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Abstract

:

Background: Preoperative imaging impacts treatment planning and prognosis in laryngeal cancers. We investigated the accuracy of standard computed tomography (CT) in evaluating tumor invasions at critical glottic areas. Methods: CT scans of glottic cancers treated by partial or total laryngectomy between Jan 2015 and Aug 2019 were reviewed to assess levels of tumor invasion at critical glottic subsites. CT accuracy in the identification of tumor extensions was determined against the gold standard of histopathological analysis of surgical samples. Results: This study included 64 patients. In the anterior commissure, CT showed high rates of false positives at all levels (sensitivity 56.2–70%, specificity 87.8–92.3%); in the anterior vocal fold, it overestimated the deep invasion (19.5% specificity, 90.3% sensitivity), while it underestimated the extralaryngeal spread (63.6% sensitivity, 98.1% specificity). In the posterior paraglottic space (pPGS), false negative results were more frequent for superficial extensions (25% sensitivity, 95.8% specificity) and deep invasions (58.8% sensitivity, 82.3% specificity). Shorter disease-specific and disease-free survivals were associated with pStage IV (p: 0.045 and 0.008) and with the pathological involvement of pPGS (p: 0.045 and 0.015). Conclusions: Negative prognostic correlation of pPGS involvement was confirmed on histopathological data. CT staging did not provide a satisfactory prognostic stratification and should be complemented with magnetic resonance imaging.
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1. Introduction


Advanced laryngeal cancers (T3–T4a) is a broad category comprising lesions that have heterogeneous patterns of spread and biologic behaviors despite their relative histological homogeneity (squamous cell carcinoma, SCC). This heterogeneity may be attributed to the different characteristics of laryngeal anatomical subsites. Fat tissue is a weak barrier against the tumoral spread, while other structures, such as cartilages and ligaments, can play an important role in limiting neoplastic progression. Vessels and lymphatics, more abundant in the supraglottic region than in the glottis and subglottis, also have great roles in cancer progression.



Focusing on glottic cancers, the main pattern of tumor spread is by local extension; in fact, since the true vocal folds have a very sparse lymphatics drainage, these cancers tend not to spread via lymphatics until the tumor has extended beyond the vocal fold. Different scenarios can be recognized based on the glottic subsite and compartments involved. Cancers originating from the anterior commissure (AC) may spread anteriorly through the Broyle’s ligament and the thyroid cartilage, reaching the infrahyoid muscles, cranially to the pre-epiglottic space (PES) and to the thyro-hyoid membrane, caudally to the cricothyroid membrane and postero-laterally involving the vocal cord. Tumors that originate from the vocal cord may extend laterally through the thyro-arytenoid muscle, the paraglottic space (PGS) and the thyroid cartilage; moreover, they can extend superficially, along a cranio-caudal and antero-posterior axis.



In the American Joint Committee on Cancer (AJCC) TNM staging system, each T subcategory is based on specific tumor features, principally location and extension [1]. However, important differences may exist among tumors classified under the same T category. The T3 category of laryngeal tumors comprises all endo-laryngeal cancers with vocal cord fixations. Bulky tumor sizes or the involvement of different laryngeal structures may lead to this condition, with different clinical implications. Despite this evidence, no further subclassification has been validated so far. Recently, some authors highlighted a significant negative correlation between the involvement of the posterior (p)PGS (defined according to a plane passing through the arytenoid vocal process, perpendicular to the ipsilateral thyroid lamina) and prognosis [2,3]. This consideration has led to the suggestion that distinguishing the T3 category into two subcategories (with or without pPGS involvement) could improve the TNM predictive value.



Moreover, the increasing number of surgical options has raised the attention to laryngeal subsites and their implications in tumoral pathways of spread. This has led to the introduction of endo-laryngeal compartment classifications to guide the treatment and better estimate patient prognosis [4,5]. Conservative surgical techniques, such as transoral laser microsurgery (TLM) [6,7,8] and open partial horizontal laryngectomies (OPHL) [5], can be applied for glottic cT3 tumors. The radiological evidence of pPGS involvement has been identified as the critical parameter in surgical decision algorithms in glottic T3 tumors [9]. Even if recent studies have shown the importance of magnetic resonance imaging (MRI) in glottic tumor preoperative staging and assessment [9,10], contrast-enhanced computed tomography (CT) remains the most commonly used imaging method in clinical settings [9,11,12,13].



The aim of this study is to assess the accuracy of standard CT imaging in the evaluation of tumor invasions of critical areas of the glottic region, which can change the therapeutic decision and are being considered for an upcoming revision of the TNM staging of laryngeal SCC.




