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Abstract

High-resolution, noninvasive and nondestructive imaging of the subepithelial structures of the 

larynx would enhance microanatomic tissue assessment and clinical decision making; similarly, 

in situ molecular profiling of laryngeal tissue would enhance biomarker discovery and pathology 

readout. Towards these goals, we assessed the capabilities of high-resolution magnetic resonance 

imaging (MRI) and matrix-assisted laser desorption/ionisation-mass spectrometry (MALDI-MS) 

imaging of rarely reported paediatric and adult cadaveric larynges that contained pathologies. The 

donors were a 13-month-old male, a 10-year-old female with an infraglottic mucus retention cyst 
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and a 74-year-old female with advanced polypoid degeneration and a mucus retention cyst. MR 

and molecular imaging data were corroborated using whole-organ histology. Our MR protocols 

imaged the larynges at 45–117 μm2 in-plane resolution and capably resolved microanatomic 

structures that have not been previously reported radiographically—such as the vocal fold 

superficial lamina propria, vocal ligament and macula flavae; age-related tissue features—such 

as intramuscular fat deposition and cartilage ossification; and the lesions. Diffusion tensor imaging 

characterised differences in water diffusivity, primary tissue fibre orientation, and fractional 

anisotropy between the intrinsic laryngeal muscles, mucosae and lesions. MALDI-MS imaging 

revealed peptide signatures and putative protein assignments for the polypoid degeneration lesion 

and the N-glycan constituents of one mucus retention cyst. These imaging approaches have 

immediate application in experimental research and, with ongoing technology development, 

potential for future clinical application.
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diffusion tensor imaging; glycomics; molecular imaging; mucus retention cyst; polypoid 
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1 | INTRODUCTION

Imaging is an essential modality in the assessment of laryngeal anatomy and physiology. 

While the vocal fold epithelium is easily visualised on laryngoscopy, subepithelial integrity 

cannot be visualised directly and so is inferred from the mucosal surface contour and 

physiologic features of tissue oscillation during phonation (Rosen & Murry, 2000; Sulica, 

2013). Clinically, in the absence of suspicion of papilloma, dysplasia or carcinoma, biopsy 

is typically deferred to avoid the risk of iatrogenic dysphonia, meaning that definitive 

pathological diagnosis of a presumed benign lesion is only obtained following surgical 

resection. Additional options for nondestructive vocal fold imaging would therefore enhance 

microanatomic assessment and—in clinical situations—provisional diagnosis, treatment 

planning and disease surveillance.

To date, experimental and early clinical efforts to advance the high-resolution imaging 

required for nondestructive subepithelial feature detection have focused on high-frequency 

ultrasound (Huang et al., 2007; Tamura et al., 2001, 2002; Walsh et al., 2008), optical 

coherence tomography (OCT; Armstrong et al., 2006; Burns et al., 2005, 2011; Jungheim et 

al., 2016; Klein et al., 2006; Maturo et al., 2012; Wong et al., 2005) and magnetic resonance 

imaging (MRI; Herrera et al., 2009; King et al., 2018; Kishimoto et al., 2016; Oleson et 

al., 2018, 2020). High-frequency ultrasound and OCT offer real-time imaging at 10–50 μm 

spatial resolution but require an imaging probe, have limited depth penetration and do not 

acquire images in broad anatomic context. MRI—which unlike X-ray and computerised 

tomography does not deliver ionising radiation—allows visualisation of whole tissues and 

organs (including collection of three-dimensional [3D] data), provides high contrast in 

connective tissues, and can be used to map molecular diffusion (Le Bihan et al., 2001). Prior 

MRI studies of vocal fold mucosa in dog, pig, rabbit, ferret and rat models have successfully 

characterised major anatomic landmarks, hydration status, surgical injuries, fibrosis and 
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bioimplants at sub-50 μm resolution (Herrera et al., 2009; King et al., 2018; Kishimoto et al., 

2016; Kolosova et al., 2021; Oleson et al., 2018, 2020).

Here, to expand on this previous work and explore translational potential in the human 

larynx, we conducted high-resolution MRI, including diffusion tensor imaging (DTI), 

of rarely reported cadaveric specimens: intact larynges from a 13-month-old infant, 

a 10-year-old child with an infraglottic mucus retention cyst and a 74-year-old adult 

with both advanced polypoid degeneration (Reinke’s oedema) and a supraglottic mucus 

retention cyst. We corroborated our MRI findings with whole-larynx histology and in 
situ molecular characterisation of the laryngeal pathologies using matrix-assisted laser 

desorption/ionisation-mass spectrometry (MALDI-MS) imaging—a powerful molecular 

technology that enables in situ mapping of the spatial distribution of proteins, glycans and 

lipids within tissue samples for biomarker discovery and enhanced pathological assessment 

(Calligaris et al., 2015; Caprioli et al., 1997; Eberlin et al., 2016; Stauber et al., 2010; Zhang 

et al., 2020).

