
Aus der Klinik für Innere Medizin 

Schwerpunkt Gastroenterologie, Endokrinologie, Stoffwechsel 

und Klinische Infektiologie 

Direktor:   

Prof. Dr. med. T. M. Gress 

des Fachbereichs Medizin 

der Philipps-Universität Marburg 

Diagnostic Performance of Point Shear-Wave Elastography in 

Peripheral Pulmonary Consolidations of Various Etiologies: A 

Retrospective Analysis of n=87 Patients  

Stellenwert der Punk-Scherwellen-Elastographie zur 

Dignitäteinschätzung der peripheren pulmonalen Konsolidierungen: 

eine retrospektive Analyse von n=87 Patienten 

Inaugural-Dissertation 

Zur Erlangung des Doktorgrades der Humanmedizin dem Fachbereich 

Medizin der Philipps-Universität Marburg  

vorgelegt von 

Amjad Alhyari 

Aus 
AL-Salt / geb. in Amman, Jordanien 

Marburg, 2021 



II 

Angenommen vom Fachbereich Medizin der Philipps-Universität Marburg 

am: 13.07.2021.  

Gedruckt mit Genehmigung des Fachbereichs. 

Dekanin: Frau Prof. Dr. D. Hilfiker-Kleiner  

Referent: Herr Prof. Dr. med. C. Görg  

1. Koreferent: Herr Prof. Dr. med. A. Kirschbaum



III 
 

 

 

 

 

 

 

 

 

“We are drowning in information and starving for 

knowledge”. 

 

 

- Rutherford D. Roger  

 

 

 

        To my beloved family. 

 

 

  



IV 
 

TABLE OF CONTENTS 

I. ABBREVIATIONS ................................................................................................1 

II. LIST OF FIGURES ............................................................................................... 3 

III. LIST OF TABLES ................................................................................................. 6 

IV. ABSTRACT…. ....................................................................................................... 7 

V. ZUSAMMENFASSUNG ....................................................................................... 9 

1. INTRODUCTION ............................................................................... 11 

1.1. Anatomy of the Lung & the Pleura ...............................................................11 

1.1.1. The Thoracic Cavity ..................................................................................11 

1.1.2. The Mediastinum .......................................................................................12 

1.1.3. The Pleurae & Lungs .................................................................................12 

1.2. General Histology of Lung Parenchyma ......................................................13
1.3. Pulmonary Consolidations .............................................................................15 

1.3.1. Definition ...................................................................................................15 

1.3.2. Benign consolidations ...............................................................................15 

 Pneumonia ................................................................................................... 15 

 Atelectasis ................................................................................................... 19 

 Pulmonary Infarction ................................................................................... 22 

1.3.3. Malignant Consolidations ..........................................................................24 

 Primary Lung Tumors ................................................................................. 24 

1.3.3.1.1. Adenocarcinoma (AC) ............................................................................. 25 

1.3.3.1.2. Adenosquamous carcinoma ..................................................................... 27 

1.3.3.1.3. Squamous cell carcinoma (SCC).............................................................. 27 

1.3.3.1.4. Large cell carcinoma (LCC) ..................................................................... 27 

1.3.3.1.5. Sarcomatoid carcinoma ............................................................................ 28 

1.3.3.1.6. Neuroendocrine tumors (NETs) ............................................................... 28 

1.3.3.1.7. Diffuse idiopathic pulmonary neuroendocrine cell hyperplasia 
(DIPNECH) ................................................................................................................. 30 

 Secondary Lung Tumors (Metastases) ........................................................ 30 

1.4. Lung Ultrasound .............................................................................................32 

1.4.1. General Concepts .......................................................................................32 

1.4.2. Sonographic Features of Peripheral Pulmonary Consolidations ...............34 

 General Ultrasound Morphology & Relevance ........................................... 34 

 Pneumonia ................................................................................................... 35 



V 
 

 Lung Infarction ............................................................................................ 36 

 Lung Tumors ............................................................................................... 36 

 Pleural Effusion & Atelectasis .................................................................... 38 

1.5. Elastography ....................................................................................................39 

1.5.1. What is Elastography? ...............................................................................39

1.5.2. Physics, Basics & Terminology ................................................................40 

1.5.3. Types of Elastography ...............................................................................42 

 Strain Elastography ..................................................................................... 42 

 Shear-Wave Elastography ........................................................................... 44 

1.5.3.2.1. 2D Shear Wave Elastography .................................................................. 45 

1.5.3.2.2. Transient Elastography (TE) .................................................................... 46 

1.5.3.2.3. Point shear wave elastography (pSWE) ................................................... 47 

1.5.4. Reliability of Elastographic Measurements ...............................................50 

 Factors Affecting Reliability of the Measurements ..................................... 50 

 Assessment of Reliability ............................................................................ 50 

1.5.5. Current Clinical Implications in Several Body Organs .............................51 

 Liver ............................................................................................................ 51 

 Spleen .......................................................................................................... 52 

 Breast ........................................................................................................... 52 

 Thyroid ........................................................................................................ 52 

 Kidney ......................................................................................................... 53 

 Pancreas ....................................................................................................... 53 

 Prostate ........................................................................................................ 54 

 Lymph Nodes .............................................................................................. 54 

2. STUDY PURPOSE & METHODS ................................................... 55 

2.1. Scientific Background, Relevance & Goals ..................................................55 

2.1.1. Lung Elastography: Feasibility & Current State of Research ................... 55 

2.1.2. Study Motivations & Goals .......................................................................57 

2.2. Materials & Methods ......................................................................................58 

2.2.1. Patients ......................................................................................................58 

 Diagnostic Reference .................................................................................. 58 

 Inclusion Criteria ......................................................................................... 59 

 Exclusion Criteria ........................................................................................ 59 

2.2.2. Sonographic & Elastographic Examinations ............................................. 62 

US Machines & Software............................................................................ 62

 Investigators ................................................................................................ 62 

 B-Mode Ultrasound ..................................................................................... 62 



VI 
 

 ARFI Study ................................................................................................. 63 

2.2.3. Data Collection ..........................................................................................65 

 Patients’ Data .............................................................................................. 65 

 Ultrasound data ........................................................................................... 65 

 ARFI data .................................................................................................... 65 

 Histology data ............................................................................................. 66 

 Thoracic CT data ......................................................................................... 66 

 Other data .................................................................................................... 66 

2.2.4. Statistical Analysis ....................................................................................68 

3. RESULTS ............................................................................................ 69 

3.1. Patients’ Characteristics ................................................................................69 

3.1.1.  Gender Distribution ..................................................................................69 

3.1.2. Age Distribution ........................................................................................69 

3.1.3. Body Mass Index (BMI) ............................................................................70 

3.1.4. Smoking History ........................................................................................70 

3.1.5. Chronic Pulmonary Disease ......................................................................71 

3.2. Consolidations’ Ultrasound Characteristics ................................................71 

3.2.1. Anatomical Distribution ............................................................................ 71 

 Side .............................................................................................................. 71 

 Lobe ............................................................................................................. 72 

3.2.2. Sonographic Features ................................................................................72 

 Size.............................................................................................................. 72 

Pleural Effusion........................................................................................... 73

3.3. Etiology of the Consolidations .......................................................................74 

3.3.1. Diagnostic Reference .................................................................................74 

3.3.2. Etiological Distribution .............................................................................79 

 All PPCs ...................................................................................................... 79 

 Benign PPCs (bPPCs) ................................................................................. 80 

3.3.2.2.1. Atelectases................................................................................................ 81 

3.3.2.2.2. Atelectases due to a benign underlying disease (AT-b) ........................... 82 

3.3.2.2.3. Atelectases due to a malignant underlying disease (AT-b) ...................... 82 

3.3.2.2.4. Pneumonia ................................................................................................ 82 

3.3.2.2.5. Other Benign Consolidations (OBCs) ...................................................... 82 

 Malignant PPCs (mPPCs) ........................................................................... 83 

3.3.2.3.1. Primary Lung Tumors (PLTs) .................................................................. 83 

3.3.2.3.2. Lung Metastases ....................................................................................... 84 

3.4. Benign PPCs: Demographic & Ultrasound Characteristics .......................85 



VII 
 

3.5. Malignant PPCs: Demographic & Ultrasound Characteristics .................86 

3.6. Patient’s Characteristics & Risk of Malignancy .......................................... 87 

3.6.1. Gender .......................................................................................................87 

3.6.2. Smoking .....................................................................................................87 

3.6.3. Age ............................................................................................................88 

3.6.4. BMI ............................................................................................................88 

3.6.5. Chronic Pulmonary Disease ......................................................................88 

3.7. Consolidation’s Characteristics & Risk of Malignancy ..............................90 

3.7.1. Pleural Effusion .........................................................................................90 

3.7.2. Consolidation’s Size ..................................................................................90 

3.8. ARFI Data .......................................................................................................93

3.8.1. All Consolidations .....................................................................................93 

Age & Gender ............................................................................................. 93

 Depth of Measurements............................................................................... 94 

 Body Mass Index (BMI).............................................................................. 95 

 Smoking and Chronic Pulmonary Disease (CPD) ....................................... 96 

 Consolidation’s Size .................................................................................... 96 

 Pleural Effusion ........................................................................................... 97 

3.8.2. Benign PPCs (bPPCs) ................................................................................98 

3.8.3. Malignant PPCs (mPPCs) ........................................................................106 

3.9. Comparative Analysis ...................................................................................116 

3.9.1. bPPCs vs. mPPCs ....................................................................................116 

3.9.2. AT-m vs. AT-b ........................................................................................118 

3.9.3. PLTs vs. Metastases ................................................................................118 

4. DISCUSSION .................................................................................... 120
4.1. Study Results & their Clinical Significance ...............................................120 

4.1.1. PPCs & Patients’ Characteristics .............................................................121 

4.1.2. PPCs & Consolidations’ Characteristics .................................................122 

4.1.3. Demographic & Clinical Variables & their Relation to ARFI Values ....123 

4.1.4. Differences in ARFI Values among Different PPCs ...............................125 

4.2. Study Limitations ..........................................................................................140 

4.2.1. First Issue: Healthy Organ’s Reference Values .......................................140 

4.2.2. Second Issue: Technical Difficulty and Measurement’s Failure ............. 140 

4.2.3. Third Issue: Estimation of Reliability ..................................................... 140 

4.2.4. Fourth Issue: Reproducibility ..................................................................141 

4.2.5. Fifth Issue: Sample’s Size .......................................................................141 



VIII 
 

5. CONCLUSION ................................................................................. 142 

6. REFERENCES .................................................................................. 143 

7. TABLE OF ACADEMIC TEACHERS .......................................... 166 

8. ACKNOWLEDGEMENT ................................................................ 167 

9. APPENDIX ........................................................................................ 168 



ARFI Performance in PPCs 2021 
 

Page | 1  
 

I. ABBREVIATIONS 

 

2D-SWE   two-dimensional shear wave elastography  
95% CI    95% confidence interval 
AC    adenocarcinoma 
Abs    antibodies  
ANA    antinuclear antibodies  
ANCA    antinuclear cytoplasmic antibodies  
AP    acute pancreatitis  
ARDS    acute respiratory distress syndrome 
ARFI    acoustic radiation force impulse 
AT-b    atelectasis due to a benign underlying disease  
AT-m    atelectasis due to a malignant underlying disease  
AUC    area under the curve 
AUROC    area under the receiver operator characteristic 
    curve 
BMI    body mass Index 
BPE    benign pleural effusion 
bPPCs    benign peripheral pulmonary consolidations  
CEUS     contrast enhanced ultrasound 
CHF     congestive heart failure 
CKD     chronic kidney disease 
cm     centimeter 
CMV     cytomegalovirus 
COP     cryptogenic organizing pneumonia 
CPD    chronic pulmonary disease 
CT     computer tomography 
CXR     chest X-ray 
DEGUM   “ Deutsche Gesellschaft für Ultraschall in der  
    Medizin“  
    German for German society for ultrasound in  
     medicine.  
EBUS     endobronchial ultrasound 
EFSUMB    European Federation of Societies for Ultrasound in 
    Medicine and Biology 
ESRD     end-stage renal disease 
EUS     endoscopic ultrasound 
FiO2     fraction of inspired Oxygen  
FNA     fine needle aspiration 
HCC     hepatocellular carcinoma 
HPF     high power field 
IQB:     “Interquartilbereich” German for interquartile  
    range (IQR) 
IQR     interquartile range 
kPa     kilopascals 
LCC     large cell carcinoma 
LL     lower lobe 



ARFI Performance in PPCs 2021 
 

Page | 2  
 

LNs     lymph nodes 
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MRI    magnetic resonance imaging   
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IV. ABSTRACT 

Background: Ultrasound elastography has emerged as a non-invasive tool to “palpate” 

the previously unpalpable deeply buried organs and has established itself as a reliable, 

radiation-free and a cost-effective diagnostic equipment for quantifying the degree of 

stiffness of various normal and pathological tissues in the body. Given the aerated nature 

of pulmonary parenchyma; studies on lung elastography are scarce. Very few studies 

examined the use of ARFI in peripheral pulmonary consolidations (PPCs) and almost all 

of them excluded consolidations accompanied by pleural effusion (PE). The purpose of 

this study was to evaluate the diagnostic performance of ultrasound (US) point shear wave 

elastography (pSWE) using Acoustic Radiation Force Impulse (ARFI) technology in 

different benign and malignant PPCs.  

Methods: 107 consecutive patients with PPCs who underwent sonographic examinations 

between April to December 2020 at the university hospital of Marburg, Germany were 

recruited in the study. A verbal consent was obtained from each patient to perform an 

ARFI study of the PPC. 20 patients (n=20) were excluded due to the following reasons: 

10 patients (n=10) due to measurement’s failure, 5 patients (n=5) due to incompliance 

(breath holding) with invalid measurements, 5 PPCs (n=5) due to uncertain diagnosis. 

Finally, 87 patients (n=87) were included in the final analysis. The ARFI studies were 

retrospectively analyzed and correlated to the final diagnosis. All patients received a 

conventional lung US examination in addition to an ARFI study (11 valid measurements 

in meters per second (m/s) were obtained for each PPC). Atelectatic consolidations 

accompanied by pleural effusions (PE) were also included. The diagnosis was confirmed 

by means of cyto-histological examination (performed in 73/87 (83.9%) of the patients) 

or by means of computer tomography (CT) and or chest-X-ray in correlation to the 

clinical picture (a CT scan was available in 84/87 (96.6%) of the cases). A receiver 

operating characteristic (ROC) analysis was implemented to examine the mean ARFI 

velocities (MAV) for potential cut-off values between benign and malignant PPCs. The 

study was approved by the local ethics committee of the Philipps-university in Marburg.   

Results: The 87 patients (49 males and 38 females) had a mean age of 65±14 years (range 

28-88 years). The mean body mass index (BMI) was 24.1±3.5 Kg/m2. History of smoking 

and chronic pulmonary disease (CPD) was present in 61% (53/87) and 36% (31/56), 

respectively. 55% (48/87) of the PPCs were accompanied by PE. There was 58 benign 
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PPCs (bPPCs) and 29 malignant PPCs (mPPCs). Large consolidation’s size was 

suggestive of malignancy (p=0.01), the mean size of mPPCs was 6.26 ±3.12 cm and of 

bPPCs 4.02 ±1.98 cm. A cutoff size of 4.75 cm has a sensitivity and specificity of 65.5% 

and 82.5%, respectively in diagnosing mPPCs (AUC=0.729, 95% CI= 0.577-0.881). 

Consolidations accompanied by PE had lower MAV values and were more likely to be 

benign (P<0.001). Smoking history, presence of a CPD, age, gender and BMI were not 

associated with increased risk of malignancy in the study (p> 0.05). bPPCs demonstrated 

significantly lower MAV values as mPPCs (1.82±0.97 vs. 3.05±0.73 m/s) (p<0.001). 

Selecting 2.21 m/s as a cut-off value yielded a sensitivity and specificity of 89.7% and 

75.9%, respectively in diagnosing mPPCs (AUC=0.852, 95% CI =0.773-0.931). No 

significant differences were found between atelectases due to benign underlying causes 

(AT-b, n=21) and those due to malignant underlying causes (AT-m, n=17) (p=0.33) nor 

between pneumonias (n=9) and all atelectases (n=38) (P=0.66). Lung infarctions and 

certain other chronic inflammatory/granulomatous benign consolidations (n=11) showed 

high MAV values comparable to those of mPPCs (p=0.42). One interesting finding was 

the higher stiffness of primary lung tumors (n=19, MAV= 3.33 ±0.71 m/s) vs. metastases 

(n=10, MAV=2.52 ±0.39 m/s) (p= 0.002). Setting 2.82 m/s as a cut-off value would have 

a sensitivity and specificity of 79.0% and 90.0 %, respectively in differentiating primary 

lung tumors from metastases (AUC=0. 847, 95% CI= 0.701-0.993).  

Conclusion: ARFI elastography could be a good non-invasive tool in the diagnostic 

armamentarium of peripheral pulmonary consolidations helping in the differentiation 

between benign and malignant consolidations as well as between malignant 

consolidations of pulmonary and non-pulmonary origins (metastases). However, some 

degree of overlap between different disease entities does exist and the diagnosis should 

be made in correlation with the clinical context, larger prospective studies are needed to 

validate these results.  
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V. ZUSAMMENFASSUNG 

Ziel der Arbeit: Die Ultraschall-Elastographie ist ein nicht invasives Instrument, 

welches das „Palpieren“ tief gelegener Organe und Strukturen ermöglicht und sich als 

reliable, strahlungsfreie und kosteneffektive diagnostische Methode für die 

Quantifikation des Grads der Steifigkeit verschiedener normaler und pathologischer 

Gewebe im Körper etablierte. Aufgrund der luftgefüllten Natur des pulmonalen 

Parenchyms wurde die Elastographie nur spärlich im Bereich der Lunge studiert. Sehr 

wenige Studien implementierten die Elastographie zwecks Charakterisierung 

verschiedener peripheren pulmonalen Konsolidierungen (PPKs) und fast alle schlossen 

PPKs mit begleitendem Pleuraerguss (PE) aus. In dieser Arbeit wird der diagnostische 

Stellenwert der Ultraschall (US)-Punkt-Scherwellen-Elastographie (pSWE) mittels 

Acoustic Radiation Force Impulse (ARFI) Technik zur Dignitätseinschätzung 

verschiedener benigner und maligner PPKs evaluiert.  

Methoden: Zwischen April und Dezember 2020 erhielten 107 nacheinander folgende 

Patienten mit PPKs eine sonographische Untersuchung des Thorax an der 

Universitätsklinik Marburg. Ein mündliches Einverständnis wurde von jedem Patienten 

vor der Durchführung der ARFI-Studie erhalten. 20 Patienten (n=20) wurden 

ausgeschlossen: 10 Patienten (n=10) bei technischem Versagen der ARFI-Messung, 5 

Patienten (n=5) wegen invalider Messungen bei fehlender Mitarbeit (Luftanhalten 

während der Messung), 5 Patienten (n=5) wegen unsicherer Diagnose. Schließlich 

wurden 87 Patienten (n=87) eingeschlossen. Die Daten wurden anschließend retrospektiv 

analysiert und mit der finalen Diagnose korreliert. Alle Patienten erhielten eine 

konventionelle sonographische Untersuchung sowie eine ARFI-Untersuchung (dabei 

wurden 11 valide Messungen pro PPK durchgeführt). Pleuraerguss (PE) assoziierte 

Lungenkonsolidierungen wurden eingeschlossen. Die Diagnosesicherung erfolgte mittels 

zyto-histopathologischer Evaluation (in 73/87 (83,9%) der Fälle vorhanden) und/oder 

mithilfe einer Computertomographie (CT) oder Röntgenaufnahme des Thorax in 

Korrelation mit der Klinik (eine CT war in 84/87 (96,6%) der Fälle vorhanden). Um die 

mittelwertigen ARFI Geschwindigkeiten (MAG) zwischen Gruppen zu vergleichen und 

Cut-off-Werte zu ermitteln wurde eine Receiver-Operating-Characteristics-Analyse 

(ROC curve analysis) implementiert. Die Studie wurde von der Ethikkommission der 

Philipps-Universität in Marburg genehmigt. 
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Ergebnisse: Von den 87 Studienpatienten waren 49 männlich und 38 weiblich, das 

durchschnittliche Alter betrug 65±14 Jahre. Der durchschnittliche Body-Mass-Index 

(BMI) war 24,1±3,5 Kg/m2.  Aktiver oder früherer Tabak-Konsum und chronische 

pulmonale Erkrankung (CPE) waren in jeweils 61% (53/87) und 36% (31/56) der 

Patienten vorhanden. 55% (48/87) der PPKs waren mit einem PE assoziiert. Es gab 58 

benigne PPKs (bPPKs) und 29 maligne PPKs (mPPKs). Größe der Konsolidierung war 

mit Malignität assoziiert (p=0,01). Die mittlere Größe betrug bei mPPKs 6,26 ±3,12 cm 

und bei bPPKs 4,02 ±1,98 cm. Als ein Cut-Off-Wert zeigte eine Konsolidierungsgröße 

von 4,75 cm eine Sensitivität von 65,5% und eine Spezifität von 82,5% für die Diagnose 

von mPPKs (AUC=0,729, 95% CI= 0,577-0,881). Konsolidierungen mit einem 

begleitenden PE zeigten niedrigere MAG-Werte und waren häufiger benigne (p<0,001). 

ARFI-Werte waren unabhängig von Tabak-Konsum, CPE, Alter, Geschlecht, und BMI 

in dieser Studie (p> 0,05). bPPKs zeigten statistisch signifikant niedrigere MAG-Werte 

im Vergleich zu den mPPKs (1,82±0,97 vs. 3,05±0,73 m/s) (p<0,001). Bei einem Cut-

Off-Wert vom 2,21 m/s können mPPKs von bPPKs mit einer Sensitivität von 89,7% und 

einer Spezifität von 75,9% differenziert werden (AUC=0,852, 95% CI =0,773-0,931). Es 

ließen sich in dieser Studie keine significanten Unterschiede zwischen Atelektasen in 

Rahmen einer malignen Erkrankung (AT-m, n=17) und Atelektasen in Rahmen einer 

benignem Erkrankung zeigen (AT-b, n=21) (p=0,33) zeigen, auch keine signifikanten 

Unterschiede zwischen Pneumonien (n=9) und Atelektasen (n=38) (p= 0,66). 

Lungeninfarkte und chronisch inflammatorische/granulomatöse benigne 

Konsolidierungen (n=11) demonstrierten hohe MAG-Werte (vergleichbar mit diesen von 

mPPKs) (p=0,42). Eine interessente Feststellung war die signifikant höhere Steifigkeit in 

primären Lungentumoren (n=19, MAG= 3,33±0,71 m/s) im Vergleich zu metastatischen 

Lungenkonsolidierungen (n=10, MAG= 2,52 ±0,39 m/s) (p= 0,002). Ein Cut-Off-Wert 

von 2,82 m/s demonstrierte eine gute Spezifität von 90,0% mit einer moderaten 

Sensitivität von 79,0% für die Unterscheidung zwischen primären Lungentumoren und 

Metastasen (AUC=0,847, 95% CI= 0,701-0,993).  

Schlossfolgerung: ARFI-Elastographie ist ein gutes nicht-invasives Instrument, welches 

in der Differenzierung von benignen und malignen Läsionen sowie in der Differenzierung 

von primären pulmonalen Tumoren und Metastasen hilfreich sein kann. Grundsätzlich 

muss die Diagnose mit der Klinik korreliert werden. Zwecks Validierung der Resultate 

dieser Studie sind größere prospektive Studien notwendig. 
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1. INTRODUCTION 

 

1.1. Anatomy of the Lung & the Pleura  

 

1.1.1. The Thoracic Cavity 

 

The thoracic cavity is bounded superiorly by the upper thoracic aperture, inferiorly by 

the diaphragm, anterolaterally by the sternum and the ribs, and posteriorly by the vertebral 

column and the scapulae. This cavity can be subdivided into 3 large compartments 

consisting of a centrally situated mediastinum and the right and left pleural cavities.  

Figure 1.1 Anatomy of the thoracic cavity (source: Schünke M, Schulte E, Schumacher U et al. 
(2009). Hrsg. 2., Prometheus LernAtlas der Anatomie-Innere Organe, überarbeitete und 
erweiterte Auflage. Stuttgart: Thieme).  
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1.1.2. The Mediastinum  

The mediastinum can be divided through an imaginary plane between the sternal angle 

and the junction between T4 and T5 thoracic vertebrae (transverse thoracic plane) into 

superior and inferior mediastina. The superior mediastinum contains among others the 

trachea, the thymic gland and the great vessels which supply the head and neck along 

with the upper extremities (Roberts, 2005). The inferior mediastinum can be divided 

further into 3 anatomical compartments: the anterior mediastinum which is the narrow 

space between the sternum and pericardium which in adults apart from some fat and 

connective tissue does not contain major organs. The middle mediastinum which contains 

the heart with its pericardial covering, the proximal parts of great systemic and pulmonary 

vessels, the tracheal bifurcation with both major bronchi and the phrenic nerves along 

with the paratracheal and peribranchial lymph nodes. The posterior mediastinum lies 

between the pericardium and the vertebral column (T5-T12) and houses among others 

mainly the descending aorta, esophagus, azygos and hemiazygos veins, the vagus nerves, 

and the thoracic duct (Stoddard, 2020). 

1.1.3. The Pleurae & Lungs  

Each pleural cavity is formed by the 2 layers of a serous membrane (the pleura): the 

visceral pleura directly covering the lung and the parietal pleura which lines the inner 

surfaces of the thoracic cage and the adjacent mediastinum. It is because of this fusion of 

the pleura to the above-mentioned structures that the pleurae and consequently the lungs 

automatically follow the movement of the thoracic cavity (Schünke et al., 2009).  

The lungs are located within the pleural cavities on each side of the mediastinum, given 

the asymmetrical position of the heart with its apical deviation to the left, the left lung is 

normally smaller than the right.  The right lung consists of 3 lobes an upper (UL), a middle 

(ML) and a lower (LL) while the left lung consists of only 2 lobes (upper and lower), the 

lingula which is a tongue-like projection of the upper lobe of the left lung is not 

considered a lobe. The right lung is further divided into 10 segments (5 in the LL, 2 in the 

ML and 3 in the UL), on the other hand he left lung consists of a total of 9 segments (4 in 

the LL and 5 in the UL). Every segment represents an independent functional unit with 

its separate bronchial and vascular supply; thus it is possible to surgically resect such 
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segments (units) without a negative influence on the functionality of the remaining lung 

tissue. The segments are further divided into smaller units called lobules, every lobule 

consists of a terminal bronchiole (bronchiolus terminalis) and thousands of alveoli with 

accompanying alveolar capillaries (Schwegler, 2016) (Chaudhry, 2020).  

