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Today, radiological methods are an integral part of diagnostics in lung diseases, and they provide important information regarding the evaluation of interstitial lung diseases (ILDs) [1]. Using this information, ILDs can be classified more precisely, considering a detailed workup and the exclusion of alternate diagnoses [1]. In addition to established imaging methods that are being continuously re-evaluated under new aspects in recent years, entirely new imaging methods are expected to become available in the next few years.



Imaging in interstitial lung diseases is mainly restricted to high-resolution thoracic computed tomography scans as the established gold standard. In addition to the morphological information from different patterns in CT scans, new aspects such as quantitative information can also be acquired via CT and may be integrated into the clinical routine [2].



Quantitative imaging data offers potential improvements in diagnostic accuracy and mortality prediction [3,4,5,6,7]. There are several methods for quantification. For many years, semi-quantitative methods were used by different investigators using a standardized visual scoring system. However, higher reproducibility may be achieved using automated methods, which demonstrate a stronger correlation of prognoses than traditional visual scores [3,8,9].



Automated or semiautomated quantitative imaging may reduce interobserver variability by providing reproducible measurements and may be used in comparative studies or longitudinal evaluations [3,10,11]. While longitudinal evaluations have provided promising results, the diagnostic significance using quantitative measurements to characterize the particular ILD at the first time of diagnosis remains unclear [3,4,11,12]. The lack of standardization and individual technical confounding factors due to artifacts in image acquisition challenges the diagnostic evaluation of ILD patients with these tools.



A frequently used method for automatic quantification is Automated Computer-Aided Lung Informatics for Pathology Evaluation and Rating (CALIPER) volumetric analysis [11,12,13]. CALIPER analysis reveals detailed information about the structural composition of the lungs in ILD patients [11,13]. By using volumetric recordings of individual parenchymal patterns such as reticulations, ground-glass opacities, honeycombing, low attenuation area, or normal tissue, these data can be acquired for each lung [14]. An automated segmentation of pulmonary-vascular-related structures in the lung parenchyma calculated using CALIPER may provide valuable information regarding differentiation and mortality in ILDs [12,14].



Due to its standardized evaluation, high reproducibility, and prognostic significance, computer-based quantitative evaluation in ILDs is suitable for outcome assessment and is suitable also as a potential endpoint in clinical trials [4,11].



However, despite its potential to provide information regarding the progression and prognosis of ILDs, quantitative imaging technology is rarely used in the clinical routine, and its use is mostly limited to scientific studies and trials. So far, clinical use is very rare despite its many potential applications.



In recent years, a new low-dose imaging method in radiological imaging has been developed, which can investigate structural changes in the lung parenchyma in the context of a dark-field chest X-ray scan [15,16,17]. Dark-field X-ray imaging exploits the wave properties of X-rays for contrast formation by visualizing small-angle scattering occurring at air–tissue interfaces, e.g., in pulmonary alveoli [18]. High dark-field signals correlate with the number of these interfaces, e.g., alveolar walls. In these types of studies, improved visualization could be achieved compared to that obtained using conventional chest X-ray (CXR). Given the fact that conventional chest X-ray is not suitable in the early recognition or surveillance of structural lung changes, this new technique may provide a new potential in imaging the lung [19]. There have been studies in humans with emphysema showing a better correlation to the DLCO with dark-field chest X-ray than CT-based scores [18,20]. This technique enables more information to be acquired regarding the ultrastructure of the lung than through conventional chest X-ray, with only marginally more elevation exposure [18]. Hence, dark-field imaging may be a potential tool for the further quantification of lung structure changes in the future [18,21,22,23].



