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Abstract

Purpose To perform a comprehensive morphometric analysis of vestibular schwannomas (VS) using multimodal imaging,
focusing on the relationship between tumor characteristics and internal acoustic canal (IAC) changes.

Methods We analyzed a cohort of patients undergoing radiosurgery for VS, utilizing high-definition MRI and bone CT
for detailed anatomical assessment. Image co-registration and fusion techniques were employed to examine VS and IAC
dimensions. Advanced statistical methods, including logistic regression, were applied to identify patterns of IAC dilation
and establish predictive indicators for these morphological changes.

Results The study included 659 patients (51.1% female, mean age 56.37 years) with evenly distributed tumor lateralization.
Koos grades were I (22.9%), I1 (29.9%), 111 (38.2%), IVa (8.9%), and IVb (0.3%). Most tumors (90.9%) extended both inside
and outside the IAC. Ipsilateral IAC (IIAC) dimensions were significantly larger than contralateral, with IIAC volume 49%
greater (p <.0001). Higher Koos grades correlated with increased intra-canalicular lesion volume (icLV), which was strongly
associated with IIAC size. Logistic regression identified icLV as the strongest predictor of ITAC dilation (AUC =0.7674,
threshold =137.52 mm3).

Conclusion The icLV appears central to the pathophysiological development of VS and its impact on IAC anatomy. While
limited by a selective patient base and static imaging data, these findings enhance the understanding of VS-IAC interactions,
offering insights for improved clinical management and further research.

Keywords Vestibular schwannoma - Bone erosion - Internal auditory canal - Morphometrics - Artificial intelligence -
Machine learning

Introduction

Vestibular schwannomas (VS) are benign tumors originating
from Schwann cells of the vestibulocochlear nerve, consti-
tuting approximately 85% of cerebellopontine angle (CPA)
tumors. They can present significant clinical challenges due
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to their potential to exert substantial mass effects on intrac-
ranial structures, despite a low risk of malignant transfor-
mation [1].

The phenomenon of bone erosion in the internal audi-
tory canal (IAC) associated with VS has been recognized
for decades; however, the underlying pathophysiological
mechanisms remain poorly understood [2—5]. This knowl-
edge gap is largely attributed to a scarcity of comprehensive
morphometric and radiomic analyses addressing the intricate
tumor-bone interactions.

Advancements in imaging technologies now offer
deeper insights into the dynamic interplay between VS and
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surrounding bone structures, as well as the natural progres-
sion of these tumors [6]. Despite these technological pro-
gresses, the specific growth patterns leading to IAC erosion
remains elusive. Current evidence suggests that tumor size
and growth velocity are pivotal determinants of IAC enlarge-
ment, yet there is ongoing debate regarding the exact mor-
phometric predictors responsible for these structural changes
[7].

Aligned with the European Association of Neuro-Oncol-
ogy (EANO) guidelines for VS management [8], this study
seeks to elucidate the conditions under which IAC dilation
occurs in the context of VS. Hence, we investigated the
relationship between morpho-volumetric changes of IAC
and VS. By thoroughly assessing tumor-bone interfaces
in an extensive cohort with advanced imaging studies and
machine learning methods, this research aims to deepen the
understanding of the mechanisms driving bone erosion.

Materials and methods
Patient selection

We maintained a single-center prospective database of
patients undergoing Gamma Knife radiosurgery (GKRS).
All patients treated for a unilateral VS with comprehensive
imaging were included. Patients with neurofibromatosis or
bilateral VS were excluded.

Imaging acquisition and post-processing

On the same day, each patient underwent a 1-mm thick
axial three-dimensional MRI, including both gadolinium-
enhanced T1-weighted and T2-weighted sequences without
intersectional gaps and a 1-mm thick axial three-dimensional
CT scan. We integrated this imaging in the stereotactic plan-
ning software Leksell GammaPlan™ (Elekta Instruments®,
Sweden) to co-register the CT and MR images, fuse the CT
with MR-T1 gadolinium and MR-T2, and perform the volu-
metrics study.