The tracheal Bifurcation which is seen at the level of the 4th thoracic vertebra (T4) gives 

rise to the left and right main bronchi, the main bronchi continue branching in a successive 

manner towards the periphery of the lung into lobar and segmental bronchi and ultimately 

into smaller bronchi und bronchioles. In comparison to the trachea and the main bronchi 

and with further peripheral arborization one can find only scattered plates of cartilage in 

the smaller bronchi so that the terminal bronchi and bronchioles process no cartilaginous 

scaffold and are maintained open by the mere traction of lung tissue (Schwegler, 2016).  

1.2. General Histology of Lung Parenchyma  

The terminal bronchiole is the terminal branch of the bronchial arborization (after 

approximately 15 successive branching towards the periphery), it gives rise to several 

respiratory bronchioles to which the alveoli are connected in a “punch of grapes” like 

configuration. The thin membrane-like alveolar wall has a diameter of 1-10 μm enabling 

the gas exchange (blood-air-barrier) (Schwegler, 2016) (Tortora, 2006).  

Figure 1.2 Lung lobule: a) anatomy, b) histology (source: Tortora, G.J. & Derrickson, B.H., 
(2006). Anatomie und Physiologie, Weinheim: WILEY-VCH). 
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The alveoli stem from the respiratory bronchioles like small “bubbles” increasing in 

number with further branching of these bronchioles which in turn (i.e., the respiratory 

bronchioles) terminate as the alveolar ducts, the walls of these ducts are made up entirely 

from alveoli (Khan, 2020). 

 

The thin alveolar wall consists of the tissue between 2 alveoli namely the alveolar 

epithelium and the interalveolar connective tissue (also known as the alveolar septum), in 

this septum one can appreciate the presence of some fine collagenous, reticular and elastic 

fibers with an interconnected network of pulmonary capillaries in between, the wall of 

these capillaries is in direct contact with the alveolar wall, in fact at many sites the basal 

laminae of the capillary endothelium fuse completely with that of the alveolar epithelium 

(Slomianka, 2009). The adjacent alveoli are connected through pores (pores of Kohn), 

allowing alveoli to communicate (maintenance of aeriation like in the case of 

bronchial/bronchiolar obstruction) (Khan, 2020). 

 

The alveolar epithelium is composed from 2 types of cells: the small thin type I 

pneumocytes (comprising around 95% of the alveolar epithelium) and the large cuboidal 

type II pneumocytes which contain numerous cytostomes and are responsible for the 

production of the surfactant (a mixture of phospholipids which serves to lower the 

alveolar surface tension preventing alveolar collapse during expiration) (Slomianka, 

2009) (Khan, 2020). 

 

Figure 1.3 Light microscopic photographs of a normal lung parenchyma (source: Slomianka, 
Lutz (2009). Blue histology. School of Anatomy and Human Bioloy, The University of Western 
Australia). 
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The alveolar epithelium, compared to that of the proximal gas conducting bronchial 

segments, is not ciliated and cannot eliminate dust and fine foreign particles by itself, 

which is a task performed by the alveolar macrophages, which migrate freely within the 

alveolar epithelium phagocytosing such foreign particles, these particle-laden-

macrophages, towards the end of their life span, are either expectorated into the pharynx 

or remain within the connective tissue of the alveolar septa (Khan, 2020) (Slomianka, 

2009). Regarding the pleural membranes, every pleural layer is made up from a single 

epithelial layer, the total thickness of both pleural layers ranges from 0.2-0.4 mm while 

the normal diameter of the pleural space which contains a tiny thin fluid film (pleural 

fluid) is between 10-20 μm (Noppen, 2000). In a heathy individual the normal total 

amount of the pleural fluid was estimated to be about 0.26 ± 0.1 ml/kg (Noppen, 2000). 

1.3. Pulmonary Consolidations  

 

1.3.1. Definition  

 

The term lung consolidation refers to solidification of the normally air-filled parenchymal 

lung tissue because of filling with fluids (blood, water, pus, or stomach content like in the 

case of aspiration) or by means of displacement through or replacement with solid 

materials (tumors, fibrous tissue as seen in some chronic pulmonary diseases or necrotic 

tissue like in the case of lung infarction). In some cases, the normal lung tissue can be 

compressed due to an external pressure, a classical example is frequently seen with 

pleural effusion which causes the adjacent lung segment to collapse leading to 

displacement of the intraalveolar air with the resultant consolidation-like morphology 

(compressive atelectasis) (Hoffmann, 1998).  

 

1.3.2. Benign consolidations 

 

 Pneumonia 

Pneumonia is defined as acute inflammation of the lung parenchyma distal to the terminal 

bronchioles. Pneumonia can be classified etiologically in (among others): bacterial, viral, 

mycoplasmal, fungal, protozoal, or aspiration related.  
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The traditional classification is based on the anatomical distribution of the inflammatory 

infiltrates into 3 categories as follows:  

 

I. Lobar pneumonia  

This represents an acute bacterial infection of a lung lobe (whole lobe, 2 or more lobes or 

part of a lobe), sometimes the involvement can be bilateral.  

2 centuries ago, in the year of 1819 Laennec described the 4 classical stages of a lobar 

pneumonia (Laennec, 1838). These stages are described in Table 1.1 (Mohan, 2010) 

(Herold, 2014). 

Nowadays, in the era of antibiotic therapy, these classical stages describing the 

evolvement of untreated pneumonia are infrequently encountered (Mohan, 2010). 
 

Table 1.1 The 4 stages of lobar pneumonia (natural history without antibiotics)  

Stage  Time 
window  

Macroscopic 
changes of the 
involved lobe  

Microscopic changes in the 
involved lobe 

Congestion 
(initial Phase)  

Day 1-2 Enlarged, 
congested and 
dark red  

Typical signs of inflammation 
(congested alveolar capillaries, 
intraalveolar fluid with some 
erythrocytes, neutrophils, and 
abundant bacteria)   

Red hepatization 
(early 
consolidation)  

Day 2-4 Red and airless 
with stiffer 
consistency (liver 
like)  

Fibrin-rich exudate with 
abundant neutrophils and 
erythrocyte extravasation.  
  

Grey hepatization 
(late 
consolidation) 

Day 4-8 Same as stage 2 
with grey 
discoloration  

Less erythrocytes, less 
organisms, macrophages 
appear at this stage, exudates 
are separated from the alveolar 
septa by free spaces.  

Resolution   After 
the 8th 
day 
lasting 
for 1-3 
weeks  

Re-ventilation by 
means of 
enzymatic 
fibrinolysis. This 
softening begins 
centrally and 
extends gradually 
towards the 
periphery.   

Numerous macrophages, 
significantly less neutrophils 
are seen. Fragmented fibrin 
strands in the alveolar spaces, 
progressive elimination of 
alveolar fluids and exudates 
through expectoration/ 
coughing and with the help of 
the lymphatic system leading to 
the reestablishment of the 
normal structure of the lung 
parenchyma.  
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Resolution of pneumonia is induced through the administration of antibiotics, so that 

stage 4 with fibrinolysis and re-aeration starts taking place around the 3rd day (Mohan, 

2010) (Herold, 2014). 

 
Figure 1.4 Schematic representation of the histological progression of the 4 classical stages of 
lobar pneumonia (source: Mohan H. (2010), Textbook of pathology, Sixth Edition, Jaypee 
Brothers Medical Publishers (P) Ltd, New Delhi, Chapter 17, S. 468-475).  

On rare occasions no fibrinolysis of the involved area takes place resulting in replacement 

with granulation tissue with a permanent induration, this is also called chronic carnifying 

pneumonia (Herold, 2014), this entity is currently known as organizing pneumonia (OP) 

due to the replacement of the unresolved exudate through organization’s tissue with 

subsequent progressive fibrosis, the old term “ carnification” was drawn from the gross 

appearance of affected lungs resembling that of “fresh meat” (Krueger, 2013), OP has a 

many etiologies (both infectious and non-infectious) and some cases of OP are 

cryptogenic (COP) (Popper, 2017).  
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II. Bronchopneumonia (lobular pneumonia)  

In this case the infection involves the terminal bronchioles leading to patchy 

dissemination of the consolidation. This type of pneumonia is especially common in the 

elderly as well as in infants (extremes of age) and in those who have chronic underlining 

medical conditions. Moreover, this type is common as a secondary pneumonia after viral 

Infections like influenza. This type of infection is usually bacterial with commonly 

involved organisms being staph- and pneumococci, and gram-negative bacteria like 

Klebsiella pneumoniae, Hemophilus influenzae and Pseudomonas aeruginosa (Mohan, 

2010).  

 

The gross appearance of this variant of pneumonia is characterized by patchy grey-red 

consolidations (3-4 cm in diameter, granular, firm, dry, and often surrounding a central 

terminal bronchiole), these are most of the time bilateral und more frequently seen in the 

lower lung lobes due to the effect of gravity. Microscopically there is in general fewer 

alveoli involved (in comparison to lobar pneumonia), primarily there is an acute 

bronchiolitis along with inflammation of the peribronchial alveoli in the form of 

intraalveolar pus consisting mainly of neutrophils and leukocytic infiltration 

accompanied by capillary congestion in the alveolar septa (Mohan, 2010). 

 

III. Interstitial pneumonia  

 

This form is also known as interstitial pneumonitis and caused usually by viruses like 

RSV, Influenza, Parainfluenza, CMV, rhino- and adenoviruses…etc., but it is also seen 

in the case of infection with Mycoplasma pneumoniae and pneumocystis carinii and 

occasionally in the case of Chlamydia and Q fever. Usually, such organisms cause a 

transient mild common-cold-like illness involving the upper respiratory tract, however in 

some malnourished or immunocompromised individuals the infection extends to the 

lower respiratory tract. This type of pneumonia is atypical because of the absence of 

alveolar involvement. The inflammation in this case involves the interstitium in a patchy 

manner (Mohan, 2010).  

  

The gross histological appearance is dependent on the severity and usually shows uni- or 

bilateral patchy to extensive consolidation with frothy/ bloody exudates and little or no 

pleural involvement. Histologically there is an interstitial inflammation with mononuclear 
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infiltrates and thickening of the alveolar walls due to congestion and edema accompanied 

by necrotizing bronchiolitis and reactive hyperplasia of the alveolar and bronchial 

epithelium leading to the formation of multinucleated giant cells or like in the case of 

CMV intracellular inclusion bodies. The alveolar exudates are absent to minimal except 

in the case of a complicating ARDS or secondary bacterial infection (Mohan, 2010).  

 

Sonographic relevance:  

As mentioned above, early in the course of lobar pneumonia there is an exudative 

inflammatory change which fills the alveoli and displaces the air within the lung 

parenchyma (the so called hepatization), this leads to a good transmission of ultrasonic 

waves and enables the visualization of these inflammatory consolidations. However, 

during the later stages of lobar pneumonia there is a suboptimal visualization due 

progressive resolution of the inflammatory infiltrates with consequent increase in aeration 

of the lung parenchyma leading to numerous air artefacts. The sonographic visualization 

of interstitial pneumonia is usually poor due to absent/ minimal alveolar exudation (i.e., 

lot of remnant air within the parenchyma) as well as absent/minimal pleural involvement, 

meanwhile its usually possible to partially visualize consolidations in the case of 

Bronchopneumonia thanks to its frequent pleural involvement (G. Mathis, 2010). In fact, 

Lung US is more accurate in diagnosing community acquired pneumonia than chest 

radiography (Ye, 2015). 

 

 Atelectasis  

The process in which there is a collapse of lung tissue with reduction in lunge volume. It 

could be classified based on the pathophysiological etiology (obstructive vs. non-

obstructive) or according to anatomical extent (lobar, segmental or subsegmental) or 

location (Stark, 2020). 

 

I. Obstructive atelectasis  

This type occurs due to bronchial obstruction (e.g., via a tumor or a foreign body), with 

the resultant blockage of the air flow the non-ventilated lung lobe/segment distal to the 

obstruction collapses after resorption of the entrapped air in the alveoli, hence the other 

nomenclature “resorptive” atelectasis (Woodring, 1996) (Stark, 2020).  

Due to collateral ventilation between alveoli (pores of Kohn, canals of Lambert, and 

fenestrations of Boren) it is less likely that obstruction of a segmental bronchus will result 
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in atelectasis than in the case of obstruction of a lobar bronchus. For atelectasis to take 

place all these channels must be obliterated (Stark, 2020). 

This collateral ventilation is not present between lung lobes, except when the interlobar 

fissures are incomplete (in ≥ 50% of healthy persons) (Muller, 2001).  

The rate at which an atelectasis develops is dependent on the degree of collateral 

ventilation, for example foreign body aspiration in children can easily lead to atelectasis 

(due to poorly developed collateral channels) (Stark, 2020), on the other hand adult 

individuals with emphysematous lung have a lot of large collateral pathways mainly 

fenestrae of Boren, which explains why a tumor obstruction may be present for a long 

time before it causes an atelectasis (Thurlbeck, 1994) (Stark, 2020).  

Another factor which affects the rate of development of atelectasis is the composition of 

the inspired gas, in the case of high fraction of inspired oxygen (high FiO2) the atelectasis 

occurs rapidly after bronchial obstruction due to the rapid oxygen absorption into the 

pulmonary capillaries, in comparison Nitrogen have minimal pressure gradient across the 

alveolar-blood-barrier with a much slower absorption, therefore it keeps the alveoli open 

and delays the formation of atelectasis (Stark, 2020).  

 

II. Non-obstructive atelectasis  

Based on the pathophysiological mechanism this entity can be further classified into:  

1. Relaxation atelectasis 

The negative intrathoracic/ intrapleural pressure keeps the lung in close proximity to the 

chest wall. If there is a loss of this negative pressure in the pleural space (Muller, 2001), 

the lung, given its elastic nature, relaxes (elastic recoil) and becomes atelectatic. This type 

of atelectasis is seen for example in the case of pneumothorax or with pleural effusion 

and is commonly misconceived to be “compressive” in nature (Stark, 1996) (Stark, 2020).  

2. Compressive atelectasis  

A space occupying lesion within the thoracic cavity whether originating from the thoracic 

wall, the pleura, or the lung parenchyma itself will compress the lung tissue causing it to 

become atelectatic (Woodring, 1996). Some examples are hemi-diaphragmatic elevation, 

tumors or loculated pleural effusion. Compressive and relaxation atelectasis share many 

similarities; in both cases the contact between the visceral and parietal pleura is lost, 

however morphologically a compressive atelectasis is more likely to be focal (Muller, 

2001). 
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3. Adhesive atelectasis 

The presence of surfactant reduces the surface tension of the walls of the alveoli and 

ensures their patency. If this agent is lost/ inactivated the lung tissue becomes adhesive 

und collapses (Woodring, 1996). This could be bilateral with diffuse pulmonary 

involvement as seen in ARDS in adults and in premature infants or focal like in the case 

of pulmonary embolism where the absence of blood flow and CO2 leads to impaired 

production of surfactant. Other examples are lung contusion and acute radiation 

pneumonitis (Muller, 2001) (Stark, 2020).  

4. Cicatricial atelectasis 

In fibrotic pulmonary conditions with extensive scarring of the lung tissue (e.g., chronic 

radiation pneumonitis, sarcoidosis, and other granulomatous diseases) the alveoli get 

entrapped leading to the collective formation of an atelectatic area (Stark, 2020). 

5. Round Atelectasis 

This is a distinct form of atelectasis which occurs in areas where the lung becomes 

entrapped due to a pleural disease and is classically seen in asbestosis (Stark, 2020) 

(Chandrasekhar, 2007). The radio-morphologic appearance can mimic that of a tumor 

that is why this type is also known as atelectatic pseudotumor. Nearly 75% of round 

atelectases are seen on the posterior surface of the lower lobe and are associated with 

pleural thickening. A characteristic feature on CT-scan with a 92% specificity and 83% 

sensitivity is the “comet tail” sign which describes a curvilinear displacement of the 

vascular and bronchial structures towards the center of the mass (Yi and Aubry, 2010).   

6. Plate-like atelectasis 

This type occurs in lung areas with poor ventilation (near a linear scar or a tiny accessory 

pulmonary fissure), a quite common form of atelectasis which is also known as linear, 

subsegmental or discoid atelectasis (Stark, 2020).  
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Figure 1.5 Histologic appearance of atelectasis (source: Flickr. (2020). Atelectasis. Available 
online at https://www.flickr.com/photos/pulmonary_pathology/6838768732).  

  Pulmonary Infarction  

Pulmonary embolism (PE) is a common disease associated with serious complications 

and is often fatal. It is caused by obstruction of one or more pulmonary arteries or their 

branches through a blood clot (mostly originating from a deep vein thrombus in the lower 

limbs and rarely in other areas of the systemic venous system) (Thompson, 2020) but also 

this could be caused by a tumor, infection, air, fat, amniotic fluid, or foreign material 

(e.g., intravenous drug users) (Jorens, 2009) (Parambil, 2005). The emboli are usually 

multiple and most of the time affecting the lower lung lobes (Moser, 1990).  

If a small blood clot gets entrapped in a segmental or subsegmental branch of the 

pulmonary artery, the consequence will be an infarction the region distal to the occlusion, 

this occurs in about 10% of PE, in these patients; pleurisy and hemoptysis tend to occur 

more often (Stein, 1991).  

The classical histopathological finding is a wedge-shaped or triangular subpleural area of 

coagulative necrosis and hemorrhage accompanied by fibrous pleuritis, nevertheless such 

finding is not encountered frequently in real practice because of the triple oxygen supply 

of the pulmonary tissue (airways, pulmonary and bronchial vessels) and the highly 

efficient fibrinolytic activity of endothelial cells in the lungs (Yousem, 2009).  

https://www.flickr.com/photos/pulmonary_pathology/6838768732
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In many cases there is geographic pattern composed of coagulative necrosis with islands 

of normal parenchyma in the subpleural region, with islands of viable lung parenchyma 

sometimes located within areas of eosinophilic necrosis and sometimes the infarcted area 

shows a rounded configuration with a fibrous capsule (Yousem, 2009). 

Some of the infarcts may show a combination of the above histologic findings while 

others can demonstrate areas of dystrophic calcification or hemosiderin containing 

macrophages (Yousem, 2009).  

  

 

Moreover, the margins of some infarcts my show an inflammatory reaction with alveolar 

and interstitial granulation tissue consisting of proliferating fibro- and myofibroblasts 

with lymphoplasmacytic infiltration giving some infarcts a pseudo-granulomatous 

appearance. Occasionally the epithelial lining of the bronchi/bronchioles within the 

infraction zone may demonstrate a squamous metaplasia, likewise the neighboring 

alveolar pneumocytes may show reactive hyperplasia and atypia leading the pathologist 

to suspect malignancy (Yousem, 2009). The presence of such atypical cells causing a 

Figure 1.6 Some histologic variants of pulmonary infarction: a. geographic necrosis, b. rounded 
configuration, c. marginal inflammation, d. squamous metaplasia (source: Yousem S. A. (2009). 
The surgical pathology of pulmonary infarcts: diagnostic confusion with granulomatous disease, 
vasculitis, and neoplasia. Modern pathology: an official journal of the United States and Canadian 
Academy of Pathology, Inc, 22(5), 679–685.). 
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misdiagnosis of malignancy is a well-known problem in pulmonary infarctions’ 

specimens obtained using FNA (George, 2004).  

1.3.3. Malignant Consolidations  

 

 Primary Lung Tumors  

Worldwide, lung cancer is the most common type of cancer and the leading cause of 

cancer-related deaths in both males and females. In 2018 lung cancer was responsible for 

1.78 million deaths globally (WHO, 2018).  

Smoking is the most important risk factor for the development of lung cancer and is 

thought to be the culprit in more than 90% of the cases (Alberg, 2003).  

Other risk factors include radiation exposure (environmental and therapeutic), toxins like 

asbestos, radon, arsenic, chromium, nickel and polycyclic aromatic hydrocarbons as well 

as pulmonary fibrosis, AIDS, and Alcohol (Midthun, 2020). The genetic basis of lung 

cancer is still under investigation with some established genetic predisposition, the role 

of dietary measures is unclear (Midthun, 2020).  

For years, there was no effective screening for lung cancer. In the united states a 

randomized national lung screening trail (NLST) showed a reduction in mortality with 

the use of low-dose-CT for annual screening for lung cancer (Aberle et al., 2011). In the 

above-mentioned trial, the selected patients were between the age of 55-74 and were 

heavy-smokers (>= 30 pack-years, including those who quit in the preceding 15 years).  

A 24% reduction in lung cancer deaths with the use of regular screening using low-dose-

CT was also demonstrated in a large European randomized trial (the NELSON trial) (van 

Lersel et al., 2007). Likewise, the German lung cancer screening intervention study 

(LUSI) demonstrated a similar performance of lung cancer screening using multi-slice 

detector CT (MSCT) to that of mammography in breast cancer although further workup 

in the case of the lung is more invasive (Becker et. al., 2015). Similar national screening 

studies from the UK, Italy, Denmark also suggested the effectiveness of lung cancer 

screening in high-risk individuals (Deffebach, 2020).  

 

Classification of primary lung tumors 

The 2015 WHO classification of lung tumors is based on histopathological features using 

both immunohistology and light microscopy (Brambilla, 2014) (Tazelaar, 2020). This 

better correlates with the prognosis and enables tailored therapeutic options, it also guides 
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performing molecular tests to detect treatment-relevant genetic mutations (Tazelaar, 

2020).  

 

1.3.3.1.1. Adenocarcinoma (AC) 
This is the most common type of lung cancer and represents around 50% of all cases 

(Tazelaar, 2020). The morphologic appearance and the architecture of neoplastic tissue 

varies giving rise to many subtypes with acinar, lepidic, papillary, micropapillary and 

solid growth patterns being the most common, whereas cribriform, colloid, enteric and 

fetal patterns of neoplastic growth are less commonly encountered (Tazelaar, 2020). The 

tumor cells express either pneumocyte markers (like TTF-1) or mucin (Travis, 2015). 

These growth patterns have a prognostic significance (Tsao, 2015). According to the 2015 

WHO classification lung AC are classified into preinvasive glandular proliferations and 

invasive AC subtypes (Brambilla, 2014) (Travis, 2015). 

 

 -Preinvasive glandular proliferation:  

• Atypical adenomatous hyperplasia: pneumocyte proliferation showing atypia 

with lesion size less than or equal to 5 mm.  

• Adenocarcinoma in situ: evidence of carcinoma cells with intact alveolar septa 

(lepidic pattern) without invasion, lesion size must be less or equal to 3 cm.  

-  Invasive AC subtypes: 

• Minimally invasive: in general, the tumor size is less or equal to 3 cm showing a 

“minimal” invasion of less than 5 mm with lepidic growth seen most of the time.   

• Lepidic: Lepidic growth with evidence of invasion of more than 5 mm in one or 

more foci.  

• Acinar: The tumor cells arrange in a glandular pattern forming acini and usually 

accompanied by a desmoplastic stromal reaction.  

• Papillary: a centrally located fibrovascular area surrounded by papillary-like 

projections of tumor cells.  

• Micropapillary: Same as papillary but without a fibrovascular center.  

• Solid: the tumor cells form solid sheets without evidence of acinar or papillary 

structures.  

• Invasive mucinous: mucin-containing tumor cells with columnar or goblet-cell-

Like appearance, in some areas the tumor cells just fill the alveoli keeping the 
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walls intact, nevertheless with foci of tumor invasion (this entity was formerly 

named mucinous bronchoalveolar carcinoma).  

• Colloid: this subtype is characterized by a large amount of extracellular mucin 

with tumor cells being scattered around.  

• Fetal: this is a special subtype with a better prognosis compared to the typical 

lung AC. It consists of columnar cells forming a complex glandular configuration 

resembling that of endometrial AC, the general appearance of the tumor mimics 

that of a fetal lung. 

• Enteric: the morphology mimics that of colorectal AC with some areas showing 

foci of central necrosis.  

Signet ring and clear cells, which are mostly seen in solid forms but also in other 

histologic types, are not regarded as an independent type/subtype anymore.  

Figure 1.7 Some histologic subtypes of lung adenocarcinoma (Source: Eguchi, Takashi & 
Kadota, Kyuichi & Park, Bernard & Travis, William & Jones, David & Adusumilli, Prasad. 
(2014). The new IASLC/ATS/ERS lung adenocarcinoma classification: What the surgeon should 
know. Seminars in Thoracic and Cardiovascular Surgery. 26. 10.1053/j.semtcvs.2014.09.002). 
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1.3.3.1.2. Adenosquamous carcinoma  
As the name implies this type is a mixture of glandular and squamous neoplastic cells. It 

is an aggressive type having worse prognosis than either SCC or AC (Filosso, 2011). It 

represents around 4% of bronchial carcinoma (Cooke, 2010).  

 

1.3.3.1.3. Squamous cell carcinoma (SCC) 
Before being superseded by AC, SCC was the most common histologic type of lung 

cancer till mid 1980s (Tazelaar, 2020). Histologically SCC is defined by the presence of 

keratin or by immunohistochemical evidence of expression for SCC-markers (e.g., p63, 

p40, CK5…. etc.). According to the 2015 WHO classification SCC is subcategorized into 

keratinizing and non-keratinizing (based on the presence of keratin) and basaloid (with > 

50% of the tumor showing basaloid morphologic features). Most of SCC are located 

centrally (over 60%) with peripherally located SCC being increasingly recognized (Funai, 

2003). On rare occasions SCC may have extensive central necrosis resulting in cavity 

formation with symptoms of pulmonary infection and hemoptysis causing the patients to 

seek medical attention which leads to early detection and thus better overall prognosis 

(Dulmet-Brender, 1986).  

Figure 1.8 Histologic appearance of squamous cell carcinoma (source: Travis W. D. (2012). 
Update on small cell carcinoma and its differentiation from squamous cell carcinoma and other 
non-small cell carcinomas. Modern pathology: an official journal of the United States and 
Canadian Academy of Pathology, Inc, 25 Suppl 1, S18–S30. 
https://doi.org/10.1038/modpathol.2011.150).  

 

1.3.3.1.4. Large cell carcinoma (LCC) 
LCC is a diagnosis of exclusion and represents a malignant tumor of epithelial cell origin 

which does not show microscopic or immunohistochemical characteristics of AC, SCC, 

or neuroendocrine tumors, the cytopathological aspects of small cell carcinoma are also 

absent. On histologic examination these tumors are bulky and tend to have large necrotic 
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areas, the tumor cells arrange in sheets and have prominent nucleoli and pale featureless 

cytoplasm on staining. Small biopsies and cytology specimens are insufficient to make 

such diagnosis. In such specimens if there is no immunohistochemical evidence of SCC 

or AC differentiation it is better to use the term non-small cell lung cancer-not otherwise 

specified (NSCLC-NOS) (Travis, 2015) (Tazelaar, 2020).  

