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ABBREVIATIONS

ADC — apparent diffusion coefficient

Al — artificial intelligence

AJCC — American Joint Committee on Cancer

AT — arrival time

AUC — area under the curve

AUCROC - areaunder the receiver operating characteristic curve

BF — blood flow

BRAF — B-Raf proto-oncogene, serine/threonine kinase

BV — blood volume

CEUS — contrast-enhanced ultrasound

CI — confidence interval

CRT — chemoradiation therapy

cT — clinical tumor staging

CT — computed tomography

DCE-CT — dynamic contrast-enhanced computed tomography

DCE-MRI - dynamic contrast-enhanced magnetic resonance imaging

DECT — dual-energy computed tomography

DS — descending slope

DWI — diffusion-weighted imaging

EDTA — ethylenediaminetetraacetic acid

EFSUMB - European Federation of Societies for Ultrasound in Medicine and Biology

FN — false negative

FP — false positive

HU — Hounsfield units

IMAX — maximum intensity

Kep — rate constant (contrast reflux from extravascular extracellular space to
plasma)

Ktrans — volume transfer constant (contrast movement from plasma to
extravascular extracellular space)

kVp — kilovolt peak

LSCC — laryngeal squamous cell carcinoma

MaxEn — maximum enhancement

MI — mechanical index

MRI — magnetic resonance imaging

MTT — mean transit time

NNP — nuclear notch protein

NOTC — non-ossified thyroid cartilage

NPV — negative predictive value

NUT — nuclear protein in testis

OR — odds ratio

PACS — Picture Archiving and Communication System

PAS — periodic acid—Schiff

PCT — perfusion computed tomography

PE — peak enhancement

PI — peak intensity

PPV — positive predictive value
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difference in time to peak between tumor and thyroid cartilage
difference in wash-in slope between tumor and thyroid cartilage



INTRODUCTION

Over the last decade, cases of laryngeal cancer have increased by roughly
23% worldwide [1], and it is still significantly more common in men than
women [1, 2]. Moreover, the vast majority of malignant laryngeal tumors
(about 90%—95%) are squamous cell carcinomas (SCCs), which remain the
most common histological type [3, 4].

Accurate imaging assessment of tumor spread, particularly its invasion
in thyroid and cricoid cartilages, plays a crucial role in determining the true
extent of disease and selecting the most appropriate treatment strategy for an
individual patient. It directly influences the extent of surgical management,
i.e. whether total laryngectomy, open partial laryngectomy, or transoral laser
microsurgery (TOLMS) is performed or whether a conservative approach
with radiotherapy and/or chemotherapy is selected [5—9]. These therapeutic
decisions have a direct impact on treatment efficacy, prognosis after
radiotherapy, and patient’s quality of life.

From this point of view, imaging becomes most important in differen-
tiating between T stages according to the Tumor—Node—Metastasis (TNM)
classification [10]. Computed tomography (CT) and magnetic resonance
imaging (MRI) are the main imaging modalities for staging laryngeal carci-
noma for many years [7, 11-16]. Although both CT and MRI are recom-
mended by current guidelines, each modality has intrinsic limitations and
strengths. Moreover, the choice of modality often depends on local protocols
and scanner availability. CT is effective for evaluating laryngeal cartilage
invasion, particularly in regions where the cartilage is already ossified, and it
is also advantageous for patients with respiratory difficulties because of its
rapid image acquisition. However, a significant diagnostic challenge
remains — tumor tissue and non-ossified thyroid cartilage often demonstrate
similar tissue densities, making it difficult to reliably assess the presence and
extent of tumor invasion [17]. In these cases, MRI is the choice of modality
according to the revised MRI criteria by Becker et al. [18] published in 2008.
However, even if it is relatively a long time standing reliable radiological
modality, the issue of false-positive findings remains. Although the diagnostic
accuracy of MRI and dual-energy computed tomography (DECT) has
improved, no cross-sectional imaging method has consistently outperformed
the others in detecting tumor invasion into non-ossified thyroid cartilage [14,
16-23].

Therefore, researchers continue to investigate new imaging properties
and technologies aimed at improving the accuracy of radiologic staging in
laryngeal cancer. Contrast-enhanced ultrasound (CEUS) has recently gained



interest in oncological imaging due to its high spatial resolution, excellent
acoustic window, and ability to assess and quantify microvascular perfusion
in real time [24, 25]. One of the advantages is that CEUS images can be
analyzed not only qualitatively but also quantitatively, using perfusion-
derived parameters, providing an opportunity to objectify the assessment [24,
26-37]. The knowledge that non-ossified thyroid cartilage is composed of
avascular hyaline cartilage rises a hypothesis that it can be differentiated from
vascularized tumor tissue based on perfusion patterns observed during CEUS
[38—40]. In this field, we found only one study by Hu et al. [41], who have
shown that CEUS has potential for detecting laryngeal cartilage invasion in
patients with laryngeal cancer. However, this study included all laryngeal
cartilages and qualitative CEUS analysis. Overall, the diagnostic role of
CEUS in assessing non-ossified thyroid cartilage invasion remains insuffi-
ciently investigated, with no studies incorporating quantitative analysis,
making it an attractive direction for further research.

The aim of the study

The aim of this study was to determine the diagnostic value of qualitative
and quantitative analysis of CEUS in assessing laryngeal squamous cell
carcinoma invasion into non-ossified thyroid cartilage, comparing with
postoperative histopathological findings.

The objectives of the study

1. To determine the specificity and sensitivity of qualitative (visual)
CEUS in assessing laryngeal carcinoma invasion into non-ossified
thyroid cartilage.

2. To evaluate the added diagnostic value of CEUS when combined
with CT and MRI in assessing laryngeal carcinoma invasion into
non-ossified thyroid cartilage.

3. To analyze and determine the diagnostic value of CEUS quantitative
time—intensity curve (TIC) parameters in assessing laryngeal
carcinoma invasion into non-ossified thyroid cartilage.

4. To determine which combination of TIC parameters provides the
highest diagnostic performance in assessing laryngeal carcinoma
invasion into non-ossified thyroid cartilage.
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The novelty of the study

To this day, the diagnosis of non-ossified thyroid cartilage invasion
remains a major challenge in radiological diagnostics with misdiagnosis cases
still being present. That is why we decided to look for an additional way to
solve this problem. To our knowledge, this is the first scientific CEUS study
examining specifically non-ossified thyroid cartilage invasion in patients
with laryngeal SCC. Although a similar scientific study was conducted a few
years ago, the researchers [41] investigated the invasion of laryngeal cancer
into all laryngeal cartilages, without specifically focusing on non-ossified
thyroid cartilage. Moreover, the above-mentioned study was based only on
visual (qualitative) CEUS assessment [41]. According to the current publi-
shed literature, we are pioneers in our research topic in several aspects. First,
the focus of the CEUS study was non-ossified thyroid cartilage. Second, not
only qualitative but also quantitative analysis of CEUS images was
performed. Third, the diagnostic values of TIC parameters of non-ossified
thyroid cartilage with and without invasion and tumor tissue were determined
for the first time. Fourth, for comparison, patients underwent not only CT, but
also MRI. Fifth, the added diagnostic value of CEUS combining it with CT
and MRI was evaluated. Finally, these aspects of novelty in our research were
enhanced by using the histopathological examination as the gold standard,
with an accurate target site indicated in our specific Assessment Scheme of
Local Spread (“Lokalaus i$plitimo iStyrimo schema”, Appendix 1), based on
CT images.

This study provides novel evidence supporting the potential of CEUS as
a complementary, non-invasive imaging modality to CT and MRI for the
preoperative assessment of non-ossified thyroid cartilage invasion. These
findings may contribute to refining diagnostic algorithms, improving staging
accuracy, and reducing diagnostic overestimation, thereby facilitating more
appropriate and potentially less traumatic treatment planning in patients with
laryngeal squamous cell carcinoma.

11



1. LITERATURE REVIEW

1.1. Routine imaging modalities

1.1.1. Computed tomography

Computed tomography (CT) is a non-invasive radiological examination
that utilizes ionizing radiation. In many institutions, it is most performed as
the first-line imaging modality in the diagnosis of laryngeal cancer, especially
for patients with locally advanced cancer and dyspnea. It is used to assess
tumor localization, local extension, and lymphadenopathy.

According to the established literature guidelines, high-quality diagnos-
tic images should be obtained using a high-resolution multidetector CT
scanner with a dedicated head and neck protocol [7]. The examination recom-
mended to be performed both with and without intravenous iodinated contrast
administration. Contrast enhancement provides crucial additional
information by differentiating between normal and pathological tissues based
on their enhancement characteristics [42]. During the examination, images
are acquired with a patient positioned supine and breathing gently. The neck
should be slightly extended, with the head aligned along the cephalocaudal
axis to ensure accurate comparison of bilateral anatomical structures [14].
Following image acquisition, additional multiplanar reconstructions should
be done using both soft tissue and bone window settings. High-resolution
reconstructions with thin slices and optimal contrast phases are essential for
the accurate evaluation of local laryngeal tumor spread in small anatomical
regions avoiding misinterpretation. Axial images are parallel to the true vocal
cords, whereas sagittal and coronal images are perpendicular. Thin-slice bone
multiplanar reconstructions further enhance the evaluation of laryngeal
cartilages and potential osseous invasion. CT by offering an exceptional
evaluation of the infrahyoid neck with the short scanning time (typically
6—8 s) enables the patient to remain relatively still with low probability of
swallowing. Thus, motion artifacts are minimized as compared to imaging
modalities longer in duration such as MRI, leaving CT particularly recom-
mended as the first-choice imaging technique in patients with respiratory
distress, respiratory failure, or claustrophobia [16, 43].

On CT scans, laryngeal SCCs typically show mild-to-moderate enhan-
cement, though in some cases, enhancement may be stronger [42]. This helps
in clearly defining tumor boundaries and evaluating the extent of deep tissue
invasion, which is critical for accurate staging. Without extension to soft
tissues, tumor invasion to laryngeal cartilages plays an important role [44].
The primary CT characteristics indicative of cartilage invasion include
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sclerosis, lysis or erosion, and extra-laryngeal spread. Sclerosis manifests as
bony remodeling showing increased density or thickening of the cartilage on
CT due to direct invasion or adjacent presence of neoplastic cells; however,
specificity to identify cartilage invasion in the presence of sclerosis on CT is
the low. As lysis appears as areas of cartilage erosion or destruction, in some
cases, it is challenging to evaluate when variable and asymmetrical degrees
of cartilage ossification persist [42, 44]. It is important to note that the
diagnosis of cartilage invasion is not always straightforward. Notably, the
evaluation non-ossified cartilage invasion could be almost indistinguishable
on CT, due to the similar densities with enhanced tumor tissue; therefore,
normal variations can be mistakenly reported as tumor invasion [14, 17].
However, the suspicion of tumor invasion into non-ossified cartilage typically
should be risen when there is proximity between the tumor and the cartilage
[11, 14, 17, 42].

Even CT is often preferred over MRI due to its wider availability, lower
cost, and faster scanning times, the specificity of CT can be variable and even
lower than that of MRI [45]. The results of studies by Becker et al. [18, 46]
and other researchers [13, 17, 20, 45] have indicated that the CT-based
diagnosis of laryngeal cartilage invasion remains a subject of debate up to
this day [13, 17, 18, 20, 45, 46].

1.1.2. Magnetic resonance imaging

MRI is a sophisticated medical imaging technique that provides detailed
images without the use of ionizing radiation. This non-invasive examination
relies on the interaction between a powerful magnetic field and radioftre-
quency waves to generate high-resolution images of organs, tissues, and
physiological processes within the body. The magnetic field aligns the hydro-
gen atoms in the body, and when radiofrequency pulses are applied, these
atoms emit signals that are detected and processed to create detailed cross-
sectional images [47].

One of the key advantages of MRI is its ability to produce images with
excellent soft tissue contrast, making it particularly useful for the anatomi-
cally difficult head and neck region [6, 9, 16, 43, 44]. Laryngeal MRI should
be performed in axial, coronal, and sagittal planes using the vocal cords as
strict orientation, providing a comprehensive view of the area of interest.
Additionally, institutions should follow the imaging protocol recommen-
dations provided by leaders in head and neck radiology [9].

Primary laryngeal SCCs typically demonstrate intermediate signal inten-
sity on T1, T2, and short tau inversion recovery (STIR)-weighted sequences
with moderate contrast enhancement. They may appear as mass-like lesions,
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extend along mucosal surfaces, or exhibit diffuse infiltration [9]. One of the
main radiological challenges is the assessment of peritumoral infiltration
from laryngeal cancer. Peritumoral inflammation usually shows higher
T2/STIR signal intensity and stronger contrast enhancement; however, not so
rare it mimics a tumor tissue, often leading to overestimation of tumor size
and stage [9]. In such cases, advanced imaging techniques such as diffusion-
weighted imaging (DWI), which is added to a routine protocol, play an
important role in differentiating SCC from peritumoral inflammation.
Restricted diffusion is characteristic of tumor tissue, with the mean ADC
values 0f 0.9—1.3 x 103 mm?/s, correlating with tumor cellularity and stromal
composition. In contrast, peritumoral infiltration shows no restricted dif-
fusion, with higher ADC values of 1.4-1.9 x 1073 mm?/s [9]. In cases where
MRI is not the first-line imaging modality for laryngeal cancer assessment, it
serves as a complementary tool for evaluating local tumor spread, including
cartilage invasion and extralaryngeal extension, with greater accuracy than
CT [9, 18, 45]. On MRI, normal non-ossified thyroid cartilage appears
markedly hypointense on T1- and T2-weighted images and, without contrast
enhancement, exhibits low-signal intensity on high b-value DWI images and
ADC maps [9]. By utilizing the multiparametric diagnostic criteria for
tumors, inflammation, normal non-ossified ossified cartilage as previously
described, MRI enhances the accuracy of diagnosing cartilage abnormalities,
thereby preventing diagnostic errors associated with CT, making it possible
to use it as the primary examination in the diagnosis of laryngeal cancer for
patients without respiratory distress [13, 18, 42, 45, 48].

To summarize, if the cartilage near a tumor shows a moderately high
signal intensity on T2-weighted images, moderate enhancement on contrast-
enhanced T1-weighted images, and restricted diffusion (similar to tumor), it
should be considered invaded. Conversely, if the cartilage near a tumor
exhibits a higher signal intensity on T2-weighted images and greater enhan-
cement than the adjacent tumor, without restricted diffusion, it should be
defined as peritumoral cartilage inflammation [9, 18]. It is important to
recognize that DWI images might not always be helpful for diagnosis due to
issues such as geometric distortion and reduced spatial resolution. Conse-
quently, if the quality of DWI images is insufficient for diagnostic purposes,
Becker et al. suggest relying on standard morphologic MR imaging based on
experience [9].

Therefore, to obtain high-quality diagnostic images, which are important
for cancer staging, MRI should be performed according to the expert-
recommended guidelines. Despite its significant advantages, MRI also has
other limitations, the main ones being the long scanning time (which may last
up to 45 min) and its sensitivity to metal and motion artifacts. For this reason,
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MRI is not the first-choice examination for patients with breathing difficul-
ties, respiratory insufficiency, claustrophobia, or those who are unable to
remain still for a longer period [6, 11, 49].

1.2. Other imaging modalities

1.2.1. Dynamic contrast-enhanced and perfusion computed
tomography

Dynamic contrast-enhanced CT (DCE-CT) is an emerging functional
imaging technique in oncological imaging. Unlike conventional CT, which
provides mainly anatomical information, DCE-CT offers insight into tumor
physiology by tracking the temporal changes in contrast enhancement
following intravenous injection of iodinated contrast material and offers a
qualitative and quantitative overview of tumor vascularity [19].

Perfusion CT (PCT) is a specific application within the broader category
of DCE-CT techniques. It utilizes mathematical models, such as deconvo-
lution or compartmental analysis, to calculate quantitative hemodynamic
parameters such as blood flow (BF), blood volume (BV), mean transit time
(MTT), and capillary permeability—surface area product (PS) described in
Table 1.2.1.1 [50].

Table 1.2.1.1. Quantitative hemodynamic parameters of perfusion computed
tomography [50]

Perfusion
parameter
Blood flow (BF) |expressed in mL/min/100 g of tissue, it is the flow rate of blood through
vasculature in a tissue region. BF includes flow information from large
vessels, arterioles, capillaries, and venules as well as arteriovenous
shunts, which are more common in neoplastic tissue than in healthy

Description

tissue
Blood volume expressed in mL/100 g of tissue, it represents the volume of blood that
(BV) flows within vasculature in a tissue region
Mean transit time |expressed in s, it represents the mean time blood takes to pass through
(MTT) microvasculature from the arterial to the venous end. MTT is inversely
correlated to BF
Permeability— expressed in mL/min/100 g of tissue, it measures the product between
surface (PS) the permeability and the total surface area of capillary endothelium in a
products unit mass of tissue (usually 100 g of tissue). It is considered as a surro-

gate marker of immature leaky vessels, which are more common in
neoplastic tissue
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Technically, DCE-CT and perfusion CT share the same acquisition prin-
ciples, involving rapid sequential imaging during the first pass of intravenous
contrast administration. However, DCE-CT may employ pharmacokinetic
modeling to assess parameters such as the transfer constant (Kgans) and
extracellular volume fraction (Ve), whereas perfusion CT focuses on the
direct quantification of blood flow dynamics within a defined region of
interest (ROI) [51]. Despite these methodological distinctions, both techni-
ques are frequently used interchangeably in literature as they serve a common
purpose, i.e. functional evaluation of tumor perfusion.

There are some technical considerations worth mentioning. CT scans of
the head and neck work best on multi-detector CT machines using a beam
collimation as wide as possible to maximize anatomic coverage on the z-axis,
achieving an optimal trade-off between radiation dose, image noise, and both
spatial and temporal resolution — all this is essential for reliable results [50].

For dynamic scanning, the scan range can be adjusted based on the
scanner setup: a 2-cm range for a 16-row CT scanner, a 4-cm range for a 64-
row CT scanner, or a range of 8 to 16 cm for a 128- or 320-row CT detector
[50]. This helps capture both the main tumor and nearby lymph nodes. The
scan settings need to balance radiation exposure and image quality, usually
using 80-100 kVp and 20-100 mAs per rotation. Motion correction and
standard software are important for consistent results [51].

Quick CT images are taken after injecting contrast into a vein. The
dynamic CT acquisition time varies among institutions. For example, the
article by Razek et al. [50] mentions a total time of 40-60s, and for
permeability measurements, a second phase is obtained after 2—10 min [50].
These images help create time-attenuation curves for each small area [50-
52]. The choice of PCT acquisition parameters depends on the anatomical
area being examined, the technical characteristics of the scanner, and the
method used for data analysis.

In head and neck oncology, from a scientific perspective, DCECT/PCT
has been not very widely applied in the evaluation of tumor infiltration,
treatment response, and characterization of tumor aggressiveness, and only
few studies investigated laryngeal cartilage invasion [19, 50-53]. To our
knowledge, existing studies have not shown a significant diagnostic value of
DCECT/PCT in assessing local tumor invasion of the larynx (including
thyroid cartilage), although these studies have not specifically investigated
non-ossified thyroid cartilage [19, 53]. DCECT/PCT faces several chal-
lenges; moreover, in some cases, achieving adequate image quality does not
effectively cover large or multifocal tumors. Additionally, variations current-
ly exist in the implementation protocols and software used, which has
implications for diagnostic standardization. Furthermore, the technique may
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involve increased radiation exposure [51]. To establish the efficacy of DCE-
CT in diagnosing and staging laryngeal cancer, large multicenter studies and
standardized protocols are required.

1.2.2. Dual-energy computed tomography

DECT represents a significant advancement in imaging technology,
specifically enhancing the evaluation of head and neck cancer by obtaining
images at two different X-ray energy levels rather than conventional single-
energy CT (SECT) [54]. DECT allows for superior tissue characterization and
differentiation between malignant and non-malignant tissues, which is
essential for precise diagnosis and treatment planning. This technology not
only improves visualization of tumors but also aids in assessing their extent
and potential invasion into critical structures, paving the way for more
targeted therapeutic approaches. Understanding the underlying techniques
and a range of applications further underscores the pivotal role DECT plays
in modern oncological imaging [54, 55].

It is important to mention that several DECT scanners are utilized in
clinical practice, each with unique features and capabilities. These scanners
employ different technological approaches to achieve dual-energy imaging,
including dual-source systems, rapid kVp switching, and dual-layer detectors
(Fig. 1.2.2.1) [54]. Dual-source scanners use two X-ray tubes and detector
pairs, allowing for simultaneous acquisition of high- and low-energy data.
Rapid kVp switching systems alternate between high- and low-tube voltages
during a single rotation, while dual-layer detectors use a single X-ray source
with two detector layers sensitive to different energy levels [54—58].
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Fig. 1.2.2.1. Different DECT scanners

For optimal DECT scanning, projection data should be obtained simultaneously or nearly simulta-
neously at 2 different peak energies, represented by different colors. Description: (A) Dual-source
DECT (Siemens AG). This system consists of 2 source x-ray tubes with 2 corresponding detectors at a
nearly orthogonal angle, enabling the same slice to be imaged simultaneously at high and low energies.
(B) Single source DECT with rapid kV switching (GE Healthcare). Projection data are collected twice
for every projection, 1 at high- and 1 at low-tube voltage, by very fast switching between low-energy
and high-energy spectra combined with fast sampling capabilities of a proprietary, garnet-based
scintillator detector with low afterglow for spectral separation at each successive axial or spiral view.
(C) Dual-layer or sandwich detector DECT (Philips Healthcare). This system consists of a single source
and detector, but the detector is composed of 2 scintillation layers. With this system, separation of high-
energy and low-energy spectra produced by a single source occurs at the level of the detector.
(D) TwinBeam DECT (Siemens AG). This system consists of a single source-detector combination in
which a split filter at the output of the tube results in separation of the beam into low-energy and high-
energy spectra. (E) Sequential scanning approach for DECT is one of the earliest and simplest ways to
obtain DECT scans. Data at 2 different energies are acquired sequentially at the same positions using
different tube voltages. However, there can be significant limitations using this approach because of
effects of motion and temporal misregistration that may limit successful use of this technology to
certain niche areas. (F) A photon-counting scanner, one of the most advanced spectral CT systems
currently under development and only available for experimental use at this time. These scanners use
photon-counting detectors to resolve the energy of individual photons or photon bins. Theoretically,
narrow selectable subranges (or bins) of the spectrum can then be used to classify materials based on
their spectral characteristics, enabling multienergy material characterization.

Reproduced from Sananmuang et al. [58] with permission.

The choice of DECT scanner in a clinical setting depends on various
factors including specific imaging requirements, patient population, and
institutional preferences. Each type of scanner offers distinct advantages in
terms of temporal resolution, spatial resolution, and material differentiation
capabilities. Understanding the strengths and limitations of different DECT
technologies is crucial for optimizing image quality, diagnostic accuracy, and
radiation dose management in clinical practice [54].
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In clinical practice, DECT examinations should deliver radiation doses
that are acceptable and, ideally, not greater than those from SECT. While
early adoption of DECT raised concerns about higher exposure, multiple
studies have shown that comparable, and sometimes even lower, doses can
be achieved without compromising image quality. For adult patients with
head and neck cancer, maintaining high-quality imaging is essential to allow
accurate staging, treatment planning, and precise delineation of tumor extent
for optimal surgical management when indicated. In these cases, a priority
should be given to obtaining diagnostically robust images, with radiation
exposure kept as low as reasonably achievable rather than focusing on minor
dose reductions that do not impact clinical outcomes [54—56]. The different
energy levels used in DECT are crucial for image reconstructions and mate-
rial characterization (Table 1.2.2.1) [54-56, 58].

Table 1.2.2.1. Most common reconstructions of DECT images [58]

Image
reconstruction Basic principles
type
Virtual e  VMIs can be reconstructed at energies typically ranging from 40 keV
monochromatic to 140 keV or higher
images (VMIs) |e  65- or 70-keV VMIs are considered similar to standard 120-kVp
SECT scans
e  On the low-energy VMIs (e.g., 40 keV) enhance tumor visibility and
soft tissue contrast
e High-energy VMIs (e.g., 95 keV or higher) are useful for distingui-
shing non-ossified thyroid cartilage from tumors and reducing
metallic artifacts
Material e DECT is typically best suited for the decomposition of 2 constituent
decomposition/ elements, such as iodine-water for generating an iodine map
iodine map e Jodine, the main constituent of CT contrast agents, has a k-edge of
33.2 keV
e Low-energy VMIs approaching this k-edge increase the attenuation
of enhancing tissues
Weighted e Typically blend 30% of the low-energy and 70% of the high-energy
average images attenuation data to simulate standard 120-kVp SECT and used for
routine clinical interpretation

keV — kilo-electron-volt; CT — computed tomography; DECT — dual-energy computed tomography;
kVp — kilovolt peak; SECT — single-energy computed tomography.

The ability to manipulate these energy levels allows DECT to provide
enhanced tissue characterization, improved tumor visualization, artifact
reduction, and quantitative analysis capabilities.
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DECT has shown a significant promise in assessing thyroid cartilage
invasion in laryngeal and hypopharyngeal cancers. The technology leverages
the different spectral characteristics of non-ossified thyroid cartilage and
tumor tissue to improve diagnostic accuracy. High-energy VMIs are parti-
cularly useful in this context as they enhance the distinction between non-
ossified thyroid cartilage and the tumor. This differentiation is possible be-
cause non-ossified thyroid cartilage maintains its high attenuation at higher
energies, while tumor attenuation decreases due to iodine suppression (most
evident at VMI energies of 95 HU or higher) [59]. Studies have demonstrated
that the addition of iodine maps to standard SECT-equivalent DECT images
can increase sensitivity for detecting thyroid cartilage invasion without
compromising specificity [60]. Furthermore, DECT with iodine overlay maps
has shown a higher specificity and an acceptable sensitivity in diagnosing
laryngeal cartilage invasion compared to MRI [61]. It is essential to verify
that the display settings are accurate to prevent incorrect identification of
iodine levels in the targeted area. Combining this interpretation with tradi-
tional imaging is crucial and typically helps in identifying potential errors
[58].

Although DECT offers notable advantages, its integration into world-
wide routine clinical practice has been slow and quite limited, likely due to
workflow challenges and the perception of marginal clinical benefits, yet.
However, emerging computerized image analysis and machine learning
applications may help realize the full potential of DECT, potentially leading
to greater interest and adoption of this technology in future.

1.2.3. Dynamic contrast-enhanced magnetic resonance imaging

Dynamic contrast-enhanced MRI (DCE-MRI) is a functional imaging
modality that evaluates microvascular characteristics of tissues by analyzing
signal intensity changes following the administration of gadolinium-based
contrast agents [62]. The analysis can be approached at three levels: qualita-
tive, semi-quantitative, and quantitative.

Qualitative analysis involves the visual assessment of enhancement
patterns over time and descriptive evaluation of the shape of the TIC in voxels
[62]. TICs are typically categorized into three types: type I (persistent),
type Il (plateau), and type Il (wash-out). Malignant lesions frequently
exhibit rapid enhancement followed by wash-out (type III), suggesting high
vascular permeability [62, 63]. Citil et al. [22] in their study involving
patients with laryngeal cancer discussed a different classification of curve
patterns and reported that type A (showing peak enhancement within 120 s
during the early phase and a decrease during the delayed phase) and type B
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(demonstrating increasing enhancement in the early phase followed by a
plateau in the delayed phase) curves were strongly associated with malignancy,
whereas type C (showing no increasing peak and relatively stable enhancement
throughout the examination) curves were linked to benign changes [22].

Semi-quantitative analysis uses TIC data to extract parameters such as
maximum enhancement (MaxEn), time to peak (TTP), wash-in rate (WIR),
wash-out rate (WOR), and area under the curve (AUC) without requiring
pharmacokinetic modeling [62]. These parameters are easy to compute and
provide insight into tumor vascularity. In a study involving patients with
nasopharyngeal carcinoma, Huang et al. reported that the initial AUC and
MaxEn were significantly higher in advanced-stage tumors, correlating with
their aggressive angiogenic profile [64].

Quantitative analysis applies pharmacokinetic models such as the Tofts
or the most commonly used “extended Tofts” model to derive biologically
meaningful parameters, including Kuans (volume transfer constant) that reflects
the rate of contrast agent movement from blood plasma to the extravascular
extracellular space; K¢, (rate constant) that indicates reflux of contrast agent
back into plasma; V. (extracellular extravascular volume fraction), and V,
(plasma volume) [65-67].

In the field of head and neck pathologies, Yu et al. [67] demonstrated that
malignant cartilage lesions had significantly high Keans and Ve values,
supporting DCE-MRI as an accurate and quantitative modality to evaluate
neoplastic invasion of the laryngeal cartilage in a noninvasive way. However,
other published studies showed inconsistent results [65, 68]. For this reason,
standardized acquisition and analysis protocols should be regarded as an
opportunity to harmonize clinical practice and ensure consistency in imaging
methodology across studies and institutions [62]. To the best of our
knowledge, no prior studies have specifically addressed the assessment of
non-ossified thyroid cartilage invasion, highlighting a potential direction for
future research.

1.3. Contrast-enhanced ultrasound

CEUS represents a significant advancement in medical imaging, offering
enhanced diagnostic capabilities over conventional ultrasound. The term
CEUS was formally introduced as an acronym by members of the European
Federation of Societies for Ultrasound in Medicine and Biology (EFSUMB).
Ultrasound contrast agents (UCAs) are used in this technique to enhance the
visualization of blood flow and tissue perfusion, supporting more accurate
assessment of different pathologies [25, 69, 70].
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1.3.1. Basic principles and technique

A successful CEUS examination requires specific equipment and a
standardized scanning protocol. The essential components include an
ultrasound scanner equipped with contrast imaging software, UCAs, and
2 sets of hands available for intravenous injection and performance of CEUS
imaging [70]. A CEUS capable ultrasound scanner is necessary, featuring a
low mechanical index (MI) of 0.05—0.4 used for CEUS to minimize bubble
disruption [71]. Most vendors of ultrasound devices offer systems with this
capability. Additionally, it is important to have and choose the right probe.
Linear probes operating at higher transmission frequencies can be beneficial
for evaluating superficial lesions and in situations where greater spatial
resolution is required [69, 70]. In such cases, administering higher doses of
contrast may be advantageous for laryngeal imaging, as agents become less
efficient nonlinear scatterers at higher frequencies [69]. A scanner must be
able to record single images and multi-image cine clips of variable lengths,
up to several minutes for quantitative analysis. Using a dual-screen option is
recommended, displaying a gray-scale image on one screen for localization
and the contrast-only image on the other. Moreover, a timer showing the time
from the start of the injection is also essential [70].

It is suggested that CEUS should be carried out by practitioners who have
acquired ample experience in both US and CEUS techniques [25,69,70,72].

Another important aspect of the quality of CEUS examination is a
scanning protocol, which involves several key steps:

1. Preparation: initial gray-scale imaging is done to locate the area of
interest. The patient is positioned to keep the lesion/tumor in the
field of view and minimize its distance from the transducer. Intra-
venous access is established, preferably with an 18-20-G needle in
an antecubital vein, and a 3-way stopcock is used to facilitate
injection [70, 73].

2. Contrast injection: the UCA must be activated as required, and
before each subsequent application, the container for contrast
medium must be shaken [73]. Before injection, the gain on the
contrast-only image is adjusted to be minimal (a nearly black
screen). The UCA is injected at a rate of about 1 mL/s, immediately
(a bolus) followed by a 5- to 10-mL saline flush [70].

3. Imaging and recording: the contrast-specific mode is activated.
Depending on the application, image recording (cine clip) usually
begins either with saline flush or when the first microbubble appears
in the field of view. Continuous insonation of large areas should be
avoided to prevent premature bubble destruction. A practical
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approach is to perform continuous scanning and record a cine loop
starting from the initial appearance of microbubbles, capturing the
arterial enhancement peak and extending up to 60 s (based on the
presence of early wash-out). Beyond this point, scanning should
proceed intermittently, with single images or short cine loops stored
every 30—60 s to document the onset of wash-out [69, 70].

4. Repeat injections: if the second dose is needed, it is best to wait
about 5 min for the initial dose to dissipate or use a high-MI imaging
mode (like a flash mode) to destroy the remaining bubbles before
the next injection [69, 70].

After the cine clip is saved, the next step is postprocessing: (a) a detailed
reassessment of the recorded cine loop in slow motion with qualitative and
quantitative analysis; (b) discussion of the findings and preparation of a
structured study summary; and (c¢) completion of the final report with
recommendations for the patient [74]. The archived cine clip remains
available for repeated analysis when necessary.

