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Objective

This study explores the feasibility of ex-vivo high-field magnetic resonance (MR) imaging to create digital a three-dimensional (3D) representations of tongue cancer specimens, referred to as the “MR-based digital specimen” (MR-DS). The aim was to create a method to assist surgeons in identifying and localizing inadequate resection margins during surgery, a critical factor in achieving locoregional control.





Methods

Fresh resection specimens of nine tongue cancer patients were imaged in a 7 Tesla small-bore MR, using a high-resolution multislice and 3D T2-weighted Turbo Spin Echo. Two independent radiologists (R1 and R2) outlined the tumor and mucosa on the MR-images whereafter the outlines were configured to an MR-DS. A color map was projected on the MR-DS, mapping the inadequate margins according to R1 and R2. We compared the hematoxylin-eosin-based digital specimen (HE-DS), which is a histopathological 3D representation derived from HE stained sections, with its corresponding MR-images. In line with conventional histopathological assessment, all digital specimens were divided into five anatomical regions (anterior, posterior, craniomedial, caudolateral and deep central). Over- and underestimation 95th-percentile Hausdorff-distances were calculated between the radiologist- and histopathologist-determined tumor outlines. The MR-DS’ diagnostic accuracy for inadequate margin detection (i.e. sensitivity and specificity) was determined in two ways: with conventional histopathology and HE-DS as reference.





Results

Using conventional histopathology as a reference, R1 achieved 77% sensitivity and 50% specificity, while R2 achieved 65% sensitivity and 57% specificity. When referencing to the HE-DS, R1 achieved 94% sensitivity and 61% specificity, while R2 achieved 88% sensitivity and 71% specificity. Range of over- and underestimation 95HD was 0.9 mm - 11.8 mm and 0.0 mm - 5.3 mm, respectively.





Conclusion

This proof of concept for volumetric assessment of resection margins using MR-DSs, demonstrates promising potential for further development. Overall, sensitivity is higher than specificity for inadequate margin detection, because of the radiologist’s tendency to overestimate tumor size.
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Introduction

An estimated 3.5 new cases of tongue cancer occur annually in the United States for every 100,000 individuals. Squamous cell carcinoma of the tongue is the most predominant type of oral cancer (1). Complete surgical removal of the primary tumor is the first treatment choice to prevent local recurrence (2).

After surgical excision, the margins of the resection specimen are analyzed during histopathological examination to verify that the minimal margin distance is adequate (≥5 mm) or inadequate (<5 mm) (3). Unfortunately, inadequate margins are frequently encountered (4). A retrospective analysis of 96 SCCT patients treated at our center revealed that 84% of the resection specimens had inadequate margins (5), which is in line with the literature (4). These patients may be considered as candidates for local adjuvant treatment, (chemo)radiotherapy or secondary resection. Local radiotherapy has several side effects, including mucositis, xerostomia, and osteoradionecrosis (6, 7). Furthermore, conducting secondary surgery not only requires additional operating time and anesthesia but it also introduces uncertainty regarding the anatomical relationship between the newly obtained resection specimen and the original specimen (8).

By assessing margins intra-operatively, surgeons can make immediate adjustments, eliminating the drawbacks of a second surgery. Several techniques exist for assessing margins: either during the resection (in-vivo) (5, 9–14) or immediately after (ex-vivo) (5, 12, 15–19). Frozen section analysis is the most frequently used ex-vivo method. However, it is prone to sampling errors as only a small portion of the resection specimen and/or wound bed is sampled (20). Further complicating this is the challenge in linking the frozen section sample to the resection specimens (21). Over the past decade, several publications have addressed using magnetic resonance (MR) for intra-operative margin assessment (22–24). While only a few institutions have a clinical MR-machine in the operating room, a high-field small-bore MR, typically located outside the operating room, produces high-quality images (23). Despite the inability to assess margins in-vivo, MR has the potential to generate three-dimensional (3D) representations of the resection specimen. The fact that such a 3D representation allows examiners to view the resection specimen from multiple angles and perspectives, contrasts with the small sampling rate of frozen section analysis.

