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ABSTRACT

Objective: Vocal fold motility guides staging of glottic squamous cell carcinoma (SCC) but is subjective and operator dependent.
Because impaired mobility reflects tumor depth of invasion (DOI) into the vocal muscle and paraglottic space, objective DOI
measurement may better capture aggressiveness and functional impairment. This two-stage study assessed radiologic—patho-
logic agreement of DOI, derived pathologic DOI (pDOI) thresholds for altered motility and deep muscle infiltration, and exter-
nally validated these thresholds, aiming to support a more reproducible staging surrogate.

Methods: Surgically treated glottic SCC from Ospedale Policlinico San Martino (Genoa, Italy) formed the derivation cohort;
external validation was performed at the European Institute of Oncology (Milan, Italy). Outcomes included correlation/agree-
ment between radiologic DOI (rDOI) and pDOI, and between pathologic depth of vocal muscle invasion (pDMI). Spearman'’s p,
Bland-Altman analysis, and Lin's concordance correlation coefficient (CCC) assessed agreement. ROC analysis (Youden index),
likelihood ratios, and Fagan nomograms evaluated diagnostic performance and clinically meaningful thresholds.

Results: In 262 derivation cases, rDOI strongly correlated with pDOI (p=0.75; CCC =0.824). pDOI predicted altered vocal fold
motility (AUC 0.725; cutoff 2.1 mm) and accurately predicted muscle invasion (AUC 0.94; cutoff 2.2 mm), whereas pDMI showed
moderate prediction of motility (AUC 0.69). In 38 validation cases, correlation remained significant (o =0.56; CCC =0.56), and
Genoa-derived DOI cutoffs were reproducible (sensitivity 85%—94%, specificity 76%-83%).

Conclusions: DOI provides a robust, objective surrogate of functional impairment and muscle infiltration in glottic SCC, with
externally validated thresholds that may complement or replace subjective mobility assessment in future staging algorithms.
Level of Evidence: 3.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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1 | Introduction

Vocal fold motility (VFM) has long been considered a key element
in the staging, prognosis, and treatment selection of laryngeal
squamous cell carcinoma (SCC) [1, 2]. Despite its clinical signif-
icance, the assessment of VFM remains an inherently subjective
process [3] susceptible to inconsistencies and interobserver vari-
ability. A review of the AJCC TNM staging manual reveals that
no other solid tumor in the human body is staged on the basis of a
subjective parameter, such as the assessment of VFM in laryngeal
SCC [1, 2]. Moreover, staging of laryngeal tumors has remained
largely unchanged from 1977 to the present day, where impaired
VFM (cT2) and fixation (cT3) remain the two pivotal criteria [1-4].
This lack of evolution directly contravenes the principles articu-
lated by the founding editors of the Cancer Staging Manual, who
asserted that the system was “intended to provide a means by
which information can be readily communicated to others and
serve as a factor in prognostic assessment,” and that “as new infor-
mation becomes available regarding etiology and emerging diag-
nostic and therapeutic modalities, the classification and staging of
cancer will evolve accordingly” [4].

Current literature reports variability in the evaluation of VFM,
even in experienced raters [3]. These limitations are most evi-
dent at the T1-T2 and T2-T3 boundaries. Tumors may be clas-
sified as pT2 based only on preoperative assessment of impaired
vocal fold mobility (VFM), although distinguishing hypomobil-
ity with preserved arytenoid movement from impaired mobility
with arytenoid fixation depends on subtle, subjective endo-
scopic findings. This underscores the ambiguity of the classi-
fication: a cT2 lesion may correspond to a pT1, or vice versa,
depending on how endoscopic findings are interpreted and
translated into the final pathologic assessment. Such variability
introduces inconsistency in both the prognostic stratification of
surgically treated cases and the evaluation of patients managed
with non-surgical approaches. In this context, modern imaging
supports a more objective staging approach, with depth of inva-
sion (DOI) emerging as a promising prognostic marker of tumor
aggressiveness [5].