2 | METHODS

2.1 | Cadaver tissue procurement and processing

Human larynges were obtained from three cadavers at autopsy with approval of the 

University of Wisconsin Health Sciences Institutional Review Board. The cadaveric donors 

were a 13-month-old male (cause of death, seizure disorder), 10-year-old female (cause 

of death, neuroblastoma) and 74-year-old female (cause of death, cardiopulmonary event). 

Larynges were obtained <24 h postmortem; the end-of-life airway status of the donors was 

unavailable. Each specimen was trimmed of oesophageal and hypopharyngeal tissue prior 

to imaging; the lateral thyroid cartilage (TC) laminae were removed from the 74-year-old 

specimen to accommodate the interior dimensions of the MRI volume coil. Samples were 

immersed in 4% paraformaldehyde (PFA) at 4°C for 7–10 days prior to image acquisition.

2.2 | MRI

MRI was performed in a 4.7 T instrument (Agilent Technologies) using a 210 mm bore 

magnet and standard volume coil. VnmrJ software (Agilent Technologies) was used for 

instrument control and data acquisition.

We began by acquiring non-contrast-enhanced (nCE) T1- and T2-weighted (T1W and T2W, 

respectively) images. Next, to reduce longitudinal relaxation time and evaluate its effect 

on tissue contrast, and because of its utility in our prior work with ex vivo rat larynges 

(Kishimoto et al., 2016), we repeated the T1W acquisition sequences following immersion 

in 5 mM gadobenate dimeglumine (Gd) contrast agent (MultiHance, Bracco Imaging) in 4% 

PFA for 10 days. All specimens were blotted to remove surface fluid and suspended in liquid 

perfluorocarbon prior to scanning.

Due to differences in laryngeal size and tissue composition, as well as pathologies in two of 

the three larynges, we used the following specimen-specific acquisition parameters: (a) T1W 

gradient echo (3D), 13-month-old specimen (repetition time/echo time [TR/TE], 20.6/6.5 

ms; number of excitations [NEX], 24; flip angle [FA], 65°; field-of-view [FOV], 46 × 23 × 
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23 mm; matrix, 512 × 256 × 256; 90 μm3 voxel resolution); (b) T1W spin echo (multi-slice), 

13-month-old specimen (TR/TE, 1800/22 ms; NEX, 8; FOV, 23 × 23 mm; matrix, 512 × 

512; 45 μm2 in-plane voxel resolution; 0.75 mm thickness; 41 slices); (c) T1W gradient echo 

(3D), 10-year-old specimen (TR/TE, 20.6/6.5 ms; NEX, 24; FA, 65°; FOV, 60 × 30 × 30 

mm; matrix, 512 × 256 × 256; 117 μm3 voxel resolution); (d) T1W spin echo (multi-slice), 

10-year-old specimen (TR/TE, 3500/22 ms; NEX, 16; FOV, 30 × 30 mm; matrix, 512 × 

512; 59 μm2 in-plane voxel resolution; 1 mm thickness; 35 slices); (e) T2W spin echo 

(multi-slice), 10-year-old specimen (TR/TE, 6000/65 ms; NEX, 16; FOV, 32 × 32 mm; 

matrix, 512 × 512; 63 μm2 in-plane voxel resolution; 1 mm thickness; 41 slices); (f) T1W 

gradient echo (3D), 74-year-old specimen (TR/TE, 20.6/6.5 ms, NEX, 24; FA, 65°; FOV, 

60 × 30 × 30 mm; matrix, 512 × 256 × 256; 117 μm3 voxel resolution); (g) T1W spin 

echo (multi-slice), 74-year-old specimen (TR/TE, 1800/22 ms; NEX, 12; FOV, 30 × 30 mm; 

matrix, 512 × 512; 59 μm2 in-plane voxel resolution; 0.75 mm thickness; 55 slices).

Scan data were reviewed and analysed using ImageJ (Schneider et al., 2012). Volume 

rendering and measurements were performed using Horos 3.3.6 (Purview) and MIPAV 

10.0.0 (National Institutes of Health).

