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INTRODUCTION

Mediastinal lymph nodes are commonly demonstrated on Computed Tomography (CT) chest scan in the context of staging of known or suspected malignant lung cancer or hematological malignancies (25% of non-small cell lung cancers [NSCLCs] are associated with mediastinal lymphadenopathy at the time of diagnosis) [START_REF] Gu | Endobronchial ultrasoundguided transbronchial needle aspiration for staging of lung cancer: a systematic review and meta-analysis[END_REF]. Alternatively, this can be increasingly an incidental finding on CT scans performed in settings other than thoracic oncology.

Characterization of the benign or malignant nature of mediastinal lymphadenopathy therefore constitutes a major clinical challenge.

The reference technique to characterize mediastinal lymphadenopathy is surgical exploration of the mediastinum (mediastinoscopy). Less invasive endoscopic techniques can also be used to determine the benign or malignant nature of mediastinal lymph nodes. Endobronchial ultrasound (EBUS) with transbronchial needle aspiration (TBNA) has a sensitivity of 93% and a specificity of 100% to identify malignant lymphadenopathy [START_REF] Gu | Endobronchial ultrasoundguided transbronchial needle aspiration for staging of lung cancer: a systematic review and meta-analysis[END_REF]. Endoscopic ultrasound (EUS) with fine-needle aspiration (FNA) has a sensitivity of 81-97% and a specificity of 83-100% [START_REF] Vazquez-Sequeiros | Diagnostic yield and safety of endoscopic ultrasound guided fine needle aspiration of central mediastinal lung masses[END_REF]. Although these operating values are good, it is nevertheless legitimate to try to improve these performances while avoiding a more invasive approach. Preliminary data suggest that EBUS combined with elastography could improve the diagnostic yield of EBUS-TBNA [START_REF] Trosini-Desert | Bronchial endoscopic ultrasound elastography: preliminary feasibility data[END_REF].

The first elastography studies were combined with the use of ultrasound, leading to the development of ultrasound elastography. This technique can be performed using two approaches, depending on whether the applied constraint is almost static (e.g. by compression of the medium with the probe) or dynamic (generation and propagation of shearing waves in the medium studied). Static elastography consists of characterization of the mechanical properties of a tissue or a tissue zone in terms of its response to the application of a mechanical constraint. As 'soft' zones are more easily deformed than 'hard' zones, comparison of images of the region of interest before and after application of the constraint allows identification of the most suspicious zones (4). The ultrasound waves reflected by tissues are analyzed and restored in the form of a color map superimposed on the conventional endobronchial ultrasound image (integration of an elastographic module in the standard ultrasound equipment) [START_REF] Ophir | Elastography: a quantitative method for imaging the elasticity of biological tissues[END_REF]. Static elastography has mainly been developed in combination with surface ultrasound imaging (5-10), but has also been described in combination with gastrointestinal endoscopic ultrasound [START_REF] Giovannini | Endoscopic ultrasound elastography for evaluation of lymph nodes and pancreatic masses: a multicenter study[END_REF][START_REF] Saftoiu | State-of-the-art imaging techniques in endoscopic ultrasound[END_REF][START_REF] Sakamoto | Endosonographic detection of mediastinal lymph node metastasis in superficial carcinoma of the esophagus: assessment by type classification and histogram[END_REF].

This large-scale study was performed to evaluate elastography combined with EBUS-TBNA and the relationship between elastographic characteristics and the cytological and histological diagnosis obtained by transbronchial needle aspiration or mediastinoscopy.

MATERIALS AND METHODS

Study design

This single-center, prospective, observational study was conducted in the bronchial endoscopy unit of the Department of Respiratory Medicine and Intensive Care at the Pitié-Salpêtrière Hospital, Paris, France. The Comité de Protection des Personnes Ile-de-France VI Pitié-Salpêtrière (Independent Ethics Committee/Institutional Review Board) reviewed and approved the study protocol. The elastographic examination was integrated into a clinical diagnostic procedure and so did not require any modification of the clinical examination.

Patients were informed about the elastographic measurements and provided their consent to participate before the examination. The only inclusion criterion was the presence of an indication for endobronchial ultrasound for exploration of mediastinal lymphadenopathy.

Exclusion criteria consisted of a history of mediastinal radiotherapy or thoracic surgery, as well as any general contraindications to endobronchial ultrasound [START_REF] Douadi | Endobronchial ultrasound (EBUS): the state of the art[END_REF]. Minors or adults not able to provide informed consent were not included in the study. Examinations were performed under general anesthesia, according to the unit's current procedures, between February 2012 and June 2014.