In patients with various lung pathologies, by utilizing dark-field chest X-ray, these structural changes could be shown more clearly compared to conventional CXR. Compared to a CT scan, the use of dark-field chest X-ray exhibited a signal loss in the most affected areas in a patient with lymphangioleiomyomatosis, a rare disease presenting cystic changes in the lung parenchyma [23]. In a patient with combined pulmonary fibrosis and emphysema, a modulation in the dark-field chest X-ray signal according to the structural changes and their location could be shown [22]. Due to the complexity of the construction, for a long time, this technology was only feasible in the same setup as a conventional CXR and only provided two-dimensional images. The use of this novel technique is still limited to prototypes [16,17,18,20]. The limitation of the three-dimensional resolution could be overcome by the recent development of dark-field technology integration into a computed tomography scanner. It was shown that this integration significantly increased the information content in the context of parenchymal changes in the lung, as shown in small animal studies [24]. Recently, a prototype was developed that enables dark-field computed tomography scans on human-sized anthropomorphic body phantoms [25].



In the field of radiological imaging, a variety of methods have been developed in recent years. In addition to the abovementioned promising methods, much progress has been made in many areas of imaging, including MRI imaging and nuclear medicine, which offer considerable improvement in the provision of information regarding the lungs.



There is a need to integrate these new methods and their automated quantification into clinical practice. New diagnostic methods, such as dark-field imaging, may provide supplementary information in the assessment of imaging in patients with ILDs in the future.



The consistent development of thoracic imaging and its integration into everyday clinical practice is crucial, and an improvement in the care of patients with ILDs may be achieved.
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Abbreviations




	CALIPER
	Computer-Aided Lung Informatics for Pathology Evaluation and Rating



	CT
	computed tomography



	CXR
	chest X-ray



	DLCO
	diffusion capacity of the lung for carbon monoxide uptake



	ILD
	interstitial lung disease







References


	



Raghu, G.; Remy-Jardin, M.; Richeldi, L.; Thomson, C.C.; Inoue, Y.; Johkoh, T.; Kreuter, M.; Lynch, D.A.; Maher, T.M.; Martinez, F.J.; et al. Idiopathic Pulmonary Fibrosis (an Update) and Progressive Pulmonary Fibrosis in Adults: An Official ATS/ERS/JRS/ALAT Clinical Practice Guideline. Am. J. Respir. Crit. Care Med. 2022, 205, e18–e47. [Google Scholar] [CrossRef]

	



Ohkubo, H.; Nakagawa, H.; Niimi, A. Computer-based quantitative computed tomography image analysis in idiopathic pulmonary fibrosis: A mini review. Respir. Investig. 2018, 56, 5–13. [Google Scholar] [CrossRef] [PubMed]

	



Chen, A.; Karwoski, R.A.; Gierada, D.S.; Bartholmai, B.J.; Koo, C.W. Quantitative CT Analysis of Diffuse Lung Disease. Radiographics 2020, 40, 28–43. [Google Scholar] [CrossRef]

	



Iwasawa, T.; Ogura, T.; Sakai, F.; Kanauchi, T.; Komagata, T.; Baba, T.; Gotoh, T.; Morita, S.; Yazawa, T.; Inoue, T. CT analysis of the effect of pirfenidone in patients with idiopathic pulmonary fibrosis. Eur. J. Radiol. 2014, 83, 32–38. [Google Scholar] [CrossRef] [PubMed]

	



Sumikawa, H.; Johkoh, T.; Colby, T.V.; Ichikado, K.; Suga, M.; Taniguchi, H.; Kondoh, Y.; Ogura, T.; Arakawa, H.; Fujimoto, K.; et al. Computed tomography findings in pathological usual interstitial pneumonia: Relationship to survival. Am. J. Respir. Crit. Care Med. 2008, 177, 433–439. [Google Scholar] [CrossRef]

	



Tominaga, J.; Bankier, A.A.; Lee, K.S.; Leung, A.N.; Remy-Jardin, M.; Akira, M.; Arakawa, H.; Boiselle, P.M.; Franquet, T.; Fujimoto, K.; et al. Inter-observer agreement in identifying traction bronchiectasis on computed tomography: Its improvement with the use of the additional criteria for chronic fibrosing interstitial pneumonia. Jpn. J. Radiol. 2019, 37, 773–780. [Google Scholar] [CrossRef]