Structure analysis

All VS were graded according to Koos classification: I (con-
fined to IAC), II (extending into CPA, no brainstem con-
tact), III (brainstem contact, no compression), [V (brainstem
compression and 4th ventricle shift) [9, 10]. According to
the proposal of Matthies and Samii [4] we separated the
Koos grade 4 into two subgroups: grade IVa (brainstem
compression without 4th ventricle displacement) and grade
IVb (brainstem compression without 4th ventricle shift).
We defined subgroups of VS based on their Koos grades:
higher (IIT and I'V) vs. lower (I and II), and their location: (i)
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entirely outside the IAC, (ii) on both sides of the IAC, and
(iii) entirely inside the IAC.

We measured the dimensions of the ipsilateral IAC
(ITAC) and contralateral IAC (CIAC), comprising their
maximal length (Y-axis) and height (Z-axis). We then per-
formed slice-by-slice manual contouring of both IAC and
VS to compute their volumes. By doing so, we segmented
intra- and extra-IAC volumes, we further measured and cal-
culated total Lesion Volume (tLV), intra-canalicular lesion
volume (icLV), and extracanalicular Lesion Volume (ecLV).
For our purpose, we defined the putative enlargement of the
IAC in the presence of VS using the ITAC/CIAC ratio as
shown in Fig. 1.

Statistical analysis

Categorical variables were presented as counts and percent-
ages, while continuous variables were reported as mean with
standard deviation (SD). For inferential analyses, we used
parametric and non-parametric tests. The normality assump-
tion was tested before test implementation. For all signifi-
cant findings, we reported effect sizes and p-values. The
significance level was set at «=0.05. All statistical analyses,
data visualizations, and machine-learning applications were
performed using Python.

A T-test was utilized to compare the icLV between the
higher and lower Koos grades. The Mann—Whitney U test
was employed to evaluate differences in median [TAC/CIAC
ratios across Koos grades. Spearman's rank correlation coef-
ficient (p) was calculated to ascertain the monotonic rela-
tionship between ITAC volume and tLV within each Koos
grade group and, similarly, between the ITAC/CIAC ratio
and both the icLV and the tLV.

Pearson's correlation test analyzed the linear relationship
between tumor volume within the canal and IAC dimen-
sional alterations. The Kruskal-Wallis test evaluated dif-
ferences in the IIAC/CIAC ratio among patient subgroups
based on VS location regarding the canal. This was comple-
mented by Dunn's post hoc tests for pairwise comparisons
between groups.

Volumes threshold

We employed logistic regression to investigate the relation-
ship between icLV and IIAC dilation, aiming to identify a
volume threshold for potential canal dilation. Three models
were developed: one using icLV as the predictor variable,
another using tLV, and a third using icLV/ITAC ratio. In all
models, canal dilation (dilated or not) was the binary out-
come, with dilation defined as an IIAC/CIAC ratio over 1.
Our dataset was divided into training and testing sub-
sets, using 70% for training and 30% for validation. Each
logistic regression model was trained on its respective
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Fig. 1 Methodology of dimension calculation and analysis. This fig-
ure illustrates the systematic approach used to calculate the dimen-
sions of each IAC and analyze their correlation with lesion volu-
metric data. Axial MRI images demonstrate the manual contouring

data to learn the relationship between predictor variables
and canal dilation. Model performance was evaluated
using the Receiver Operating Characteristic (ROC) curve,
and Area Under the Curve (AUC) score was calculated.
We identified the optimal canal dilation threshold by find-
ing the point on the ROC curve with the maximum differ-
ence between true positive rate (TPR) and false positive
rate (FPR). Each model's icLV threshold was calculated
using the logistic regression intercept, coefficient, and
optimal probability threshold from the ROC analysis.
The formula used was: threshold volume = (In(odds)—
intercept) / coefficient, with odds being the ratio of the
probability threshold to 1 minus the probability threshold.