Elastography procedure

Real-time elastographic mapping was performed using an ultrasound elastography module incorporated in an ultrasound machine (Hi-vision Avius ® , Hitachi Medical Systems, Kashiwa, Japan, CE-0197) combined with an endobronchial ultrasound probe (EB1970 videobronchoscope, Pentax, Tokyo, Japan, CE-0123).

The real-time tissue elastography module of the Hitachi (HI-RTE) ultrasound machine used an Extended Combined Autocorrelation Method to produce real-time elasticity images. Four parameters were studied: 1) color score (qualitative data), corresponding to color coding of relative tissue elasticity superimposed onto the B-mode image (11) (Figure 1); 2) average tissue elasticity (qualitative data), corresponding to color averaging of 2-4 compression/decompression cycles; 3) strain ratio (quantitative data), corresponding to the elasticity ratio calculated between the lymph node studied and an apparently healthy surrounding zone (15); 4) percentage of hard areas (histogram) (quantitative data), corresponding to the colorimetric distribution within a selected zone of the lymph node [START_REF] Sakamoto | Endosonographic detection of mediastinal lymph node metastasis in superficial carcinoma of the esophagus: assessment by type classification and histogram[END_REF].

Transbronchial needle aspiration was performed using a 22 gauge needle (Sono Tip ® EBUS, MediGlobe, Germany, CE-0483) by targeting the zone identified as being the least elastic.

Final diagnosis

At least three TBNA samples were taken from each lymph node studied [START_REF] Lee | Real-time endobronchial ultrasound-guided transbronchial needle aspiration in mediastinal staging of non-small cell lung cancer: how many aspirations per target lymph node station?[END_REF]. The presence of tumor cells on histological examination was considered to be sufficient proof of the malignant nature of the node. An unambiguous diagnosis of tuberculosis or sarcoidosis was accepted as sufficient proof of the benign nature of the node. In the absence of such results (normal node structure or inadequate material), the decision to perform mediastinoscopy or surveillance was taken as a function of the degree of clinical suspicion of malignancy, evaluated at a multidisciplinary consultation meeting according to Good Clinical Practice guidelines. For mediastinoscopy, the procedure was performed within a period of 2 weeks after the decision.

For surveillance, a chest CT scan was performed at 3 months and 6 months combined with Positron Emission Tomography (PET) scan. Mediastinoscopy was systematically performed when progression was observed during follow-up. In the absence of any morphological and metabolic changes at 6 months, the lymphadenopathy was considered to be benign. Of note, PET scan was not performed in all patients (maximum standardized uptake value [SUVmax] was available for only 69 nodes).

Statistical analysis

Statistical analyses were performed with JMP ® software (SAS institute). Continuous variables were described as mean±SD or median±interquartile range (IQR) and categorical variables were described as number (percentage). Data were compared using Student's t-test or

Wilcoxon signed rank test depending on the distribution. Categorical data were compared using a Chi-square test. One-way analysis of variance with post hoc protected Tukey-Kramer test was performed to compare multiple means (or Kruskal-Wallis nonparametric analysis of variance, depending on the distribution). Correlations between variables were studied using Pearson's correlation coefficient or Spearman's correlation coefficient, depending on the distribution. Stepwise multivariate logistic linear regression was used to identify predictors of tumor status. Receiver operating characteristic (ROC) curves were generated and the corresponding areas under the curves (AUC) were calculated. Segmentation was performed i) by choosing a trade-off between sensitivity and specificity using the optimal Youden index defined as: (sensitivity)+(specificity)-1 and ii) to fit with the clinical strategy by selecting as cut-off the first value associated with a negative predictive value (NPV)=1. Finally, a classification and regression tree (CART) procedure was used to predict tumor status. Twosided p-values <0.05 were considered significant. (p=0.003). Additionally, malignant nodes had a significantly higher elasticity ratio, percentage of hard areas and colorimetric score, and a significantly lower average elasticity than benign nodes (p<0.001). The ROC curves of the various elastographic parameters were not significantly different (Figure 2), although AUC was highest for the colorimetric score ROC curve.

RESULTS

Patients and lymph nodes assessed

A
Sensitivity, specificity, positive predictive value (PPV) and NPV at the Youden cutoff (equal sensitivity and specificity cut-off), estimated from the prevalence of 40% of malignant lymph nodes in our population (Table 3), were 0.77, 0.89, 0.83 and 0.86 for average elasticity; 0.86, 0.73, 0.71, 0.87 for strain ratio; 0.73, 0.92, 0.86, 0.84 for percentage of hard areas; and 0.77, 0.95, 0.92, 0.86 for colorimetric score. These predictive performances of elastographic parameters were higher than those observed for SUVmax (Table 3).