1.3.2. Contrast agents

UCAs are gas-filled tiny microbubbles that create an acoustic interface
with the surrounding blood, enabling the visualization of blood flow and
tissue perfusion. They are considered safe, lacking nephrotoxicity, and allow
for repeated examinations in short intervals because their active components
are quickly eliminated through exhalation [70, 75, 76]. To date, contrast
agents can be divided into several generations: first-generation agents charac-
terized by low stability, second-generation agents with improved stability,
and third-generation agents composed of nanospheres. They can also be
classified according to the type of shell: lipid-based or protein-based. Today
in clinical practice, several UCAs with different compositions and approved
indications shown in Table 1.3.2.1 are used [70, 76].
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Table 1.3.2.1. Clinically approved contrast agents in current use [76]

Brand Manu- Approved | Distribution First
Gas Shell . " .
name facturer indications | compartments | approval
Optison® | GE Perfluor- | Albumin | Cardio Blood pool 1998
Healthcare | propane
SonoVue®/ | Bracco Sulphur- | Phospho- | Cardio, Blood pool 2001
Lumason® hexafluorid | lipids vascular,
abdomen,
breast,
urinary
tract
Definity®/ |Lantheus |Perfluor- |Phospho- |Cardio Blood pool 2001
Luminity® |Medical |propane lipids
Imaging
Sonazoid® | GE Perfluor- | Phosphati- | Abdomen | Blood pool, 2006
Healthcare | butane dylserine | (liver) reticuloendo-
thelial system
uptake

Adapted from the publication by Dietrich et al. [76].

1.3.2.1. Overview of the contrast agent SonoVue®

SonoVue is a second-generation UCA that is widely used in clinical
settings. First approved in European countries in 2001, it is the most utilized
contrast agent in clinical practice, and it is now registered in 44 countries
including Lithuania [69, 75, 77, 78].

Physical characteristics. SonoVue is a stabilized aqueous suspension
composed of microbubbles. These microbubbles contain sulfur hexafluoride
(SFs) gas and are enclosed by a phospholipid shell. Specifically, the shell is
made of DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine) and DPPG-Na
(1,2-dipaloyl-sn-glycero-3-phospho-rac-glycerol sodium). The microbubbles
range in size from 1.5 to 2.5 um [77]. It is designed for real-time imaging
using low MI modes, typically less than 0.1, and exhibits greater stability
compared to first-generation UCAs. After injection, SonoVue is considered
a pure blood pool agent, meaning it primarily circulates within the blood-
stream. The gas is eventually exhaled through the lungs, while the shell is
primarily metabolized by the liver [77].

Safety. SonoVue has a favorable safety profile [25, 77]. The microbubble
phospholipid encapsulation lacks protein components, resulting in a relati-
vely low incidence of allergic reactions. A large multi-center retrospective
study involving 463,434 examinations reported adverse events in only
0.033% of cases, with just 0.001% classified as severe [79]. The most

24



common risk factors for intolerance to UCAs include a pronounced allergic
predisposition to contrast media, cardiac insufficiency, and pulmonary hyper-
tension. Furthermore, their use is contraindicated during pregnancy and
lactation in some countries [73, 77].

1.3.3. Imaging data analysis of contrast-enhanced ultrasound
1.3.3.1. Qualitative analysis

Qualitative analysis in CEUS involves a different visual assessment of
contrast uptake dynamics such as enhancement (intensity, homogeneity,
margins, rims), perfusion pattern (centripetal, non-centripetal or a diffuse
central pattern), wash-in and wash-out behavior, and comparison with
adjacent tissues. These qualitative features can aid in distinguishing benign
from malignant lesions and in characterizing vascular architecture in real time
[24, 80].

The characteristics of qualitative analysis may vary, and their combina-
tions depend on the specific region or organ under investigation as well as the
underlying pathology [24, 25]. However, a minor pseudolimitation should be
acknowledged, as qualitative analysis relies on the examiner’s subjective
assessment, which may introduce a degree of reduced objectivity.

So far, there are no officially approved CEUS algorithms for the diagno-
sis or staging of laryngeal cancer as just several small single-center studies
have already been conducted [41, 81].

1.3.3.2. Quantitative analysis

The introduction of microbubble contrast agents has facilitated not only
qualitative analysis but also the acquisition of essential quantitative data on
tissue vascularity, perfusion, and even endothelial wall function [70,77].
Following the CEUS examination performed in accordance with the protocol
outlined in section /.3.1 Basic principles and techniques, microvascular and
perfusion dynamics can be evaluated using the TIC (Fig. 1.3.3.2.1) generated
from contrast enhancement within a ROI. Quantitative parameters commonly
derived from TIC analysis are shown in Tables 1.3.3.2.1 and 1.3.3.2.2, which
provide objective measures of tissue perfusion and vascular behavior [82].
These parameters have been applied in studies on tumors, vascular diseases,
and organ perfusion to discriminate benign versus malignant lesions, assess
therapeutic response, or monitor microvascular changes [24, 25, 31, 83]. In
certain cases, the diagnostic performance of CEUS can be enhanced through
the combined use of qualitative and quantitative analysis methods.
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Fig. 1.3.3.2.1. Time—intensity curve graph with common parameters

TOA —time of arrival; RT —rise time; WIR — wash-in rate; TTP — time to peak; PE — peak enhancement;
WOR - wash-out rate; AUC — area under the curve; FT — fall time; FWHM - full width at half maxi-
mum; WIT — wash-in time; WOT — wash-out time; TI — time of inflow; HTWi — half time wash-in;

HTWo — half time wash-out; TO — time of outflow.

Reproduced from Peniaeva et al. [74] with permission.

Table 1.3.3.2.1. Time—intensity curve parameters related to blood volume

[28, 74]

Parameter Synonym Definition
Peak intensity | Peak enhancement (PE), The maximum value of the intensity in
(PI) maximum intensity (IMAX) |arbitrary units
Area under Wash-in wash-out area The area under the time-intensity curve
the curve under the curve above baseline, which is calculated numeri-
(AUC) (WiWoAUC) cally between the starting time and a prede-

fined end time

Relative blood volume
(RBV)

Allows to estimate the relative blood volume
regardless of the time of arrival and flow
velocity of the bubbles in ROI. Particularly
important in lesions with irregular contrast
enhancement

ROI — region of interest.
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Table 1.3.3.2.2. Time-related parameters in relation to blood flow [28, 74]

Parameter name Synonym Definition
Time zero offset | Arrival time (AT) Time from the UCA injection to the first
Time of arrival (ToA) |appearance of any UCA signal within the

RO, i.e. the point on the abscissa where the
TIC curve starts the uprise

Time to peak TtoPk, tp, time to peak | Time to achieve the maximum intensity
(TTP) intensity (TPI)
Rise time (RT) Wash-in time (WIT) Time from UCA appearance / TI to maximum

intensity time depending on the software used;
RT can be described as time from 5% (10%)
to 95% (90%)

Mean transit time
(MTT)

Mean transit time
(mTT)

The mean time taken by the bubbles to pass
through the ROI

Wash-in rate —
maximum slope
(WiR)

Ascending slope (AS),
rise slope (RYS),
wash-in slope (WIS)

Characterizes the rate of UCA accumulation
in the ROI

Wash-out rate —
minimum slope
(WoR)

Descending slope (DS)

Characterizes the rate of UCA wash-out in
the ROI

Fall time (FT)

Wash-out time (WOT)

Time from maximum intensity to TO, i.e. the

point where the minimum slope tangent
intersects the x-axis

UCA — ultrasound contrast agent; ROI — region of interest; TIC — time-intensity curve; TO — time of
outflow.

The most commonly used parameters, which depend on the software, are
arrival time (AT, ToA), time to peak (TTP), peak intensity (PI, PE), wash-in
rate (WIR, AS, WIS), wash-out rate (WOR, DS), wash-out time (WOT), and
area under the curve (AUC) [28, 84]. It is essential to know that many aspects
can lead to variations in quantitative CEUS, some of them: the settings of the
scanner, patient-related factors including physiological aspects, propagation/
attenuation, and the types of bubbles and their management [74, 85]. In this
context, the application of standardized protocols is considered an essential
solution to ensure reproducibility and reliability. Notably, to our knowledge,
there are no published studies providing the values of qualitative parameters
of laryngeal cancer or laryngeal cartilages.

1.3.4. CEUS application in oncology

With a growing number of studies across various pathologies, CEUS has
increasingly become a significant tool in oncology, offering numerous appli-
cations through its ability to provide real-time imaging without radiation
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exposure or toxicity to the liver and the kidneys [24, 25, 30, 32, 36, 37, 68,
73, 80, 81, 83, 84, 86—109].

The EFSUMB, the leading European authority in ultrasound practice,
regularly publishes consensus guidelines on CEUS, providing evidence-
based recommendations that aim to standardize its clinical application across
specialties rather than simply report research findings. The guidelines sum-
marize current evidence evaluated by expert consensus, based on peer-
reviewed publications and excluding abstracts or conference reports. Levels
of evidence and grades of recommendation follow the Oxford Centre for
Evidence-based Medicine criteria. In clinical practice, among the applica-
tions of CEUS in oncology listed in the EFSUMB guidelines (Table 1.3.4.1),
laryngeal and hypopharyngeal cancers are not included, while the most
widely used applications are those for the liver and the kidneys.

Table 1.3.4.1. CEUS applications in oncology according to the EFSUMB
guidelines in adults [24, 25]

Organ/system Applications in oncology

Liver Hepatocelullar carcinoma, metastases, intrahepatic cholangiocarcino-
ma; lesion characterization (benign vs. malignant); detection of
residual/recurrent tumor; monitoring treatment response

Kidney Solid renal tumors, complex cystic lesions; differentiation of indetermi-
nate masses; vascular assessment; monitoring after ablative therapy

Pancreas Pancreatic adenocarcinoma, neuroendocrine tumors; differentiation
malignant vs. benign; hypervascular tumor detection; biopsy guidance

Breast Benign vs. malignant breast lesions; adjunct to BI-RADS; assessment
of tumor vascularity

Thyroid Thyroid carcinoma vs. benign nodules; vascularity analysis; evaluation
of indeterminate nodules

Lymph nodes Metastases, lymphoma, reactive nodes; differentiation malignant vs.
benign; staging; therapy response assessment

Prostate Prostate carcinoma; detection; biopsy targeting; focal therapy monitoring

Urinary bladder / | Bladder tumors; differentiation from clots; evaluation of tumor extent

urinary tract with intravesical CEUS

Gynecologic Ovarian carcinoma, endometrial carcinoma; differentiation benign vs.

organs malignant; perfusion assessment

Soft tissue and Sarcomas, metastases; differentiation; biopsy guidance; vascular

musculoskeletal | mapping

BIRADS — Breast Imaging Reporting and Data System; CEUS — contrast-enhanced ultrasound.
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In summary, CEUS represents a safe, effective, and precise imaging
technique that complements conventional approaches, boosting diagnostic
assurance and procedural success rates in a range of cancer-related appli-
cations. However, the available literature on the application of CEUS in
laryngeal cancer remains limited and insufficient.

1.4. Local staging of laryngeal cancer

Laryngeal squamous cell carcinoma (LSCC) represents more than 90%
of malignant laryngeal tumors, with the vast majority being conventional
SCC [4]. According to the latest WHO Classification of Head and Neck
Tumours, additional histological subtypes include verrucous carcinoma,
basaloid SCC, papillary SCC, spindle cell (sarcomatoid) SCC, adenosqua-
mous carcinoma, and lymphoepithelial carcinoma, along with very rare forms
such as NUT carcinoma, adenoid SCC, and carcinoma cuniculatum [4]. These
subtypes are recognized clinicopathological entities with distinct morpho-
logy, differential diagnoses, and prognostic implications, which are integral
to individualized treatment planning.

Precise tumor staging is crucial for planning optimal treatment strategies
by prioritizing larynx preservation treatment whenever feasible. Only cross-
sectional imaging can assess the submucosal extent of the tumor, cartilage
invasion, and extralaryngeal spread, while the mucosal extent of the tumor
and vocal cord mobility are optimally evaluated through endoscopic exami-
nation [110].

The American Joint Committee on Cancer (AJCC), in partnership with
the Union for International Cancer Control (UICC), provides a leading
staging classification system for all cancers based on their anatomical
localization. Since its initial release in 1977, the AJCC staging manual has
been updated approximately every 5 to 7 years, culminating in the last full
8th edition published in 2016. This latest classification system version has
been applicable in manual since January 1, 2018 [111]. Despite the electronic
release of AJCC Version 9 and subsequent updates through 2026, no modifi-
cations have been released to the T staging criteria for laryngeal cancer; thus,
staging remains based on the 8th edition (Table 1.4.1) [111].
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Table 1.4.1. Definition of supraglottis, glottis, and subglottis primary
tumor (T) for laryngeal cancer

T category T criteria
TX Primary tumor cannot be assessed.
Tis Carcinoma in situ.
Supraglottis
Tl Tumor limited to one subsite of supraglottis with normal vocal cord mobility
T2 Tumor invades mucosa of more than one adjacent subsite of supraglottis or

glottis or region outside the supraglottis (e.g., mucosa of the base of the
tongue, vallecula, medial wall of pyriform sinus) without fixation of the
larynx

T3 Tumor limited to larynx with vocal cord fixation and/or invades any of the
following: postcricoid area, pre-epiglottic space, paraglottic space, and/or
inner cortex of thyroid cartilage

T4 Moderately advanced or very advanced

—T4a Moderately advanced local disease. Tumor invades through the outer cortex
of the thyroid cartilage and/or invades tissues beyond the larynx (e.g.,
trachea, soft tissues of the neck including deep extrinsic muscle of the tongue,
strap muscles, thyroid, or esophagus)

—T4b Very advanced local disease. Tumor invades prevertebral space, encases
carotid artery, or invades mediastinal structures
Glottis
Tl Tumor limited to the vocal cord(s) (may involve anterior or posterior
commissure) with normal mobility
—Tla Tumor limited to one vocal cord
-TIlb Tumor involves both vocal cords
T2 Tumor extends to supraglottis and/or subglottis, and/or with impaired vocal
cord mobility
T3 Tumor limited to the larynx with vocal cord fixation and/or invasion of
paraglottic space and/or inner cortex of the thyroid cartilage
T4 Moderately advanced or very advanced
—T4a Moderately advanced local disease. Tumor invades through the outer cortex
of the thyroid cartilage and/or invades tissues beyond the larynx (e.g.,
trachea, cricoid cartilage, soft tissues of the neck including deep extrinsic
muscle of the tongue, strap muscles, thyroid, or esophagus)
—T4b Very advanced local disease. Tumor invades prevertebral space, encases

carotid artery, or invades mediastinal structures
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Table 1.4.1. Continued

T category ‘ T criteria
Subglottis
Tl Tumor limited to the subglottis
T2 Tumor extends to vocal cord(s) with normal or impaired mobility
T3 Tumor limited to the larynx with vocal cord fixation and/or invasion of
paraglottic space and/or inner cortex of the thyroid cartilage
T4 Moderately advanced or very advanced
—T4a Moderately advanced local disease. Tumor invades cricoid or thyroid

cartilage and/or invades tissues beyond the larynx (e.g., trachea, soft tissues
of the neck including deep extrinsic muscles of the tongue, strap muscles,
thyroid, or esophagus)

—T4b Very advanced local disease. Tumor invades prevertebral space, encases
carotid artery, or invades mediastinal structures

Reproduced from: National Cancer Institute. PDQ® Adult Laryngeal Cancer Treatment. Bethesda, MD:
National Cancer Institute. https://www.cancer.gov/types/head-and-neck/hp/adult/laryngeal-treatment-
pdg. Accessed on 09/12/2025.

1.5. Thyroid cartilage

1.5.1. Histology and ossification

In non-ossified thyroid cartilage, the tissue maintains the characteristics
of avascular hyaline cartilage, with chondrocytes embedded in a collagen-
rich matrix and no mineralized bone present. Histological studies of laryngeal
cartilage have shown that cartilage remains homogeneous and avascular until
the onset of ossification, at which point cartilage canals and vascular channels
appear [40, 112]. These canals are perichondral invaginations containing
blood vessels and connective tissue, and their extracellular matrix exhibits
immunoreactivity for collagens I, II, and pro-III, indicating fibroblastic and
chondrogenic properties of the canal-associated cells. Adjacent hypertrophic
chondrocytes show a strong expression of type X collagen, marking early
sites of mineralization. Thus, the process involves not only the extracellular
matrix but also specific cellular changes around cartilage canals that signal
the initiation of ossification [112].

The ossification of thyroid cartilage generally starts at the posterior-
inferior border of the lamina, subsequently extending into the inferior horn,
and later progressing toward the superior horn and is generally completed in
the fifth or sixth decade of life [113, 114]. In advanced stages, the ossification
process may extend to the entire cartilage [39, 44, 113, 115]. With advancing
age, the thyroid cartilage shows a progressive tendency toward ossification.
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These changes are not uniform across sexes, as studies have demonstrated a
lower degree of ossification in females compared with males [39, 114].

Considering the literature, the reduced incidence of cases observed in this
doctoral research study, in which a laryngeal tumor reaches or invades the
non-ossified thyroid cartilage can be reasonably explained.

1.5.2. The clinical role of thyroid cartilage invasion

The management of laryngeal cancer is multifaceted and should be
individualized, with treatment strategies determined by tumor stage, anato-
mical localization, and patient condition [116]. Non-ossified thyroid cartilage
invasion is perhaps the most challenging yet consequential pitfall of laryngeal
cancer radiological staging. Unlike ossified cartilage, which is more easily
detected on imaging due to its calcified structure, non-ossified cartilage
presents diagnostic challenges because of its similarity in density to tumor
tissue on contrast-enhanced CT. Meanwhile on MRI, peritumoral inflam-
mation may mimic a tumor. The diagnostic accuracy of imaging modalities
in such cases may remain suboptimal [9, 14, 117]. The assessment of thyroid
cartilage involvement represents one of the most significant revisions in the
contemporary staging of laryngeal carcinoma. According to the AJCC 8th
edition, any degree of thyroid cartilage invasion warrants classification as T3
disease, while extension through the outer cortex qualifies as T4a, indicating
moderately advanced local disease [9, 44].

From a therapeutic standpoint, precise radiological delineation of tumor
boundaries — sometimes difference by only a few millimeters — represents a
critical decision defining the indications for various surgical and therapeutic
treatment tools. In early stage laryngeal cancer (T1-T2, NO, M0), the princi-
pal objective remains the preservation of laryngeal structure and function
[116]. In contrast, according to Thurnher et al. [118], total laryngectomy
remains the standard of advanced laryngeal tumors including cases with
cartilage invasion. Despite the emergence of organ-preserving approaches
such as open partial horizontal laryngectomy and TOLMS, these techniques
are contraindicated when the tumor extends into the thyroid cartilage, due to
their inability to ensure adequate oncological margins [118—120]. Open par-
tial laryngectomy and TOLMS demonstrate excellent outcomes for early
stage cancer, achieving comparable survival of patients after total laryn-
gectomy in selected cases; however, their success depends on intact cartilage
barriers and preserved laryngeal function [118]. In contrast, according to
Thurnher et al. [118], total laryngectomy remains the standard of advanced
laryngeal tumors including cases with cartilage invasion.
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Currently, the standard treatment for locally advanced laryngeal cancer,
when aiming at larynx preservation, is concurrent chemoradiation therapy
(CRT). Consequently, underdiagnosis can lead to inappropriate CRT use in
undetected T4a disease, often resulting in local treatment failure and need for
salvage laryngectomy. A study by Mohamad et al. [23] perfectly illustrates
this commonly encountered issue today. A significant discrepancy was
observed between head and neck MRI-based clinical staging (cT) and
pathological staging (pT) (p < 0.05), resulting in both radiological over- and
understating [23]. Notably, approximately 12% of patients underwent unne-
cessary total laryngectomy due to overstaging by MRI, whereas some tumors
initially classified as ¢T3 were later confirmed pathologically as lower-stage
lesions amenable to functional preservation. Furthermore, tumors categorized
as cT4a based on cartilage invasion demonstrated an increased risk of local
recurrence following conservative treatment [23]. Nevertheless, research
findings remain inconsistent when the outcomes of total laryngectomy and
chemoradiotherapy are compared [118]. Importantly, thyroid cartilage
invasion also complicates radiotherapy planning as it may require expanded
target volumes and higher radiation doses and is often associated with poor
response to radiotherapy [121, 122].

Overall, treatment selection should be guided by factors such as the
patient’s general condition, tumor characteristics, and the feasibility of organ
preservation, keeping in mind that salvage total laryngectomy is associated
with significantly poorer survival compared to primary total laryngectomy
[8]. An additional essential factor is the availability of diagnostic modalities,
along with appropriate and high-quality radiological evaluation.

To conclude, the invasion of thyroid cartilage is identified as one of the
most significant factors, highlighting its complex influence on survival
outcomes [123]. It continues to be one of the most important anatomical
structures for local staging, treatment planning, and prognosis in laryngeal
cancer. While emerging imaging techniques continue to enhance diagnostic
accuracy, the therapeutic implications remain significant: most patients with
confirmed cartilage invasion benefit more from primary surgical manage-
ment than from CRT [124]. Moreover, the presence of cartilage invasion is a
consistent marker of biologically aggressive disease, underscoring its critical
role in contemporary oncological decision-making. Due to the extremely
complicated locoregional staging and treatment response in these patients, it
is essential that patients would be managed by a skilled multidisciplinary
team with access to high-quality imaging and multiple radiological modalities
complementing each other [124].
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2. MATERIALS AND METHODS

We conducted a single-center prospective study at the Departments of
Radiology as well as Ear, Nose, and Throat, Hospital of Lithuanian University
of Health Sciences Kauno klinikos, from 2021 to 2025. The initiation of the
study was challenged by the COVID-19 pandemic (2019-2020) because of
contact restrictions and limited access to patients.

Artificial intelligence-assisted tools, including OpenAl’s ChatGPT, were
utilized in the preparation of this thesis to enhance clarity, coherence, and
structural organization during the drafting process [125]. All ideas,
interpretations, and original research contained in this work are solely those
of the author. The use of Al tools was limited to linguistic refinement and
assistance with organizing literature-related content. All Al-generated sug-
gestions were thoroughly reviewed by the author to ensure compliance with
academic standards and to preserve the integrity and originality of the work
[126].

2.1. Ethics

The study was conducted in accordance with the guidelines of the
Declaration of Helsinki. Ethical approval was obtained from Kaunas
Regional Biomedical Research Ethics Committee (protocol No. 2021-BE-10-
00016; dated December 17, 2021). All patients signed an informed consent
form before inclusion into the study (Appendix 2).

2.2. Study population and design

The study involved 46 patients with histologically confirmed laryngeal
carcinoma and suspected or radiologically diagnosed non-ossified thyroid
cartilage invasion on CT, who were evaluated by a multidisciplinary head and
neck oncology tumor board. Patients were included in the study following the
board’s decision to perform either total or partial laryngectomy. After
informed consent was obtained, all eligible patients underwent CEUS and
MRI. No patients underwent MRI as the first-choice radiological examination
after inclusion in the study. Five patients did not undergo MRI because they
either had metallic foreign bodies or did not consent to the examination.
Fourteen patients were subsequently excluded because they refused surgical
treatment or their treatment plan was changed; thus, the final study population
comprised 32 patients. In the study, we analyzed cases of non-ossified thyroid
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cartilage. Since six patients had two distinct areas of interest investigated, a
total of 38 cases were analyzed. Fig. 2.2.1 depicts the study flow chart.

Prior to surgical treatment, the radiologically suspected area of local
invasion identified on CT was delineated on the Assessment Scheme of Local
Spread (“Lokalaus i$plitimo iStyrimo schema”, Appendix 1) to assist the
pathologist in performing a more targeted and precise evaluation. Histopatho-
logical verification of local invasion was obtained from the surgical specimens
and served as the gold standard for assessment.

Biopsy, CT

Radiation therapy Planned total or
Chemotherapy partial laryngectomy

Immunotherapy (46 patients)
Palliative care

,—l

Refused surgical Underwent surgical

treatment or changed MRI and CEUS
. treatment
treatment plan (41 and 46 patients) (32 patients)
(14 patients) P

Analysis
(38 cases)

Fig. 2.2.1. Study flow chart

MDTB — multidisciplinary tumor board; MRI — magnetic resonance imaging; CEUS — contrast-
enhanced ultrasonography.

2.3. Inclusion and exclusion criteria of the study population

The inclusion criteria were as follows:

1. Age of 18 years and more;

2. Diagnosis of laryngeal SCC;

3. CT scan demonstrating pathological infiltration adjacent to the
non-ossified thyroid cartilage considering suspected invasion or
definitive cartilage invasion;
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4. No prior history of laryngeal-hypopharyngeal surgery or chemora-
diation therapy;

5. Planned surgical treatment (total or partial laryngectomy);

6. Signed informed consent form.

The exclusion criteria were as follows:

1. Severe claustrophobia or the presence of metallic implants or foreign
bodies incompatible with MRI and potentially posing a risk to the
patient;

2. Previous allergic reaction to CEUS, MRI contrast agents;

History of an anaphylactic shock episode;

4. Concurrent patient illnesses that would render the patient unsuitable
for this study or significantly interfere with the assessment of safety
and toxicity.

(98]

2.4. Diagnostic methods

2.4.1. Computed tomography
2.4.1.1. Protocol

Multidetector CT scans were performed using an Aquilion ONE
TSX-301 scanner (Toshiba, Japan) with the following settings: 120 kVp;
effective mAs tailored to each patient based on patient’s size and tissue
thickness; collimation at 128 x 0.625 mm; a field of view measuring 260 mm,;
and a matrix of 512 x 512.

CT was performed following the head and neck soft tissue protocol; all
patients underwent CT before inclusion into the study. Patients were posi-
tioned supine and instructed to breathe quietly while refraining from coughing
and swallowing. The scanning range extended from the skull base to the
aortic arch. Scans were performed both without and with intravenous contrast
media (65-100 mL, using Ultravist®, Omnipaque®, Visipaque®), followed
by a 50-mL saline flush to achieve contrast-enhanced images with a delay of
60-80 s after administration; the iodine concentration in the contrast agent
was 320-370 mg/mL. All examination images were reconstructed according
to the suprahyoid and infrahyoid neck regions in accordance with the
established internal department protocol. For the infrahyoid region, images
were reconstructed in axial (parallel to the plane of the true vocal cords),
coronal and sagittal (perpendicular to the plane of the true vocal cords) planes
using soft tissue (Table 2.4.1.1.1) and identical bone algorithms with a slice
thickness of 2 mm. For the suprahyoid floor, images were also reconstructed
in the axial plane, parallel to the plane of the hard palate.
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Table 2.4.1.1.1. Reconstructions of neck soft tissue images according to the
protocol for laryngeal cancer

Planes ‘ Reconstructed image ‘ Reconstruction plane lines
Suprahyoid neck region
Axial

Infrahyoid neck region

Axial

Coronal
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Table 2.4.1.1.1. Continued

Planes Reconstructed image Reconstruction plane lines

) 30 40 50

Sagittal

L TN 2

These CT images were selected from the PACS of the Hospital of Lithuanian University of Health
Sciences Kauno klinikos by Milda Pucétaite.

2.4.1.2. Imaging evaluation

The results of CT scans were evaluated by one radiologist with more than
20 years of experience in head and neck imaging. The assessment of non-
ossified thyroid cartilage invasion on contrast-enhanced CT images relies on
specific criteria to determine positive findings. These criteria include the
following: the presence of a focal cartilage defect (through the full thickness)
adjacent to the tumor, replacement of cartilage by soft tissue with
enhancement similar to adjacent tumor/structures, and direct contact between
the lesion and thyroid cartilage with indistinguishable densities [81].
Fig. 2.4.1.2.1 illustrates these characteristics. Conversely, CT findings were
considered negative when a clear distinction in density or a density pattern
similar to edema was observed between the tumor (or pathologic infiltration)
and the non-ossified cartilage.
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Fig. 2.4.1.2.1. Positive criteria of non-ossified cartilage invasion
(red arrow) on contrast-enhanced CT

(A) focal defect adjacent to the similar density tumor; (B) replacement of cartilage by soft tissue with
enhancement similar to tumor (T); (C) direct contact between the lesion and thyroid cartilage with
indistinguishable densities.

These CT images were added from the PACS of the Hospital of Lithuanian University of Health
Sciences Kauno klinikos by Milda Pucétaité.

2.4.2. Magnetic resonance imaging
2.4.2.1. Protocol

MRI examination was performed with a 3.0 Tesla Philips Ingenia
scanner (Philips Healthcare, Best, the Netherlands) with dedicated head—neck
20-channel parallel imaging array coils. Upon inclusion into the study, the
patient filled out a standard MRI consent form. A radiology technologist
conducted the examination, and a radiologist (doctoral student) supervised
the procedure. Patients were scanned in the supine position and were asked
to breathe quietly and to refrain from swallowing and coughing during
scanning. MRI was performed without and with IV contrast agent. A single
intravenous dose of 0.1 mmol/kg (equivalent to 0.1 mL/kg) of gadolinium-
based contrast agent (Gadovist®, Bayer Schering Pharma, Berlin, Germany)
was administered via a left arm peripheral vein at an injection rate of 1.5-2
mL/s. Axial images were parallel to the plane of the true vocal cords; coronal
images were perpendicular. The standard MRI protocol was slightly modified
to reduce acquisition time and minimize motion artefacts associated with
prolonged scanning by using a slightly smaller field of view, while thinner
slices were used to improve the detection of small invasion. The current
protocol is specified in Table 2.4.2.1.1.
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Table 2.4.2.1.1. MRI protocol for laryngeal cancer

Slice Repetition Time Field
Sequence Plane | thickness, . P to echo, | of view,
time, ms

mm ms mm
High-resolution T2-weighted | Axial, 2.5-3 2 888 80 190-210
turbo spin echo Dixon coronal,

sagittal

High-resolution T1-weighted | Axial 2.1-2.5 634 8 190-210
turbo spin echo Dixon
DWI and ADC Axial 2 14 439; 220 66 250
Contrast-enhanced Axial, 2.1-2.5 634 8 190-210
high-resolution T1-weighted |coronal
turbo spin echo Dixon

DWI — diffusion-weighted imaging; ADC — apparent diffusion coefficient.

2.4.2.2. Imaging evaluation

One radiologist, specializing in head and neck imaging and having more
than 20 years of experience, interpreted MRI scans. The radiologist was not
blinded to the clinical information during image analysis. Cartilage invasion
was considered positive on MRI when the non-ossified thyroid cartilage
exhibited abnormal signal intensities as reassessed by Becker et al. [18]. The
corresponding MRI criteria are specified in the Literature Review (Chap-
ter 1.1.2). An example of thyroid cartilage invasion features is presented in
Table 2.4.2.2.1. If the thyroid lamina exhibited T2-weighted signal intensity
with contrast enhancement and the value of apparent diffusion coefficient
(ADC) (when of sufficient quality) greater than those of the tumor, the
abnormal signal was categorized as inflammatory.
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Table 2.4.2.2.1. MRI findings of non-ossified thyroid cartilage invasion
(vellow arrow) in different sequences [18]

fat saturation

fat saturation
with contrast

Axial plane Axial plane
Image Image
sequences sequences
T2WI Dixon T2WI Dixon
with fat
saturation
DWI ADC
T1WI Dixon/ T1WI Dixon/

WI — weighted imaging; DWI — diffusion-weighted imaging; ADC — apparent diffusion coefficient.
These MRI images were selected and added from the PACS of the Hospital of Lithuanian University
of Health Sciences Kauno klinikos by Milda Pucétaité and Silvija Ryskiené.
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2.4.3. Contrast-enhanced ultrasound
2.4.3.1. Protocol

Using a Philips Epiq 7 ultrasound system (Philips Healthcare, Best, the
Netherlands) with a 5-12-MHz linear transducer and a mechanical index of
<0.08, a CEUS examination was performed. Prior to the examination, a
catheter (20 G) was inserted into a superficial vein in the left arm (antecubital
fossa) by a medical nurse to prevent microsphere damage. The SonoVue
contrast solution (5 mL of contrast agent) was then prepared and gently
shaken by hand.

During the examination, a patient was placed in a supine position to
optimize visualization; the neck was extended to the maximum comfortable
degree to minimize the possibility of motion. Patients were instructed to
refrain from swallowing or coughing during the procedure. First, the larynx
and its surrounding structures were evaluated in both transverse and longi-
tudinal sections. The distance from the lesion contact area to the non-ossified
thyroid cartilage (as observed on CT) and to the upper border of the thyroid
lamina was measured on CT and used as a reference to target the
corresponding area on CEUS, where hypoechogenic pathological infiltration
contacts non-ossified thyroid cartilage.

After identifying the ROI, a dual-screen mode was set on the device,
displaying the CEUS image alongside the parallel B-mode ultrasound image
in transverse section. Following the intravenous administration of a 5-mL
bolus of SonoVue® (Bracco SpA, Milan, Italy) and a subsequent saline flush
(10 mL of 0.9% NacCl), the timer and video recording were started.

The dynamic perfusion of the suspected non-ossified thyroid cartilage
invasion area, along with the adjacent tumor and peritumoral tissues, was
monitored and recorded on the device hard drive for approximately 60 s. If
more than one suspected invasion site was investigated, the CEUS procedure
was repeated after a 10-min interval. After recording, the images were
reviewed by two radiologists for a qualitative evaluation of non-ossified
thyroid cartilage invasion and quantitative analysis. The steps of CEUS
examination procedure are summarized in Table 2.4.3.1.1.
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Table 2.4.3.1.1. The steps of CEUS examination

Step Action
1 | Start the IV line

2 | Perform a standard B-mode examination to locate the area of concern with a
5-12-MHz linear transducer

3 | Set a dual window of CEUS (MI < 0.08) and B-mode

4 | Activate the contrast agent and inject into the catheter, start the timer and clip
recording simultaneously

5 |Inject the saline flush

6 | Continue scanning and recording for approximately 60 s

7 |If the second dose is required, use a high MI flash technique to destroy remaining
bubbles

8 | Repeat the injection process as needed

Select images/clips to send to PACS and Qlab®

10 |Remove the IV catheter when the study is completed
11 | Analyze the study

CEUS - contrast-enhanced ultrasound; MI — mechanical index; PACS — Picture Archiving and Commu-
nication System, Qlab® — Quantification Software; IV — intravenous; B — brightness.