The aims of this study were two-fold. First, in a single-institution
derivation cohort from Genoa, we quantified the correlation and
agreement between radiologic (rDOI) and pathologic depth of
invasion (pDOI) and identified pDOI and pathologic depth of
muscle infiltration (pDMI) thresholds linked to altered VFM.
Second, we externally validated these thresholds in an indepen-
dent cohort from another institution. We sought to establish DOI
as an objective and clinically reliable parameter that can com-
plement the inherently subjective assessment of VFM in glottic
SCC staging.

2 | Materials and Methods
2.1 | Study Design and Ethical Approval

This was an observational retrospective study consisting of a
derivation cohort of patients with glottic SCC, treated at IRCCS
Ospedale Policlinico San Martino, University of Genoa, Italy, be-
tween 2015 and 2024, and an external validation cohort from the
European Institute of Oncology (IEO), IRCCS, Milan, Italy [6].

Primary outcomes included the evaluation of rDOI, pDOI and
pDMI. Eligible patients were adults (> 18 years) with primary glot-
tic SCC treated with curative-intent surgery with complete med-
ical records and no distant metastases at presentation. Exclusion
criteria comprised prior (chemo)radiotherapy [(C)RT] to the head
and neck, previous head and neck cancer, and any previous laryn-
geal surgery. All patients underwent preoperative high-definition
videolaryngoscopy (HD-VLS) that was recorded. Preoperative
computed tomography (CT) or magnetic resonance imaging (MRI)
was performed to evaluate deep tumor extension and paraglottic
space (PGS) invasion according to published criteria [7, 8]. In the
Genoa derivation cohort, patients were treated with transoral laser
microsurgery (TOLMS), open partial laryngectomy (OPHL), or
total laryngectomy (TL), depending on tumor extent, VFM, and
patient-related factors; in the IEO validation cohort, all patients
were uniformly treated with TOLMS. The study was approved by
the local ethics committees of both institutions (Genoa: ID LAR_
MULTI; IEO: UID 4304). Reporting followed the STROBE guide-
lines for cohort studies [9].

2.2 | Assessment of VFM, Radiologic,
and Pathologic Protocols

In the Genoa derivation cohort, preoperative VFM was inde-
pendently assessed by 3 raters on recorded preoperative videos
and classified as preserved, altered, or not assessable; discordant
cases were reviewed by a fourth consultant, and consensus was
reached when at least 3 raters agreed.

rDOI was measured as the perpendicular distance from the
reconstructed plane of the normal mucosa to the deepest point
of tumor extension, excluding exophytic components and in-
cluding ulcerated parts (Figure 1). CT scans were acquired in
the venous phase following intravenous iodinated contrast,
with 0.7mm slice thickness, during quiet respiration and the
neck in neutral resting position. MRI was performed with sur-
face coils, using T1- and T2-weighted sequences, diffusion-
weighted imaging, and post-gadolinium fat-saturated 3D
T1-weighted gradient-echo sequences. Slice thickness was
3mm for the pre-contrast sequences and 0.8 mm for the post-
contrast images.

pDOI was defined analogously to the rDOI but on hematoxy-
lin-eosin pathology sections, while pDMI was measured at 10X
magnification using a micrometric lens by projecting a perpen-
dicular line from the deepest layer of the vocal ligament to the
deepest infiltrating tumor focus according to a standardized
protocol (Figure 2).

In the IEO validation cohort, endoscopic VFM was inde-
pendently reviewed by 2 consultants, with disagreements re-
solved by a third. pDOI was re-extracted for 197 eligible cases,
and all available scans were re-evaluated by 2 expert head and
neck radiologists for rDOI re-assessment.