2. Results


The study included 64 patients (M:F ratio 5:1). The average age at surgery was 65.5 ± 9.2 years. Twenty-five patients (39.1%) had been submitted to total laryngectomy (TL), and 39 (60.9%) received OPHL. Eight of the OPHL patients (20.5%) underwent a subsequent TL, three (7.7%) for positive resection margins, three (7.7%) for laryngeal dysfunction and two (5.1%) for disease relapse. Among the TL patients, four (6.25%) were treated for disease recurrence after previous radiotherapy. Fifteen patients (23.4%) underwent post-surgical therapy: 2 (3.1%) chemotherapy, 10 (15.6%) radiotherapy and 3 (4.7%) chemoradiotherapy.



Mean follow-up was 38.1 ± 33.8 months. Four patients (6.3%) were lost to follow-up. Twelve patients died (18.8%), six (9.4%) for disease recurrence and six (9.4%) for other causes; 54 patients showed no evidence of disease at their last follow-up (84.4%).



Table 1 shows the distribution of reviewed CT and histopathologic tumor staging. On the basis of imaging and a histopathologic sample review, the involvement of the anterior commissure (AC), anterior vocal fold (AVF) and posterior vocal fold (PVF) was assessed and compared with the help of radiological glottic maps (rMAPs) and histopathological glottic maps (pMAPs). Figure 1 summarizes the concordance between tumor staging as obtained with preoperative CT scanning and after a histopathological examination of the surgical specimens, highlighting the numbers of over-and under-staging.



In three of six radiologically over-staged cases (50%), a history of previous radiotherapy was described; the two radiologically down-staged cases were the result of false negative neck lymph nodes on CT scans.



The overall diagnostic accuracy of the CT scan was 64.06% (95% confidence interval (CI) 51.1–75.68%) in the identification of T3 tumors, 89.06% (95% CI 78.75–95.49%) of T4a tumors, 59.38% (95 CI 46.38–71.49%) of tumor stage III and 85.94% (95% CI 74.98–93.36%) of tumor stage IV.



When analyzing the diagnostic accuracy for specific subsites, rMAP and pMAP comparison showed that CT scans correctly identified AC tumor involvement in 39 cases (61%) and over-staged tumor extension in nine cases (14.1%): in three cases, no tumor was found at the histopathological examination despite imaging suggestive of, respectively, a superficial, a deep endo-laryngeal and an extralaryngeal extension; in three cases, CT described deep invasion where only a superficial tumor was observed at histopathology, and in the last three, extralaryngeal extensions were reported where histological examination did not identify infiltration beyond the cartilage. Fifteen cases (23.4%) were under-staged: of nine patients negative on CT, seven were found to have histological superficial tumors, one deep infiltration and one extralaryngeal extension; among five cases with superficial tumors at CT, two were found to have histological deep infiltrations and three extralaryngeal extensions. Finally, in one case with deep endo-laryngeal infiltration on CT, the histological examination reported extralaryngeal extension (Figure 2).



rMAP and pMAP agreed in the evaluation of the AVF and anterior (a) PGS involvement in 39 cases (61%). CT scans over-staged tumor extensions in 18 cases (28.1%): in 17 cases, it described deep invasions where only superficial tumors were observed at histopathology, and in the other one, it found an extralaryngeal extension where the histological examination did not identify infiltration beyond the cartilage. Seven cases (10.9%) were under-staged: three cases with superficial extensions on CT were found to have histological deep infiltrations, and four cases with deep infiltrations on CT were found to have histological extralaryngeal extensions (Figure 3).



PVF and pPGS tumor involvement were correctly identified by CT scan reviews in 40 cases (62.5%). CT scans over-staged tumor extensions in 14 cases (21.9%): in seven, no tumor was found at the histopathological examination; in one, histopathology did not confirm a radiological deep invasion but only showed a superficial extension. In the last six cases, extralaryngeal invasions were down-staged to deep endolaryngeal extensions in pMAP. Ten cases (15.6%) were under-staged: of nine CT-negative cases, three were found to have histological superficial tumors and six, deep infiltrations; in the last one, with a superficial tumor on the CT, a deep infiltration was documented on histology (Figure 4).



Cox regression models showed a significant correlation between the presence of pathologically documented tumor extensions in the pPGS and shorter DFS and DSS (p: 0.045 and 0.015), while CT invasions did not correlate with prognosis (Figure 5).




3. Discussion


Laryngeal squamous cell carcinoma is a very heterogenous disease, with remarkably different prognosis and therapeutic options depending on the tumor location and extension. For this reason, preoperative staging plays a key role in treatment planning, which is increasingly becoming more patient-tailored. Endoscopic evaluation under white light (WL) and narrow-band imaging (NBI) is considered the main diagnostic and staging tool for glottic SCC. According to the 8th edition of the AJCC tumor staging system, a vocal fold fixation represents the main parameter to classify cT3 tumors [1]. However, an endoscopic evaluation cannot assess the exact depth of invasion, nor the involvement of submucosal structures, such as paraglottic spaces, pre-epiglottic space or cartilage infiltration [14]. Currently, neck multidetector contrast-enhanced CT is the imaging technique recommended for laryngeal cancer staging. It is rapid, relatively cheap and it provides good resolution of the different anatomical structures. However, CT accuracy in correctly defining cancer extension is being debated.



