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Quantitative assessment of the extent of radiological alterations in interstitial lung diseases is 
a promising field of application that goes beyond the limitations of qualitative scoring. Analysis 
of density histograms, i.e., skewness, kurtosis, and mean lung attenuation, is among the most 
studied approaches. We recently proposed their integration in a single parameter, the computerized 
integrated index (CII), to reduce their redundancy. The CII has proven effective in detecting subclinical 
lung involvement, correlates with lung function/disease activity, and predicts mortality in systemic 
sclerosis patients. Seventy-three newly diagnosed and therapy-naive IPF patients (M = 50; median 
age: 70.2 years) were prospectively enrolled from January 2014 to December 2022, and followed till 
December 2023. At baseline, all underwent lung function testing and volumetric high resolution chest 
CT. Density histograms were analyzed with an open-source automatic platform (Slicer 3D) and CII 
derived by means of Principal Component Analysis, as previously described. During a median follow-up 
of 5.8 years, 39 (53.4%) subjects died. Median overall survival (OS) was 4.9 years (95% CI 3.7 years-not 
estimable). The CII was significantly associated with OS (HR 0.49; 95% CI 0.35–0.68; P < 0.001) and 
correlated with lung function (r = 0.41; 95% CI 0.19 to 0.60; P < 0.001 for FVC, and r = 0.62; 95% CI 
0.44 to 0.75; P < 0.001 for DLCOsb). Patients stratification according to CII tertile, showed a consistent 
reduction in the hazard of death. After adjusting for body mass index, smoking, GAP stage, and anti-
fibrotic therapy, the CII preserved a significant association with the hazard of death (HR 0.35; 95% CI 
0.2–0.63; P < 0.001). CII is a proxy marker of IPF severity worthy of use for prognostication purposes in 
daily practice.
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UIP	� Usual interstitial pneumonia

Idiopathic pulmonary fibrosis (IPF) remains the most aggressive form among interstitial lung diseases (ILDs), 
being the most frequent entity among those with unknown cause. The original fibrosing imprint differentiates 
it from all other ILDs whose pathogenesis is attributable to an inflammatory process. The prognosis of patients 
affected by IPF is severe with a median survival of 3–5 years in untreated cases. The availability of two anti-
fibrotic drugs, that is nintedanib and pirfenidone, over the last decade has helped to slow down the evolution 
of the disease, whose natural course still remains unpredictable to date1–3. Monitoring of the decline of lung 
function indices continues to be the most widely used prognostic tool both in the setting of clinical trials and in 
daily practice1. This custom resulted in the multi-parameter GAP (gender-age-physiology) index that integrates 
the prognostic value of lung function, that is the forced vital capacity (FVC) and the lung diffusion capacity for 
CO (DLCO), with the patient’s age and gender4. While the index is easy to calculate and use, it does not provide 
any indication about the extent of the disease. The radiological assessment of the IPF patient represents a key 
element in the diagnostic process, being pathognomonic the association with a usual interstitial pneumonia 
(UIP) pattern1–3. The individual radiological findings have not only descriptive value, but those associated with 
the irreversible distortion of the lung parenchyma, such as traction bronchiolectasis and honeycombing, also 
prognostic. However, the heterogeneity and complexity of distribution of chest CT individual findings have 
strongly limited the development of objective and reproducible indicators of ready use. In fact, the qualitative 
evaluation of disease extension, although simple and rapid, is burdened by a not negligible intra- and inter-
operator variability5–9. In an attempt to overcome these limitations, different quantitative approaches have 
been explored over time. Among the first and probably most studied are the three density-based histograms, 
i.e., skewness (degree of histogram asymmetry), kurtosis (degree of histogram peakedness), and mean lung 
attenuation (MLA, average global attenuation value of the lung parenchyma). They are easy to measure through 
the use of free platforms available online and relatively not time consuming. A further strength of these 
indicators is their proven correlation with both lung function and quality of life in patients with ILD7,8,10,11. 
In the light of these considerations and with the aim of further simplifying their use on a large scale in clinical 
practice, we proposed their integration in a single composite index by means of Principal Component Analysis 
to reduce redundancy. The computerized integrated index (CII) has proven effective in detecting subclinical 
lung involvement in patients affected by systemic sclerosis (SSc) visually-free from ILD at chest CT. Also, 
the CII correlated with lung function and disease activity, as assessed by immune-inflammatory mediators12. 
These observations represented the starting point for further studies that led to the validation of the CII in two 
independent European cohorts of SSc-related ILD patients, with an additional association with mortality. The 
performance and prognostication value of the CII in the IPF patient has not been explored to date13.