2.3 | Statistical Analysis

All data processing and statistical analyses were performed
using Microsoft Excel, Jamovi (2.6.23), and RStudio (version
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FIGURE1 | Examples of radiologic depth of invasion (rDOI) assessment on contrast-enhanced magnetic resonance. (A) Post-contrast T1-
weighted axial image. Stepwise measurement of radiologic depth of invasion (rDOI): Draw a reference line from the vocal process of the ary-
tenoid (arrowhead) to the anterior commissure, then project a perpendicular segment from this line to the deepest tumor margin; segment (b)
corresponds to rDOI. Note the distinction between rDOI and maximum tumor thickness (a). (B) T2-weighted coronal image of the same patient.
On the coronal plane, rDOI assessment may be more challenging because the curved anatomy and normal anatomic landmarks can be partially
obscured by tumor. Stepwise measurement of rDOI: Identify the vocalis muscle and true vocal folds, and delineate their profiles on the healthy
side (a) and the pathologic side (b); when the affected-side contour is indistinct, mirroring the contralateral healthy profile can be used as a
pragmatic reference. Draw tangential lines (c, d) and then project a perpendicular segment from line (d) to the deepest tumor margin; segment
(e) corresponds to rDOI.

FIGURE 2 | Hematoxylin-eosin sections of the vocal cord at 5x, showing a squamous cell carcinoma infiltrating the vocal muscle. Black lines
indicate the plane parallel to the muscle surface at the first visible muscle fibers. Pathologic depth of vocal muscle invasion (pDMI) is measured as
the length of the red perpendicular line extending to the deepest infiltrating tumor front (outlined in green).

2025.09.1+401). Continuous variables were summarized as me-
dians with interquartile ranges (IQR), while categorical variables
were reported as absolute counts and percentages. Interobserver
agreement was quantified using Fleiss' kappa for the two co-
horts. Because DOI and DMI showed marked non-normality,
non-parametric correlation methods were applied. Radiologic-
pathologic association was evaluated using Spearman’s p, and
agreement was assessed through Bland-Altman plots and Lin's

concordance correlation coefficient (CCC). Diagnostic perfor-
mance of rDOI, pDOI, and pDMI was quantified using Receiver
Operating Characteristic (ROC) curve analysis, reporting the
Areas Under the Curve (AUCs), optimal cut-offs based on the
Youden index, and corresponding sensitivity, specificity, and like-
lihood ratios. Fagan nomograms were used to illustrate the clin-
ical impact of Genoa-derived thresholds across different pre-test
probabilities.
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3 | Results

In the derivation cohort, a total of 262 patients with glottic SCC
were included, with a mean age of 69.3years (range, 35-94).
Detailed clinical and demographic characteristics are presented
in Table 1.

VFM was assessed as normal in 47.3% of patients and impaired
in 52.7%. Inter-observer agreement was reached in 71% of cases
(x=0.685). The remaining discordant cases were subsequently
reviewed by a fourth consultant, resulting in an overall agree-
ment rate of 86.3% (x=0.675).

rDOI measurements were available for 55.9% patients who un-
derwent preoperative imaging, with a median value of 4mm
(IQR, 1.7-7mm). pDOI and pDMI were available for 80.9% of sur-
gically treated patients and displayed markedly skewed distribu-
tions. pDOI demonstrated a median of 2mm (IQR, 0.8-4mm),

TABLE 1 | Baseline
characteristics of the derivation cohort (N=262).

clinical, radiologic, and pathologic

Characteristic Value
Gender

Female 35(13%)

Male 227 (87%)
Age, years 69 (62-77)
Smoking 209 (81%)
Alcohol use 91 (36%)
Side

Unilateral 187 (71%)

Bilateral 75 (29%)
Altered vocal motility 138 (53%)
Pathologic T category

pT1 174 (66%)

pT2 15 (5.7%)

pT3 60 (23%)

pT4 13 (5%)
Type of surgery

Transoral laser microsurgery 222 (85%)

Total laryngectomy 21 (8%)

Open partial laryngectomy 19 (7.3%)
Radiologic DOI (mm) 4(1.7-7)*
Pathologic DOI (mm) 2(0.8-4)2
Pathologic DMI (mm) 0(0-1.2)?

Note: Continuous variables are presented as median values with interquartile
ranges (IQR); categorical variables are shown as absolute counts with
percentages.