This study serves as a proof of concept for using a high-field ex-vivo MR as an alternative to frozen section analysis for improved localization of inadequate margins. Digital MR-based 3D representations of the specimen, mapping the inadequate margins, were validated in two ways: 1) with conventional histopathological assessment as reference and 2) with a 3D representation of the specimen based on histopathology.





Methods




MR-image acquisition and qualitative assessment

Nine patients who underwent surgery for cT1-T3 squamous cell carcinoma of the tongue were prospectively included between January and June 2021. Sutures were applied to the specimen to facilitate orientation during scanning and pathological examination. Directly after surgery, the fresh resection specimens were transported to a small-bore 7T MR-machine (BioSpec 7T, Bruker, Ettlingen, Germany), with a 0.9 T/m gradient system, interfaced with a Philips console (Philips Medical Systems, Best, Netherlands R.5.4). Additional re-resections were not analysed. The resection specimens were placed on a support made of thermoplastic material and were fixated with a gauze. On this support, the resection specimens were placed in a poly-methyl methacrylatecylindrical container (outer diameter: 70mm, inner diameter: 59mm). The container was filled with perfluoropolyether fluorinated fluid (Galden, Solvay Solexis, Thorofare, NJ, USA) to prevent susceptibility artifacts during scanning. The container was placed in a transmit-receive volume coil with a 72 mm inner diameter and 112 mm outer diameter (Bruker) (Figure 1). The B0-field homogeneity was enhanced with shimming up to the second order. For each case, four scanning sequences were used: a 3D T2-weighted (T2W) Turbo Spin Echo (TSE) with an isotropic voxel size of 0.3 mm3 (referred to as MR 3D-images) and a T2W TSE with an in-plane resolution of 0.125 mm2 and 1.0 mm slice thickness in three orthogonal directions (referred as MR multislice-images). Details of these sequences are provided in Table 1. Two radiologists assessed image quality by independently rating the images using a 5-point Likert scale on four parameters: 1) overall image quality, 2) visibility of the tumor, 3) visibility of the transition between mucosa and resection plane, and 4) certainty of margin status.




Figure 1 | Set-up for MR image acquisition. (A) Resection specimen is placed on thermoplastic material. (B) Fixation of the specimen with gauze. (C) Resection specimen is placed in a PMMA cylindrical container.




Table 1 | MRI acquisition parameters.







Histopathological assessment

After MR-imaging, the fresh resection specimens underwent fixation in a 4% formaldehyde solution for a minimum of 24 hours before histopathological examination. The specimens were sliced into cross-sectional tissue blocks of approximately 3 to 5 mm thick, oriented perpendicular to the anterior-posterior axis. From each section, a 4 μm thick microscopic section was obtained and stained with hematoxylin and eosin (HE). After staining, the sections were converted to digital images (referred to as HE-images) using the methods of Stathonikos et al. (25). The margins of the resection specimens were determined at five specific locations: anterior, posterior, craniomedial (towards the dorsal surface of the tongue), caudolateral (towards the floor of mouth), and deep central (directly under the tumor). The anterior and posterior margins were determined by multiplying the average thickness of a single slice (derived from the specimen´s length divided by the number of slices taken) with the count of microscopically tumor-free slices in the respective anterior and posterior directions. The craniomedial and caudolateral locations were defined as the space between two 45-degree lines originating from a line parallel to the mucosa through the middle of the tumor. The deep central location encompassed the region between the craniomedial and caudolateral slices. Our center’s department of pathology adopted this method to distinguish the margins of the five locations, introduced during one of our previous studies (Figures 2A, B) (5). The margins and tumor thickness were measured using a digital ruler within dedicated software to assess microscopic images (Sectra IDS7, version 23.1, Linkoping, Sweden).