In clinical practice, it is important not to miss a malignant lesion to avoid a loss of chance for the patient and to avoid iatrogenic effects related to unnecessary surgery on benign lesions.

This trade-off can be achieved by setting the NPV of elastographic parameters to 100%. In this way, all lymph nodes demonstrated to be 'soft' on elastography can be reliably considered to be benign, avoiding systematic follow-up mediastinoscopy after negative aspiration (TBNA) for certain patients, with no risk of allowing the progression of a malignant lesion. Setting the NPV to 100% modifies the limits of detection of the various parameters (84.8 for average elasticity; 1.4 for the strain ratio; 32.6 for the percentage of hard areas and 3 for the colorimetric score), resulting in a lower specificity of the test (Table 4), but which can be corrected by including the performances of various multivariate models, such as a simple model comprising colorimetric data and node diameter, which appears to constitute a useful compromise (Table 4).

The Classification and Regression Tree (CART) approach identifies three homogeneous groups with no overlap: colorimetric score 1 or 2 -lymph node considered to be benign; colorimetric score 3 and diameter <13.8 mm -lymph node considered to be benign; colorimetric score 4 and average elasticity <54 -lymph node considered to be malignant.

For lymph nodes classified by one of these three rules, EBUS-TBNA is associated with a sensitivity and specificity of 100%. Lymph nodes not classified by these rules (n=42 [39%]),

i.e. those with a colorimetric score of 3 and diameter >13.8 mm or those with a colorimetric score of 4 and average elasticity >54, correspond to 50% benign nodes and 50% malignant nodes.

A more detailed analysis of elastographic criteria also showed a globally significant difference between histological types (Table 5). Although malignant nodes can be significantly distinguished from benign nodes, no significant difference in terms of elastographic criteria was observed between the malignant histological subtypes, or between the benign histological subtypes.

DISCUSSION

This study suggests that the diagnostic yield of EBUS-TBNA could be improved by combining EBUS-TBNA with elastography, as already demonstrated for gastrointestinal endoscopic ultrasound. In general, and as expected, the results of this study show that benign nodes have a softer appearance in terms of elastographic variables, while malignant nodes are harder. More precisely, a colorimetric score <3, a strain ratio <1.4, an average elasticity >84.8, and a percentage of hard zones <32 have an NPV of 100% for malignancy. When none of these values is observed, a negative TBNA (not showing any malignant cells) remains inconclusive and further investigations and/or surveillance are required.