	



Kitaguchi, Y.; Fujimoto, K.; Droma, Y.; Yasuo, M.; Wada, Y.; Ueno, F.; Kinjo, T.; Kawakami, S.; Fukushima, K.; Hanaoka, M. Automated Diseased Lung Volume Percentage Calculation in Quantitative CT Evaluation of Chronic Obstructive Pulmonary Disease and Idiopathic Pulmonary Fibrosis. J. Comput. Assist. Tomogr. 2021, 45, 649–658. [Google Scholar] [CrossRef] [PubMed]

	



Jacob, J.; Bartholmai, B.J.; Rajagopalan, S.; Kokosi, M.; Nair, A.; Karwoski, R.; Raghunath, S.M.; Walsh, S.L.; Wells, A.U.; Hansell, D.M. Automated Quantitative Computed Tomography Versus Visual Computed Tomography Scoring in Idiopathic Pulmonary Fibrosis: Validation Against Pulmonary Function. J. Thorac. Imaging 2016, 31, 304–311. [Google Scholar] [CrossRef]

	



Jacob, J.; Bartholmai, B.J.; Rajagopalan, S.; Kokosi, M.; Nair, A.; Karwoski, R.; Walsh, S.L.; Wells, A.U.; Hansell, D.M. Mortality prediction in idiopathic pulmonary fibrosis: Evaluation of computer-based CT analysis with conventional severity measures. Eur. Respir. J. 2017, 49, 1601011. [Google Scholar] [CrossRef] [PubMed]

	



Watadani, T.; Sakai, F.; Johkoh, T.; Noma, S.; Akira, M.; Fujimoto, K.; Bankier, A.A.; Lee, K.S.; Muller, N.L.; Song, J.W.; et al. Interobserver variability in the CT assessment of honeycombing in the lungs. Radiology 2013, 266, 936–944. [Google Scholar] [CrossRef]

	



Hansell, D.M.; Goldin, J.G.; King, T.E., Jr.; Lynch, D.A.; Richeldi, L.; Wells, A.U. CT staging and monitoring of fibrotic interstitial lung diseases in clinical practice and treatment trials: A position paper from the Fleischner Society. Lancet Respir. Med. 2015, 3, 483–496. [Google Scholar] [CrossRef]

	



Chung, J.H.; Adegunsoye, A.; Cannon, B.; Vij, R.; Oldham, J.M.; King, C.; Montner, S.M.; Thirkateh, P.; Barnett, S.; Karwoski, R.; et al. Differentiation of Idiopathic Pulmonary Fibrosis from Connective Tissue Disease-Related Interstitial Lung Disease Using Quantitative Imaging. J. Clin. Med. 2021, 10, 2663. [Google Scholar] [CrossRef]

	



Bartholmai, B.J.; Raghunath, S.; Karwoski, R.A.; Moua, T.; Rajagopalan, S.; Maldonado, F.; Decker, P.A.; Robb, R.A. Quantitative computed tomography imaging of interstitial lung diseases. J. Thorac. Imaging 2013, 28, 298–307. [Google Scholar] [CrossRef]

	



Crews, M.S.; Bartholmai, B.J.; Adegunsoye, A.; Oldham, J.M.; Montner, S.M.; Karwoski, R.A.; Husain, A.N.; Vij, R.; Noth, I.; Strek, M.E.; et al. Automated CT Analysis of Major Forms of Interstitial Lung Disease. J. Clin. Med. 2020, 9, 3776. [Google Scholar] [CrossRef] [PubMed]

	



Pfeiffer, F.; Bech, M.; Bunk, O.; Kraft, P.; Eikenberry, E.F.; Bronnimann, C.; Grunzweig, C.; David, C. Hard-X-ray dark-field imaging using a grating interferometer. Nat. Mater. 2008, 7, 134–137. [Google Scholar] [CrossRef]

	