Given this background, the purpose of our study was to assess the mortality predictive value of the CII in a 
prospective cohort of patients with IPF enrolled at a tertiary reference center at the time of first diagnosis and 
followed-up over a 10-year observation period.

Methods
Patients enrollment and clinical assessment
The study population included newly diagnosed and therapy-free adult (> 18-years) patients with IPF 
prospectively referring to our clinic from January 2014 to December 2022. Diagnosis of IPF was made according 
to international guidelines at the time of patient assessment1–3. Exclusion criteria were diagnosis of lung 
diseases other than IPF, acute exacerbation in the first four weeks before the study visit, and coexistence of any 
neoplasm at the time of IPF diagnosis. Patients with a follow-up of less than 1-year were not included in final 
analysis (end of the observation period: December 31th, 2023). At baseline, all study participants underwent 
lung function assessment including spirometry, lung volume measurement, and single-breath DLCO (DLCOsb), 
according to the American Thoracic Society/European Respiratory Society criteria14–17. The GAP index was 
calculated as previously reported4. Data of interest for the study were collected anonymously into a dedicated 
database. The study was performed according to the amended Declaration of Helsinki. The local Institutional 
Ethics Committee of the approved the study (Azienda Ospedaliera dei Colli- protocol number 407/2014) and all 
participants provided written informed consent.

Chest CT imaging and computerized integrated index calculation
Volumetric high resolution computed tomography (HRCT) of the chest was obtained with a 64-slice multi-
detector CT scanner (MDCT 64, General Electric Medical System, Milwaukee, WI). Patients were in the 
supine position, at full inspiration. Scan parameters were 120 kV and 80 mAs, by applying the smallest field 
of view according to the patient body habitus. Matrix size was 512 × 512 pixels; images were reconstructed 
with a 1/1.25 mm slice thickness using the bone filters. The whole lung volume was processed and stored on a 
picture archiving and communication system (PACS) for post-processing evaluation. The lung parenchyma was 
analyzed by two radiologists experts in interstitial lung disease (GR and RL, with a 20 and 5 years of experience, 
respectively) with a window width of 1.600 Hounsfield Units (HU) and  − 600 HU. The definition of the chest 
CT pattern at disease presentation has been retrospectively re-analyzed, according to the latest international 
guidelines to make the nomenclature uniform. MLA, skewness, and kurtosis were calculated using an automated 
free open-source software for digital image processing (Slicer 3D)18–20. Representative examples of visual and 
digital image processing are shown in Fig. 1. Average values of MLA, skewness, and kurtosis were generated and 
used to calculate the computerized integrated index (CII), by means of Principal Component Analysis (PCA), 
as previously described12.
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Statistical analysis
Standard descriptive statistics were used to describe the cohort: mean ± standard deviation (SD) (range) or 
median [25th; 75th percentile] (range) in case of numerical variables and absolute frequency with percentages 
for categorical factors. Correlation between CII and functional respiratory parameters was assessed using the 
Pearson correlation coefficient.

Overall Survival (OS) was defined as the time from the IPF diagnosis to all-cause-death. For patients who 
were alive at the end of the observational period, OS was censored on 31th December 2023. Median OS was 
estimated using the Kaplan–Meier method and the association between CII (both as continuous variable and 
as categorical factor based on tertiles) and mortality was explored using univariate and multivariable Cox 
regression models after assessing the proportional hazard assumption adding an interaction with time in the 
models. Results of Cox models were expressed as Hazard ratios (HRs) with 95% Confidence Intervals (95% CI).