 

1.3.3.1.5. Sarcomatoid carcinoma  
This variant is a rare entity and accounts for < 0,5% of all lung cancers (Yendamuri, 

2012). It has an unfavorable prognosis compared to other NSCLCs (Yendamuri, 2012). 

There are many subtypes under this category all of which have malignant epithelial and 

sarcomatous elements (Brambilla, 2014) (Travis, 2015):  

• Pleomorphic carcinoma: NSCLC cells accompanied by spindle or giant cells 

consisting more than >10% of the tumor.  

• Spindle cell carcinoma: this malignant tumor consists entirely of spindle cells 

with some evidence of keratin on immunostaining.  

• Giant cell carcinoma: in this entity nearly, the whole tumor composed of 

pleomorphic, and frequently multinucleated, giant cells.  

• Carcinosarcoma: in this subtype a mixture of carcinoma cells (squamous or 

adenocarcinoma) alongside sarcoma cells like osteo-, chondro- or 

rhabdomyosarcoma is seen.  

• Pulmonary blastoma: a highly malignant tumor which resembles Wilms tumor 

comprising a fetal-appearing adenocarcinoma with a stroma consisting of 

primitive mesenchymal tissue. 

1.3.3.1.6. Neuroendocrine tumors (NETs)  
According to the 2015 WHO classification of lung tumors (Brambilla, 2014) (Travis, 

2015) Lung-NETs can be classified into:  

 

1. Neuroendocrine carcinoma (NEC):  

Small cell neuroendocrine carcinoma: 

Also known as small cell carcinoma or small cell lung cancer (SCLC) which is the most 

common NET of the lung and represents about 15% of all lung cancers (Tazelaar, 2020).  

Histologically, the cells are of small size with a high mitotic activity of more than 11 per 

10 HPFs, there is usually extensive necrosis, the tumor cells have a small rim of cytoplasm 



ARFI Performance in PPCs 2021 
INTRODUCTION 

Page | 29  
 

with a high nuclear/cytoplasmic ratio and the nuclei contain fine granular chromatin with 

no or faint nucleoli (Tazelaar, 2020).  

Large cell neuroendocrine carcinoma:   

These tumors are mostly situated on the periphery of the lung, have high grade, and tend 

to follow an aggressive course (Tazelaar, 2020).  

Histologically, the neuroendocrine origin of the tumor is suggested by having a rosette, 

trabecular or organoid architecture. The mitotic activity needs to be more than 10 per 10 

HPFs, necrotic areas which are typically large are seen and the tumor exhibits one or more 

cytologic feature of a NSCLC (e.g., large cells, abundant cytoplasm with a low 

nuclear/cytoplasmic ratio, chromatin of fine or vesicular morphology, and/or multiple 

nucleoli) (Tazelaar, 2020) (Righi, 2017).  

There should also be an evidence of neuroendocrine differentiation on immunostaining 

(NET-markers other than NSE like chromogranin or synaptophysin) and/or 

neuroendocrine granules under the electron microscope (Tazelaar, 2020) (Righi, 2017). 

 

2. Well-differentiated NET (bronchial carcinoids):  

These variants have a well-differentiated morphology with lower grade than NEC. 

Compared to gastrointestinal NETs (GI-NETs) the terminology of typical and atypical 

carcinoids is still in use delineating low and intermediate grade NETs, respectively. 

Moreover, in the case of Lung-NET the histologic grade is based on necrosis and the 

mitotic rate rather than Ki-67-index (Tazelaar, 2020).  

 

Typical carcinoid:  

Tumor showing carcinoid morphology with mitotic index <2 per 10 HPFs, no necrosis, 

less than 0.5 cm.  

Atypical carcinoid: 

 Tumor showing carcinoid morphology with mitotic activity of 2-10 per 10 HPFs or 

exhibiting necrosis. 

 



ARFI Performance in PPCs 2021 
INTRODUCTION 

Page | 30  
 

 
Figure 1.9 Histology of neuroendocrine tumors of the Lung: A. Typical carcinoid, B. Atypical 
carcinoid, C. Large cell neuroendocrine carcinoma, D. Small cell carcinoma (source: Righi, L., 
Gatti, G., Volante, M., & Papotti, M. (2017). Lung neuroendocrine tumors: pathological 
characteristics. Journal of Thoracic Disease, 9(15), S1442-S1447. doi:10.21037/jtd.2017.01.59). 

 

1.3.3.1.7. Diffuse idiopathic pulmonary neuroendocrine cell hyperplasia 
(DIPNECH) 

This entity is considered by WHO to be a preinvasive lesion and represents a generalized 

proliferation of neuroendocrine cells in proximity of an airway with a diameter of less or 

equal to 5 mm. They can present on imaging as nodules, ground glass-areas or focal 

bronchial thickening and/ or bronchiectasis (Tazelaar, 2020).  

 

 Secondary Lung Tumors (Metastases) 

Most of the time secondary lung tumors are metastatic lesions which reach the lung 

through the lymphatic or hematologic systems and sometimes via direct spread, e.g., 

tumors of the mediastinum, neck, chest wall/breast, lung/pleura, pancreas, stomach 

(Jamil, 2020). Such lung lesions are a sign of an aggressive nature of the tumor and in 

most cases carry a poor prognosis.  
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In the pediatric population most of lung malignancies are in fact secondary (Dishop, 

2008). In theory almost every malignant neoplasm can metastasize to the lung (including 

primary lung tumors which can metastasize to the ipsilateral or contralateral lung or both), 

examples of tumors which frequently exhibit such metastatic pulmonary spread are 

breast, renal, bladder, prostate, colorectal cancer, uterine leiomyosarcoma, melanoma, 

and head/neck squamous cell carcinomas. Other tumors like lymphomas, osteosarcoma, 

testicular cancer and rarely adrenal, thyroid and choriocarcinoma can have pulmonary 

metastasis (Jamil, 2020) (Schwartz, 2019).  

The usual radiologic appearance of pulmonary metastasis is that of multiple noncalcified 

nodular opacities of different sizes in the case of hematogenous spread and interstitial 

thickening in the case of lymphatic spread (Seo, 2001).  

 

Such typical morphology is not always the case, and, on many occasions, pulmonary 

metastasis can mimic some benign lesions or primary lung malignancy, for example 

squamous cell carcinomas metastasis can show some cavitation, some sarcomas or 

adenocarcinomas metastasis can have classifications, pneumothorax can occur with 

Osteosarcomas, alveolar consolidation are frequently seen in metastasis arising from the 

gastrointestinal tract, endobronchial metastasis can lead to atelectasis making the 

distinction between bronchial carcinoma and metastasis very difficult (Fig.4.3, Section 4: 

Discussion), other atypical radiologic features include: peri-metastatic hemorrhage, 

tumor embolization and solitary lesions (Seo, 2001).  

Immunostaining plays a crucial rule in the diagnosis of lung metastasis and giving some 

hints regarding the primary tumor site by applying different stains to look for markers of 

different cell lineages (epithelial, mesenchymal, lymphoid, and melanocytic) and tumor 

specific markers, e.g., TTF-1 in primary lung (Jamil, 2020).  

 

Note:  

Secondary lung malignancy is also a term used to describe pulmonary tumors which arise 

after years of chemo- or radiotherapy (Sato, 2011), given their primary pulmonary origin, 

from elastographic point of view, such post-treatment-tumors and secondary 

intrapulmonary metastasis from another primary lung tumor are dealt with in this study 

as in the case of primary lung tumors (from histologic point of view all share a primary 

pulmonary origin). 
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1.4. Lung Ultrasound 

 

1.4.1. General Concepts  

 

In a healthy lung the aeriation limits the ability of ultrasound in evaluating its 

parenchymal structure, air causes a high acoustic mismatch in relation to the adjacent 

structures leading to complete reflection of the sonographic waves (Gargani, 2014).  

 

This creates only a “zone of darkness” on the screen, nevertheless there are some “useful 

lines”! The pleura appears as a hyperechoic thin straight line which encircles this “dark 

zone” and slides smoothly with each breath, this is known as lung sliding. Whether this 

line represents the actual sonographic image of the pleura or just a mere interface artefact 

between the air in the lung und the solid thoracic wall is debatable (Gargani, 2014).  

 

Deep in this dark area one can appreciate the presence of some other white lines, these 

are:  

- A-lines: these are hyperechoic lines which run horizontally parallel to the pleura 

at regular intervals. These reverberations are seen in the normal lung. Fig. 1.10 

- B-lines: belong to the “comet-tail” type of artefacts which also seen on ultrasound 

of the abdomen and are defined as hyperechoic vertical lines extending from the 

pleural surface into the lower part of the screen without fading, they move with 

respiration and present in increasing number in case where there is a decrease in 

the parenchymal air content due to accumulation of fluids, exudate, blood…. etc.  

within the alveolar or the interstitial spaces, the reduction in the alveolar air along 

with the increased lung density cause a reduction in the abovementioned acoustic 

mismatch resulting in partial repetitive reflections of the sonographic beam 

(Gargani, 2014). The number of these B-lines correlates with the severity of the 

lung pathology (e.g.:  interstitial lung diseases, pulmonary edema, and pulmonary 

fibrosis). Fig. 1.11.  
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Figure 1.10 A-lines. (source: Touw, H. R., Tuinman, P. R., Gelissen, H. P., Lust, E., & Elbers, 
P. W. (2015). Lung ultrasound: routine practice for the next generation of internists. The 
Netherlands journal of medicine, 73(3), 100–107). 

Figure 1.11 B-lines in different clinical settings (source: Gargani L. (2011). Lung ultrasound: a 
new tool for the cardiologist. Cardiovascular ultrasound, 9, 6. https://doi.org/10.1186/1476-7120-
9-6). 
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Sometimes the old well-known ultrasound enemy “air” can be diagnostically useful, a 

good example is that of pneumothorax, in this case the presence of air in the pleural 

space leads to the absence of lung sliding (with respiration) and lung pulse (pleural 

movement with cardiac beats) and the absence of B-lines, the constellation of these 3 

signs gives an exceedingly high positive predictive value for the diagnosis of 

pneumothorax (Gargani, 2014).  

1.4.2. Sonographic Features of Peripheral Pulmonary Consolidations 

 General Ultrasound Morphology & Relevance  

In the case of pulmonary consolidations and due to total or near-total gas displacement 

an acoustic window will ensue giving the area a “tissue-like sign” with excessive 

translobar fluid filling this can resemble the appearance of the liver (hepatization). 

Another sign of consolidation is the “shred sign”, which is usually a sign of a non-

translobar consolidation and correlates to the irregular border between consolidated and 

aerated lung and appears as a hyperechoic fractal line (a sign suggestive of pneumonia) 

(Karthika et. al., 2019). Fig. 1.12.  

Other sonographic features like (margins, presence of air-bronchogram or the 

intralesional vascular pattern) can be extremely helpful in further differentiating such 

consolidations (Gargani, 2014). Examples of Lung consolidations include pneumonia, 

atelectasis, infarct, and tumors.            

Despite its inability to detect centrally located lung consolidations, US represents a 

particularly good imaging modality in the detection as well as obtaining tissue samples 

for histologic diagnosis of 

peripheral subpleural lung 

lesions (Görg, 2006b) 

(Yamamoto, 2019), this is 

particularly important for 

lesions beyond the reach of 

bronchoscopy.  

 

 

 

 

 

Figure 1.12 Lung consolidation (c): tissue-like sign and shred-
sign (source: Karthika, M., Wong, D., Nair, S. G., Pillai, L. V., 
& Mathew, C. S. (2019). Lung Ultrasound: The Emerging Role 
of Respiratory Therapists. Respiratory care, 64(2), 217–229).  

 



ARFI Performance in PPCs 2021 
INTRODUCTION 

Page | 35  
 

The differential diagnosis of solitary lung nodules (including non-peripheral lesions) is 

broad and shown in Fig. 1.13.  

Figure 1.13 Differential diagnosis of a solitary lung nodule (source: Choromańska, A., & Macura, 
K. J. (2012). Evaluation of solitary pulmonary nodule detected during computed tomography 
examination. Polish journal of radiology, 77(2), 22–34). 

 Pneumonia  

As mentioned above filling of the lung parenchyma with inflammatory exudates with 

consequent gas displacement gives the consolidated lung a tissue-like appearance 

occasionally resembling that of the hepatic parenchyma (hepatization), air-bronchogram 

and shred sign (see above) can 

also be seen (Karthika et. al., 

2019).  

 

 

 

 

 

 

 

 

 

 

Figure 1.14 Hepatization in the case of pneumonia with air 
bronchogram (Volpicelli, G. (2013), Lung Sonography. 
Journal of Ultrasound in Medicine, 32: 165-171. doi: 
10.7863/jum.2013.32.1.165). 

https://doi.org/10.7863/jum.2013.32.1.165
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 Lung Infarction 

 

In pulmonary embolism, the impaired perfusion causes alveolar necrosis, intraalveolar 

hemorrhage and atelectasis due to loss of surfactant with or without some pleural effusion. 

These changes take place within minutes of vascular occlusion (Comert, 2013).  

The usual US morphology is a small (0,5-3 cm), well-demarcated, triangular (although 

sometimes round) and hypoechoic lesion (Fig 1.15). It could be detected at multiple sites 

(average: 2.5 lesions) and associated frequently with some effusion (Dietrich, 2015).  

 

Although contrast enhanced 

ultrasound (CEUS) can give some 

clues to the vascular supply and in 

fact has an established role for 

similar lesion in other body organs 

(most notably the liver), it does not 

generally discriminate between 

benign and malignant pulmonary 

lesions (Görg, 2006a).  

 

 

 

 

 

 

 Lung Tumors 

 

Around 40% of lung tumors are peripheral i.e., within the reach of US evaluation 

(Naidich, 2007). Generally, they appear as well-defined lesions with clear-cut margins in 

comparison to inflammatory consolidations which typically show serrated margins 

(although some tumors could show some finger-like projections “ramifications” as a sign 

of local invasion), the echogenic visceral pleural line may be absent at sites of tumor 

abutment. Fig. 1.16.

Figure 1.15 Lung infarction (IN) with a triangular 
hypoechoic appearance. (source:Görg, C., Kring, R., & 
Bert, T. (2006b). Transcutaneous contrast-enhanced 
sonography of peripheral lung lesions. AJR. American 
journal of roentgenology, 187(4), W420–W429. 
https://doi.org/10.2214/AJR.05.0890). 
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One doppler-sonographic sign suggestive 

of malignancy is the displacement of 

vascular structures to the margins of the 

tumor compared to the straight coursed 

vessels perpendicular to the pleural line in 

the case of pneumonia. In terms of 

echogenicity, tumors smaller than 5 cm are 

usually hypoechoic, on the other hand and 

due to intralesional hemorrhage and 

necrosis exhibit larger lesions frequently 

inhomogeneity and appear more echogenic 

(Rednic, 2010).  

 

 

 

 

 

 

 

 

 

 

 

Occasionally, primary lung tumors may incorporate some aerated areas, this is not seen 

with metastasis, moreover metastatic lesions are echogenic (Chichra, 2016), oval to round 

rather than triangular or polygonal (Rednic, 2010).  

Other lesions include mesothelioma appearing as a focal area of thickening (> 1 cm) of 

the pleura and benign pleural tumors, the later appear as an echogenic round, often 

encapsulated lesion with a central feeding vessel (Rednic, 2010).  

US is superior to Computer tomography in revealing pleural or thoracic wall tumor 

invasion (Islam, 2009) (Bandi, 2008) and it performs higher in detecting peritumoral 

atelectasis (obstructive atelectasis) (Hafez, 2017).    

Figure 1.16 Subpleural consolidations with 
different margins. a) Breast cancer metastasis 
b) Lung adenocarcinoma with ramified 
margins c) Pneumonia with saw-teethed 
margins (source: Rednic, N., & Orasan, O. 
(2010). Subpleural lung tumors 
ultrasonography. Medical ultrasonography, 
12(1), 81–87). 
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 Pleural Effusion & Atelectasis  

 

 In addition of being radiation-free, cheap, and portable ultrasound is superior to X-Ray 

when it comes to the distinction between effusion and lung consolidation, moreover it is 

more sensitive, in practical terms at least 200 ml of effusion should be present in order to 

be detected using chest X-ray while US can detect as little as 20 ml of fluid collection 

within the pleural space (Prina, 2014).  

 

 

The sonographic appearance of pleural effusion maybe suggestive of its etiology. It can 

be anechoic, complex (with or without septations) or echogenic. Generally, transudative 

effusions are anechoic but sometimes they may show up as complex non-septated 

effusions, on the other hand a pleural effusion of exudative nature appears as a complex 

Figure 1.17 Pleural effusion (F) with atelectatic lung (L). The Arrow points to the pleural line 
(source: Gillman, Lawrence & Kirkpatrick, Andrew. (2012). Portable bedside ultrasound: The 
visual stethoscope of the 21 st century. Scandinavian journal of trauma, resuscitation and 
emergency medicine. 20. 18. 10.1186/1757-7241-20-18) 
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one (this is usually the case although it can infrequently appear anechoic). An echogenic 

pleural effusion is seen in the case of empyema or hemothorax (Prina, 2014). Fig. 1.17.  

Sonography is an invaluable tool in guiding thoracocentesis with lower risk of 

pneumothorax in comparison to the blind approach (3% vs. 18%) (Barnes, 2005). This is 

especially true with small and/or loculated effusions. In addition, it could be used for 

immediate detection of such complication (i.e., pneumothorax) with a higher sensitivity 

than chest X-Ray (Alrajab, 2013). 

 

In the context of lung effusion, the differentiation between compressive atelectasis due to 

pleural effusion or a consolidated pneumonia-lung with secondary parapneumonic 

effusion requires attention to some sonographic details and should always be interpreted 

with regard to the clinical context. For example, a large non-complex anechoic effusion 

with a flapping lung would be more suggestive of atelectasis due to pleural effusion, 

whereas the presence of a small amount of effusion adjacent to a consolidated lung, 

secondary features like air-bronchogram or complex pleural effusion (plankton sign) and/ 

or clinical features of pneumonia would be more suggestive of a parapneumonic effusion, 

(Jordan, 2015). 

 

1.5. Elastography 

 

1.5.1. What is Elastography? 

Elastography which was first described in the 1990s (Gennisson, 2013) is an imaging 

technique for the assessment of the elasticity (i.e., how hard, or soft a structure is) of 

various tissues and organs (Sigrist, 2017).  

The basic principle of elastography is based on the differences in mechanical properties 

of various healthy and pathological structures. Traditionally, palpating a lesion or an 

organ can give many clues regarding the underlying pathological process, this is due to 

the change of the structure, density, and arrangement as in the case of fibrosis, 

inflammation, congestion, and neovascularization (Ozturk, 2018). However, with the 

hand and fingers it is obviously difficult to assess such tissue properties in the case of 

deeply situated organs and lesions, elastography has given us the ability to “palpate” such 

“hidden” lesions.  
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The classical elastographic example is seen in the liver, where the greater the liver fibrosis 

the greater is the tissue stiffness and hence the elastographic measurement (Fujimoto, 

2013).  The liver is considered the reference organ in terms of elastographic evaluation 

and development, in fact, elastography has established itself as a well-accepted non-

invasive diagnostic modality for the evaluation of the degree of fibrosis in a vast number 

of chronic liver disease entities (Fujimoto, 2013) (Pavolov, 2016) (Zheng, 2015) (Kiani, 

2016) (Tachi, 2016). On the other hand, due to their compacted geometrical arrangement, 

exhibit various tumors a great deal of hardness (Shiina, 2015) (Onur, 2012) (Itoh, 2006). 

Other Organs in which elastography has found a place as a complementary diagnostic 

method include (among others): breast, thyroid, kidney, prostate, spleen, and lymph nodes 

(Saftoiu et. al., 2019). 

 

1.5.2. Physics, Basics & Terminology  

The elasticity of a material describes its ability to regain its original shape after being 

deformed in response to pressure. Fluids can change in shape (assuming the shape of the 

container), but they resist changes in their volume meaning that they only demonstrate 

volume elasticity, solid materials on the other hand resist changes in volume as well as in 

shape, so they demonstrate both rigidity (shear elasticity) and volume elasticity. Strain is 

defined as a change in shape or size, whereas the stress is the force or pressure applied on 

the surface of interest (Nowicki, 2016).  

  

 

 

 

 

 

 

Figure 1.18 Force (F) causing a change in shape/ displacement 
(∆L) of an object (source: Nowicki, A., & Dobruch-Sobczak, K. 
(2016). Introduction to ultrasound elastography. Journal of 
ultrasonography, 16(65), 113–124).  
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In the case of a solid object with homogenous composition, the ratio of stress to strain is 

constant, and is termed as modulus of elasticity:  

Young's modulus (E) = stress/strain. 

Young's modulus E represents a percentile change in length (L): ΔL/L (Nowicki, 2016).     

The response of a particular tissue to an external force (stress) is used to assess its 

mechanical properties. Strain imaging utilizes this direct relationship: 

Hooke’s Law:   E= σ/ε  

Where σ is the external stress, and ε is the strain (Ozturk, 2018). 

The degree of tissue deformation (elasticity) can be translated into an image (elastogram) 

or into a measurement (numerical reading) (Bamber et al., 2013):    

1. Measurement of tissue strain in response to an external pressure is termed as strain 

elastography (SE)  

2. The (dynamic) propagation of shear weaves is used to estimate focal 

measurements without an image, e.g., transient elastography (TE) or it could be 

employed to generate images as in the case of two dimensional shear wave 

elastography (2D-SWE). In point shear-wave elastography (pSWE) like for e.g., 

acoustic radiation force impulse (ARFI) a direct measurement of tissue 

displacement with simultaneous imaging of the structure can be obtained.  

Measurements are displayed in kilopascal (kPa) or meter/second (m/s).  

Most elastographic operating systems provide an automatic calculation, the ultrasound 

operator can convert the measurement from kPa to m/s and vice versa. In fact, most 

systems display results in both kPa and m/s (Ozturk, 2018). Elastograms can be displayed 

superimposed on or separate to the conventional B-Mode-US-Image (Bamber et. al., 

2013). 
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1.5.3. Types of Elastography 

Based on the method of tissue stimulation one can classify ultrasound elastography into 

two categories (Nowicki, 2016) (Saftoiu et. al., 2019): 

1. Static elastography: 

• compression elastography. 

• Doppler imaging: utilizes the low frequency of “sinusoidal” compression 

and relaxation to measure changes in shear wave velocity. 

2. Dynamic elastography (SWE): utilizes a highly focused ultrasound beam to 

generate a shear force, the propagation of which (SW-velocity) is dependent on 

the tissue “hardness”. 

• Transient elastography (TE) 

• pSWE (e.g., ARFI) 

• 2D-SWE  

 Strain Elastography 

As mentioned above strain elastography (SE) measures the deformation of tissue (strain) 

in response to an externally applied pressure (stress). The stiffer the lesion of interest the 

less it deforms (lower strain and higher Young’s modulus). Assuming that the external 

pressure is equal across the area, a strain ratio (lesion’s strain to reference region’s strain) 

can be calculated irrespective of the degree of the externally applied force (Ozturk, 2018). 

Based on the method of tissue stimulation (stress) one can classify SE into 2 types (Shiina, 

2015):  

1. Tissue stress (excitation) using manual pressure This is used in the case of superficially 

situated organs or lesions (e.g., thyroid, breast, lymph nodes…etc.), this type of 

stimulation is incapable of exciting deeper structures adequately. 

2. Tissue stress (excitation) through a physiologic motion. 

Examples pulsating artery and breathing movement can generate stress on a nearby 

structure. Examples of Ultrasound systems implementing SE include: ElaXto™, Real-

time tissue elastography™, ElastoScan™, eSieTouch™, and elasticity imaging by the 

manufacturers Esaote, Hitachi, GE, Philips, Toshiba, Ultrasonix, Mindray, Samsung and 
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Siemens (Ozturk, 2018). In the case of Virtual Touch™ System (Siemens), an acoustic 

push pulse is utilized to excite a region of interest, this eliminates the need for an 

accessory external or internal stimulus (Sigrist, 2017). Stain images are generated through 

processing of radiofrequencies before and after compression (Garra, 2015). Superimposition of 

colored strain images i.e., elastograms (using for example the red-blue scale) on the corresponding 

conventional B-mode images yields extra anatomic information (Itoh, 2006) (Ozturk, 2018). 

There is a great deal of variation among manufacturers in such elastographic strain scales 

making inter-vendor comparability limited (Ozturk, 2018). 

In strain SE there are some methods (parameters) used to quantify tissue elasticity 

(Ozturk, 2018): 

• Strain ratio:  compares deformation between two regions of interest (ROI). A ratio 

of more than 1 indicates less strain und greater stiffness (Sigrist, 2017).  

• Elastogram-to-B-mode size ratio(E/B): due to the desmoplastic reaction which 

accompanies malignant lesions, such lesions appear on elastographic images 

larger than on B-mode-images, on the other hand, benign lesions appear smaller 

on elastographic images (Gheonea, 2011). Taking breast lesions as an example it 

was reported that a ratio of the lesion size on elastography to that on B-mode 

image (E/B ratio) of >= 1 is suggestive of malignancy (Barr, 2010). See (Fig. 

1.19).  

 

 

 

 

 

 

 

 

Figure 1.19 Example of stress elastography of a breast lesion 
(changing size under pressure): invasive ductal carcinoma displaying 
an elastogram to B-mode length ratio (E/B ratio) of 1.85. (source: Barr 
R. G. (2019). Future of breast elastography. Ultrasonography (Seoul, 
Korea), 38(2), 93–105. https://doi.org/10.14366/usg.18053). 
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• Elasticity scores: this usually demonstrate a range of measurements from benign 

to malignant (Shiina, 2015) (Itoh, 2006). See (Fig. 4.20). 

• Fat to lesion strain ratio: using fat as a reference (Zouh, 2014). 

 Shear-Wave Elastography  

In B-mode US the sonographic waves travel through tissue with a speed around 1500 m/s, 

while in SWE the compressive shear waves are much slower traveling at a speed of 1-10 

m/s and their propagation is dependent on the degree of tissue stiffness (Ozturk, 2018). 

The acoustic stimulation of tissue induces shear waves that propagate perpendicularly to 

the compressive (stimulating) waves and such waves are registered at different locations 

allowing the estimation of their velocity which in turn represents tissue elasticity (Ozturk, 

2018). 