Figure 2 | Division of the specimen on histopathological HE-sections (according to conventional histopathological assessment) and on the digital specimens. (A) Two 45-degree lines diverge from a line parallel to the mucosa when a HE-section is faced from the front. In between the 45-degree lines, the specimen’s portion is defined as deep central. Outside these two 45-degree lines, the specimen's portion is either defined as craniomedial (towards the dorsum of the tongue) or caudolateral (towards the floor of mouth). (B) Top view of the specimen. Anterior and posterior margins are determined by multiplying the number of tumor-free slices with mean thickness of the tissue blocks. (C) Side view of the digital specimen which is divided by a conus from of which the apex is perpendicular to a plane fitted on the mucosa. The inclination of the conus is 45-degree. (D) Top view of the remaining portion of the digital specimen. This portion is divided by two perpendicular planes in four quadrants. The reference system for those planes is created perpendicular to the base of the cone and combined with a manually selected anterior and posterior point. (E) Anterior, posterior, craniomedial, caudolateral, deep central location of the resection specimen, depicted in a schematic figure of the tongue. The color of the specimen’s location corresponds with the colors in the text boxes of figure (A–D).







Creation of the MR-based digital specimen and HE-based digital specimen




Registration

The MR- and HE-images were imported in in-house built viewing and contouring software (Volumetool, version 1.30.39) (26). The coronal T2W images were used for registration with the HE-images. The choice of using this particular sequence had two reasons. Firstly, tumors exhibit better contrast with normal tissue in T2W multi-slice MR images than in T2W MR 3D-images. This is because in a 3D T2W TSE-scan small refocusing angles need to be used to preserve signal and prevent blurring due to T2 decay. Therefore, the T2 contrast is different from a multi slice T2W image. Secondly, the orientation of the coronal plane aligns with our institution’s recommended approach for resection specimen slicing to obtain HE-sections, which is specifically perpendicular to the anterior-posterior axis. Matching pairs of T2W slices and HE-images were selected. A point-based registration technique was used, where two observers (KK and JR) selected corresponding anatomical points (e.g., mucosa, tumor-protrusions, and arteries). Subsequently, the rotated and scaled HE-images were digitally stacked. This resulted in a volumetric representation of the histopathological situation, comparable to a coronal MR dataset. The observers could also adjust the distance between each HE-image within the specimen (Figures 3, 4A, 5). This procedure is similar to the methods described in the work of Caldas Magalhaes et al. (27).




Figure 3 | Workflow of the registration and mapping of the 3D outlines of MR-images on all obtained sequences.






Figure 4 | Workflow of the creation of the digital specimens. (A) Coronal, transversal and sagittal view of the T2W multislice MR-images, while matched with the HE-images. Includes tumor outlines by a histopathologist (blue line) and a outline of one of the two radiologists (green). (B) HE-DS (left) and MR-DS (right). Note that the representations of the tumors are different as the one of the HE-DS (blue) is derived from the pathologist’s outline and the one of the MR-DS (green) is derived from the radiologist’s outline. The mucosa (purple) and specimen’s outline (pink), representing the resection plane are visible as well. (C) Colormaps projected on the HE-DS (upper) and MR-DS (lower), highlighting the regions with inadequate margins in dark red, according to respectively histopathology and radiology. Green ellipsoid is a true positive inadequate margin. Red ellipsoid is a false positive inadequate margin. For the sake of clarity, the resection plane is represented in white. The mucosa is represented in purple.






Figure 5 | Coronal and sagittal views of the stacked HE-stained images (left column) and coronal T2W MR-image (right column) of case 8. As can be seen in this case, the HE-stained image spacing can be irregular and may contribute to underestimation of the anterior and posterior margin in the histopathological report; in the clinical report the anterior margin (lower slice) has been denoted as inadequate, since only one HE-stained image was tumor free and the main cross-section thickness was determined as 4.3 mm. However, after matching the HE-stained images with the coronal T2W MR-images, this distance seemed to be far larger.