2.4.3.2. Contrast-enhanced ultrasound analysis

The analysis of CEUS images for suspected non-ossified thyroid carti-
lage invasion involved a comprehensive approach combining both qualitative
and quantitative methods. The recorded video loops were processed using
advanced quantification software such as Qlab® 15 (Philips Medical Systems,
Inc., Best, the Netherlands), which allowed for more detailed examination of
blood perfusion patterns in the ROI or directly in the ultrasound machine
software system. Analysis was conducted by two experienced radiologists:
one with more than 4-year expertise in conventional US, and another, with
more than 20-year expertise in conventional US and 8-year expertise in
CEUS. The radiologists were not blinded to clinical information during the
analysis of CEUS images.

2.4.3.2.1. Qualitative analysis

The qualitative analysis of CEUS images for evaluating tumor infiltra-
tion of non-ossified thyroid cartilage involves a detailed examination of
contrast enhancement patterns. The consensus approach in interpreting CEUS
images ensures a more reliable evaluation. Radiologists review the images
together, discussing their observations and reaching a collective agreement
on the presence or absence of tumor infiltration. This method helps minimize
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individual bias and increases the accuracy of diagnosis. The main categories
were defined as follows: when visual contrast enhancement was observed
within the cartilage, tumor invasion was suggested; in the absence of enhan-
cement, the cartilage was considered non-invaded (Fig. 2.4.3.2.1.1).

Tissuei s T e e T e PRI e
Lissueis .

Fig. 2.4.3.2.1.1. Positive and negative findings on CEUS of laryngeal
cancer invasion on the left side of the thyroid cartilage
(A) CEUS in the first seconds after [V UCA administration shows the non-ossified thyroid cartilage
without enhancement (white arrows), which appears hypoechogenic; (B) CEUS after 32 s of IV UCA
administration shows the cartilage enhancement (red arrows) corresponding as invasion (positive), and
there are no enhancement on the other part of cartilage, specifically in the anterior part, where invasion
was suspected (yellow arrow) on CT.

These CEUS images were taken from the Hospital of Lithuanian University of Health Sciences Kauno
klinikos by Milda Pucétaité.

2.4.3.2.2. Quantitative analysis

The quantitative analysis process involved a meticulous approach to
examining the tumor and non-ossified thyroid cartilage. Two distinct ROIs
(Fig. 2.4.3.2.2.1) were carefully selected and manually delineated. The first
ROI was positioned in the non-ossified area of the thyroid cartilage where
invasion was suspected, while the second ROI was placed in the adjacent
tumor tissue for comparative purposes. This strategic placement allowed for
a direct comparison between the potentially invaded cartilage and the tumor
itself, providing valuable insights into the extent of the invasion.

The size of ROIs was tailored to each patient’s specific anatomy, ranging
from 0.3 to 1.6 mm?. This variation in size was necessary to accommodate
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the differences in the thickness of non-ossified thyroid cartilage among diffe-
rent patients. Despite this variability, care was taken to ensure that for each
individual patient, the ROI sizes were more comparable between the non-
ossified cartilage and the adjacent tumor region. This consistency in ROI
sizing within each patient’s analysis was for maintaining the accuracy and
reliability of quantitative measurements, allowing for meaningful compa-
risons between the two areas of interest.

Fig. 2.4.3.2.2.1. Qualitative ROI analysis of non-ossified thyroid cartilage
(blue rectangle frame) and adjacent tumor (orange rectangle frame)

This CEUS image was taken from the Hospital of Lithuanian University of Health Sciences Kauno
klinikos by Milda Pucétaité.

TICs for the tumor and the non-ossified thyroid cartilage were generated
from perfusion data and analyzed with a predefined software function Auto
Curve Fit control model. Four TIC parameters values (Table 2.4.3.2.2.1) were
analyzed using quantitative software. After quantitative analysis, the diffe-
rences in TIC parameters (ATTP, API, AWIS, and AAUC) (Table 2.4.3.2.2.1)
between the tumor (t) and the suspected site of thyroid cartilage (tc) invasion
were also calculated, e.g., API= PI; — Pl [127], and analyzed. The results
were written as absolute values assuming that smaller differences should
show similarity with vascular tumor tissue, which could be detected in
invaded non-ossified thyroid cartilage.
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Table 2.4.3.2.2.1. TIC parameters and their differences for quantitative
analysis

Parameter Description Unit

TTP Time to peak seconds (s)

ATTP Difference in time to peak seconds (s)
(tumor—thyroid cartilage)

PI Peak intensity decibels (dB)

API Difference in peak intensity decibels (dB)
(tumor—thyroid cartilage)

WIS Wash-in slope decibels per second (dB/s)

AWIS Difference in wash-in slope decibels per second (dB/s)
(tumor—thyroid cartilage)

AUC Area under curve decibels x seconds (dB x s)

AAUC Difference in area under curve decibels x seconds (dB x s)
(tumor—thyroid cartilage)

2.5. Histopathology

Histopathological analysis was performed at the Department of
Pathology, Medical Academy, Lithuanian University of Health Sciences, on
a routine basis. Histopathological assessment was done by a pathologist with
> 20-year experience. To ensure accurate correlation between radiological
findings and pathological analysis, the radiologist marked the suspected area
of non-ossified thyroid cartilage invasion on an anatomical sketch of the
larynx (Appendix 1) in both axial and coronal planes for each case. The
macroscopic and microscopic examination was performed for each specimen.
The 8th edition of the TNM Classification of Malignant Tumours [128] was
used for staging.

2.5.1. Examination of surgical laryngeal material

The surgical specimen was preserved in a 10% buffered formalin solution.
During both macroscopic and microscopic evaluations, the type of laryngeal
resection performed (partial, total, or another type) was specified, along with
the organs and tissues included in the specimen. Tumor characteristics were
detailed including its location (supraglottic, glottic, or subglottic), size, color,
consistency, and its relationship with tissue fragment areas marked by special
indelible dyes (applied by the surgeon in the operating room or by the
pathologist in the macrodissection room). Tumor spread to other parts of the
larynx and surrounding tissues was noted, based on the primary tumor location

46



according to the TNM criteria. The condition of the unaffected laryngeal
mucosa, nearby structures, and lymph nodes was also described.

Macroscopically, the larynx was separated from the surrounding neck
tissues (if they were present in the specimen). The larynx was opened longitu-
dinally through the posterior surface, in cases of total laryngectomy. Soft
tissues and ossified cartilages were cut longitudinally every 0.5 cm. According
to the submitted Assessment Scheme of Local Spread (“Lokalaus iSplitimo
iStyrimo schema”, Appendix 1), the additional material samples were prepared
to evaluate tumor invasion at the targeted site. If indicated, photographs were
taken of the tissues present in one fragment or already divided fragments.

For microscopic examination, at least 2 representative tumor fragments
were taken (depending on the tumor size), as well as samples from the area of
the thyroid cartilage suspected or identified as being invaded radiologically.
Samples were taken from the vocal cords, epiglottis, and larynx fragments that
reflect the greatest depth of tumor invasion into these structures, along with
their relationship to the fragment margins marked with colors. Fragments from
the thyroid gland and other adjacent organs were taken to reflect the greatest
tumor invasion into them. All lymph nodes found and separately submitted
were taken for examination; the lymph nodes were separated so that as many
sections as possible could be examined, and larger nodes were embedded into
several paraffin blocks.

The material underwent dehydration and then was embedded in paraffin
blocks. Tissue samples were sliced into sections 4 um in thickness using a
microtome and stained following the standard hematoxylin/eosin technique.
Hard tissues containing bone tissue required a decalcification process
(TBD/EDTA).

When necessary for diagnosis, additional histochemical techniques (such
as PAS, PAS diastase, mucicarmine, etc.) were employed to identify mucus,
glycogen, basement membrane, and other characteristics. Immunohistoche-
mical methods (including p63, pl6, cytokeratins, lymphoid cell markers,
melanoma markers, immunoproliferative marker Ki-67, PD-L1 expression
assessment, etc.) and molecular diagnostic tests (such as BRAF gene
mutation analysis) were frequently utilized to ascertain the histogenesis of
tumors.

Under microscopic examination, the cellular composition and architecture
of tumor tissue were detailed to identify the histological type and level of
differentiation. Observations included the presence of mitoses, necrosis,
vascular and lymphatic invasion, as well as the tumor extent, affected structures
(such as parts of the larynx, nearby tissues, and the tumor relationship to the
thyroid cartilage), and other findings. All submitted lymph nodes were
scrutinized, including an evaluation of the number of tumor metastases, their
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size, and their spread beyond the lymph node capsule. The results of
immunohistochemical and other tests were documented.

The conclusion/diagnosis was made by indicating the histological type of
the tumor, degree of differentiation, and extent of spread, in accordance with
the latest WHO histological classification of neoplastic diseases and the TNM
(8th edition) staging/spread criteria for neoplastic diseases [128].

2.6. Statistical analysis

All statistical analyses were performed using IBM SPSS Statistics 29.0
(IBM Corp., Armonk, NY, USA) and MedCalc 23.1.3 (MedCalc Software
Ltd). Statistical procedures were conducted with consideration of overall
available sample size meeting the inclusion criteria in our institution. The
presence of statistically significant results using the proper tests indicates that
the sample size was adequate for this study from statistical point of view.

Descriptive statistics were used to describe patients’ characteristics.

The sensitivity, specificity, accuracy, positive predictive value (PPV),
and negative predictive value (NPV) of CEUS, CT, and MRI in assessing
non-ossified thyroid cartilage invasion were calculated using histopatholo-
gical findings as the gold standard. Sensitivity and specificity were computed
according to the following formulas:

Sensitivity =a / (a + ¢)
Specificity =d / (b + d),
where: a is the number of true-positive cases; b, number of false-positive

cases; ¢, the number of false-negative cases; d, the number of true-
negative cases.

Accuracy was defined as follows:
TP+ TN
TP + TN + FP + FN
where: TP = true positive, TN = true negative, FP = false positive, and FN =
false negative.

Accuracy =

The McNemar test was used to compare the diagnostic value between
CEUS and CT, and MRI. Combined sensitivity and specificity of CEUS with
CT and MRI were calculated to find an added value of CEUS. Using “the OR
rule”, the invasion was positive when either test was positive. Using “the
AND rule”, the invasion was positive when only both tests were positive. The
combined sensitivity formula using the OR rule is as follows: SECEUS +
SECT/MRI — (SECEUS x SECT/MRI); the combined specificity formula is
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as follows: SPCEUS x SPCT/MRI. The combined sensitivity formula using
the AND rule is as follows: SECEUS x SECT/MRI; the combined specificity
formula is as follows: SPCEUS + SPCT/MRI — (SPCEUS x SPCT/MRI),
where SE is sensitivity, SP is specificity [129].

Due to the small sample size, non-parametric statistical methods were
applied for analysis of TIC parameters. Continuous data were expressed as
medians (range). Age was expressed as mean (SD). Comparisons of TIC
parameters between the non-ossified thyroid cartilage with and without
invasion and tumor tissue were conducted to evaluate perfusion and hemo-
dynamic characteristics.

The Mann—Whitney U test was used to assess differences between inde-
pendent groups, specifically comparing non-ossified thyroid cartilage with
and without invasion. For paired or dependent samples — specifically, compa-
risons between tumor tissue and thyroid cartilage within the same patient —
the Wilcoxon signed-rank test was employed. By treating these parameters as
dependent variables, the analysis accounted for intraindividual variation,
providing a more accurate assessment of perfusion differences between the
thyroid cartilage and the tumor.

TIC parameters that showed statistically significant differences between
invaded and non-invaded thyroid cartilage were included in logistic regres-
sion analysis (enter method) to calculate odds ratios (OR) and their 95%
confidence intervals (CI). This approach enabled the quantification of the
relationship between TIC parameters and the likelihood of thyroid cartilage
invasion.

To assess the diagnostic performance of significant TIC parameters and
their combinations, receiver operating characteristic (ROC) curve analysis
was performed. The area under the ROC curve (AUCROC) was calculated to
evaluate discriminative power, and sensitivity and specificity were deter-
mined for each parameter. The optimal cut-off values were defined as the
points on the ROC curve with the greatest Youden index (sensitivity + speci-
ficity — 1). The McNemar test was again used to compare the diagnostic
accuracy between significant parameters.

A p value < 0.05 was considered statistically significant for all analyses.
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2.7. PhD candidate’s contribution to the study

Development of research ideas and contribution to the study design
and methodology;

Preparation and submission of documents required for obtaining
bioethical approval;

Recruitment of the study population during multidisciplinary tumor
board meetings;

Participation in the modification of the laryngeal MRI protocol for
this study;

Collection and analysis of clinical and demographic data;
Monitoring and supervision of MRI examinations;

Performance of CEUS examinations and image assessment;
Development and implementation of the Assessment Scheme of
Local Spread (“Lokalaus iSplitimo iStyrimo schema”);

Creation of the patient database and statistical analysis;

Preparation and submission of scientific abstracts and publications
with co-authors.
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3. RESULTS

3.1. Demographic analysis and distributions

A total of 32 patients were included in the study; all the patients were
men. The age of the study population varied from 46 to 84 years, with a mean
age of 63.25 years (SD, 8.37). The median time between diagnostic proce-
dures and surgery were up to 30.5 days: 30.5 days (range, 5-85) from CT to
surgery and 11.0 days (range, 0—42) from CEUS or MRI. The distribution of
patients by the pathological tumor (pT) stage was relatively even; however,
stage T3 and T1 tumors were most frequent (Fig. 3.1.1).

Fig. 3.1.1. Distribution of 32 patients by pT

According to tumor localization, 50.0% (n = 16) of the cases were glottic
and 50.0% (n = 16) were transglottic laryngeal cancers. Bilateral involvement
was slightly more common (40.6%, n = 13), followed by right-sided lesions
(31.3%, n = 10) and left-sided lesions (28.1%, n =9).

All patients had histologically confirmed laryngeal SCC. Based on the
degree of laryngeal SCC differentiation, G2 carcinomas were most common
(78.1%, n=25), followed by GI (15.6%, n=15) and G3 (6.3%, n=2)
carcinomas.

3.2. Diagnostic performance of qualitative (visual)
CEUS, CT, and MRI

Because 6 of the 32 patients had two distinct ROIs within the non-
ossified thyroid cartilage, each region was considered a separate clinical case
for analysis, resulting in a total of 38 cases (hereafter, n refers to the number
of clinical cases, not individual patients). Histopathological examination after
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surgery, used as the reference standard, confirmed tumor invasion of the non-
ossified thyroid cartilage in 9 of the 38 cases.

CT and CEUS were analyzed in all 38 cases, whereas MRI was available
in 32 cases (84.2%), as 5 patients did not undergo MRI examination.

The diagnostic performance of CEUS, CT, and MRI for detecting non-
ossified thyroid cartilage invasion is summarized in Table 3.2.1. The results
of each radiological examination were compared with those of postsurgical
histopathology, and only CEUS as compared with postsurgical
histopathology showed no statistically significant difference (p = 0.375).
CEUS demonstrated the highest overall accuracy, with a high sensitivity of
88.9% (95% CI: 51.8-99.7) and a specificity of 86.2% (95% CI: 68.3-96.1),
yielding an overall accuracy of 86.8% (95% CI: 71.9-95.6). The PPV was
higher compared to those of CT (66.7% vs. 35.0%) and MRI (66.7% vs.
46.2%); however, the NPV for CEUS was better than that for CT (96.2% vs.
88.9%), but slightly worse than that of MRI (96.2% vs. 100.0%). Moreover,
CT showed lower diagnostic performance, but a moderate specificity of
73.1% (95% CI: 52.2-88.4) and accuracy of 78.1% (95% CI: 60.0-90.1).
Overall, CEUS provided the most balanced diagnostic accuracy and
specificity, whereas MRI achieved a perfect sensitivity but a lower PPV,
likely due to the diagnostic overestimation of invasion.

Table 3.2.1. Diagnostic performance of CEUS, CT, and MRI comparing with
postsurgical histopathology as the gold standard

Imaging | TP, TN, FP, FN,| Sensitivity, | Specificity, | Accuracy, |PPV,NPV,| p
modality| n | n | n | n |{% (95% CI)|% (95% CI)|% (95% CI)| % | % |value*
CEUS 812514 |1 88.9 86.2 86.8 66.7196.2 | 0.375
(n=238) (51.8-99.7) | (68.3-96.1) | (71.9-95.6)

CT 7116|13| 2 77.8 55.2 60.5 35.0| 88.9 | 0.007
(n=138) (40.0-97.2) | (35.7-73.6) | (43.4-76.0)

MRI 6 19,710 100.0 73.1 78.1 46.2 (100.0| 0.016
(n=32) (54.1-100.0)| (52.2-88.4) | (60.0-90.1)

CEUS - contrast-enhanced ultrasound; CT — computed tomography; MRI — magnetic resonance tomo-
graphy; TP — true positive; TN — true negative; FP — false positive; FN — false negative; PPV — positive
predictive value; NPV — negative predictive value; * — comparisons with postsurgical histopathology
were done using the McNemar test.

Moreover, a statistically significant difference in diagnostic performance
was observed between CEUS and CT (McNemar test, p = 0.039). However,
no statistically significant difference was found between MRI and CEUS
(p=0.109).
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3.3. Added values of qualitative (visual) CEUS

The diagnostic performance of the combined use of CEUS with CT and
MRI was evaluated using two decision rules: OR and AND rules.

The OR rule is primarily intended to maximize sensitivity and is most
appropriate in settings where the main clinical objective is to avoid false-
negative results. In the present study, the application of the OR rule did not
result in a meaningful improvement in diagnostic performance. Sensitivity
reached 88.9% for the combination of CEUS and CT and 100% for the
combination of CEUS and MRI, which was comparable to the performance
of CEUS (88.9%) and MRI alone (100%). Therefore, the OR rule was not
selected as the primary approach for evaluating the added diagnostic value of
combining CEUS with CT and MRI, and subsequent analysis focused on the
AND rule, which provided more clinically relevant confirmation of invasion.

When CEUS and CT as well as CEUS and MRI were combined using
the AND rule, non-ossified thyroid cartilage invasion was diagnosed only
when the signs of invasion were present on both imaging modalities, thereby
reducing FP results. Using this approach, the CEUS and CT combined method
achieved a higher specificity (89.7%) than CEUS or CT alone, an overall
diagnostic accuracy of 86.8%, and a sensitivity of 77.8%. The CEUS and
MRI combination demonstrated even a higher specificity, reaching 100%, but
very slightly reduced sensitivity to 83.3%. The application of the AND rule
reduced the number of false-positive findings and enabled more reliable
confirmation of thyroid cartilage invasion.

The detailed results of diagnostic performance analysis are presented in
Tables 3.3.1 and 3.3.2.

Table 3.3.1. Diagnostic performance of CEUS, CT, and their combination using
the AND rule for the assessment of non-ossified thyroid cartilage invasion

Imaging | TP, |TN,| FP,|FN,| Sensitivity, | Specificity, | Accuracy, PPV, NPV,
modality n|n|n |%(@95% CI|% (95% CI)|% (95% CI)| % %
CEUS 8 125 4 1 88.9 86.2 86.8 66.7 | 96.2

(n=138) (51.8-99.7) | (68.3-96.1) | (71.9-95.6)

CT 711613 | 2 77.8 55.2 60.5 35.0 | 88.9
(n=138) (40.0-97.2) | (35.7-73.6) | (43.4-76.0)

CEUS+CT | 7 |26| 3 | 2 77.8 89.7 86.8 70.0 | 92.9
(n=38; (40.0-97.2) | (72.7-97.8) | (71.9-95.6)

AND rule)

CEUS - contrast-enhanced ultrasound; CT — computed tomography; TP — true positive; TN — true
negative; FP — false positive; FN — false negative; PPV — positive predictive value; NPV — negative
predictive value. CEUS and CT are presented for direct comparison to illustrate the added diagnostic
value of their combination.
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Table 3.3.2. Diagnostic performance of CEUS, MRI, and their combination
using the AND rule for the assessment of non-ossified thyroid cartilage

invasion
Imaging |TP,|TN,|FP, FN,| Sensitivity, | Specificity, | Accuracy, | PPV, NPV,
modality n|{n|N|n [%(@O5% CID|% (95% CI)|% (95% CI)| % %
CEUS 8 125 4|1 88.9 86.2 86.8 66.7 | 96.2
(n=238) (51.8-99.7) | (68.3-96.1) | (71.9-95.6)
MRI 6 119|710 100.0 73.1 78.1 46.2 {100.0
(n=32) (54.1-100.0) | (52.2-88.4) | (60.0-90.1)
CEUS+MRI| 5 |26 0 | 1 83.3 100.0 96.9 100.0| 96.3
(n=32; (35.9-99.6) |(86.8-100.0) | (83.8-99.9)
AND rule)

CEUS - contrast-enhanced ultrasound; MRI — magnetic resonance tomography; TP — true positive;
TN — true negative; FP — false positive; FN — false negative; PPV — positive predictive value; NPV —
negative predictive value. CEUS and MRI are presented for direct comparison to illustrate the added
diagnostic value of their combination.

3.4. Analysis of time—intensity curve parameters

For quantitative analysis, of 38 cases, 4 were excluded due to severe
motion artefacts, leaving 34 cases for the statistical analysis of TIC parame-
ters. Of 34 cases, only 8 (23.5%) were histologically confirmed to have tumor
invasion into the non-ossified thyroid cartilage.

3.4.1. TTP, PI, AUC, WIS analysis of non-ossified thyroid
cartilage and laryngeal tumor

TIC parameters were analyzed and compared among the groups: non-
ossified thyroid cartilage without invasion and non-ossified thyroid cartilage
with invasion (Table 3.4.1.1), non-ossified thyroid cartilage without invasion
and tumor tissue (Table 3.4.1.2), and non-ossified thyroid cartilage with inva-
sion and tumor tissue (Table 3.4.1.3). The comparison revealed statistically
significant differences in TTP and PI among all these groups (p < 0.05). The
AUC values of thyroid cartilage with and without invasion also differed
significantly (p = 0.002), whereas no significant difference was observed in
WIS (p = 0.002). Both AUC and WIS values differed significantly between
thyroid cartilage without invasion and tumor tissue (p < 0.001 and p = 0.016,
respectively). In contrast, no significant differences were observed between
tumor tissue and thyroid cartilage with invasion (p =0.093 and p = 0.208),
indicating comparable median values between these tissues.
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Table 3.4.1.1. Comparison of TIC parameters between the thyroid cartilage
with and without invasion groups

Thyroid cartilage without | Thyroid cartilage with
Parameter . . > . . it p value*
invasion (n = 26) invasion (n = 8)
TTP, s 45.21 (39.44-51.73) 31.12 (28.26-35.72) 0.002
PI, dB 2.16 (1.18-3.32) 8.46 (6.00-20.56) 0.001
AUC, dB x s 7.62 (1.33-16.97) 109.97 (13.45-282.05) 0.002
WIS, dB/s 3.92 (2.61-8.38) 4.62 (1.14-24.56) 0.872

Values are medians (IQR). TTP — time to peak; PI — peak intensity; AUC — area under curve; WIS —
wash-in slope; * — comparisons made using the Mann-Whitney U test.

Table 3.4.1.2. Comparison of TIC parameters between the tumor and the
thyroid cartilage without invasion groups

Parameter Thyl;?li‘fla:?;:igg: ;V;;hom Tumor (n = 26) p value*
TTP, s 45.21 (39.44-51.73) 28.44 (26.39-32.09) <0.001
PI, dB 2.16 (1.18-3.32) 13.09 (10.46-18.07) <0.001
AUC, dB x s 7.62 (1.33-16.97) 305.63 (191.71-419.03) <0.001
WIS, dB/s 3.92 (2.61-8.38) 1.74 (1.21-2.84) 0.016

Values are medians (IQR). TTP — time to peak; PI — peak intensity; AUC — area under curve; WIS —
wash-in slope; * — comparisons made using the Wilcoxon test.

Table 3.4.1.3. Comparison of TIC parameters between the tumor and the
thyroid cartilage with invasion groups

Parameter Th);;(:;ls::;t(illlages;vnh Tumor (n = 8) p value*
TTP, s 31.12 (28.26-35.72) 27.15 (25.65-29.09) 0.017
PI, dB 8.46 (6.00-20.56) 12.07 (8.78-24.90) 0.012
AUC, dB x s 109.97 (13.45-282.05) 257.94 (191.65-320.60) 0.093
WIS, dB/s 4.62 (1.14-24.56) 1.22 (0.88-7.61) 0.208

Values are medians (IQR). TTP — time to peak; PI — peak intensity; AUC — area under curve; WIS —
wash-in slope; * — comparisons made using the Wilcoxon test.

Given the nearly identical median values of TIC parameters in the tumor
tissue, which did not differ significantly between the groups with and without
thyroid cartilage invasion (p>0.05), we calculated pooled median TIC
parameter values for the tumor tissue of all patients and used them as the main
reference values. Accordingly, medians were calculated for the entire cohort
(n=34) and are presented in Table 3.4.1.4. When we compared these
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medians with the medians of thyroid cartilage with invasion and without
invasion, we obtained the same p values as in Table 3.4.1.2 and Table 3.4.1.3.

Table 3.4.1.4. TIC parameters of the tumor in the entire cohort

Parameter Value
TTP, s 28.44 (26.38-31.56)
PI, dB 13.09 (9.86-19.49)
AUC, dB x s 300.87 (191.88—-413.58)
WIS, dB/s 1.67 (1.10-3.24)

Values are medians (IQR). TTP — time to peak; PI — peak intensity; AUC — area under curve; WIS —
wash-in slope.

3.4.2. ATTP, API, AAUC, AWIS analysis of non-ossified
thyroid cartilage

Quantitative differences in TIC parameters (ATTP, API, AWIS, and
AAUC) between the tumor (t) and the suspected site of non-ossified thyroid
cartilage (tc) invasion were calculated, e.g., API = PI; — Pl [127].

A detailed comparison of ATTP, API, AWIS, and AAUC between with
and without non-ossified thyroid cartilage invasion is presented in
Table 3.4.2.1. The analysis demonstrated that the median values of ATTP,
API, and AAUC in cases with thyroid cartilage invasion were significantly
lower than in cases without thyroid cartilage invasion (p < 0.05) (Fig. 3.4.2.1—
3.4.2.3). These findings suggest that hemodynamic changes observed in
invaded thyroid cartilage share similarities with those seen in the adjacent
tumor tissue and may reflect increased vascularity and disrupted microcir-
culation resulting from tumor infiltration.

Table 3.4.2.1. Comparison of differences of TIC parameters (ATTP, API,

AWIS, AAUC) between the groups of thyroid cartilage without and with
invasion

Thyroid cartilage without Thyroid cartilage with
Parameters . . _ . . = p value
invasion (n = 8) invasion (n = 26)
ATTP, s 15.19 (8.74-26.21) 4.81 (1.14-6.87) <0.001
API, dB 11.60 (7.88-16.98) 3.10(0.93-11.34) 0.013
AAUC, dB x s 333.75(201.71-407.33) 94.96 (50.17-297.73) 0.018
AWIS, dB/s 5.11 (1.33-7.26) 3.39(0.11-17.65) 0.842

Values are medians (IQR). ATTP — difference in time to peak between non-ossified thyroid cartilage
and tumor; API— difference in peak intensity between non-ossified thyroid cartilage and tumor;
AAUC — difference in the area under the curve between non-ossified thyroid cartilage and tumor;
AWIS — difference in the wash-in slope between non-ossified thyroid cartilage and tumor.
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Fig. 3.4.2.1. Boxplots for ATTP values of non-ossified thyroid cartilage
without and with invasion
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Error bars indicate the range of distribution; the box, the interquartile range; the horizontal line, median
value.

40 A
017
016

30

20 T
10 A T
J_ oy

Without invasion ' With invasion

ol1l

API, dB

Fig. 3.4.2.2. Boxplots for API values of non-ossified thyroid cartilage
without and with invasion

Error bars indicate the range of distribution; the box, the interquartile range; the horizontal line, median
value.
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Fig. 3.4.2.3. Boxplots for AAUC values of non-ossified thyroid cartilage
without and with invasion

Error bars indicate the range of distribution; the box, the interquartile range; the horizontal line, median
value.

3.4.3. Logistic regression analysis for prediction of
non-ossified thyroid cartilage invasion

The results of logistic regression analysis of TIC parameters for diag-
nosing non-ossified thyroid cartilage invasion are presented in Table 3.4.3.1.
In the univariate logistic regression, all TIC parameters, except API,
demonstrated statistically significant associations with cartilage invasion.
Longer TTP time (OR =0.84, 95% CI: 0.73-0.97) and greater ATTP
(OR =0.76, 95% CI: 0.60—0.96) were associated with a decreased likelihood
of invasion, indicating that increased time to peak enhancement was related
to the absence of tumor infiltration. AAUC also showed a significant
association (OR=0.99, 95% CI: 0.98-1.00). Conversely, higher PI
(OR =1.81, 95% CI: 1.14-2.92) and AUC (OR = 1.04, 95% CI: 1.00-1.08)
values were positively associated with cartilage invasion.

Table 3.4.3.1. Logistic regression for the prediction of non-ossified thyroid
cartilage invasion

Univariate !ogistic B Odfls 95% CI | TP, % | TN, % p

regression ratio value
TTP, 1s —0.173 | 0.84 0.73-0.97 | 625 | 96.2 | 0.015
PI, 1 dB 0.599 1.82 1.14-292 | 750 | 96.0 | 0.013
AUC,1dB xs 0.038 1.04 1.00-1.08 | 62.5 | 100.0 | 0.030
ATTP, 1s —0.281 | 0.76 0.60-0.96 | 37.5 88.5 | 0.020
APL, 1 dB —0.163 | 0.85 0.72-1.01 | 37.5 | 100.0 | 0.057
AAUC, 1dB x's —0.009 | 0.99 0.98-1.00 | 62.5 | 91.3 | 0.025
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Table 3.4.3.1. Continued

Univariate .logistic B Odfls 95% CI | TP, % | TN, % p
regression ratio value
Multivariate logistic regression models
Model 1 |PL, 1 dB 0.553 1.74 1.01-2.99 | 75.0 | 100.0 | 0.046
AAUC, 1dB x's —0.007 | 0.99 0.98-1.00 0.139
Model 2 |PL, 1 dB 0.437 1.55 1.06-2.27 | 87.5 | 100.0 | 0.026
API, 1 dB -0.182 | 0.83 0.65-1.07 0.155
Model 3 |TTP, 1 s -0.139 | 0.87 0.76-1.00 | 62.5 | 92.0 | 0.048
API, 1 dB -0.071 | 0.93 0.81-1.08 0.330
Model 4 |ATTP, 1s -0.252 | 0.78 0.61-0.99 | 62.5 | 92.0 | 0.038
API, 1 dB —0.072 | 0.931 | 0.83-1.05 0.233

TTP — time to peak; PI — peak intensity; AUC — area under curve. ATTP — difference in time to peak
between non-ossified thyroid cartilage and tumor; API — difference in peak intensity between non-
ossified thyroid cartilage and tumor; AAUC — difference in the area under the curve between non-
ossified thyroid cartilage and tumor.

In multivariable binary logistic regression, four models were tested to
evaluate combined parameter performance. By pairing TIC parameters and
their derived values, four models with one statistically significant parameter
were obtained. Model 1, which included PI and AAUC, revealed that PI
remained a significant independent predictor of invasion (OR = 1.74, 95%
CI: 1.01-2.99). Similarly, Model 2 (PI + API) confirmed PI as a significant
predictor (OR = 1.55, 95% CI: 1.06-2.27). In Model 3 (TTP + API), TTP
retained marginal significance (OR =0.87, 95% CI: 0.76-1.00), while in
Model 4 (ATTP + API), ATTP remained a significant negative predictor
(OR =0.78, 95% CI: 0.61-0.99). However, no statistically significant asso-
ciations were found in combining other parameters in pairs. To sum up, no
one of these models statistically significantly increased its predicting ability
of non-ossified thyroid cartilage invasion.

3.4.4. ROC analysis of time—intensity curve parameters
and their combinations

Based on the analysis of TIC perfusion parameters, even several quanti-
tative indicators demonstrated a significant diagnostic value in differentiating
invaded from non-invaded non-ossified thyroid cartilage. According to the
greatest Youden index, the optimal cut-off values for distinguishing non-
invaded from invaded non-ossified thyroid cartilage are presented in
Table 3.4.4.1. Lower values of TTP (<36.6s), ATTP (£9.6s), API
(£5.15dB), and AAUC (<116.29 dB x s) and higher PI (>5.51 dB) and
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AUC (= 82.78 dB x s) values were linked to non-ossified thyroid cartilage
invasion.