Figure 1.20 Example of elasticity scores (Tsukuba elasticity score) using the superimposed 
elastograms on B-mode images (source: Schwab, Fabienne; Redling, Katharina; Siebert, 
Matthias; Schötzau, Andy; Schoenenberger, Cora-Ann; Zanetti-Dällenbach, Rosanna (2016): 
Inter- and Intra-Observer Agreement in Ultrasound BI-RADS Classification and Real-Time 
Elastography Tsukuba Score Assessment of Breast Lesions. In Ultrasound in medicine & biology 
42 (11), pp. 2622–2629. DOI: 10.1016/j.ultrasmedbio.2016.06.017.) 
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1.5.3.2.1. 2D Shear Wave Elastography 

In this modality the acoustic force is used to stimulate tissue at different points generating 

propagating shear waves which are monitored in real time at different locations within 

the image (Ozturk, 2018) (Bamber, 2013). This is translated into a quantitative elastogram 

in the form of a “topographic” colored map correlating to a scale of different elastic 

measurements in m/s or kPa (Ozturk, 2018) (Bercoff, 2004).   

The maximal size of this elastographic map is 2-3 cm in length, using a linear probe and 

in the case of the convex transducer it can cover an area of 9x4 cm in size (Bamber, 2013). 

The technique is provided by many vendors like Virtual Touch™Imaging Quantification 

(VTIQ/ARFI) by Siemens, shear wave elastography (Philips), Shear Wave™ 

Elastography (SuperSonic Imagine), 2D-SWE (GE Healthcare) and acoustic structure 

quantification™ (ASQ) by Toshiba (Ozturk, 2018) (Sigrist, 2017). 

Figure 1.21 Simple shear wave propagation causing oscillation of particles and deformation of 
tissue. a) schematic representation b) the wave from a superimposed on a tissue block from the 
liver (source: Bamber, J., Cosgrove, D., Dietrich, C. F., Fromageau, J., Bojunga, J., Calliada, F., Cantisani, V., 
Correas, J. M., D'Onofrio, M., Drakonaki, E. E., Fink, M., Friedrich-Rust, M., Gilja, O. H., Havre, R. F., Jenssen, C., 
Klauser, A. S., Ohlinger, R., Saftoiu, A., Schaefer, F., Sporea, I., … Piscaglia, F. (2013). EFSUMB guidelines and 
recommendations on the clinical use of ultrasound elastography. Part 1: Basic principles and technology. Ultraschall 
in der Medizin, 34(2), 169–184). 
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1.5.3.2.2. Transient Elastography 
(TE) 

 

1D TE is marketed under the trade name 

FibroScan® (Ozturk, 2018). In this 

modality a 50 Hz (low frequency) 

vibration of a small amplitude is 

generated with the help of an ultrasound 

transducer mounted on a vibrator axis, 

these vibrations induce propagating 

shear waves. (Jung, 2012).  

 

 

 

Figure 1.22 Example of 2D-SWE (Philips): showing strain elastogram (left image) and a 
topographic-color-elastogram (right image) of a thyroid nodule. (source: Stoian, Dana; Bogdan, Timar; 
Craina, Marius; Craciunescu, Mihaela; Timar, Romulus; Schiller, Adalbert (2016): Elastography: A New Ultrasound 
Technique in Nodular Thyroid Pathology. In Hojjat Ahmadzadehfar (Ed.): Thyroid Cancer - Advances in Diagnosis 
and Therapy: InTech.) 

Figure 1.23 Transient elastography: applicator 
(upper left). M-Mode image (lower right). (source: 
Bamber, J., Cosgrove, D., Dietrich, C. F., Fromageau, J., Bojunga, J., 
Calliada, F., Cantisani, V., Correas, J. M., D'Onofrio, M., Drakonaki, 
E. E., Fink, M., Friedrich-Rust, M., Gilja, O. H., Havre, R. F., Jenssen, 
C., Klauser, A. S., Ohlinger, R., Saftoiu, A., Schaefer, F., Sporea, I., 
… Piscaglia, F. (2013). EFSUMB guidelines and recommendations 
on the clinical use of ultrasound elastography. Part 1: Basic principles 
and technology. Ultraschall in der Medizin, 34(2), 169–184).  
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Tissue elasticity corresponds to the median of these 10 values and is measured in 

kilopascals (kPa) (Jung, 2012). With TE the stiffness is measured over a region with a 

diameter and length of 1 and 4 cm respectively (100 times of that of a liver biopsy) 

(Ozturk, 2018). Fig 1.23.  

 

1.5.3.2.3. Point shear wave elastography (pSWE)  
 

In pSWE the excitation of tissue is achieved by using a pushing acoustic pulse generated 

by the US probe, one example of this pushing pulse (force) is the acoustic radiation force 

impulse (ARFI technology by Siemens), the resulted shear waves propagate in a direction 

perpendicular to the axial stimulating acoustic beam (Sirli, 2019). The speed of 

propagation of these shear waves is measured within a region of interest (ROI) by 

estimating the time needed to travel from the border near the stimulus to the border away 

from the stimulus (Sirli, 2019), (Dietrich, 2017). This speed, which is measured in m/s, 

increases with increasing tissue stiffness (Bamber, 2013) (Sporea, 2014) (Ferraioli, 2015) 

(Dietrich, 2017). The velocity can be measured up to a depth of approximately 8 cm 

(Bamber, 2013). Most pSWE systems enable the use of either m/s or kPa as a 

measurement unit (Dietrich, 2017). Nevertheless, the most accurate in this elastographic 

modality is m/s (Dietrich, 2017) (Shiina, 2015).  

One advantage of pSWE compared to transient elastography is that the waves can 

propagate through ascites and being guided by an ultrasound visualization with fewer 

problems in obese subjects or those with dysmorphic liver (Bamber, 2013). 

The two most extensively validated type of pSWE are Virtual Touch Quantification 

(Siemens) and ElastPQ (Philips) (Sirli, 2019). Other manufacturers who have been 

recently offering pSWE systems include Esaote, Hitachi, and Samsung (Sirli, 2019) 

(Dietrich, 2017).  

Acoustic radiation force impulse (ARFI) 

In this elastographic modality tissue stiffness is estimated by evaluating the speed of wave 

propagation (D'Onofrio, 2013). It utilizes the conventional US transducer to generate 

rapid bursts of focused acoustic pulses of short duration (< 1 millisecond) (D'Onofrio, 
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2013). (Bamber et. al., 2013). This pushing radiation “force” which has an average spatial 

peak pulse of 1400 W/cm2 causes a tissue displacement of 10-20 μm in a direction 

perpendicular to the axis of stimulation (Sigrist, 2017).  

Tissue displacement is localized to an area (box) measuring 0.5x0.1 cm on the US screen 

this box is called region of interest (ROI) (D'Onofrio, 2013). The waves generated 

through this type of elastography can be translated into a quantitative (velocity in m/s) or 

qualitative (color-image) assessment of tissue elasticity (D'Onofrio, 2013). Virtual Touch 

Imaging Quantification (VTIQ) and Virtual Touch Quantification (VTQ) by Siemens 

(Erlangen, Germany) represent qualitative (2D-SWE) and quantitative (pSWE) examples 

of this technic, respectively (D'Onofrio, 2013) (Ozturk, 2018).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.24 Schematic representation of ARFI (VTQ/ 
Siemens) basic principle showing longitudinal acoustic 
stimulation and the consequent shear-waves travelling 
perpendicular to and away from the stimulated/excited area. 
The velocity of these waves is measured while they propagate 
through a region of interest (ROI). (Source: Friedrich-Rust, M., 
Wunder, K., Kriener, S., Sotoudeh, F., Richter, S., Bojunga, J., 
Herrmann, E., Poynard, T., Dietrich, C. F., Vermehren, J., Zeuzem, 
S., & Sarrazin, C. (2009). Liver fibrosis in viral hepatitis: noninvasive 
assessment with acoustic radiation force impulse imaging versus 
transient elastography. Radiology, 252(2), 595–604. 
https://doi.org/10.1148/radiol.2523081928).  
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One advantage of ARFI is that tissue displacement is acquired using the US machine 

eliminating the need for an external compression, thus ARFI is less operator dependent 

(D'Onofrio, 2013) (Bamber et. al., 2013). It also has a better image resolution with less 

artefacts and better signal to noise ratio (SNR) compared to SE (Bamber et al., 2013).  

 

 

Moreover, one can adjust the position of the Box (ROI) allowing targeted measurements 

of desired areas (Frulio, 2014).  It can also be used in subjects with ascites (Bota, 2011). 

ARFI-measurements were shown to exhibit a good correlation with the level of liver 

fibrosis (Fierbinteanu, 2009) (Cassinotto, 2013) (Sporea, 2011). 

 

 

Figure 1.25 Summary of the current elastographic technics and their providers. (source: Moraes, P., 
Sigrist, R., Takahashi, M. S., Schelini, M., & Chammas, M. C. (2019). Ultrasound elastography in the evaluation of 
thyroid nodules: evolution of a promising diagnostic tool for predicting the risk of malignancy. Radiologia brasileira, 
52(4), 247–253. https://doi.org/10.1590/0100-3984.2018.0084) 
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1.5.4. Reliability of Elastographic Measurements  

 

 Factors Affecting Reliability of the Measurements 

The patient  

For instance, it was suggested that older individuals, male gender, and obesity increases 

the possibility of getting an incorrect measurement of liver stiffness (Bota, 2014), 

(Chapman, 2017). 

The anatomic site of measurement  

Measurements in the right upper lobe was demonstrated to best correlate with the severity 

of hepatic fibrosis (Samir, 2015) with segment V having the least variation and most 

success rate of measurements (Huang, 2014b). Regarding the depth of examination, it has 

been shown that optimal distance from the surface should be 5-6 cm with the convex 

transducer and about 3-4 cm with the linear transducer (Potthoff, 2013).  

Experience of the examiner  

It was shown that experience of the operator affects the reproducibility of stiffness 

measurements (using pSWE) of the liver and spleen this was especially true in the case 

of the spleen, the reproducibility was also improved after a period of elastographic 

training (Ferraioli, 2014).  

Total number of elastographic measurements  

A minimum number of 6 measurements was shown to have an excellent reproducibility 

among examiners (Yoon, 2014). One study has even shown that a single valid 

measurement may be enough for assessment of fibrosis (Huang, 2014a), nevertheless the 

optimum number of the required elastographic measurements remains an area of debate 

(Chapman, 2017) and for the time being at least 10 measurements are recommended 

(Barr, 2015). 

Assessment of Reliability 

At least 10 measurements with a success rate of more than 60% (the number of valid 

measurements to the total number of measurements) are needed for a reliable 
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examination. (Jung, 2012).  The interquartile range (IQR), which is a statistical measure 

of dispersion was also suggested as a validity parameter in elastography (Jung, 2012).  

IQR= Q3-Q1, where Q1 is the 25thpercentile (lower quartile) and Q2 is the 75th percentile 

(upper quartile) (Upton, 1996).  

The above-mentioned measure of elastographic reliability (i.e., success rate) has been 

replaced with the interquartile range (IQR) to median ratio (IQR/median) (Boursier, 

2013) (Chapman, 2017) (Saftoiu et. al., 2019). The use of IQR/median was recently 

endorsed by the European Federation of Societies for Ultrasound in Medicine & Biology 

(EFSUMB) as a measure of reliability of elastographic measurements in hepatic 

(Dietrich, 2017) as well as non-hepatic implications (Saftoiu et. al., 2019). Nevertheless, 

due to the scarcity of scientific evidence no guidance is available regarding the lung or 

the pleura.  

In the case of the liver the reliability of elasticity measurement can be categorized 

according to IQR/median ratio into very reliable (< 0.10), reliable (0.10 -0.30) 

or unreliable > 0.30 (Chapman, 2017) (Saftoiu et. al., 2019). An IQR/median of more 

than 0,30 can be considered reliable only if the median less than 1.5 m/s (< 7,5 kPa) 

(Chapman, 2017).  For the IQR/median to be useful, 10 measurements should be obtained 

(Chapman, 2017).  

1.5.5. Current Clinical Implications in Several Body Organs  

 

As the reader may have noticed in the previous section; elastography has found its 

diagnostic implementation in many body organs. Furthermore, in 2019 the EFSUMB 

published guidelines on the use of elastography in non-hepatic organs (Saftoiu et. al., 

2019). 

 
 Liver 

 

SE was shown to be a reliable method in estimating the stage of liver fibrosis (F0-F4) 

(Fujimoto, 2013). SE measurements were suggested to be helpful in differentiating 

benign and malignant hepatic liver lesions (Onur, 2012). Likewise, TE can be used to 

exclude severe fibrosis (F3) and cirrhosis (F4) with a high sensitivity (>90%) and a 

moderate specificity of 70% (Pavolov, 2016).    
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Point shear wave elastography (pSWE) using ARFI can be utilized to screen for fibrosis 

due to different viral- and nonviral chronic liver conditions (Kiani, 2016) (Tachi, 2016). 

Some limited evidence suggests a role of ARFI in detecting early fibrosis (Bert, 2016). 

Two-dimensional shear wave elastography (2D-SWE) performs also well in detecting 

fibrosis (Zheng, 2015).    

 

  Spleen  

 

Given its deep anatomic location which makes it difficult to be manually stimulated 

(compressed) SE is not a good modality in evaluating splenic elasticity (Cosgrove, 2013). 

On the hand TE can be utilized to assess for splenic stiffness in cirrhotic patients which 

was suggested to correlate with the degree of portal hypertension and the presence of 

esophageal varices (Ferraioli, 2015).  

In patients with cirrhosis ARFI values of the spleen (in comparison to that of the liver) 

demonstrated a better correlation with the severity of portal hypertension and the presence 

high-risk esophageal varices (Takuma, 2016) (Takuma, 2013). With a similar 

performance to ARFI, 2D-SWE stiffness measurement was shown to be an independent 

predictor of esophageal varices in cirrhotic subjects having better accuracy in comparison 

to the ratio of the platelet count to splenic diameter especially in patients lacking 

splenomegaly (Kim, 2016). 

 Breast 

 

SE can be used to distinguish benign from malignant breast masses (Grajo, 2014) (Zhi, 

2012) (Gong, 2011). Both pSWE (ARFI) and 2D-SWE perform similarly good in 

differentiating malignant and benign lesions (Li, 2013).  

 

  Thyroid  

 

The mean sensitivity and specificity of SE in diagnosing thyroid cancer was reported be 

about 90% (Bojunga, 2010). Both pSWE (ARFI) and 2D-SWE can help differentiating 

benign and malignant nodules (Liu, 2014) (Zhan, 2015). ARFI was found to yield higher 

stiffness measurements in conditions with global parenchymal thyroid disease (e.g., 
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thyroiditis and Graves’ disease) compared to healthy glands (Sporea, 2012). One 

interesting finding was the potential of 2D-SWE in discriminating benign follicular 

thyroid nodules from malignant ones preoperatively, a task difficult to achieve using fine 

needle aspiration (Samir, 2015).  

 

 Kidney  

SE can be implemented to assess for fibrosis in the renal graft thus permitting early 

detection and treatment of graft rejection (Orlacchio, 2014), pSWE can be utilized to 

screen for kidney fibrosis where an ARFI measurement of more 1.67 m/s was suggested 

to indicate renal fibrosis with a sensitivity and specificity of more than 80-85% (Cui, 

2014). Both pSWE and 2D-SWE has been shown to help in evaluating the degree of 

parenchymal sclerotic/ fibrotic changes associated with diabetic renal disease (Yu, 2014) 

(Hassan, 2016). 

 Pancreas   

 

Given its small and deep location, the elastographic evaluation of the pancreas had been 

regarded as a difficult task (Kawada, 2016).  

To “stress” the pancreas using SE technique one needs to perform an endoscopic 

ultrasound (EUS) implementing the pulsation of the nearby aorta as a stimulus (Ozturk, 

2018).   

Some studies have shown the usefulness of SE in evaluating pancreatic tumors and 

chronic pancreatitis (Rustemović, 2017) (Iglesias-Garcia, 2013) (Kim, 2017).  On study 

demonstrated that EUS-assisted SE can detect the presence of chronic pancreatitis (cut-

off value: 5,62 kPa) and pancreatic carcinoma (cut-off: 8.86 kPa) in Asians with a 

specificity reaching 96% (Kim, 2017).   

Because of the invasive nature of EUS, poor quality of the head and tail images and 

variation of stimulus magnitude due to varying degrees of aortic atherosclerosis, this 

method (i.e., SE) is not a preferred one (Ozturk, 2018).  

In contrary to SE, pSWE using ARFI can be used as a transabdominal elastographic 

method in the evaluation of the stiffness of pancreatic lesions (D'Onofrio, 2016) (Park, 

2014). One study suggested a potential role of ElastPQ®-pSWE in detecting and grading 

severity of chronic pancreatitis (Pozzi, 2017).  
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 Prostate  

 

Using SE excitation of the prostate is accomplished by applying gentle transrectal 

pressure either manually or by means of an inflated balloon (Cosgrove, 2013) (Ozturk, 

2018). It was suggested that the sensitivity of prostatic biopsy can be increased when 

guided by a SE, although this did not reach a statistical significance to preclude the need 

for systematic biopsies (Brock, 2012).  

In one study ARFI has shown the potential to differentiate between benign prostatic 

hyperplasia and prostatic cancer with a higher performance in detecting malignancy 

(Zheng, 2011). SWE has been demonstrated to have a particularly good reproducibility 

among different observers (Woo, 2015). Several studies reported the usefulness of 2D-

SWE to distinct malignant from benign prostatic lesions (Woo, 2017) (Correas, 2015) 

(Sang, 2017).  

 

 Lymph Nodes 

Employing adjacent subcutaneous fat or muscles as a background reference of stiffness 

(Dudea, 2013) SE can potentially differentiate between metastatic and reactive superficial 

lymphadenopathy (Alam, 2008) (Ying, 2012) (Dudea, 2013) with this performance being 

limited in terms of specificity in certain conditions like lymphomas (malignant but soft) 

and tuberculous lymphadenopathy (benign but firm) (Choi, 2015).   

EUS-assisted SE in the evaluation lymph nodes (LNs) accompanying the gastrointestinal 

tract (e.g., paraoesophageal LNs with esophageal carcinoma) was also explored (Sigrist, 

2017) but the additive diagnostic value to EUS alone was debatable (Paterson, 2012) 

(Larsen, 2012). The value of SWE in the evaluation of superficial lymphadenopathies has 

been lately an area of active research (Sigrist, 2017). Bhatia and his colleagues have 

noticed that some malignant LNs either have a universal homogeneous soft topography 

or they may exhibit an inhomogeneous configuration with soft and hard regions limiting 

the sensitivity of SWE in LNs evaluation (Bhatia, 2012). A relatively recent prospective 

study from 2016 reported SWE using Virtual Touch tissue imaging quantification (VTIQ) 

to be a feasible method in discriminating benign from malignant LNs, with a proposed 

cut-off value of 3,34 m/s having a sensitivity and specificity of 79% and 74% respectively 

(Cheng, 2016).  
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2. STUDY PURPOSE & METHODS  
 

2.1. Scientific Background, Relevance & Goals 

 

2.1.1. Lung Elastography: Feasibility & Current State of Research  

 

The first feasibility study of pulmonary elastography from 2014 did not provide stiffness 

measurements, the elastographic mode was only used to visualize pulmonary lesions, 

interesting enough real time elastography was allegedly reported to be able to visualize 

peripheral lung lesions without pleural contact i.e., those which were not detected using 

the conventional B-mode US (Adamietz, 2014).  

In a study from 2015 a total of 95 patients with subpleural lesions were examined using 

strain elastography technic (patients with pleural effusion where excluded) the histologic 

diagnosis was achieved using fine needle aspiration biopsy. Higher stiffness 

measurements in malignant as compared to benign lesions were reported (Sperandeo, 

2015). 

 

Another study of the use of SE in lung lesions showed significant differences of strain 

ratio between different pulmonary consolidations particularly between benign and 

malignant lesions but also between primary pulmonary and secondary (metastatic) lesions 

(Lim, 2017).  

 

To the best of our knowledge there are only 2 studies which evaluated the use of ARFI in 

peripheral lung lesions (Wei, 2018) (Ozgokce, 2018). 

In one recent small prospective study evaluated Ozgokce and his colleagues subpleural 

lesions in 33 patients using point shear wave elastography (pSWE), within each 

subpleural lesion 8 small ARFI boxes were placed, he suggested a cut-off of 2,47 m/s to 

have over 97% sensitivity and specificity for differentiating malignant from benign 

lesions (Ozgokce, 2018). 

 

The retrospective study by Wei et. al.  of 91 patients with peripheral pulmonary masses 

was able to demonstrate differences in elasticity measurements between benign and 

malignant lung lesions. The total number of measurements per lesion was 5 (after 
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excluding the lowest and the highest measurements). The proposed cut-off value was 1.91 

m/s with a round 70% reported sensitivity and specificity in discriminating malignant 

from benign masses (Wei, 2018).  

 

A very recent study published in October 2020 with retrospective (observational) and 

prospective derivation cohorts of a total of 354 patients with peripheral lung 

consolidations validated the use of SWE in the evaluation of pulmonary consolidations 

proposing a value of 65 kPa as a cut-off point suggestive malignancy, nevertheless it was 

reported that soft lesions which do show air-bronchogram could demonstrate high 

likelihood of harboring malignancy and therefore histologic diagnosis have to be 

considered (Kuo, 2020).  

 

One interesting subject is the elastographic studies of the pleura in the context of pleural 

effusion. Some limited recent preliminary evidence suggests that elastography may aid in 

the differentiation between malignant pleural effusion (MPE) and benign pleural effusion 

(BPE) (Jiang, 2019).  

Jiang et. al. used 2D-SWE (ROI dimensions varies from 1-8 mm and was adjusted to the 

width of pleura) to study the elastographic characteristics in 244 Patients with pleural 

effusion, he proposed that using a cut-off-value of 47.25 kPa for the diagnosis of MPE 

with sensitivity > 80% and a specificity of 90% (Jiang, 2019).  

Ozgocke et. al. applied SWE in 60 patients with pleural effusion in whom thoracocentesis 

was planned. The study group suggested that a cut-off value of 2.52 m/s would have a 

sensitivity and specificity of around 90% und 76% respectively in differentiating 

exudative (n=43) from transudative (n=17) pleural effusions (Ozgocke,2019). 

Given that the SWE-measurements were performed within the “liquid” pleural effusion 

itself and the fact that shear waves do not propagate in pure liquid mediums (Porcel, 2019) 

these results need further clarification. Nevertheless, such distinction between 

transudative and exudative effusions does not offer a clinically significant utilization 

(Porcel, 2019). 

Multiple factors may affect the validity of the above studies including operator 

experience, ROI dimensions, sampling rate, gain, transducer type and manufacturer 

(Porcel, 2019). Moreover, a lot of artefacts may interfere with the elastographic 

evaluation in the case of 2D-SWE thus affecting the reliability and the reproducibility of 

the measurements (Bouchet, 2020).   
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2.1.2. Study Motivations & Goals  

 

Lung cancer represents a bad combination of being both common and life-threatening, 

hence an accurate and early distinction between benign and malignant lunge lesions is 

imperative. As mentioned previously around 40% of lung tumors are peripheral i.e., 

within the reach of US evaluation (Naidich, 2007). US represents a noninvasive radiation-

free and cheap investigation modality which could be utilized in situations where 

radiation exposure is of a great concern (e.g., pregnancy and young age), moreover US 

guided-tissue acquisition possesses the same accuracy of the CT-guided method with the 

advantage of being faster, performed in real time and free of radiation (Sconfienza, 2013) 

(Wei, 2018). 

 

Elastography, particularly SWE, represents a promising diagnostic modality in different 

pulmonary und pleural pathologies, however there is a need for further research in order 

validate its diagnostic capacity and accuracy and to explore its maximal potential in this 

field.  

In this study we are intending to evaluate the performance pSWE using ARFI as a 

quantitative measure of tissue stiffness/ elasticity in different peripheral pulmonary 

consolidations (PPCs) and correlate that to the final diagnosis to identify potential 

differences between various etiologies (particularly benign vs. malignant consolidations).  

 

As noted above the previous studies excluded PPCs accompanied by pleural effusion. 

Given the poor accuracy of cytological analysis of pleural fluid (overall accuracy < 60% 

and this can be as low as 25% in mesotheliomas and SCC) diagnostic thoracocentesis can 

be false negative in significant number of patients with MPE (Porcel, 2014). Patients in 

whom ARFI was performed within PPCs (atelectases) accompanied by pleural effusion 

were also included aiming at evaluating potential differences in elasticity between PPCs 

in the case of MPE vs. those with BPE. 
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2.2. Materials & Methods  

 

2.2.1. Patients  

 

This study with a retrospective analysis of preserved ultrasound and elastographic data 

was carried on in a tertiary health care facility (university hospital of Marburg, Germany). 

It was approved by the local ethics committee. 107 consecutive patients with pulmonary 

consolidations (PPCs) detected on thoracic CT-scan and/ or CXR who underwent a lung 

US with elastographic evaluation (ARFI) between April 2020 to December 2020 were 

included in the study. A verbal consent was obtained from each patient to perform the US 

and the elastographic study.  

 

 Diagnostic Reference  

 

Different diagnostic modalities were used to reach/ confirm the diagnosis of PPCs in our 

study population. We classify these diagnostic methods into 4 categories as follows:  

 

1. Category 1 (C1): the diagnosis was based on a histological evaluation of the PPCs 

either by obtaining a needle biopsy of the PPC or through surgery. This category 

also includes : a) primary lung tumors with typical CT-morphology and 

histological confirmation of a distant metastasis, b) lung metastases with typical 

CT-morphology with histological confirmation of the primary tumor and a distant 

metastasis, and c) atelectases due to an underlying malignant disease (AT-m) with 

positive evidence of malignant cells on cytological analysis of pleural fluid 

cytology (PFC) in the case of compressive atelectasis or histologically confirmed 

malignancy obstructing the air flow to the downstream atelectatic segment 

(obstructive atelectasis).  

2. Category 2 (C2): the diagnosis was based on a CT scan plus one of the following:  

i) Bronchoscopy with or without biopsies and/ or microbiological evaluation 

and/or EBUS with/ without mediastinal lymph node biopsies.  

ii) Negative pleural fluid cytology (PCF) for malignant cells. 

3. Category 3 (C3): the diagnosis was made based on the CT morphology on 

combination with clinical evaluation.  

4. Category 4 (C4): The diagnosis was based on chest-X-ray and clinical picture. 



ARFI Performance in PPCs 2021 
STUDY PURPOSE & METHODS 

Page | 59  
 

 

Note:  

In this study and under the assumption that atelectasis due to an underlying malignant 

cause (either obstructive due to a proximal bronchial obstruction or compressive due to 

a malignant pleural effusion) is merely a collapsed lung segment we decided to include 

this category under benign PPCs (bPPCs) provided that there is no sonographic or 

radiologic evidence of tumor infiltration of the atelectatic segment.  