Outline procedure

The radiologists contoured the tumor and mucosa by outlining both structures on the coronal T2W images. The pathologist was asked to perform the same procedure on the HE-images. This resulted in a volumetric outline for both the tumour and the mucosa, each determined independently by radiologists and a pathologist (Figures 3, 4A). Pathologist-determined volumetric outlines were propagated to the available MR sequences and slightly modified by three authors (KK, JR and MP) until mutual agreement was achieved. These modifications were considered justifiable because the relatively large variance of the HE-images’ spacing (1-10 mm) and because histopathological processing may affect the accuracy of the HE-images (i.e. shrinkage, tissue deformation, missing tissue) (Figure 5). Radiologist-determined volumetric outlines were propagated to the other MR-sequences (i.e. sagittal, transversal and 3D images) and to the stacked HE-images. In this way, the volumetric outlines of the radiologist could be compared with those of the pathologist (Figures 3, 4A). Using Volumetool, a threshold was applied to distinguish the background from the specimen on the images of the MR 3D-sequence to obtain a volumetric outline of the specimen’s contour.





MR-based and HE-image based digital specimens

Using medical image processing software, Mimics (v24.0, Materialise, Leuven, Belgium) and computer-assisted-design and modelling software 3-matic (v17.0, Materialise, Leuven, Belgium) the volumetric outline of the tumor, mucosa and specimen’s outer contour were combined to attain a 3D visual representation of the resection specimen; two as determined by the independent radiologists, referred to as the MR-based digital specimen (MR-DS) and one as determined by the independent pathologist, referred to as the HE-based digital specimen (HE-DS) (Figure 4B). The outer contour of the HE-DS was obtained from the MR-images to compensate for the artifacts that occur during histopathological processing.

For comparison purposes, a 3D substitute to the aforementioned conventional assessment of the five margin directions i.e. anterior, posterior, craniomedial, caudolateral and deep central was created (5) (Figure 2). Firstly, a cone with an apex angle of 45 degrees was created to designate the deep central region of the MR and HE-DS. The apex of the cone was placed manually in the middle of the tumor with its base perpendicular to a plane fitted onto the mucosa. Secondly, the portion of the MR- or HE-DS outside of the cone was divided into 4 quadrants. To define the quadrants, an anterior-posterior midplane was created perpendicular to the cone base by manually selecting an anterior and posterior point. This midplane was used as a reference system to create two perpendicular planes and divide the remaining portion of the MR- or HE-DS into the anterior, posterior, craniomedial and caudolateral quadrants (Figure 2). By applying a distance colormap on the MR- or HE-DS outline, highlighting regions were the distance between tumor and specimen’s outline was <5 mm, the MR- and HE-DS could be used to localize inadequate margins according to radiologist-determined outline on MR-images and pathologist-determined outline on HE-images (Figure 4C).






Analyses

Statistical analysis was performed using SPSS (version 27.0, IBM, Armonk, NY, USA).

To assess the accuracy of the radiologist-determined volumetric outlines of the tumor, when compared to its histopathologic counterpart, we utilized the 95th percentile Hausdorff distance (95HD). This statistic measures the maximum distance between corresponding points between the MR- and HE-DS’ tumors, while accounting for data variability and outliers. It was calculated in two ways:

	Underestimation 95HD: We computed the 95HD between the pathologist’s tumor outline and the Boolean intersection with the radiologists’, revealing tumor underestimation by the MR-DS.

	Overestimation 95HD: We computed the 95HD between the radiologists’ tumor outline and the Boolean intersection with the pathologist’s, revealing tumor overestimation by the MR-DS.



Furthermore, the accuracy of the MR-DS in inadequate margin (i.e. <5 mm) prediction was assessed per location (e.g., anterior, posterior, craniomedial, caudolateral and deep) in two manners: 1) by comparing it with the margins of all five locations, as described by the conventional method of histopathological margin assessment and 2) by comparing it with the HE-DS. It was determined whether the location of the highlighted regions that indicated <5 mm on the MR-DS corresponded with those on HE-DS (Figures 2 and 4). Accuracy was presented as sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV).

As the conventional histopathological margin assessment is the gold standard, and not the HE-DS, we compared location of the inadequate margins according to the HE-DS with the results of conventional pathology. This allowed us to explain differences in diagnostic accuracy when using the different reference standards.