Results

The study included a cohort of 659 patients, with a female
representation of 51.1% (n=2337). Participant ages ranged
from 10.7 to 88.8 years, with a mean of 56.37 years.
Table 1 reports the patients’ baseline characteristics.

method for measuring, slice-by-slice, the dimensions of the a ipsilat-
eral IAC and b contralateral IAC. The resulting IIAC/CIAC ratio is
applied to assess IAC enlargement due to VS

Table 1 Demographic and lesion characteristics of the study cohort

Total N=659

Gender

Males 322 (49.9%)

Females 337 (51.1%)
Age (years)

Mean 56.37

Range 10.7 - 88.8
Side of the tumor

Left 337 (51.1%)

Right 322 (49.9%)
Koos grade

I 151 (22.9%)

I 197 (29.9%)

11 252 (38.2%)

IVa 57 (8.6%)

IVb 2 (0.3%)
Relation of the VS to the IAC

Outside IAC 15 (2.3%)

Inside IAC 45 (6.8%)

In/outside IAC 599 (90.9%)

IAC internal acoustic canal, VS vestibular schwannoma
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Lesion characteristics

VS was located on the left in 51.1% of cases (n=2337). The
distribution of Koos grades was as follows: 22.9% (n=151)
grade I, 29.9% (n=197) grade 11, 38.2% (n=252) grade
III, 8.6% (n=57) grade IVa, and 0.3% (n=2) grade IVb.
Most patients, 90.9% (n=1599), exhibited tumors extending
both inside and outside the IAC. In contrast, 6.8% (n=45)
had tumors entirely outside the IAC, and 2.3% (n=15) had
tumors entirely within the IAC (Fig. 1).

Dimensions and volumetrics

The ITAC was on average 21% longer than the CIAC (8.4 mm
vs. 6.9 mm; p<0.0001), and 35% taller (6.5 mm vs. 4.8 mm;
p<0.0001). ITAC volume was 49% larger (294.7 mm3 vs.
197.8 mm3; p<0.0001). The mean tLV was 1501.83 mm3,

icLV was 177.04 mm3, and ecLV was 1324.79 mm3. Table 2
details these results.

Koos grade analysis and correlations

Patients with higher Koos grades had significantly larger
mean icLV (214.97 mm3 vs. 143.14 mm3, p=1.403e-11).
They also had a significantly higher median ITAC/CIAC
ratio (p="7.564e-24). A significant positive correlation
between ITAC volume and tLV was found in lower Koos
grades (p=0.412, p=5.188e-26), but not in higher grades
(p=0.023, p=8.634e-01)(Figs. 2, 3).

IIAC/CIAC analysis and correlations
Significant correlations were found between the ITAC/CIAC

ratio and icLV (p=0.532, p<0.0001), and between the
ITAC/CIAC ratio and tLV (p=0.473, p<0.0001).

Table 2 Comparison of

J TAC Metric ITAC CIAC I/C ratio p-value
ipsilateral and contralateral
internal acoustic canal metrics Diameter (mm) Mean (SD) 8.4 (2.1) 6.9 (1.5) 1.2(0.3) <0.0001
Range 44-174 3.6-15.0 - -
Height (mm) Mean (SD) 6.5(2.1) 48(1.2) 1.4 (0.5) <0.0001
Range 1.4-16.1 1.7-10.6 - —
Volume (mm3) Mean (SD) 294.7 (150.6) 197.8 (65.4) 1.5 (0.6) <0.0001
Range 78.4-1850 60.9-421.3 0.6-7.5 -
IAC internal acoustic canal, IIAC ipsilateral IAC, CIAC contralateral IAC
Canal Volumes by Koos Grade Lesion Volumes by Koos Grade
. Il Ipsilateral Canal . Il Total Lesion Volume
—— Contralateral Canal —— Lesion in Canal Volume
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Fig.2 Comparative analysis of canal and lesion volumes by Koos
Grade. This figure presents a comparative box plot analysis, delineat-
ing the volume distributions of the ipsilateral and contralateral inter-
nal acoustic canals (left panel) and the total lesion volume versus
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lesion volume within the canal (right panel), stratified by lower and
higher Koos grades. The box plots illustrate the median, interquartile
range, and outliers, offering a visual representation of the volumetric
differences and the spread of measurements within each category
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Violin Plot of Canal Dilation Ratio by Lesion Location