This study was focused on the diagnostic accuracy of CT imaging in assessing tumor involvement of specific laryngeal subsites. This topic has gained considerable importance not only for the role that a precise estimation of tumor extension has in treatment choice algorithms but also as a major prognostic factor. Recent studies have highlighted that pPGS and AC involvement seems to be associated with worse survival [2,3,4]. The main pitfalls of this study include the retrospective nature of the work and the limited number of enrolled patients, mainly due to the difficulty of obtaining high-quality preoperative CT scans. The main limits were the wide heterogeneity of CT scans available for review, which results from different acquisition protocols used in peripheral centers and from the evolution of imaging technologies over the last two decades.



Despite the above limitations, the comparison between radiological and histological evaluations of tumor extension parameters showed a frequent preoperative overestimation of the cancer spread. The main differences were noticed in the T3 category. This result could be attributed to the difficult discrimination between tumor and adjacent inflammation and edema, which may be mistaken for PGS involvement or early cartilage invasion. In the literature, CT overestimation in comparison with histopathological analysis is attributed to the lack of specific criteria for defining a cartilage invasion: Agada et al. reported over-staging in 45% of their study population, mainly due to the use of the arytenoid sclerosis alone as a radiological sign of cartilage invasion. Accuracy was enhanced to 71% when other parameters were also taken in consideration [15]. In our study, as in previously published papers [16], diagnostic accuracy was higher for the detection of T4 than of T3 tumors (89.1% vs. 64.1%). This suggests that extralaryngeal extension is more reliably recognized on CT than PGS or early cartilage involvement, which can be expressed mainly by cartilage sclerosis but also nonossification, lysis, erosions or obliteration of the medullary space. On the other hand, cartilage sclerosis is attributed to cancer osteoblastic activity related to the neoplastic infiltration, but it can be observed also when the tumor has not yet penetrated the perichondrium [16]. An interesting consideration is that the common occurrences of fibrosis and desmoplasia of the connective tissue surrounding irradiated tumors can be responsible for tumor over-staging and lower the diagnostic accuracy of recurrent disease after previous radiotherapy with respect to primary tumors (three out of five patients submitted to salvage laryngectomy in our series, one of whom, classified as cT4, was recognized as pTis).



Tumor staging is aimed to stratify patients according to prognostic expectations. Therefore, new proposals of TNM classification should rely on the identification of improved isoprognostic categories. Succo et al. [2], in their proposal for a T3 subclassification of laryngeal cancer, suggested that tumor localization, within the same T3 category, is prognostically relevant: in particular, the invasion of the posterior laryngeal compartment correlated with a significantly worse prognosis. Del Bon et al. [3] also confirmed that the pT parameter has a lower prognostic accuracy than tumor localization. Piazza et al. [4] observed in TLM-treated T1-T3 glottic cancers that the AVF could be further subclassified into six distinct isoprognostic areas. The worst oncological outcomes results were found in pT2 or pT3 cancers with trans-AC extensions with or without involvement of the PES. Moreover, a significant decrease in the local control with TLM alone was observed at the passage from superficially confined neoplasms to cancers with superficial extensions of the tumors and, finally, to those with deep involvements of the laryngeal visceral spaces. These studies highlighted the prognostic role of tumor invasions in deep compartments of the larynx and, therefore, the importance of a precise preoperative assessment of cancer extensions for treatment planning; in particular, for the choice between conservative surgery (i.e., OPHL) and TL.



To our knowledge, few studies compared laryngeal CT or MRI findings with the histological evaluation of surgical resection samples [15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31], and none of them focused on a systematic evaluation of glottic anatomical subsites. Instead, many CT-based studies considered only the detection of cartilage infiltration, while MRI-based ones mainly focused on PGS, PES and cartilage infiltration. From our data analysis, we observed that the overall accuracy of tumor detection by CT scan in the anterior commissure was 81.0%. In this area, as in the PVF, we observed a low sensitivity for superficially spreading tumors (56.3% and 25%). This result could be expected, since CT resolution does not easily recognize a flat superficial proliferation. In the AVF, instead, an alteration of the vocal fold profile due to superficial tumor growth was detected in all cases. It is obvious that CT limits in superficial evaluations are overcome by endoscopy (with NBI evaluations), which remains the essential exam for clinical staging.