 

 

  Inclusion Criteria 

1. Verbal consent of the patient for performing the ARFI-Study.  

2. Evidence of PPC on B-mode-US  

3. Minimum consolidation’s size> 1 cm  

4. Availability of a diagnostic reference:  

 I.  Histological examination (biopsy or surgical specimens)  

 II. Thoracic CT (within 6 weeks of the ARFI-Study)  

 III. CT/chest-X-ray  

VI. Supportive diagnostic tools: bronchoscopy, EBUS, CXR, pleural fluid 

cytology, clinical picture, and serological, microbiological, and biochemical 

tests.  

The final diagnosis was based on the histology or radiologic morphology in correlation 

to the clinical picture of the consolidation or both.  (e.g., compressive atelectasis due to a 

known heart failure with bilateral effusions and negative cytology).  

 

 Exclusion Criteria 

 

Patients who met one or more of the following criteria (n=20) were excluded:  

1. Non-cooperative/ severely dyspneic patients (n= 5)  

2. Measurement’s failure i.e., no valid measurement (Vs=X.XX m/s) on the screen 

(n=10).  

3. Diagnostic uncertainty (n=5)  
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Excluded Patients  

Atelectasis due to an underlying malignant disease (AT-m) was defined as an atelectatic 

lung segment with or without lung effusion with a positive pleural fluid cytology and/ or 

the presence of histologically confirmed proximal lung malignancy causing an 

obstruction of air flow to the segment of interest provided that there is no evidence of 

direct tumor infiltration of the atelectatic segment on CT and Ultrasound.  

 

Figure 2.1 Example of a measurement’s failure a) in an 85-year-old female patient with a 
squamous cell carcinoma, b) in a 54-year-old man with pneumonia. 

Figure 2.2 Algorithmic representation of recruited and excluded PPCs. For more detailed 
discussion on the excluded patients see the text below. PPCs: peripheral pulmonary 
consolidations, ARFI: acoustic radiation force impulse. 
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Atelectasis due to an underlying benign disease (AT-b) was diagnosed if there was no 

radiological or cytohistological evidence of malignancy and it met at least one or more of 

the following (see reference diagnostics categorization C1-C4 in the above section): 

negative histology, negative cytology, negative bronchoscopy/ EBUS, and/or available 

follow up of at least 12 weeks showing no evidence of malignancy.  

 

Of the initial 107 patients who underwent ARFI-studies from April to December 2020 a 

total of 20 patients (n=20) were excluded based on the above-mentioned exclusion criteria 

as follows:  

1. Uncertain Diagnosis (I-V):  

I.  An atelectasis (n=1) in a patient with one sided pleural 

effusion with known history of ischemic heart disease and non-

Hodgkin lymphoma (NHL) with no pleural fluid cytology 

(PFC).  

II.  An atelectasis (n=1) in a patient with a known SCLC of the 

contralateral lung with hepatic metastases in whom no PFC 

was performed.  

III.  An obstructive atelectasis (n=1) with no PE in a patient with a 

hilar SCC (diagnosed based on histopathology of a liver 

metastasis) with no histological confirmation (using 

bronchoscopy) of the central pulmonary mass.  

IV. An atelectasis with 2 ARFI measurements of the same patient 

on the same side on two different occasions (interval between 

the 2 ARFI studies was 8 weeks) with a discrepancy between 

the 2 measurements depths (3,5 cm vs 6,7 cm). The patient was 

known to have multiple myeloma and amyloidosis with 

nephrotic syndrome accompanied by chronic PE showing a 

hemorrhagic and lymphocyte-rich PFC on the first pleural tap. 

The second ARFI measurement was done 8 weeks later, it had 

to be excluded due to the absence of PFC at or near the time of 

the ARFI-measurement (the patient has bilateral PE and 

weather these were due to a malignant PE by her multiple 

myeloma or the result of a benign PE due to her nephrotic 

syndrome was not to clear).  
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V. An atelectasis (n=1) in a patient with a known metastatic 

urothelial (transitional cell) carcinoma and a previous history 

of NHL in whom the PFC was negative for malignant cells, 

given the poor sensitivity of PFC and the high likelihood of 

malignancy in this case the differentiation between AT-m and 

AT-b was not confidently possible. 

2. Five uncooperative patients in terms of breath holding while the measurement 

being done (n=5). 

3. In 10 patients (n=10) no valid measurement could be obtained “technical 

measurement’s failure” with an on-screen reading of (X.XX m/s) 

2.2.2. Sonographic & Elastographic Examinations  

 

 US Machines & Software 

The following US machines were used for examination:  

1. Siemens Acuson S2000; Siemens Medical Solutions, Erlangen, Germany 

2. Siemens Acuson S3000; Siemens Medical Solutions, Erlangen, Germany 

 

Investigators

Thoracic Ultrasound and elastographic examinations were performed by an experienced 

sonographer (> 3 years of US experience) under the supervision and active participation 

of a DEGUM Level 3 sonographer (C. Görg) who has more than 35 years of experience 

in ultrasound in general and lung ultrasound in particular (Hesse, 2006) (Görg, 1990) 

(Görg, 1997) (Görg, 2002) (Görg, 2003a) (Görg, 2003b) (Görg, 2004a) (Görg, 2004b) 

(Görg, 2005a) (Görg, 2005b) (Görg, 2006a) (Görg, 2006b) (Görg, 2007) (Reissig, 2009) 

(Linde, 2012) (Neesse, 2012) (Bartelt, 2016) (Trenker, 2018) (Trenker, 2019) 

(Findeisen, 2019) (Trenker, 2021) (Safai Zadeh, 2021a), (Safai Zadeh, 2021b). 

  B-Mode Ultrasound 

When available the CT-Images were examined first to facilitate a faster sonographic 

localization and confirmation of the consolidation of interest. The curvilinear transducer 

(6C1) was placed on the thoracic side where the consolidation best seen and closest to the 

thoracic wall (in case of pleural effusion being present), likewise the patient’s position 

was adjusted before starting the elastographic examination to achieve best visualization.  

The sonographic features (consolidation’s size and location, the presence, volume, and 

appearance of pleural effusion) were evaluated. Focus and gain were adjusted as needed.  
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  ARFI Study  

The curvilinear probe was placed in between the ribs and the depth was adjusted bringing 

the consolidation to the center of the screen. The region of interest (ROI), which has the 

dimensions of 10x5 mm, was placed within solid appearing areas of each PPCs at one or 

different locations within the same consolidation according to the size (areas where there 

was air, hollow “vascular” structures or fluids were avoided). For comparison, the average 

depth of the 11 measurements was calculated.  

 

For each measurement, the patient was asked to hold breath in mid expiration for at least 

6 seconds. Measurement was displayed as velocity (m/s) on the upper corner of the 

screen. If the consolidation moves while being measured this one reading was considered 

invalid und excluded. A total of 11 valid measurements were obtained for each PPC.  

 

Figure 2.3 Example of a measurement’s failure in an 83-year-old male patient with a compressive 
atelectasis, a) the MRI-morphology of the atelectasis, b) the US elastographic appearance with 
one failed ARFI-measurement (Vs=X.XX m/s).   
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Figure 2.4 Example of a valid ARFI 
measurement in a histologically 
proven pulmonary squamous cell 
carcinoma of the right lung in a 75-
year-old lady. a) The PET-CT-
appearance of the lung consolidation 
showing accumulation of the 
radioactive tracer within the lesion in 
the right upper lobe, note the central 
necrotic area with no tracer signal b) 
CT-transverse section. c) The US 
appearance of the same lesion (oval 
hypoechoic solid PPC). d)  & e) CEUS 
showing inhomogeneous enhancement 
with necrotic areas.  f) Lesion being 
punctured for biopsy under sonographic 
guidance. g) The elastographic image 
with a valid ARFI measurement 
(Vs=3.46 m/s). h) the report of the 11 
ARFI measurements. Tiefe: depth (cm), 
MW: mean “Mittelwert”, Std-Abw.= 
standard deviation “Standard 
Abweichung”, IQB= interquartile range 
“Interquartilbereich”. 
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2.2.3.  Data Collection  

 

The preserved US and ARFI-data were collected retrospectively along with other clinical, 

laboratory and radiological data using a data summary sheet (table 2). To protect 

information’s confidentiality every patient was assigned a study identification number.  

 

 Patients’ Data  

 

The following data were collected: age, date of birth, weight, height, hospital personal 

identification (PID) number, gender, smoking history, chronic diseases including 

cardiopulmonary and vascular diseases as well as history of transthoracic surgery or 

radiation. 

 

Ultrasound data 

 

1.  Location (right vs left, upper/ middle vs. lower lobes, anterior vs. posterior) 

2. The size of the PPC was determined from the CT-scan, having no perceived 

relevance, the sizes of lung atelectases were not measured (as that would only represent 

a whole lung lobe or segment). 

3. The presence and amount of pleural effusion 

 

 ARFI data  

 

The machine type (Acuson S2000 vs S3000) and the date of the study were recorded. The 

total number of measurements along with the mean, median, standard deviation (SD), 

interquartile range (IQR) and interquartile range to median (IQR/median) ratio were also 

collected. In case of measurements at different depths within the consolidation, an 

average depth was calculated.  
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 Histology data  

 

The results of the histological examinations of the pulmonary consolidation or relevant 

lesions (e.g., histology of the primary metastatic tumor) as well as the cytology of the 

pleural fluid were collected. All histological evaluations were carried out by 2 different 

experienced pathologists at a university hospital.  

 

 Thoracic CT data  

 

All available CT scans were examined through an experienced radiologist at our 

institution, and they were all examined (when available) before performing the US/ARFI-

Exam. Data like consolidation’s size and underlying global cardiopulmonary pathologies 

were collected.  

 

 Other data  

 

Relevant studies (CXR, bronchoscopy, EBUS) as well as some laboratory (e.g., acute 

phase reactants (in pneumonias), serologic (e.g., autoantibodies in case of vasculitis, 

aspergillus-serology) and clinical follow up (spontaneous resolution, response to 

antibiotics ...etc.) data were collected.  

 

Table 2.1 Data summary sheet used in the study. 

Patient data  

Pt. study no.   

Pts initials 

Date of birth  

PID  

Age   

Weight  

Hight   

Pulmonary 

diseases  
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Cardiovascular 

diseases  

 

Relevant diseases § 

US data  

Date of study  

Indication  

PPC anatomic 

location  

Rt  UL  ant  

Lt  LL  post  

Size in cm *  

Pleural effusion  Absent   

Present  amount minimal  moderate  large  

ARFI data  

No. 

measurements  

 

average depth 

(cm) 

 

Mean (m/s)  

Median (m/s)  

SD  

IQR  

IQR/Median   

Reference diagnostic modality  

Histology (PPC) Date   Dx   

PF cytology  Date  Dx  

Thoracic-CT Date   Dx  

Bronchoscopy/ 

EBUS 

Date  Dx  

CXR Date  Dx  

Clinical course °  

Labs/serology$     

§ examples: metastatic tumor, vasculitis, CKD, cirrhosis … etc. 

* Not applicable (N/A) in case of atelectasis  

$ Example lipase in AP, QTF-Test in TB or auto-Abs like ANA, ANCA in case of vasculitis…etc.  

° Example persistence or resolution of the consolidation over 12 weeks  
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2.2.4. Statistical Analysis  

 

All statistical analyses were performed using Excel (Microsoft 365 MSO) and SPSS 

version 17.0. Demographic and biometric data were expressed as mean values +/- 

standard deviations (SD). For data description and comparison, a Fisher’s exact test was 

used for categorial variables, to compare the means of continuous variables between 2 

different categories we used a Mann-Whitney-U-test. To test the degree and significance 

of correlation between 2 continuous variables the Spearman’s correlation rank test was 

used.  

 

The ARFI diagnostic performance was assessed using the receiver operating 

characteristics (ROC) curves. Cut-offs between groups were examined for accuracy using 

the area under the ROC curve (AUROC) and the 95% confidence interval. All reported 

p-values were two-sided and a p<0.05 was indicative of significance.  

 

The results were displayed as boxplots with each box representing the IQR (encompasses 

50% of the values), a horizontal line within each box represented the median value, the 

range was displayed as the line between error bars of the minimum and maximum values. 

Outliers were displayed as a small circle above or below error bars.  
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3. RESULTS                                                                                     

 

3.1. Patients’ Characteristics  

 

3.1.1.  Gender Distribution  

 

The study included 49 men and 38 women with a male: female ration of 1.3:1.  

3.1.2. Age Distribution 

 

 

Table 3.1 Distribution in different age groups (n= 87). 

Age group 20-30 30-40 40-50 50-60 60-70 70-80 >80 

No. Of subjects 1 4 9 14 23 25 11 

56%44%

Gender distribution
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Figure 3.1 Overview of the gender distribution in the study population (n= 87). 

Figure 3.2 Overview of the distribution of age in the study population (n= 87). 
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The mean age of the patients was 65 years with a standard deviation of ± 14 years with 

the youngest subject being 28 and the oldest 88 years old.  

3.1.3. Body Mass Index (BMI) 

Figure 3.3 Distribution of BMI of the study population (n= 87). BMI: body mass index. 

 

The mean BMI of the patients was 24.1 Kg/ m2 with a standard deviation (SD) of ± 3.5 

Kg/ m2. The lowest BMI in the study was 18,4 Kg/ m2 and the highest 36.8 Kg/ m2. 

 

3.1.4. Smoking History  

 

The number of subjects with a current or previous history of smoking was n=53, the 

reminder (n= 38) were non-smokers. The ratio smoker: non-smoker in the study was 

1.4:1.  
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Figure 3.4 Current or previous history of smoking in the study population (n= 
87). 
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3.1.5. Chronic Pulmonary Disease 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

An underling chronic lung disease was present in n=31 subjects, the reminder (n= 56) did 

not have such conditions at the time of the elastographic study.  

 

3.2. Consolidations’ Ultrasound Characteristics  

 

3.2.1. Anatomical Distribution  

 

 Side 

 

N=46 peripheral pulmonary 

consolidations (PPCs) were 

located in the right lung and 

n=41 in the left.   
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Figure 3.5 Presence of an underling chronic pulmonary disease in the study 
population (n= 87). 

Figure 3.6 Distribution of the consolidations (n= 87) in the right 
and left lungs. 
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 Lobe 

 

Most of the consolidations were 

located in the LL (78,2%), 

19,5% were in the UL and only 

2,3% in the ML.  

 

 

 

 

 

 

3.2.2. Sonographic Features 

 

 Size 

Of all PPCs (n=87) the size was determined in 46 consolidations (52.9%).  The size was 

not determined in n= 41 consolidations; these include all atelectases (n=38) and ill-

defined pneumonias with diffuse lobar infiltration (n=3), in which case the determination 

of size was not felt to have a comparative relevance (this would merely represent the size 

of an entire lung lobe or segment). All sizes of mPPCs (29) were documented. The toral 

number of non-atelectatic well-defined bPPCs was 17 consolidations.  

The mean size of PPCs was 5.43 cm with a SD of 2.93 cm, the smallest consolidation was 

a pulmonary metastasis from a gastric lymphoma (1,8 cm) and the largest consolidation 

was a large cell NEC (16 cm).  
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Figure 3.7 Distribution of the consolidations (n= 87) in 
different lung lobes. 

Figure 3.8 Distribution of the size of well-defined consolidations 
(n= 46). 
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 Pleural Effusion  

 

N=48 consolidations were 

accompanied by a pleural effusion 

(PE) on the same or both sides, 

n=39 consolidations were not 

associated with an effusion on the 

side of consolidation (side of 

interest, where ARFI-measurement 

was performed).  

 

 

 

 

45%55%

Presence of pleural effusion

No Yes

Figure 3.9 Distribution of the consolidations (n= 87) 
according to the presence of pleural effusion. 

Figure 3.10 Examples of some PPCs of different etiologies which were accompanied by 
pleural effusions (PE) in our study ; atelectasis due to an underlying malignant disease 
(AT-m) in an 84-year-old female patient with hilar bronchogenic carcinoma of the right 
lung (a), atelectasis due to an underlying benign disease (AT-b) in an 80-year-old lady 
with vasculitis (b), parapneumonic PE in a 57-year-old-male patient with pleural 
effusion due to an infarct pneumonia (c), and diffuse metastases within an atelectatic  
lower lobe of the right a lung due to pleural effusion in patient with a known renal cell 
carcinoma (RCC) with contrast enhanced ultrasound demonstrating multiple round 
hypoechoic lesions indicating lung metastases (d).  
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3.3. Etiology of the Consolidations  

 

3.3.1. Diagnostic Reference  

 

The underlying table depicts the distribution of the diagnostic conformation’s methods 

for all PPCs in the study (n=87).  To review the criteria of our diagnostic categories 

(C1-C4) the reader is kindly requested to go back on page 58 (section 2.2.1.1. 

diagnostic reference).  

 

Table 3.2 Diagnostic reference tools used in the study (n= 87). CT: computer tomography, EBUS: 
endobronchial ultrasound, PCF: pleural fluid cytology, CXR: chest X-ray 

Diagnostic confirmation's tool Frequency Percentage (%) 

Surgery 9/87 10.3 

Biopsy 34/87 39.1 

CT+ PFC and or Bronchoscopy/ EBUS 30/87 34.5 

CT 11/87 12.6 

CXR+ clinical picture  3/87 3.5 

Total 87/87 100.0 

  

As one can see in fig. 3.11. and in table 3.2.; the diagnosis of PPCs was based on 

histological examination (category 1) in 43/87 (49.4%) of the consolidations, where 

10.3% (9/87) of the specimens obtained by surgical resection and 34/87 (39.1%) through 

percutaneous or bronchoscopic guided approaches of the PPC itself or a distant 

metastasis.  

The diagnostic reference of CT+ PFC and /or Bronchoscopy/ EBUS  represented a round 

one third (34.5%) of the study population or n=30/87 with n=16 of the AT-m having a 

positive evidence of malignancy on PFC or bronchoscopic biopsy of an obstructing tumor 

in the absence of a morphologic evidence of tumor infiltration of the atelectatic 

consolidation (i.e., fulfilling the criteria for category 1), thus the PPCs’ final diagnosis 

was made according to category 1 in 59/87 (67.8%) and according to category 2 in 

n=14/87 (16.1%).  

In around 12.6% (11/87) of the PPCs the diagnosis was based on CT scan and clinical 

picture (category 3) and in only 3 out of the 87 study subjects (3.5%) the diagnosis was 

based on a CXR and clinical picture.  
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In summary cyto-histological examination (diagnostic categories C1 & C2) was available 

in n=73 patients (83.9%), on the other hand the diagnosis was based on radiological 

morphology and clinical picture in n=14 patients (16.1%). 

 

 
Figure 3.11 Distribution of peripheral pulmonary consolidations (PPCs) according to their 
reference diagnostic categorization in the study (C1-C4), n=87 PPCs. C1 (category 1): 
diagnostic category of consolidations with: a) histological confirmation through 
transcutaneous biopsy or surgical excision of the PPC itself or b) biopsy of distant 
metastasis in primary lung tumors or c) biopsy of the primary tumor and one or more 
distant non pulmonary metastasis in secondary metastatic lung tumors or d) positive 
pleural fluid cytology for malignancy in atelectases due to malignant pleural effusion 
and/or histological confirmation of a centrally obstructing tumor in obstructive 
paramalignant atelectases (with no morphological evidence of tumor infiltration of the 
atelectasis). C2 (category 2): diagnostic category in which the diagnosis was based on 
computer tomography (CT) of the lung plus either: 1. Negative 
bronchoscopic/endobronchial ultrasound evaluation and/or a negative pleural fluid 
cytology. C3 (category 3):  the diagnosis was based on the morphological CT appearance 
and clinical picture. C4 (category 4): the diagnosis was based on chest X-ray and clinical 
picture.  
 

It is worth mentioning that all patients in the first 3 categories (C1-C3) received at least 

one CT scan of the thorax (84/87) representing about 96,6% of the consolidations.  
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Figure 3.12 The distribution of different diagnostic reference modalities among benign and 
malignant consolidations in the study (n= 87). PPCs: peripheral pulmonary consolidations. 
bPPCs: benign PPCs (n=58), mPPCs: malignant PPCs (n=29), CT: computer 
tomography, CXR: chest X-ray, EBUS: endobronchial ultrasound, PFC: pleural fluid 
cytology.  
 

If we look at the above schematic representation, we notice that all (29/29) of malignant 

PPCs were diagnosed based on histology, this included biopsy of the PPCs itself in 17/19 

of the primary lung tumors (PLTs) and biopsy of a distant metastasis in 2/19 PLTs (n=1 

patient with typical Pancoast’s tumor with histological confirmation of a cervical lymph 

node metastasis, n=1 another typical Pancoast’s tumor with histological confirmation 

through a biopsy of an abdominal metastasis). 

Likewise, (7/10) of the metastatic lung consolidations were diagnosed based on histology 

of the lung consolidation and in 3/10 the histological confirmation was obtained from the 

primary tumor plus a distant metastasis (n=1 metastatic breast-ca with histology of the 

breast tumor and an osseous metastasis, n=1 metastatic CRC with histology of the rectal-

ca and liver metastasis and n=1 DLBCL with histology of the primary gastric lymphoma 

and liver metastasis).   

 



ARFI Performance in PPCs 2021 
RESULTS 

Page | 77  
 

Of the benign PPCs 24.1% (14/58) were confirmed histologically, 51.7% (30/58) were 

diagnosed according to the CT scan and negative workup for malignancy (PFC and/or 

bronchoscopy), 19.0% (11/58) according to CT and clinical picture (C3), and 5.2% (3/58) 

were diagnosed based on CXR and clinical picture (C4).  

N=2/9 pneumonias were category C2 (n=1 negative cytology with purulent 

parapneumonic effusion and n=1 bronchoscopic biopsies showing inflammation), n=6/9 

were C3 (CT and clinical picture), and one case (1/9) was C4 (this was a case of 

pneumonia in a patient with a known liver cirrhosis with documented resolution of the 

consolidation on CXR after 7 days of antibiotic therapy).  

In the group of other benign consolidations (OBCs) the diagnosis was confirmed 

histologically in 10/11 (91%) this included all (8/8) of the 8 benign chronic inflammatory/ 

granulomatous consolidations (1 Wegener’s granulomatosis, 5 organizing/ carnifying 

pneumonias, one lung abscess, and one aspergilloma), and n=2/3 lung infarctions (one 

lung infarction was diagnosed based on CT-morphology along with a typical clinical 

presentation of pulmonary embolism.  

Regarding the diagnosis of atelectases due to an underlying malignant disease (AT-m) 

94.1% (16/17) of them met the definition of category 1 in our study, meaning that there 

was a positive histology of the proximal obstructing tumor or there was a positive PFC 

on the side of the atelectasis (AT) without radiologic or sonographic evidence of tumor 

infiltration of the atelectatic segment. One AT-m (1/17) was diagnosed surgically after 

excision of an atelectatic lobe due to a central bronchial obstruction through an RCC-

metastasis without histological evidence of tumor infiltration of the AT.  We have to 

mention that in 2 of the AT-m (2/17) there was no evidence of tumor cells on PFC despite 

a clear evidence of diaphragmatic involvement on the same side of the PE; the first was 

a unilateral left-sided PE with a compressive AT in a patient with newly diagnosed B-

cell-lymphoma with CT-evidence of diaphragmatic lymphomatous infiltration and a 

hemorrhagic, lymphocytic-rich PFC, the second case was a patient with a metastatic 

gastric-NEC with left sided unilateral complex PE accompanied by left sided 

subdiaphragmatic infected fluid collection with positive immunohistological evidence for 

NEC-cells in the subdiaphragmatic fluid.  

In atelectases due to an underlying benign disease (AT-b)14.3% (3/21) were diagnosed 

surgically by means of VATS which were performed to exclude an initial possibility of 

malignancy: one case has showed an atelectasis with features of condensation 

pneumopathy, bronchiectasis and chronic bronchitis, the second case showed a 
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compressive atelectasis with features of eosinophilic pleuritis due to a CHF and the third 

was of a patient with chronic unilateral atelectasis of unclear cause despite extensive 

workup, to exclude malignancy the patient underwent VATS with biopsies from the 

pleura this showed a chronic granulomatous pleuritis with no specified clear cause. 57.1% 

(12/21) of AT-b were diagnosed based on category 2 and 19.0% (4/21) were diagnosed 

based on CT and clinical picture.  In n= 2/21 (9.5%) the diagnosis was based on clinical 

picture and CXR; these were 2 patients with long standing CHF and chronic PE.  

In summary in all n= 58 bPPCs the diagnosis was based on cyto-histological examination 

in 44/58 (75.9%), this included benign histology of the PPC in 14/58 (24.1%), a negative 

cytological examination regarding malignancy in atelectases due to an underlying benign 

disease (AT-b) and pneumonias in 14/58 (24.1%) or absent CT and US-morphologic 

evidence of tumor infiltration of the atelectatic segment in atelectases due to underlying 

malignant disease (AT-m) in 16/58 (27.6%). In 26/58 (44.8%) benignity of the PPCs was 

additionally confirmed by clinical and radiological follow -up for at least 3 months.  

 

Table 3.3 Distribution of all PPCs according to diagnostic reference among different groups 
in peripheral pulmonary consolidations (PPCs) in the study (n=87). bPPCs: benign PPCs, 
mPPCs: malignant PPCs, AT-m: atelectases due to an underlying malignant disease, AT-
b: atelectases due to an underlying benign disease, OBCs: other benign consolidations, 
PLTs: primary lung tumors, CT: computer tomography, CXR: chest X-ray, EBUS: endobronchial 
ultrasound, PFC: pleural fluid cytology.  

 

 

 

PCCs’ Subgroups 

Histology CT+ 

Bronchoscopy 

/EBUS and 

or PFC 

Others 

(CT, CXR, 

clinical 

picture) 

 

 

Total 

 

bPPCs 14 30 14 58  

• AT-b 3 12 6 21  

• AT-m 1 16 0 17  

• Pneumonia 0 2 7 9  

• OBCs 10 0 1 11  

mPPCs 29 0 0 29  

• PLTs 19 0 0 19  

• Metastases 10 0 0 10  

Total 43 30 14 87  



ARFI Performance in PPCs 2021 
RESULTS 

Page | 79  
 

 

3.3.2. Etiological Distribution  

 

 All PPCs 

 

Table 3.4 Overview of all diagnostic entities in the study sample (n= 87). PPCs: peripheral 

pulmonary consolidations, CHF: congestive heart failure, ESRD: end stage renal disease, NEC: 

neuroendocrine carcinoma, Ca: carcinoma, NSCLC: Non- small cell lung cancer, SCLC: 

smallcell lung cancer, SFT: solitary fibrous tumor, RCC: renal cell carcinoma, CRC: colorectal 

carcinoma, HCC: hepatocellular carcinoma, COP: chronic organizing pneumonia.  