Table 3.4.4.1. Diagnostic performance of TIC parameters in predicting
non-ossified thyroid cartilage invasion

Parameter AUROC, | Sensitivity, | Specificity, | Accuracy, |Cut-off| p

(95% CI) [% (95% CI)|{% (95% CI)|% (95% CI)| value | value

Univariate models

TTP 0.86 87.5 92.3 91.2 36.6s | 0.002
(0.63-1.09) | (47.4-99.7) | (74.9-99.1) | (76.3-98.1)

PI 0.87 87.5 92.0 90.9 5.51dB| 0.001
(0.66—1.08) | (47.4-99.7) | (74.0-99.0) | (75.7 -98.1)

AUC 0.85 62.5 100.0 90.9 82.78 [<0.001
(0.68-1.02) | (24.5-91.5) |(86.3—100.0)| (75.7-98.1) | dB x s

ATTP 0.91 100.0 76.9 82.3 9.6s [<0.001
(0.81-1.01) {(63.1-100.0) | (56.4-91.0) | (65.5-93.2)

API 0.79 75.0 92.0 87.9 5.15dB| 0.018
(0.55-1.03) | (34.9-96.8) | (74.0-99.0) | (71.8-96.6)

AAUC 0.78 62.5 91.3 83.9 116.29 | 0.002
(0.60-0.97) | (24.5-91.5) | (72.0-98.9) | (66.3-94.6) | dB x s

Multivariate models

Model 1 0.88 75.0 100.0 93.6 - 1<0.001

(PI+ AAUC) (0.69-1.06) | (34.9-96.8) |(85.2-100.0)| (78.6-99.2)

Model 2 0.94 87.5 100.0 97.0 - 1<0.001

(PI + API) (0.80-1.07) | (47.4-99.7) |(86.3—100.0)| (84.2-99.9)

Model 3 0.79 62.5 92.0 84.9 - 0.009

(TTP + API) (0.57-1.01) | (24.5-91.5) | (74.0-99.0) | (68.1-94.9)

Model 4 0.79 62.5 92.0 84.9 - 0.009

(ATTP + API) | (0.57-1.01) | (24.5-91.5) | (74.0-99.0) | (68.1-94.9)

TTP — time to peak; PI — peak intensity; AUC — area under curve; ATTP — difference in time to peak
between non-ossified thyroid cartilage and tumor; API — difference in peak intensity between non-
ossified thyroid cartilage and tumor; AAUC — difference in the area under the curve between non-
ossified thyroid cartilage and tumor; AUCROC — area under the receiver operating characteristic curve.

Among the univariate models, ATTP showed the highest AUROC = 0.91
(p <0.001), achieving 100.0% sensitivity, 76.9% specificity, and 82.3%
accuracy. The PI parameter also demonstrated good diagnostic performance
(AUROC = 0.87, p=0.001), with 87.5% sensitivity, 92.0% specificity, and
90.9% accuracy. The AUC achieved high AUROC = 0.85 (p <0.001) with
100% specificity at the identified threshold. The AAUC (AUROC = 0.78,
p=0.002) and API (AUROC =0.79, p=0.018) parameters also provided
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significant diagnostic information, although their overall performance was
slightly lower.

In the multivariate models, the combination of PI and API (Model 2)
yielded the highest diagnostic performance (AUROC = 0.94, p < 0.001), de-
monstrating 87.5% sensitivity, 100% specificity, and an overall accuracy of
97.0%. Model 1 (PI + AAUC) also performed well (AUROC = 0.88, p < 0.001),
achieving 100% specificity and 93.6% accuracy. Models 3 (TTP + API) and
4 (ATTP + API) demonstrated a lowest discriminative ability (AUROC =
0.79, p = 0.009).

The diagnostic performance of TIC parameters (AUC, PI, AAUC, TTP,
API, and ATTP) was statistically significant for the detection of thyroid
cartilage invasion (p < 0.05). Fig. 3.4.4.1 demonstrates the ROC curves with
the diagnostic performances of PI and AUC. Fig. 3.4.4.2 illustrates the ROC
curves with the diagnostic performances of TTP, ATTP, API, and AAUC.
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Fig. 3.4.4.1. Receiver operating characteristic (ROC) analysis
of the time—intensity curve parameters (Pl and AUC) of non-ossified thyroid
cartilage with suspected tumor invasion

PI — peak intensity; AUC — area under the curve.
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Fig. 3.4.4.2. Receiver operating characteristic (ROC) analysis

of the time—intensity curve parameters (AAUC, TTP, API, and ATTP) of
non-ossified thyroid cartilage with suspected tumor invasion

TTP — time to peak; ATTP — difference in time to peak between non-ossified thyroid cartilage and
tumor; API — difference in peak intensity between non-ossified thyroid cartilage and tumor; AAUC —
difference in the area under the curve between non-ossified thyroid cartilage and tumor.
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4. DISCUSSION

The optimal treatment strategy continues to be a topic of considerable
debate. When thyroid cartilage invasion is confirmed or even suspected,
TOLMS is generally contraindicated due to the risk of incomplete tumor
excision. In such cases, alternative options such as partial laryngectomy, total
laryngectomy, or non-surgical modalities should be considered [6, 7, 130-
132]. Furthermore, extensive tumor infiltration into the thyroid cartilage is
associated with poor outcomes following radiotherapy [131].

In recent years, CEUS has been extensively investigated, and its clinical
applications have significantly expanded, particularly for the diagnosis and
differentiation of tumor types and inflammatory diseases, owing to its ability
to assess vascularity and perfusion characteristics [24, 25, 69]. Nonetheless,
despite its recognized advantages, a standardized CEUS protocol for
laryngeal cancer staging has not been endorsed by the EFSUMB yet [24].
Considering the limited literature and lack of standardized guidelines, our
research aimed to assess the diagnostic value of qualitative and quantitative
CEUS for detecting non-ossified thyroid cartilage invasion in patients with
laryngeal cancer. Qualitative findings, based on visual assessment (i.e.,
detection of enhancement), were compared with the widely used CT and then
with MRI for detecting non-ossified thyroid cartilage tumor invasion, using
postsurgical histopathological examination as the reference standard. The
absence of a statistically significant difference between CEUS and
postsurgical histopathology suggests that CEUS may represent a valuable
diagnostic tool for assessing non-ossified thyroid cartilage invasion. The
diagnostic accuracy of CEUS, CT, and MRI was 86.8%, 60.5%, and 78.1%,
respectively, showing slight variations among the modalities with variations
of PPV (66,7%, 35.0%, and 46.2%, respectively) and with high NPV (96.2%,
88.9%, and 100.0%, respectively). It is important that the added value of
CEUS increased specificity and accuracy in combination with CT and MRI.
Moreover, in qualitative analysis exploring microvascular changes we found
statistically significant differences with marginally higher accuracy for CEUS
when using TIC parameters such as TTP, PI, AUC, and ATTP, API, AAUC
achieving accuracies of 91.2%, 90.9%, 90.9%, and 82.3%, 87.9%, 83.9%,
respectively, in detecting non-ossified thyroid cartilage invasion. Based on
our results, CEUS may improve the preoperative staging of the tumor “T”
component in the TNM classification of laryngeal cancers, particularly in
cases with equivocal CT and/or MRI findings.
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4.1. Qualitative (visual) radiologic assessment
of thyroid cartilage invasion

As mentioned before, an accurate detection of laryngeal cartilage inva-
sion plays a crucial role in determining the most appropriate treatment strate-
gy and influences the prognosis of SCC. Therefore, a precise radiological
evaluation of local tumor extension — particularly the assessment of cartilage
involvement — is essential for minimizing complications, ensuring complete
resection, and improving overall disease control and survival outcomes.

Cross-sectional imaging using multi-slice CT or MRI is primarily aimed
at delineating the deep extension of the tumor into submucosal soft tissues
and laryngeal cartilages. CT is fast, widely accessible, and enables volumetric
data acquisition with submillimetric voxel resolution. The short acquisition
time reduces the likelihood of motion artifacts, while the high spatial resolu-
tion enhances the visualization of subtle tumor invasion within soft tissue
planes and bony or ossified structures [14, 45, 49]. MRI provides superior
contrast resolution, which can be further enhanced using various pulse
sequence combinations. These advantages have been extensively applied in
evaluating laryngeal cartilage invasion [9,18]. Several studies have demon-
strated that MRI exhibits a markedly higher sensitivity for detecting laryngeal
cartilages invasion compared with CT [45]. According to a recent meta-
analysis of studies on laryngo-hypopharyngeal cancer by Cho et al. [45], the
pooled sensitivity values to detect cartilage invasion were 88% for MRI and
66% for CT, while the corresponding specificities were 81% and 90%. As
expected, CT performance appeared to be more variable, depending on the
specific cartilage assessed. When the analysis was restricted to thyroid carti-
lage invasion, the reported sensitivity reached 69%, which is comparable to
that observed in our study (77.8%), whereas specificity was higher (86% vs.
55.2%).

When compared with the study by Mohamad et al. [23], evaluating the
diagnostic performance of head and neck MRI in predicting laryngeal subsite
invasion (2008-2021 cohort), our results demonstrated a notably higher diag-
nostic accuracy for thyroid cartilage invasion. Mohamad et al. [23] reported
sensitivity, specificity, and accuracy for full-thickness thyroid cartilage
invasion to be 74%, 61%, and 69%, respectively, while our study showed
100.0%, 73.1%, and 78.1%, respectively. Similarly, the NNP and PPV in our
study (100.0% and 46.2%, respectively) also differed substantially from those
previously reported by Mohamad et al. (58% and 76%) [23]. These discre-
pancies may be attributed to differences in imaging protocols, MRI sequence
optimization, and characteristics of study populations, including cartilage
ossification status.
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Furthermore, ongoing advancements in imaging technology continue to
enhance the potential for acquiring high-quality images of the entire larynx
with isotropic 1-mm resolution sequence, free of artifacts, within only a few
minutes [23, 133, 134]. Recent improvements in MRI sequence design, such
as contrast-enhanced three-dimensional (3D) T1-weighted radial gradient-
recalled echo (GRE) imaging, have demonstrated high diagnostic accuracy in
detecting neoplastic thyroid cartilage invasion. Park et al. [133] reported that
this 3D technique achieved a significantly higher sensitivity (75.0%), speci-
ficity (96.4%), and overall accuracy (86.5%) than conventional two-dimen-
sional (2D) spin-echo T1-weighted imaging, with superior diagnostic perfor-
mance (AUC = 0.963 vs. 0.862). In comparison, the specificity and accuracy
obtained in our study using 2D spin-echo T1-weighted MRI were 73.1% and
78.1%, respectively. Moreover, in our study, the accuracy of CEUS (86.8%)
in assessing non-ossified thyroid cartilage was very similar to that of MRI
reported by Park et al., suggesting that CEUS may provide a reliable alterna-
tive for evaluating cartilage invasion. It worth noting, however, that our study
specifically investigated the invasion of non-ossified thyroid cartilage,
whereas the study by Park et al. included patients with varying degrees of
cartilage ossification. These findings reflect a degree of heterogeneity, but
also collectively underscore the potential of advanced MRI protocols to further
enhance the precision of preoperative staging in patients with laryngeal and
hypopharyngeal cancer. Nevertheless, the evaluation of thyroid cartilage
invasion remains diagnostically challenging, but is generally more accurately
assessed with MRI than with CT.

Nevertheless, most studies assessing the diagnostic accuracy of imaging
modalities in detecting cartilage invasion have predominantly concentrated —
either intentionally or unintentionally — on ossified cartilage or did not specify
cartilage ossification. This may be explained by several aspects. First, in most
clinical cases, tumor infiltration primarily involves the ossified portions of
cartilage. Second, both CT and MRI are effective in visualizing these areas,
as invasion typically shows characteristic features on CT, such as sclerosis,
cortical erosion, or destruction accompanied by replacement of cartilage with
tumor tissue, while MRI may provide a more accurate evaluation in many
cases [17]. The evaluation of non-ossified cartilage, however, remains more
challenging. On CT, the similar attenuation values between tumor tissue and
non-ossified thyroid cartilage often obscure invasion, while on MRI, over-
lapping signal characteristics caused by reactive inflammation, edema, or
fibrosis further complicate interpretation and cause overdiagnosis [9, 45].
Additionally, peritumoral inflammation at the tumor—cartilage interface may
act as a confounding factor; nevertheless, the application of multiple MRI
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sequences improves tissue differentiation and diagnostic accuracy, if the
acquired images are of high quality [23].

Recently, DECT has emerged as a promising technique for improving
tissue characterization in head and neck imaging. Forghani and colleagues
[59] investigated the potential of DECT in differentiating between tumor
tissue and non-ossified thyroid cartilage by analyzing their spectral attenua-
tion profiles. VMIs reconstructed at different energy levels demonstrated a
decrease in tumor tissue attenuation at higher keV settings, whereas non-
ossified cartilage retained consistently high attenuation, thereby enabling
clearer differentiation between the two tissue types [59]. However, it is
important to note that this study did not directly assess the cases of tumor
infiltration into non-ossified cartilage, limiting the conclusions regarding its
diagnostic performance, but supported the findings of earlier study by Kuno
et al. [60]. Kuno et al. [60] reported that non-ossified cartilage infiltrated by
tumor tissue, which exhibits iodine distribution, can be more readily
distinguished from normal cartilage on DECT iodine overlay images than on
conventional weighted-average images. This advantage arises because iodine
is selectively color-coded and enhanced on iodine overlay images, thereby
improving visual differentiation. The combined evaluation of weighted-
average and iodine overlay images obtained with DECT was shown to
increase the specificity from 70% to 96% for detecting thyroid cartilage
invasion (p =0.031) without compromising sensitivity (86%) [60]. A few
years later, Kuno et al. [61] conducted another study that compared DECT
with MRI. The study demonstrated that DECT achieved higher specificity
than MRI for detecting thyroid cartilage invasion (100% vs. 64%, p < 0.001),
with comparable diagnostic performance (AUC =0.95 vs. 0.94, p =0.70).
Although the sensitivity did not differ significantly between the two modali-
ties for all cartilage types (81% vs. 97%, p = 0.16) or for the thyroid cartilage
(89% vs. 100%, p = 0.50), there was a tendency toward higher sensitivity with
MRI [61]. These studies suggest that relying solely on currently applied
radiological methods may be insufficient and highlight the considerable po-
tential of developing and implementing alternative, more accurate imaging
techniques for the evaluation of laryngeal cartilage invasion.

US has also been investigated for its potential role in addressing the
diagnostic challenge of thyroid cartilage invasion. Given the superficial loca-
tion of the larynx, US occupies a surprisingly unique position among cross-
sectional imaging modalities, particularly in the evaluation of non-ossified
cartilage invasion. This advantage arises from its superior ability to visualize
non-ossified cartilage, which often presents the greatest diagnostic difficulty
when using CT [41, 135, 136]. In one study involving 62 patients with
laryngeal or hypopharyngeal cancer, US and CT demonstrated the sensitivity
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of 98% and 91%, respectively, with the equal specificity of 75% in detecting
thyroid cartilage invasion [135]. However, this study did not evaluate the
different groups of ossified and non-ossified thyroid cartilage but mentioned
that a better acoustic window was in cases with non-ossified cartilage.

The promising findings from previous studies encouraged further
exploration of ultrasound by integrating CEUS techniques. Our findings for
identifying thyroid cartilage invasion, particularly in demonstrating that
CEUS provides a higher diagnostic accuracy than CT (86.8% and 60.5%,
respectively), are consistent with those reported by Hu et al. [41] (CEUS
90.0%, CT 83.3%). Several methodological differences set our study apart
from the study above. In our study, the exact area of suspected non-ossified
cartilage invasion on CT was subsequently evaluated with both CEUS and
MRI, followed by postoperative histopathological confirmation. In addition,
the radiologists who performed and analyzed CEUS and MRI examinations
and the pathologist who did histopathological assessment were not blinded to
the results of CT. To our knowledge, this is the first investigation directly
comparing CEUS with CT and MRI specifically for the assessment of non-
ossified thyroid cartilage involvement. We found a statistically significant
difference in diagnostic performance between CEUS and CT (p = 0.039),
while no significant differences emerged when comparing MRI with CEUS
(p =0.109). Differences in diagnostic performance between imaging modali-
ties were largely driven by variability in false-positive rates. CT demonstrated
a relatively low specificity (55.2%), corresponding to a high proportion of
false-positive findings, indicating a greater likelihood of overestimating non-
ossified thyroid cartilage invasion. In contrast, CEUS showed a substantially
higher specificity (86.2%), suggesting a lower likelihood of false-positive
classification compared with CT. MRI demonstrated an intermediate specifi-
city (73.1%), with a still notable rate of false-positive results, potentially
leading to overdiagnosis in agreement with observations reported by other
investigators [18, 133].

To address this issue, we conducted an analysis of the added diagnostic
value of CEUS when combined with CT and MRI for the assessment of non-
ossified thyroid cartilage invasion. When CEUS was combined with cross-
sectional imaging using the AND rule, false-positive findings were markedly
reduced. The combination of CEUS and CT increased specificity to 89.7%,
which was comparable to the specificity reported for CT (86%) by Cho et al.
[45]. However, it should be noted that the study Cho et al. evaluated thyroid
cartilage invasion without distinguishing between ossified and non-ossified
cartilage, which may have affected specificity, given that the ossified parts of
the thyroid cartilage are more accurately assessed on CT.
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In the present study, the combination of CEUS and MRI achieved a very
high specificity of 100%, effectively eliminating FP cases in this cohort. In
addition, the specificity achieved in our study was higher than that reported
in previous studies evaluating CT and MRI alone for thyroid cartilage inva-
sion [23, 45, 133]. Notably, Park et al. [133] reported a very high specificity
0f 96.4% while using an advanced contrast-enhanced 3D T1W GRE sequence
on MRI; however, specificity was higher in our study when CEUS was
combined with MRI, despite the use of contrast-enhanced 2D T1W MRI with
slightly thicker slices. In contrast, Kuno et al. [61] reported the same speci-
ficity of 100% when an advanced modality as DECT was used to assess
thyroid cartilage invasion, comparable to the specificity achieved with the
CEUS and MRI combination in our study.

Overall, the use of CEUS in combination with CT or MRI substantially
reduces the risk of overdiagnosis. From a clinical perspective, minimizing
false-positive findings is crucial, as overestimation of cartilage invasion may
lead to tumor overstaging and unnecessarily aggressive treatment.

4.2. Quantitative time—intensity curve analysis in
CEUS assessment of thyroid cartilage invasion

In the second part of our study analysis, we focused on quantitative
perfusion parameters namely TTP, PI, AUC, and WIS derived from TIC
analysis to explore microcirculatory changes in laryngeal SCC and non-
ossified thyroid cartilage. This approach represents an early step in extending
CEUS to the evaluation of laryngeal tumors and underscores its potential for
detailed perfusion assessment in non-ossified cartilage, providing a platform
for further research in this area. In line with our expectations, we found
statistically significant differences in the TIC parameters of thyroid cartilage
invasion with high sensitivity and specificity, as follows: TTP (87.5% and
92.3%), PI (87.5% and 92.0%), AUC (62.5% and 100.0%), ATTP (100% and
76.9%), API (75.0% and 92.0%), and AAUC (62.5% and 91.3%). Moreover,
combining PI and API increased the specificity to 100% for excluding non-
ossified thyroid cartilage invasion and achieved an overall accuracy of 97%,
outperforming any single TIC parameter. Taken together, these findings indi-
cate that CEUS may facilitate more accurate preoperative T-staging within
the TNM classification of laryngeal tumors, particularly when CT or MRI
yield inconclusive results.

Given that tissue perfusion differs substantially between malignant and
normal structures, the study was designed to include not only qualitative
CEUS assessment but also quantitative TIC-based analysis. The quantitative
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approach provides objective measurements of perfusion dynamics and
enables a more precise characterization of non-ossified thyroid cartilage
involvement, whereas qualitative evaluation offers only an initial visual
impression of enhancement patterns [24,73]. The vascular network of tumors
is fundamentally unlike that of healthy tissue: instead of a well-organized and
efficient system, tumor vessels tend to be irregular, tortuous, and permeable,
leading to uneven blood flow and increased permeability. Tumor angioge-
nesis, stimulated by various growth factors, promotes rapid endothelial
proliferation and the formation of new, often fragile capillaries in response to
tumor-derived signals. While this aberrant vascular architecture sustains
tumor progression by improving access to nutrients and facilitating the
removal of metabolic waste, it also contributes to the highly heterogeneous
microenvironment characteristic of malignant lesions [137].

The principle described above has served as the foundation for studies
assessing laryngeal cartilage invasion in patients with laryngeal carcinoma
across multiple radiological imaging modalities [19, 22, 41, 53, 67, 81, 127,
138].

DCECT, which evaluates tissue perfusion, has been explored in head and
neck imaging with the expectation of improving diagnostic accuracy. The
technique relies on repeated acquisitions after contrast administration to
derive perfusion-related parameters, but these may be influenced by motion
artefacts due to the longer acquisition time compared with contrast-enhanced
CT [19]. However, Dankbaar et al. [19] have shown that DCE-CT parameter
maps offer no clear advantage in detecting thyroid cartilage invasion. In fact,
conventional CECT demonstrated a higher sensitivity than DCE-CT (85% vs.
75%) [19]. Similar findings were reported by Trojanowska et al. [53] who
observed that CECT outperformed DCE-CT in identifying malignant
involvement of the thyroid cartilage, with superior sensitivity (66.6% vs.
33.3%), identical specificity (96.5%), and higher PPV and NPV (80.0% vs.
66.6%, and 93.33% vs. 87.5%, respectively). The evaluation relied on placing
ROIs on contrast-enhanced CT images within various neck structures to
distinguish tumor tissue from healthy tissue. Variations in DCE-CT-derived
quantitative parameters (perfusion CT) between these ROIs were then used
to assess the presence of tumoral infiltration. Collectively, these results
indicate that DCE-CT does not provide the diagnostic benefit initially
anticipated for evaluating laryngeal cartilage invasion.

Interest in advanced MRI techniques has grown steadily, including the
use of DCE-MRI, a noninvasive method, or evaluating microvascular perfu-
sion by monitoring contrast agent dynamics within specific tissues. Because
malignant tumors typically demonstrate disordered and abnormal vascular
architecture, DCE-MRI has been widely explored for its potential in cancer
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detection, prognostic assessment, and treatment monitoring [22, 64, 66, 68,
139-141]. Within the laryngeal region, Citil et al. [22] reported that DCE-
MRI achieved 100% sensitivity, specificity, and accuracy in identifying
cartilage invasion, with 15 true negative and 5 true positive cases. Another
study, which included three groups namely 16 patients with benign
laryngopharyngeal lesions, 17 with malignant lesions, and 23 healthy controls
demonstrated that DCE-MRI can distinguish benign from malignant cartilage
abnormalities and can accurately and quantitatively detect neoplastic
infiltration of the laryngeal cartilage in a noninvasive manner [67]. Although
these findings are encouraging, studies with larger patients’ groups and a
more detailed assessment of thyroid cartilage involvement are still needed,
highlighting the importance of continued research.

Returning to a modality that is receiving growing scientific attention and
practical application, this study is, to the best of our knowledge, the first to
use CEUS for the quantitative evaluation of laryngeal SCC and non-ossified
thyroid cartilage. Our findings allowed us to establish TIC parameter values
for these structures for the first time, providing a valuable reference point for
future investigations. As no comparable data have been published to date,
direct comparison with previous research is not possible. Nevertheless, our
statistical analysis revealed several TIC parameters that demonstrated signifi-
cant differences in distinguishing thyroid cartilage invasion.

Our analysis of the hemodynamic parameters in the tumor group showed
pronounced perfusion alterations that clearly differentiated tumor tissue from
non-invaded non-ossified thyroid cartilage. The tumor exhibited the shortest
TTP values (median 28.44 s), indicating substantially faster contrast arrival
compared with non-invaded cartilage (median 45.21 s), while the TTP values
of invaded non-ossified thyroid cartilage (median 31.12 s) were more similar
to those of the tumor. These differences were statistically significant
(p <0.05), and this reflects the rapid and disorganized vascular filling
characteristic of malignant lesions. Using a TTP cutoff of 36.6 s, lower TTP
values enabled discrimination between invaded and non-invaded non-ossified
thyroid cartilage with an accuracy of 91.2%, yielding a sensitivity of 8§7.5%
and a specificity of 92.3%.

Similarly, PI values were markedly higher in the tumor group (13.09 dB)
and in the invaded thyroid cartilage (8.46 dB) than in non-invaded cartilage
(2.16 dB), consistent with stronger contrast enhancement due to increased
microvascular density within the tumor. These differences also reached a
strong statistical significance (p <0.001; 0.012). A PI cut-off of 5.51 dB
yielded 90.9% accuracy, with 87.5% sensitivity and 92.0% specificity. More-

70



over, PI remained an independent predictor in multivariate models, sug-
gesting that enhancement intensity retains diagnostic strength even when
other perfusion parameters are considered.

AUC values in the tumor were the highest (300.87 dB X s), exceeding
those of both non-invaded and invaded cartilage. As the AUC reflects the
overall amount of contrast uptake over time, these elevated values correspond
to the increased vascular volume and permeability typical of malignant tissue
[24]. Although the AUC differed significantly between the tumor and non-
invaded cartilage (p < 0.001), no significant difference was observed between
the tumor and invaded cartilage (p>0.05), suggesting that cartilage
infiltration results in perfusion characteristics that resemble those of the
tumor itself. An AUC cut-off of 82.78 dB X s provided 90.9% accuracy, with
62.5% sensitivity and 100.0% specificity. Higher AUC and PI values corre-
spond to a greater likelihood of invasion, suggesting increased vascularity
and perfusion in the affected tissue; notably, each 1-dB increase in PI and
each 1-dB X s increase in the AUC raised the likelihood of thyroid cartilage
invasion by 1.81 and 1.04 times, respectively.

We confirmed our hypothesis: the analysis of the derived TIC parameters
showed clear differences between non-invaded and invaded non-ossified thy-
roid cartilage. As in the main results, the perfusion pattern of invaded cartil-
age tended to shift toward the values observed in the tumor, which prompted
us to calculate the absolute differences between tumor and cartilage measure-
ments. These findings show that the derived TIC parameters — most notably
ATTP — provide the strongest evidence of non-ossified thyroid cartilage
infiltration. ATTP not only demonstrated the largest separation between
invaded and non-invaded cartilage but also achieved excellent diagnostic
performance. ATTP offered the best overall performance (AUROC 0.91) with
a cut-off value of 9.6 s, yielding an accuracy of 82.3%, a sensitivity of 100%,
and a specificity of 76.9%. Its predictive value was further supported by
logistic regression, where lower ATTP values significantly increased the pro-
bability of invasion. For example, for every 1-s increase in ATTP, the likeli-
hood of thyroid cartilage invasion decreased by approximately 24%. Although
API and AAUC showed consistent trends, their ability to discriminate inva-
sion was more modest. Overall, the robust cut-off values, high specificity,
and favorable AUROC profiles indicate that time-dependent parameters such
as ATTP, especially when supported by intensity-based measures like PI and
AUC, can meaningfully enhance diagnostic performance when evaluating the
potential invasion of non-ossified thyroid cartilage.

After these promising results, we decided to construct models combining
two parameters to determine whether their pairing could improve diagnostic
prediction. When these parameters were combined into multivariate models,
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two of the combinations showed clear improvement according to ROC ana-
lysis. The combination of PI + AAUC (Model 1) increased the AUROC to
0.88 and achieved a specificity of 100%, with an overall accuracy of 93.6%.
However, Model 2 (PI + API) performed even better, with an AUROC of 0.94
and an accuracy of 97.0%; its sensitivity and specificity were 87.5% and
100%, respectively, making it the most predictive combination. In compari-
son, the remaining models that paired either TTP or ATTP with API showed
weaker performance (AUROC of 0.79, accuracy of 84.9%) and offered no
clear advantage over the single-parameter measures.

Taken together, these TIC findings underscore how strongly the micro-
circulatory pattern of laryngeal SCC differs from that of normal non-ossified
thyroid cartilage, clearly separating non-invaded cartilage from the tissue
already affected by tumor infiltration. The results further suggest that once
invasion occurs, the perfusion behavior of the non-ossified thyroid cartilage
begins to resemble that of the tumor.
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LIMITATIONS

This research has several limitations that should be acknowledged. The
most important limitation is a small sample size as the study was conducted
at a single center and included a small group of patients due to fewer common
cases of the adjacent tissues of non-ossified thyroid cartilage and tumor, who
underwent surgery. Another limitation is that CT and MRI images were
interpreted by a single reader, which may introduce observer bias; however,
this can be viewed as a controversial point. Moreover, the CEUS technique is
also highly operator-dependent and requires experience in both CEUS and
cross-sectional laryngeal imaging to accurately identify the area of interest.
In our study, matching the suspected invasion site on CT with the corre-
sponding area on CEUS was not always straightforward due to the small ROI,
especially in locally advanced cancer cases. This limitation may be addressed
in future studies by using CT-CEUS image fusion. Additional limitation —
anatomical variations such as thin, non-ossified thyroid cartilage — may have
influenced TIC parameters values because it is more difficult to keep a small
ROI from slight movement errors. Moreover, some cases were excluded from
quantitative CEUS evaluation due to motion artifacts in patients who had
difficulty maintaining shallow breathing. The final limitation is that only one
ROI can be assessed at a time during CEUS, requiring repeated contrast injec-
tions when multiple areas need evaluation, which lengthens the examination.

73



CONCLUSIONS

Qualitative (visual) CEUS yielded high specificity (86.2%) and sensiti-
vity (88.9%) in the assessment of laryngeal carcinoma invasion into non-
ossified thyroid cartilage, showing no significant difference from post-
operative histopathological findings (p > 0.05).

The combination of CEUS with CT and particularly with MRI enhanced
diagnostic performance in evaluating laryngeal carcinoma invasion into
non-ossified thyroid cartilage by improving diagnostic specificity and
overall accuracy.

Quantitative CEUS parameters (TTP, PI, and AUC) and their derived
differences between cartilage and tumor (API, AAUC, and especially
ATTP) allowed reliable (p < 0.05) confirmation or exclusion of laryngeal
carcinoma invasion into non-ossified thyroid cartilage.

The combination of PI and API demonstrated the highest diagnostic per-
formance (AUROC = 0.94) among single parameters and their combina-
tions in assessing laryngeal carcinoma invasion into non-ossified thyroid
cartilage.
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PRACTICAL RECOMMENDATIONS

The results of our study highlight CEUS as an informative and easily
accessible imaging modality in assessing laryngeal cancer invasion into the
non-ossified thyroid cartilage.

In clinical practice, CEUS is recommended as a complementary imaging
modality to CT and/or MRI in cases where non-ossified thyroid cartilage
invasion remains unclear. To achieve higher diagnostic accuracy and relia-
bility, which are crucial in determining the optimal treatment method and its
extent, it is recommended to apply both qualitative and quantitative CEUS
assessment.

From a scientific perspective, further research on this topic is warranted.
We recommend, where feasible, considering the use of CT and CEUS image
fusion to ensure accurate and more standardized identification of the ROI in
CEUS examinations.
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SANTRAUKA

SUTRUMPINIMAI
ADC —  tariamas difuzijos koeficientas (angl. apparent diffusion coefficient)
AJCC —  Amerikos jungtinis vézio komitetas (angl. American Joint Committee
on Cancer)
AUC —  plotas po kreive (LIK parametras-angl. area under the curve)
AUCROC —  kreivés plotas po ROC kreive (angl. area under the curve)
DDKK —  daugiadalykeés komandos konsiliumas
DEKT —  dvigubos energijos kompiuteriné tomografija
DWI —  difuzijos svertinis vaizdavimas (angl. diffusion-weighted imaging)
KT —  kompiuteriné tomografija
KUT —  kontrastinis ultragarsinis tyrimas
LIK —  laiko—intensyvumo kreive
MRT —  magnetinio rezonanso tomografija
PI —  pikinis intensyvumas
PLK —  ploksciyjy lasteliy karcinoma
Qlab® —  kiekybinés analizés programing jranga
T —  naviko T stadija
TNM —  naviko, limfmazgiy ir atokiyjy metastaziy klasifikavimo sistema
TTP — laikas iki piko (angl. time to peak)
WIS —  itekéjimo greitis (angl. wash-in slope)
AAUC —  ploto po kreive skirtumas
API —  pikinio intensyvumo skirtumas
ATTP —  laiko iki piko skirtumas
AWIS —  jtekéjimo greicio skirtumas
IVADAS

Per pastargjj deSimtmetj gerkly vézio atvejy skaicius pasaulyje padidéjo
mazdaug 23 proc. [1], o 8i liga ir toliau reikSmingai dazniau nustatoma vyrams
[1, 2]. Be to, dauguma (apie 90-95 proc.) piktybiniy gerkly naviky atvejy
sudaro ploksciyjy lasteliy karcinomos histologinis tipas [3,4].