In the AVF, a tumor presence was always correctly identified. High sensitivity was observed for both superficial and deep intralaryngeal extensions (respectively, 100% and 90.3%), but false positives were very frequent in the evaluation of aPGS. The low specificity (19.1%) observed for deep endolaryngeal extensions may be considered an intrinsic limitation of CT scans. Even after contrast administration, the density of the tumor overlaps with that of adjacent soft tissues, making discrimination between normal and invaded structures troublesome. Moreover, the adipose tissue, which could facilitate the definition of deep tumor extension, is usually under-represented in aPGS. In fact, specificity was higher for the identification of tumor invasion in the pPGS, where more adipose tissues, and the presence of cartilaginous structures, are providing more radiological signs (for example, the alteration of both arytenoid and thyroid cartilages with enlargement of the thyro-arytenoid distance). CT evaluation of PGS has been rarely addressed in the literature. In a recently published study, Jaipuria et al. [29] compared CT staging with histopathology in T3–T4 laryngeal cancers, reporting 85.7% sensitivity, 77.8% specificity and 82.6% accuracy for the assessment of anterior and posterior PGS. In the same study, thyroid cartilage early infiltration detection showed 86.7% sensitivity, 50% specificity and 65.2% accuracy.



Finally, CT detection of extralaryngeal spreads in our study showed a lower sensitivity in the anterior commissure and AVF (68.8% and 63.6%, respectively) as compared to the posterior compartment (100%). Specificity, instead, was higher in the anterior segments (91.5% in AC and 98.1% in AVF vs. 87.9% in PVF). This observation could not be confirmed by the literature data, as no other study, to the best of our knowledge, compared CT accuracy in anterior and posterior glottic tumors. Considering the average data, several studies reported similar or lower figures [18,19,20,21].



Over the last few years, attention has been focused on the capability of MRIs to detect cartilage tumor invasions in laryngeal compartments. In a recently published review, Cho et al. compared the accuracy of a CT with an MRI in the identification of cartilage infiltration: sensitivity resulted significatively higher in the MRI (90% vs. 66% for CT), while specificity was similar (81% for MRI vs. 88% for CT) [32]. The low specificity of MRIs described in older studies was later improved: considering a T2-weighted or postcontrast T1-weighted cartilage signal intensity greater than that of the adjacent tumor as a sign of inflammation, and a signal intensity similar to that of the adjacent tumor as a sign of neoplastic invasion, as proposed by Becker et al., resulted in a significant increase of specificity [33]. Recently, Ravanelli et al. [10] proposed a pattern of MRI interpretation that further improved specificity also in PGS: the identification of the T2 intermediate signal, high-diffusion weighted imaging (DWI) signal combined with the low apparent diffusion coefficient and the variable contrast enhancement strongly correlated with neoplastic invasion (sensitivity 100%, specificity 78%). Moreover, MRI diagnostic performances have considerably improved in recent years thanks to the use of dedicated surface coils which provide a higher spatial resolution in a short acquisition time [13]. Although an MRI provides a better discrimination of submucosal tissue changes, it has some disadvantages in terms of availability, costs, acquisition time and patient tolerance. Moreover, it does not permit a dynamic evaluation of the larynx, and degradation of the image quality related to motion artifacts is a common pitfall [9,11,13].



The survival analysis in our study showed that the pathological stage and histopathological evidence of pPGS tumor invasions, but not the CT study results, were significantly associated with DSS and DFS. This further supports the suboptimal accuracy of CT in tumor staging at this critical level and suggests the use of more accurate imaging tools when the involvement of the pPGS impacts on the surgical decision. A CT scan can be considered a useful tool to evaluate anterior cartilage infiltration, but, when a pPGS invasion is suspected (arytenoid hypomotility or fixation), an MRI offers a higher contrast resolution and is particularly helpful in distinguishing a tumor infiltration from a peritumoral inflammation and in depicting cartilage infiltration [9]. Considering our observation of a predominant over-staging of glottic cancer, it can be argued that the use of more specific parameters, as those provided by an MRI, can allow less aggressive surgical choices, increasing the number of OPHL with respect to TL and even of transoral laser microsurgery in selected cases.




4. Materials and Methods


This is a retrospective cohort study of locally advanced glottic SCC treated by TL or OPHL with no need to receive approval from ethics committee. All patients who received a curative laryngectomy for glottic SCC at the Otorhinolaryngology Department of the IRCCS Policlinico San Matteo Foundation, Pavia, Italy from January 2005 to August 2019 were recruited. Exclusion criteria were nonepithelial cancer, primary supraglottic or subglottic tumors and a lack of preoperative CT scans available for review.