Results




Clinical characteristics

The cohort consisted of 9 cases with various tumor stages: pT1 (4 cases), pT2 (2 cases), and pT3 (3 cases). The mean (SD) of depth of invasion (DOI) was 6.9 (4.9) mm. Unfavorable histopathological growth patterns (i.e. non-cohesive growth, perineural growth, and vascular invasion) were noted as follows: none for two cases, 1 for three cases, 2 for three cases, and 3 for one case. All cases exhibited moderately differentiated tumors based on histopathology, except for case 4, which had a well-differentiated tumor (Table 2).


Table 2 | Case-specific characteristics.







Qualitative assessment of original ex-vivo MR-images

On a scale from 1 to 5, the median image quality was rated 4 (range: 3-4) by R1 and 3 (range: 3-5) by R2. The median visibility of the tumor was rated 4 (range: 2-4, case 3 received a score of 2) by R1 and 4 (range: 3-5) by R2. The visibility of the transition from the mucosa to the resection plane was rated 3 (range: 1-4, case 3 received a score of 1, and case 5 a score of 2) by R1 and 4 (range: 4-5) by R2. For image quality, both observers agreed with a maximum of 1 point difference in 100% of the cases. For tumor visibility this was 100% and 66%, respectively.





Diagnostic accuracy of the MR-based digital specimens

Underestimation 95HD and overestimation 95HD of the tumor extension as derived by the radiologists in MR-DSs are depicted in Table 2 and Figure 6. Range of overestimation 95HD (0.9 mm – 11.8 mm) was far larger than the range of underestimation 95D (0.0 mm – 5.3 mm). Except for the outlier of 5.3 mm, the maximal underestimation 95HD was 1.7 mm. When comparing the MR-DS with conventional histopathological assessment, R1 exhibited higher sensitivity than R2, but lower specificity. This observation remained consistent when the MR-DSs were compared with the HE-DSs. In overall, the diagnostic accuracy was higher when referred to the HE-DS than when referred to conventional histopathological assesment (Table 3).




Figure 6 | 95th percentile Hausdorff under and overestimation of the tumor margin in de MRI of the specimen (MR-DS)- with respect to the of the tumor in the HE-based digital specimen (HE-DS).




Table 3 | Diagnostic accuracy of detection of inadequate margins (<5 mm).







Comparison between conventional histopathology and HE-based digital specimens

To assess the impact of the HE-DS as a 3D reference, we conducted a comparison of its margins with those obtained through conventional histopathologic assesment. Of the forty-five histopathological margins measured with conventional histopathological assessment, nine (20%) were inconsistent with the HE-DS. For five of these inconsistencies, it became evident that the subdivision of the HE-DS into the anterior, posterior, caudolateral, craniomedial, and deep central regions did not correspond to the conventional subdivision (Figures 2 and 4C). Consequently, four regions in three cases were classified as adequate (≥ 5mm) by the conventional assessment and inadequate (<5 mm) by the HE-DS: anterior in case 1, anterior and posterior in case 3, and craniomedial in case 5. In the deep central part of case 5, the margin was classified as inadequate by the conventional assessment and adequate by the HE-DS. In three of the nine inconsistencies, the histopathological margin appeared slightly modified due to deformation during processing of the MR-or HE-images. This caused the deep central margin in the HE-DS for case 1 to be classified as inadequate due to compression during scanning. Two margins in two cases, i.e. case 2 and case 9, were classified as adequate by the HE-DS, but inadequate by the conventional method due to rupture and shrinkage during histopathological processing. As we used the specimen’s outline, derived from the MR-images, to compensate for these artifacts, the HE-DS’s margin differed from conventional margin assessment. In the last inconsistency, the thickness of both the most anterior and posterior HE-images of case 8 appeared to be greater than what was estimated by conventional assessment (Figure 5). As only these slices were tumor-free, the anterior and posterior margins were reported as inadequate, whereas, according to the HE-DS, they were judged adequate.