 33% (29/87) of the consolidations were malignant and 67% (58/87) were benign.  
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subgroups  
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atelectases  
 

Malignant 
atelectases 
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lung 
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(1) 
Aspergilloma 
(1) 
Wegener’s 
granuloma (1) 
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Benign and malignant lesions 
n= 87

bPPCs mPPCs

Figure 3.13 Distribution of benign (bPPCs) and malignant 
(mPPCs) peripheral pulmonary consolidations (PPCs).  
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Among the whole study sample (n= 87) there were 21.8% (19/87) primary lung tumors 

(PLTs), 11.5% (10/87) lung metastases, 24.1% (21/87) atelectases due to a benign 

etiology (AT-b), 19.5% (17/87) atelectases due to a malignant underlying etiology (AT-

m), 10.3% (9/87) pneumonias, 3.4% (3/87) pulmonary infarction and 9.2% (8/87) 

represented other benign causes.  

 

 Benign PPCs (bPPCs) 

 

Among the bPPCs (n= 58) there were 65.5% (38/58) atelectases (including AT-m),15.5% 

(9/58) pneumonias, 5.2% (3/58) lung infarctions and 13.8% (8/58) benign chronic 

inflammatory consolidations as follows: five chronic organizing/ carnifying pneumonias 

(COP) 8,6% (5/58), one lunge abscess 1,7% (1/58), one intrapulmonary aspergilloma 

1,7% (1/58), and a case of Wegener´s granulomatosis 1,7% (1/58). 

AT-b
24,1%

AT-m
19,5%

PLTs
21,8%

Metastases
11,5%

Pnemonia
10,3%

Other benign 
lesions
9,2%

Pulmonary Infarct
3,4%

Disease Entities 

Figure 3.14 Distribution of various pathologies of the lesions (n= 87). AT-m: atelectases due 
to an underlying malignant disease, AT-b: atelectases due to an underlying benign disease, 
PLTs: primary lung tumors. 
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3.3.2.2.1. Atelectases   
                                                                                 

In this study there were 38 

atelectatic consolidations 

representing 43.7% (38/87) of 

the whole PPCs in the study and 

65.5% (38/58) of the bPPCs. 

The percentages of AT-m and 

of AT-b were 45% (17/38) and 

55% (21/38), respectively.  

 

 

 

 

 

 

 

 

 

38
9

3
8

Benign lesions

Atelectasis Pneumonia Infarction Chronic inflammatory/granulomatous leiosns

Figure 3.15 Distribution of various n=58 benign peripheral pulmonary consolidations. 

45%
55%

Atelectases

AT-m AT-B

Figure 3.16 Distribution of benign and malignant 
atelectases (n= 38). AT-m: atelectases due to an 
underlying malignant disease, AT-b: atelectases due to an
underlying benign disease.  
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3.3.2.2.2. Atelectases due to a benign underlying disease (AT-b) 
 
CHF was the cause in 42.9% (9/21) of AT-b, both liver cirrhosis and ESRD contributed 

to about 9,5% (2/21) for each (together 19% of all cases), AT-b due to benign PE by 

pulmonary embolism was seen in one case 4,8% (1/21), 3 cases (14,3%) were due to other 

causes: 1 empyema, 1 vasculitis and 1 case of condensation pneumopathy accompanied 

by PE in a patient with history of COPD with bronchoscopic lung volume reduction after 

implantation of endobronchial valves, in 4 (19,0%) cases the cause could  not be 

determined after exclusion of malignancy (4/21). All AT-b were accompanied by pleural 

effusion (compressive). 

 
3.3.2.2.3. Atelectases due to a malignant underlying disease (AT-b) 
 
In this study there were 41% compressive AT-m (7/17) due to a malignant pleural 

effusion (3 cases of lymphoma, 3 bronchial carcinomas and 1 gastric NEC). Obstructive 

(resorptive) AT-m represented 59% of the AT-m (10/17) and were a consequence of a 

central airway obstruction by a bronchial carcinoma (9/10) and in one case (1/10) due to 

a centrally located RCC-metastasis, n=3/17 AT-m were not accompanied by any a PE.  

 
3.3.2.2.4. Pneumonia  
 
The diagnosis of pneumonia was based on the morphological (CT, CXR), clinical and 

laboratory features as well as the clinical and biochemical response to antibiotic 

treatment. 

Two thirds (6/9) of pneumonias in this study were accompanied by a parapneumonic PE 

(1 infarct pneumonia, 1 aspiration pneumonia and 4 community acquired pneumonias), 

the other third (3/9) was not associated an effusion.  

The sonographic appearance of the consolidations varied in the study n= 2/9 round 

pneumonia (hypoechoic round consolidation as an interruption of the pleural line), n= 4/9 

lobar pneumonia/ consolidations-like with hepatization, and n=3/9 ill-defined diffuse 

infiltrative (bronchopneumonia).   

 

3.3.2.2.5. Other Benign Consolidations (OBCs) 
 

There were 11 other benign consolidations in this study which include: 3 pulmonary 

infarctions, 5 cryptogenic organizing pneumonias (OP), 1 lung abscess, 1 case of 

intrapulmonary aspergillosis and one case of Wegener´s granulomatosis. 
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 Malignant PPCs (mPPCs)   

 

Figure 3.17 Distribution of various malignant peripheral consolidations (n= 29). PLTs: primary 
lung tumors.  

Of the mPPCs there were 65.5% (19/29) PLTs and 34.5% (10/29) metastases.  

 

3.3.2.3.1. Primary Lung Tumors (PLTs) 
 

 
Figure 3.18 Distribution of n= 19 PLTs (primary lung tumors). NEC: neuroendocrine carcinoma, 
AC: adenocarcinoma, SCC: squamous cell carcinoma, SCLC: small cell lung cancer, SFT: 
solitary fibrous tumor. 
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Adenocarcinoma (AC) was present in 47.3% of PLT (9/19), squamous cell carcinoma 

(SCC) in 21.0% (4/19), 5,3% (1/19) small cell lung cancer (SCLC), 5,3% (1/19) large cell 

neuroendocrine carcinoma (NEC),) one tumor 5.3% (1/19) showed mixed histology of 

AC and SCC, 10.5% (2/19) mesotheliomas and 5.3% (1/19) solitary fibrous tumor (SFT).  

 

 

3.3.2.3.2. Lung Metastases  
 

 

 

 

20% (2/10) of metastatic consolidations were renal cell carcinomas (RCC), 20% (2/10) 

were vulvar-carcinomas, secondary lung involvement due to diffuse large B-Cell-

Lymphoma (DLBCL) was also present in 20% (2/10) of the cases. Other metastases 

included: 10% (1/10) breast cancer, 10% (1/10) colorectal carcinoma (CRC), 10% (1/10) 

hepatocellular carcinoma (HCC) and 10% (1/10) parotid gland carcinoma.  
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Figure 3.19 Distribution of various metastatic lung consolidations (n= 10). RCC: renal cell 
carcinoma, HCC: hepatocellular carcinoma, CRC: colorectal carcinoma, Ca: carcinoma. 



ARFI Performance in PPCs 2021 
RESULTS 

Page | 85  
 

3.4. Benign PPCs: Demographic & Ultrasound Characteristics  

 

Table 3.5 Patients’ demographic & clinical characteristics in benign PPCs (n=58). PPCs: 
peripheral pulmonary consolidations, bPPCs: benign PPCs, AT-m: atelectases due to a 
malignant underlying disease, AT-b: atelectases due to a benign underlying disease, 
OBCs: other benign consolidations, SD: standard deviation, BMI: body mass index, CPD: 
chronic pulmonary disease, M/F: male/ female.  

 

 

Table 3.6 Consolidations’ characteristics in benign PPCs (n=58). PPCs: peripheral 
pulmonary consolidations, bPPCs: benign PPCs, AT-m: atelectases due to a malignant 
underlying disease, AT-b: atelectases due to a benign underlying disease, OBCs: other 
benign consolidations, SD: standard deviation, N/A: non-applicable. Rt: right, Lt: left, 
PE: pleural effusion, UL: upper lobe, LL: lower lobe.  

* Size of non-atelectatic well-defined bPPCs (n=17). °Size of 6 well-defined pneumonias 
(n=6).   
 

PPCs’ 

Subgroup 

 (n) Age in years 

(mean± SD) 

Gender 

(M/F) 

BMI in 

Kg/m2 

(mean± SD) 

Positive 

smoking 

history 

History 

of CPD 

bPPCs 58 64±15.5 35/23 23.7±3.4 33(57%)

  

22(38%) 

AT-b 21 67.6±16.6 12/9 23.5±3.6 9(43%) 9(43%) 

AT-m 17 67.1±13.6 10/7 24.3±3.6 11(65%) 7(41%) 

Pneumonia 9 60.8±16.4 6/3 23.3±3.3 7(77%) 3(33%) 

OBCs 11 54.1±12.0 7/4 23.2±2.7 6(55%) 3(27%) 

PPCs’ 

Subgroup 

(n) Side 

(Rt/Lt) 

Lobe 

(UL/LL) 

Associated 

PE 

Size in cm 

(mean±SD) 

bPPCs 58 32/26 9/49 42(74%) *4.02±1.98 

AT-b 21 10/11 0/21 21(100%) N/A 

AT-m 17 8/9 2/15 14 (82%) N/A 

Pneumonia 9 6/3 2/7 6(67%) °4.88±2.38 

OBCs 11 8/3 5/6 1(9%) 3.55±1.66 



ARFI Performance in PPCs 2021 
RESULTS 

Page | 86  
 

3.5. Malignant PPCs: Demographic & Ultrasound Characteristics  

 

Table 3.7 Patients’ demographic & clinical characteristics in malignant PPCs (n=29). PPCs: 
peripheral pulmonary consolidations, mPPCs: malignant PPCs, PLTs: primary lung 
tumors, SD: standard deviation, BMI: body mass index, CPD: chronic pulmonary disease, 
M/F: male/ female. 

 

Table 3.8 Consolidations’ characteristics in malignant PPCs (n=29). PPCs: peripheral 
pulmonary consolidations, mPPCs: malignant PPCs, PLTs: primary lung tumors, SD: standard 
deviation, Rt: right, Lt: left, PE: pleural effusion, UL: upper lobe, LL: lower lobe.  

 

 

 

 

 

 

PPCs’ 

Subgroup 

(n) Age in 

years 

(mean± SD) 

Gender 

(M/F) 

BMI in 

Kg/m2 

(mean± SD) 

Positive 

smoking 

history 

History 

of CPD 

mPPCs 29 67±10.5 14/15 25.1±3.7 20(69%) 9(31%) 

PLTs 19 68.3±9.2 11/8 24.9±2.7 15(79%) 7(37%) 

Metastases 10 65.9±12.6 3/7 25.3±5.7 5(50%) 2(20%) 

PPCs’ 

Subgroup 

(n) Side 

(Rt/Lt) 

Lobe 

(UL/LL) 

Associated 

PE 

Size in cm 

(mean±SD) 

mPPCs 29 14/15 10/19 6(20%) 6.26±3.12 

PLTs 19 9/10 10/9 4(21%) 6.72±3.37 

Metastases 10 5/5 0/10 2 (20%) 5.38±2.47 
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3.6. Patient’s Characteristics & Risk of Malignancy  

 
3.6.1. Gender  

 
The adjacent figure shows the distribution 

of mPPCs and bPPCs according to gender 

(n=87). Among the female subjects in the 

study 39.5% (15/38) had mPPCs and 

60.5% (23/38) had bPPCs. In the male 

group the distributions of mPPCs and 

bPPCs were 28.6% (14/49) and 71.4% 

(35/49), respectively.  

A Fisher’s exact test showed that there was 

no significant association between gender 

and malignancy, p = 0.360.  

 

 
3.6.2. Smoking  

 
The adjacent figure shows the distribution 

of mPPCs and bPPCs according to 

smoking history (n=87). Among 

nonsmokers in the study 26.5% (9/34) 

had mPPCs and 73.5% (25/34) had 

bPPCs. In smokers the distributions of 

mPPCs and bPPCs were 37.7% (20/53) 

and 62.3 (33/53), respectively. A Fisher’s 

exact test showed that there was no 

significant association between gender 

and malignancy, p = 0.353. This is most 

probably due to the small size of the study 

sample.  

 

Figure 3.20 Distribution of benign and 
malignant lung consolidations according to 
gender. PPCs: peripheral pulmonary 
consolidations. bPPCs: benign PPCs, mPPCs: 
malignant PPCs. 

Figure 3.21 Distribution of benign and malignant 
lung consolidations according to smoking-status. 
PPCs: peripheral pulmonary consolidations. 
bPPCs: benign PPCs, mPPCs: malignant PPCs. 
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3.6.3. Age  

 

The mean age of the patients in the bPPCs group was 64 ± 15.5 while in the mPPCs group 

67±10.5 years.  

A Mann-Whitney U test indicated that there was no significant association between age 

and malignancy in our study sample, U=752.500, p =0.425.  

 

3.6.4. BMI 

 

The mean BMI in the bPPCs group was 23.7±3.4 while in the mPPCs group 25.1±3.7 

Kg/m2.  

A Mann-Whitney U test indicated that there was no significant association between BMI 

and malignancy in our study sample, U=663.500, p =0.110.  

 

3.6.5. Chronic Pulmonary Disease  

 

 The adjacent figure shows the distribution 

of mPPCs and bPPCs in those with and 

without CPD. 64.3% (36/56) of patients 

with no CPD had bPPCs while 35.7% 

(20/56) had mPPCs. The percentage of 

those with bPPCs and mPPCs in the CPD- 

group was 71.0% (22/31) and 29.0% 

(9/31), respectively. A Fisher’s exact test 

showed that there was no significant 

association between gender and 

malignancy, p = 0.637.  

 

 

 

 

 

Figure 3.22 Distribution of benign and malignant 
lung consolidations according to the presence or 
absence of chronic pulmonary diseases (CPD). 
PPCs: peripheral pulmonary consolidations. 
bPPCs: benign PPCs, mPPCs: malignant PPCs.  
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Table 3.9 Comparison of patients’ demographic & clinical characteristics between 
malignant (n=29) vs. Benign (n=58) PPCs. PPCs: peripheral pulmonary consolidations. 
bPPCs: benign PPCs, mPPCs: malignant PPCs., SD: standard deviation, BMI: body mass 
index, CPD: chronic pulmonary disease.  

PPCs’ Subgroup bPPCs  mPPCs  P-Value 

Age (years) 

(mean±SD) 

 

64 ± 15.5 

 

67±10.5 

0.425 

Gender 

  - Male  

  - Female  

 

71.4% (35/49) 

60.5% (23/38) 

 

28.6% (14/49) 

39.5% (15/38) 

0.360 

BMI (Kg/m2) 

(mean±SD) 

 

23.7±3.4 

 

25.1±3.7  

0.110 

Smoking History 

 - Yes  

 - No  

 

62.3 (33/53) 

73.5% (25/34) 

 

37.7% (20/53) 

26.5% (9/34) 

0.353 

History of CPD 

- Yes 

- No  

 

71.0% (22/31) 

64.3% (36/56) 

 

29.0% (9/31) 

35.7% (20/56) 

0.637 
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3.7. Consolidation’s Characteristics & Risk of Malignancy  

 

3.7.1. Pleural Effusion  

 
The adjacent figure shows the distribution of mPPCs and bPPCs in those with and without 

pleural effusion (PE). Consolidations without PE were benign in 59% (16/39) and 

harboring malignancy in 41% (23/39) of the cases. On the other hand, consolidations with 

PE were more likely to be of a benign 

nature (regarding the nature of the tissue of 

the PPC itself, i.e., considering AT-m here 

as a benign entity): The percentages of 

those with bPPCs and mPPCs among 

consolidations accompanied by PE were 

87.5% (42/48) and 12.5% (6/48), 

respectively. A Fisher’s exact test showed 

that PPCs not accompanied by a PE were 

more likely to harbor malignancy, 

p<0.001.  

 

 

 
3.7.2. Consolidation’s Size   

 

Figure 3.23 Distribution of benign and 
malignant lung consolidations according to the 
presence or absence of pleural effusion (PE). 

Figure 3.24 Differences of lesion’s size (n= 46) between mPPCs (n=29) and bPPCs (n=17), 
*n=17: the mean size of 17 bPPCs with non-atelectatic-appearing lesion (i.e., excluding all 
atelectases and 3 ill-defined pneumonias). PPCs: peripheral pulmonary consolidations. bPPCs: 
benign PPCs, mPPCs: malignant PPCs.  
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To examine both groups (mPPCs=29 vs non-atelectatic bPPCs=17) for statistically 

significant differences in consolidations’ sizes we used a Mann-Whitney U test which 

indicated that the consolidation’s size was significantly higher in the mPPCs-group 

(mean=6.26 cm, SD ±3.12 cm) than the non-atelectatic bPPCs-group (mean=4.02 cm, SD 

±1.98 cm), U=133.500, p-value =0.01.  

 

The adjacent figure shows the area under the 

receiver operator characteristic curve 

(AUROC). The Area under the curve for 

differentiation between mPPCs (n=29) and 

bPPCs with documented sizes (n=17) in the 

study based on their size was 0.729 (95% 

CI= 0.577-0.881). By using a value of 4.75 

cm as cut-off for differentiating mPPCs from 

non-atelectatic bPPCs the calculated 

sensitivity, specificity, NPV and PPV were 

65.5%, 82.5%, 68.3% and 86.4%, 

respectively, meaning that in our study a 

peripheral lung consolidation larger than 

4.75 cm was likely to be malignant with a 

fair specificity but low sensitivity.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.25 Area under the receiver operator 
characteristic curve (AUROC) for 
differences in size benign (bPPCs) and 
malignant (mPPCs) peripheral pulmonary 
consolidations (PPCs).   
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Table 3.10 Comparison of consolidations’ characteristics between malignant (n=29) vs. benign 
(n=58) PPCs. PPCs: peripheral pulmonary consolidations, bPPCs: benign PPCs, bPPCs: 
malignant PPCs, SD: standard deviation, PE: pleural effusion.  
 

* The Mean of Sizes of non-atelectatic well-defined bPPCs (n=17). 

 

 

 

 

 

 

 

 

PPCs’ Subgroup bPPCs mPPCs P-Value 

Side 

 - Right   

 - Left 

 

69.6% (32/46) 

63.4% (26/41) 

 

30.4% (14/46) 

36.6% (15/41) 

0.650 

Lobe 

 - Upper 

 - Lower 

 

47.4% (9/19) 

72.1% (49/68) 

 

52.6% (10/19) 

27.9% (19/68) 

0.056 

Associated PE 

 - Yes 

 - No  

 

87.5% (42/48) 

41.0% (16/39) 

 

12.5% (6/48) 

59.0% (23/39) 

<0.001 

Size in cm 

(mean±SD) 

 

*4.02 ±1.98 

 

 

6.26 ±3.12 

0.01 
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3.8. ARFI Data  

 

3.8.1. All Consolidations     

 
The mean of all ARFI measurements (n=87) in the study was 2,23 m/s (SD of ± 1.06 m/s) 

ranging from a minimum of 0.64 m/s to a maximum of 4.38 m/s.  

 

 

 Age & Gender  

 
After applying the Spearman’s rank correlation coefficient test there was a positive 

correlation between age in years and the mean ARFI velocity in m/s, nevertheless this 

correlation was of a low degree (correlation’s coefficient of 0.01) and of no statisitcal 

signigficance in our study sample (p-value= 0.93). Looking at both genders separately 

with applicaton of Spearman’s test there was a little more positiv correlation of MAV and 

Figure 3.26 General distribution of mean ARFI velocities in the study population (n= 87). 
ARFI: acoustic radiation force impulse, MAVs: mean ARFI velocities.  
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age in females, however this remained of a low degree (correaltion’s coefficient of 0.019) 

and was also statistically non-significant (p-value=0.91). In the male group a slight 

negative correlation (correaltion’s coefficient= -0.011) was also insiginficant (p=0.94). 

Using the Mann-Whitney U test there was no significant difference of the mean ARFI 

velocity between males and females, U=847.000, p-value= 0.47.  

 
Figure 3.27 Mean ARFI measurements in the study population (n= 87) and their distribution 
according to age and gender. ARFI: acoustic radiation force impulse. 
 

 Depth of Measurements   

 
The depths in the study (n=87) 

ranged from a minimum of 

2.20 cm to a maximum of 7.40 

cm with an total average depth 

of 4.12 cm (SD of ± 1.05 cm).  
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Figure 3.28 Distribution of average ARFI depths in the study 
sample (n=87). ARFI: acoustic radiation force impulse. 
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Applying the Spearman’s correlation test to both variables (ARFI mean velocity and 

depth) yielded a moderate degree of negative correlation (i.e. mean-ARFI-measurement 

increases with decreasing depth) with Spearman’s correlation coefficient of  -0.448, this 

inverse correlation was statisitcally significant (p-value < 0.001).  

 

 Body Mass Index (BMI)  

 
Figure 3.30 Mean ARFI measurements in the study population (n= 87) and their distribution 
according to body mass index (BMI). ARFI: acoustic radiation force impulse.  
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Figure 3.29 Mean ARFI measurements in the study (n= 87) and their distribution according to 
the average depth of each measurement in cm. ARFI: acoustic radiation force impulse 
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Although there was a low degree of positive correlation (i.e. mean-ARFI-velocities 

increases with increasing BMI of the patient) with a Spearman’s correlation coefficient 

of 0.155, this correlation did not reach statistical significance (p-value= 0.15).  

 

 Smoking and Chronic Pulmonary Disease (CPD)  

 

The mean ARFI velocities and SDs in patients with CPD  (n=31) and those without CPD 

(n=56) were 2.14 m/s (SD ±1.07 m/s) and 2.28 m/s (SD ±1.07 m/s), respectively. 

The mean ARFI velocities and SDs in smokers (n=53) and non-smokers (n=34) were 2.35 

m/s (SD ±1.01 m/s) and 2.04 m/s (SD ±1.13 m/s), respectively.  

After Applying  the Mann-Whitney U test there was no significant difference of the mean 

ARFI measurements between smokers and non-smokers (p-value= 0.12) or between 

subjects with a chronic pulmonary disease (CPD) and those without CPD (p-value= 0.57). 

Figure 3.31 Absence of significant differences in ARFI mean velocities (n=87) between smokers 
(n=53) and nonsmokers (n=34) and between those with (n=31) and those without (n=56) chronic 
pulmonary disease (CPD). ARFI: acoustic radiation force impulse.  
 

 Consolidation’s Size  

Only the sizes of 46 consolidations with a clear demarcation from the rest of lung 

parenchyma were registered (mPPCs, infarcts, abscesses, inflammatory and 

granulomatous consolidations). Due the fact of that atelectasis is practically a collapsed 

 

P =0.5757P =0.1212



ARFI Performance in PPCs 2021 
RESULTS 

Page | 97  
 

lung segments their sizes were not felt to be of a comparative relevance (n=38) neither 

the size of infiltrating pneumonias with ill-defined margins (n=3). 

Figure 3.32 Relation of mean ARFI velocity (MAV) to consolidation´s size (n=46). Mean ARFI 
velocity was independent of consolidation’s size. PPCs: peripheral pulmonary consolidations. 
ARFI: acoustic radiation force impulse.  
 

Comparing the ARFI mean velocities to the sizes of the corresponding consolidations 

(n=46) using the Spearman’s correlation test yielded an extremely low correlation 

coefficient of 0,001 of no statistical significance (p-value= 0.996). 

 

 Pleural Effusion  

 

A Mann-Whitney U test indicated that the mean ARFI velocity for consolidations 

associated with pleural effusions (n=48, mean velocity=1.67 m/s, SD ±0.82 m/s) was 

lower than those not accompanied by pleural effusions (n=39, mean velocity=2.92 m/s 

(SD ±0.92 m/s), U=292.0, p-value <0.001. Such difference is unlikely to be clinically

relevant because most of the consolidations accompanied by pleural effusion represented 

atelectases (35/48), (the other 7 PE-associated bPPCs (n=42) were n=1 OBCs and n=6 

pneumonias). Such consolidations have a destinctive ultrasound B-mode morphology and 

thus can be easilly distinguisched from focal subpleural cosolidations. Moreover, of all 

the consolidations accompanied by PE only n=6 were malignant, due to the large 

difference in sample sizes between mPPCs with PE (6/48) and bPPCs with PE (42/48) no 

comparison was carried out between both groups.  
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3.8.2. Benign PPCs (bPPCs) 

 

The mean ARFI-Velocity (MAV) for all bPPCs (n=58) in the study (including AT) was 

=1.82 m/s (SD ±0.97 m/s) with a minimum of 0.64 m/s and maxiumum of 4.13 m/s.  

 

Table 3.11 Comparison of ARFI data in different benign PPCs’ subgroups in the study 
(n=58). ARFI: acoustic radiation force impulse, PPCs: peripheral pulmonary 
consolidations, AT-m: atelectases due to a malignant underlying disease, AT-b: 
atelectases due to a benign underlying disease, OBCs: other benign consolidations, SD: 
standard deviation.  
 
 
PPCs’ 
Subgroup 

Number of 
consolidations 
(n) 

ARFI velocity (m/s) 
 

Mean± SD      Minimum         
Maximum 

Average depth 
of 
measurement 
(cm)  

bPPCs 58 1.82±0.97 0.64 4.13 4.28±1.06 

AT-b 21 1.38±0.54 0.64 2.39 4.80±0.82 

AT-m 17 1.68±0.81 0.64 3.78 4.44±1.12 

Pneumonia 9 1.38±0.39 0.96 2.17 4.16±0.87 

OBCs 11 3.25±0.82 1.88 4.13 3.14±0.60 

Figure 3.33 Distribution of mean ARFI velocities (M AVs) among benign peripheral 
pulmonary consolidations (bPPCs), n=58. ARFI: acoustic radiation force impulse.  
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Figure 3.35 Atelectasis due to a benign underlying disease (AT-b): the morphologic 
appearance and ARFI-Study in an AT-b due to a hepatic hydrothorax in a 63-year-old female 
patient with liver cirrhosis. (a) und (b) the CT images of the atelectasis on the right side, (c) 
elastographic measurement in m/s (Vs) and kPa (E) with the corresponding depth “Tiefe” on the 
right upper screen, (d) the final ARFI report summary. 