Tikslus vaizdiniais tyrimais nustatomas naviko (T) iSplitimo, ypac i
skyding ir zieding kremzles, vertinimas yra vienas esminiy veiksniy nustatant
ligos stadijg ir parenkant tinkamiausig gydymo taktika konkreciu atveju.
Kremzliy pazeidimo vertinimas tiesiogiai lemia chirurginio gydymo apimties
pasirinkimg — ar bus atliekama visiska laringektomija, atvira daliné laringek-
tomija, transoraliné lazeriné mikrochirurgija, ar pasirenkamas konservatyvus
gydymas taikant spinduling terapija ir (arba) chemoterapija [5-9]. Sie spren-
dimai daro tiesioging jtaka gydymo veiksmingumui, prognozei po spinduli-
nés terapijos ir paciento gyvenimo kokybei.
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Siuo aspektu radiologiniai vaizdiniai tyrimai yra ypa¢ svarbiis diferen-
cijuojant T stadijas pagal naviko, limfmazgiy ir atokiyjy metastaziy (TNM)
klasifikavimo sistema [10]. Kompiuterin¢ tomografija (KT) ir magnetinio
rezonanso tomografija (MRT) jau daugelj mety yra pagrindiniai gerkly karci-
nomos stadijavimo metodai [7, 11-16]. Nors pagal galiojancias rekomenda-
cijas taikomi tiek KT, tick MRT tyrimai, kiekvienas metodas pasizymi
savitais privalumais ir ribotumais, o pasirinkimg daznai lemia vietiniai
diagnostikos protokolai bei jrangos prieinamumas. KT yra efektyvi vertinant
naviko iSplitimg j gerkly kremzles, ypac tose srityse, kur kremzlés yra
sukaul¢jusios. Be to, dél trumpos tyrimo trukmeés Sis metodas yra palankus
pacientams, kuriems pasireiskia kvépavimo sutrikimai. Vis délto reikSminga
diagnostin¢ problema — navikinis audinys ir nesukaul¢jusi skydiné kremzle
daznai pasizymi panasiu tankiu, todé¢l sudétinga patikimai jvertinti naviko
i§plitimg ir jo mastg [17]. Tokiais atvejais pirmenybé teikiama MRT tyrimui,
taikant 2008 m. Becker ir bendraautoriy pasitlytus atnaujintus MRT vertini-
mo kriterijus [18]. Vis délto, nepaisant ilgalaikio MRT taikymo ir patikimu-
mo, iSliecka nemazas klaidingai teigiamy rezultaty skaicius. Nors MRT ir
dvigubos energijos kompiuteriné tomografija (DEKT) pagerino diagnostinj
tiksluma, né vienas skerspjivio vaizdinimo metodas iki Siol nuosekliai
nejrod¢ vienareik§mio pranaSumo vertinant naviko i$plitimg j nesukauléjusia
skydine kremzle [14, 16-23]. Dél Sios priezasties ir toliau ieSkoma naujy
vaizdinimo parametry galimybiy ir technologijy, galin¢iy pagerinti gerkly
veézio radiologinio stadijavimo tikslumg. Kontrastinis ultragarsinis tyrimas
(KUT) pastaraisiais metais sulauke didelio susidoméjimo onkologinés diag-
nostikos srityje dé¢l aukstos erdvinés raiskos, gero akustinio lango ir gali-
mybés realiuoju laiku vertinti bei kiekybiskai analizuoti mikrovaskuline
perfuzija [24, 25]. Vienas i§ Sio metodo pranaSumy — galimyb¢ atlikti ne tik
kokybing, bet ir kiekybing vaizdy analizg, taip didinant vertinimo objekty-
vuma [24, 26-37].

Atsizvelgiant | tai, kad nesukauléjusi skydiné kremzl¢ sudaryta i§ ava-
skulinés hialininés kremzlés, galima kelti hipoteze, kad ja galima diferenci-
juoti nuo vaskuliarizuoto navikinio audinio, remiantis skirtingais perfuzijos
poZymiais, nustatomais atliekant KUT tyrima [38—40]. Sia tema rastas tik
vienas publikuotas tyrimas: Hu ir bendraautoriai [41] parodé KUT potenciala
nustatant gerkly naviko iSplitimg  gerkly kremzles pacientams, sergantiems
gerkly véziu. Vis délto Siame tyrime vertintos visos gerkly kremzlés ir taikyta
tik kokybin¢ (vizualin¢) KUT analizé. Apibendrinant galima teigti, kad KUT
diagnostin¢ reikSmé vertinant naviko iSplitimg j nesukauléjusig skyding
kremzle iSlieka nepakankamai iStirta. Iki Siol néra tyrimy, kuriuose biity
taikyta kiekybiné analiz¢, todél $i tyrimy kryptis laikytina moksliskai pagrjsta
ir perspektyvia tolesniems tyrimams atlikti.
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1. TIKSLAS IR UZDAVINIAI

1.1. Tikslas

Nustatyti kontrastinio ultragarsinio tyrimo (KUT) kokybinio ir kiekybi-
nio vertinimo diagnosting vertg tiriant gerkly ploksciyjy lasteliy karcinomos
iSplitimg 1 nesukaul¢jusig skyding kremzle, lyginant su pooperaciniu
histopatologiniu tyrimu.

1.2. Uzdaviniai

1. Nustatyti kokybinio (vizualinio) KUT specifiSkumg ir jautruma ver-
tinant gerkly karcinomos i$plitimg i nesukauléjusig skydine kremzle.

2. vertinti pridéting KUT diagnosting vertg, derinant su KT ir MRT
tyrimais, tiriant gerkly karcinomos i$plitimg j nesukauléjusia skydi-
n¢ kremzIe.

3. ISanalizuoti ir nustatyti KUT kiekybiniy laiko—intensyvumo kreivés
(LIK) parametry diagnosting verte tiriant gerkly karcinomos ispliti-
ma | nesukauléjusia skyding kremzlg.

4. Nustatyti, kuriy LIK parametry derinys turi didZiausig diagnosting
geba, vertinant gerkly karcinomos iSplitimg j nesukauléjusia skyding
kremzlg.

1.3. Darbo naujumas

Naviko iSplitimo ] nesukauléjusig skyding kremzle diagnostika iki Siol
dinga vaizdy interpretacijg. Siame tyrime siekta rasti papildoma diagnostinj
sprendima Siai problemai spresti. Miisy Ziniomis, tai pirmasis mokslinis tyri-
mas, kuriame KUT taikomas specifiSkai analizuojant naviko i$plitima j nesu-
kauléjusia skyding kremzle pacientams, sergantiems gerkly ploks¢iyjy laste-
liy karcinoma. Nors prie§ kelerius metus publikuotas panaSaus pobiidzio
tyrimas [41], jame vertintas gerkly vézio iSplitimas ] visas gerkly kremzles,
atskirai neiSskiriant nesukaul¢jusios skydinés kremzlés. Be to, minétame
tyrime atlikta tik kokybin¢ (vizualin¢) KUT vaizdy analizé [41].

Remiantis Siuo metu publikuotais literatiros duomenimis, $is tyrimas yra
pirmasis, kuriame minéta tema analizuojama keliomis svarbiomis kryptimis.
Pirma, pagrindinis démesys skirtas biitent nesukauléjusios skydinés kremzlés
vertinimui. Antra, atlikta ne tik kokybiné, bet ir kiekybin¢ KUT vaizdy anali-
z¢. Trec€ia, pirmg kartg nustatyta LIK parametry diagnostin¢ verté vertinant
nesukauléjusig skydine kremzle tais atvejais, kai nustatytas gerkly vézio i$pli-
timas, ir tais atvejais, kai jo nenustatyta, taip pat Sie parametrai palyginti su
navikinio audinio rodikliais. Ketvirta, palyginimui pacientams buvo atliktas
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ne tik KT, bet ir MRT tyrimas. Penkta, jvertinta KUT pridétin¢ diagnostiné
verté, derinant su KT ir MRT duomenimis.

Tyrimo naujumg dar labiau iSryskina tai, kad visais atvejais aukso stan-
dartu laikytas pooperacinis histopatologinis iStyrimas, pries tai pateikus spe-
cialiai Siam tyrimui kurtg ,,Lokalaus iSplitimo iStyrimo schema* (1 priedas),
kurioje, remiantis KT vaizdais, tiksliai pazyméta tiriama sritis.

Sis tyrimas pateikia naujy moksliniy jrodymy, pagrindziangiy KUT, kaip
papildomo neinvazinio vaizdinimo metodo, potencialg prie§ operacija verti-
nant gerkly vézio iSplitimg | nesukauléjusig skyding kremzle greta KT ir/arba
MRT. Gauti rezultatai gali prisidéti prie diagnostiniy algoritmy tobulinimo,
stadijavimo tikslumo gerinimo ir diagnostiniy klaidy mazinimo, taip sudarant
prielaidas parinkti optimalesnj ir galbiit maziau traumuojantj gydyma pacien-
tams, sergantiems gerkly ploksciyjy lasteliy karcinoma.

2. METODIKA

2.1. Tyrimo eiga

Perspektyvusis vieno centro mokslinis tyrimas atliktas Lietuvos sveika-
tos moksly universiteto ligoninés Kauno kliniky Radiologijos ir Ausy, nosies
ir gerklés ligy klinikose 2021-2025 metais. Dél COVID-19 apribojimy, pan-
demijos laikotarpiu (2019-2020 m.) tyrimas negaléjo biiti vykdomas pagal
pradinj plang. Pagrindinis tyrimo tikslas buvo nustatyti kontrastinio ultragar-
sinio tyrimo diagnosting verte tiriant gerkly karcinomos i$plitimg j nesukau-
l¢jusig skyding kremzle. Tyrimo protokola patvirtino Kauno regioninis
biomedicininiy tyrimy etikos komitetas (protokolo Nr. 2021-BE-10-00016;
2021 m.). Visi pacientai prie$ jtraukimg ] tyrimg pasira$¢ informuoto asmens
sutikimo formg (2 priedas), laikantis Helsinkio deklaracijos principy.

Pacientai | tyrimg jtraukti po jy atvejy aptarimo galvos ir kaklo onkolo-
giniy ligy daugiadalykés komandos konsiliume. | tyrimg jtraukti 46 pacientai,
kuriems:

a) daugiau nei 18 mety;

b) pirma kartg histologiSkai patvirtinta gerkly karcinoma;

c) anksCiau nebuvo atlikta gerkly ir gerklaryklés operacija, nebuvo
taikytas chemospindulinis gydymas;

d) KT tyrimu su intraveniniu kontrastavimu jtartas arba nustatytas
naviko iSplitimas ] nesukaul¢jusig skyding kremzle;

e) konsiliumo sprendimas — atlikti visiSka arba daling laringektomija;

f) gauta pasiraSyta informuoto asmens sutikimo forma.

Visiems jtraukimo kriterijus atitikusiems pacientams atlikti KUT ir MRT
tyrimas be ir su intraveniniu kontrastavimu. Penkiems pacientams MRT
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neatliktas del metaliniy svetimkiiniy arba nesutikus atlikti tyrima. Véliau 14
pacienty i§ tyrimo paSalinti, nes atsisaké chirurginio gydymo ar buvo
pakeistas gydymo planas, todél galutiné imtis — 32 pacientai. Vis délto tyrime
analizuoti 38 nesukauléjusios skydinés kremzlés galimo i$plitimo atvejai, nes
SeSiems 1§ 32 pacienty tirtos dvi atskiros dominancios kremzlés sritys. Tyrimo
eigos schema pateikiama 2.1.1 pav.

Biopsija, KT

Spinduliné terapija Planuojama
Chemoterapija visiska arba daliné
Imunoterapija laringektomija

Paliatyvioji slauga (46 pacientai)

,—l

Neatvyko j operacija
arba buvo pakeistas <: MRT ir KUT
gydymo planas (41 ir 46 pacientai)
(14 pacienty)

4

Analizé
(38 atvejai)

2.2.1 pav. Tyrimo eigos schema

DDKK - daugiadalykés komandos konsiliumas; MRT — magnetinio rezonanso tomografija; KUT —
kontrastinis ultragarsinis tyrimas.

2.2. Metodai

KT tyrimas su intraveniniu kontrastavimu atliktas taikant standartinj
kaklo minks$tyjy audiniy-gerkly tyrimo protokola, atliekant privalomas
rekonstrukcijas (asine, koronarine ir sagitaline plokStuma), orientuotas pagal
tikrgsias balso klostes. Remiantis KT vaizdais, | tyrimg jtraukti pacientai,
kuriems nustatytas bent vienas i§ iy poZymiy: a) lokalus skydinés kremzlés
defektas (per visg storj) greta gerkly naviko; b) skydinés kremzlés srityje
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matomas aiSkus minkstyjy audiniy tankio kontrasto sustipréjimas, analogis-
kas gretimam navikiniam audiniui; ¢) gerkly naviko salytis su nesukauléjusia
skydine kremzle, kai jy tankis tampa neatskiriamas.

I tyrima jtrauktiems pacientams taip pat atliktas gerkly MRT tyrimas su
intraveniniu kontrastavimu, siekiant palyginti ir jvertinti pridéting diagnos-
ting verte, derinant su KUT. Tyrimas atliktas tuo paciu 3T magnetinio rezo-
nanso aparatu (,,Phillips Insegnia“). Tyrimg atliko radiologijos technologas,
gulint ant nugaros, ramiai kvépuojant ir susilaikant nuo rijimo bei koséjimo.
MRT atlikta be intraveninio kontrastavimo ir su juo; suSvirkSta vienkartiné
0,1 mmol/kg (0,1 ml/kg) gadolinio pagrindo kontrastinés medziagos doze
(,,Gadovist®, ,,Bayer Schering Pharma*, Berlynas, Vokietija) per kairés ran-
kos perifering vena, 1,5-2 ml/s grei¢iu. MRT protokola sudar¢ didelés skiria-
mosios gebos T2 sekos be riebaly supresijos ir su ja (,,Dixon®), atliktos asiné-
je, koronaringje ir sagitalin¢je plokStumose; T1 seka be riebaly supresijos ir
su ja (,,Dixon®), taip pat DWI (su ADC zemélapiu) seka, atliktos asinéje
plokStumoje. Su intraveniniu kontrastavimu atliktos T1 ,,Dixon‘ sekos asiné-
je ir koronarin¢je plokStumoje. ASinés sekos orientuotos lygiagreciai tikryjy
balso klos¢iy ploksStumai, sagitalinés ir koronarinés — statmenai. ISplitimas |
skyding kremzle¢ vertintas pagal Becker ir bendraautoriy pateiktus kriterijus
[18].

Visiems dalyviams KUT tyrimas atliktas pagal nustatyta protokola, nau-
dojant ,,Philips* ultragarso aparata su 5-12 MHz linijiniu davikliu, taikant
mechaninj indeksg < 0,08. Prie§ tyrimg slaugytoja i kairés rankos pavirSing
veng (alkiiningje duobg¢je) jvedé 20 G kateter], kad biity iSvengta mikrosfery
pazeidimo. IS pradziy atliktas jprastas B reZimo ultragarsinis tyrimas, siekiant
identifikuoti dominancig sritj. Ja nustacius, jjungtas dvigubo vaizdo rezimas,
vienu metu vaizduojant KUT (mechaninis indeksas < 0,08) ir B rezimo vaiz-
dus. Tuo metu paruostas ,,SonoVue* kontrastinés medziagos tirpalas (5 ml),
kuris pagal gamintojo instrukcijas Svelniai suplaktas rankomis ir susvirkstas
per intraveninj kateterj, tuo paciu metu paleidziant laikmatj ir pradedant
vaizdo jraS8yma. Po kontrastinés medZziagos suleidimo atliktas praplovimas
fiziologiniu tirpalu. KUT vaizdo jraSymas testas apie 60 sekundziy. Jei reiké-
jo pakartotinés kontrastinés medziagos dozés, like mikroburbuliukai sunai-
kinti taikant didelio mechaninio indekso impulsa (angl. high mechanical
index flash), po kurio kontrastiné medziaga suleista pakartotinai ir tyrimas
atliktas ta pacia eiga. Atrinkti vaizdai ir vaizdo jraSai i§saugoti vaizdy archy-
vavimo sistemoje ir persiysti j ,,Qlab®“ programing sistemg. Atlikta tiek ko-
kybin¢ tiek kiekybiné vaizdy analizé. Analizuoti keturi kokybiniai LIK
parametrai: TTP — laikas iki piko; PI — pikinis intensyvumas; AUC — plotas
po kreive; WIS — jtekéjimo greitis.
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Pries§ chirurginj gydyma radiologiSkai jtarta arba nustatyta iSplitimo |
kremzlg sritis pazyméta ,,Lokalaus i$plitimo iStyrimo schemoje® (1 priedas),
remiantis KT vaizdais, siekiant tiksliau paruoSti dominancios srities
pooperacing medziagg atlikti iSsamesniam histopatologiniam vertinimui,
kuris Siame tyrime laikytas aukso standartu.

Statistiné analizé atlikta naudojant ,,IBM SPSS Statistics 29.0% (,,IBM
Corp.“, Niuyjorkas, JAV) ir ,,MedCalc 23.1.3*“ (,,MedCalc Software Ltd*)
programas. StatistiSkai reikSmingy rezultaty nustatymas taikant tinkamus
testus patvirtino imties pakankamumag statistiniu pozitriu. KUT, KT ir MRT
jautrumas, specifiSkumas, teigiama ir neigiama prognostin¢ vertés (TPV ir
NPV), nustatant gerkly vézio iSplitimg j nesukaul¢jusig skyding kremzle,
apskaiCiuoti naudojant histopatologinius duomenis kaip aukso standartg.
KUT ir KT, KUT ir MRT poriniam tarpusavio palyginimui, taip pat jy paly-
ginimui su histopatologinio tyrimo rezultatais atlikti taikytas McNemaro
testas. KUT pridétiné diagnostiné verté vertinta apskaic¢iuojant KUT deriniy
su KT ir MRT jautrumg ir specifiSkuma, taikant OR ir AND taisykles. D¢l
mazos imties taikyti neparametriniai statistiniai metodai: Mano-Vitnio U
testas nepriklausomoms grupéms ir Vilkoksono rangy testas priklausomoms
imtims vertinti. LIK parametry rySiui su gerkly naviko iSplitimu j skyding
kremzle vertinti taikyta logistiné regresija, apskaiciuojant Sansy santykius
(SS) ir 95 proc. pasikliautinuosius intervalus (PI). Reik§mingy LIK parametry
diagnostiné verté vertinta ROC kreiviy analize, nustatant AUC ir optimalius
ribinius dydzius pagal Judeno indeksa. StatistiSkai reikSmingais laikyti
rezultatai, kai p < 0,05.

2.2.1. Doktorantés indélis j tyrima

1. Id¢jos sukiirimas ir dalyvavimas tyrimo dizaino bei metodikos kiiri-
mo procese.

2. Dokumenty, reikalingy bioetikos leidimui gauti, rengimas ir patei-
kimas.

3. Dalyvavimas modifikuojant gerkly MRT tyrimo protokolg Siam
moksliam tyrimui.

4. Pacienty atranka | tiriamaja grup¢ dalyvaujant DDKK.

5. Klinikiniy ir demografiniy duomeny rinkimas bei analiz¢.

6. MRT tyrimy atlikimo stebésena ir priezilra.

7. KUT atlikimas ir vertinimas.

8. ,Lokalaus iSplitimo iStyrimo schemos® kiirimas ir pritaikymas
moksliniame tyrime.

. Pacienty duomeny bazés kiirimas ir statistiné duomeny analizé.

10. Moksliniy teziy ir publikacijy rengimas ir pateikimas kartu su

bendraautoriais.
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3. REZULTATAI

3.1. Demografiné analizé ir pasiskirstymas

I tyrimg jtraukti 32 pacientai, visi — vyrai. Tiriamyjy amzius svyravo nuo
46 iki 84 mety, vidutinis amzius — 63,25 + 8,37 mety. Laiko mediana nuo
diagnostiniy tyrimy atlikimo iki chirurginio gydymo: nuo KT iki operacijos —
30,5 d. (ribos 5-85 d.), o nuo KUT arba MRT — 11,0 d. (ribos 042 d.).

Patologin¢ naviko (pT) stadija pasiskirsté gana tolygiai, taiau dazniau-
siai nustatytos T3 ir T1 stadijos. Pagal naviko lokalizacija 50,0 proc. (n = 16)
atvejy sudare vidurinés dalies (angl. glottic), 0 50,0 proc. (n = 16) — visy gerk-
ly daliy (angl. transglottic) karcinomos. Dvipusé¢ pazaida nustatyta Siek tiek
dazniau —40,6 proc. (n = 13) atvejy, desiniosios pusés pazeidimai sudaré 31,3
proc. (n=10), o kairiosios pusés — 28,1 proc. (n=9). Visiems pacientams
histologiskai patvirtinta gerkly PLK. Pagal diferenciacijos laipsnj dazniausiai
nustatyta vidutinio diferencijavimo laipsnio (G2) karcinoma — 78,1 proc.
(n = 25), reCiau — gerai diferencijuota (G1) — 15,6 proc. (n = 5) ir blogai dife-
rencijuota (G3) — 6,3 proc. (n = 2).

3.2. Kokybinio (vizualinio) KUT, KT ir MRT
diagnostinis efektyvumas

Sesiems i§ 32 pacienty nustatyta po dvi atskiras analizuojamas sritis
nesukauléjusioje skydinéje kremzléje, kiekviena sritis laikyta atskiru klini-
kiniy atvejy, o ne individualiy pacienty skai¢iy). Pooperaciniu histopatolo-
giniu tyrimu, laikytu aukso standartu, i§ 38 atvejy patvirtinti devyni naviko
iSplitimo i nesukauléjusia skyding kremzle atvejai.

KT ir KUT tyrimais jvertinti visi 38 atvejai, o MRT atliktas ir jvertintas
32 atvejais (84,2 proc.), nes penkiems pacientams §is tyrimas neatliktas.

Kiekvieno vaizdinio tyrimo rezultatai lyginti su pooperacinio histopato-
loginio tyrimo duomenimis (3.2.1 lentel¢). Statistiskai reikSmingo skirtumo
nenustatyta tik KUT atveju (p = 0,375), kas rodo Sio tyrimo auksta diagnos-
ting verte.

KUT pasizymejo didziausiu bendru diagnostiniu tikslumu, palyginti su
KT ir MRT: jautrumas sieké 88,9 proc. (95 proc. PI — 51,8-99,7), specifisku-
mas — 86,2 proc. (95 proc. PI — 68,3-96,1), o bendras tikslumas — 86,8 proc.
(95 proc. PI — 71,9-95,6). Teigiamos prognostinés vertés (PPV) buvo dides-
nés nei KT (66,7 proc., palyginti su 35,0 proc.) ir MRT (66,7 proc., palyginti
su 46,2 proc.). Neigiama prognostin¢ vert¢ (NPV) KUT atveju buvo didesné
nei KT (96,2 proc., palyginti su 88,9 proc.), tac¢iau Siek tieck mazesné nei MRT
(96,2 proc., palyginti su 100,0 proc.).
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Nors KT pasizyméjo mazesniu bendru diagnostiniu efektyvumu nei
KUT, nustatytas vidutinis specifiSkumas — 73,1 proc. (95 proc. PI — 52,2—
88,4), o bendras tikslumas — 78,1 proc. (95 proc. PI — 60,0-90,1).

Apibendrinant, KUT uztikrino labiausiai subalansuotg jautrumo, speci-
fiSkumo ir bendro tikslumo derinj, o MRT pasizyméejo 100 proc. jautrumu,
taciau mazesne teigiama prognostine verte.

Nustatytas statistiSkai reikSmingas skirtumas tarp KUT ir KT (p = 0,039),
vertinant gerkly naviko i$plitima | nesukauléjusig skyding kremzle. Tarp MRT
ir KUT statistiskai reikSmingo skirtumo nenustatyta (p = 0,109).

3.2.1 lentelé. KUT, KT ir MRT diagnostiniai rodikliai, palyginti su poope-
raciniu histopatologiniu tyrimu (aukso standartas)

. TT,TN,KT* KN, Jautrumas, | SpecifiSku- | Tikslumas, TPV,|NPV,| .

Tyrimas alnlaln proc. mas, proc. proc. roe.loroc. | P
(95 proc. PI)|(95 proc. PI)|(95 proc. PI) PF0¢| Pro¢

KUT |[8]|25] 4|1 88,9 86,2 86,8 | 66,7962 (0375
(n=38) (51,8-99,7) | (68,3-96,1) | (71,9-95,6)
KT 7116 13| 2 77,8 55,2 60,5 | 35,0 88,9 (0,007
(n=38) (40,0-97,2) | (35,7-73,6) | (43,4-76,0)
MRT [6]19] 7 | 0 100,0 73,1 78,1 | 46,2 (100,0]0,016
(n =32) (54,1-100,0)| (52,2-88,4) | (60,0-90,1)

KUT - kontrastinis ultragarsinis tyrimas; KT — kompiuterin¢ tomografija; KT*— klaidingai teigiamas;
TT — tikrasis teigiamas atvejis; TN — tikrasis neigiamas atvejis; KN — klaidingai neigiamas atvejis;
TPV — teigiama prognostiné verté; NPV — neigiama prognosting verté; PI — pasikliautinasis intervalas.
** _ palyginimai su pooperaciniu histopatologiniu tyrimu atlikti, taikant McNemaro test3.

3.3. Kokybinio (vizualinio) KUT pridétiné diagnostiné verté

KUT deriniy su KT ir MRT diagnostiné verté vertinta taikant dvi spren-
dimo taisykles — OR ir AND.

OR taisyklé pirmiausia taikoma jautrumui padidinti ir yra tinkamiausia
tais atvejais, kai pagrindinis klinikinis tikslas — iSvengti klaidingai neigiamy
rezultaty. Siame tyrime OR taisyklés taikymas reikimingo diagnostiniy
rodikliy pageré¢jimo neparod¢é. Derinant KUT su KT, jautrumas sieké
88,9 proc., o derinant KUT su MRT — 100 proc., t. y. Sie rodikliai buvo pana-
Sts 1 KUT (88,9 proc.) ir MRT (100 proc.) taikant atskirai. Atsizvelgiant j tai,
OR taisykle nebuvo pasirinkta kaip pagrindinis metodas vertinant KUT pri-
déting diagnostine verte, derinant su KT ir MRT. Toliau taikyta AND taisykleé,
kuri leido patikimiau patvirtinti kliniSkai reikSmingg naviko iSplitimg i
skyding kremzlg.
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Taikant AND taisykle, iSplitimas j nesukaul¢jusig skyding kremzle diag-
nozuotas tik tais atvejais, kai i§plitimo poZymiai nustatyti abiem vaizdinimo
metodais, taip sumazinant klaidingai teigiamy atvejy skaiciy. Derinant KUT
su KT pagal AND taisykle, nustatytas didesnis specifiSkumas (89,7 proc.),
nei taikant KUT arba KT atskirai, bendras diagnostinis tikslumas sieké
86,8 proc., o jautrumas — 77,8 proc. KUT ir MRT derinys pasizyme¢jo dar
didesniu specifiSkumu (100 proc.), tafiau jautrumas nezymiai sumazéjo iki
83,3 proc.

Taigi, AND taisyklés taikymas sumazino klaidingai teigiamy rezultaty
skaiciy ir leido patikimiau patvirtinti iSplitimg i skydine kremzle.

ISsami diagnostiniy rodikliy analizé pateikiama 3.3.1 ir 3.3.2 lentelése.

3.3.1 lentelé. KUT, KT ir jy derinio taikant AND taisykle diagnostinés vertés
rodikliai vertinant isplitimq j nesukauléjusiq skydine kremzle

. TT,|TN,| KT*, | KN, Jautrumas, | SpecifiSku- | Tikslumas, TPV, NPV,
Tyrimas N I n proc. mas, proc. proc. roc. | proc
(95 proc. PI) |(95 proc. PI)|(95 proc. PI)| PTO¢ | PTo¢
KUT 8 |25 4 |1 88,9 86,2 86,8 66,7 | 96,2
(n=38) (51,8-99,7) | (68,3-96,1) | (71,9-95,6)
KT 7116] 13 | 2 77,8 552 60,5 35,0 | 88,9
(n=38) (40,0-97,2) | (35,7-73,6) | (43,4-76,0)
KUT+ | 7 |26] 3 | 2 77,8 89,7 86,8 70,0 | 92,9
KT (40,0-97,2) |(72,7-97.8) | (71,9-95,6)
(n=38)

KUT - kontrastinis ultragarsinis tyrimas; KT — kompiuterin¢ tomografija; KT*— klaidingai teigiamas;
TT — tikrasis teigiamas atvejis; TN — tikrasis neigiamas atvejis; KN — klaidingai neigiamas atvejis;
TPV — teigiama prognostiné verté; NPV — neigiama prognosting verté; PI — pasikliautinasis intervalas.
KUT ir KT vertés pateikiamos tiesioginiam palyginimui atlikti, siekiant iliustruoti jy derinio pridéting
diagnosting verte.
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3.3.2 lentelé. KUT, MRT ir jy derinio taikant AND taisykle diagnostinés
vertes rodikliai vertinant isplitimq j nesukauléjusiq skyding kremzle

. TT,|TK,| KT*,| KN, Jautrumas, | SpecifiSku- | Tikslumas, TPV,NPV,
Tyrimas a I N n N proc. mas, proc. proc. roc.loroc
(95 proc. PI) | (95 proc. PI) | (95 proc. PI) [PT0|PTO¢
KUT 8 |25] 4 | 1 88,9 86,2 86,8 66,7(96,2
(n=238) (51,8-99,7) | (68,3-96,1) | (71,9-95,6)
MRT 6119 7 |0 100,0 73,1 78,1 46,2(100,0
(n=32) (54,1-100,0) | (52,2-88,4) | (60,0-90,1)
KUT+ | 5 [26] 0 | 1 83,3 100,0 96,9  100,0(96,3
MRT (35,9-99,6) | (86,8-100,0) | (83,8-99,9)
(n=32)

KUT - kontrastinis ultragarsinis tyrimas; MRT — magnetinio rezonanso tomografija; KT*— klaidingai
teigiamas; TT — tikrasis teigiamas atvejis; TN — tikrasis neigiamas atvejis; KN — klaidingai neigiamas
atvejis; TPV — teigiama prognostiné verté; NPV — neigiama prognostiné verté; PI — pasikliautinasis
intervalas.

KUT ir MRT vertés pateikiamos tiesioginiam palyginimui atlikti, siekiant iliustruoti jy derinio pridéting
diagnosting verte.

3.4. Laiko—intensyvumo kreivés parametry analizé

Kiekybiniy parametry statistinés analizés imtj sudaré 34 atvejai, nes ke-
turi 1§ 38 atvejy atmesti dél ryskiy judesio artefakty, galinciy lemti nepatiki-
mas LIK parametry kiekybines reikSmes. IS 32 atvejy astuoniems (23,5 proc.)
histologiskai patvirtintas naviko iSplitimas j nesukauléjusig skyding kremzle.

3.4.1. TTP, PI, AUC ir WIS analizé nesukauléjusioje skydinéje
kremzléje ir gerkly naviko audinyje

Kiekybiniai LIK parametrai analizuoti ir lyginti tarp $iy grupiy: nesu-
kaul¢jusi skydiné kremzlé be naviko iSplitimo ir nesukaul¢jusi skydiné
kremzl¢é su naviko iSplitimu (3.4.1.1 lentel¢), nesukauléjusi skydiné kremzleé
be naviko iSplitimo ir gerkly naviko audinys (3.4.1.2 lentel¢), taip pat
nesukauléjusi skydiné kremzl¢ su naviko iSplitimu ir gerkly naviko audinys
(3.4.1.3 lentelé).

Lyginamoji analizé parod¢, kad TTP ir PI parametry reik§mes statistiSkai
reik§mingai skyrési visose grupése (p < 0,05). AUC parametro reikSmeés tarp
nesukauléjusios skydinés kremzlés su naviko iSplitimu ir be jo taip pat
statistiSkai reikSmingai skyrési (p = 0,002), o WIS parametro skirtumas nebu-
vo statistiSkai reikSmingas (p = 0,002).

AUC ir WIS parametry reikSmeés statistiSkai reikSmingai skyrési tarp
grupiy, lyginant skydine kremzle be naviko iSplitimo ir gerkly naviko audinj
(atitinkamai p < 0,001 ir p = 0,016). Lyginant gerkly naviko audinio ir sky-
dinés kremzlés su naviko iSplitimu grupes, statistiSkai reikSmingy skirtumy
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nenustatyta (atitinkamai p = 0,093 ir p=0,208), o tai rodo panaSias Siy
audiniy mediany reikSmes.

3.4.1.1 lentelé. LIK parametry palyginimas tarp nesukauléjusios skydinés
kremzlés su naviko isplitimu ir be jo grupiy

Parametras Skyd.iflé .k}*emzlé be naviko Skydigé l.q:emzlé su naviko p*
iSplitimo (n = 26) iSplitimu (n = 8)
TTP, s 45,21 (39,44-51,73) 31,12 (28,26-35,72) 0,002
PI, dB 2,16 (1,18-3,32) 8,46 (6,00-20,56) 0,001
AUC, dB x s 7,62 (1,33-16,97) 109,97 (13,45-282,05) 0,002
WIS, dB/s 3,92 (2,61-8,38) 4,62 (1,14-24,56) 0,872

Reik$mes pateikiamos kaip medianos (tarpkvartiliniai plociai). TTP — laikas iki piko; PI — pikinis
intensyvumas; AUC — plotas po kreive; WIS — jtekéjimo greitis. * Palyginimai atlikti taikant Mano-
Vitnio U kriterijy.