2.3 | DTI

Larynges underwent a 10-day washout of Gd and PFA and rehydration in phosphate 

buffered saline prior to DTI; the instrument setup and specimen suspension in 

perfluorocarbon was as described above. Three unweighted and 30 diffusion-weighted 

images with b-value of 1000 s/mm2 were acquired using a spin echo (multi-slice) pulse 

sequence (TE/TR, 1800/22 ms; NEX, 1). The spatial dimensions were as follows: 13-month­

old and 10-year-old specimens (FOV, 30 × 30 mm; matrix, 128 × 128; 234 μm2 in-plane 

voxel resolution; 1 mm thickness; 35 slices); 74-year-old specimen (FOV, 32 × 32 mm; 

matrix, 256 × 256; 125 μm2 in-plane voxel resolution; 1 mm thickness; 35 slices).

DTI processing was performed offline using TORTOISE (Irfanoglu et al., 2017) to fit the 

diffusion tensor (DT) and generate maps for: (a) DT trace and mean diffusivity, to report the 

magnitude of water diffusivity; (b) fractional anisotropy, to report preferential directionality 

of tissue; and (c) directionally encoded colour (Pajevic & Pierpaoli, 1999), to show the 

primary orientation of tissue fibres. Quantitative region-of-interest analysis was performed 

for each intrinsic laryngeal muscle and each pathological lesion via manual tracing of the 

relevant DTI maps from each larynx using Functional Magnetic Resonance Imaging of the 

Brain Software Library (FSL) tools (Jenkinson et al., 2012).

2.4 | Histology

Specimens were refixed in 4% PFA for 3–7 days and processed for whole-larynx histology 

using a previously reported protocol (Wittekindt et al., 2006, 2008) with substitution of Cal­

Ex (Thermo Fisher Scientific) for the decalcification step. Five-μm thick paraffin sections 

were cut in the axial plane; three serial sections per 25 were stained with haematoxylin 

and eosin (H&E), Movat’s pentachrome and alcian blue (pH 2.5), respectively. Stained 

sections were scanned using an Aperio CS2 digital slide scanner at 20× magnification (Leica 

Biosystems) and reviewed using Aperio ImageScope 12.1 (Leica Biosystems).
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2.5 | MALDI-MS imaging

Tissue sections were annealed onto slides at 60°C for 30 min; deparaffinised by washing 

three times each in xylene, 100% ethanol, 95% ethanol and 70% ethanol; and heated in 20 

mM citrate buffer (pH 6) at 95°C for 1 h to retrieve antigens.

To release N-glycans, 20 μl of 10 U/μl PNGase F (Promega) dissolved in 380 μl of 15 

mM ammonium bicarbonate buffer was sprayed onto tissue sections using a TM-Sprayer 

(HTX Technologies) with the following setup: flow rate of 10 μl/min, nozzle nitrogen gas 

pressure at 8 psi, nozzle temperature at 35°C, nozzle velocity of 800 mm/min, and tracking 

space of 2 mm. Following incubation in a humidified chamber at 37°C for 12 h, sections 

were sprayed with 40 mg/ml 2,5-dihydroxybenzoic acid (DHB) matrix in MeOH/H2O/TFA 

(70:30:0.1 v/v/v) using a TM-Sprayer with the following setup: flow rate of 50 μl/min for 

20 passes, drying time of 30 s between each pass, nozzle nitrogen gas pressure at 10 psi, 

nozzle temperature at 80°C, tray temperature at 30°C, nozzle velocity of 1000 mm/min, and 

tracking space of 2 mm.

Prior to in situ peptide imaging, tissue sections were washed with 10 mM ammonium 

bicarbonate buffer to remove DHB matrix and released N-glycans, placed in a desiccator 

until dry, then sprayed with 100 ng/μl trypsin gold (Promega) in 10 mM ammonium 

bicarbonate buffer using the same TM-Sprayer parameters described above for PNGase 

F deposition. After incubation in a humidified chamber at 37°C for 12 h, sections were 

sprayed with 40 mg/ml DHB in MeOH/H2O/TFA (70:30:0.1 v/v/v) using the same TM­

Sprayer parameters described above for matrix application.

MALDI-MS experiments were conducted using a MALDI-LTQ-Orbitrap XL mass 

spectrometer (Thermo Fisher Scientific) equipped with a 60 Hz 337 nm N2 laser. MS 

data were collected in the positive ion mode with a mass-to-charge ratio (m/z) range of 

100–3000, mass resolution of 60 K, raster step size of 75 μm and laser energy of 20 

μJ. Xcalibur and ImageQuest (Thermo Fisher Scientific) were employed to perform data 

analysis; MSiReader (NC State University, Raleigh, NC) was used for image normalisation 

and ion map generation with 5 ppm mass error tolerance. N-glycan signal intensities were 

normalised to total ion count for the construction of N-glycan maps. The SwePep peptide 

database (Uppsala University, Uppsala, Sweden) was used for accurate mass matching of 

peptides with <10 ppm error tolerance.