Discussion

In this study, we evaluated whether the volumetric assessment of resection margins using MR-DSs, as determined by radiologists, could improve the localization of inadequate (<5 mm) margins. We compared the inadequate margins according to the MR-DS with 1) conventional histopathologic assessment and 2) with a HE-DS. When conventional histopathological margin assessment was used as a reference, we found that the MR-DS had moderate sensitivity and specificity for inadequate margin detection. However, when compared with a HE-DS, sensitivity and specificity were higher. Generally, the NPV for detecting inadequate margins is higher than the PPV. Apparently, the tumor’s volume is more often overestimation and underestimation. As the incidence of inadequate margins is relatively high, there is a relatively high frequency of false positives and a low frequency of false negatives, which results in a lower specificity but higher sensitivity.

There are several reasons why the diagnostic accuracy of MR-DS, when referred to HE-DS, was higher than when referred to conventional histological assessment. Firstly, the framework for the localization of inadequate margins on MR-DS (i.e. determining whether there was a region of inadequate margin at the anterior, posterior, craniomedial, caudolateral and deep central portion) was defined exactly the same as the HE-DS. In contrast, conventional histopathology defines anterior and posterior margins based on the number of tumor-free HE-images multiplied by the average tissue block thickness (typically 3-5 mm). However, the actual distance between HE-images may vary, especially when they originate from sections taken from the outermost distal or proximal parts of the tissue block. Hence, spacing may vary between 1-10 mm. Secondly, the colormap that was used to highlight the inadequate margins on the MR- and HE-DS led to the interpretation of the inadequate margin as an area, rather than a point, which contrasts with conventional histopathology. Thirdly, the imaging methods and histopathological processing inherently introduce forces that can cause deformation or tearing of the resection specimen. During scanning, the deep central margin may be compressed against the support of the specimen, leading to an underestimation of the margin distance. Moreover, histopathological processing can cause rupturing (e.g., case 9) and shrinkage of the specimen. Although the effect of shrinkage might be compensated by the rigid scaling that was applied during registration, shrinkage might not be uniform over the entire specimen. For instance, Umstattd et al. (28) demonstrated that specimen shrinkage predominantly occurs in the healthy tissue rather than in the tumor, which might have been the situation in case 2.

The fact that sensitivity of the MR-DS was higher than specificity may be caused by the fact that the range of tumor overestimation (95HD: 0.9 mm – 11.8 mm) was far larger than the range of underestimation (95HD: 0.0 mm – 1.7 mm, with one outlier at 5.3 mm). Radiologists’ tendency to overestimate tumor volume leads to a low PPV (i.e. relatively many false positives, few true positives) and a high NPV (i.e. relatively many true negatives, few false negatives). However, overestimating the tumor has a more favorable clinical impact than underestimation. Despite the increased likelihood of unnecessary intraoperative re-resection, surgeons retain the discretion to disregard the indication when resecting structures that would significantly impact the patient’s quality of life. At the same time, this approach increases the likelihood of a successful re-resection.

A challenge frequently encountered during ex-vivo intra-operative margin assessment of tongue cancer is the loss of the anatomical relationship between the inadequate margins and the wound bed (8). One might argue that a technique allowing in-vivo assessment (during the actual resection) is more favorable. At our institute, we investigated the application of intra-operative ultrasound during tongue cancer surgery (5). This technique enabled us to scan the entire resection specimen, both in-vivo and ex-vivo. Based on our experience (5) and that of others (14, 29–32) in-vivo ultrasound can significantly enhance surgical resection margins. However, the diagnostic accuracy of the ultrasound in locating inadequate margins ex-vivo was moderate (area under the curve: 0.63). Additionally, the field of view is limited by the probe’s size and its acoustic penetration depth. Most other techniques for in-vivo assessment primarily reveal only the tumor’s mucosal extent (9, 11, 13). As no superior in-vivo technique has emerged thus far, ex-vivo margin assessment remains crucial for margin control. The fact that MR-DSs could be projected on screens in the surgical room may facilitate a clearer understanding of the relationship between the inadequate margin in the specimen and the wound bed.