Presurgical neck CT Digital Images and Communication in Medicine (DICOM)-format images of each patient were collected and reviewed by an experienced head and neck radiologist who was unaware of prior CT staging and of the final pathological diagnosis. All scans were acquired after intravenous administration of an iodine-based contrast medium; slice thickness ranged between 1 and 4 mm. Due to the wide enrollment time interval, and to the fact that CT scans had sometimes been performed in other hospitals, a largely heterogeneous series of scans was collected. Aware of these limitations, the radiologist was asked not only to confirm the previously assessed CT stage but also to identify the precise extension of the tumor in each direction of the glottic plane. To easily represent this information, we introduced a "radiological glottic map (rMAP)", an instrument that provides an immediate view of tumor spreading. In rMAP, we identified three different subsites of the glottic plane: anterior commissure (AC), anterior vocal fold region (AVF) and posterior vocal fold region (PVF). Each subsite was then divided into three layers of depth, as represented in Figure 6. Histopathological reports and slides were retrieved from the archives of the pathology unit and reviewed by 2 experienced head and neck pathologists who were unaware of prior CT staging. The same topographic criteria used for the definition of rMAPs (Figure 6) were applied to the evaluation of histopathological samples, in order to define a “pathological glottic map (pMAP)” to represent the extension and levels of invasion in individual topographic subsites. The two maps were then compared in every case, in order to identify over- and under-staging of extension and invasion at each subsite in rMAP as compared with the reference pMAP. Patient records were reviewed in order to determine oncological outcomes. We have identified as a radiological and histological criterion of AC lateral limit the anterior edge of tyro-arytenoid muscles in order to include in this region only three layers: superficial mucosa, Broyle’s ligament and thyroid cartilage. AVF, instead, is composed of 5 layers: mucosa, lamina propria (Reinke’s space and vocal ligament), tyro-arytenoid muscle, aPGS and thyroid cartilage. PVF anterior limit was defined according to a plane passing through the arytenoid vocal process, perpendicular to the ipsilateral thyroid lamina [2,3], and comprised mucosa, lamina propria, tyro-arytenoid muscle, pPGS, arytenoid and thyroid cartilage.



The diagnostic accuracy of the CT scan (rMAP) was determined considering the histopathological findings (pMAP) as the gold standard for the assessment of tumor extensions. In detail, specificity, sensitivity, positive and negative predictive value and accuracy of CT scans in assessing the presence of tumors and the level of tumor invasion (superficial tumor spread, whole thickness infiltration up to the thyroid cartilage and extralaryngeal extension) were measured at each glottic subsite (anterior commissure, anterior vocal fold and posterior vocal fold). Survival analysis was performed with the Cox univariate model, including the following parameters: clinical and pathological stage, presence of nodal metastases and invasion of the pPGS at CT and histopathological evaluation; a p-value < 0.05 was considered as significant. All statistical tests were performed using the MedCalc application (www.medcalc.be).




5. Conclusions


Accurate preoperative staging of laryngeal cancer is mandatory for both prognostic and surgical planning purposes. In particular, a pathological evidence of neoplastic pPGS involvement has a negative prognostic correlation, which is not considered in the current TNM staging system. CT low-contrast resolution with soft tissues limits the evaluation of deep submucosal compartments, inducing an overall over-estimation of tumor invasion, especially in areas that are critical for surgical decision, such as the pPGS, as confirmed by the comparison with histopathological staging. Since the introduction of new technologies and diagnostic algorithms has improved the diagnostic performance of surface-coil MRI with respect to CT in the evaluation of the larynx, its use should be advised when the involvement of the PGS is suspected.







Author Contributions


All authors have read and agree to the published version of the manuscript. P.M., M.B., L.P. and F.S. conceived and designed the study; S.M., G.B. and P.M. supervised the study; P.M., S.C., S.M., M.M., F.B. and F.S analyzed the data; F.S. and P.M. wrote the paper and G.T. and I.H. edited the paper.




Funding


This research received no external funding




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Brierley, J.D.; Gospodarowicz, M.K.; Wittekind, C. TNM Classification of Malignant Tumours, 8th ed.; Wiley-Blackwell: Chichester, West Sussex, UK, 2017. [Google Scholar]

	



Succo, G.; Crosetti, E.; Bertolin, A.; Piazza, C.; Molteni, G.; Cirillo, S.; Petracchini, M.; Tascone, M.; Sprio, A.E.; Berta, G.N.; et al. Treatment for T3 to T4a laryngeal cancer by open partial horizontal laryngectomies: Prognostic impact of different pathologic tumor subcategories. Head Neck. 2018, 40, 1897–1908. [Google Scholar] [CrossRef]

	



Del Bon, F.; Piazza, C.; Lancini, D.; Paderno, A.; Bosio, P.; Taboni, S.; Morello, R.; Montalto, N.; Missale, F.; Incandela, F.; et al. Open partial horizontal laryngectomies for T3–T4 laryngeal cancer: Prognostic impact of anterior vs. posterior laryngeal compartmentalization. Cancers 2019, 11, 289. [Google Scholar] [CrossRef]

	



Piazza, C.; Filauro, M.; Paderno, A.; Marchi, F.; Perotti, P.; Morello, R.; Taboni, S.; Parrinello, G.; Incandela, F.; Iandelli, A.; et al. Three-dimensional map of isoprognostic zones in glottic cancer treated by transoral laser microsurgery as a unimodal treatment strategy. Front. Oncol. 2018, 8, 175. [Google Scholar] [CrossRef] [PubMed]

	



Succo, G.; Peretti, G.; Piazza, C.; Remacle, M.; Eckel, H.E.; Chevalier, D.; Simo, R.; Hantzakos, A.G.; Rizzotto, G.; Lucioni, M.; et al. Open partial horizontal laryngectomies: A proposal for classification by the working committee on nomenclature of the European Laryngological Society. Eur. Arch. Oto-Rhino-Laryngol. 2014, 271, 2489–2496. [Google Scholar] [CrossRef] [PubMed]