N-glycan compositions were tentatively assigned by searching the UniCarbKB database 

(https://www.glygen.org); observed N-glycans were annotated using GlycoWorkbench 

(Damerell et al., 2012) with <10 ppm mass error tolerance; structures were drawn according 

to the Symbol Nomenclature for Glycans (SNFG) format (Neelamegham et al., 2019).

To identify putative peptides/proteins associated with polypoid degeneration, peptide peaks 

unique to the lesion region were submitted to MS-FIT (https://prospector.ucsf.edu/) and 

protein assignments with MOlecular Weight SEarch (MOWSE) (Pappin et al., 1993; Perkins 

et al., 1999) scores of 75 and above were reported. The MOWSE score reflects the relative 

confidence of the protein assignment and is defined as −log10 P of the assignment occurring 

by chance.
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3 | RESULTS

3.1 | Characterisation of paediatric and adult larynges at the glottis

We first assessed the ability of MRI to resolve key laryngeal substructures in the three 

specimens representing different ages and developmental stages (Figure 1; Videos S1–

S3). Using contrast-enhanced (CE) T1W gradient and spin echo sequences and data 

acquisition at 45–117 μm2 in-plane resolution, we confirmed well-established differences 

in the laryngeal skeleton, such as the relatively superior extension of the cricoid cartilage 

(CC) lamina in infancy (i.e., prior to its developmental descent [Wilton & Hack, 2019]) 

and flattening of the contour of the TC laminae with age (Eckel et al., 1999; Glikson et 

al., 2017). We further noted increased intramuscular fat deposition with age, as well as 

ossification of the TC and hyaline region of the arytenoid cartilage (AC) in the 74-year-old. 

Each observation was corroborated by histology.

Within the vocal fold, MRI capably resolved the superficial lamina propria (SLP) from the 

deeper and relatively hyperintense vocal ligament (VL); the anterior macula flava (AMF) 

from both the anterior commissure tendon and VL; and the posterior macula flava (PMF) 

from the VL as well as the elastic and hyaline AC (Figure 1b). Consistent with prior reports 

of the infant larynx (Hartnick et al., 2005; Sato et al., 2001), the 13-month-old specimen 

exhibited intact AMF and PMF separated by a uniform density LP that contained no 

detectable VL; histology from this specimen showed an immature, partially formed ligament 

(Figure 1c). Volume rendering and measurement of the AMF and PMF highlighted their 3D 

teardrop morphology, consistently greater volume in the anterior location, and proportional 

volume increase during development (Video S4): 0.95 versus 0.33 μl in the 13-month-old 

AMF and PMF, respectively (anterior-to-posterior ratio, 2.86:1); 1.29 versus 0.47 μl in the 

10-year-old AMF and PMF, respectively (anterior-to-posterior ratio, 2.72:1); 3.26 versus 

1.12 μl in the 74-year-old AMF and PMF, respectively (anterior-to-posterior ratio, 2.91:1).

Next, we performed DTI to evaluate water diffusion and primary fibre orientation (Video 

S5). Trace maps at the level of the glottis indicated that diffusivity was highest in the 

LP compared to adjacent structures; directionally encoded colour maps were consistent 

with the known orientation of the intrinsic laryngeal muscles (Figure 2a). Quantitative 

analysis of six intrinsic laryngeal muscle and two mucosal subsites showed: lower fractional 

anisotropy (i.e., greater isotropy) in mucosa compared to skeletal muscle, as well as 

higher mean diffusivity and lower fractional anisotropy in the skeletal muscles of the 

older specimens (Figure 2b). We observed the greatest divergence between muscle (lower 

mean diffusivity, higher fractional anisotropy) and mucosal (higher mean diffusivity, lower 

fractional anisotropy) diffusion properties in the 13-month-old specimen.

3.2 | Characterisation of polypoid degeneration

The polypoid degeneration lesion in the 74-year-old specimen was accompanied by patchy 

leukoplakia on the epithelial surface (Figure 3a). The 149 μl lesion core (Video S6) 

exhibited hyperintensity on CE T1W imaging; the surface leukoplakia was relatively less 

intense (Figure 3b). On DTI, the lesion showed greater diffusivity and lower fractional 

anisotropy than all skeletal muscle and mucosal subsites in the same specimen (Figure 7). 
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Histology revealed: (a) capillary wall thickening and extravascular leakage of red blood 

cells; (b) acellular stromal regions containing edematous lakes; (c) dense fibrin deposits; 

and (d) epithelial hyperparakeratosis with basement membrane thickening, localised to the 

regions that were leukoplakic on gross examination (Figure 3c). These observations are 

consistent with prior reports of the pathophysiology of polypoid degeneration in human 

patients (Dikkers & Nikkels, 1995, 1999).