Bekedam et al. (18) attempted to develop an ultrasound-based digital specimen – with a colormap - of the resection specimen. This was achieved by stacking ultrasound images of which the reciprocal relation was determined using an electromagnetic tracker. They found that the interpretation of margins became easier. One notable limitation, however, was the limited image-quality produced by the 10 MHz probe. Additionally, they did not differentiate the mucosa in their digital specimen from the actual resection plane.

Several groups have conducted research on ex-vivo MR of tongue cancer specimens. Steens et al. (22) evaluated the visibility of tongue cancer and resection margins from ten MR scans of resection specimens using a similar small-bore 7T MR as employed in our study. In three out of the ten specimens, the tumor was not visible, potentially due to a small depth of invasion (DOI), i.e. <1 mm.

In another study, Heidkamp et al. (23) studied ten tongue cancer specimens using a 3T MR scanner, situated in a surgical room, to improve logistics. The consequence of the lower field strength and larger bore was that the lower signal to noise ratio hampered the visibility of the transition between mucosa and resection plane. In our study, only a few cases received a score lower than 3 for the visibility of this transition. In case 3, the low visibility may have been attributed to the specimen being pressed against the cylindrical container. In case 5, it may have been caused by mucosal damage. Nevertheless, transition visibility did not seem to influence diagnostic accuracy significantly.

Giannitto et al. (24) performed a study with some similarities to our methods, i.e. they used a 3D-printed model of the tongue and tumor on which the resection specimen was attached for orientation of the specimen. Their 1.5T clinical ex-vivo MR-images showed a perfect diagnostic accuracy in predicting margin status (sensitivity and specificity both 100%). However, they stated their results were inconclusive due to the small sample size (n=10) and relatively high number of true negatives.

Several limitations of our study need to be acknowledged. Firstly, the sample size was small, which implies that our results cannot be conclusive. Secondly, despite the efforts to align HE- with MR-images, minor inaccuracies might have been introduced (as shown in Supplementary Data). Thirdly, the specimen’s outlines, derived from the MR-images, were utilized to reconstruct the resection plane for both the MR- and HE-DSs. This implies that margin underestimation resulting from compression is reflected in the HE-DS but not in the outcomes of conventional histopathological analysis. Consequently, the HE-DS yields different results when compared to the established clinical standard, raising questions about its accuracy as a reference standard. Finally, the radiologists are not specifically trained in tumor delineation on MR-images of the resection specimens. As a result, their performance during this study might have been influenced by a learning curve.

Future studies should consider a larger sample size to strengthen the validity of the results. Other MR contrasts, such as diffusion or enhanced T2 contrast on the T2W TSE sequence used in this study, should be explored to optimize the visibility of the tumor and mucosa. Efforts to improve registration accuracy, such as setups that control the spacing between HE-images, are currently being pursued. Radiologists should be provided with a training set to optimize their outline performances on MR-images and improve their inter-observer agreement (especially for detecting the mucosa). Meanwhile, such a training set can also be used in deep learning to train a convolutional neural network capable of automatically outline tumors from healthy tissue (33). By saving a vast amount of time, as manual outline is a time-consuming effort, deep learning may optimize the challenging logistics faced when ex-vivo MR is used in clinical practice. At the time of writing, such a training set is currently under construction.





Conclusion

In conclusion, this proof of concept for volumetric assessment of resection margins using MR-DSs, as determined by radiologists, demonstrates promising potential for further development. This approach can enhance our understanding of the position of inadequate margins within the resection specimen. In the near future, this method could assist surgeons during tongue cancer resections by guiding them toward more precise and adequate direct intraoperative re-resection. Future studies should prioritize establishing a reliable registration with histopathology to validate the MR-DS. This step is crucial, especially if these models can be utilized in creating training sets for deep learning applications. Nonetheless, our study offers a foundational proof of principle, paving the way for subsequent studies to validate, apply, and refine this technique further toward clinical implementation.
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