Comparison with the literature

Only a few studies have been published on the use of elastography in respiratory medicine [START_REF] García | Initial experience with real-time elastography using an ultrasound bronchoscope for the evaluation of mediastinal lymph nodes[END_REF][START_REF] He | Endobronchial ultrasound elastography for diagnosing mediastinal and hilar lymph nodes[END_REF][START_REF] Inage | Endobronchial elastography in the evaluation of esophageal invasion[END_REF][START_REF] Izumo | Endobronchial ultrasound elastography in the diagnosis of mediastinal and hilar lymph nodes[END_REF][START_REF] Sivokozov | The first experience in using elastography in combination with endobronchial ultrasonography for mediastinal pathology: Preliminary assessment of feasibility and comparison of characteristics via different approaches[END_REF][START_REF] Fournier | Performance of endobronchial ultrasound elastography in the differentiation of malignant and benign mediastinal lymph nodes: results in real-life practice[END_REF][START_REF] He | Value of endobronchial ultrasound elastography in the diagnosis of mediastinal and hilar lymph node metastasis in lung cancer[END_REF][START_REF] Huang | Effectiveness of the benign and malignant diagnosis of mediastinal and hilar lymph nodes by endobronchial ultrasound elastography[END_REF][START_REF] Nakajima | Elastography for predicting and localizing nodal metastases during endobronchial ultrasound[END_REF][START_REF] Rozman | Endobronchial ultrasound elastography strain ratio for mediastinal lymph node diagnosis[END_REF][START_REF] Dietrich | Endobronchial ultrasound elastography[END_REF] and, to the best of our knowledge, no study other that our own preliminary study [START_REF] Trosini-Desert | Bronchial endoscopic ultrasound elastography: preliminary feasibility data[END_REF] has analyzed all four elastographic variables. The available data support those described in the present study. In an assessment of lymph nodes by elastography with EBUS using colorimetric analysis, sensitivity, specificity, PPV, and NPV were 100%, 92.3%, 96.7%, and 100%, respectively [START_REF] Izumo | Endobronchial ultrasound elastography in the diagnosis of mediastinal and hilar lymph nodes[END_REF]. Other studies have shown the strain ratio to be more reliable than color mapping and conventional B-mode EBUS to predict the benign or malignant nature of lymph nodes [START_REF] He | Endobronchial ultrasound elastography for diagnosing mediastinal and hilar lymph nodes[END_REF][START_REF] Rozman | Endobronchial ultrasound elastography strain ratio for mediastinal lymph node diagnosis[END_REF], and the elastographic score has been shown to be more sensitive and specific than all B-mode criteria [START_REF] He | Endobronchial ultrasound elastography for diagnosing mediastinal and hilar lymph nodes[END_REF]. Furthermore, the combination of elastography with Bmode criteria has been shown to improve diagnostic accuracy [START_REF] Giovannini | Endoscopic ultrasound elastography for evaluation of lymph nodes and pancreatic masses: a multicenter study[END_REF][START_REF] He | Endobronchial ultrasound elastography for diagnosing mediastinal and hilar lymph nodes[END_REF][START_REF] Saftoiu | Dynamic analysis of EUS used for the differentiation of benign and malignant lymph nodes[END_REF] Some data suggest that certain ultrasound morphological characteristics of lymph nodes on standard B-mode images constitute criteria of malignancy, such as a rounded shape, hypoechogenicity, diameter >1 cm and/or distinct margins. However, these characteristics are relatively non-specific, as they can also be observed in benign nodes [START_REF] Bhutani | A comparison of the accuracy of echo features during endoscopic ultrasound (EUS) and EUS-guided fine-needle aspiration for diagnosis of malignant lymph node invasion[END_REF][START_REF] Fujiwara | The utility of sonographic features during endobronchial ultrasound-guided transbronchial needle aspiration for lymph node staging in patients with lung cancer: a standard endobronchial ultrasound image classification system[END_REF][START_REF] Nakajima | Vascular image patterns of lymph nodes for the prediction of metastatic disease during EBUS-TBNA for mediastinal staging of lung cancer[END_REF].

Strengths and weaknesses of the study

Limitations of the study include that it was based on a single-center cohort, which may limit the extrapolation of our results to other settings. However, the inter-observer agreement of elastography was good. In a multi-center study conducted in 13 centers and 258 patients with pancreatic masses, all video recordings of elastography combined with EUS were examined by two experienced physicians blinded to all clinical information, who were able to establish a diagnosis of benign or malignant disease exclusively on the basis of EUS elastography videos.

Qualitative analysis of the recorded videos revealed a Cohen's kappa coefficient of 0.72 [START_REF] Saftoiu | Accuracy of endoscopic ultrasound elastography used for differential diagnosis of focal pancreatic masses: a multicenter study[END_REF].

Another limitation is that surgical biopsies were not systematically performed to confirm the benign nature of nodes for which TBNA failed to demonstrate any malignant cells; therefore, although this approach corresponds to routine clinical practice, our results should be interpreted cautiously. The prevalence of malignant nodes in our cohort was relatively low (40%), in contrast with other studies on the diagnostic yield of EBUS-TBNA, which have reported malignancy rates of about 60% [START_REF] Herth | Ultrasound-guided transbronchial needle aspiration: an experience in 242 patients[END_REF][START_REF] Yasufuku | Real-time endobronchial ultrasound-guided transbronchial needle aspiration of mediastinal and hilar lymph nodes[END_REF]. This low prevalence could have an impact on statistical analysis of elastography and emphasizes the need for future multi-center trials.

Furthermore, it is noted that the NPV and PPV data are insufficient to conclude with certainty on the nature of the node, especially since the complication rate of the procedure is very low.

As such TBNA cannot be avoided but these data could help the bronchoscopist decide which site to sample first, and may favour a non-invasive follow-up rather than surgical confirmation for negative cases.

Strengths of the study include its innovative nature and the large sample size. Furthermore, some of the statistical approaches used in this study (logistic regression, CART) not only highlight the potential contribution of elastographic variables to the diagnostic approach, but also the potential value of a combined approach including these variables, e.g. a combination of colorimetric score and lymph node diameter, which provides a sensitivity and specificity of 100%. This type of multimodal approach has already been used, and Saftoui et al. [START_REF] Saftoiu | Neural network analysis of dynamic sequences of EUS elastography used for the differential diagnosis of chronic pancreatitis and pancreatic cancer[END_REF][START_REF] Saftoiu | Efficacy of an artificial neural network-based approach to endoscopic ultrasound elastography in diagnosis of focal pancreatic masses[END_REF] used a neural network to achieve a training accuracy of 91.14% (95%CI: 89.87%-92.42%).