Abbreviations: DMI, depth of vocal muscle invasion; DOI, depth of infiltration.
2Number of patients with available measurements: Radiologic DOI=94;
pathologic DOI =212 patients; radiologic DMI=91; pathologic DMI=212
patients.

consistent with the predominance of early-stage i glottic SCC.
In contrast, pDMI exhibited a heavily zero-inflated distribution.
More than 50% of patients showed no vocal muscle infiltration,
resulting in a median of 0omm and a long right-sided tail extend-
ing up to 7mm, an anatomically expected pattern given the high
pT1 prevalence in the present cohort.

3.1 | Correlation Between rDOI-pDOI-pDMI

Spearman analysis demonstrated a strong association between
rDOI and pDOI (p=0.75, p<0.001) (Figure 3), confirming
that radiologic measurements generally follow the same trend
as pathological depth. Bland-Altman analysis showed a mean
difference between the two measurements of 0.3 mm, with 95%
limits of agreement from —4.6 to 5.2mm. Consistently, Lin's
CCC was 0.8 (95% CI: 0.7-0.8), indicating good agreement sup-
porting rDOI as reliable surrogate for true depth of invasion.

3.2 | Predictive Value of DOI and DMI for VFM
and Muscle Infiltration

The diagnostic performance of pDOI and rDOI in predicting
altered VFM was first evaluated using ROC analysis. pDOI
demonstrated moderate discriminative ability, with an AUC of
0.73, while rDOI yielded an AUC of 0.68, with no significant dif-
ference between the curves (DeLong p=0.47), indicating com-
parable performance. The optimal pDOI cutoff for predicting
altered VFM was 2.1 mm, corresponding to a sensitivity of 66%
and a specificity of 73%, with a Youden index of 1.39.

On the other side, ROC analysis demonstrated that pDOI had ex-
cellent ability to predict vocal muscle infiltration, with an AUC
of 0.94. The optimal cutoff was 2.2mm (sensitivity of 88.4%).
rDOI also showed strong performance for this endpoint, with
an AUC of 0.88 and an optimal threshold of 3.2mm (sensitiv-
ity of 84%). In addition to DOI-based parameters, we assessed
whether pDMI could predict altered VFM. ROC analysis yielded
an AUC of 0.69, indicating fair discriminative capacity. The op-
timal pDMI cutoff was 0.9 mm (sensitivity of 44.8%) (Figure 4).

3.3 | Validation Analysis

In the IEO validation cohort, 86 patients were suitable for rDOI
measurement, with 38 pT2-pT3 lesions treated with TOLMS
having paired rDOI and pDOI for correlation, concordance,
and Bland-Altman analyses. Interobserver agreement for en-
doscopic VFM assessment was excellent (agreement=96%;
Fleiss' k=0.922). Radiologic-pathologic comparison showed a
significant correlation between rDOI and pDOI (Spearman's
p=0.56, p<0.001). In the 38 pT2-pT3 cases with paired
measurements, Bland-Altman analysis revealed a mean
bias of —0.2mm (95% CI -0.8 to 0.3) and limits of agreement
from —3.8 to +3.4mm, indicating no systematic error. Lin's
CCC confirmed moderate concordance (CCC=0.56; 95% CI
0.30-0.75). Compared with the Genoa derivation cohort, the
IEO cohort showed a lower but still significant rDOI-pDOI as-
sociation, consistent with its wider pT distribution and greater
dispersion on rDOI versus pDOI plots. Genoa cases clustered

4
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FIGURE 3 | Correlation and agreement between radiologic depth of invasion (rDOI) and pathologic depth of invasion (pDOI) in the derivation

cohort. (A) Scatterplot showing a strong positive correlation between rDOI and pDOI (Spearman'’s p=0.75, p<0.001), with regression line and 95%

confidence band. (B) Bland-Altman plot demonstrating a mean difference of 0.3 mm and limits of agreement from —4.6 to 5.2mm, indicating no

systematic measurement bias and expected variability at shallow invasion depths.

at low DOI (mostly early-stage), yielding tighter linearity and
stronger concordance, whereas IEO included more infiltrative
pT2-pT3 tumors with broader DOI spread. Despite this, cor-
relations remained highly significant (p <0.001) with similar
agreement patterns, supporting DOI as a robust, externally
valid objective parameter in glottic SCC.