3.4.1.2 lentelé. LIK parametry palyginimas tarp nesukauléjusios skydinés

kremzlés be naviko isplitimo ir gerkly naviko grupiy

Parametras Skyd.iflé .k}*emzlé be naviko Gerkly navikas p*
iSplitimo (n = 26) (n=26)
TTP, s 45,21 (39,44-51,73) 28,44 (26,39-32,09) <0,001
PI, dB 2,16 (1,18-3,32) 13,09 (10,46-18,07) <0,001
AUC, dB x s 7,62 (1,33-16,97) 305,63 (191,71-419,03) < 0,001
WIS, dB/s 3,92 (2,61-8,38) 1,74 (1,21-2,84) 0,016

Reik$mes pateikiamos kaip medianos (tarpkvartiliniai plociai). TTP — laikas iki piko; PI — pikinis
intensyvumas; AUC — plotas po kreive, WIS — jtekéjimo greitis. * Palyginimai atlikti taikant
Vilkoksono testa.

3.4.1.3 lentelé. LIK parametry palyginimas tarp nesukauléjusios skydinés
kremzlés su naviko isplitimu ir gerkly naviko grupiy

Parametras Skydi.ljé l.ﬂ:emzlé su naviko Gerkly navikas p*
iSplitimu (n = 8) (n=28)
TTP, s 31,12 (28,26-35,72) 27,15 (25,65-29,09) 0,017
PI, dB 8,46 (6,00-20,56) 12,07 (8,78-24,90) 0,012
AUC, dB x s 109,97 (13,45-282,05) 257,94 (191,65-320,60) 0,093
WIS, dB/s 4,62 (1,14-24,56) 1,22 (0,88-7,61) 0,208

Reik$mes pateikiamos kaip medianos (tarpkvartiliniai plociai). TTP — laikas iki piko; PI — pikinis
intensyvumas; AUC — plotas po kreive, WIS — jtekéjimo greitis. * Palyginimai atlikti taikant
Vilkoksono testa.
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Atsizvelgiant | tai, kad gerkly naviko audinio LIK parametry medianos
buvo panaSios ir statistiSkai reikSmingai nesiskyré priklausomai nuo to, ar
navikas i8plito j skyding kremzle, ar ne (p > 0,05), visai tiriamajai imciai
apskaiciuotos bendros naviko audinio kiekybiniy parametry medianos.
Bendrosios medianos reikSmeés buvo Sios: TTP — 28,44 s (tarpkvartilinis
plotis: 26,38-31,56), PI — 13,09 dB (9,86-19,49), AUC — 300,87 dB x s
(191,88-413,58) ir WIS — 1,67 dB/s (1,10-3,24).

3.4.2. ATTP, API, AAUC ir AWIS analizé vertinant naviko
iSplitima | nesukauléjusia skydine kremzle

Apskaiciuoti kiekybiniy LIK parametry skirtumai (ATTP, API, AWIS ir
AAUC) tarp naviko (t) ir itariamo naviko iSplitimo | nesukauléjusig skydine
kremzle (tc) vietos, pvz., API = PI; — Pl.

ISsami ATTP, API, AWIS ir AAUC parametry palyginamoji analiz¢ tarp
atvejy su patvirtintu ir nepatvirtintu naviko i$plitimu | nesukauléjusig skydine
kremzle¢ pateikiama 3.4.2.1 lentel¢je. ATTP, API ir AAUC medianos atvejais,
kai nustatytas naviko iSplitimas ] nesukaul¢jusig skyding kremzlg, buvo
statistiSkai reikSmingai mazesnés, palyginti su atvejais, kai naviko i$plitimas
nenustatytas (p < 0,05).

Sie rezultatai rodo, kad hemodinaminiai poky&iai nesukauléjusioje sky-
dinéje kremzléje, esant naviko iSplitimui, artéja prie gretimo navikinio
audinio charakteristiky.

3.4.2.1 lentelé. LIK parametry (ATTP, API, AWIS, AAUC) skirtumy palygi-
nimas tarp nesukauléjusios skydinés kremzlés su naviko isplitimu ir be jo

grupiy

Parametras Skydigé l.ﬂ:emzlé su naviko Skyd.iflé .kf‘emzlé be naviko p
iSplitimu (n = 8) iSplitimo (n = 26)
ATTP, s 15,19 (8,74-26,21) 4,81 (1,14-6,87) <0,001
API, dB 11,60 (7,88-16,98) 3,10 (0,93-11,34) 0,013
AAUC, dB x s 333,75 (201,71-407,33) 94,96 (50,17-297,73) 0,018
AWIS, dB/s 5,11 (1,33-7,26) 3,39 (0,11-17,65) 0,842

Reiksmes pateikiamos kaip medianos (tarpkvartiliniai ploc¢iai). ATTP — laiko iki piko skirtumas tarp
nesukauléjusios skydinés kremzlés ir naviko; API — pikinio intensyvumo skirtumas tarp nesukaulé-
jusios skydinés kremzlés ir naviko; AAUC — ploto po kreive skirtumas tarp nesukauléjusios skydinés
kremzlés ir naviko; AWIS — jtekéjimo greicio skirtumas tarp nesukauléjusios skydinés kremzlés ir
naviko.
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3.4.3. Naviko iSplitimo j nesukauléjusia skydin¢ kremzle
logistinés regresijos analizé

StatistiSkai reikSmingy LIK parametry logistinés regresijos analizés
rezultatai, vertinant naviko iSplitimg | nesukauléjusios skyding kremzlg,
pateikiami 3.4.3.1 lentelé¢je.

Atliekant vienmate logistinés regresijos analiz¢ nustatyta, kad visi LIK
parametrai, iSskyrus API, statistiSkai reikSmingai susij¢ su naviko iSplitimu j
nesukauléjusia skyding kremzle. Ilgesnis TTP (SS = 0,84; 95 proc. PI - 0,73—
0,97) ir ATTP (SS =0,76; 95 proc. PI — 0,60-0,96) laikas buvo susije su
mazesne iSplitimo tikimybe, t.y. ilgesnis laikas iki pikinio kontrasto
sustipréjimo susijes su naviko iSplitimo nebuvimu. AAUC taip pat buvo
statistiskai reik§mingai susijes su naviko i$plitimu (SS = 0,99; 95 proc. PI —
0,98-1,00). Didesnés PI (SS=1,81; 95 proc. PI — 1,14-2,92) ir AUC
(§S = 1,04; 95 proc. PI — 1,00-1,08) reikSmés buvo statistiSkai reikSmingai
susijusios su naviko i$plitimu j nesukauléjusig skyding kremzle.

Atliekant daugiamat¢ dvejetaing logistinés regresijos analiz¢ sudaryti
keturi modeliai, siekiant jvertinti dviejy kombinuoty parametry prognosting
verte. Sujungus LIK parametrus ir jy iSvestinius skirtumus (A), nebuvo nei
vieno modelio, kurio abu parametrai biity statistiSkai reikSmingi. Keturiuose
modelivose nustatytas tik vienas statistiSkai reikSmingas kiekybinis
parametras:

e 1 modelis (PI + AAUC): PI isliko nepriklausomu naviko i$plitimo

prognostiniu rodikliu (§S =1,74; 95 proc. PI - 1,01-2,99; p = 0,046).
e 2 modelis (PI + API): PI isliko statistiskai reikSmingu prognostiniu
rodikliu (§S =1,55; 95 proc. PI - 1,06-2,27; p = 0,026).

e 3 modelis (TTP + API): TTP islaiké ribin;j statistinj reikSminguma
(SS =0,87; 95 proc. P1 - 0,76—1,00; p = 0,048).

e 4 modelis (ATTP + API): ATTP isliko reikSmingu neigiamu prog-
nostiniu rodikliu (SS = 0,78; 95 proc. PI—0,61-0,99; p = 0,038).

3.4.4. LIK parametry ir jy deriniy ROC analizé

Remiantis LIK kiekybiniy parametry analize, net keli kiekybiniai para-
metrai parodé reikSmingai aukSta diagnosting verte diferencijuojant tarp
nesukauléjusios skydinés kremzlés su naviko iSplitimu ir be jo. Pagal didZiau-
sig Judeno indeksa nustatytos parametry optimalios ribinés vertés, progno-
zuojant naviko iSplitimg ] nesukauléjusia skyding kremzle, pateikiamos
3.4.4.1 lentel¢je. Mazesnés TTP (<36,6 s), ATTP (9,6 s), API (< 5,15 dB)
ir AAUC (£ 116,29 dB X s) reikSmés bei didesnés PI (> 5,51 dB) ir AUC
(> 82,78 dB x s) reik§més buvo susijusios su naviko i$plitimu j nesikauléjusia
skyding kremzlg.
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3.4.4.1 lentelé. LIK parametry diagnostinis efektyvumas, prognozuojant
naviko isplitimq j nesukauléjusiq skydineg kremzle

AUROC, | Jautrumas, | Specifis- Tikslumas, e
Ribiné
Parametras | (95 proc. proc. kumas, proc. proc. reikimé| P
PI) (95 proc. PI)| (95 proc. PI) | (95 proc. PI)
Vienmaciai modeliai
TTP 0,86 87,5 92,3 91,2 36,6 s | 0,002
(0,63-1,09)| (47,4-99,7) | (74,9-99,1) | (76,3-98,1)
PI 0,87 87,5 92,0 90,9 5,51 dB| 0,001
(0,66-1,08)| (47,4-99,7) | (74,0-99,0) | (75,7-98,1)
AUC 0,85 62,5 100,0 90,9 82,78 1< 0,001
(0,68-1,02)| (24,5-91,5) |(86,3-100,0) | (75,7-98,1) | dB xs
ATTP 0,91 100,0 76,9 82,3 9,6 s |<0,001
(0,81-1,01)| (63,1-100,0) | (56,4-91,0) | (65,5-93,2)
API 0,79 75,0 92,0 87,9 5,15dB| 0,018
(0,55-1,03)| (34,9-96,8) | (74,0-99,0) | (71,8-96,6)
AAUC 0,78 62,5 91,3 83,9 116,29 | 0,002
(0,60-0,97)| (24,5-91,5) | (72,0-98,9) | (66,3-94,6) | dB xs
Daugiamaciai modeliai
1 modelis 0,88 75,0 100,0 93,6 - 1<0,001
(PI+AAUC) |(0,69-1,06)| (34,9-96,8) |(85,2-100,0) | (78,6-99,2)
2 modelis 0,94 87,5 100,0 97,0 - 1<0,001
(P1+ API) (0,80-1,07)| (47,4-99,7) |(86,3-100,0) | (84,2-99,9)
3 modelis 0,79 62,5 92,0 84,9 - 0,009
(TTP + API) (0,57-1,01)| (24,5-91,5) | (74,0-99,0) | (68,1-94,9)
4 modelis 0,79 62,5 92,0 84,9 - 0,009
(ATTP + API) |(0,57-1,01)| (24,5-91,5) | (74,0-99,0) | (68,1-94,9)

TTP — laikas iki piko; PI — pikinis intensyvumas AUC — plotas po kreive; ATTP — laiko iki piko
skirtumas tarp nesukauléjusios skydinés kremzlés ir naviko; API — pikinio intensyvumo skirtumas tarp
nesukauléjusios skydinés kremzIés ir naviko; AAUC — ploto po kreive skirtumas tarp nesukauléjusios
skydinés kremzlés ir naviko; AUROC — plotas po ROC kreive.

Atliekant vienmate analize, ATTP pasizymejo didziausia diskriminacine
geba (AUROC =0,91; p <0,001) — 100,0 proc. jautrumas, 76,9 proc. speci-
fiSkumas ir 82,3 proc. bendras tikslumas. PI parametras taip pat pasizyméjo
auks$tu diagnostiniu efektyvumu (AUROC = 0,87; p=0,001) — 87,5 proc.
jautrumas, 92,0 proc. specifiSkumas, 90,9 proc. bendras tikslumas. AUC
parametras taip pat pasieké gana auksta diagnosting vert¢ (AUROC = 0,85;
p <0,001) — 100 proc. specifiSkumas, esant nustatytai ribinei vertei. AAUC
(AUROC = 0,78; p=10,002) ir API (AUROC =0,79; p=10,018) taip pat
suteiké statistiSkai reikSmingos diagnostinés informacijos, nors jy diagnos-
tiné geba buvo Siek tiek mazesné.
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Daugiamaciuose modeliuose PI ir API derinys (2 modelis) parodé
didZiausig diskriminacing geba (AUROC = 0,94; p < 0,001), pasieckdamas
87,5 proc. jautruma, 100 proc. specifiskuma ir 97,0 proc. bendrg tiksluma.
I modelis (PI + AAUC) taip pat pasiZzyméjo gera, taCiau mazesne nei
2 modelio diskriminacine geba (AUROC = 0,88; p <0,001), pasickdamas
100 proc. specifiskuma ir 93,6 proc. tikslumg. 3 (TTP + API) ir 4 (ATTP +
API) modeliai rodé mazesn¢ diagnosting geba (AUROC = 0,79; p = 0,009).

Visy analizuoty parametry diagnostiné verté, nustatant naviko iSplitimg |
nesukauléjusig skydinge kremzle, buvo statistiskai reikSminga (p <0,05).
3.4.4.1 pav. ir 3.4.4.2 pav. rodo LIK parametry ROC kreiviy analizg, vertinant
naviko iSplitimg j nesukaul¢jusig skyding kremzle.

1,0 -e-e-e-e-eé-T-e- Kreivés saltinis
4 -e- AUC (AUROC =0,85)
f ' -e- P| (AUROC =0,87)
0,8 Atskaitos linija
s 067
€
=
=]
=2
8 04
0,2 -
0.0 p < 0,05

0,0 0,2 0,4 0,6 0,8 1,0
1 - specifiskumas

3.4.4.1 pav. LIK parametry (AUC ir PI) ROC (angl. receiver operating
characteristic) kreiviy analizé, vertinant naviko isplitimq j nesukauléjusiq
skyding kremzle
PI — pikinis intensyvumas; AUC — plotas po kreive.
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1,0 > Kreiveés saltinis

_e_l -e= AAUC (AUROC =0,78)
’ == TTP (AUROC = 0,86)
0,8 API (AUROC =0,79)
== ATTP (AUROC =0,91)
2 06 Atskaitos linija
s 0,6 -
£
2
5
8 047
p=—¢
0,2
00 p < 0,05

0,0 0,2 0,4 0,6 0,8 1,0
1 - specifiSkumas

3.4.4.2 pav. LIK parametry (AAUC, TTP, API ir ATTP) ROC
(angl. receiver operating characteristic) kreiviy analizé,
vertinant naviko isplitimq j nesukauléjusiq skydineg kremzle
TTP — laikas iki piko; ATTP — laiko iki piko skirtumas tarp nesukauléjusios skydinés
kremzlés ir naviko; API — pikinio intensyvumo skirtumas tarp nesukauléjusios skydinés

kremzlés ir naviko; AAUC — ploto po kreive skirtumas tarp nesukauléjusios skydinés
kremzlés ir naviko.

ISVADOS

1. Kokybinis (vizualinis) KUT, vertinant gerkly karcinomos iSplitimg |
nesukauléjusig skyding kremzle, pasizyméjo aukstu specifiSkumu
(86,2 proc.) ir jautrumu (88,9 proc.) bei reikSmingai nesiskyré nuo
pooperacinio histopatologinio tyrimo duomeny (p > 0,05).

2. KUT derinimas su KT ir ypa¢ su MRT didina diagnosting verte, nustatant
gerkly karcinomos iSplitimg | nesukauléjusig skyding kremzle, gerinant
diagnostinj specifiskumg bei tiksluma.

3. KUT kiekybiniai parametrai (TTP, PI, AUC) ir jy skirtumo parametrai
tarp kremzlés ir naviko (API, AAUC ir ypa¢ ATTP) leidzia patikimai
(p <0,05) patvirtinti arba paneigti gerkly karcinomos iSplitimg |
nesukauléjusig skyding kremzle.

4. Didziausia diagnostine geba tarp atskiry parametry ir jy deriniy, vertinant
gerkly karcinomos i$plitimg j nesukauléjusia skyding kremzle, pasizy-
méjo PI ir API parametry derinys (AUROC = 0,94).
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PRAKTIKINES REKOMENDACIJOS

Sio tyrimo rezultatai rodo, kad KUT yra informatyvus ir lengvai prieina-
mas vaizdinimo metodas vertinant naviko iSplitima j nesukauléjusig skydine
kremzle pacientams, sergantiems gerkly ploks¢iyjy lasteliy karcinoma.

Klinikinéje praktikoje KUT rekomenduojama taikyti kaip papildoma
radiologinj tyrimg kartu su KT ir (arba) MRT tais atvejais, kai po rutininio
radiologinio tyrimo naviko iSplitimas | nesukauléjusia skydine kremzle
iSlieka abejotinas. Siekiant didesnio diagnostinio tikslumo ir patikimumo,
nuo kuriy priklauso optimalaus gydymo metodo ir apimties pasirinkimas,
rekomenduojama taikyti tiek kokybinj, tiek kiekybinj KUT vertinima.

Mokslinés perspektyvos atzvilgiu reikalingi tolesni Sios srities tyrimai.
Ateityje rekomenduojame apsvarstyti KT ir KUT vaizdy suliejimo galimy-
bes, siekiant uztikrinti tikslesn;j ir labiau standartizuota dominancios srities
nustatyma KUT tyrimuose.
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Abstract: Objective: This study aimed to assess the diagnostic value of contrast-enhanced
ultrasound (CEUS) time-intensity curve (TIC) parameters in detecting non-ossified thyroid
cartilage invasion in patients with laryngeal squamous cell carcinoma (SCC). Methods: A
CEUS TIC analysis was performed on 32 cases from 27 patients with histologically confirmed
laryngeal SCC. The diagnostic performance of time to peak (TTP), peak intensity (PI), wash-in
slope (WIS), area under the curve (AUC), and their quantitative differences (ATTF, API, AWIS,
and AAUC) to discriminate between the invaded and the non-invaded non-ossified thyroid
cartilage was determined using ROC analysis. A logistic regression analysis was employed to
identify significant predictors. Results: In an ROC analysis, of all TIC parameters analyzed
separately, ATTP showed the greatest diagnostic performance (AUC: 0.85). A ATTP cut-off of
< 8.9 s differentiated between the invaded and the non-invaded non-ossified thyroid cartilage
with a sensitivity of 100%, specificity of 76.9%, and accuracy of 81.3%. A combination of ATTP
and PI increased the AUC to 0.93, specificity to 100%, and accuracy to 96.8%, but reduced the
sensitivity to 83.3%. Meanwhile, the visual assessment of enhancement on CEUS to detect
cartilage invasion had 83.3% sensitivity and 84.6% specificity. In a univariate logistic regression,
only ATTP was a significant predictor of non-ossified thyroid cartilage invasion (OR: 0.80;
95% CI: 0.64-1.00). For every second increase in ATTP, the probability of thyroid cartilage
invasion decreased by 20%. Conclusions: CEUS TIC parameters, particularly a combination
of ATTP and PI, showed high diagnostic performance in the detection of non-ossified thyroid
cartilage invasion in laryngeal SCC.

Keywords: contrast-enhanced ultrasound; laryngeal squamous cell carcinoma; non-ossified
thyroid cartilage invasion; diagnostic performance

1. Introduction

Squamous cell carcinoma (SCC) is the most common histological type of carcinomas in
the larynx, and laryngeal SCC is the most frequent carcinoma among head and neck SCCs [1,2].
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Accurate assessment of thyroid cartilage invasion is essential for precisely determining the
extent of disease progression and tailoring appropriate treatment strategies. This evaluation
plays a critical role in clinical decision making, particularly when distinguishing between
organ-preserving approaches, such as radiation therapy, cordectomy or partial laryngectomy,
and more radical interventions like total laryngectomy [3—6].

Conventional imaging modalities, such as computed tomography (CT) and magnetic
resonance imaging (MRI), are widely used for staging laryngeal cancer. However, these
techniques have limitations, particularly in accurately assessing laryngeal cartilage inva-
sion [7-9]. Despite MRI generally being considered superior to CT for evaluating thyroid
cartilage invasion [10-12], a recent study by Mohamad et al. has reported suboptimal
diagnostic accuracy [13]. This study found that the overall MRI accuracy in detecting tumor
invasion into the inner thyroid cortex and full-thickness thyroid cartilage was 65% and
69%, respectively. These findings raise some concerns and highlight the need to explore
alternative diagnostic tools.

Among emerging imaging modalities, contrast-enhanced ultrasound (CEUS) has
gained attention in oncologic imaging due to its ability to provide real-time, dynamic
assessments of tissue vascularization and perfusion pattern [14,15]. Recent advancements
in quantitative CEUS analysis have enabled the extraction of perfusion-based parameters,
which play a crucial role in CEUS for distinguishing malignant from benign tissue and le-
sions [16-20]. Knowing that non-ossified thyroid cartilage is composed of hyaline cartilage,
which is avascular, CEUS began to be explored in the scientific field, with the hypothesis
that it would show no enhancement if not invaded by a tumor [21,22].

However, despite its promising potential, a limited number of studies have specif-
ically investigated the role of qualitative CEUS in staging laryngeal cancer [23,24]. To
our knowledge, no studies have investigated the role of the quantitative assessment of
CEUS parameters, which offers a standardized and reproducible approach to evaluate
differences in microvascular perfusion, which may be useful for the diagnostic evaluation
of non-ossified thyroid cartilage invasion in laryngeal carcinoma. This study aimed to eval-
uate the diagnostic performance of time—intensity curve (TIC) CEUS-derived parameters
in differentiating invaded from non-invaded non-ossified thyroid cartilage and compar-
ing with histopathological assessment used as the gold standard. Our hypothesis is that
these quantitative metrics can significantly enhance diagnostic efficacy and may serve as a
complementary imaging modality to CT or MRIL.

2. Materials and Methods
2.1. Study Design and Subjects

A prospective study was conducted at the Hospital of the Lithuanian University of
Health Sciences Kauno Klinikos between 2021 and 2025. Forty-one patients with histopatho-
logically confirmed SCC of the larynx were enrolled in this study. The inclusion criteria
included the following: the availability of a contrast-enhanced computed tomography
(CECT) scan demonstrating pathological infiltration adjacent to the non-ossified thyroid
cartilage or clear cartilage infiltration; no history of laryngeal-hypopharyngeal surgery or
chemoradiation; and surgery planned after multidisciplinary team discussion. Ten patients
were excluded because some of them refused surgical treatment or did not attend further
consultations or did not undergo further surgery.

All 31 male patients meeting the inclusion criteria were subjected to CEUS examination.
However, 4 of them had significant motion artifacts during CEUS; therefore, data from
only 27 patients were available for TIC analysis. Informed consent was obtained from all
participants before the study. The study was conducted according to the guidelines of the
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Declaration of Helsinki. Ethical approval was obtained from Kaunas Regional Biomedical
Research Ethics Committee (No. BE-2-121; dated 2021).

2.2. Contrast-Enhanced Ultrasound Examination

The analysis of CEUS images was performed by two radiologists with >4 and > 20 years
of experience, respectively. The radiologists were not blinded to the clinical and CECT data
during the CEUS examination and image analysis.

CEUS examination was performed using a Philips Epiq 7 (expert-class) US system
(Philips Healthcare, Best, The Netherlands) with a 5-12 MHz linear transducer and a
mechanical index of 0.08. The target area during CEUS was selected based on CECT
images, additionally using the measured distance between the lesion area of contact to the
non-ossified thyroid cartilage and the upper border of the thyroid cartilage as coordinates.

During the CEUS examination, an intravenous bolus of 5 mL SonoVue (Bracco SpA,
Milan, Italy), followed by saline flush, was administered. The patients were instructed to avoid
swallowing or coughing during the examination. The dynamic perfusion of the suspected non-
ossified thyroid cartilage invasion area and the adjacent tumor was monitored and recorded
on the device hard drive for approximately 1 min. If more than one suspected invasion site
was identified, the CEUS procedure was repeated after a 10 min interval.

2.3. Image Analysis

Recorded video loops were processed with Qlab® Quantification software (Qlab 15;
Philips Medical Systems, Inc., Best, the Netherlands). Both qualitative and quantitative
analysis was employed for the evaluation of blood perfusion of the area of suspected
non-ossified thyroid cartilage invasion and adjacent tumor.

For a qualitative analysis, the enhancement of each non-ossified thyroid cartilage
area with suspected tumor invasion was evaluated with no enhancement and visible
enhancement being the main categories.

For quantitative analysis, the region of interest (ROI) of the tumor and the thyroid
cartilage was manually determined. The first ROI was placed in the determined non-ossified
thyroid cartilage area with suspected invasion, and the second comparative ROI was placed
in the adjacent tumor tissue (Figure 1). The ROI size varied between 0.3 and 1.6 mm? for each
patient due to differences in the thickness of the non-ossified thyroid cartilage. However, for
each patient, the ROl size was selected to be similar to the non-ossified cartilage and that of the
region in the adjacent tumor. TICs for the tumor and the non-ossified thyroid cartilage were
generated from perfusion data and analyzed with a predefined software function Auto Curve
Fit control model. The following 4 parameters of quantitative analysis were produced: TTP
(time to peak, s), PI (peak intensity, dB), WIS (wash-in slope, dB/s), AUC (area under curve,
dB X s). Quantitative differences in TIC parameters (ATTP, API, AWIS, and AAUC) between
the tumor (t) and the suspected site of thyroid cartilage (tc) invasion were calculated, e.g., API
= PI; — Pli.. The results were written as absolute values assuming that smaller differences
should show similarity with vascular tumor tissue, which could be detected in the invaded
non-ossified thyroid cartilage.

2.4. Histological Examination

Histopathological assessment was performed by a pathologist with >20-year expe-
rience. To ensure accurate correlation between radiological findings and pathological
analysis, the radiologist marked the suspected area of non-ossified thyroid cartilage inva-
sion on an anatomical sketch of the larynx in both axial and coronal planes for each case.
The macroscopic and microscopic examination was performed for each specimen. The 8th
Edition of TNM Classification of Malignant Tumors [25] was used for staging.
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Figure 1. Laryngeal cancer on the left with the partially ossified thyroid cartilage (white arrows). The
ROI marked by the blue rectangle frame was placed on the non-ossified thyroid cartilage and the ROI
marked by the orange rectangle frame, on the adjacent tumor. Qualitative TIC analysis of wash-out
was conducted by describing a wash-out curve as shallow (slow wash-out) or steep (rapid wash-out).

2.5. Statistical Analysis

The IBM SPSS Statistics 29.0 (IBM Corp. in Armonk, NY, USA) and MedCalc 23.1.3
(MedCalc Software Ltd., Ostend, Belgium) statistical software packages were used in this
study. Not all quantitative data conformed to the normal distribution. Comparisons of
TIC parameters between the histopathologically proven non-ossified thyroid cartilage with
and without invasion, and the tumor were performed using nonparametric tests such as
the Mann-Whitney U test and the Wilcoxon test (TIC parameters of the thyroid cartilage
and the tumor were treated as dependent). The non-parametric chi-square test was used to
compare the enhancement of the thyroid cartilage area with and without tumor invasion.
Moreover, sensitivity, specificity, and accuracy were calculated according to the formulas
used in our previous work [25]. Statistically significant TIC parameters of the non-ossified
cartilage with and without invasion were included in a logistic regression analysis (enter
method) for calculating odds ratios (OR) with their 95% confidence intervals (CI). The area
under the receiver operating characteristic (ROC) curve (AUCROC) along with sensitivity and
specificity was analyzed for significant TIC parameters and their combinations. The accuracy
of significant parameters was compared using the McNemar’s test. On the ROC curves,
points with the greatest Youden index (sensitivity + specificity — 1) were considered the
most appropriate cut-off values. A p value of <0.05 was considered to indicate a statistically
significant difference.

3. Results

This prospective study involved 27 male patients with a mean age of 63.52 years
(SD, 7.92; range, 49-84 years). There were 32 cases of suspected sites of non-ossified
thyroid cartilage invasion analyzed by CEUS, as 5 patients had two suspected sites of
invasion. There were 12 patients (44.4%) with glottic SCC and 15 patients (55.6%) with
transglottic SCC with the majority showing a G2 degree of differentiation (77.8%). The
patients’ distribution by pT staging was as follows: 7 (25.9%) patients had T1 SCC; 7 (25.9%)
patients, T2; 9 (33.3) patients, T3; and 4 (14.8) patients, T4. In six cases (18.8%), histological
proof of non-ossified thyroid cartilage invasion was obtained.

3.1. CEUS Imaging Features of Non-Ossified Thyroid Cartilage

The contrast enhancement of the non-ossified thyroid cartilage with suspected tumor in-
vasion (according to CECT) was analyzed. The thyroid cartilage with invasion showed visible
strong or moderate enhancement in 5 cases, and there was only 1 case of no enhancement.
Moreover, the non-invaded cartilage did not show enhancement in 22 cases, and there were 4
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cases with visible poor enhancement (p < 0.05) (Table 1). CEUS was able to discriminate be-
tween the invaded (visible enhancement) and the non-invaded (no enhancement) non-ossified
thyroid cartilage with 83.3% sensitivity, 84.6% specificity, and 84.4% accuracy. Figure 2 is a
representative CEUS scan showing poor enhancement of the thyroid cartilage.

Table 1. Contrast enhancement of the non-ossified thyroid cartilage with suspected tumor invasion.

Feature Thyroid Cartilage Without Invasion (1=26)  Thyroid Cartilage with Invasion (1 = 6) p Value
No enhancement 22 (84.6) 1(167) 005
Visible enhancement 4(154) 5(83.3) <005

Values are number (percentage).

Figure 2. Right laryngeal SCC on CEUS. The red arrows indicate poor enhancement of thyroid
cartilage. Postoperative histopathological analysis confirmed the absence of invasion.

3.2. TIC Analysis of Non-Ossified Thyroid Cartilage and Tumor Tissue

Parameters of hemodynamics and perfusion for 3 groups of histopathologically proven
tumor, invaded non-ossified thyroid cartilage, and non-invaded non-ossified thyroid car-
tilage were investigated and compared (Figure 3). The comparison showed statistically
significant differences in TTP and PI between these 3 groups (p < 0.05) (Table 2). The AUC
of the thyroid cartilage with and without invasion differed significantly (p < 0.05); however,
no significant difference in the WIS was found (p > 0.05). AUC and WIS results differed
significantly between thyroid cartilage without invasion and tumor (p < 0.05) and did
not differ between tumor and thyroid cartilage with invasion (p > 0.05). Comparison of
quantitative differences in TIC parameters (ATTP, API, AWIS, AAUC) between the invaded
and the non-invaded non-ossified thyroid cartilage is shown in Table 3. The median of
the ATTP parameter in cases with thyroid cartilage invasion was statistically significantly
lower than in cases with intact thyroid cartilage (p < 0.05).

Table 2. TIC parameters of the tumor and the thyroid cartilage with and without invasion.

Parameter Thyroid Cartilage Without Invasion Thyroid Cartilage with Invasion p Value ! Tumor p Value 2
n
TIEs 444(30.99-58.31) 3283 (29.02-58.70) <0.05 28.44(10.95-49.80) Py
<0.05"
PI, dB 1.85(0.00-7.22) 12.27 (0.30-21.80) <0.05 13.59 (4.65-46.41) <0.051
& = <0.05"
AUC,dB x s 10.30 (0.30-58.54) 69.05 (3.85-330.12) <0.05 313.00 (61.05-657.89) ~0.051
<0.05"
WIS, dB/s 3.64(0.00-19.51) 11.89 (0.60-46.77) >0.05 1.74 (0.48-10.06) ~0.051

Values are median (min-max). Abbreviations: TTP = time to peak; PI = peak intensity; AUC = area under curve;
WIS = wash-in slope. ! Comparisons made using Mann-Whitney U test. 2 Comparisons made using Wilcoxon
test. ™ Thyroid cartilage without invasion; ' thyroid cartilage with invasion.
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(o)

Figure 3. Time-intensity curve analysis of left laryngeal SCC at 28 s. (a) The ROI marked by the
yellow rectangle frame indicates the enhancing tumor adjacent to the thyroid cartilage; (b) the ROI
marked by the green rectangle frame shows the histologically proven invaded thyroid cartilage with
enhancement; (c) the ROI marked by the blue rectangle frame shows non-ossified, non-enhanced
cartilage without invasion.

Table 3. Quantitative differences in TIC parameters (ATTP, API, AWIS, and AAUC) between the
tumor and the non-invaded or the invaded non-ossified thyroid cartilage.

Parameter Thyroid Cartilage Without Invasion ~ Thyroid Cartilage with Invasion p Value
ATTP, s 15.19 (2.02-36.54) 5.10 (1.83-8.90) <0.05
API, dB 11.60 (3.33-37.11) 4.15(1.60-24.61) >0.05

AAUC,dB x s 333.75 (67.18-650.42) 199.55 (85.39-303.46) >0.05
AWIS, dB/s 5.11(0.24-15.92) 11.18 (0.27-45.87) >0.05

Values are absolute and expressed as median (min-max). Abbreviations: TTP = time to peak; PI = peak intensity;
AUC = area under the curve; WIS = wash-in slope.