	



Peretti, G.; Piazza, C.; Cocco, D.; De Benedetto, L.; Del Bon, F.; Redaelli De Zinis, L.O.; Nicolai, P. Transoral CO2 laser treatment for Tis-T3 glottic cancer: The University of Brescia experience on 595 patients. Head Neck. 2009, 32, 977–983. [Google Scholar] [CrossRef] [PubMed]

	



Peretti, G.; Piazza, C.; Mora, F.; Garofolo, S.; Guastini, L. Reasonable limits for transoral laser microsurgery in laryngeal cancer. Curr. Opin. Otolaryngol. Head Neck. Surg. 2016, 24, 135–139. [Google Scholar] [CrossRef] [PubMed]

	



Vilaseca, I.; Bernal-Sprekelsen, M.; Luis Blanch, J. Transoral laser microsurgery for T3 laryngeal tumors: Prognostic factors. Head Neck. 2009, 32. [Google Scholar] [CrossRef]

	



Maroldi, R.; Ravanelli, M.; Farina, D. Magnetic resonance for laryngeal cancer. Curr. Opin. Otolaryngol. Head Neck. Surg. 2014, 22, 131–139. [Google Scholar] [CrossRef]

	



Ravanelli, M.; Paderno, A.; Del Bon, F.; Montalto, N.; Pessina, C.; Battocchio, S.; Farina, D.; Nicolai, P.; Maroldi, R.; Piazza, C. Prediction of posterior paraglottic space and cricoarytenoid unit involvement in endoscopically T3 glottic cancer with arytenoid fixation by magnetic resonance with surface coils. Cancers 2019, 11, 67. [Google Scholar] [CrossRef]

	



Chiesa-Estomba, C.M.; Ravanelli, M.; Farina, D.; Remacle, M.; Simo, R.; Peretti, G.; Sjogren, E.; Sistiaga-Suarez, J.A.; Gónzalez-García, J.A.; Larruscain, E.; et al. Imaging checklist for preoperative evaluation of laryngeal tumors to be treated by transoral microsurgery: Guidelines from the European Laryngological Society. Eur. Arch. Oto-Rhino-Laryngol. 2020. [Google Scholar] [CrossRef]

	



Grégoire, V.; Evans, M.; Le, Q.T.; Bourhis, J.; Budach, V.; Chen, A.; Eisbruch, A.; Feng, M.; Giralt, J.; Gupta, T.; et al. Delineation of the primary tumour Clinical Target Volumes (CTV-P) in laryngeal, hypopharyngeal, oropharyngeal and oral cavity squamous cell carcinoma: AIRO, CACA, DAHANCA, EORTC, GEORCC, GORTEC, HKNPCSG, HNCIG, IAG-KHT, LPRHHT, NCIC CTG, NCRI, NRG Oncolog. Radiother. Oncol. 2018, 126, 3–24. [Google Scholar] [CrossRef] [PubMed]

	



Ruytenberg, T.; Verbist, B.M.; Vonk-Van Oosten, J.; Astreinidou, E.; Sjögren, E.V.; Webb, A.G. Improvements in high resolution laryngeal magnetic resonance imaging for preoperative transoral laser microsurgery and radiotherapy considerations in early lesions. Front, Oncol. 2018, 8, 1–8. [Google Scholar] [CrossRef]

	



Reidenbach, M.M. The paraglottic space and transglottic cancer: Anatomical considerations. Clin. Anat. 1996, 9, 244–251. [Google Scholar] [CrossRef]

	



Agada, F.O.; Nix, P.A.; Salvage, D.; Stafford, N.D. Computerised tomography vs. pathological staging of laryngeal cancer: A 6-year completed audit cycle. Int. J. Clin. Pract. 2004, 58, 714–716. [Google Scholar] [CrossRef] [PubMed]

	



Becker, M.; Zbaren, P.; Delavelle, J.; Kurt, A.M.; Egger, C.; Rufenacht, D.A.; Terrier, F. Neoplastic Invasion of the laryngeal cartilage: Riassessment of criteria for Diagnosis at CT. Radiology 1997, 203, 521–532. [Google Scholar] [CrossRef]

	



Li, B.; Bobinski, M.; Gandour-Edwards, R.; Farwell, D.G.; Chen, A.M. Overstaging of cartilage invasion by multidetector CT scan for laryngeal cancer and its potential effect on the use of organ preservation with chemoradiation. Br. J. Radiol. 2011, 84, 64–69. [Google Scholar] [CrossRef]

	



Loevner, L.A.; Yousem, D.M.; Montone, K.; Weber, R.; Chalian, A.A.; Weinstein, G.S. Can radiolodist accurately predict preepiglottic space invasion with MR imaging? Am. J. Roentgenol. 1997, 169, 1681–1687. [Google Scholar] [CrossRef]

