagnosis,
assessment, and prognosis of IPF because of its advan-
tages of noninvasiveness, quantification, objectivity, sim-
plicity, and reliability, and it is worthwhile to promote its
use in clinical practice.

Abbreviations
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