Canal Dilation Ratio

Both Sides

Inside Canal Only
Lesion Location

Outside Canal Only

Fig.3 Violin Plot Illustrating Canal Dilation Ratios by Lesion Loca-
tion. This figure features a violin plot that provides a visual compari-
son of the canal dilation ratio across different lesion locations: lesions
affecting both sides of the IAC, lesions confined within the canal, and
lesions located exclusively outside the canal. Each violin plot encap-
sulates the distribution density of the ratios, with the width represent-
ing the frequency of data points at different ratio levels. The plot dis-
tinctly showcases the median, interquartile range, and the full range
of canal dilation ratios for each lesion location group, highlighting the
variability and skewness of the ratios associated with the lesion loca-
tion within the IAC

Correlation of dimensions with lesion volumetric
data

Positive correlations were found between icLV and
ITAC dimensions: length (r=0.622, p<0.0001), height
(r=0.617, p<0.0001), and volume (r=0.874, p<0.0001).
For tLV, moderate correlations were observed: length
(r=0.304, p<0.0001), height (r=0.325, p<0.0001), and
volume (r=0.229, p <0.0001).

Fig.4 Receiver Operating

Cutoff determination

We evaluated three logistic regression models to predict
IIAC dilation using lesion volumes.

The first model, incorporating icLV as the predictor,
showed superior efficacy and was reported. The model's
AUC was 0.7674 (Fig. 4). The regression analysis revealed
an intercept of 0.6609 and an icLV coefficient of 0.0092. The
model's Pseudo R-squared value was 0.09469 with a log-
likelihood of —156.14. The calculated threshold volume for
canal dilation was 137.52 mm? (Fig. 5). Additional models
are in the supplementary information.

Subgroup analysis

Group-wise analysis of VS location relative to the canal
showed significant variations in the ITAC/CIAC ratio
(H=30.621, p=2.242x10—7). Dunn's post hoc tests found
no significant difference in canal dilation ratios between
intracanal-only and extracanal-only lesions (p=0.943421).
However, significant differences were found between
intracanal-only and both-side lesions (p=1.00x 10— 6)
and between extracanal-only and both-side lesions
(p=0.005022).

Subgroup analysis of patients with larger
contralateral canal

We analyzed 89 patients with a larger CIAC than ITAC;
age and gender distribution did not significantly dif-
fer from the other group (U=28,231.0, p=0.086 and
Chi?=8.65x 10— 6, p=0.998). Tumor grading showed
more patients in lower Koos grades (40 in grade I and 33

Receiver Operating Characteristic (ROC) Curve

Characteristic (ROC) Curve
for Intracanal Lesion Volume
Model. The ROC curve displays
the true positive rate versus
the false positive rate for the
logistic regression model pre-
dicting canal dilation based on
intracanal lesion volume. The
area under the curve (AUC) is
0.77. The red dot indicates the
optimal threshold, where the
sum of sensitivity and specific-
ity is maximized

True Positive Rate

0.0

= ROC curve (area = 0.77)
® Optimal Threshold (0.87)

0.0 0.2

0.4 0.6 0.8 1.0
False Positive Rate
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Fig.5 Probability of Canal

Probability of Canal Dilation by Intracanal Lesion Volume

Dilation by Intracanal Lesion
Volume. This graph deline-
ates the predicted probability
of canal dilation as a function
of intracanal lesion volume.
The solid blue line represents
the logistic regression model's
predicted probabilities, with
the red dashed line indicating
the threshold probability above
which canal dilation is likely.
The green dashed line marks the
identified threshold volume of
137.52 mm3, where the prob-
ability of canal dilation notably
increases, serving as a potential
clinical reference point for
intervention
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in grade II), while the typical group had a broader distribu-
tion (Chi?=42.227, p=1.497x 10 - 8).