Figure 3.34 Obstructive AT-m. 76-year-old male patient with obstructive atelectasis due to a 
hilar SCC of the rt. lung. a) CT-appearance of the atelectasis. b) elastographic image with one 
measurement of 1.96 m/s. Note the absence of pleural effusion. AT-m: atelectasis due to a 
malignant underlying disease, SCC: squamous cell carcinoma. 
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Figure 3.36 Compressive AT-m: the morphologic appearance of a AT-m due to a left sided 
malignant PE with positive PFC in a 72-year-old- female patient with a diffuse large-B-cell 
lymphoma (DLBCL). (a) and (b) the CT-morphology. (c) US appearance in B-mode. (d-e) 
CEUS-appearance: early arterial phase (d) & venous phase (e). the final ARFI study report is 
shown in (f).  
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Figure 3.37 Lobar pneumonia: 47-year-old male patient with a classical lobar pneumonia of the 
right middle lobe. (a) CXR showing homogeneous opacity above the right hemidiaphragm. (b) the 
CT appearance. (c) ultrasound appearance showing homogeneous hypoechoic PPC with air-
bronchogram. (d) doppler US showing the rich vascularization. (e) CEUS with 
homogeneous enhancement without washout. (f) the final ARFI study report.  
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Figure 3.38 Focal pneumonia: 32-year-old male 
patient with a focal pneumonia in the lower lobe 
of the left lung. a) The CT appearance showing a 
solid subpleural consolidation. b) B-mode-
ultrasound image in which the lesion appears 
hypoechoic with air-bronchograms and serrated 
margins. c) & d) CEUS with homogeneous 
enhancement without washout after 01:22 
minutes. (e) the final ARFI study report. 
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Figure 3.39 Pulmonary aspergillus abscess 
(aspergilloma): 58-year-old male patient with a 
highly malignant Non-Hodgkin lymphoma 
under chemotherapy with upper lobe abscesses 
on both sides (a). The good vascularization on 
doppler-US (b) and abscess-wall-enhancement 
on CEUS (c), one ARFI measurement is shown 
in (d) and the ARFI elastographic report in (e).  



ARFI Performance in PPCs 2021 
RESULTS 

Page | 104  
 

 

Figure 3.40 Wegener’s granulomatosis: 62-year-old male patient with a solitary PPC which 
was proven histologically to be a Wegener’s granuloma. The CT morphology is shown in (a) and 
(b). The lesion demonstrated bronchial and pulmonary arterial enhancement with washout on 
CEUS (c) and (e). One ARFI measurement is shown in (e) and the ARFI elastographic report in 
(f).
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Figure 3.41 Lung infarction: a 28-year-old male patient with pulmonary infarction. Spiral-CT 
scan showing pulmonary emboli (a) the CT morphology of the wedge-shaped infarction in the 
peripheral zone of the right lower lobe is shown in (b) and (c). one ARFI measurement is shown 
in (d) and the ARFI elastographic report in (e). 

Figure 3.42 Cryptogenic organizing 
pneumonia (COP): an 86-year-old female 
patient with a histologically proven COP. a) B-
mode appearance of the consolidation. b) one 
ARFI measurement c) the ARFI elastographic 
report (e).  
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3.8.3. Malignant PPCs (mPPCs) 

 

The mean ARFI-Velocity (MAV) for all mPPCs (n=29) in the study was = 3.05 m/s (SD 

±0.73 m/s) with a minimum of 1.84 m/s and maxiumum of 4.38 m/s.  

Figure 3.43 Distribution of mean ARFI velocities (MAVs) among malignant peripheral 
pulmonary consolidations (mPPCs), n=29. ARFI: acoustic radiation force impulse. 

 

Table 3.12 Comparison of ARFI data among different malignant PPCs’ subgroups in the 
study (n=29). PPCs: peripheral pulmonary consolidations, mPPCs: malignant PPCs, PLTs: 
primary lung tumors, SD: standard deviation, ARFI: acoustic radiation force impulse. 

 
Subgroup 

Number of 
consolidations 

(n) 

ARFI velocity (m/s) 
 

  Mean               Min               Max 

Average depth 
of 

measurements 
(cm) 

mPPCs 29 3.05±0.73 1.84 4.38 3.79±0.99 

PLTs 19 3.33±0.71 1.84 4.38 3.76±0.97 

Metastases 10 2.52±0.39 2.07 3.34 3.86±1.07 
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Figure 3.44 Pulmonary squamous cell 
carcinoma (SCC): a 79-year-old female patient 
with histologically proven SCC. (a) CXR 
showing opacity in the right lower lobe. The CT 
morphology of the peripheral consolidation is 
shown in (b). The B-mode appearance and 
dimensions (c). The lesion was “stiff” as shown 
in the elastographic image (d). The ARFI report 
is shown in (e).  
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Figure 3.45 Pulmonary adenocarcinoma (AC): histologically proven adenocarcinoma of the 
left lung in a 61-year-old male patient. The CT-appearance of the lung consolidation a) transverse 
section b) coronal section, the US appearance with a valid ARFI measurement (Vs=4.63 m/s) is 
shown in (c) and the final report of the 11 ARFI measurements (d). 
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Figure 3.46 Another pulmonary squamous cell carcinoma (SCC): a 72-year-old male patient 
with a histologically proven SCC and status post radiotherapy with suspicion of recurrence. (a) 
CXR showing an opacity in the right lower lobe. The CT morphology of the consolidation with 
some compartmentalized fluids (effusion) is shown in (b). The B-mode appearance with proximal 
hypoechoic mass with irregular margins and a distal isoechoic atelectatic lung tissue with some 
PE (c). On CEUS the proximal part of the consolidation showing some washout on the late venous 
phase after a rapid early enhancement in the arterial phase (fig. d to f). The lesion was biopsied 
under US-guidance (g). The ARFI elastographic report is shown in (h). 
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Figure 3.47 Pulmonary adenocarcinoma (AC): a 70-year-old male patient with a histologically 
proven AC. a) CXR showing an opacity in the left upper lobe. b) The CT morphology of the 
consolidation showing its peripheral location with pleural contact. c) The B-mode-US image 
showing a large hypoechoic mass with irregular margins. d) & e) CEUS with bronchial arterial 
enhancement with an area of necrosis. f) The lesion being biopsied under US-guidance. The ARFI 
elastographic report is shown in (g). 
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Figure 3.48 Mesothelioma: 79-year-old 
male patient with left sided pleural 
mesothelioma. a) CXR with unilateral 
thickening of the left pleura and opacification 
of the left costophrenic angle. b) thickened 
pleura on CT scan. US and CEUS showing 
thickening of the upper pleura on b-mode (c) 
and bronchial arterial enhancement (d). The 
lower part of the pleura was accompanied by 
PE as shown with B-mode (e) and CEUS (f). 
The elastographic report is shown in (g).  
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Figure 3.49 Pulmonary metastases from a colorectal carcinoma (CRC): a 54-year-old 
male patient with an aggressive chemotherapy unresponsive rectal carcinoma and 
pulmonary metastases. a) CT scan showing diffuse lung metastases in both lungs, some 
of them are peripherally located with a small amount of pleural effusion. b) The 
elastographic image with hypoechoic consolidation devoid of air bronchogram within an 
atelectatic segment surrounded by minimal amount of effusion, one valid measurement is 
shown (Vs= 2.81. m/s). c) The ARFI elastographic report.  

 

Figure 3.50 Pulmonary metastasis from a 
parotid carcinoma: 80-year-old female patient 
with a known history of parotid carcinoma was 
found to have a large pulmonary mass. a) and 
b) The CT scan showing a large PPC. c) The 
ARFI report. It is important to mention that the 
CT-guided biopsy was necrotic, nevertheless 
the lesion showed epithelial markers’ 
expression. 
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Figure 3.51 Pulmonary involvement with 
diffuse large B-cell lymphoma (DLBCL): 
a 76-year-old female patient with status post 
chemotherapy for a DLBCL was found to 
have pulmonary lesions suspicious for 
disease recurrence. a) CT-transverse section 
showing multiple PPCs. b) and c) PET-CT 
showing intralesional tracer accumulation 
mainly in the left lung. d) US appearance 
with a hypoechoic to isoechoic subpleural 
solid mass in the left lower lobe. e) The 
corresponding appearance on CEUS with 
bronchial arterial enhancement and 
subsequent washout. f) the report of the 11 
ARFI measurements.  
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Figure 3.52 Breast cancer Lung metastasis: a 
38-year-old female patient with an aggressive 
form of metastatic breast cancer. a) and b) 
showing the CT scan of one large 
supradiaphragmatic mass. c) The US 
appearance showing the lung metastasis (LM) 
displacing the pleural line (PL) and located 
directly over the diaphragm (DM), in addition to 
a large splenic (s) metastasis (SM). d) The ARFI 
elastographic report. 
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Figure 3.53 Vulvar-SCC metastasis: a 71-
year-old lady with a known vulvar squamous 
cell carcinoma (SCC). Multiple opacities are 
seen on CXR mainly in the apical portion of the 
right lung (a). CT images with few solid 
pulmonary lesions on both sides (b) and (c). 
The US image in B-mode showing a large 
hypoechoic large consolidation in the apical 
portion of the upper lobe of the right lung (d). 
CEUS of the same lesion showing an 
inhomogeneous enhancement’s pattern (e). 
The ARFI report is shown in (f).  
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3.9. Comparative Analysis  

 

3.9.1. bPPCs vs. mPPCs 

 

 

Given the heterogenous nature of the bPPCs-group and their skewed distribution in the 

study we decided to use a nonparametric test to examine samples for statistically 

significant differences. A Mann-Whitney U test indicated that the mean ARFI velocity in 

the mPPCs-group (mean=3.05 m/s, SD ±0.73 m/s) was significantly higher than that in 

the bPPCs-group (mean=1.82 m/s, SD ±0.97 m/s), U=249.500, p-value <0.001.  

 

We applied the receiver operator characteristics (ROC) and examine the area under the 

curve (AUC) to evaluate for cut-off-values between mPPCs and bPPCs and their 

diagnostic performance.  

 

 

 

 

Figure 3.54 Comparison between ARFI values between bPPCs (n=58) and mPPCs (n=29). 
PPCs: peripheral pulmonary consolidations. bPPCs: benign PPCs, mPPCs: malignant PPCs, 
ARFI: acoustic radiation force impulse. 
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The adjacent figure shows the area under the 

receiver operator characteristic curve 

(AUROC). The area under the curve for the 

differentiation between mPPCs and bPPCs 

was 0.852 with 95% confidence interval (95% 

CI) of 0.773-0.931. By utilizing a value of 

2.21 m/s as cut-off for differentiating mPPCs 

from bPPCs the calculated sensitivity, 

specificity, negative predictive value (NPV) 

and positive predictive value (PPV) were 

89.7%, 75.9%, 93.6% and 65.0%, 

respectively.  

 

 

 

 

 

 

 

 

After applying a Mann-Whitney U test to study the differences between mPPCs and the 

different subgroups of benign PPCs, we noticed significant differences in the mean ARFI 

velocities (with higher velocities among mPPCs) as compared to the values of pneumonia 

(p<0.001), AT-b (<0.001), AT-m (p<0.001) as well as all in comparison to atelectases 

(AT-b and AT-m, n=38) (p<0.001). On the other hand, no significat differences were 

found between the mean ARFI velocities of mPPCs when compared to OBCs (p=0.42).   

Recall that under OBCs (other benign consolidations) we included chronic 

necroinflammatory diseases (granulomatous, fibrotic pneumonias and lung infarctions).  

 

 

 

 

 

 

Figure 3.55 Area under the receiver 
operator characteristic curve (AUROC) for 
the differences in mean ARFI velocities 
between benign (bPPCs) and malignant 
(mPPCs) peripheral pulmonary 
consolidations (PPCs). ARFI: acoustic 
radiation force impulse. 
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3.9.2. AT-m vs. AT-b  

Figure 3.56 Comparison between ARFI values between AT-m (n=17) and AT-b (n=21). AT-m: 
atelectases due to a malignant underlying disease, AT-b: atelectases due to a benign underlying 
disease, ARFI: acoustic radiation force impulse. 

 

To examine the samples in both groups (AT-m vs AT-b) for statistically significant 

differences in MAVs we used a Mann-Whitney U test which indicated that the difference 

in mean ARFI velocities between the AT-b-group (mean=1.38 m/s, SD ±0.54 m/s) and 

the AT-m-group (mean=1.68 m/s, SD ±0.81 m/s) was not statisitcally significant, 

U=145.500, p-value =0.332.  

 

3.9.3. PLTs vs. Metastases   

 

Figure 3.57 Comparison between ARFI values between PLTs (n=19) and metastases (n=10). 
PLTs: primary lung tumors. ARFI: acoustic radiation force impulse.  
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Even though both PLTs and lung Metastases groups had no outliers and were 

approximately normally distributed according to the normality tests, we decided to use a 

nonparametric test based on the visual inspection of both histograms and the difference 

in sample sizes.  

 

A Mann-Whitney U test was used to compare the means of both groups which indicated 

that the mean ARFI velocities in the PLTs-group (mean=3,33 m/s, SD ±0.71 m/s) were 

significantly higher than those in the Metastases-group (mean= 2.52 m/s, SD ±0.39 m/s), 

U=29.000, p-value =0.002.  

  

 

The adjacent figure shows the area under 

the receiver operator characteristic curve 

(AUROC). The area under the curve for 

the differentiation between MAVs in 

PLTs and Metastases was 0. 847 (95% 

CI= 0.701-0.993). Using a value of 2.82 

m/s as cut-off for differentiating PLTs 

from metastases the calculated sensitivity, 

specificity, NPV and PPV were 79.0%, 

90.0 %, 69.2% and 93.8%, respectively.  

 

 

 

 

 

 

 

  

Figure 3.58 Area under the receiver operator 
characteristic curve (AUROC) for the 
differences in mean ARFI velocities between 
PLTs (n=19) and lung metastases (n=10). PLTs: 
primary lung tumors, ARFI: acoustic radiation 
force impulse. 
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4. DISCUSSION 

 

4.1. Study Results & their Clinical Significance  

 

Lung cancer is the global leading cause of cancer-related deaths in both males and females 

(WHO, 2018). The differential diagnosis of pulmonary consolidations is broad ranging 

from benign to malignant, inflammatory, infectious, congenital, or acquired 

(Choromańska, 2012).  

Further clarification of such consolidations may require extensive workup and often the 

exact etiology could remain uncertain mandating regular imaging follow-up or ending up 

requiring a surgical exploration (Kahn, 2019). In our study we examine the performance 

of ARFI elastography in different PPCs as a potential equipment in the diagnostic 

armamentarium of such lung consolidations.  

Lung US is a cost-effective and radiation-free imaging technique which is both safe and 

reliable in recognizing of as well as guiding tissue acquisition from peripheral pulmonary 

consolidations (PPCs) (Görg, 2006b) (Yamamoto, 2019), given the fact that about 40% 

of lung tumors are peripherally located (Naidich, 2007) US is particularly helpful in such 

consolidations especially if they were outside the reach of bronchoscopy.  

Nevertheless, different benign and malignant consolidations may have some similarities 

in their sonographic appearance, which demands further clarification using non-invasive 

as well as invasive methods (Wei, 2018).  

Ultrasound elastography has emerged as a noninvasive tool for the assessment of tissue 

stiffness and characteristics which has established itself as reliable diagnostic modality in 

a variety of organs (Saftoiu et. al., 2019). 

The use of elastography in the study of the lung has been poorly studied, given the non-

US friendly air-filled lungs and the relative infrequent use of US for evaluation of lung 

pathologies. Some earlier demonstrated differences between bPPCs and mPPCs using 

strain elastography (Sperandeo, 2015), (Lim, 2017).  

Acoustic radiation force impulse (ARFI) from (Siemens, Erlangen, Germany) is an 

elastographic modality (pSWE) which depends on differences of the speed of wave 

propagation in different tissues by means of measuring the degree of displacement within 

a 0.5-1.0 cm “box” on the US screen i.e., region of interest (ROI) (D'Onofrio, 2013). 
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Likewise, the data on pulmonary utilization of pSWE and 2D-SWE are scares (Ozgokce, 

2018) (Kuo, 2020) (Wei, 2018). All of these studies excluded consolidations 

accompanied by pleural effusion. We decided to include patients with PE in our study 

based on the available evidence that pSWE waves can propagate through ascitic fluid 

(Bota, 2011) (Bamber, 2013).  

To the best of our Knowledge this is the only study which used ARFI in pulmonary 

consolidations accompanied by pleural effusion. 

 

4.1.1. PPCs & Patients’ Characteristics 

 

In this study there was no significant association between the risk of malignancy and the 

gender of the patient (p>0.05) (Fischer’s exact test). This is in contrary to other results 

suggesting female gender as a risk factor for malignancy (Gasperino, 2004) (Wei, 2018). 

Smoking is the most important risk factor for the development of lung cancer and is 

thought to be the culprit in more than 90% of the cases (Alberg, 2003).  

Given the small size of our study sample the effect of smoking did not reach statistical 

significance (p>0.05) (Fischer’s exact test). Likewise, due to the small sample size we 

found no significant association between age and malignant risk (p>0.05) (Mann-

Whitney-U-test). In fact, the available epidemiological evidence pointed towards an 

increased lung cancer incidence among older subjects (Ventura, 2016).  

The risk of malignancy was also independent of the body mass index (p>0.05) (Mann-

Whitney-U-test). The initial epidemiological evidence of the lower risk of lung a cancer 

among those with higher BMI is controversial due to the confounding effect of smoking 

on BMI (Zhu, 2018). Nevertheless, a large recent meta-analysis of 10,000 patients who 

never smoked confirmed this negative association between BMI and lung cancer (Zhu, 

2018).  

A large international multivariate logistic regression analysis study showed a positive 

association between chronic bronchitis and emphysema with lung cancer after adjusting 

for other risk factors (Denholm, 2014). In our sample the presence of a background 

chronic lung disease was also non-predictive of malignancy in our sample (p>0.05) 

(Fischer’s exact test). 
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4.1.2. PPCs & Consolidations’ Characteristics 

 

A consolidation’s size of > 3 cm is generally suggestive of malignancy in lung nodules 

(Rivera, 2013). Wei et. al. proposed 5 cm as cut-off value of malignancy with a sensitivity 

and specificity of 87% and 40%, respectively (Wei, 2018). 

In this study the sizes of all mPPCs (n=29) were measured in cm and compared to the 

available documented sizes of bPPCs (n=17), given the fact that atelectatic consolidations 

are merely a collapsed lung segment due to compression or central airway obstruction the 

sizes of atelectases were not measured due to the absence of perceived relevance (n= 38) 

a total of 3 pneumonias represented a diffuse infiltration of one or more lung segments 

and were not well demarcated i.e., “mass-like”, hence their dimensions were not 

measured.  

Consolidation’s size in our study was significantly higher in the mPPCs-group 

(mean=6.26 m/s, SD ±3.12 cm) in comparison to that of non-atelectatic bPPCs-group 

(mean=4.02 m/s, SD ±1.98 cm) with a  p-value= 0.01 (Mann-Whitney-U-test). 

A cut-off value of 4.75 could differentiate mPPCs from non-atelectatic bPPCs with an 

AUC of 0.729 (95% CI= 0.577-0.881) with sensitivity, specificity, NPV and PPV of 

65.5%, 82.5%, 68.3% and 86.4%, respectively (AUROC analysis).  

 

In this study consolidations associated with pleural effusion were more likely to be 

benign (p<0.001) (Fischer’s exact test). This result may be due to the large number of 

atelectases in the study and the inclusion of AT-m as benign consolidations, this 

comparison is only true considering the nature of the PPCs of interest and does not take 

into consideration a centrally located obstructive tumor or a malignant pleural effusion 

causing compression of the “benign” lung segment. The value of this negative association 

seems to be of little/ questionable clinical significance.  

Malignancy risk was independent of lobar distribution and side of the PPC (p> 0.05) 

(Fischer’s exact test). We did not compare the echogenicity of different PPCs in the 

study. In general, pulmonary consolidations demonstrate great variability in their 

echotexture, hence echogenicity is unreliable in differentiating benign from malignant 

PPCs (Rednic, 2010). 
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4.1.3. Demographic & Clinical Variables & their Relation to ARFI Values 

 

We first studied the effect of different patients’ and consolidations’ variables on mean 

ARFI velocity (MAV) in m/s. The effect of such variables was mainly studied in the liver 

and to a less degree in some non-hepatic organs (Son, 2012) (Eiler, 2012) (Goertz, 2019).  

Son et. al. studied a sample of patients with healthy livers and kidneys (living donors) and 

concluded that there was no influence of age, gender, or BMI on ARFI values (Son, 

2012). Likewise, there was no reported association between gender nor age and the ARFI 

values in patients with different liver diseases and fibrosis degrees (Goertz, 2019). 

In our study sample there was no significant association between MAV with age or BMI 

(p> 0.05) (Spearman’s correlation test).  There was also no effect of gender, smoking-

status or the presence of a CPD on our obtained ARFI values (p> 0.05) (Mann-Whitney-

U-test).  However, it,s worth mentioning that in the lung there is no nomal referene-ARFI 

values in healthy full aereated pulmonary parenchyma, theoritically a collapsed lung due 

to compression bei a PE or obstruction of the proximal brochial tree could be a 

protototype of such reference ARFI values, nevertheless, we believe this would be 

significantly confounded by the underleinig pathology of the lung itself (as most of the 

time such patients are old, curreunt or previous smokers, had a history of occupational 

exposure to chemicales, pulmonary hypertention, chronic pulmonary congestion due 

different cadiac or pulmonary diseases).   

Another confounding factor in this case is effect of the primary pathology causing the 

atelectasis on the collapsed segement (causing for example an increased intrasegmental 

pressure with acumulation of mucus and/ or secondary infections or having some degee 

of infiltration with malignant cells in case of malignant obstruction or malignant PE, or 

some effect on the vascularity of the segement  in the case of pleural effuion caused by 

some vasculitis). All of these unanswered question require further research aiming at 

establishing reliable reference ARFI values and recognizing differences among different 

disease entities.  

In our sample there was no significant association between consolidation’s size and 

MAV (p>0.05) (Spearman’s correlation test). In the case of pleural effusion, the ARFI 

values were significantly lower in consolidations associated with pleural effusion as 

compared to those with no accompanying effusion (p < 0.001) (Mann-Whitney-U-test).  
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As mentioned above this may reflect the benign nature of most of the atelectases 

accompanied by pleural effusion as well as the absence of malignant infiltration of 

atelectases associated with PE. Weather this statistically significant difference is 

clinically relevant remains uncertain.  

The relation of MAV and the depth of measurement was reciprocal and statistically 

significant (p<0.001) (Spearman’s correlation test). In other words, subpleural 

consolidations showed higher ARFI values as compared to deeper consolidations. We 

think this is also confounded by the fact that atelectases with their lower ARFI values and 

their displacement from the thoracic wall by means of pleural effusion were a 

confounding factor, the same applies to pneumonias affecting a large lung segment with 

or without a parapneumonic PE. The study by Goertz et. al. showed no correlation of 

ARFI value and the depth of measurement in different liver lesions (Goertz, 2019).  

The mean depth of all consolidations associated with PE (48/87) was 4.61 cm and that of 

consolidations with no accompanying PE (39/87) was 3.51 cm. Given our set of data most 

PE-associated consolidations were benign (42/48) and most consolidations with no PE 

were either malignant consolidations (23/39) or chronic necro-inflammatory (10/39), both 

of which demonstrated high mean ARFI velocities, we think this inverse relationship 

between the mean ARFI velocity and average depth only reflects the “soft” benign nature 

of consolidations associated with PE in our study sample. 

 In fact, if we apply the Spearman’s correlation test within both groups (consolidations 

with PE n=48 and consolidations without PE n=39) and compare both vaiables (ARFI 

mean velocity and depth of measurement) we will not find any significant assciation 

between depth and mean ARFI velocity (p> 0.05). Table 4.1.  

Table 4.1 The Spearman’s correlation test of the two variables: depth of ARFI measurement in 
cm and mean ARFI velocity (MAV) in m/s. PPCs: peripheral pulmonary consolidations, PE: 
pleural effusion, ARFI: acoustic radiation force impulse. 

 

 

Subgroup  Spearman’s correlation 

coefficient (deapth of measurment 

& MAV) 

P-value 

PPCs without PE (n=39) - 0.185 0.258 

PPCs with PE (n=48) - 0.069 0.643 
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Table 4.2 Summary of Patients’ variables among different PPCs’ groups. PPCs: peripheral 
pulmonary consolidations, bPPCs: benign PPCs, mPPCs: malignant PPCs, AT-b: atelectases due 
to a benign underlying disease, AT-m: atelectases due to a malignant underlying disease, OBCs: 
other benign consolidations, PLTs: primary lung tumors, SD: standard deviation, BMI: body mass 
index, CPD: chronic pulmonary disease, M/F: Male to female ratio.  

 

Subgroup  

 

 

Variable 

 

All 

PPCs 

n= 87 

 

bPPCs 

 

n= 58 

 

mPPCs 

 

n=29 

 

AT-b 

 

n=21 

 

AT-m 

 

n= 17 

 

Pneu

monia 

n= 9 

 

OBCs 

 

n=11 

 

PLTs 

 

n= 19 

 

Metas

tases 

n=10 

Age in 

years 
(mean±SD) 

65.0 

±14.0 

64 

±15.5 

67 

±10.5 

67.6 

±16.6 

67.1 

±13.6 

60.8 

±16.4 

54.1 

±12.0 

68.3 

±9.2 

65.9 

±12.6 

M/F 49/38 35/23 14/15 12/9 10/7 6/3 7/4 11/8 3/7 

BMI in 

Kg/m2 

(mean±SD) 

24.1 

±3.5 

23.7 

±3.4 

25.1 

±3.7 

23.5 

±3.6 

24.3 

±3.6 

23.3 

±3.3 

23.2 

±2.7 

24.9 

±2.7 

25.3 

±5.7 

Positive 

Smoking 

history 

53(61%) 33(57%) 20(69%) 9(43%) 11(65%) 7(77%) 6(55%) 15(79%) 5(50%) 

History of 

CPD 

31(36%) 22(38%) 9(31%) 9(43%) 7(41%) 3(33%) 3(27%) 7(37%) 2(20%) 

 

 

 

 

4.1.4. Differences in ARFI Values among Different PPCs 

 

All P-Values in this section were obtained using Mann-Whitney-U-tests to compare the 

mean ARFI velocities between different groups. The Area under the curve with cut-off 

values and 95% confidence intervals were obtained after applying a ROC analysis.   
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Table 4.3 Summary of Consolidations’ variables and ARFI values among different PPCs’ 
groups. PPCs: peripheral pulmonary consolidations, bPPCs: benign PPCs, mPPCs: malignant 
PPCs, AT-b: atelectases due to a benign underlying disease, AT-m: atelectases due to a malignant 
underlying disease, OBCs: other benign consolidations, PLTs: primary lung tumors, SD: standard 
deviation, N/A: non-applicable. Rt: right, Lt: left, PE: pleural effusion, UL: upper lobe, LL: lower 
lobe, ARFI: acoustic radiation force impulse.  