Our results obtained with more conventional statistical tools achieved the same level of information, although the CART data were derived from a post hoc analysis and will need further prospective evaluation.

Conclusion

Although the results of this study need to be corroborated by larger scale, multi-center studies, they support the recent European guidelines on ultrasound in general, suggesting that elastography provides complementary data to standard (B-mode) ultrasound imaging and allows more accurate guidance of gastrointestinal EUS-FNA (37).

In the field of respiratory endoscopy, elastography cannot replace histological examination [START_REF] Fournier | Performance of endobronchial ultrasound elastography in the differentiation of malignant and benign mediastinal lymph nodes: results in real-life practice[END_REF] but could provide a particularly relevant contribution to treatment decisions when the node studied has a low clinical and radiological probability of malignancy and when TBNA does not reveal any tumor cells. In this setting, elastographic characteristics in favor of the 'soft' nature of the lesion would avoid the need for immediate mediastinoscopy in favor of a surveillance strategy, while minimizing the risk of allowing progression of a malignant lesion.

Elastography could also assist endoscopists to select aspiration targets corresponding to nodes with the most suspicious elastographic appearance, which would be particularly useful in the context of lymph node staging. Finally, elastography combined with EBUS could guide needle aspiration of the most pathological zone of a given lymph node. 

  

  

  total of 87 patients participated in the study (no exclusions) and 121 lymph nodes were Of the 61 nodes in which TBNA demonstrated lymph node tissue with no tumor cells, 47 were found to be truly benign (confirmed by mediastinoscopy in 10 cases, by 6 month followup CT in 24 cases, and by the results of cytological or histological samples taken from other targets in 13 cases). The diagnosis remained undetermined for the other 14 nodes, corresponding to cases of metastatic lung cancer (identified by CT-guided needle aspiration or biopsies of spurs) in which mediastinal surgery was not indicated.

	aspirated. The quality of elastographic imaging was insufficient in 8 patients (11 lymph
	nodes). The present analysis was therefore based on 79 patients (58 men, 21 women;
	61.1±11.4 years) and 110 lymph nodes.
	3.2	Lymph node assessment
	Lymph nodes (mean diameter on CT scan: 19±8 mm) were aspirated in the following areas:
	2R (n=1; 1%), 4R (n=36; 32%), 4L (n=10; 10%), 7 (n=26; 23%), 10R (n=6; 5%), 10L (n=1;
	1%), 11R (n=27; 24%), 11L (n=3; 3%).

Malignant cells were identified by TBNA in 44 cases and concluded on the absence of malignant cells in 66 cases, with 5 immediate diagnoses of benign disease and 61 conclusions of normal lymph node tissue (Table

1

). Malignant lymph nodes were significantly larger (23.8±9.6 mm) than benign lymph nodes (15.9±4.7 mm) (p<0.001).

The comparison of malignant and benign lymph nodes (Table

2

) demonstrated that malignant nodes had a higher median SUVmax

(6.8 [4.3±10.4]

) than benign nodes (4.9 [2.9±6.6])

Table 1 .

 1 Histological results obtained by transbronchial fine-needle aspiration (EBUS-

	TBNA)	
		Number (%) patients
	EBUS-TBNA result	n=44
	Malignant nodes	
	Lung cancers	
	Adenocarcinoma	18 (41%)
	Squamous cell carcinoma	9 (20%)
	Non-small cell carcinoma	7 (16%)
	Small cell carcinoma	5 (11%)
	Other	1 (2%)
	Lymphoma	1 (2%)
	Breast cancer metastases	2 (5%)
	Pancreatic cancer metastases	1 (2%)
	Hepatocellular carcinoma metastases	1 (2%)
	Benign nodes	n=66
	Normal lymph node tissue	61 (92%)
	Tuberculosis	2 (3%)
	Sarcoidosis	3 (5%)

Table 2 .

 2 Comparison of elastographic variables and positron emission tomography (PET) data between lymph nodes characterized histologically as benign and those characterized as malignant (110 lymph nodes) Available for only 98 nodes (56 non-malignant, 42 malignant) (became available 2 months after starting the study) **Available for only 73 nodes (38 non-malignant, 35 malignant); SUV: Standardized Uptake Value PET: Positron Emission Tomography

	Benign nodes	Malignant nodes	p

Data are median [interquartile range] or number (percentage). *
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