Statistical analyses were performed using R (version 4.0.2, R Foundation for Statistical Computing, Vienna, 
Austria).

Results
A total of 73 subjects were enrolled in our study cohort (Fig.  2). Demographics and clinical characteristics 
of participants are reported in Table 1. Median age at IPF diagnosis was 70.2 years, and the majority of cases 
(68.5%) were males. Most of the patients had a mild/moderate IPF according to the GAP disease staging index. 
Systemic arterial hypertension was the most prevalent comorbidity (52%). Almost half of them presented with 
chest CT lung alterations compatible with a UIP pattern (50.7%), according to the last guideline document. 
Sixty-one (82.2%) patients were treated with available anti-fibrotic drugs, that is nintedanib and pirfenidone. The 
remaining 12 cases refused treatment or were not eligible. During a median follow up of 5.9 years, 39 (53.4%) 
subjects died with 26 deaths due to disease progression. Death occurred due to acute exacerbation in 4 cases, 
to ictus cerebri (n = 4), pulmonary embolism (n = 2), and cancer (lung and pancreas) in further three cases. 
Median overall survival was equal to 4.9 years (95% CI 3.7 years to Not Estimable). As expected, GAP index was 
a significant predictor of mortality (log-rank P = 0.001) with a reduced survival in patients with higher stage 
while the different treatment regimens (nintedanib, pirfenidone or no treatment) did not impact on mortality 
(log rank P = 0.160) (Fig. 3).

Mean (± SD) of the three components of the CII (i.e. skewness, kurtosis and MLA) are reported in Table 2. 
CII index significantly correlated with lung function parameters (Fig. 4), in particular with FVC (r = 0.41; 95% 
CI 0.19 to 0.60; P < 0.001), total lung capacity (r = 0.38; 95% CI 0.12 to 0.60; P = 0.006) and DLCOsb (r = 0.62; 
95% CI 0.44 to 0.75; P < 0.001).

Fig. 1.  High resolution chest CT findings in a patient with a usual interstitial pneumonia (UIP) pattern (A) 
and automated color-coded lung segmentation in a single representative slice (B). Representative histogram 
of the whole density of the lungs (C). High resolution chest CT findings in a patient with a probable usual 
UIP pattern (D) and automated color-coded segmentation in a single representative slice (E). Representative 
histogram of the whole density of the lungs (F).
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The CII was significantly associated with the OS with, approximately, a half reduction in the hazard of death 
for every increase in the index (HR 0.49; 95% CI 0.35 to 0.69; P < 0.001). When patients were stratified according 
to the CII tertiles, a consistent reduction in the hazard of death was observed (Fig. 5). Median OS of patients in 
the lower and medium tertile of CII were, respectively, 2.6 years (95% CI 1.6 to 4.0) and 5.2 years (95% CI 2.7 to 
Not estimable), while median OS was not reached in the upper CII tertile.

In the subset of treated patients, after adjusting for body mass index (BMI), smoking habit, GAP stage, UIP 
pattern, and therapy (pirfenidone vs. nintedanib), the CII preserved a significant association with the hazard of 
death (HR 0.39; 95% CI 0.21 to 0.71; P = 0.002), and the only remaining significant predictor of mortality was 
disease severity according to GAP stage (Table 3).

Discussion
To the best of our knowledge, this is the first prospective study that evaluated the performance of the computerized 
integrated index as a predictor of mortality in patients with IPF. The CII was significantly associated with the 
overall survival of 73 newly diagnosed patients with IPF over a 10-year observation period, with a median follow-
up of 5.9 years. The lower the CII, the greater was the lung involvement with, approximately, a half reduction in 
the hazard of death for every increase in the index (HR 0.49; 95% CI 0.35 to 0.69; P < 0.001).