Follow-up proteomic analysis using on-tissue tryptic digests and MALDI-MS imaging 

revealed a series of peptides with elevated intensity signatures in the lesion region compared 

to the adjacent mucosa (Figure 4). Mass fingerprinting of the full set of lesion-specific 

peptides yielded 33 putative protein assignments (Table 1), including proteins involved in 

interferon induction for innate immunity (interferon-induced helicase C domain-containing 

protein 1 [IFIH1]; E3 ubiquitin/ISG15 ligase TRIM25 [TRIM25]); epithelial keratinisation 

and cornification (keratin, type II cytoskeletal 1b [KRT77]; sciellin [SCEL]); cellular 

proliferation and growth (dual specificity protein phosphatase 4 [DUSP4]; myotubularin­

related protein 6 [MTMR6]; guanine nucleotide exchange protein SMCR8 [SMCR8]; 

UPF0258 protein KIAA1024 [MINAR1]); and carcinogenesis (BCRA1-associated protein 

[BRAP]; metastasis-associated in colon cancer protein-1 [MACC1]; sulfotransferase 1A2 

[SULT1A2]).

3.3 | Characterisation of mucus retention cysts

The infraglottic vocal process lesion in the 10-year-old specimen was 1.5 μl (Video S6) 

and exhibited a hyperintense and circumscribed core (with relatively hypointense capsule) 

on CE T1W imaging, a hypointense core (with relatively hyperintense capsule) on nCE 

T1W imaging, and a hyperintense core (with relatively hypointense capsule) on nCE T2W 

imaging (Figure 5a). T2W imaging additionally showed the lesion located among a chain 

of hyperintense structures distributed circumferentially around the posterior infraglottis, 

consistent with the distribution of the posterior commissure mucous glands (Nassar & 

Bridger, 1971). Several of these glandular structures appeared to have ducts extending to 

the lumen. Histologically, the lesion capsule was comprised of epithelia on both sides of a 

stroma (Figure 5b); the lesion core was absent, presumably lost during tissue processing. 

These MR and histological findings are consistent with a diagnosis of mucus retention cyst.

We identified a radiologically similar 17.3 μl lesion in the supraglottic mucosa of the 

74-year-old specimen (Video S6)—presumably incidental to the polypoid degeneration 

finding. As in the 10-year-old specimen, this lesion exhibited a hyperintense core (with 

relatively hypointense capsule) on CE T1W imaging, in contrast with a hypointense core 

(with relatively hyperintense capsule) on nCE T1W imaging (Figure 5c). Alcian blue-and 

pentachrome-stained sections showed an acellular, mucin-dense lesion core surrounded by a 

circumferential epithelial lining; the lesion resided in an excretory duct immediately cranial 

to the superior aspect of the laryngeal ventricle (Figure 5d).

Given preservation of the lesion core on tissue sections from the 74-year-old specimen, we 

assayed its molecular signature using MALDI-MS imaging. On-tissue proteomic analysis 

revealed the complete absence of peptide-associated ions in the lesion core (Figure 6a), 

indicating relatively low protein content and supporting the likely presence of mucus. 
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Glycan profiling detected six high-mannose and complex N-glycans within the lesion 

(Figure 6b,c), corroborating its positive mucin stain on histology and giving greater 

specificity to its glycomic make-up. These MR, histological and glycomic findings are 

consistent with a diagnosis of mucus retention cyst.

DTI of the two cysts showed enhanced water diffusion within both lesion cores; in both 

specimens, mean diffusivity was greater than that measured in all adjacent skeletal muscle 

and mucosal subsites (Figure 7). Fractional anisotropy in the 10-year-old specimen’s cyst 

was lower than that in all adjacent subsites, whereas fractional anisotropy in the 74-year-old 

specimen’s cyst was comparable to all adjacent subsites.

4 | DISCUSSION

Using high-value paediatric and adult human larynges containing pathologies, we 

performed proof-of-concept imaging via two complimentary modalities: high-resolution 

MRI, providing nondestructive characterisation of whole-specimen microanatomy, water 

diffusivity and tissue fibre orientation; and MALDI-MS imaging, providing in situ 
characterisation of proteomic and glycomic signatures. Given the importance of precise 

assessment of subepithelial structures for clinical workup and disease surveillance, as well 

as for pathologic analysis of biopsied tissue, both imaging modalities have the potential to 

enhance preclinical research and, eventually, clinical care.