At ROC analysis, pDOI demonstrated excellent ability to dis-
criminate normal from altered VFM (AUC=0.870; 95% CI
0.816-0.924; p<0.001). The IEO-derived optimal threshold
was 1.9mm, yielding a sensitivity of 94.3%, a specificity of
77.3%, a PPV of 76.6%, an NPV of 94.4%, and an accuracy of
84.8%, confirming that even minimal DOI increases relate to
functional impairment. pDOI was similarly effective in pre-
dicting DMI (AUC=0.867; 95% CI 0.812-0.921; p<0.001). The

Youden-optimal threshold (1.9mm) provided a sensitivity of
93.1% (95% CI1 85.6%-97.4%), a specificity of 76.4% (95% CI 67.3%-
83.9%), a PPV of 75.7%, an NPV of 93.3%, and an overall accu-
racy of 83.8%. The corresponding likelihood ratios (LR+=3.94;
LR—=0.09) confirmed excellent rule-in/rule-out performance.

When applied to the IEO cohort, the Genoa-derived DOI thresh-
olds showed strong reproducibility. The 2.1 mm cut-off for al-
tered VFM performed robustly, with a sensitivity of 87.4% (95%
CI 78.5%-93.5%), specificity of 82.7% (95% CI 74.4%-89.3%), and
an overall accuracy of 84.8% (95% CI 79.0%-89.5%). Predictive
values were favorable (PPV 80%, NPV 89.2%), and likelihood
ratios (LR* 5.06, LR~ 0.15) confirmed solid rule-in/rule-out ca-
pability. The 2.2mm cut-off for DMI showed comparable per-
formance, with a sensitivity of 85.1% (95% CI 75.8%-91.8%),
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FIGURE 4 | Receiver operating characteristic (ROC) curves and area under the curve (AUC) evaluating the diagnostic performance of depth of
invasion (DOI) metrics in the derivation cohort. (A) Pathological DOI in predicting altered vocal fold motility (AUC =0.73; optimal cutoff=2.1 mm).

(B) Pathological DOI in predicting deep vocal muscle infiltration (AUC =0.94; cutoff=2.2mm). (C) Pathologic DMI in predicting altered vocal fold
motility (AUC =0.69; cutoff =0.9 mm). (D) Radiologic DOI in predicting vocal muscle infiltration (AUC = 0.88; cutoff = 3.2 mm). Together, these ROC
curves illustrate the strong diagnostic performance of DOI-based parameters, particularly for identifying muscle invasion.

specificity of 83.6% (95% CI 75.4%-90%), and accuracy of 84.3%
(95% CI 78.4%-89.1%). Its predictive values (PPV 80.4%, NPV
87.6%) and likelihood ratios (LR* 5.20, LR~ 0.18) further sup-
ported its reliability.

Overall, both thresholds retained high discriminative accuracy
in an independent, higher-stage population, underscoring their
cross-institutional applicability.

Fagan nomograms were constructed on the observed prevalence
of altered VFM (44.6%) and muscle infiltration (44.3%) observed
in the IEO cohort (Figure 5). When applying the 2.1 mm cut-
off for predicting altered VFM, the positive likelihood ratio
(PLR=5.057) increased the post-test probability from 44.6% to
80.3%, whereas the negative likelihood ratio (NLR =0.1528) re-
duced it to 11% in case of a negative test. Similarly, a 2.2mm
threshold increased the post-test probability of DMI from 44.3%
to 80.5% (PLR=5.198), and lowered it to 12.4% when negative
(NLR =0.1787).

4 | Discussion

The butterfly effect, a concept originating from the chaos theory
[10], highlights how small differences in initial conditions can
lead to large, unpredictable outcomes. In laryngeal cancer stag-
ing, this underscores how subjective assessment of VFM can
significantly impact treatment decisions and prognosis. A clini-
cian's assessment of VFM can initiate a cascade of downstream
consequences, mirroring the non-linear dynamics observed in
complex systems.