Subgroups  

 

 

Features  

All 

PPCs 

 

n= 87 

bPPCs 

 

 

n=58 

mPPCs 

 

 

n=29 

AT-b 

 

 

n= 21 

AT-m 

 

 

n= 17 

Pneu-

monia 

 

n= 9 

OBCs 

 

 

n= 11 

PLTs 

 

 

n= 19 

Metas-

tases 

 

n= 10 

Cytohistol-

ogic exam 

73 

83.9% 

44/58 

75.9% 

29/29 

100.0% 

12 

57% 

17 

100% 

2 

22.2% 

10 

90.9% 

19 

100% 

10 

100% 

Side 

(Rt/Lt) 

46/41 32/26 14/15 10/11 8/9 6/3 8/3 9/10 5/5 

Lobe 

(UL/LL) 

19/68 9/49 10/19 0/21 2/15 2/7 5/6 10/9 0/10 

Associated 

PE 

48 

55% 

42 

72% 

6 

21% 

21 

100% 

14  

82% 

6 

67% 

1 

9% 

4 

21% 

2  

20% 

Size* in cm 

(mean±SD) 

5.42 

±2.93 

^4.02 

±1.98 

6.26 

±3.12 

N/A N/A °4.88 

±2.38 

3.55 

±1.66 

6.72 

±3.37 

5.38 

±2.47 

Depth in 

cm 

(mean±SD) 

4.12 

±1.05 

4.28 

±1.06 

3.79 

±0.99 

4.80 

±0.82 

4.44 

±1.12 

4.16 

±0.87 

3.14 

±0.60 

3.76 

±0.97 

3.86 

±1.07 

ARFI 

velocity in 

m/s 

(mean±SD) 

2.23 

±1.06 

1.82 

±0.97 

3.05 

±0.73 

1.38 

±0.54 

1.68 

±0.81 

1.38 

±0.39 

3.25 

±0.82 

3.33 

±0.71 

2.52 

±0.39 

*Size (n=46, including all mPPCs (n=29) + all non-atelectatic well-defined bPPCs (n=17)), °Size of 6 well-
defined pneumonias (n=6), ^ Size of non-atelectatic well-defined bPPCs (n=17). 
 

 

In a prospective study of SWE in 33 subpleural consolidations Ozgokce proposed a cut-

off value of 2,47 m/s for differentiating malignant from benign subpleural consolidations 

with 97% sensitivity and specificity (Ozgokce, 2018). Wei et.al. studied differences of 

pSWE using ARFI in 91 peripheral lung consolidations and suggested a cut-off value of 

1.91 m/s (70% sensitivity and specificity) in discriminating malignant from benign 

masses (Wei, 2018).  

 

In this work the mean ARFI velocity (MAV) in the mPPCs-group was 3.05 m/s with a 

SD of ±0.73 m/s and in the bPPCs-group 1.82 m/s with a SD of ±0.97 m/s. We could 
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validate the presence of significant differences in ARFI values between bPPCs and 

mPPCs (p <0.001).  

 

Using the AUROC and aiming at maximizing sensitivity and specificity we suggest a 

vlaue of 2.21 m/s as cut-off for mPPCs (AUC= 0.852, 95% CI= 0.773-0.931), the 

calculated sensitivity, specificity, negative predictive value (NPV) and positive predictive 

value (PPV) were 89.7%, 75.9%, 93.6% and 65.0%, respectively. Theoretically, by using 

this cutoff a test with a good sensitivity and a high NPV (93.6%) in ruling out malignancy.  

 

Likewise, we could demonstrate significant differences among MAVs between mPPCs 

and all atelectases (mean=1.51 m/s, SD ±0.68 m/s) with an AUC of 0. 946 95% (95% 

CI= 0.894-0.997), we suggest a value of 2.04 m/s as cut-off for differentiating mPPCs 

from ATs the calculated sensitivity, specificity, NPV and PPV were 93.1%, 84.2%, 

94.1% and 81.8%. Theoretically, this cutoff would be sensitive with a NPV of 94.1% for 

malignancy.  

 

In the subgroup analysis, there were also significant differences among mPPCs and AT-

m (mean=1.68 m/s, SD ±0.81 m/s) (p< 0.001), with an AUC of 0. 903 (95% CI= 0.798-

1.000), to increase the sensitivity and specificity a value of 2.70 m/s as cut-off for 

differentiating mPPCs from AT-m could be suggested. This cut-off would have high 

specificity (94.1%) und PPV (95.0%) for mPPCs with low to moderate sensitivity of 

65.5%.  

 

The differences between mPPCs vs AT-b (mean=1.38 m/s, SD ±0.54 m/s) were also 

significant (p < 0.001). Using a ROC analysis to compare MAVs of both groups showed 

an AUC of 0. 980 (95% CI= 0.000-1.000), a value of 2.04 m/s would have a sensitivity 

of 97% and specificity of 91% as cut-off for differentiating mPPCs from AT-b.  

 

On the other hand, we could not demonstrate significant differences between 

pneumonias (mean=1.38 m/s, SD ±0.39 m/s) and AT-b (p=0.91) or AT-m and 

pneumonias (p=0.31).  

The mean ARFI velocities did differ significantly between mPPCs and pneumonia (p < 

0.001). The AUC was 0. 987 (95% CI= 0.000-1.000), a value of 2.20 m/s would have a 

sensitivity of 97% and specificity of 100% as cut-off for differentiating mPPCs from 
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pneumonia. However, one should take into consideration the small number of patients in 

the pneumonia group (n=9).  

 

Wei et. al. demonstrated that some benign chronic lung consolidations like granulomatous 

diseases and tuberculosis showed high ARFI values (Wei, 2018). Our study had similar 

results in peripheral consolidations, whose final diagnosis showed a chronic 

inflammatory, granulomatous condition or infarctions (grouped under OBCs in this study, 

n=11) with a mean ARFI velocity of 3.25m/s (SD ±0.82 m/s). In fact, 81,8% (9/11) of the 

these consolidations had a mean ARFI velocity of more thean 2.21 m/s, which would be 

a flase positive result according to our proposed cut-off value for malignancy.    

 

The OBCs group (n=11) with their corressponding MAVs and SDs in our study were as 

follow: 3 pulmonary infarctions (3.25 m/s, SD ± 0.66), 5 organizing pneumonias (2.99 

m/s, SD ± 1.08), 1 lung abscess (4.08 m/s), 1 case of intrapulmonary aspergillosis (3.38 

m/s) and one case of Wegener´s granulomatosis (3.63 m/s). 

 

As a result, no significant differences in MAV were found between mPPCs and OBCs 

in this study (p=0.42). In particular, the differentiation between of old infarctions and 

mPPCs as well as the one consolidation of Wegener’s granulomatosis and mPPCs was 

only possible after obtaining a biopsy (in fact both CT and US appearances were 

suspicious for malignancy in these consolidations). 

 In our study, 75% (6/8) of chronic inflammatory conditions and all (3/3) lung infarctions 

represented false positive results (i.e., with high stiffness values) and could not be 

differentiated from malignant PPCs using ARFI elastography. Fig. 4.1. and table 4.4.  
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In addition, few benign consolidations (bPPCs) showed also false positive results with a 

high MAV (> 2.21 m/s) (Fig 4.2, 4.3). This was encountered in 1 of the AT-b (1/21) and 

in 4 AT-m (4/17). The MAVs among the 4 “stiff” AT-m were: 2.40, 2.67, 2.68 and 3.78 

Figure 4.1 Example of high ARFI values in a bPPCs (organizing pneumonia): 59-year-old 
male patient with a suspicious PPC in the right UL on CT (a & b). The PPC showed abundant 
vascularity on Doppler-US (c) as well as bronchial arterial enhancement and washout on CEUS 
(d). The ARFI report showed a MAV of 3.99 m/s (e). 

Figure 4.2 One stiff AT-b! 45-year-old female patient with liver cirrhosis and hepatic 
hydrothorax on the right side with a high MAV (2.39 m/s), a) elastographic image with one of the 
ARFI measurements (2.74 m/s), b) ARFI report. 
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m/s. One example is shown in (Fig. 4.3). All pneumonias had MAVs under 2.21 m/s with 

no “false positives” in our small sample (n=9/9). Table 4.4 demonstrates bPPCs with high 

MAVs in this study.  

 

 

 

Table 4.4 Prevalence of “stiff” benign PPCs with “false positive” mean ARFI velocity (MAV) 
according to the proposed cutoff value (2.21 m/s) among different benign PPCs-subgroups of our 
study sample. PPCs: peripheral pulmonary consolidations, ARFI: acoustic radiation force impulse 
AT-m: atelectases due to a malignant underlying disease, AT-b: atelectases due to a benign 
underlying disease. 

 

 

PPCs’ Subgroup MAV>2 .21 (m/s) Percentage (%) 
Infarctions 3/3 100.0 
Chronic inflammatory/ 
granulomatous Consolidations 6/8 75.0 
Pneumonia 0 /9 0.0 
AT-b 1/21 4.8 
AT-m 4/17 23.5 

Figure 4.3 One of the 4 “stiff” AT-m! 77-year-old 
female patient with a known history of renal cell 
carcinoma (RCC) who had a left sided atelectasis due 
to a central obstructive metastasis, the lower lobe was 
excised during a VATS procedure due to failure of 
durable bronchoscopic recanalization. The histological 
evaluation of the excised lower lobe showed the 3 cm 
tumor mass located near the lung hilum with no 
evidence of tumor involvement of the distal atelectatic 
pulmonary parenchyma. The bronchoscopic view of 
tumor obstructing the left main bronchus is shown in 
(a). The elastographic image with one high 
measurement (b). The final ARFI report is seen to the 
left (c).   
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Likewise, false negative results may also present, one consolidation in our study, which 

proven histologically to be SCLC, had a mean ARFI value of 1.84 m/s. Fig. 4.4. 

 

 

 

 

 

Figure 4.4 Low stiffness measurement in a 
case of small cell lung cancer (SCLC): a) and 
b) The CT scan showing a single large 
inhomogeneous round subpleural consolidation 
in the right lung. c) the ultrasound image of the 
same lesion showing a well-defined round 
hypoechoic subpleural consolidation. d) 
Elastographic picture capturing one 
measurement (1.84 m/s). e) The elastographic 
image capturing a measurement of 2.13 m/s. f) 
The ARFI report.  
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The above illustrated case is similar to one case described by Wei (SCLC with a mean 

velocity of 1,202 m/s) and may be due to the heterogenous structure of SCLC (Wei, 

2018). 

 

Further studies are definitely needed with a greater number of SCLC consolidations to 

validate these observations.  

 

In addition to the above-mentioned case of SCLC, there was 2 more malignant 

consolidations with low mean ARFI velocities (< 2.21 m/s) among the mPPCs-group with 

a total of (3/29) “false negative” results, this included 2 metastatic PPCs: the first was 

from a vulvar-SCC (MAV= 2.13 m/s) and the second was from a parotid carcinoma 

(MAV=2.07 m/s). Table 4.5.  

 

 

Table 4.5 Prevalence of “soft” malignant PPCs with “false negative” mean ARFI values (MAV) 
according to the proposed cutoff value (2.21 m/s) among the malignant PPCs of our study sample. 
PPCs: peripheral pulmonary consolidations, mPPCs: malignant PPCs, PLTs: primary lung 
tumors, ARFI: acoustic radiation force impulse, MAV: mean ARFI velocity.  

Subgroup MAV<2 .21 (m/s) Percentage (%) 

mPPCs 3/29 10.3 

PLTs 1/19 5.3 

Metastases 2 /10 20.0 
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One interesting result of this study was the significant difference among primary lung 

tumors (PLTs) and metastases.  

 

The mean ARFI velocity in the PLTs-group was 3,33 m/s (SD ±0.71 m/s) and in 

Metastases-group (metastatic group) was 2.52 m/s (SD ±0.39 m/s). Using a Man-whitney 

U test his difference was statistically significant (p=0.002). And may reflect differences 

in histologic structure of these pleuropulmonary vs metastatic neoplastic consolidations.  

Similar results were demonestrated using strain elastography in one study from 2017 

carried out by Lim et. al. in which he and his colleagues were able to show significant 

differences in strain ratios among PLTs and metastases (Lim, 2017). 

 

 

The implementation of the area under the ROC curve (AUROC) yielded significant 

differences between the mean ARFI velocities of PLTs vs. metastases (AUC= 0. 847, 

95% CI= 0.701-0.993). We suggest a value of 2.82 m/s as cut-off for differentiating PLTs 

from metastases with a sensitivity of 79.0%, specificity of 90.0%, PPV of 93.8% and 

NPV of 69.2%.  

 

Using this cutoff would theoretically generate a specific test with a high PPV (93.6%) for 

primary lung tumors and it would have a moderate sensitivity. 

  

The significant differences in elasticity values between metastatic and primary lung 

tumors by noninvasive means using ARFI elastography represent an overly exciting result 

of this research.  

 

 

In fact, in the following cases from this study the final histopathological report was unable 

to certainly differentiate between some primary and metastatic lung consolidations (n=3) 

or requiring a surgical specimen (n=1). 

In the following 4 cases the ARFI values were more suggestive for/supportive of the final 

diagnosis:  
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Case 1: 61-year-old male patient with status post chronic hepatitis C presented with a 16 

cm large liver mass with typical CEUS-morphology of hepatocellular carcinoma (HCC) 

who also had a radiological evidence of extrahepatic spread including the lung underwent 

a biopsy of one lung mass, the MAV was 2.80 m/s (more suggestive for a metastatic 

lesion according to our proposed cutoff). The histological evaluation of the biopsy was 

unable to differentiate between the highly likely diagnosis of HCC-metastasis vs.  lung 

adenocarcinoma with hepatoid differentiation. Fig. 4.5.  

 

 

Figure 4.5 (Case 1): HCC pulmonary metastasis: a) The 
CT scan showing a single round subpleural consolidation. b) 
The US image of a well-demarcated hypoechoic round PPC. 
C) & d) CEUS of the same lesion showing an inhomogeneous 
enhancement. e) The ARFI report. Note: The wide IQB and 
the high IQB/ Median, it is not clear to what degree does the 
IQB and IQB/Median ratio could affect the measurement of 
lung consolidation in an air-filled mobile organ. The role of 
these parameters and potentially others as a measure of 
reliability in lung elastography need to be studied. HCC: 
hepatocellular carcinoma.  
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Case 2: 71-year-old female patient with a known history of vulvar squamous cell 

carcinoma (vulvar-SCC) and status post resection and chemotherapy has a radiological 

evidence of multiple lung consolidations suspicious for metastases (in addition to the 

previously known local recurrence of primary tumor with lymphatic spread). The final 

diagnosis was pulmonary metastasis of a vulvar-SCC (the histopathological report could 

not differentiate a primary lung SCC from SCC-metastasis), the mean ARFI Velocity 

(MAV) was 2.68 m/s suggestive for a metastatic non-pulmonary tumor. Fig. 4.6. 

  

 

 

 

 

 

 

 

 

 

Case 3: 62-year-old female patient with an incidental finding of Pancoast’s tumor on a 

shoulder MRI for chronic right shoulder pain. The staging CT scan also showed one large 

Figure 4.6 (Case 2): Vulvar-SCC 
metastasis: a) CXR showing multiple 
round opacities on both sides 
(cannonball metastases). b) The CT 
scan showing one of the metastases 
(subpleural, round and large). c) The 
US image of a well-demarcated
hypoechoic round PPC. The PPC 
enhances on CEUS (d) with washout 
(e). The lesion was biopsied under 
US-guidance (f). The ARFI report is 
shown in (g).  
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metastasis to the abdominal wall. The patient had no history of liver cirrhosis or HCC and 

no radiological evidence of hepatic lesions. The histological evaluation of the biopsy of 

the abdominal wall metastasis showed a TTF-1-negative adenocarcinoma with hepatoid 

differentiation leading to the histological uncertainty regarding the remote possibility of 

an HCC metastasis vs. metastatic AC with hepatoid differentiation from the lung or the 

pancreas. The pathologic report recommended making the diagnosis in respect of the 

clinical context. Based on the abovementioned clinical scenario (absence of liver lesions 

and typical radiological and US appearance as well as the typical clinical presentation of 

a Pancoast’s tumor) the final diagnosis was a primary lung adenocarcinoma with 

abdominal wall metastasis. The mean ARFI velocity of the PPC was 3.15 m/s suggestive 

of a PLTs according to our proposed cutoff. Fig 4.7. 

 

  

Figure 4.7 (Case 3): Primary lung 
adenocarcinoma:  a) and b) CT and 
MRI, respectively showing a 
peripheral consolidation (yellow 
arrows) in the right lung apex 
(Pancoast’s tumor). c) and d) CT scan 
with a metastatic round mass within 
the subcutaneous tissue of the middle 
portion of the right side of the 
abdominal wall. e) The ARFI report.  
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Case 4: 73-year-old male patient with a newly diagnosed esophageal adenocarcinoma 

(T3N0). His curative therapeutic plan (neoadjuvant chemoradiation followed by 

esophagectomy) was threatened by the CT finding of a large subpleural consolidation in 

the lower lobe of the left lung with suspicion of metastases (M1). An US-guided biopsy 

was undertaken but the pathological report of the biopsy demonstrated a “completely 

sclerosed pulmonary tissue”, the patient underwent a VATS with pulmonary segmental 

resection. The final diagnosis was a solitary fibrous tumor (an indolent tumor mostly of 

a low malignant potential). The ARFI study, which was done before arrival of the 

pathologic report, showed a MAV of 4.38 m/s suggesting a primary lung tumor according 

to our cutoff. In fact, after obtaining the measurement we were worried that the patient 

might have a synchronous bronchogenic carcinoma. Fig. 4.8.  

 

Figure 4.8 (Case 4): Solitary fibrous tumor (SFT): 
a) through c) the CT scan with different planes 
showing a single large round subpleural consolidation 
in the lower lobe of the left lung. The elastographic 
image of the same lesion with one invalid (c) and (e) 
ARFI measurements. f) ARFI report.  
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As such ARFI may potentially aid in noninvasive distinction of primary and secondary 

(metastatic) lung consolidations with a good sensitivity and specificity. Further studies 

are needed for validation of these results.  
 

Table 4.6 Summary of ARFI cutoff-values and their corresponding diagnostic indices for 
the differentiation between malignant and benign PPCs as well as the differentiation 
between malignant primary and metastatic PPCs. PPCs: peripheral pulmonary consolidations, 
bPPCs: benign PPCs, mPPCs: malignant PPCs, PLTs: primary lung tumors, ARFI: acoustic 
radiation force impulse, AUROC: area under the receiver operator characteristics curve, 95% CI: 
95% confidence interval, NPV: negative predictive value, PPV: positive predictive value.  

 
bPPCs vs. mPPCs PLTs vs Metastases 

Cut-Off ARFI Values (m/s) 2.21 2.82 

AUROC 
(95%CI) 

0.852 
(0.773-0.931) 

0. 847 
(0.701-0.993) 

Sensitivity (%) 89.7 79.0 

Specificity (%) 75.9 90.0 

NPV (%) 93.6 69.2 

PPV (%) 65.0 93.8 

P-Value <0.001 0.002 
 

Regarding differences among atelectases due to benign and malignant underlying causes 

(AT-b vs. AT-m) no statistically significant differences were found (p=0.33).  

Given the poor accuracy of PFC (< 60% and as low as 25% in mesotheliomas and SCC) 

with high false negative rate in malignant PE (Porcel, 2014) and the importance 

therapeutic and prognostic consequences of such distinction between benign and 

malignant PE there is an obvious need for a noninvasive diagnostic test which offers a 

better sensitivity for malignant PE.  

Ozgocke et. al. applied SWE in 60 patients with PE in whom thoracocentesis was planned. 

The study group suggested a cut-off point of 2.52 m/s to have a sensitivity and specificity 

of around 90% und 76%, respectively in differentiating exudative from transudative 

pleural effusions (Ozgocke,2019). 

Given that the SWE-measurements were performed within the “liquid” pleural effusion 

and the fact that shear waves do not propagate in pure liquid mediums (Porcel, 2019) 

these results need further clarification. In any case, such distinction between transudative 

and exudative effusions does not offer a clinically significant utilization (Porcel, 2019). 
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Jiang et. al. used a the two-dimensional SWE to study the elastographic characteristics in 

244 patients with PE, he adjusted the ROI dimensions, which varies from 1-8 mm to 

accommodate the width of pleura and proposed a cut-off-value of 47.25 kPa for the 

diagnosis of malignant PE with sensitivity > 80% and a specificity of 90% (Jiang, 2019).  

 

Figure 4.9. shows summary of the mean ARFI velocities of malignant and benign 

peripheral pulmonary consolidations and the differences among various subgroups with 

their corresponding statistical significances (Mann-Whitney U test).  

 
Figure 4.9 Summary of the differences of mean ARFI velocities among different PPCs’ 
groups in the Study. PPCs: peripheral pulmonary consolidations, ARFI: acoustic radiation force 
impulse, MAV: mean ARFI velocity in m/s (represented with an “X” in each box), the median 
ARFI velocity in different subgroups is shown as a horizontal line within each box. bPPCs: benign 
peripheral pulmonary consolidations (MAV=1.82±0.97), mPPCs: malignant peripheral 
pulmonary consolidations (MAV=3.05±0.73), PLTs: primary lung tumors (MAV=3.33±0.71).  
MET: metastatic tumors to the lung (MAV=2.52±0.39). OBCs: other benign consolidations 
(MAV=3.25±0.82), pneumonias had a MAV± SD of 1.38±0.39 m/s, AT-b: atelectases due to a 
benign etiology (MAV=1.38±0.54). AT-m: atelectases due to a malignant etiology 
(MAV=1.68±0.81).  
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4.2. Study Limitations 

 

There are some limitations to this study:  

 

4.2.1. First Issue: Healthy Organ’s Reference Values  

 

As mentioned above there are no reference ARFI values regarding the organ of interest 

due to the presence of air in normally aerated lungs.  

 

4.2.2. Second Issue: Technical Difficulty and Measurement’s Failure  

 

During the data assembly there were some patients (n=15) in whom no valid 

measurements were possible (i.e. measurement’s failure with recurring X.XX reading on 

the screen) these may reflect the heterogenous nature of some of the consolidations with 

the presence of air inside or around the consolidation of interest or it could represent some 

calcifications or liquefaction within the consolidation or it may be a result of the anatomic 

location e.g. near the heart (i.e., peri-/ para-mediastinal in an anterior location of the 

thoracic cavity) with continuous motion with every myocardial contraction leading to 

inability to obtain valid measurements (X.XX).  

Measurement’s failure due to the above-mentioned structural and anatomic features was 

encountered in n=10 patients. On the other hand, measurement’s failure was also 

observed in some older frail subjects who were unable to hold their breath for sufficient 

time (n=5). Regardless of the cause, most of the invalid readings were seen in patients 

who had atelectatic consolidations accompanied by PE. The total ARFI measurement’s 

failure rate was 14.0% (15/107).  

Another factor. contributing to the difficulty in obtaining elastographic measurements 

was the consolidation’s location near bony structure (ribs, spinal column, or scapula) with 

poor or incomplete sonographic visualization (this is in fact a problem with lung US in 

general), in such situation no ARFI study were undertaken. 

 

4.2.3. Third Issue: Estimation of Reliability 

 

As we mentioned in the introductory part of this study (see section 1.5.4.) there are 

multiple factors which affect the reliability of ARFI measurements. As mentioned 
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previously; for median values of more than 1.5 m/s; an interquartile range to median ratio 

(IQR/median) of < 30% would be an indicator for reliable measurement. In our study with 

regard to the initial n=92 patients with technically valid measurements; in n=62 patients 

the median ARFI value was > 1.5 m/s, of these patients 82,3% (51/62) had an IQR/median 

ratio of <=39% and only 9.7% (6/62) had an IQR/median > 48% (maximum IQR/median 

ratio in the study was 57%).  

Despite being used as measure of reliability in other organs the use of IQR and 

IQR/median ratio as a measure of reliability is not validated in the lung due to the very 

recent and still preliminary use of elastography including pSWE in the aerated lung and 

although EFSUMB has recently published guidelines on the use of elastography in non-

hepatic organs (Saftoiu et. al., 2019), no guidance was provided on the implementation 

of elastography in the lungs due to inadequate scientific evidence.  

To maximize the validity and reliability of the measurements we obtained at least 11 

measurements from each consolidation and the success rate in all included measurements 

was more than 60%. 

Moreover, our results among different lung pathologies and the cut-off point between 

mPPCs and bPPCs were similar to the study done by Wei et. al. (Wei, 2018) in our 

opinion this may indicate a potential consistency of ARFI measurements in different lung 

pathologies.  

 

4.2.4. Fourth Issue: Reproducibility  

 

There was no analysis of the intra- or interobserver variability in the study. Nevertheless, 

various studies demonstrated the reproducibility of ARFI in different body organs (Bob, 

2014) (Ma, 2014).  

 

4.2.5. Fifth Issue: Sample’s Size  

 

Given the relatively small number of subjects (n=87) in this study, further large 

prospective studies are needed to validate our results. 
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5. CONCLUSION   

Ultrasound elastography has evolved as a cost-effective, non-invasive, simple, and 

radiation-free mothed in the evaluation of tissue elasticity in many organs. However, its 

feasibility and potential diagnostic role in the lung are not well studied.  

In this study we demonstrated the feasibility of point shear wave elastography (pSWE) 

using acoustic radiation force impulse (ARFI) in the evaluation of the degree of stiffness 

of peripheral pulmonary consolidations of different benign and malignant etiologies, in 

particular we could demonstrate the feasibility of this diagnostic modality in case of 

consolidations accompanied by pleural effusion (to the best of our knowledge, this was 

an exclusion criterion in the few elastographic studies performed in the evaluation of 

peripheral lung consolidations).  

We also demonstrated significant differences between benign and malignant peripheral 

pulmonary consolidations as well as between primary and metastatic peripheral lung 

consolidations.  

On the other hand, we could not demonstrate significant differences between atelectases 

due to benign and those due to malignant etiologies.  

Given the presence of some overlap in ARFI values between benign and malignant 

peripheral lung consolidations and the limitations of this study which include the small 

sample size, technical difficulty (due to aerated nature, anatomic location and 

physiological dynamicity of the lung during breathing and transmitted cardiac activity) 

as well as the absence of reference values of a healthy tissue along with absence of a 

standardized method of assessing reliability of ARFI and its reproducibility in lung tissue 

additional studies with large sample sizes and prospective nature are needed. 
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