Exceeding the well-known limits of visual/qualitative evaluation (i.e., low sensitivity, inter- and intra-
operator variability), chest CT quantitative analysis of fibrotic interstitial lung alterations is a field of application 
of current interest. Numerous efforts have been made over the years, however, the need for a biomarker that 
is reliable, easy to use, and widely available, still remains pending. With the ambition to identify a parameter 
that could meet these requirements, in 2019 we first described the CII in a cohort of 83 patients affected by SSs. 
The CII was incorporating CT density histogram metrics (e.g., skewness, kurtosis and mean lung attenuation) 
by means of Principal Component Analysis, to reduce their redundancy. At that time, we chose density-based 
histograms as they were the most widely used among various quantitative tools, as easy to measure through free 
and not time consuming platforms available online accessible to all. The CII strongly differentiated SSc patients 
with and without ILD, with an excellent reproducibility. Also, the CII correlated with lung function and disease 
activity, and was sufficiently sensitive to capture early lung density changes in visually ILD-free patients12. Given 
this promising potential, the CII has been validated in two independent cohorts of patients affected by SSc with 
ILD, and associated with mortality in the same clinical setting13.

As previously reported for its individual components8, the CII correlated also in our study participants 
with lung function parameters. Among these, FVC remains the measurement of wider use in real-life practice 
for predicting disease progression, due to its simplicity of execution and good reproducibility. For these same 
reasons, it remains also the main outcome in experimental drug clinical trials21. However, as FVC is not a 
validated surrogate of mortality, in 2012 was introduced the GAP multi-parametric index (which integrates 
age, gender, and DLCO, apart from FVC) that up to date represents the outcome predictor most widely used 
in daily practice22. Interestingly, in our series, after adjusting for BMI, smoking habit, GAP stage, UIP pattern, 
and anti-fibrotic therapy, the CII preserved a significant association with the hazard of death (HR 0.39; 95% 
CI 0.21 to 0.71; P = 0.002). Disease severity, according to GAP staging, was the only remaining significant 
predictor of mortality. The UIP vs. the UIP probable pattern on chest CT imaging was not predictive of outcome 
suggesting visual differentiation not useful for prognostication purposes. This was not so surprising as the UIP 
(already identified as “definite”) and probable UIP patterns are similarly representative of the irreversible fibrotic 
distortion of the lung parenchyma, with traction bronchiolectasis and honeycombing being both established bad 
prognosis chest CT findings3. Finally, in agreement with our previous observations23, we found no difference in 
terms of survival between IPF patients, either untreated or treated with pirfenidone or nintedanib.

From the methodological point of view, the present study differs from our preliminary experience. Its strength 
is represented by the use of an image processing platform (Slicer 3D) served by a free open-source software 
which is easy to use with minimal intervention by the operator. It allows the automated lung segmentation along 

Fig. 2.  Flow chart showing the selection of the study population.
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Fig. 3.  Overall survival of patients with idiopathic pulmonary fibrosis according to GAP (gender-age-
physiology) stage (A) and treatment regimen (B).

 

Study participants (N) 73

Gender

 Female 23 (31.5)

 Male 50 (68.5)

Age (years) at diagnosis 70.2 [66.7; 74] (38.8–85.3)

BMI (kg/m2) 27.6 [25.6; 30.4] (16.4–39.8)

Smoking habit

 Never 16 (21.9)

 Former smoker 57 (78.1)

 Current smoker 0

Comorbidities

 Systemic arterial hypertension 39 (53.4)

 Type II diabetes 15 (20.5)

 Cardio-vascular diseases 17 (23.3)

 Gastro-esophageal reflux 27 (36.9)

 Obstructive sleep apnea 24 (32.8)

Lung function

 FVC (% pred) 75.5 ± 25.9 (32–144)

 TLC (% pred) 63.4 ± 15.2 (37–90)

 DLCOsb (% pred) 50 ± 15.5 (16–92)

GAP stage

 Stage 1 26 (41.3)

 Stage 2 29 (46)

 Stage 3 8 (12.7)