Relying on subjective staging criteria significantly affects ther-
apy and prognosis. Differentiating cT2 (impaired motility) from
¢T3 (fixation) tumors directly influences treatment choices and
limits less invasive options, ranging from exclusive RT to CRT
for more advanced disease [11].

The lack of histopathological confirmation in non-surgical co-
horts complicates the interpretation of clinical and radiologic
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FIGURE 5 | Fagan nomograms evaluating the diagnostic impact of the Genova-derived depth of invasion (DOI) thresholds in the validation co-
hort. (A) For altered vocal fold motility, the 2.1 mm cutoff increases post-test probability to 80.3% (Positive Likelihood Ratio—PLR =5.06) and lowers
it to approximately 11% (Negative Likelihood Ratio—NLR =0.15). (B) For muscle infiltration, the 2.2 mm cutoff raises post-test probability to 80.5%

(PLR=5.20) and reduces it to 12.4% (NLR =0.18).

findings. Discrepancies between clinical and pathological stag-
ing are most pronounced in T2-T3 tumors, emphasizing the in-
herent limitations of subjective assessment [12-14].

Assessment is further confounded by factors like false vocal fold
hypertrophy, lesion site, and mass effect, which can shift the
perceived T category. Ferrari et al. [15] in a study involving 2170
endoscopic evaluations highlighted that assessment of VFM is
highly subjective and its clinical relevance should be therefore
reconsidered. These inconsistencies, observed even in high-
volume centers, suggest that interobserver variability is likely
higher in less specialized institutions.

An objective, measurable pre-treatment parameter could reduce
subjectivity in VFM assessment, lessen clinical-pathologic stag-
ing discrepancies, and improve consistency in treatment deci-
sions and prognostic accuracy.

Efforts to make this evaluation more objective began with
Hirano in 1991 [16], who examined how vocal muscle invasion
leads to impaired laryngeal motility. More recently, Filauro
et al. [17, 18] demonstrated that DOI correlates with perineural,
lymphovascular invasion, and nodal metastasis, and can be reli-
ably assessed preoperatively using CT. Nevertheless, a limitation
shared by these studies is the absence of a quantifiable parame-
ter to determine the presence of vocal muscle infiltration.

Numerous studies in the oral cavity have underscored the sig-
nificance of DOI and its radiological-pathological correlation.

As a result, in the 8th edition of the TNM classification [1], DOI
thresholds have been formally incorporated into the staging of
oral cavity SCC [19-21]. Inspired by oral cavity studies, we in-
vestigated the relationship between DOI, VFM, and muscle in-
filtration. Due to the larynx's complex anatomy, glottic SCC was
chosen to assess tumor extension from superficial layers to vocal
muscle involvement.

Building upon this concept, we found a statistically significant
correlation between rDOI and pDOI in both derivation and vali-
dation cohorts, supporting feasibility and reproducibility. These
results suggest rDOI can be broadly applied when standardized
protocols are followed, providing an objective measure for a tra-
ditionally subjective assessment.

Our findings indicate that increasing DOI is associated with
greater pDMI, with strong discriminative performance on
ROC analysis; pDOI value > 2.2 mm was statistically correlated
with vocal muscle infiltration (AUC =0.94), while a threshold
of 2.1 mm was associated with impaired VFM, with lower ac-
curacy, likely reflecting the limited interobserver agreement of
VFM assessment (71%, improving to 86.3% after consensus).

Importantly, these results highlight the clinical relevance of ra-
diologic evaluation even in tumors endoscopically classified as
“early stage.” Whereas VFM represents a subjective and operator-
dependent parameter, rDOI provides a quantitative measure of
tumor extension. Considering pDOI as the reference, Bland-
Altman analyses demonstrated that rDOI closely approximates
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true infiltration depth, with minimal inter-institutional bias (0.3
and —0.2mm, respectively) and limits of agreement consistent
with the intrinsic resolution of cross-sectional imaging, support-
ing multicenter reproducibility.

When integrated with the validated pDOI cutoff for muscle infil-
tration (%2mm), rDOI near this range indicates a sharply rising
risk of muscular invasion. Above 2.2mm, post-test probability
rises to over 80%, while a negative test reduces it to ~12%, con-
firming strong rule-in and rule-out performance.