Clinical MRI, generally performed at field strengths from 1.5 to 3.0 T, has shown value 

in assessing laryngoplastic implants (Ford et al., 1995), vascular anomalies (Guneyli et 

al., 2014) and cancer invasion (Agnello et al., 2017; Maroldi et al., 2014; Preda et al., 

2017); moreover, it has been endorsed for laryngeal workup in infants and children due to 

the absence of ionising radiation (Elders et al., 2019). DTI is also used clinically and has 

shown utility in discriminating neoplastic laryngeal tissue from adjacent oedema (Elders et 

al., 2019; Maroldi et al., 2014). Here, using an ex vivo setup at 4.7 T, immersion Gd CE, 

optimised acquisition sequences and extended acquisition times, we microimaged vocal fold 

substructures that—to our knowledge—have not been previously reported radiographically. 

We resolved laryngeal pathologies with delineation of polypoid degeneration from patchy 

leukoplakia on the epithelial surface, as well as cyst lesion cores from their capsules; 

further, we quantified diffusion features with direct applicability to laryngeal tissue fibre 

organisation and disease presentation.

Despite these advances, care is required when interpreting our findings and considering 

future clinical translation. In addition to the possibility of postmortem autolysis, tissue 

fixation with PFA, prolonged immersion in Gd for CE imaging, and later washout of PFA 

and Gd for DTI, likely yields different tissue contrast features than are seen during in 
vivo imaging of human patients, for whom Gd CE is delivered intravenously. For example, 

cysts classically exhibit hyperintensity on T2W imaging, alongside relative hypointensity 

on T1W imaging that is not subject to CE (Wu & Hochman, 2009); however, we observed 

hyperintensity of both cyst lesion cores on CE T1W imaging, suggesting that the Gd agent 

permeated the cyst during the 10-day immersion period. Similarly, despite our use of a 

prolonged washout protocol, incomplete removal of PFA from any tissue region could have 
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influenced our DTI data via the known impact of aldehyde fixatives on water diffusivity 

within tissue (Shepherd et al., 2009).

Practical implementation of high-resolution laryngeal MRI in human patients also requires 

increased field strengths, improved signal-to-noise ratios and shorter acquisition times. 

Recent progress has been made using phased-array surface coils applied to the neck 

(Maroldi et al., 2014; Preda et al., 2017); further improvements are expected with ongoing 

technology development and wider availability of high-field-strength instruments: in vivo 
MRI has been reported in humans at 9.4 T (Pohmann et al., 2016) and even higher­

resolution in vivo MRI is feasible in rodents at 16.4 and 21.1 T (Schepkin et al., 2010; 

Shajan et al., 2012; Ullmann et al., 2013, 2014). Additional considerations for optimising 

in vivo laryngeal MRI include the use of behavioural, acquisition and analytical techniques 

to compensate for motion artefacts associated with carotid artery pulsation, breathing and 

swallowing (Ehman et al., 1984; Maroldi et al., 2014; Nygren et al., 2016).

MALDI-MS imaging generates ion density maps of biomolecules in situ by acquiring 

mass spectra on a predefined grid, providing detailed molecular characterisation within 

microanatomic context (Caprioli et al., 1997; Stauber et al., 2010; Zhang et al., 2020). Due 

to ongoing improvements in sensitivity and spatial resolution, MS imaging is increasingly 

relevant to clinical imaging and pathological readout. For example, the recent development 

of ambient ionisation techniques has extended the application of MS imaging to determining 

tumour margins in the operating room (Calligaris et al., 2015; Eberlin et al., 2016). Here, we 

observed proteomic and glycomic lesion signatures that corroborated our MRI and histology 

data and align with current pathophysiological understanding of these disorders (Dikkers & 

Nikkels, 1995, 1999; Duflo et al., 2006; Gipson et al., 1995; Gray et al., 1995; Remacle et 

al., 1996; Thibeault et al., 2002; van der Velden et al., 1996). In the case of the polypoid 

degeneration lesion with surface leukoplakia, the proteomic data were indicative of epithelial 

hyperkeratosis (the pathological phenotype underlying clinical leukoplakia in normally non­

keratinised squamous epithelial cells), cellular proliferation and growth (consistent with 

both the inflamed stroma and its hyperplastic epithelium) and carcinogenesis (not typically 

associated with polypoid degeneration but consistent with hyperkeratotic epithelial cells 

exhibiting premalignant features). In the case of the mucus retention cyst—which is defined 

by its ductal location and mucin-rich content—the glycomic data revealed specific glycan 

species, offering new insight into the nature of mucin glycosylation within secreted (and, 

in this case, retained) laryngeal mucus. As observations based on single lesion specimens, 

however, these data should be interpreted cautiously and primarily used to direct further 

validation, hypothesis generation and mechanistic work.