Discussion
Summary of findings

This study analyzed 659 individuals undergoing stereotac-
tic radiosurgery for cerebellopontine angle lesions consist-
ent with VS. The cohort had a slight female predominance,
ages ranging from 10.7 to 88.8 years (mean age 56.37),
with about half of the lesions left-sided and most clas-
sified as Koos grade III. The analysis showed significant
differences in dimensions and volumes between the IIAC
and CIAC, with ITAC being larger across all parameters.
This was especially notable considering the wide range of
tLV among patients. Higher Koos grades correlated with
increased icLV. However, it was the correlation between
the ITAC/CIAC ratio and lesion volumes that highlighted
how tumor size and location affect canal dimensions, dif-
fering notably between lower and higher Koos grades. A
logistic regression model pinpointed an icLV threshold of
137.52 mm3, beyond which canal enlargement is likely,
suggesting a candidate quantitative marker for clinical
decision-making. The study also observed varied enlarge-
ment ratios based on tumor localization, contributing to
the nuanced understanding of lesion impact. Subgroup
analysis showed patients with larger contralateral canals
had similar age and gender to the main group but tended
to have lower Koos grades.
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Bony erosion of IIAC and location of the VS

In the era preceding widespread MRI use, radiological signs
of ITAC enlargement, particularly compared to the contralat-
eral side, often suggested VS presence[11, 12]. Despite this
longstanding observation, comprehensive empirical evi-
dence elucidating the direct correlation between VS charac-
teristics and ITIAC dilation has been limited[4]. Moreover,
the specific pathophysiological underpinnings have yet to
be fully elucidated.

Our investigation provides compelling evidence sup-
porting a strong association between VS presence and IIAC
enlargement, implicating tumor growth as a principal fac-
tor in bony erosion. Although similar findings have been
reported in previous studies[4, 5, 13, 14], the breadth of our
cohort offers a robust dataset that substantiates this correla-
tion more concretely.

Furthermore, we investigate the relationship between
lesion size at diagnosis—a factor often correlated with
the emergence of clinical symptoms such as hypoacousis,
tinnitus, and vestibular disturbances—and IIAC enlarge-
ment. Our analysis reveals significant variability in how the
tumor's location relative to the IAC influences canal dila-
tion. Notably, the data suggest a direct correlation between
larger tumor volumes and more pronounced ITAC enlarge-
ment. However, it is the icLV that exhibits a stronger sta-
tistical correlation with IIAC dilation, as evidenced by the
machine learning models applied in our study (Supplemental
information).

This finding could have clinical implications, especially
in enhancing the prognostic accuracy for VS management.
The critical decision to pursue active treatment versus a
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conservative 'Wait and Scan' strategy remains a pivotal chal-
lenge[1, 15]. In this context, easily accessible metrics, such
as tumor size and volume, IIAC dimensions, and the tumor's
intracanalicular proportion, become invaluable. Our results
suggest these parameters could be refined and integrated
into decision-making algorithms to optimize the manage-
ment strategies for patients with VS.

Putative etiology of symptoms associated with VS
expansion

Despite considerable research, the mechanisms underlying
hearing loss in patients with VS remain puzzling. Various
hypotheses have been proposed, including direct compres-
sion of the auditory nerve by the tumor and vascular insuf-
ficiency in the inner ear[13], elevated pressure within the
IAC due to tumor extension[16], and the presence of tumor-
secreted immune-related biomarkers in plasma[17].

Our investigation contributes by supporting a clear corre-
lation between icLV and IIAC expansion via a mechanism of
bony erosion. This association suggests that increased intra-
canalicular pressure, driven by tumor enlargement within the
IAC, likely facilitates the dimensional changes we observe.
Consequently, our findings bolster elevated intracanalicu-
lar pressure as a contributory factor to hearing loss in this
patient population, marking a significant step forward in
our comprehension of VS-associated auditory impairment's
pathophysiological underpinnings.