Bech, M.; Tapfer, A.; Velroyen, A.; Yaroshenko, A.; Pauwels, B.; Hostens, J.; Bruyndonckx, P.; Sasov, A.; Pfeiffer, F. In-vivo dark-field and phase-contrast x-ray imaging. Sci. Rep. 2013, 3, 3209. [Google Scholar] [CrossRef]

	



Yaroshenko, A.; Hellbach, K.; Yildirim, A.O.; Conlon, T.M.; Fernandez, I.E.; Bech, M.; Velroyen, A.; Meinel, F.G.; Auweter, S.; Reiser, M.; et al. Improved In vivo Assessment of Pulmonary Fibrosis in Mice using X-Ray Dark-Field Radiography. Sci. Rep. 2015, 5, 17492. [Google Scholar] [CrossRef] [PubMed]

	



Willer, K.; Fingerle, A.A.; Noichl, W.; De Marco, F.; Frank, M.; Urban, T.; Schick, R.; Gustschin, A.; Gleich, B.; Herzen, J.; et al. X-ray dark-field chest imaging for detection and quantification of emphysema in patients with chronic obstructive pulmonary disease: A diagnostic accuracy study. Lancet Digit. Health 2021, 3, e733–e744. [Google Scholar] [CrossRef]

	



Zimmermann, G.S.; Fingerle, A.A.; Renger, B.; Laugwitz, K.L.; Hautmann, H.; Sauter, A.; Meurer, F.; Gassert, F.T.; Bodden, J.; Muller-Leisse, C.; et al. Dark-field chest x-ray imaging: First experience in patients with alpha1-antitrypsin deficiency. Eur. Radiol. Exp. 2022, 6, 9. [Google Scholar] [CrossRef] [PubMed]

	



Urban, T.; Gassert, F.T.; Frank, M.; Willer, K.; Noichl, W.; Buchberger, P.; Schick, R.C.; Koehler, T.; Bodden, J.H.; Fingerle, A.A.; et al. Qualitative and Quantitative Assessment of Emphysema Using Dark-Field Chest Radiography. Radiology 2022, 303, 119–127. [Google Scholar] [CrossRef]

	



Gassert, F.T.; Burkhardt, R.; Gora, T.; Pfeiffer, D.; Fingerle, A.A.; Sauter, A.P.; Schilling, D.; Rummeny, E.J.; Schmid, T.E.; Combs, S.E.; et al. X-ray Dark-Field CT for Early Detection of Radiation-induced Lung Injury in a Murine Model. Radiology 2022, 303, 696–698. [Google Scholar] [CrossRef] [PubMed]

	



Gassert, F.T.; Urban, T.; Pfeiffer, D.; Pfeiffer, F. Dark-Field Chest Radiography of Combined Pulmonary Fibrosis and Emphysema. Radiol. Cardiothorac. Imaging 2022, 4, e220085. [Google Scholar] [CrossRef]

	



Gassert, F.T.; Pfeiffer, F. X-ray Dark-field Chest Radiography of Lymphangioleiomyomatosis. Radiology 2022, 303, 499–500. [Google Scholar] [CrossRef] [PubMed]

	



Burkhardt, R.; Gora, T.; Fingerle, A.A.; Sauter, A.P.; Meurer, F.; Gassert, F.T.; Dobiasch, S.; Schilling, D.; Feuchtinger, A.; Walch, A.K.; et al. In-vivo X-ray dark-field computed tomography for the detection of radiation-induced lung damage in mice. Phys. Imaging Radiat. Oncol. 2021, 20, 11–16. [Google Scholar] [CrossRef] [PubMed]

	



Viermetz, M.; Gustschin, N.; Schmid, C.; Haeusele, J.; von Teuffenbach, M.; Meyer, P.; Bergner, F.; Lasser, T.; Proksa, R.; Koehler, T.; et al. Dark-field computed tomography reaches the human scale. Proc. Natl. Acad. Sci. USA 2022, 119, e2118799119. [Google Scholar] [CrossRef] [PubMed]












	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  jcm-11-05952


  
    		
      jcm-11-05952
    


  




  





media/file0.png