In summary, our data show the potential of high-resolution MR and MALDI-MS imaging 

techniques for characterising normal and pathological human laryngeal tissues, pursuing 

biomarker discovery and supporting mechanistic studies. With ongoing development, next­

generation instruments and translational methodologies may assist clinicians and surgeons 

as they assess ambiguous subepithelial tissue changes, evaluate clinical biopsies and surgical 

margins, and make treatment decisions.
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FIGURE 1. 
High-resolution MRI of paediatric and adult cadaveric human larynges at the glottis. (a) 

Orthogonal CE T1W gradient echo images showing orientation of the glottis in the axial, 

coronal and sagittal planes. The corresponding H&E-stained histological images are in 

the axial plane. Images are shown at a uniform scale to reflect relative specimen size. 

(b) CE T1W spin echo axial image showing resolution of vocal fold substructures in a 

10-year-old female larynx. (c) CE T1W gradient echo and spin echo and corresponding 

pentachrome-stained histological images of a 13-month-old male, 10-year-old female and 

74-year-old female larynx at the glottis in the axial plane. Note: The 13-month-old specimen 

exhibits a hyperintense signal artefact at the anterior glottis due to fluid trapped between the 

vocal folds during MRI; the 74-year-old specimen had the lateral TC laminae resected prior 

to imaging; the histological images exhibit moderate connective tissue shrinkage and tearing 

artefacts. AC, arytenoid cartilage; AMF, anterior macula flava; CE, contrast-enhanced; 
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H&E, haematoxylin and eosin; IA, interarytenoid muscle; mo, month; MRI, magnetic 

resonance imaging; PMF, posterior macula flava; SLP, superficial lamina propria; T1W, 

T1-weighted; TA, thyroarytenoid muscle; TC, thyroid cartilage; VL, vocal ligament; y, year. 

Scale bars, 5 mm
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FIGURE 2. 
DTI of paediatric and adult cadaveric human larynges. (a) Trace and directionally encoded 

colour maps of a 13-month-old male, 10-year-old female and 74-year-old female larynx 

at the glottis in the axial plane. The trace maps show the diffusivity of water within the 

specimens. The directionally encoded colour maps are weighted by anisotropy and show 

the primary orientation of tissue fibres: green, anterior-posterior; red, medial-lateral; blue, 

cranial-caudal. Note: The 74-year-old specimen had the lateral thyroid cartilage laminae 

resected prior to imaging. (b) Mean diffusivity and fractional anisotropy of six skeletal 

muscle and two mucosal regions within each larynx. Measurements were obtained via 

manual tracing of each region of interest in the relevant DTI images from each full larynx 

scan. DTI, diffusion tensor imaging; IA, interarytenoid muscle; IGM, infraglottic mucosa; 

LCA, lateral cricoarytenoid muscle; LTA, lateral thyroarytenoid muscle; mo, month; MTA, 
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medial thyroarytenoid muscle; PCA, posterior cricoarytenoid muscle; VFM; vocal fold 

mucosa; y, year. Scale bar, 5 mm
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FIGURE 3. 
MRI and histological characterisation of polypoid degeneration. (a) Superior view of the 

supraglottis and vocal fold mucosae at the time of procurement from a 74-year-old female 

donor. Yellow arrowheads denote leukoplakia on the epithelial surface. (b) CE (coronal and 

axial) and nCE (axial) T1W gradient echo images showing the lesion boundary in both 

planes. Yellow arrows denote the lesion; yellow arrowheads denote leukoplakia. Dashed 

yellow lines denote the position of orthogonal views in the respective CE coronal and 

axial images. Note: The lateral thyroid cartilage laminae were resected prior to imaging. 

(c) Pentachome-, H&E- and alcian blue-stained histological images of the lesion in the 

same axial view as shown on MRI. Black arrows denote the lesion. The high-magnification 

H&E images show (top-to-bottom): capillary wall thickening and extravascular leakage 

of red blood cells; an edematous lake; dense fibrin deposits; epithelial hyperparakeratosis 

and basement membrane thickening. CE, contrast-enhanced; H&E, haematoxylin and eosin; 
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nCE, non-contrast-enhanced; MRI, magnetic resonance imaging; T1W, T1-weighted. Scale 

bars, 5 mm (whole-larynx photography, MRI and histology); 500 μm (high-magnification 

photography and MRI); 100 μm (high-magnification histology)
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FIGURE 4. 
MALDI-MS imaging and proteomic analysis of polypoid degeneration. (a) Ion maps from a 

peptide acquisition run showing the spatial distribution of six peptides with elevated relative 

intensity throughout the lesion. White arrows denote the lesion. The donor was a 74-year-old 

female. (b) Representative mass spectrum acquired from the lesion region. The annotated 

peaks correspond to the ion maps in panel (a). MALDI-MS, matrix-assisted laser desorption/

ionisation-mass spectrometry; m/z, mass-to-charge ratio. Scale bars, 5 mm
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FIGURE 5. 
MRI and histological characterisation of mucus retention cysts. (a) CE T1W gradient 

echo coronal and axial images, alongside high-magnification CE T1W gradient echo, nCE 