3.3. TIC Morphology Analysis of Non-Ossified Thyroid Cartilage and Tumor Tissue

TICs of tumors indicated that all 32 tumor cases (100%) had shallow wash-out curves. TICs
of non-ossified thyroid cartilages with and without histologically proven invasion showed that
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there was no statistically significant difference between wash-out curve morphology as 13 cases
of thyroid cartilage without invasion and 3 cases with invasion (50% of both groups) had shallow
and other 50% had steep curves (p > 0.05). Significant differences in the TIC wash-out shapes
were observed between the tumor and non-ossified thyroid cartilage groups (p < 0.05).

3.4. Logistic Regression Analysis for Non-Ossified Thyroid Cartilage Invasion

A univariate logistic regression was carried out to determine statistically significant
parameters for non-ossified thyroid cartilage invasion. Only ATTP was found to be statisti-
cally significant associated with non-ossified thyroid cartilage invasion. For every second
increase in ATTP, the probability of thyroid cartilage invasion decreased by 20%. No other
parameters were significant in univariate regression analysis; however, p values of TTP
and PI were close to 0.05. Further two pairs from univariate logistic regression models
of TTP + ATTP as Model 1 and PI + ATTP as Model 2 were analyzed in a multivariate
logistic regression. These models did not show statistically significant results in predicting
non-ossified thyroid cartilage invasion. The results of the logistic regression analysis are
summarized in Table 4.

Table 4. Logistic regression for diagnosis of non-ossified thyroid cartilage invasion.

Univariate Logistic Regression Odds Ratio 95% CI p Value
TTP (1) 0.88 0.76-1.01 0.067
PI(1dB) 1.59 0.97-2.62 0.067
AUC (1dB x s) 1.03 0.99-1.07 0.103
ATTP (1) 0.80 0.64-1.00 0.047
Multivariate logistic regression models
Model 1 TTP (1s) 1.04 0.87-1.25 0.64
ATTP (1s) 0.76 0.56-1.05 0.09
Model 2 PI(1dB) 1.66 0.87-3.14 0.12
ATTP (1'5) 0.82 0.64-1.06 0.12

Abbreviations: TTP = time to peak; PI = peak intensity; AUC = area under curve.

3.5. ROC Analysis of TIC Parameters and Their Combinations

Figure 4 shows the ROC curves generated for statistically significant TIC parameters
(TTP, PI, AUC, and ATTP). Based on the greatest Youden index, the following cut-off values
were obtained: <36.3 s for TTP, >3.65 dB for PI, >18.36 dB x s for AUC, and <8.9 s for ATTP.
Diagnostic performance of all the above-mentioned parameters and their combinations (using
cut-off values) were compared (Table 5). ATTP (AUCROC = 0.85, 95% CI: 0.68-0.95) and PI
(AUCROC = 0.83, 95% CI: 0.65-0.94) were found to have the highest AUCs. ATTP with a
higher sensitivity (100%) than specificity (76.9%) had a better ability to detect non-ossified
thyroid cartilage invasion. Meanwhile, PI and TTP had better ability to exclude non-ossified
thyroid cartilage invasion as their specificity reached 88.0% and 88.5%, respectively, but
sensitivity was lower (83.3% each). The combination of Pl and ATTP parameters in Model 2
increased the area under the ROC curve by 8.0% (AUCROC = 0.93, 95% CI: 0.77-0.99) when
compared to the parameter with the highest AUCROC (ATTP).

Model 2 increased the specificity (ability to exclude non-ossified thyroid cartilage
invasion) to 100% and accuracy to 96.8%; however, Model 2’s accuracy did not differ
significantly from that of the parameter with highest accuracy (87.5% for TTP) (p = 0.25).
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Figure 4. Receiver operating characteristics analysis of the time—-intensity curve parameters of non-
ossified thyroid cartilage with suspected tumor invasion. PI = peak intensity; AUC = area under the
curve; TTP = time to peak; ATTP = quantitative difference in TTP between the tumor and the thyroid
cartilage; black dots represent the Youden index.

Table 5. Diagnostic performance of TIC perfusion parameters in predicting thyroid cartilage invasion.

Parameter AUCROC 95% CI Sensitivity (%) Specificity (%) Accuracy (%) Cut-Off p Value
TTP (s) 0.80 0.62-0.92 83.3 88.5 87.5 <36.3 0.047
PI(dB) 0.83 0.65-0.94 83.3 88.0 87.1 >3.65 0.015

AUC (dB x s) 0.79 0.61-0.92 66.7 80.0 774 >18.36 0.008
ATTP (s) 0.85 0.68-0.95 100.0 76.9 81.3 <89 <0.001
Model 1

(TTP + ATTP) 0.82 0.65-0.93 88.5 76.9 87.5 - <0.0001
Model 2

(PL+ATTP) 0.93 0.77-0.99 83.3 100 96.8 - <0.0001

Abbreviations: TTP = time to peak; PI = peak intensity; AUC = area under curve; AUCROC = area under the
receiver operating characteristic curve.

4. Discussion

In recent years, CEUS has been widely studied, and its application has expanded, espe-
cially in the diagnosis and differentiation of tumor types and inflammatory diseases [14,15].
CEUS provides real-time, dynamic imaging with high spatial and temporal resolution, making
it a valuable tool for assessing tumor vascularity and perfusion characteristics [26]. Its utility
has been demonstrated in various oncological entities, such as liver, breast, and prostate
cancers, etc. [27].

However, despite its advantages, there is no current standardized CEUS recommendation
for laryngeal cancer staging according to the European Federation of Societies for Ultrasound
in Medicine and Biology [14]. Given the lack of established guidelines and the limited scientific
literature on this topic, we aimed to investigate the value of quantitative CEUS in assessing
the invasion of the non-ossified thyroid cartilage in patients with laryngeal cancer. Specifically,
our study focused on quantitative perfusion parameters such as TTF, PI, AUC, and WIS
derived from a TIC analysis to explore microcirculatory changes in laryngeal SCC and the
non-ossified thyroid cartilage. These findings represent a pioneering approach in utilizing
CEUS to evaluate laryngeal SCC and emphasize its value in non-ossified thyroid cartilage
perfusion analysis, establishing a basis for further research in this field.
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In line with our expectations, we found statistically significant differences in the TIC
parameters of thyroid cartilage invasion with high sensitivity and specificity, as follows:
TTP (83.3%, 88.5%), PI (83.3%, 88.0%), and ATTP (100%, 76.9%). A visual assessment
of CEUS discriminated the invaded from the non-invaded non-ossified thyroid cartilage
with similar sensitivity (83.3%) and specificity (84.6%). The combination of ATTP and
PI parameters increased the specificity, reaching 100% in excluding non-ossified thyroid
cartilage invasion, while sensitivity for detecting non-ossified thyroid cartilage invasion
remained the same as for PI alone. According to our results, CEUS may lead to improved
pre-operative staging of the tumoral “T” component in the TNM classification of laryngeal
tumors, especially in cases with equivocal CECT and/or MRI findings.

This study was based on the differences in tissue perfusion. Tumor vascularization
exhibits distinct differences from normal tissue vascularization. Unlike the orderly and
efficient structure of normal vasculature, tumor vessels are highly irregular, disorganized, and
leaky, which results in chaotic blood flow and increased permeability. Tumor angiogenesis
driven by factors such as tumor angiogenesis factor enables rapid endothelial cell division and
new capillary formation, often in response to tumor-specific signals. This abnormal vascular
environment can support tumor growth by facilitating nutrient delivery and waste removal,
yet it also contributes to the heterogeneous microenvironment observed in a tumor [28].
Because the non-ossified cartilage is considered avascular or poorly vascularized, we can
generally expect higher perfusion in areas invaded by a tumor [29,30]. This knowledge has
already been employed in the evaluation of laryngeal cartilage invasion in patients with
laryngeal carcinoma using multiple radiological imaging modalities [23,24,31-35].

Dynamic contrast-enhanced CT (DCECT), based on tissue perfusion, has been studied
in the head and neck field, with the aim of achieving better diagnostic performances.
DCECT uses several sequential acquisitions after intravenous contrast administration and
calculated tissue perfusion parameters [35]. However, researchers found no significant
added benefit of DCECT in assessing cartilage invasion, and the sensitivity of routine CECT
was better than that of DCECT (85% and 75%, respectively) [35]. Some results of the latter
study are in line with the findings of the study by Trojanowska et al. [33] that reported
CECT being superior to DCECT (sensitivity of 66.6% and 33.3%, specificity of 96.5% of
96.5%, PPV of 80.0% and 66.6%, and NPV of 93.33% and 87.5%, respectively) in detecting
malignant infiltration into the thyroid cartilage. These results suggest that DCECT is not so
suitable for diagnosing laryngeal cartilage invasion as expected.

There is a growing interest in advanced MRI techniques, such as dynamic contrast-
enhanced magnetic resonance imaging (DCE-MRI), a noninvasive approach used to assess
microvascular perfusion by tracking changes in MRI contrast agents within targeted tis-
sues. Since vascular irregularities are a hallmark of malignant tumors, DCE-MRI has been
widely studied for its applications in cancer diagnosis, prognosis, and treatment monitor-
ing [32,36-41]. Additionally, DCE-MRI proves to be effective in distinguishing laryngeal
cartilage lesions and accurately assessing neoplastic invasion in the laryngeal cartilage [34].
According to Citil et al., the sensitivity, specificity, and accuracy of DCE-MRI for cartilage
involvement was 100% [32]. However, these results need to be confirmed in larger-scale
research, highlighting the necessity of further studies.

CEUS is another diagnostic tool that has been employed just in few studies for visual
assessment of thyroid cartilage invasion [23,24]. They found that CEUS was superior to
CECT and MRI in assessing thyroid cartilage invasion. To the best of our knowledge, we
were the first to perform the quantitative analysis of laryngeal SCC and non-ossified thyroid
cartilage, by extending the work of Hu et al. [23] and our previous study [24]. A study by
Hu et al. reported high sensitivity, specificity, and accuracy of CEUS in the visual detection
of thyroid cartilage invasion (92.9%, 87.5%, and 90.0%, respectively); meanwhile, our
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quantitative analysis using a combined model of ATTP and PI parameters showed higher
specificity and accuracy (100% and 96.8%, respectively), but lower sensitivity (83.33%).

In our previous published study [24], CEUS showed a sensitivity of 100%, specificity
of 84.0%, and accuracy of 87.1% in the detection of laryngeal cancer invasion into the
non-ossified thyroid cartilage. In this study, due to the inclusion and exclusion of some
patients, the sensitivity and accuracy of CEUS to discriminate enhancement pattern between
non-invaded and invaded non-ossified thyroid cartilage decreased to 83.3% and 84.4%,
respectively, while the specificity slightly increased to 84.6%. In the suspected site of
cartilage invasion, visual moderate/severe accumulation of contrast agent was observed
only in cases with histologically confirmed cartilage invasion. In one of the confirmed
cases of cartilage invasion, no visual accumulation of contrast agent in the ROI was seen,
resulting in a sensitivity of 83.3%. This could be caused by a human error in not precisely
targeting the area of interest or by microinvasion of the inner cartilage plate. In 15.4%
of cases without cartilage invasion, poor accumulation was observed, which could be
attributed to early ossification phase, hyperemia, or mild peritumoral infiltration, leading
to a specificity of 84.6%.

Based on the obtained results, we were the first to determine the values of TIC pa-
rameters for laryngeal SCC and the non-ossified thyroid cartilage. This contributes to the
scientific literature for future research, as to the best of our knowledge, no similar studies
have been published, thus making the comparison difficult. After performing statistical
calculations, we obtained several statistically significant TIC parameters in assessing the
invasion of thyroid cartilage. In our study, we identified laryngeal SCC and observed
a trend demonstrating a relatively rapid accumulation (median TTP of 28.44 s). In con-
trast, the non-invaded non-ossified thyroid cartilage exhibited a prolonged median TTP
as compared to that of the invaded thyroid cartilage (44.40 s and 32.83 s, respectively).
These differences were statistically significant. Using a TTP cut-off value of 36.3 s, we can
accurately differentiate (87.5%) between the invaded and the non-invaded non-ossified
thyroid cartilage with a sensitivity of 83.3% and a specificity of 88.5%.

The maximum signal intensity reached with the contrast agent showed the higher
mean P value for the tumor and the invaded non-ossified thyroid cartilage than that for the
non-invaded non-ossified thyroid cartilage (13.59 dB and 12.27 dB vs. 1.85 dB, respectively).
The cut-off PI value for distinguishing between the non-invaded and invaded non-ossified
thyroid cartilages was 3.65 dB with the sensitivity, specificity, and accuracy of 83.33%,
88.00%, and 87.1%, respectively.

We confirmed our hypothesis that the TIC parameters of the non-ossified thyroid carti-
lage with and without invasion differ significantly. During the study, we observed a trend
indicating that the TIC parameter values of the invaded thyroid cartilage were closer to those
of the tumor. Based on this observation, we decided to calculate derived values expressed as
the absolute difference between the tumor and cartilage parameters. From all derivates, only
ATTP differed significantly when comparing the thyroid cartilage without and with tumor
invasion. A ROC curve analysis showed that a ATTP cut-off value of <8.9 s can accurately
(81.3%) determine non-ossified thyroid cartilage invasion with a sensitivity of 100% and a
specificity of 76.9%, suggesting its better ability to detect non-ossified cartilage invasion. As
we hypothesized, the logistic regression analysis showed that an increase in the ATTP value
statistically significantly decreased the probability of invasion. The combination of ATTP
and PI slightly improved the ability to exclude non-ossified thyroid cartilage invasion with a
specificity of 100%. However, an increased accuracy of this combination did not statistically
significantly differ from that of the PI parameter. Our results suggest that by utilizing the main
TIC parameters—ATTP and the combination of ATTF, TTP, and PI—we can more confidently
rule out the invasion of non-ossified thyroid cartilage.
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As the first study of its kind, certain limitations are inherent. First, the study sample
size was small, and it was a single-center study. Second, the technique is highly operator-
dependent, requiring an experienced professional in CEUS as well as in MRI and CT
imaging. Third, motion artifacts were a challenge in patients with an advanced disease
as they struggled to maintain shallow breathing or to remain still in a supine position for
extended periods. Additionally, the accurate identification of ROI (according to CECT)
posed difficulties, and perfusion data were derived from a single tissue slice, which may
limit generalizability. Finally, anatomical variations, such as a thin, non-ossified thyroid
cartilage, could have influenced TIC parameters due to the small ROI size, increasing
sensitivity to movement.

In summary, this study is the first to address the CEUS quantitative analysis of the evalu-
ation of non-ossified thyroid cartilage invasion in patients with laryngeal cancer, providing
a critical starting point for further research. Understanding that further research on CEUS
is needed, it should focus on larger patient samples and should ideally adopt a multicentric
approach to enhance reliability. Additionally, exploring the feasibility of fusing CEUS images
with MRI or CT scans may further improve diagnostic accuracy and clinical utility.

5. Conclusions

The results obtained enhance the diagnostic value of the CEUS examination by assess-
ing and utilizing quantitative parameters, particularly a combination of ATTP and P, to
rule out and detect non-ossified thyroid cartilage invasion. Our study highlights CEUS
as a suitable and easily accessible complementary method to MRI or CT for cases where
non-ossified thyroid cartilage invasion remains unclear.

Author Contributions: Conceptualization M.P;; methodology, M.P, S.V,, D.M,, and S.R ; statistical analysis,
R.T.; investigation, M.P, S.V,, DM,, SR, VS. and E.P; data curation, M.P. and R.T; writing—original
draft preparation, M.P,; writing—review and editing, D.M. and S.V,; visualization, M.P,, D.M. and R.T;
supervision S.V.; consulting, D.E; project administration, S.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by Kaunas Regional Biomedical Research Ethics Committee of Lithuanian
University of Health Sciences (No. BE-2-121, dated 13 December 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request. The data are not publicly available due to privacy or
ethical restrictions.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

SCC Squamous cell carcinoma

CT Computed tomography

MRI Magnetic resonance imaging

CEUS Contrast-enhanced ultrasound

TIC Time-intensity curve

CECT Contrast-enhanced computed tomography
ROI Region of interest

TTP Time to peak
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PI Peak intensity

WIS Wash-in slope

AUC Area under the curve

DCECT Dynamic contrast-enhanced computed tomography
ROC Receiver operating characteristic
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Abstract: Background: Accurate assessment of thyroid cartilage invasion in squamous cell carcinoma
(SCCQ) of the larynx remains a challenge in clinical practice. The aim of this study was to assess
the diagnostic performance of contrast-enhanced ultrasound (CEUS), contrast-enhanced computed
tomography (CECT), and magnetic resonance imaging (MRI) in the detection of non-ossified thyroid
cartilage invasion in patients with SCC. Methods: CEUS, CECT, and MRI scans of 27 male patients
with histologically proven SCC were evaluated and compared. A total of 31 cases were assessed via
CEUS and CECT. The MR images of five patients and six cases were excluded (one patient had two
suspected sites), leaving twenty-five cases for analysis via MRI. Results: CEUS showed the highest
accuracy and specificity compared with CECT and MRI (87.1% vs. 64.5% and 76.0% as well as 84.0%
vs. 64.0% and 72.7%, respectively). The sensitivity and negative predictive value of CEUS and MRI
were the same (100%). CEUS yielded four false-positive findings. However, there were no statistically
significant differences among the imaging modalities (p > 0.05). Conclusions: CEUS showed better
diagnostic performance than CECT and MRI. Therefore, CEUS has the potential to accurately assess
non-ossified thyroid cartilage invasion and guide appropriate treatment decisions, hopefully leading
to improved patient outcomes.

Keywords: non-ossified thyroid cartilage; CEUS; CECT; MRI; laryngeal cancer

1. Introduction

Imaging of the local spread of laryngeal cancer plays an important role in choosing a
suitable treatment strategy, such as organ-sparing therapy, radical surgery, or combined
therapy. The decision regarding which treatment strategy to employ affects the effectiveness
of treatment and quality of life [1-3]. The role of imaging is more crucial in discriminating
between T3 and T4 stages than between T1 and T2 stages according to the tumor-node-
metastasis (TNM) classification. As reported in the review by Deganello et al. [4], patients
with T4 stage tumors have a higher risk of developing lymph node metastases, which also
affects both prognosis and treatment planning. Therefore, radiologists often face great
challenges in evaluating subtle findings.

Both contrast-enhanced computed tomography (CECT) and magnetic resonance imag-
ing (MRI) are the main and most widely used modalities for laryngeal imaging; most
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guidelines leave the choice between the two techniques up to local protocols and scan-
ner availability. In CECT, one of the most controversial issues in the assessment of the
tumor invasion of non-ossified thyroid cartilage is a similar post-contrast density of the
tumor and the non-ossified thyroid cartilage [5]. In these cases, dual-energy computed
tomography (DECT) or MRI may provide added value. In particular, the study published
by Becker et al. [6] demonstrated that the application of revised MRI criteria led to an
overall statistically significant improvement in the assessment of thyroid cartilage invasion.
However, none of the cross-sectional techniques outperform the others on the specific issue
of non-ossified thyroid cartilage [5-10].

Contrast-enhanced ultrasound (CEUS) can be used to assess and quantify microcircu-
lation in normal and pathological conditions with a good acoustic window [11]. Moreover,
it has been widely used in clinical practice to diagnose hepatic and renal pathologies [12,13].
In a recent publication, CEUS showed potential in assessing non-ossified thyroid cartilage
invasion [14]. Non-ossified thyroid cartilage and adjacent laryngeal cancer are well visual-
ized on CEUS due to the differences between non-enhancing non-ossified thyroid cartilage
and enhancing adjacent laryngeal cancer. Therefore, the detection of enhancement along
the course of a thyroid lamina contacting a tumor suggests infiltration. However, there
is currently a lack of studies and data that can strongly support the use of CEUS as an
additional imaging modality in the diagnostic algorithms for determining the local spread
of laryngeal cancer more accurately.

Therefore, the purpose of this study was to assess the diagnostic value of CEUS,
compared with that of CECT and MR, in the detection of non-ossified thyroid cartilage
invasion in SCC of the larynx.

2. Materials and Methods
2.1. Patients

Between 2021 and 2023, a prospective comparative study was carried out at the
Hospital of Lithuanian University of Health Sciences Kaunas Clinics. A total of 38 patients
with histopathologically proven SCC of the larynx were enrolled in this study. The inclusion
criteria were as follows: an available CECT scan demonstrating pathological infiltration
adjacent to the non-ossified tract of the thyroid cartilage or its clear infiltration; no history
of previous laryngeal-hypopharyngeal surgery or chemoradiation; and having undergone
surgery planned after multidisciplinary team discussion. Eleven patients were excluded
because they refused surgical treatment or did not attend further consultations or undergo
further surgery.

All 27 male patients meeting the inclusion criteria were subjected to CEUS and MRIL
Informed consent was obtained from all participants before the study. The study was
conducted according to the guidelines of the Declaration of Helsinki. Ethical approval
was obtained from Kaunas Regional Biomedical Research Ethics Committee (protocol No.
2021-BE-10-00016; dated 2021).

2.2. CECT Examination

Multislice CT examinations were performed using an Aquilion ONE TSX-301 scanner
(Toshiba, Tokyo, Japan) with the following parameters: 120 kVp; specific effective mAs for
each patient based on the patient’s size and tissue thickness; collimation, 128 x 0.625 mm;
field of view, 260 mm; and matrix, 512 x 512. The patients were asked to assume a supine
position, breathe quietly, and avoid coughing and swallowing. The field of view was from
the skull base to the aortic arch. Scanning was performed without and with intravenous
contrast media (65-100 mL) with a 50 mL saline flush to obtain contrast-enhanced images
with a 60-80 s delay after administration; the concentration of iodine in the contrast agent
was 320-370 mg/mL. Images were reconstructed for axial (parallel to the plane of the true
vocal cords), sagittal, and coronal (perpendicular to the plane of the true vocal cords) planes
with soft tissue and bone algorithms (2 mm in thickness).
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2.3. CEUS Examination

CEUS examination was performed using a Philips Epiq 7 (expert-class) US system
(Philips Healthcare, Best, The Netherlands) with a 5-12-MHz linear transducer. The patients
were asked to assume the supine position with their necks extended. The larynx and its
surrounding structures were evaluated in the transverse and longitudinal sections. The
distance between the area of lesion contact to the non-ossified thyroid cartilage seen via
CECT and the upper border of the thyroid lamina was measured via CECT and then used
as a reference to target the same area through CEUS.

CEUS examination was performed by administering an intravenous bolus of SonoVue
(Bracco SpA, Milan, Italy) (5 mL, followed by saline flush) [14]. The scan was performed
with a frequency of 12 MHz and a mechanical index of 0.08. The patients were asked to
refrain from swallowing and coughing during the examination. Dynamic perfusion of the
tumor and peritumoral tissues was observed and recorded in the hard drive of the device
for about 1 min. If there was more than one suspected site of invasion, the CEUS procedure
was repeated after 10 min.

2.4. MRI Examination

MRI examination was performed using a Philips Ingenia 3.0T scanner (Philips Health-
care, Best, The Netherlands) with dedicated head—neck 20-channel parallel imaging array
coils. The patients were imaged in the supine position and asked to breathe quietly and
refrain from swallowing and coughing during the scanning. Axial images were captured
parallel to the plane of the true vocal cords; coronal images were obtained perpendicular to
this plane. The MRI protocol employed is specified in Table 1.

Table 1. MRI protocol.

Sequence

Plane Slice Thickness, mm  Repetition Time, ms Time to Echo, ms Field of View, mm

High-resolution

Axial, coronal,

T2-weighted turbo spin N 2.5-3 2888 80 190-210
" sagittal
echo Dixon
High-resolution
T1-weighted turbo spin Axial 2.1-2.5 634 8 190-210
echo Dixon
DWIand ADC Axial 2 14,439; 220 66 250
Contrast-enhanced
high-resolution Axial, coronal 2125 634 8 190-210

T1-weighted turbo spin
echo Dixon

DWI, diffusion-weighted imaging; ADC, apparent diffusion coefficient.

2.5. Image Analysis

The analysis of CEUS images was performed by two radiologists with >4 and
>20 years of experience, respectively. The findings from the CECT and MRI examina-
tions were interpreted by one head-and-neck radiologist with >20 years of experience
in head-and-neck imaging. The radiologists were not blinded to the clinical and CECT
information during the analysis of CEUS and MRI images.

2.5.1. CEUS Imaging

CEUS images were evaluated and interpreted by both radiologists during examination
and post-processing. The non-ossified thyroid cartilage was considered infiltrated by a
tumor when contrast enhancement was observed (Figure 1). When the cases were evaluated,
there was no disagreement between the radiologists.

125



J. Clin. Med. 2024, 13, 891

4o0f11

Figure 1. True-positive findings through axial CECT and CEUS. (a) In this CECT image, a partial
bilateral ossification of the thyroid cartilage with a similar tissue density between the tumor (T) and
the non-ossified thyroid cartilage (red arrow) can be seen; (b) CEUS image taken after intravenous
contrast material administration showing the enhancement of the tumor (T) with invasion of the right
anterior part of the non-ossified thyroid cartilage (asterisks); the adjacent hypoechogenic cartilage is
non-invaded (white arrows).

2.5.2. Cross-Sectional Imaging

CECT and MRI images were evaluated and interpreted according to previous arti-
cles [6,7,9,15].

In CECT images, non-ossified thyroid cartilage invasion was positive when the follow-
ing criteria were met: a focal cartilage defect in close proximity to the tumor was found;
replacement of the cartilage by soft tissue with enhancement matching that adjacent to
the cartilage occurred; and the lesion was in direct contact with the thyroid cartilage and
densities were indistinguishable (Figure 2). Findings obtained via CECT were considered
negative if the densities between the tumor/pathologic infiltration and the non-ossified
cartilage were distinguishable.

When conducting MRI, thyroid cartilage invasion was diagnosed when the thyroid
lamina showed abnormal signal intensity matching the signal of the tumor in T2-weighted
image (T2WI), T1-weighted image (T1WI) (before and after contrast administration), DWI,
and ADC map (Figure 3). When the thyroid lamina showed a T2WI signal, enhancement,
and an ADC value higher than those of the tumor, the abnormal signal was classified
as inflammation.

2.6. Histologic Examination

A pathologist with >20 years of experience evaluated the surgical specimens according
to the existing guidelines described elsewhere [16]. To ensure precise correspondence
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between radiological findings and pathology, the suspected area of invasion was indicated
by radiologists on an anatomical sketch of the larynx that accompanied each specimen.

2.7. Statistical Analysis

The IBM SPSS Statistics 20.0 (IBM Corp. in Armonk, NY, USA) statistical software pack-
age was used in this study. Sensitivity, specificity, accuracy, negative predictive value (NPV),
and positive predictive value (PPV) of CEUS, CECT, and MRI in evaluating non-ossified
laryngeal cartilage involvement were assessed by comparing results with histopathological
findings [17,18]. Accuracy was calculated according to the following formula:

Accuracy = TP+ 1N
Y= TP+ INTFP+IN

where TP is true positive; TN denotes true negative; FP denotes false positive; and FN
denotes false negative.

McNemar's test was used to compare the accuracy of imaging modalities. A p value
of <0.05 was considered statistically significant.

(b)

Figure 2. Bilateral glottic cancer adjacent to the non-ossified thyroid cartilage lamina. (a) Axial CECT
findings on the left side were false-positive for tumor invasion (red arrow). (b) CEUS image of the left
side at the same level as (a) in the transverse plane shows true-negative findings, i.e., non-enhanced
non-ossified cartilage (white arrows).
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(a) (b)

(9

Figure 3. Supraglottic squamous cell carcinoma on the left side. (a) Axial CECT represents two sites,
namely, sites that were false-positive anteriorly (yellow arrow) and true-positive posteriorly (red
arrow), whereas MRI (b) contrast-enhanced high-resolution T1-weighted turbo spin echo Dixon and
CEUS (c) findings were true-negative anteriorly (white arrow) and true-positive posteriorly (red
arrows), respectively.

3. Results

In this prospective study, 27 male patients with a mean age of 63 years (SD, 8.7; range,
46-84 years) were enrolled.

Overall, there were 31 cases, as four patients had two suspected sites of non-ossified
thyroid cartilage invasion. All 31 cases were assessed using CEUS and CECT. The MR
images of five patients (corresponding to 6 cases, as one patient had two suspected sites)
were non-diagnostic due to major artifacts, leaving 25 cases for analysis via MRI.

There were 14 cases (51.9%) of glottic SCC and 13 cases (48.1%) of transglottic SCC
with the majority showing a G2 degree of differentiation (85.2%). The patients’ distribution
by pT staging is shown in Table 2.

In six cases (19.4%), histological proof of non-ossified thyroid cartilage invasion was
obtained. The diagnostic performance of imaging studies is shown in Table 3. There were
no statistically significant differences among the modalities (p > 0.05). CEUS and MRI
showed a NPV of 100%. CEUS had four false-positive findings (Figure 4); however, the
PPV was higher than those of CECT and MRI (60% vs. 30.8% and 33.3%, respectively).
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Table 2. Distribution of the patients according to pT staging.

pT Group n (%)
pTis 13.7)
pT1 7 (25.9)
pT2 7(259)
pT3 8 (29.6)
pT4 4(148)

Staging was performed according to the American Joint Committee on Cancer/Union for International Cancer
Control (AJCC/UICC), 8th Edition, guidelines.

Table 3. Diagnostic performance of CEUS, CECT, and MRI in the assessment of non-ossified thyroid

cartilage invasion.

Imaging TP, TN, FP, FN, Sensitivity, Specificity, Accuracy, PPV, NPV,
Modality n n n n % (95% CI) % (95% CI) % (95% CI) % %
CEUS (n =31) 6 A 4 0 (54.11(12'(())0,0) (63.8;35.5) (70.236.4) 600 1000
CECT (n = 31) 4 16 9 2 (22.;6«975.7) (42.?,{32.0) (45.(314550.8) 308 889
MRI (n =25) 3 16 6 0 (29.12(1?’(?0‘0) (49.259.3) (54.;(180.6) 33 100.0

(b)

Figure 4. Supraglottic squamous cell carcinoma on the right side anteriorly adjacent to non-ossified
cartilage inner lamina. (a) Axial CECT and (c) CEUS findings were false positive (red arrow) for tumor
invasion of the thyroid cartilage, whereas MRI findings, as shown in (b), in axial contrast-enhanced
high-resolution T1-weighted turbo spin echo Dixon images were true negative (white arrow).
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There were no statistically significant differences between these imaging modalities
(p > 0.05). CEUS, contrast-enhanced ultrasound; CECT, contrast-enhanced computed to-
mography; MRI, magnetic resonance imaging; TP, true positive; TN, true negative; FP, false
positive; FN, false negative; PPV, positive predictive value; NPV, negative predictive value.

4. Discussion

In the current study, we aimed at evaluating the diagnostic performance of CEUS,
CECT, and MRI in detecting non-ossified thyroid cartilage tumor invasion, taking postop-
erative histopathological examination as the gold standard. Our results show that based on
the presence of enhancement, CEUS allows for the discrimination of invaded (i.e., enhanc-
ing) from normal (i.e., non-enhancing) non-ossified thyroid cartilage. CEUS, CECT, and
MRI evaluation demonstrated high accuracy (87.1%, 64.5%, and 76%, respectively) with
minor differences. Moreover, CEUS was slightly superior to other modalities employed in
this study in detecting non-ossified thyroid cartilage tumor invasion.

The detection of laryngeal cartilage invasion can significantly influence the choice
of optimal treatment strategy and the prognosis of SCC of the larynx. Currently, the
choice of optimal treatment strategy is controversial. However, in the case of thyroid
cartilage invasion or its suspicion, transoral laryngeal microsurgery (TOLMS) should be
ruled out due to possible non-radical tumor removal, and in such cases, open partial
horizontal laryngectomy (OPHL), total laryngectomy, or non-surgical treatments should be
considered [2,3,19-21]. In addition, deep tumor invasion into the thyroid cartilage leads
to negative outcomes through treatment with radiation therapy [21]. Therefore, for the
selection of an optimal treatment plan avoiding complications and incomplete resection
as well as improving disease control and survival, an accurate clinical and radiological
assessment of local spread, especially the most controversial invasion of the cartilage,
is necessary.

Cross-sectional imaging with multi-slice CT or MRI is designed to map deep tumor
spread to the submucosal soft tissues and cartilaginous framework. CECT examination
can be quickly performed, is widely available, and allows volumetric acquisition with a
submillimetric voxel size: the short acquisition time minimizes the risk of motion artifacts,
while the high spatial resolution allows the detection of subtle areas of tumor invasion of
soft tissue spaces and cartilage [9,22,23].