Chest CT pattern

 UIP 37 (50.7)

 UIP probable 36 (49.3)

Antifibrotic-therapy

Nintedanib 28 (38.3)

Pirfenidone 33 (45.2)

None 12 (16.4)

Table 1.  Demographics and clinical features of the study population. Data are expressed as No. (%), or median 
[IQR25-IQR75] (range), or mean ± SD (range). BMI, body mass index; FVC, forced vital capacity; TLC, total 
lung capacity; DLCOsb, single-breath diffusion lung capacity for CO; GAP, gender-age-physiology; IQR , 
interquartile range; SD , standard deviation; UIP, usual interstitial pneumonia.
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Fig. 5.  Overall survival of patients with idiopathic pulmonary fibrosis treated with anti-fibrotic drugs 
according to the computerized integrated index (CII).

 

Fig. 4.  Scatter plot showing correlation between the computerized integrated index (CII) and parameters of 
lung function. (A) Forced vital capacity (FVC) % of predicted; (B) Total lung capacity (TLC) % of predicted; 
(C) Single-breath diffusion lung capacity for CO (DLCOsb) % of predicted).

 

Parameter Value

Skewness 1.6 ± 0.6 (0.4–3.1)

Kurtosis 5.7 ± 2.6 (2–14.4)

Mean lung attenuation (HU) − 705.8 ± 85.3 (− 843.8 to − 489.1)

Table 2.  Automated estimates of chest CT- based density-histograms by digital image processing in the 
study population. Data are expressed as mean ± SD (range). HU, Hounsfield Unit. Skewness and kurtosis are 
descriptive statistical parameters (pure numbers) respectively indicative of the degree of histogram asymmetry 
and peakedness.
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with the generation of 3D models with images in colorimetric scale for a better visual representation. Artificial 
intelligence (AI)-based segmentation indeed eliminates human variability in contour delineation, minimizes 
discrepancies between observers, and significantly reduces the evaluation time, for a total duration of 3–10 min 
per chest CT24,25. These advantages not only eliminate the need to prove the reproducibility of measurements, 
but are also translated into the possibility of application of the process in clinical practice, even in those contexts 
where the radiologist’s expertise is lacking26.

There is no doubt that our study has some limitations. The first is represented by the sample size which is 
representative of a single center. Another weakness is the lack of complete data of lung function monitoring 
during the study period. Unfortunately, the pandemic due to Severe Acute Respiratory Syndrome-Coronavirus-2 
infection has imposed restrictive measures for almost two years that have interrupted the continuity of care of 
these patients with data being missing in a not negligible number of cases. This information would have been 
useful to evaluate the predictive value of the CII on lung function decline over the years. Another information 
worthy of study and that could represent the starting point for future efforts is the concomitant chest CT 
monitoring over time in order to identify those changes of the CII with a potential prognostic value. This aspect 
could be even of a wider use for its inclusion in the definition criteria of progression of fibrotic interstitial lung 
diseases, including both IPF and those other than IPF. In this sense, the CII could have an impact both in the 
design of clinical trials to come as a measure of outcome and for the definition of the timing of initiation of 
current anti-fibrotic therapies. Last but not least, there are certainly additional software, either free or paid, 
maybe even more efficient than the one we used, and likely more will be available in the years to come. In our 
opinion, this is not exactly a limit of the study, but, on the contrary, an incentive to improve the performance of 
quantitative analysis in the service of clinical and diagnostic needs.

Conclusion
We first reported that the computerized integrated index is an independent predictor of mortality in patients 
affected by IPF. The CII is an easy to calculate, objective and reproducible biomarker whose methodological 
standardization in larger cohorts will help to follow up its promising application in the field of pulmonary 
fibrosis. It is likely that the availability of an application, which would allow its rapid calculation on a large 
scale, could facilitate its dissemination in clinical practice even in those settings without a specific radiological 
competence.

Data availability
The data that support the findings of this study are not openly available due to reasons of sensitivity and are 
available from the corresponding author upon reasonable request.
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