T1W gradient echo, and nCE T2W spin echo axial images, showing an infraglottic lesion 

in a 10-year-old female. Yellow arrows denote the lesion; white arrows denote adjacent 

mucous glands within the posterior infraglottis. Dashed yellow lines denote the position of 

orthogonal views in the respective CE coronal and axial images. (b) Pentachome-, alcian 

blue- and H&E-stained histological images of the lesion in the same axial view as shown 

on MRI. Black arrows denote the lesion. The high-magnification H&E images show a 

cyst wall comprised of stroma and both internal and external epithelia; the cyst contents 

are absent. Note: The images exhibit moderate connective tissue shrinkage and tearing 

artefacts. (c) CE (coronal and axial) and nCE (axial) T1W gradient echo images showing 

a supraglottic lesion in a 74-year-old female. The corresponding H&E-, alcian blue, and 

pentachrome- stained images show the same axial view as seen on MRI. Yellow, black and 

white arrows denote the lesion. The dashed yellow lines denote the position of orthogonal 

views in the respective CE coronal and axial images; additionally, the dashed lines in the 

coronal image denote the positions of the high-magnification axial images in panel (d). (d) 

Serial CE and nCE T1W gradient echo and corresponding pentachrome-stained histological 

images of the lesion at high magnification in the axial plane. The images are 1.75 mm apart 

and show a decrease in lesion size followed by entry to the LV in the cranial-to-caudal 
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direction. The histology shows a circumferential epithelial lining and mucin-dense lesion 

core (blue-green signal). Note: The 74-year-old specimen had the lateral thyroid cartilage 

laminae resected prior to imaging; the histologic images exhibit moderate connective tissue 

shrinkage and tearing artifacts. CE, contrast-enhanced; H&E, haematoxylin and eosin; LV, 

laryngeal ventricle; MRI, magnetic resonance imaging; nCE, non-contrast-enhanced; T1W, 

T1-weighted; T2W, T2-weighted. Scale bars, 5 mm (whole-larynx MRI and histology); 

1 mm (high-magnification MRI and histology in panel [d]); 100 μm (high-magnification 

histology in panel [b])
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FIGURE 6. 
MALDI-MS imaging and glycomic analysis of a mucus retention cyst. (a) Total ion count 

map from a peptide acquisition run showing the spatial distribution of summed peptide 

intensities. The white arrow denotes the lesion and shows no peptide signal in this region. 

The donor was a 74-year-old female. (b) Ion maps from a glycan acquisition run showing 

the spatial distribution of six N-glycans identified throughout the lesion. White arrows 

denote the lesion. (c) Representative mass spectrum acquired from the lesion region. The 

annotated peaks correspond to the ion maps in panel (b). N-glycan structures are depicted 

using the Symbol Nomenclature for Glycans (SNFG) format; note that the identified glycans 

are all in the sodiated adduct form as [M + Na]+. MALDI-MS, matrix-assisted laser 

desorption/ionisation-mass spectrometry; m/z, mass-to-charge ratio. Scale bars, 5 mm
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FIGURE 7. 
DTI of mucus retention cysts and polypoid degeneration. (a) Trace and directionally 

encoded colour maps of a infraglottic mucus rentention cyst in a 10-year-old female, 

polypoid degeneration in a 74-year-old female and supraglottic mucus retention cyst in the 

same 74-year-old female. The trace maps show the diffusivity of water within the specimens. 

The directionally encoded colour maps are weighted by anisotropy and show the primary 

orientation of tissue fibres: green, anterior-posterior; red, medial-lateral; blue, cranial-caudal. 

Note: The 74-year-old specimen had the lateral thyroid cartilage laminae resected prior to 

imaging. (b) Mean diffusivity and fractional anisotropy of the three lesions compared to 

skeletal muscle and mucosa in the same larynges. The muscle and mucosal regions are 

those shown in Figure 2b. Measurements were obtained via manual tracing of each region 

of interest in the relevant DTI images from each full larynx scan. DTI, diffusion tensor 

imaging; y, year. Scale bar, 5 mm
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