MRI has higher contrast resolution, which is boosted by the possibility of combining
different pulse sequences. In the literature, this potential has mainly been exploited to
assess cartilage invasion [6,24], and MRI is reported to have significantly higher sensitivity
than CECT for cartilage invasion [22]. A recent meta-analysis of studies involving patients
with laryngo-hypopharyngeal cancer reported pooled sensitivities of 88% for MRI and
66% for CT, with specificities of 81% and 90%, respectively, in the detection of cartilage
invasion [22]. Expectedly, CT’s performance was more heterogeneous than that of MRI,
as it differed when taking into account which type of cartilage was involved: when only
thyroid cartilage was analyzed, the sensitivity was 69%, which was close to that in our
study (66%), but the specificity was higher (86% vs. 64%). Based on the results of the
above-mentioned meta-analysis and our current study, we can assume that the diagnosis
of thyroid cartilage invasion poses significant challenges that are better handled by MRI
than CT.

However, most studies evaluating the diagnostic performance of imaging techniques
in the detection of cartilage invasion tend to focus—intentionally or unintentionally—on
the ossified cartilage. This occurs for several reasons: first, because, in most cases, invasion
involves the ossified parts, and second, because CT and MRI better visualize the invasion
of ossified cartilage, manifesting with a panel of findings including sclerosis, erosion, or
destruction with cartilage replacement by tumor tissue [5]. This is mainly due to the lack
of differences in density in CT images between the tumor and the non-ossified thyroid
cartilage and because of the overlapping features of the tumor and non-neoplastic changes
such as reactive inflammation, edema, and fibrosis in MRI images [22,24]. Peritumoral
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inflammation is another potential confounding factor at the interface between a tumor and
cartilage, although the combination of different sequences may improve differentiation
when conducting MRI

DECT is another promising imaging modality that has been analyzed in recent years.
One research group [25] used DECT to evaluate the spectral attenuation curves of tumor
tissue and non-ossified thyroid cartilage. Virtual monochromatic images (VMIs) of different
energy levels showed that tumor tissue density dropped in higher-kiloelectron-volt VMISs,
while the non-ossified cartilage maintained high attenuation, allowing distinguishment
between the two. However, this study did not directly evaluate non-ossified cartilage
invasion by tumor tissue.

US was also previously investigated for its possible role in solving the problem of thy-
roid cartilage invasion. Indeed, US seemed to uniquely take a place among cross-sectional
modalities for evaluating non-ossified cartilage invasion, as the larynx is a superficial
structure, and because it best visualizes the non-ossified parts, which present the most
diagnostic challenges when conducting CT and MRI scans [14,26,27]. One study involv-
ing 62 patients with laryngeal or hypopharyngeal cancer showed that US and CECT had
sensitivities of 98% and 91%, respectively, and equal specificities of 75% [26]. The authors
speculated that clear visualization of the fat plane between the tumor and the cartilage as
well as independent movement of the thyroid cartilage and adjacent tumor tissues con-
tributed to the higher sensitivity of US [26]. The results of the previously mentioned studies
prompted the cited researchers to further analyze the possibilities of US examination by
incorporating CEUS.

Our study aligns with the study by Hu et al. [14] in terms of showing a higher accuracy
of CEUS than CECT (90% and 83%, respectively) in detecting thyroid cartilage invasion,
even though there were the following relevant differences in the methodological part: In
our study, the exact site of possible non-ossified thyroid cartilage invasion as indicated
by CECT examination was further investigated using CEUS and MRI and postoperative
histopathological examination. Moreover, the radiologist who carried out the CEUS and
MRI examinations and the pathologist were not blinded to the CECT findings. To the
best of our knowledge, this is the first study comparing CEUS, CECT, and MRI regarding
the specific topic of non-ossified cartilage invasion. Although we did not observe statisti-
cally significant differences among the three imaging modalities (p > 0.05), based on the
promising results, we suggest that CEUS may be considered a usable imaging modality
complementary to CECT and MRI for the assessment of non-ossified thyroid cartilage in the
non-infrequent event of equivocal CECT and/or MRI findings. One of the limitations of this
study is its small sample size. A second limitation is that the CECT and MRI images were
assessed by a single expert/observer. Moreover, in our practice, in some cases, matching
the suspected site seen in CECT images to the site observed in CEUS images was difficult
due to the small region of interest. In the future, this issue could be solved by fusing
CECT with US, and this should be performed by a head-and-neck radiologist due to their
comprehensive knowledge of laryngeal anatomy and CECT imaging. Moreover, only one
region of interest can be investigated at a time; therefore, we reinjected a contrast agent for
the evaluation of another site of tumor invasion, leading to the extended examination time.

5. Conclusions

CEUS showed slightly higher diagnostic values in the detection of non-ossified thyroid
cartilage invasion in laryngeal and hypopharyngeal cancer than CECT and MRI. This may
result in CEUS being an important problem-solving tool in routine clinical practice that can
be used to confidently assess non-ossified thyroid cartilage invasion and guide appropriate
treatment decisions, hopefully leading to improved patient outcomes. Further studies are
needed to increase the number of observations and confirm the evidence obtained.
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APPENDICES

Appendix 1

Lokalaus iSplitimo iStyrimo schema

PILDO RADIOLOGAS
Paciento KK kodas: a.k:

Des. Kair. 1ir 2 pav. Pazymeéti skydinés kremzlés
esamo/jtariamo paZeidimo vietg. 3pav. pazymeéti
pazeidimo aukstj gerkly atzvilgiu.

Kremzlés paZeidimas: néra o yra 0 jtariamas o
Pusé: desiné o kairé o

Trecdaliai: priekinis o vidurinis o uZpakalinis O

Kremzlés paZeidimo pobidis:

Infiltracija O Invazija o Penetracija O

Kremzlés dalis: neosifikuota O osifikuota O

Nuo tikryjy balso klos¢iy (TBK): aukstyn o Zemyn o BK aukstyje o
Nuo TBK cm:

Papildoma informacija: .......cceeeevieenieenieese e

Papildomi klausimai patologui:

KT tyrime:

Infiltracija — pazeidimas vetinamas, kai ties kremzlés vidinés plokstelés dalimi betarpiskai stebéti navikiniai pakitimai arba Sios
dalies abejotini struktros poky¢iai.

Invazija — pazeista vidiné kremzlés plokstelé, taciau néra aiSkiaus iSorinés plokstelés pazeidimo.

Penetracija — vidinés ir iSorinés kremzlés ploksteliy pazeidimas be ir su navikiniy masiy plitimu j ekstralaringinius audinius.
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Appendix 2

PATVIRTINTA

Lietuvos bioetikos komiteto
biomedicininiy tyrimy eksperty grupés
2016 m. lapkri¢io 15 d. sprendimu
PAKEISTA

Lietuvos bioetikos komiteto
biomedicininiy tyrimy eksperty grupés
2020 m. birzelio 16 d. sprendimu

Informuoto asmens sutikimo forma, versija Nr. 3, data: 2021 12 13

INFORMUOTO ASMENS SUTIKIMO FORMA

Biomedicininio tyrimo pavadinimas: Pacienty, sergan¢iy gerkly ir gerklaryklés véziu ultragarsinio
tyrimo be ir su intraveniniu kontrastavimu diagnostiné reikSmé, vertinant lokaly naviko i$plitima.

Protokolo Nr.: 001

Uzsakovas: Lietuvos sveikatos moksly universitetas

Uzsakovo atstovas: Prof. Hab. Dr. Vaiva Lesauskaité

LSMU asmens duomeny pareigiino kontaktai : Jiraté Karpaviéiené
Adresas: A. Mickeviciaus g. 7, Kaunas,
Tel nr: + 37063071046,

El pastas: jurate. karpaviciene@lsmu.lt

Atsakingas tyréjas!: Prof. Dr. Saulius Vaitkus

Tyrimo centro pavadinimas: Lietuvos sveikatos moksly universiteto ligoniné, Kauno klinikos.
Kauno kliniky asmens duomeny pareigiino kontaktai : Tomas Kuzmarskas

Adresas: Eiveniy g. 2, Kaunas,

Tel. nr: +37037326268,

El. pastas: tomas.kuzmarskas@kaunoklinikos.lt.

1 Jeigu tyréjo adresas nesutampa su tyrimo centro adresu — nurodykite abu
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Informuoto asmens sutikimo forma, versija Nr.3, data: 2021 12 13

1. Kokia Sio dokumento paskirtis?

Sioje formoje pateikiama Jums skirta informacija apie biomedicininj tyrima, aptariamos tyrimo
atlikimo priezastys, mokslinio tyrimo procediiros, nauda, rizika, galimi nepatogumai ir kita svarbi
informacija. Jei nuspresite dalyvauti, praSysime Jusy pasirasyti Sig sutikimo forma, kuria sutinkate
tyrimo metu vykdyti gydytojo tyréjo ir tyrimo komandos nurodymus. Pasiras§ydami §j dokumenta,
sutinkate dalyvauti moksliniame tyrime. Neskubékite ir atidziai perskaitykite §j dokumenta, jei
nesupratote kokio nors zodzio ar teiginio, visus i$kilusius klausimus butinai uzduokite tyrimo
gydytojui ar kitiems tyrimo komandos nariams. Prie§ priimdami sprendima, galite pasitarti su
Seimos nariais, draugais ar savo gydytoju.

2. Kodél atliekami biomedicininiai tyrimai?

Svarbu suprasti, kad nors biomedicininio tyrimo metu Jums bus skiriamos medicininés procediiros,
biomedicininis tyrimas i§ esmés skiriasi nuo jprastos (kasdienés) klinikinés praktikos. [prastos
(kasdienés) klinikinés praktikos tikslas yra Jus (t. y. konkrety asmenj, pacienta) iSgydyti ir/ar
pagerinti Jisy sveikatos bukle. Pagrindinis biomedicininio (mokslinio) tyrimo tikslas — gauti naujy
medicinos mokslo Ziniy, kurios ateityje padéty kity Sia liga serganciy pacienty sveikatai. Kitaip
tariant, pagrindinis §io tyrimo tikslas néra tiesioginé nauda Jusy sveikatai.

3.Kodél atliekamas §is tyrimas?

Sio tyrimo tikslas — nustatyti ir palyginti ultragarso (UG) be ir su intraveniniu (i/v) kontrastavimu,
kompiuterinés tomografijos (KT), magnetinio rezonanso tomografijos (MRT) be ir su i/v
kontrastavimu diagnostines vertes, vertinant lokaly gerkly ir gerklaryklés vézio (GGV) isplitima.
Nors sparciai tobuléjant gydymo ir diagnostikos technologijoms pacienty serganciy gerkly ir
gerklaryklés véziu mirStamumas siekia 60 proc., o Siuolaikiniy radiologiniy tyrimy tikslumas,
vertinat lokalaus naviko i$plitimo ribas néra toks aukstas. Todél GGV lokalaus iSplitimo
diagnostika islieka rimta problema, lemianti optimalaus gydymo pasirinkima, paciento gyvenimo
kokybe ir iSgyvenamuma. Klinikinéje ir mokslinéje praktikoje vis dar ieSkoma naujy radiologinio

tyrimo metody, leidZzian¢iy tiksliau stadijuoti gerkly ir gerklaryklés vézj.

Siuo metu gana pladiai ir sékmingai taikomas UG tyrimas su intravenine kontrastine medziaga,
diferencijuojant kepeny, kasos, inksty darinius. Pagrindinis tyrimo uzdavinys - nustatyti
kontrastinio UG tyrimo specifiskumg ir jautruma, lyginant su KT ir MRT, vertinant gerkly ir
gerklaryklés veézio lokaly iSplitima. Sis diagnostinis metodas, nustatant ar patikslinant lokaly vézio
i$plitima, biity KT papildantis, naujas, pigesnis, bei maziau nuo kvépavimo artefakty priklausantis

tyrimo metodas, lyginant su MRT.
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4. Kokie asmenys pasirenkami dalyvauti Siame tyrime?

Kvie¢iame Jus dalyvauti biomedicininiame tyrime, nes esate gerkly ir gerklaryklés vézio jtarimo
grupéje ar jau histologiskai patvirtinto gerkly ir gerklaryklés vézio grupéje ir atitinkate pagrindinius
iSvardytus jtraukimo j tyrima kriterijus.

Pagrindiniai jtraukimo ] §j tyrima kriterijai yra Sie: 1. Jtariamas ar patvirtintas gerkly ir gerklarykles
navikinis procesas. 2. Anks¢iau néra diagnozuotas ar gydytas gerkly ir gerklaryklés vézys. 3. Vyras
vyresnis nei 18 mety amziaus.

5. Kas atlieka/uZsako $j biomedicininj tyrima?

Sio biomedicininio tyrimo usakovas yra Lietuvos sveikatos moksly universiteto Kauno kliniky
Radiologijos klinika. Siam tyrimui atlikti reikalingos papildomos 1¢Sos bus skiriamos i§ LSMU KK
Radiologijos klinikos klinikiniy tyrimy 1é8y, Lietuvos sveikatos moksly universiteto Mokslo Fondo.
6. Tikimybé patekti j skirtingas tiriamyjy grupes ir dalyvavimo Siose grupése ypatybés.

Siame moksliniame tyrime pacientai vyrai, kuriems jtariamas ir/ar patvirtintas gerkly ir gerklaryklés
vézys, nebus i$skiriami | skirtingas grupes, galinéias jtakoti jy gydymo pasirinkimg ir eiga.
Palyginamoji kontroliné grupé bus sudaryta i§ pacienty, kuriems nenustatyta gerkly ir gerklaryklés
patologija, taciau dél kity priezas¢iy rutiniskai atliktas KT tyrimas.

7. Kiek truks Jisy dalyvavimas Siame tyrime?

Bendra tyrimo trukmé — 10 mety. Jus dalyvausite 3-6 savaites, t. y., kai pasiraSysite informuoto
asmens sutikimo forma, tiek kiek jprastai laiko uztrunka nuo pirmo radiologinio tyrimo atlikimo iki
operacinio gydymo pradzios, remiantis esama praktika. Papildomai pas gydantj gydytoja nei
Iprastai atvykti nereikés.

8. Kokiose $alyse bus vykdomas §is tyrimas?

Tyrimas bus atlieckamas Lietuvoje.

9. Kiek tiriamyjuy dalyvaus numatyta Siame tyrime?

Tikimasi, kad §iame biomedicininiame tyrime dalyvaus 183 zmoniy.

Numatyta jtraukti 122 pacientus sergancius gerkly ir gerklaryklés véziu.

I kontroling grupe jtraukiami pacientai santykiu 1:2 lyginant su tiriamaja grupe. Planuojama jtraukti
-61.

10. Ka Jums reikés daryti?

PraSome leisti naudotis Jisy medicininiais dokumentais (ligos istorija), kuriais remiantis bus
renkami duomenys apie gerkly ir gerklaryklés pakitimus, gyvenimo kokybe.

Jei sutiksite dalyvauti tyrime, Jums nereikés papildomai atvykti.
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Tyrimo metu bus atliekami rutininiai KT ir MRT tyrimai, bei papildomas kontrastinis UG tyrimas,
kuris jprastai nebiity atlickamas pacientams sergantiems gerkly ir gerklaryklés véziu.

Iprastai kontrastinis UG tyrimas trunka apie 20-40 min., bet atliekant §j biomedicininj tyrima reikia
surinkti daugiau informacijos, todél prasytume Jisy leisti atlikti 10 min. ilgiau trunkancia
procediira.

11. Ar dalyvavimas biomedicininiame tyrime Jums bus naudingas?

Jums bus atlickamas papildomas kontrastinis UG tyrimas, galimai suteiksiantis papildomos
vertingos informacijos, apie Jusy liga, bet nebiitinai. Papildomas tyrimas Jisy sveikatai jokios
jtakos neturés. Tyrimo metu gauta informacija mokslininkams padés sukurti patikimiausia gerkly ir
gerklaryklés vézio lokalaus iSplitimo diagnostikos protokola, kuris ateityje gali buti naudingas Sia
liga sergantiems pacientams.

12. Kokia su dalyvavimu Siame tyrime susijusi rizika ir nepatogumai?

Dalyvaudami Siame tyrime galite patirti ir kity nepatogumy, tokiy kaip sugaistas laikas vykstant j
tyrimo vieta, nemalonios asociacijos, psichologinis diskomfortas.

Atliekant papildoma kontrastinj UG tyrima intraveninés injekcijos vietoje galite jausti nedidelj
diskoforta, paraudima, kuris praeina savaime. Ultragarsiniy tyrimy kontrastinés medziagos
paprastai yra saugios, dauguma reakcijy yra nesunkios (pvz., galvos skausmas, pykinimas, kar$¢io
pojttis, pakites skonio pojiitis) ir praeina savaime. Sunkesnés reakcijos pasireiskia retai ir yra
panasios | medziagy, pagaminty jodo ir gadolinio pagrindu, sukeliamas reakcijas t.y, dilgéling,
niez¢jimas, paraudimas, pykinimas, nedidelis vémimas, nerimas, vazovaginé reakcija, sunkiais
atvejais: aritmija, traukuliai, hipotenzinis Sokas, kvépavimo sustojimas, Sirdies sustojimas.

Tyrime dalyvaujantiems pacientams neskiriamas joks papildomas gydymas galintis neigiamai
paveikti ligos ar gydymo eiga.

Jei dél nenumatyty aplinkybiy (force majore ar nenugalima jéga, treciyjy asmeny nusikalstamos
veikos ir pan.), kurios tyréjui néra zinomos ir kurioms jtakos tyréjas negali daryti, konfidenciali
informacija tapty prieinama tretiesiems asmenims, kuriems ja suteikti nebuvote daves sutikimo,
tyréjas 1§ karto Jus apie tai informuos. Taciau tyréjas visais blidais stengsis uztikrinti, kad Jisy
asmens duomenys, tvarkomi S§io biomedicininio tyrimo tikslu, nebiity prieinami tretiesiems
asmenims, kuriems jos suteikti nebuvote daves sutikimo ir jgyvendins—duomeny saugumo
priemones, skirtas apsaugoti asmens duomenis nuo atsitiktinio ar neteiséto atskleidimo, taip pat nuo
bet kokio kito neteiséto tvarkymo.

13. Jei atsitikty kas nors negero? (Informacija apie draudima)

Sio biomedicininio tyrimo metu bus taikomi tik neintervenciniai tyrimo metodai, kurie nekelia
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rizikos Jasy sveikatai, todél biomedicininis tyrimas néra apdraustas biomedicininio tyrimo
uzsakovy ir pagrindiniy tyréjy civilinés atsakomybés draudimu.

Jas turite teisg | zalos sveikatai ir su tuo susijusios neturtinés zalos, patirtos dalyvaujant Siame
tyrime, atlyginima.

Su draudimo taisyklémis galite susipazinti tyrimo vietoje, kreipdamiesi i gydytoja tyréja. Jei
manote, kad tyrimo metu patyréte zala, taip pat kreipkités i gydytoja tyréja.

14. Kokias pasirinkimo galimybes turésite, jeigu nesutiksite dalyvauti Siame tyrime arba
atSauksite sutikima jame dalyvauti?

Tyrime dalyvaujate savanoriskai, todél turite teis¢ atsisakyti, o pradéjes galite bet kada i§ jo
pasitraukti.

Jei atsisakysite dalyvauti biomedicininiame tyrime arba atSauksite sutikima dalyvauti
biomedicininiame tyrime, uztikrinsime Jiisy asmens teis¢ gauti jprasting sveikatos priezitirg.

15. Ar galésite nutraukti dalyvavima tyrime?

Jei nuspresite pasitraukti i§ tyrimo $iam nepasibaigus, tyréjas pateiks ir paprasys parasyti laisvos
formos atsisakymo prasyma arba uzpildyti atsisakymo forma.

Norétume atkreipti démesj, kad $io tyrimo rezultatai, t. y. tyrimo dokumentuose iki Jisy sutikimo
dalyvauti biomedicininiame tyrime atSaukimo jrasyti duomenys nebus sunaikinti.

Jeigu dél pablogejusios sveikatos biiklés negalésite spresti apie tolesnes galimybes dalyvauti tyrime,
1 Jusy nora atSaukti sutikima dalyvauti tyrime bus atsizvelgta, bet teisiSkai §j sprendima priims
sutuoktinis, jeigu jo néra — vienas i§ tévy, pilnameciy vaiky, glob¢jas ar ripintojas.

Jus turite teis¢ nesutikti, kad biomedicininio tyrimo tikslu toliau biity naudojama Jisy sveikatos
informacija, gauta $io biomedicininio tyrimo metu?.

16. Jusy dalyvavimo tyrime nutraukimo aplinkybés ir kriterijai

Jei nesilaikysite gydytojo tyréjo nurodymy ar dalyvaujant tyrime smarkiai pablogés Jisy sveikatos
bukle, Jis daugiau nebegalésite dalyvauti tyrime.

Tyrimo gydytojas ar uzsakovas turi teis¢ bet kuriuo metu sustabdyti tyrimg ar Jusy dalyvavima
jame. Jis nebegalésite dalyvauti tyrime, jei neatvyksite j suplanuotus vizitus ar nesilaikysite kity
tyréjy nurodymy.

17. Ar dalyvaudami Siame tyrime patirsite kokiy nors iSlaidy?

Uz dalyvavimg S$iame biomedicininiame tyrime atlygis ir kompensacijos néra numatytos.

Dalyvaudami Siame tyrime negausite finansinés naudos.

2Taikoma, kai tiriamasis Biomedicininiy tyrimy etikos jstatymo 7 straipsnio 6 dalyje nustatyta tvarka buvo jtrauktas be
sutikimo.
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18. Ar Jusy asmens duomenys bus konfidencialiis?

Biomedicininj tyrima atliekant gauta sveikatos informacija, leidzianti nustatyti asmens tapatybe, yra
konfidenciali ir gali buti teikiama tik pacienty teises ir asmens duomeny apsauga reglamentuojanciy
istatymy nustatyta tvarka, remiantis ES bendruoju duomeny apsaugos reglamento 6 straipsniu
(2016/679).

Duomeny valdytojas yra VS| Lietuvos sveikatos moksly universiteto ligoniné, Kauno klinikos,
imonés kodas: 135163499, adresas: .Eiveniy g. 2, LT-50161, Kaunas.

Siekiant apsaugoti duomeny konfidencialuma, Jums bus suteiktas specialus kodas, kuris bus
nurodomas visuose dokumentuose, i§skyrus sutikimo formg. Sgrasa, kuriame Jusy vardas ir pavardé
susiejami su kodu, saugos pagrindinis tyréjas seife, j kurj prieigg turi tik jis ir jgaliotas tyréjas.
Kompiuteriai, kuriuose saugomi elektroniniai tyrimo dokumentai ir duomenys, apsaugoti
slaptazodziu. Prisijungimo kodus Zino tik tyréjai, Sie duomenys atnaujinami kas ménes;j.
Dokumentai saugomi rakinamoje spintoje, kurios rakta turi tik tyréjai.

Jei sutiksite dalyvauti Siame tyrime, gydytojas tyréjas ir tyrimo darbuotojai naudos tyrimui atlikti
reikalingus Jisy asmeninius duomenis, bei medicininius duomenis (ligos istorija, vaizdiniai tyrimai
(KT,MRT, kontrastinis UG), histologinis tyrimas) i§ dokumenty esan¢iy miisy, LSMU KK jstaigoje
taip pat, duomenys bus renkami remiantis ir Jisy pateikta informacija, kuri saugoma ligoninés
informacinéje sistemoje: gretutinés ligos, ar anksCiau buvo diagnozuota gerkly ir gerklaryklés
karcinoma, KT ir MRT tyrimo rezultatai (lokalaus iSplitimo vertinimas: skydinés kremzlés
struktiira, pazeidimas, pazeidimo vieta (priekinis, vidurinis ar uzpakalinis 1/3-daliai, kuriame gerkly
aukste ir puséje) paraglotiniy audiniy infiltracija), UG su ir be kontrasto duomenys (neosifikuotos
skydinés kremzlés, paraglotiniy audiniy, patologinés infiltracijos k/m kaupimas, jo intesyvumas,
k/m kaupimo intensyvumo pikas (sekundémis)), histologinio tyrimo rezultatai (skydinés kremzlés
pazeidimas, paraglotiniy audiniy infiltracija).

Atliekant §j tyrima gauta sveikatos informacija nelaikoma konfidencialia ir gali buti paskelbta be
Jusy sutikimo, jeigu ja paskelbus nebus galima tiesiogiai ar netiesiogiai nustatyti Jisy tapatybés.

19. Kas ir kokiu tikslu galés susipaZinti su Jiisy asmens duomenimis?

PasiraSydami §ig formg sutinkate, kad tyrimo centro tyréjai, tyrimus kontroliuojancios institucijos
(tokios kaip etikos komitetai) ir jgalioti tyrimo uzsakovo tyrima prizilrintys asmenys galés
susipazinti su visa §io tyrimo tikslais apie Jus surinkta informacija. Kitiems asmenims ar jmonéms
bus teikiami tik uzkoduoti sveikatos duomenys, neleidziantys tiesiogiai nustatyti Jusy tapatybés.
(,,Uzkoduoti“ reiskia, kad dokumentuose bus nurodomas ne Jisy vardas ir pavardé, o specialus

numeris, kurj susieti su Jisy asmeniu galés tik gydytojas tyréjas).
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Surinktus duomenis tyrimo gydytojai naudos tik Sio biomedicininio tyrimo tikslais. Uzsakovas
uzkoduotus sveikatos duomenis gali naudoti atlikdamas tyrima, pateikdamas praSymus dél
mokslinio tyrimo, diagnostikos ar norédamas kurti medicinines priemones.

Jus turite teis¢ suzinoti, kokie duomenys buvo surinkti, taip pat galite reikalauti iStaisyti, sunaikinti
ar sustabdyti savo asmens duomeny tvarkymo veiksmus, jei nuspresite pasitraukti i§ tyrimo
anksciau numatyto laiko. Tada tyréjai apie Jus neberinks naujos informacijos, bet negalés sunaikinti
iki tol surinkty duomeny.

20. Kiek laiko bus saugomi tyrimo metu surinkti duomenys ir kas uz tai bus atsakingas?

Visa informacija bus uzraSoma specialiai klinikiniam tyrimui sudaromuose elektroniniuose ir
popieriniuose dokumentuose ir tyrimo centre saugoma 5 metus nuo biomedicininio tyrimo pabaigos
datos. Tiek laiko saugoti duomenis jpareigoja teisés aktai, siekiant uztikrinti duomeny kokybe ir
kontrolg. Véliau Jisy asmens duomenys bus sunaikinti tyrimo centro nustatyta tvarka. Uz
dokumenty saugojima tyrimo centre bus atsakingas pagrindinis tyréjas.

Kontaktai: Saulius Vaitkus, el.paStas: saulius.vaitkus@kaunoklinikos.lt, buveinés adresas: Eiveniy
g. 2, Kaunas LT-50161).

21. Kas jvertino §j biomedicininj? / | ka Kkreiptis, jeigu iSkilty klausimy?

Dél savo kaip tyrimo dalyvio teisiy galite kreiptis j leidima atlikti §j biomedicininj tyrimg iSdavusj
Kauno regioninj biomedicininiy tyrimy etikos komiteta, Lietuvos sveikatos moksly universitetas,

Mickeviciaus g. 9, LT-44307, Kaunas, tel. (8-37) 326889, el. pastas: kaunorbtek@Ilsmuni.lt.>

I8kilus bet kokiems su biomedicininiu tyrimu susijusiems klausimams galite kreiptis j pagrindinio
tyr¢jo atstova — gyd. Milda Pucétaite, telefonu +37064588543 arba el. paStu:
milda.pucetaite@kaunoklinikos.1t

Jus turite teis¢ pateikti skunda dél asmens duomeny tvarkymo Valstybinei duomeny apsaugos
inspekcijai.  Skunda galite pateikti pastu (adresu: L. Sapiegos g. 17, 10312 Vilnius) arba
naudodamiesi ~ Valstybinés  duomeny  apsaugos  inspekcijos  elektroniniy  paslaugy
sistema: /go.php/lit/Prisijungti/37L. Valstybinés duomeny apsaugos inspekcijos kontaktinis telefono
numeris (8-5) 212 7532, el. pastas: ada@ada.lt.
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SUTIKIMAS DALYVAUTI BIOMEDICININIAME TYRIME

AS perskaiciau §ig Informuoto asmens sutikimo forma ir supratau man pateikta informacija.

Man buvo suteikta galimybé uzduoti klausimus ir gavau mane tenkinancius atsakymus.

Supratau, kad galiu bet kada pasitraukti i§ tyrimo, nenurodydama(s) priezas¢iy’.

Supratau, kad asmuo, dél kurio dalyvavimo biomedicininiame tyrime a§ duodu sutikima, gali bet
kada pasitraukti i$ tyrimo, nenurodydamas priezas¢iy.*

Supratau, kad norédama(s) atSaukti sutikimg dalyvauti biomedicininiame tyrime, raStu turiu apie tai
informuoti tyréja/kita jo jgaliota biomedicininj tyrima atliekantj asmenj.

Patvirtinu, kad turéjau uztektinai laiko apsvarstyti man suteikta informacija apie biomedicininj
tyrima.

Supratau, kad dalyvavimas Siame tyrime yra savanoriskas.

Patvirtinu, kad sutikima dalyvauti Siame biomedicininiame tyrime duodu laisva valia.

Leidziu naudoti asmens duomenis ta apimtimi ir bidu, kaip nurodyta Informuoto asmens sutikimo
formoje.

Patvirtinu, kad gavau Informuoto asmens sutikimo formos egzemplioriy, pasirasyta tyréjo/ kito jo
jgalioto biomedicininj tyrima atliekan¢io asmens.

Asmuo (ar kitas sutikima turintis teis¢ duoti asmuo)

vardas pavardé atstovavimo parasas pasiraSymo data pasiraS§ymo
pagrindas laikas

Patvirtinu, kad suteikiau informacija apie biomedicininj tyrimg auk$¢iau nurodytam asmeniui.
Patvirtinu, kad asmeniui (ar kitam sutikimg duoti turin¢iam teis¢ asmeniui) buvo skirta pakankamai
laiko apsispresti dalyvauti biomedicininiame tyrime, atsizvelgiant | biomedicininio tyrimo pobidj,
taip pat jvertinus kitas aplinkybes, galinias daryti jtaka priimamam sprendimui.

AS skatinau asmenj (ar kita sutikima turint] teis¢ duoti asmenj) uzduoti klausimus ir j juos atsakiau.

Tyréjas ar kitas jo igaliota biomedicininj tyrimg atlickantis asmuo

vardas pavardé pareigos parasas pasiraSymo data pasiraS§ymo
tyrime laikas

3 Jei sutikimg dalyvauti tyrime duoda pats asmuo
4 Jei sutikima dalyvauti tyrime duoda kitas asmuo
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PADEKA

Nuosirdziai dékoju mokslinio darbo vadovui prof. dr. Sauliui Vaitkui uz
pasitikéjimg manimi ir Sio darbo idé¢ja. Dékoju uz nuolatinj palaikyma, kiiry-
bisSkumo skatinimg, mentoryste, profesionalias jzvalgas, pagalba vykdant
tyrimg ir rengiant mokslinius pranesimus.

Dékoju nuostabiems Sio darbo tyré¢jams ir savo srities profesionalams, su
kuriais galéjau ne tik dirbti, bet ir augti kaip specialisté: lekt. Valdui Saraus-
kui, prof. dr. Evaldui Padervinskiui, o ypa¢ doc. Daliai Mitratei ir lekt. Silvijai
Ryskienei. Dékoju gyd. Ryciui Tarasevi¢iui uz pagalba rengiant statistine
disertacijos dalj, ir prof. dr. Renatai Paukstaitienei uz geranoriska sutikima
konsultuoti.

Nuosirdziai dékoju konsultantui prof. Davide Farina uz palaikyma profe-
siniame kelyje ir perduotas Zinias, kurios ypa¢ praverté rasant mokslinius
straipsnius.

Dékoju buvusiam Lietuvos sveikatos moksly universiteto ligoninés
Kauno kliniky Radiologijos klinikos vadovui prof. dr. Algidui Baseviciui uz
paskatinimg studijuoti doktorantiiroje bei nuoSirdy ripest] ir Zmogiskuma
studijy laikotarpiu.

Taip pat dékoju Kauno kliniky Ausy, nosies ir gerklés ligy klinikos
gydytojams ir rezidentams, Radiologijos klinikos registratoréms, radiologijos
technologams, bei bendrosios praktikos slaugytojai Kristinai Lapinskienei ir
klinikos vyriausiajam inZinieriui Valdemarui Vingeliui uz papildomas pastan-
gas ir sklandy bendradarbiavimg. Kolegei ir draugei Laimai Tamkevicittei
dékoju uz nupiestus ,,Lokalaus i$plitimo iStyrimo schemos* paveikslélius.

Didziausig padéka skiriu visai Seimai, ypa¢ mamai Lidijai, uz besaly-
giska palaikymg ir tik€¢jimg manimi — tai buvo esminis motyvacijos Saltinis,
padéjes jveikti §j sudétingg, taciau prasminga ir nejkainojamos patirties
suteikusj etapa. Nuosirdziai dékoju mylimam vyrui Edvinui uz palaikyma ir
kantrybe disertacijos raSymo laikotarpiu.

Galiausiai dékoju visiems nepaminétiems kolegoms, artimiesiems ir
draugams uz palaikyma bei $iltus padrasinimus.
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