	



Nix, P.A.; Salvage, D. Neoplastic invasion of laryngeal cartilage: The significance of cartilage sclerosis on computed tomography images. Clin. Otolaryngol. Allied Sci. 2004, 29, 372–375. [Google Scholar] [CrossRef]

	



Stadler, A.; Kontrus, M.; Kornfehl, J.; Youssefzadeh, S.; Bankier, A.A. Tumor staging of laryngeal and hypopharyngeal carcinomas with functional spiral CT: Comparison with nonfunctional CT, histopathology, and microlaryngoscopy. J. Comput. Assist. Tomogr. 2002, 26, 279–284. [Google Scholar] [CrossRef]

	



Wu, J.H.; Zhao, J.; Li, Z.H.; Yang, W.Q.; Liu, Q.H.; Yang, Z.Y.; Liao, B.; Li, X.L.; Wang, B.; Qin, H.; et al. Comparison of CT and MRI in Diagnosis of Laryngeal Carcinoma with Anterior Vocal Commissure Involvement. Sci. Rep. 2016, 6, 1–7. [Google Scholar] [CrossRef]

	



Yener, H.M.; Yilmaz, M.; Karaaltın, A.B.; Inan, H.C.; Turgut, F.; Gözen, E.D.; Comunoglu, N.; Karaman, E. The incidence of thyroid cartilage invasion in early-stage laryngeal carcinoma: Our experience on sixty-two patients. Clin. Otolaryngol. 2018, 43, 388–392. [Google Scholar] [CrossRef] [PubMed]

	



Zbären, P.; Becker, M.; Läng, H. Staging of laryngeal cancer: Endoscopy, computed tomography and magnetic resonance versus histopathology. Eur. Arch. Oto-Rhino-Laryngol. 1997, 254, S117–S122. [Google Scholar] [CrossRef] [PubMed]

	



Banko, B.; Crossed, D.; Signukić, V.; Milovanović, J.; Kovač, J.D.; Artiko, V.; Maksimović, R. Diagnostic significance of magnetic resonance imaging in preoperative evaluation of patients with laryngeal tumors. Eur. Arch. Oto-Rhino-Laryngol. 2011, 268, 1617–1623. [Google Scholar] [CrossRef] [PubMed]

	



Banko, B.; Djukic, V.; Milovanovic, J.; Kovac, J.; Novakovic, Z.; Maksimovic, R. MRI in evaluation of neoplastic invasion into preepiglottic and paraglottic space. Auris Nasus Larynx 2014, 41, 471–474. [Google Scholar] [CrossRef]

	



Beitler, J.J.; Muller, S.; Grist, W.J.; Corey, A.; Klein, A.M.; Johns, M.M.; Perkins, C.L.; Davis, L.W.; Udayasanker, U.; Landry, J.C.; et al. Prognostic accuracy of computed tomography findings for patients with laryngeal cancer undergoing laryngectomy. J. Clin. Oncol. 2010, 28, 2318–2322. [Google Scholar] [CrossRef] [PubMed]

	



Bozkurt, G.; Unsal, O.; Celebi, I.; Ayhan, B.; Guliyev, U.; Akova, P.; Başak, T.; Coşkun, B.U. Does CT help in predicting preepiglottic space invasion in laryngeal carcinoma? Auris Nasus Larynx 2018, 45, 546–552. [Google Scholar] [CrossRef] [PubMed]

	



Hartl, D.M.; Landry, G.; Hans, S.; Marandas, P.; Brasnu, D.F. Organ preservation surgery for laryngeal squamous cell carcinoma: Low incidence of thyroid cartilage invasion. Laryngoscope 2009, 120, 1173–1176. [Google Scholar] [CrossRef]

	



Jaipuria, B.; Dosemane, D.; Kamath, P.M.; Sreedharan, S.S.; Shenoy, V.S. Staging of laryngeal and hypopharyngeal cancer: Computed tomography versus histopathology. Iran J. Otorhinolaryngol. 2018, 30, 189–194. [Google Scholar]

	



Koopmann, M.; Weiss, D.; Steiger, M.; Elges, S.; Rudack, C.; Stenner, M. Thyroid cartilage invasion in laryngeal and hypopharyngeal squamous cell carcinoma treated with total laryngectomy. Eur. Arch. Oto-Rhino-Laryngol. 2016, 273, 3789–3794. [Google Scholar] [CrossRef]

	



Kuno, H.; Sakamaki, K.; Fujii, S.; Sekiya, K.; Otani, K.; Hayashi, R.; Yamanaka, T.; Sakai, O.; Kusumoto, M. Comparison of MR imaging and dual-energy ct for the evaluation of cartilage invasion by laryngeal and hypopharyngeal squamous cell carcinoma. Am. J. Neuroradiol. 2018, 39, 524–531. [Google Scholar] [CrossRef]

	