Although rDOI cannot directly visualize microscopic muscle in-
vasion, its agreement with pDOI and its robust likelihood ratios
make it a reliable preoperative proxy for identifying infiltrative
glottic SCC. This radiologic information may be equally, if not
more, valuable in non-surgical patients, where pathology is un-
available and objective DOI estimates can improve risk stratifi-
cation and guide treatment.

The literature provides variable reference values concerning the
vocal muscle thickness: Tamaya et al. [22] reported an average of
4mm; Hamdan et al. [23] described measurements between 5.3
and 5.5mm; and Alonso et al. [24] reported 6.8 mm in males and
5.9mm in females. This variability highlights the importance of
accurate anatomical characterization in defining tumor exten-
sion and staging.

In this framework, rDOI in the 2mm range does not merely
correlate with altered vocal fold mobility—it quantitatively
strengthens the clinician’s initial suspicion, providing a repro-
ducible, morphologic parameter that bridges endoscopic ob-
servation and histopathological confirmation. From a surgical
planning perspective, rDOI values in the 2mm range may alert
the surgeon to a higher probability of vocal muscle involvement
and may support consideration of more extensive cordectomy
according to the European Laryngological Society classification
[25]. However, the present study was not designed to establish
DOI-based treatment rules, and surgical decisions should con-
tinue to integrate endoscopic findings, lesion location, exposure,
patient factors, and surgeon judgment.

Furthermore, in an era in which medicine is increasingly mov-
ing toward the integration of artificial intelligence, the avail-
ability of objective data could positively contribute to training
algorithms.

This study has inherent limitations. Its retrospective design
and institutional differences, with different modalities of sur-
gical approach, may have introduced variability in radiologic
and pathologic measurements. The predominance of early-
stage tumors in the derivation cohort also led to zero-inflated
DMI distributions, which may have influenced radiologic—
pathologic concordance. In addition, although both CT and
MRI were used for preoperative assessment, the study was not
powered or specifically designed to compare the diagnostic
performance of these imaging modalities. Therefore, no rec-
ommendation can be made regarding the preferential use of
CT versus MRI for DOI assessment, and dedicated prospective,
modality-specific studies are needed. Another limitation is
that lesion location along the vocal fold was not systematically
analyzed. Tumors involving the anterior, middle, or posterior

glottis may differ in their relationship with the vocal ligament,
vocal muscle, and paraglottic space, and these anatomic differ-
ences may influence the clinical impact of invasion on vocal
fold motility. Future studies should incorporate lesion topog-
raphy to determine whether DOI thresholds vary according to
glottic subsite. Finally, treatment-related factors were not ana-
lyzed as outcome modifiers. In the derivation cohort, patients
underwent different surgical approaches, including TOLMS,
open partial laryngectomy, and total laryngectomy, whereas
the validation cohort included patients treated uniformly with
TOLMS. Moreover, the present study was not designed to eval-
uate whether DOI-guided risk stratification modifies treat-
ment selection or improves functional, oncologic, or survival
outcomes. The present work should therefore be viewed as a
foundational step toward future prospective multicenter stud-
ies evaluating whether infiltration depth carries prognostic
significance in glottic SCC and whether it can be incorporated
into staging or treatment algorithms.

5 | Conclusion

The study shows that depth of invasion is a reliable, objec-
tive, and reproducible morphologic parameter in glottic SCC,
addressing limitations of subjective VFM assessment. rDOI
correlated well with pDOI, serving as a valid preoperative surro-
gate of tumor infiltration. Thresholds around 2-2.2 mm showed
promising associations with vocal fold functional impairment
and muscle invasion; however, these findings should be inter-
preted in light of the study's retrospective design and limited
ability to compare CT and MRI, assess lesion-location effects,
or evaluate treatment-related outcomes. Prospective multicenter
studies are needed to determine whether DOI can improve stag-
ing consistency, guide treatment selection, or provide prognostic
information beyond current clinical assessment.
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