Moreover, this study goes a step further, attempting to
identify a precise icLV threshold that initiates the dilation of
the ITAC. Through logistic regression analysis, we identified
a critical volume threshold—137.52 mm>—at which point
canal expansion becomes probable. It is crucial to acknowl-
edge, however, the complexity inherent in these relation-
ships. While our models shed light on this dynamic, the
inconsistency in reliability across different models under-
scores the multifaceted nature of VS pathophysiology. Con-
sequently, our analysis points to a broader landscape of fac-
tors beyond icLV that warrants deeper exploration.

Future directions

This study uses logistic regression, a common machine-
learning technique, to explore the relationship between
icLV and IAC dilation. This threshold correlates with tumor
size and clinical outcomes[18], providing a useful metric
for treatment decisions. However, the linear assumptions
of logistic regression between predictors and the log odds
of the outcome may oversimplify the complex, non-linear
interactions in tumor progression and IAC changes[19,
20]. The inconsistency in model reliability across different
analyses further underscores the multifaceted nature of VS

pathophysiology. Future research could benefit from more
sophisticated models—e.g. support vector machines, ran-
dom forests, and neural networks—to capture non-linear pat-
terns and interactions among a broader range of features,
including radiomic data, patient demographics, and temporal
dynamics of tumor growth[21, 22]. Such advanced methods
could enhance risk stratification, offering more nuanced and
accurate predictions of clinical outcomes[23]. Incorporat-
ing temporal models, such as recurrent neural networks,
could further improve predictive performance by account-
ing for longitudinal changes in tumor size and IAC mor-
phology, potentially enabling real-time adaptive models that
refine predictions as new data becomes available[24, 25].
While our logistic regression approach has yielded valu-
able insights, these advanced techniques could significantly
broaden the scope and precision of predictive modeling in
VS management.

Limitations

While our study provides valuable insights into the anatomi-
cal alterations within the bilateral IAC’s among VS patients,
as delineated by high-definition radiological imaging, it is
imperative to acknowledge its limitations. Primarily, our
cohort consisted solely of patients undergoing GKRS. This
selection criterion may introduce bias, as it does not encom-
pass newly diagnosed patients or those opting for or eligible
for alternative treatments. However, the collected data ana-
lyzed in this study have not been influenced in any way by
this treatment strategy, since the data have been collected
before radiosurgical irradiation. The disadvantage of this
cohort selection is that it could potentially limit the gen-
eralizability of our findings across the wider spectrum of
individuals with VS. On the other hand, this cohort included
only patients with a formal treatment indication, which
offers a much more significant interest of the role of bone
erosion for patients with VS since it provides information
when treatment is needed.

Given that our cohort was non-surgical, diagnoses were
based on radiological findings without histopathological
confirmation. Although contemporary imaging techniques
offer high diagnostic accuracy, they do not provide the
definitive pathognomonic confirmation that histopathology
ensures.

The reliance on static imaging data in this study pro-
vides only a snapshot of the condition, without capturing
the dynamic progression of VS over time. This cross-sec-
tional design restricts our ability to investigate the disease's
evolution.

Recognizing these limitations emphasizes the need for
studies with more diverse patient cohorts, encompassing
various treatment modalities, and employing longitudinal
designs to monitor the temporal dynamics of VS. Integrating
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detailed clinical outcomes, including symptomatology and
neurological function, with our radiological observations
will be crucial for deepening our understanding of VS and
improving patient care strategies.

Conclusions

This study offers a comprehensive morphometric analysis
of VS and their impact on IAC anatomy in a large cohort of
patients treated with GKRS. The icLV emerged as a key pre-
dictor of IAC dilation, highlighting its potential as a marker
for assessing bony erosion and disease progression.

The identification of a critical icLV threshold for canal
dilation provides a quantitative tool that could improve clini-
cal decision-making, particularly in distinguishing between
patients requiring active intervention versus conservative
management. Additionally, the variability in canal dimen-
sions based on tumor location offers insights into the spatial
dynamics of VS growth and its clinical implications.

Despite the study's limitations, including its focus on a
radiosurgery-treated cohort and static imaging data, these
findings enhance the understanding of VS pathophysiology.
Future research should validate these results in more diverse
populations and incorporate longitudinal data to better cap-
ture VS progression, ultimately refining treatment strategies
and improving patient care.
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