Cho, S.J.; Lee, J.H.; Suh, C.H.; Kim, J.Y.; Kim, D.; Lee, J.B.; Lee, M.K.; Chung, S.R.; Choi, Y.J.; Baek, J.H. Comparison of diagnostic performance between CT and MRI for detection of cartilage invasion for primary tumor staging in patients with laryngo-hypopharyngeal cancer: A systematic review and meta-analysis. Eur. Radiol. 2020. [Google Scholar] [CrossRef] [PubMed]

	



Becker, M.; Zbären, P.; Laeng, H.; Stoupis, C.; Porcellini, B.; Vock, P. Neoplastic invasion of the laryngeal cartilage: Comparison of MR imaging and CT with histopathologic correlation. Radiology 1995, 194, 661–669. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 12 01074 g001 550] 





Figure 1. Compared distribution of cT with pT and cTNM with pTNM stages (AJCC 2017). (A) Comparison of cT and pT distribution. (B) Comparison of cTNM and pTNM stage distribution. 
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Figure 2. Accuracy in the radiological assessment of anterior commissure (AC) involvement. (A) Graphical representation of concordance between CT and histopathology in anterior commissure assessment. (B) Percentage of cancer involvement of anterior commissure in rMAP and pMAP. (C) Sensitivity (Sens), specificity (Spec), positive predictive value (PPV), negative predictive value (NPV) and accuracy (Acc) of CT in anterior commissure. CI: confidence interval, rMAP: radiological glottic map and pMAP: histopathological glottic map. 
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Figure 3. Accuracy in radiological assessment of anterior vocal fold (AVF) involvement. (A) Graphical representation of concordance between CT and histopathology in anterior vocal fold assessment. (B) Percentage of cancer involvement of anterior vocal fold in rMAP and pMAP. (C) Sensitivity (Sens), specificity (Spec), positive predictive value (PPV), negative predictive value (NPV) and accuracy (Acc) of CT in anterior vocal fold. CI: confidence interval, rMAP: radiological glottic map and pMAP: histopathological glottic map. 
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Figure 4. Accuracy in radiological assessment of posterior vocal fold (PVF) involvement. (A) Graphical representation of concordance between CT and histopathology in posterior vocal fold assessment. (B) Percentage of cancer involvement of posterior vocal fold in rMAP and pMAP. (C) Sensitivity (Sens), specificity (Spec), positive predictive value (PPV), negative predictive value (NPV) and accuracy (Acc) of CT in posterior vocal fold. CI: confidence interval, rMAP: radiological glottic map and pMAP: histopathological glottic map. 
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Figure 5. Disease-free survival (DFS) and disease-specific survival analysis (DSS). (A) Comparison of DFS between the histopathological assessment of spared or involved pPGS. (B) Comparison of DFS between the radiological assessment of spared or involved pPGS. (C) Comparison of DSS between the histopathological assessment of spared or involved pPGS. (D) Comparison of DSS between the radiological assessment of spared or involved pPGS. pPGS: posterior paraglottic space, SE: standard error and CI: confidence interval. 
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Figure 6. Glottic map: subsites and layers of depth. AC: anterior commissure, AVF: anterior vocal fold and PVF: posterior vocal fold. 
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Table 1. Radiological and histopathological assessments of tumor extensions.
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	cT
	N (%)
	pT
	N (%)



	cT2
	4 (6.3%)
	pT2
	19 (29.7%)



	cT3
	39 (60.9%)
	pT3
	28 (43.8%)



	cT4a
	21 (25.0%)
	pT4a
	16 (25.0%)



	Preoperative radiological staging
	N (%)
	Histopathological staging
	N (%)



	cII
	4 (6.3%)
	pII
	18 (27.7%)



	cIII
	37 (57.8%)
	pIII
	25 (38.5%)



	cIVA
	23 (35.9%)
	pIVA
	1 (1.5%)



	cIVB
	0 (0.0%)
	pIVB
	4 (6.2%)



	rMAP
	N (%)
	pMAP
	N (%)



	AC
	43 (62.3%)
	AC
	50 (78.1%)



	A
	15 (21.7%)
	A
	21 (32.8%)



	B
	13 (18.8%)
	B
	13 (20.3%)



	C
	15 (21.7%)
	C
	16 (25.0%)



	AVF
	63 (91.3%)
	AVF
	63 (98.4%)



	A
	6 (8.7%)
	A
	20 (31.3%)



	B
	49 (71.0%)
	B
	32 (50.0%)



	C
	8 (11.6%)
	C
	11 (17.2%)



	PVF
	32 (46.4%)
	PVF
	34 (53.1%)



	A
	3 (4.4%)
	A
	6 (9.4%)



	B
	16 (23.2%)
	B
	22 (34.4%)



	C
	13 (18.8%)
	C
	6 (5.1%)







AC: anterior commissure, AVF: anterior vocal fold, PVF: posterior vocal fold, AJCC: American Joint Committee on Cancer, rMAP: radiological glottic map and pMAP: histopathological glottic map.
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